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A study of the inclusive production of Xs, A, and A in m p interactions at 15 GeV/c is presented.

Inclusive cross sections for single neutral strange particles and neutral-strange-particle pairs are given.

Longitudinal- and transverse-momentum distributions of the produced particles are presented. The average

charged multiplicities of the systems recoiling against the A and the Ks are compared and the results

analyzed in the framework of a simple model. The A polarization is found to be in good agreement with A

production from other strangeness-nonannihilating processes. Pr6duction of A's in the target fragmentation

region is studied in the framework of the triple-Regge-polecxchange model. The cross section for inclusive

K»+(890) production has been measured as 195+35 pb, and the X+(1385) inclusive cross section has been

found to be 174+25 p,b. The K~+(890) and X+(1385) differential cross sections as functions of rapidity and
transverse momentum are presented and discussed.

I. INTRODUCTION

A+X,

A +X.
(2)

(2)

Reactions (2}and (2) include A (A) produced both
directly in v p interactions and as the go(Z;0}
decay products.

Results are also presented for the inclusive re-
actions:

w P-KosA +X,

The inclusive production of pions in hadron-had-
ron collisions has been extensively investigated in
the last decade. In contrast, little has been done
with charged-strange-particle production in m&

and N~ collisions since the cross sections for as-
sociated production are small and the identifica-
tion of K' at medium and high energies is difficult.
Inclusive neutral-strange-particle production can
be investigated more easily since one has the ob-
vious advantage of unique detection by visual tech-
niques (e.g. , bubble chambers} and almost unam-
biguous identification from decay kinematics. Sev-
eral papers have been published recently on in-
clusive production of &s, A, and A in r'P and pp
interactions. ' Also, several n'P experiments in
the Fermilab momentum range (100-250 GeV/c)
are currently being analyzed for neutral-strange-
particle production. '

In this paper results are presented on the fol-
lowing inclusive reactions at 15 GeV/c:

I-P -K', +X,

KsA+X
y

KsKs +X ~

(5)

(7)

The experimental details and processing proce-
dures are described in Sec. II. Cross sections
for reactions (1)-(7) are presented in Sec. III and
compared to results of other n'P experiments. In
the same section, inclusive distributions of the
neutral strange particles are given as .functions of
the center-of-mass production angle, invariant
Feynman &, rapidity, and transverse momentum
squared P2~. The average charged multiplicity of
the system recoiling against the A (IPs) as a func-
tion of the recoiling system's invariant mass
squared is also presented and discussed in Sec.
III. In Sec. IV the polarization of the A particles
is studied and A production is analyzed in the
framework of a triple-Regge model. Finally, re-
sonances that decay into a V' and charged pions
are investigated, and the results are presented in
Sec. V. A summary of the results and the conclu-
sions are given in Sec. VI.

II. EXPERIMENTAL PROCEDURE

The data for the present study are taken from
an exposure of about 470000 pictures taken in the
SLAC 82-in. hydrogen bubble chamber exposed to
a 15-GeV/c v beam. About 200000 events (cor-
responding to about 8.2 events per ph) have been
scanned. Part of the film was double scanned for
all events with at least one visible Vo, in order to
calculate the scanning efficiency for each topology.

This study is based on about 9500 events in
which one or more neutral decays (Vo's) were as-
sociated with the production vertex. All of these
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events were measured by the MIT PEPH (Preci-
sion Encoding and Pattern Hecognition} system
and processed through the geometry program
GE&MAT, ' After geometrical reconstruction, all
Vo's were processed through the kinematical-
fitting program SQUA%, ' where fits wex'e attempted
to the following decay hypotheses:

K n'+I' (8}

(9)

(10)

(11)

A-P w+,

yP-e e P.
Although most of the V 's yielded a three con-
straint (SC}fit in which the neutral particle was
required to come from the primary vertex of the
interaction, about 10@ received only a 1C fit.
These latter events are primarily the result of
either elastic scattering after production but be-
fore decay, or association of the V with the wrong
primary vertex by the scanner. Since such events
would contaminate inclusive distributions, only
events with 3C fits were included in the following
analysis.

