
P HYS ICA L RE VI EW' D VOLUME 11, NUMBE R 11 1 JUNE 1975

Production of positive particles in 8-Gev/c ff p and 18.5-GeV je ff'p

single-particle inclusive reactions*
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Inclusive cross sections and invariant single-particle distributions are presented for posi-
tive pions and protons produced in 8.05-GeV/c 71' p and 18.5-GeV/c +p inclusive reactions.
Distributions in p z and in the longitudinal variables x, y (c.m. ) and p, (lab) are shown.
Comparisons are made with inclusive distributions for other particles produced in the same
reactions.

We have previously presented data on production
of negative pions' in 8.05-GeV/c n P and 18.5-
GeV/c rr'P single-particle inclusive reactions, and
of the neutral strange particles' A'„A', and

A, as well as n mesons in the 18.5-GeV/c T?'P

inclusive reactions. We complete our presentation
of single-particle inclusive reaction data at these
energies with distributions for positive pions and
protons produced in the same events.

Exposures at the Brookhaven National Laboratory
80-in. hydrogen bubble chamber yielded 152000
18.5-GeV/c 7'P pictures, 170000 18.5-GeV/c
n P pictures, and 50000 8.05-GeV/c v P pictures.
Subsamples of these pictures were used in the
previously published studies of single-particle
production. ' ' All positive tracks in events con-
tained in smaller subsamples of the film were
measured and reconstructed in the present study.
Results presented here are based on final. samples
of 19653 positive tracks (3326 identified protons)
in 18.5-GeV/c v P interactions, 36159 positive
tracks (5894 identified protons) in 18.5-GeV/c
~'P interactions, and 14 546 positive tracks
(3700 identified protons) in 8.05-GeV/c v P inter-
actions. Only events for which all. positive tracks
were successfully reconstructed are included in
the samples. In order to make our results directly
comparable with the previously published results
we have obtained cross sections and distributions
by normalizing our samples for each charge
multiplicity to yield the same topological cross
sections used in Ref. 1. Corrections have been
made for scanning losses of two-prong events
with short proton recoils, This normalization
procedure corrects final distributions for random
track losses in geometrical reconstruction —an
effect which becomes more important as the
multiplicity increases.

Protons have been distinguished from positive
pions on the basis of bubble density. Bubble den-
sities calculated from momenta were printed out

for each positive track for which the ratio of
P/a' bubble densities is expected to be greater
than 1.5 (particle momenta & 1.3 GeV/c). The
corresponding pictures were examined by physi-
cists, and a choice was made between the P and
n' possibilities in each case. For positive tracks
where the ratio of bubble densities was less than
1.5 no discrimination was attempted. All such
tracks have been assumed to be pions. While this
will result in the loss of fast protons in the proton
sample and consequently in some contamination of
the v' sample with fast protons, onl. y protons with
large four-momentum transfer from the target
proton [J t

J
=1.25 (GeV/c)'J are involved. Only a

small fraction of the total number of protons is
expected to be involved owing to the known peri-
pherality of high-energy interactions. The ratio
of a')7:K'R pair production in the four-body
final state at 18.5 GeV!c has been independently
determined' to be 100:3. We estimate the A''

contamination in our samples to be at most a few
percent. Positive-particle inclusive production
cross sections are presented in Table I. In Table
II are shown cross sections as a function of
charge multiplicity for production of protons with

P, ,
& 1.3 C eV/c.

The limitation of our proton sample to protons
with P„,&1.3 GeV/c can have important consequen-
ces for single-particle distributions. In Fig. 1 are
shown, for examp le, the kinematic regions which
may be affected in plots of transverse momentum

P~ versus scaling variable .~. In the region below
the solid {dashed) curves in the backward hemi-
sphere we should have a pure sample of protons
(positive pions). To the right of the solid curve
nothing about the proton distributions can be de-
termined; to the right of the dashed curve the
positive pion sample wi11. include any unidentifi-
able protons. Since the events included in our
samples were not subjected to kinematic fitting,
elastic events are included in the single-particle

3092



PRODUCTION OF POSITIVE PARTICLES IN S-GeV/c. . . 3093

TABLE I. Inclusive positive-particle production cross sections.

