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Inclusive 5++(1236) and A production in m+p and pp interactions is examined in terms of a one-meson-

exchange model. We find inclusive 6++ production to be consistent with one-pion exchange, and if one
demands a gap of at least one unit of rapidity between the A and its recoiling mass, inclusive A production
is consistent with one-kaon exchange. The average charge multiplicity, (Nc„), recoiling from the 5++ and

A is studied as a function of massing mass M ' for both m+p and pp interactions.

INTRODUCTION

There has been increasing evidence' ' that in-
clusive n (1236) production in the hundred-GeV
range is mediated by one-pion exchange. In this
paper we show that this is also the case for both
the pp and v'p interactions at 100 GeV/c. The av-
erage multiplicity, (Ncs), of the mass recoiling
off the 4" produced in pp interactions is shown to
be consistent with that of ~ p scattering. Examin-
ing the mass recoiling against the 4" from ~'P in-
teractions allows us to study (Nc„) for off-mass-
shell n m' interactions.

The quantum numbers for a A produced back-
ward in the center of mass off a proton target are
consistent with kaon exchange. Analysis of the
mass recoiling against the A for the reaction
v'p-A'X allows us to study (N«) for off-mass-
shell K'm' scattering. A consistency check of
(Ncs) is obtained by extracting (Nc„) for off-mass-
shell K'p from the process pP A X at 100 GeV
and comparing it with the on-mass-shell values.

SCANNING AND MEASUREMENT

The data consist of an approximately-100000-
picture exposure of the Fermi National Accelera-
tor Laboratory's 30-in. hydrogen bubble chamber
to a mixed, tagged positive beam at 100 GeV/c. '
This exposure yielded 7821 pp events, 4304 m'p

events, and a combined total of 2418 events with at
least one neutral-strange-particle decay or z con-
version. The tracks from the primary vertex
were measured twice on a Lawrence Berkeley La-
boratory (LBL) spiral reader. ' Half of the neutral
decays and conversions were measured on an LBL
Franckenstein, the other half were measured on a
spiral reader. ' All remeasurements were made on
a Franckenstein. The measurements were pro-
cessed using the programs POOHandTVGP. The

program SQUAw was used to fit the neutral decays
and conversions that were unambiguously identi-
fied with a primary vertex and also tofit the four-
constraint (4C) hypothesis for events with no V's.
The overall scanning efficiency for V's was 969o,
while the overall measurement efficiency for neu-
tral decays and conversions was 89%. The scan-
ning efficiency for four prongs and higher multi-
plicities was 99%, and for two prongs was 93%.

The efficiency for measuring positive tracks in
the backward hemisphere in the c.m. system is
about 96% for all topologies. Thus we have a high
efficiency for measuring the two positive tracks de-
caying from a slow ~". Protons were distinguished
from pions or kaons both by automatic ionization
information and by a visual check of bubble den-
sity for laboratory momentum up to 1.3 GeV/c.

Tracks from neutral decays were assigned an
identity, when possible, by using ionization infor-
mation. Ambiguous events were selected on the
basis of the confidence level of the kinematic fit
and the transverse momentum of the decay tracks
with respect to the line of flight of the neutral.
Strange-particle decays were rejected if they were
within 2 cm of the production vertex. The number
of decays satisfying the criteria of a A' were 135
(57) for pp (&'p) interactions. The contamination
of the A' by y's is estimated to be less than 5%.

INCLUSIVE 6"(1236)PRODUCTION

Since we can distinguish protons from mesons
for laboratory momentum up to 1.3 GeV/c, a cut
of

~
t~~++ (

& 0.88 GeV' is imposed in order to ensure
that all decay angles of the b" are covered. The
invariant mass of all proton-m' combinations with

~t~~++~ &0.88 GeV' is shown in Fig. 1. A strong
rV'(1236) signal is seen for both pion- and proton-
induced events. After imposing the above-men-
tioned ~t~ cut and correcting for background, the
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inclusive production cross sections of 6"pro-
duced in the backward hemisphere are 1.24 +0.12
and 1.04+0.10 mb for pp and m'p interactions. ' The

pp result is in agreement with the result of Ref.
3, 1.36+0.14 mb. For the rest of this paper a 4
is defined to be any proton-m' combination with
1.16 ~ m(w'p) ~ 1.32 GeV and is limited to

I
f

I
~0.88

GeV'. For those cases (24 events for pp, 22
events for s'p) where more than one v'p combina-
tion satisfies our selection criteria, we chose the
combination which has the mass closest to 1.236
GeV.