To investigate possible electron pair contamina-
tion remaining in the data after Vo's uniquely fit-
ting hypothesis (11)were removed from the sample,
the decay tracks of the V 's were assumed to be
electrons, and the distributions of the unfitted in-
variant mass M(e'e ) were calculated In al.l such
distributions a pronounced peak was found near
M(e'e )=0. Events with M(e'e )~ 80MeV were
rejected from the sample in order to remove elec-
tron pairs misidentified as V 's.

Using this cut together with a fiducial volume
cut and a cut on the minimum distance between
the primary vertex and decay vertex of O.S cm,
and accepting only those fits with p'&18, a sample
of 6134 3C events was obtained in which at least
one neutral strange particle has been detected via
its decay (8), (9), or (10). About 15% of these re-
maining 3C fits are ambiguous, i.e., more than
one decay hypothesis yielded an acceptable fit.
The distribution of fits according to hypothesis is
shown in Table I.

The invariant mass of the decay particles has
been plotted as M(Pw ) for unambiguous Xow fits
[the unshaded area of Fig. 1(a)j. A sharp dip oc-
curs at the A mass since by definition such events
will be ambiguous if they point back to the primary
vertex. A similar effect occurs when the unique A
events [Fig. 1(b)] or the few A events (not shown)
are plotted as M(w w ) and when unique &Ow events
are plotted as M(p'w'). The correct assignment of
the ambiguous events should fill in these dips.

To resolve the ambiguities, the following algo-
rithm was used. For Xow/A ambiguities, the V'

TABLE I. Number. of events after kinematical fit of
V (3C only) (after cuts; see text).

Events Weighted events ~

Unique K
Unique A

Unique A

Ambiguous K/A
Ambiguous K/A
Ambiguous A/A
Ambiguous K/A/A

Resolved K
Resolved A

Resolved A

3711
1873

69

800
162

0
1

3994
2528

94

20
175
282

4

4205
2084

80

4523
2850
111

26
224
359

6

~By escape probability.
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I"lo. 1. (a), (b), (e), (f). Effective-mass distribu-
tions W(A' & ) of V decay products where A.

' and p
are assumed to be (a) pm and (e) m' m in events with
K8 fits; and (b) m'm and (f) pw in events with A fits.
Distributions in cosa& (see text) are given in (c) for
Kz events and in (d) for p events. The unshaded areas
denote unambiguous events, while the shaded areas re-
fer to the ambiguous events assigned to Kzor A as des-
cribed in text.
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was called a Ko~ if

&2(as Ko }&2.0gm(as X}.
For Kz/A ambiguities, the V' was called aA if

1'(as A) &1.9y '(as Ko~).
f.o—

p~ Ks +X

The shaded events in Figs. 1(a) and 1(b) represent
the ambiguous events assigned by this method;
using the algorithm does result in smooth distribu-
tions with the dips filled in. Moreover, the number
of Ko~ /K ambiguities assigned to K~& by this tech-
nique is roughly equal to the number of IPz/A am-
biguities assigned to K, as is expected from the
symmetry of the &0~ t. cay. A further check on the
method used to resolve ambiguities is shown in

Figs. 1(c) and 1(d), which give the distributions of
events with respect to 8~, the angle between one of
the V' decay products and the incoming V' direc-
tion in the V rest frame. The assigned ambiguous
events (the shaded areas} fill in the dips in these
distributions and result in distributions which are
consistent with isotropy. As can be seen, from
Figs. 1(e) and 1(f), assigning the correct masses
to the decay particles results in invariant mass
distributions for the K' and A that peak at 498 and
1116 MeV with widths of 16 and 6 MeV, respec-
tively, indicating good experimental resolution.
The final numbers of V' fits after resolving the
ambiguities are given in Table I.

To compensate for V"s which leave the chamber
before decaying or decay within 0.5 cm of the pri-
mary vertex, weights were calculated in the con-
ventional way. The average weights for K&, A,
andX were 1.13, 1.13, and 1.18, respectively;
the numbers of weighted events are shown in Table
I.