Particie ' 8.05-GeV/c 7r p
o (mb)

18.5-GeV/c ~ p
o' (mb)

18.5-GeV/c n'p
o' (mb)

all positive ~

fr+

p C

p (inel. astic)

43.39+ 0.73
31.20+ 0.70
12.06+ 0.43
7.01+0.53

50.93+ 0.82
41.12 + 0.89
9.59+ 0.36
5.38+ 0.40

73.95 + 1.51
61.35+ 1.46 '
12.34 + 0.48
8.27 + 0.57

All nondecaying positive tracks with laboratory momenta greater than 1.3 GeV/c are as-
sumed to be pions. Only protons withp&, t, & 1.3 GeV/c are included in the proton sample.

Includes a contribution from positive strange particles observed to decay in the chamber.
Cross sections are corrected for scanning biases against elastic and two-prong inelastic

interactions with very short-range protons.

distributions for protons. No corrections have
been made in the following distributions for events
with low-momentum protons not found in scanning.

The single-particle inclusive reactions are
described in terms of the invariant differential
cross section f (p, s) =Edo/d'p, where s is the
square of the total c.m. energy and (p, E) is the
four-momentum of the produced particle. As
discussed previously, ' distributions of f(p, s) are
most frequently studied in terms of the sets of
variables (x, pr ), (y, pz, '), and (p„pr ), where
x is the Feynman longitudinal scaling variable
defined' as x=p~"'/p, '„!,", =2p~"'/vs, where pJ,

'" is
the c.m. longitudinal momentum and P„";,",' is the
maximum c.m. momentum, y is the c.m. rapidity
variable defined as y =-, ln[(E+Pl, )/(E-P~ )], P,
is the longitudinal momentum in the target rest
frame, and P~' is the square of the transverse
momentum.

In Figs. 2(a) and 2(b) we present distributions
of the structure function

a a

E do
gpc.m. d gd p

= (2E/rv s)d o/d x

as a function of & for m' and P, respectively. In
Figs. 3(a) and 3(b) are shown distributions of the
structure function

as a function of p~' for n' and p, respectively.
In Figs. 4(a) and 4(b) are shown distributions of

1 do
2 w dydP~'

Number of
charged secondaries

TABLE II. Cross sections for positive-particle production as a function of charge multiplicity.

8.05-GeV/c 7r p 18.5-GeV/c 7t' p 18,5-GeV/c ~ p
o' (mb) o (mb) cr (mb)

2b

2 (inelastic)
4
6
8

10
12
14

6.49 ~ 0.27
6.49+ 0.27

16.45 + 0.41
7.35+ 0.41
0.89+ 0.15

0.025 + 0.020

7.31+0.40
2.26+ 0.50
4.01+0.16
0.72+ 0.06

0.023+ 0.009

4.01+ 0.20
4.01+0.20

15.08 + 0.52
14.46+ 0.57
6.07 + 0.34
1.31+ 0.15
0.17+0.07

0.022+ 0.022

4.90+ 0,33
0.69+ 0,37
3.15+ 0.13
1.26+ 0.07
0.25+ 0.03

0.024+ 0.008
0.004+ 0.004

9.21+0.68
5.14+0.74

22.35+ 0.90
20.07 + 0.85
7.83+ 0.43
1.66 + 0.18
0.21+0.07

0.024 + 0.019

5.18+ 0.42
1.11+0.52
4.69 + 0.21
2.05+ 0.10
0.37 + 0.03

0.042 + 0.010
0.005+ 0.004

All nondecaying positive tracks with laboratory momenta greater than 1.3 GeV/c are assumed to be pions. Only pro-
tons with p„,& 1.3 GeV/c are included in the proton sample.

Cross sections are corrected for scanning biases against elastic and two-prong inelastic interactions with very short-
range protons.
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FIG. 1. Plots of pz versus x are shown for (a) 18.5-
GeV/c 71p interactions and (b) 8.05-6eV/c ~p interac-
tions. The solid curves correspond to protons with lab-
oratory momenta of 1.3 GeV/c; the dashed curves corre-
spond to pions with laboratory momenta of 1.3 GeV/c.
The dot-dashed curves indicate the kinematic limits.