To test for one-pion exchange we study the spin
alignment of the m'P pair in terms of the Treiman-
Yang angle and the Jackson angle. The decay an-
gles of the proton are computed in the rest frame

of the 6", the t-channel frame. In this frame, the
z axis is the direction of the target-particle mo-
mentum (p) and the y axis is defined by j&& p, where
q= momentum of the beam particle. The distribu-
tion in the Treiman-Yang angle is shown in Fig. 2.
For both pp 4"Xo and m'p -4"X this distribu-
tion is flat, consistent with one-pion exchange. The
t-channel decay density matrix element Rep, , is
determined to be 0.00 +0.03 for pp- 4"Xo and -0.03
+0.04 for m'p- 6"X . These values are in agree-
ment with zero, as expected from one-pion ex-
change. Additional evidence of one-pion exchange
is provided by the Jackson angle (cos&) distribu-
tion, also shown in Fig. 2. The cos8 distributions
are found to be consistent with predictions of
either the one-pion-exchange model [dN/d(cos&)
= 1+3cos'&1 or the one-pion-exchange absorptive
model [dN/d(cos8) = 0.3l +0.39 cos'8]. We find (not
shown) that for M(v'p) & 1.32 GeV the Jackson an-
gle distribution is strongly peaked in the forward
(cos&= 1) direction. This difference in the distri-
bution is additional evidence that we have a strong
6" signal. In the 6" region p» is determined to
be 0.13+0.04 for both p-induced and m -induced
reactions. Knowing that background is surely pres-
ent and recalling the large difference between the
Jackson angle distributions in the 6" region and
the region of higher n'p masses, we do not feel
that our measurement of p» distinguishes between
the one-pion-exchange (p»= 0) and the one-pion-
exchange absorptive model (p»=0. 12). In summary
mary, the spin-alignment study here shows that
inclusive n" production at 100 GeV/c is consistent
with one-pion exchange in both m'P and pp inter-
actions.

OFF-MASS SHKLI. n p and m' m' SCATTERING

The diagram in Fig. 3(a) represents inclusive
4" production via one-pion exchange. If„how'ever,
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FIG. 2. The t-channel decay angles of the A++. The
P distributions are compared with a normalized constant.
The cos8 distributions axe compared with both the one-
pion exchange (1+3cos28 in solid line) and one-pion
exchange with abosrbtion (0.37 + 0.39 cos 8 in dotted line).

FIG. 3. (a) One-pion-exchange diagram representing
the production process of A++. (b) Diagram for 4++

production in 4C four-prong events. To isolate off-
mass-shell m inelastic scattering we remove events
represented by diagram (b).
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FIG. 4. Distribution of recoiling mass squared M2 of
the Xo. The shaded distributions do not include 4C four-
prong events. See Ref. 9 for background.

one wants to study the inelastic multiplicity of the
mass recoiling against the 4", events due to pro-
cesses shown in Fig. 3(b) must be removed (e.g.

n"w ). These events are four prongs that are
consistent with no ~"s or neutral strange particles
being produced (4C four-prong). " ln terms of Fig.
3(b) a 4Cfour-prong event is an event of elastic
m'"P or m m+ scattering. Therefore, in order to
study the inelastic production of X via m exchange,
these 4C four-prong events must be removed.

Figure 4 shows the square of the recoiling mass
of all events and events with the 4C four-prong
event removed.

After removing the 4C four-prong events in pp
g~X the multiplicity of X' should agree with

that of the known multiplicity of inelastic w p in-
teractions. %e parameterized the on-mass-shell
w p inclusive multiplicity by Eq. (1),

(NQ = -4.8+ 10/~s + 2 lns. "
The left.-hand side of Fig. 5 shows excellent agree-
ment between the average multiplicity of X from
PP & X without the 4C-four-prong events and
Eq. (1) (compared at the same M' as s for the on-

mass-shell reactions).
In order to extract the average m w' inealstic

multiplicity (right side of Fig. 8) we remove the
4C four-prong events from m'p 4"X'. The aver-
age w w' ine lastic multiplicity that we extract is an
average of 0.6 units higher than for m p. Although
the w w' multiplicity appears to be qualitatively
flatter than the w p multiplicity, it is not inconsis-
tent with the same functional form shifted up-
ward. It is well known that the m'p average multi-
plicity is higher than the pp average multiplicity
by about 0.3 units. ' We have now observed that
the w w' average multiplicity is even higher (by
about 0.6 units) than that of m'p intera. ctions.

INCLUSIVE A' PRODUCTION

The total inclusive cross section for A' produc-
tion is 3..1+0.2 mb for m'p A X" and 3.5+0.4 mb
for pp-A'X". ' To calculate the cross section for
Pp A X the A"s that were going backward in the
center of mass and the symmetry of the reaction
was used. The cross section for m'p-A'X uses
A"s from both center-of-mass hemispheres. For
the rest of this paper only A 's produced backward
in the center of mass are used.

The distribution of the mass recoiling from the
A' is shown in Fig. 6. This distribution is peaked
toward higher M' values. To be consistent with
the analysis in the 4+' case, we should remove
events that are candidates for elastic KP or Km

scattering. There are no events consistent with
m'P-AK'p, giving an upper limit of 0.0V mb at the
90% confidence leveL For the proton case there
is one event consistent with Pp- AK'p correspond-
ing to a cross section of 0.06 mb.

Our large bins in M' are not merely due to lim-
ited statistics. Even with good statistics, the M'
distribution will be smeared by an unknown amount
of Z' production. It is reasonable to assume that
A' and Z' are produced in the same way, since they
would involve exchange of the same quantum num-
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FIG. 5. The average charge multiplicity of Xo as a

function of M2, not including 4C four-prong events. The
curve shown is a fit of the m p on-mass-shell inelastic
charge multiplicity vrith substitution of M =s (Ref. 11).
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FIG. 6. Distribution of the square of the mass recoil-
ing off the A.
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hers. However, the square of the missing mass
recoiling from the A, M~o', from Z -A y, is not
always a good measure of the square of the miss-
ing mass from the parent Z', M~0'. In the extreme

cases where the y makes a large angle with the re-
coiling mass as viewed in the rest system of the
Z', M~o' is an overestimate of M~o'. The bounds
of M' are given in Eg. (2):

M„o =
2 ((mco + m„o }Mco'+ (mco' —m„o )[e —mco +X't'(s, Mco, M~o )]],2ttl g0

where

X(e, Mco', M~0') = [s —(Mco+M~o) ]
x [s (Mco-M~0)'],

mgo= rest mass of ~

m~0= rest mass of A'.

For the energy of our experiment, Fig. 7 shows
the bounds of the uncertainty, M~0'-M~o', as a
function of M~o' when the A is actually the product
of Z'- A'y. It is not meaningful to have a bin size
smaller than the smear. Fortunately the region
with the best statistics (large M') is also the place
where the smearing due to Z' production is the
smallest.

OFF-MASS-SHELL E'p and E'm' SCATTERING

The inclusive production of A' can be mediated
by, among other things, kaon, K~, or K** ex-
change. Recent work" of triple-Regge analysis
shows that inclusive A' production in pp inter-
actions is dominated by kaon exchange. For the
reaction Pp-A'X", (Nca(X")) is, in the kaon-ex-
change picture, the average multiplicity of the
off-mass-shell E'P scattering. The average multi-
plicity of the X" system as a function of I' is
shown in Fig. 8. We compare these values to the
average multiplicity of the on-mass-sheB K'p
scattering of 8= M . Relatively few data, a,re avail-
able for on-mass-shell E'p inelastic scattering.
We find that Eq. (1},which represents the on
mass m p inelastic multiplicity, can represent
those (K'p) data with an uncertainty of +0.4 units.

Figure S (left side) shows the inelastic multi-
plicity associated with the A' in pp interactions
compared with Eg. (1}. Except at very large M'

CONCLUSION

We conclude that the effect which we observed
in pion exchange from inclusive ~" production is
also present in kaon exchange. The average multi-
plicity in off-mass-shell meson proton scattering
agrees with the on-mass-shell values, and meson-
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the off-mass-shell multiplicity (dashed points)
agrees with that for on-mass-shell E+p and n'"p

scattering. As e/M becomes small, so does the
rapidity gap, dy, between the A and its missing
mass. The one-particle-exchange picture is not
expected to be valid when 4y falls below one unit.
Demanding a rapidity gap of at least one unit be-
tween the A' and its missing mass (solid data.
points), one obtains good agreement with on-mass-
shell K'P and m P sca.ttering. With 4y less than 1,
A"s are presumably produced in some other pro-
cess, the average multiplicity of which seems to
be higher.

The average multiplicity associated with the A'
in v'p interactions is shown in Fig. 8 (right side}.
At large M', the solid and dashed points are those
with and without at least one unit of rapidity be-
tween the A' and its missing mass. The solid
points are the extracted average multiplicities of
K'm' scattering. The values of the average multi-
plicities for E'n' are close to one unit above that
of E'p for all I'.
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FIG. 7. For A's as product of Z Ay, the bounds of
the overestimate of M&2 when MA2 is used.

FIG. 8. The avexage charge xnultiplicity of X++
versus M2. At laxge M2, the solid and dashed points
are those with and without demanding at least one unit
of rapidity gap between the A and its missing mass ~ The
curve represents the average multiplicity in on-mass-
shell K+p scattering (same as m' p scattering), with the
substitution M2 =s.
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meson scattering has a higher average multiplic-
ity than baryon-meson scattering.
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