FEG. 2. Distributions of the structure function F
& (x)

=Jf{x,p r') as a function of the sealing variable x =pz~. /
Pm»' for (a) m' mesons and (b) protons produced in
8.05-GeV/c ~ P (0), 18.5-6eV/c (x), and 18.5-6eV/c
~+p (8) inclusive reactions.

for n' and P, respectively. ln Fig. 5 we present
the distribution of

H, (P, ) = f (P(, Pr')d Pr'

g Idb dQ
~p 2

I)P 2 & d P) dPZ'

for the m'. These distributions may be compared
to the corresponding distributions for other pro-
duced particles in Refs. 1 and 2.

We note that the very ra.pid fa, lloff of the proton

distributions near the upper l.imits of x and y in

Figs. 2(b) and 4(b) must be at least partially due

to the method of proton selection. The p~' dis-
tributions for protons in Fig. 3(b) must also be
affected. If one plots do/d pr' versus pr' for
protons in various regions of x, the resulting dis-
tributions are qualitatively consistent with an ex-
ponential falloff as P~' increases out to the x-de-
pendent kinematic l.imit shown in Fig. 1. An

attempt can be made to correct the proton x dis-
tributions with the assumption that the P&' distri-
butions continue to fall off with the same slope as
in the observed region, but even this cannot be
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FIG. 3. Distributions of the structure function I'g(p z )
=ff{x,pz )dx as a function of pre for {a}x+ masons and
(b) protons produced in 8.05-6eV/c x p P), 18.5-6eV/c
~ p ()t'), and 18,5-6eV/c ~+p (.8) inclusive reactions.

FIG. 4. Distributions of the structure function
GI(y) =ff (y,prI)dprI —-(1/x} dc/dy as a function of c.m.
rapidity y for {a) 7r+ mesons and {b) protons produced in
8.05-GeV/c m p (0), 18.5-GeV/f. ~ p (x), and
18.5-GeV/c 71'p {8) inclusive reactions.
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FIG. 5. Distributions of the structure function H~(p~)
= ff (p„p )drptrt as a function of laboratory-system longi-
tudinal momentum p, for ~' mesons produced in 8.05-
GeV/c II p {D), 18.5-GeV/c 7I. p (x), and 18.5-GeV/c
TI'p (8) inclusive reactions.

done in regions of x where the cutoff is varying
rapidly. '

It is interesting to compare the x distributions
for the n, n, P, K„A,and A produced in the
18.5-GeV/e n p and n'P interactions, as shown
in Fig. 6. It is evident that the x distributions are
essentially the same for the reactions n p- n and
n'P- n' over nearly the entire forward hemi-
sphere. For x & 0, however, they differ s ignif icant-
ly, with fewer n being produced than n'. Dis-
tributions for the reactions n P-n' and n'P-n,
where the produced pion has a charge different
from that of the incident pion, reflect an order-
of-magnitude drop in cross sections compared
to m P-n and n'P-n . The distributions for
n P-n' and n'P-n are similar in shape, but
more n' are produced in n p interactions than

in n'P interactions over the entire range of x,
including the forward hemisphere. While some
portion of this difference may be due to unident-
ified protons, it seems improbable that the entire
difference could be ascribed to this source. The
cross section for m P-P is generally lower than
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FIG. 6. Distributions of (2E/was) d~/dx as a function of x=2pz ~s for ~, ~+, p, K&, Ao, and A produced in 18.5-
GeV/c x p and 7I+p inclusive reactions. Note that different scales are provided for the different reactions. The proton
distributions have been modified, as described in the text.
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for v'P-P. Note that the total cross sections
for 18.5-GeV/c II p and II'p reactions are
25.38+ 0.46 and 23.75+ 0.71 mb, respectively.

Chou and Yang' have suggested a language in
which the fragmentation reactions

13.0

10.2-

7.4-

4.6-

TT p TT and 1T p TT

involving no quantum-number exchange, would be
equally "favored" fragmentations with large cross
sec tions near x = 1. The "disfavored" fragmenta-
tion reactions

p ~pTT and p~ TT

which involve baryon-number exchange in one
case and baryon-number and charge exchange in
the other, would be suppressed relative to "fav-
ored" fragmentations. ' It is tempting to ascribe
the systematic differences in cross section for
extreme forward and backward e.m. directions
for the various reactions in Fig. 6 to some such
scheme, possibly involving hypercharge or
strangeness transfer as well. Alternatively, in
a multiperipheral picture the systematics would
be associated with the masses of the different
particles whose exchange is allowed in these
various reactions. '

From another point of view, the pions seem to
be primarily produced centrally, as are the K,
produced in the ~*p-K, reactions. By contrast
the proton distribution, and much of the A dis-
tribution, are consistent with target fragmenta-
tion. Interestingly, the A appear to be produced
centrally, unlike the majority of the A . Both
A and A' distributions are consistent, however,
with the hypothesis that the A 's come from cen-
trally produced hyperon-antihyperon pairs.

The suggested differences in production mec-
hanisms may also be inferred from the represen-
tative Biswas plots' shown in Fig. 7. In these
plots, p, (p) and p, (t ) are the longitudinal momenta
of a secondary particle as observed in the pro-
jectile (mass tI) rest frame and in the target
(mass M) rest frame, respectively. Particles
with small P, , (P) and relatively large P, (t } cor-
respond to projectile fragmentation. Particles
with small p„(t) and relatively large p, , (p} cor-
respond to target fragmentation. Particles in the
central region have approximately equal values
for lIpII (p) and MpII (t ).

The distributions of F,(pr') shown in Fig. 3(a)
are quite similar to the comparable distributions
for v mesons published in Ref. 1. The distribu-
tions for TT p-TT show little variation with incident
energy for P~'&1.0 GeV/c and exhibit a slope
quite similar to the corresponding distributions
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FIG. 7. Representative Biswas plots for the inclusive
reactions (a) 7T'p —n', (b) 7T p —K&, (c) 7T p —A, and
(d) 7T p-A at 1S.5 GeV/c.

for TT p-n in Ref. 1. The slope of the distributions
for TT''p-p is influenced by the kinematic cutoffs
for our sample of protons. Values of (Pr) and
(pr') for II' mesons" are observed to decrease
with increasing charged multiplicity, as shown
in Table III. A similar decrease was observed
previously' for n mesons.

The variation of inclusive production cross
sections with s in the target fragmentation region
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TABLE III, Mean transverse momentum' and transverse momentum squared for n+ me-
sons".

Number of
charged secondaries 8.05-GeV/c 7t p 18,5-GeV/c m p

&p, ) (GeV/c)

18.5-GeV/c m+p

All
2
4
6
8

10
12
14

All
2

4
6
8

10
12
14

0.335 + 0.002
0.382+ 0.004
0.33S+ 0.003
0.295 + 0.004
0.266 + 0.011
0.297 ~ 0.055

0.180+ 0.002
0.241 + 0.004
0.184 + 0.003
0.127 + 0.004
0.105+ 0.010
0.115+ 0.035

0.351+0.002
0.406+ 0.004
0.365+ 0.003
0.347 + 0.003
0.310+0.005
0.276+ 0.009
0.249 + 0.024
0.199+ 0.042

(p') [(GeV/c)'j

0.196+ 0.003
0.258 + 0.009
0.213+ 0,004
0.188+ 0.003
0.152 + 0.004
0.119+ 0.008
0.0SS + 0.019
0.050 + 0.018

0.365+ 0.002
0.401 + 0.004
0.374+ 0.003
0.360 + 0.003
0.329+ 0.004
0.293+ 0.008
0.307 + 0.026
0.296 + 0.047

0.207 + 0.002
0.237 + 0.005
0.218 + 0.004
0.205+ 0.003
0.167+ 0.004
0.127+ 0.007
0.151+0.026
0.121+ 0.033

~Quoted errors are statistical errors only.
Protons with p„b&1.3 GeV/c which cannot be identified by bubble density are included in the

7t'+ sample.

has been the subject of considerable interest. "
In Fig. 8 we present data on this variation for n'

production in n p interactions and compare it with

data for n production presented earlier.
In summary, we have presented single-particle

inclusive distributions for positive particles pro-
duced in 8-GeV/c s p and 18.5-GeV/c s'p inter-
actions. No extensive analysis of the distributions
or of variations over this limited energy range has
been included. These data may be compared with

similar data at higher energies to study the variation
of multiparticle production with incident energy.
Effects of the experimental techniques used to sepa-
rate n' and P have been discussed.
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FIG. 8. Plot showing the approach to scaling in the
target fragmentation region for m' and x produced in
+p interactions. The ordinate is the integral of the
structure function G(p, ) = J(E"b/cz)(dto /dp, dpr')dpzt
over the backward Oaboratory) hemisphere.
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