{b) Yr p R+X

~ Ili

O. l

I

I

IO
PL,f, ( GeV/c)

I

IOO IOOO

FIG. 2. Cross sections for (a) m p —K&+X and (b)
n. p —A+X as a function of the incident & laboratory
momentum. Results of this experiment are shown with
triangles.

fO '

incoming n lab momentum.
The ratios of the topological cross sections for

reactions (1)-(3) to the total inelastic w P cross
section at 15 GeV/c (fief 6) are. presented in Fig.
3. The topological cross sections for Kos and A

inclusive production are seen to be largest for
four-prong events, and the cross section for re-
action (1) is higher than the cross section for re-
action (2) in all topologies. The cross section for
X inclusive production, which involves baryon-

III. CROSS SECTIONS AND INCLUSIVE DISTRIBUTIONS

OFK~O, A, AND A

In calcul. ating the cross sections further correc-
tions have been made for detection, measuring,
and fitting losses, as well as for the neutral decay
modes of the strange particles. The +/event val-
ue used for these cross sections has been pre-
viously determined. ' The total inclusive cross
sections for reactions (1)-(V) are given in Table
II together with the cross sections as functions of
the charged multiplicity of the production vertex.
All errors quoted in this work are purely statis-
tical. Systematic errors, which have not been in-
cluded, have been estimated to be 5%, 5%, and
10% for Koz, A, and X, respectively.

In Fig. 2 the cross sections for r P -K~ +X and
w P -A +& obtained in this experiment are com-
pared with cross sections for reactions (1) and (2)
from previous studies""' as a function of the

f f f I I

0 2 4 6 8
Number o~ Charged Prongs

FIG. 3. Fractions of the total inelastic n p cross
section (0 z

—0,&) as a function of the number of charged
prongs for production of K& {circles), A (crosses), and
A (squares).
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TABLE II. Neutral strangeparticles, inclusive cross sections in pb for n p-Es+X, A+X, A+X, EsEs+X, ÃsA+X,
AA+X, and gs0A+Z

No. of charged
secondaries Ks EsEs0 0 EsA Es0

0
2

4
6
8

10

122.5 k 22.4
713.6 ~ 43.7
787.2+ 48.8
266.3 + 29.1

45.2+ 15.7
2-4 + 1.6

92.5+ 16.8
465.9 + 30.0
479.7 ~ 31.3
199.5+ 22.6
26.6 + 10.1
1.8 + 1.5

6.6 ~ 2.5
23.9 + 3.6
15.8 ~ 3.0
1.2+ 0.8
0.8+ 0.8

17.0 4 6.0
74.5 + 9.6
52.5 + 7.9
6.6 k 2.8
4.2 + 4.2

38.9 + 11.7
117.8 + 13.8
76.7 + 10.4
22.7 + 5.8

7.9 + 2.6
5.3 + 2.4
1.1 6 1.1

3.1 + 1.8
5.3 + 2.9 1.1 + 1.1

Total inclusive 1937.2+ 76.7 1266.0+ 52.7 48.3 + 5.4 154.8 + 15.0 256.1 + 21.6 19.6 + 4.7 4.2 + 2.2

)N
8 (W P V +X}Ãpppogg

o(v p -A'prongs) (12)

where the overall n' P topological cross sections
are taken from Ref. 6. It can be seen that Kos pro-
duction represents a larger fraction of the total
m P inelastic cross section within each topology
than does A production. At higher multiplicities
(above eight prongs) (nz}"and (s~f become com-
parable within the uncertainties.

The average multiplicities of charged particles
Produced in reactions (1) and (2), (s)so and (s)q,sare

(n}so =3.37 +0.13,
(n), =3.36 ~0.15.

(13)

(14)

Thus, the average charged multiplicities are equal
for both samples, and smaller than the overall
& p average charged multiplicity of (n) -4.1 at 15
GeV/c. o

antibaryon pair production, is much smaller than
those for &s and A production and peaks at a lower
charge multiplicity than those for reactions (1) and
(2). A large fraction of the 5's are seen to be pro-
duced as part of AX pairs (see Table II).

Table IH lists the ratios

Figure 4 shows the differential cross sections
for reactions (1}-(3}as a function of the overall
center-of-mass production angle ~~. The K~s dis-
tribution [Fig. 4(a)] has more events (-65% of the
total) produced in the forward hemisphere. The
corresponding distribution for A [Fig. 4(b)] shows
a very strong backward peak, suggesting that most
of the A's are produced in the target region.

The values of the asymmetry parameter
A = (F-B}/(E+B},where E (B) denotes the num-
ber of V"s produced in the forward (backward)
hemisphere, are given in Table IV as a function of
topology. The asymmetry parameters for both
&s and A are largest for events with no charged
prongs, decreasing in absolute value as the number
of charged prongs increases. The magnitude of
the asymmetry parameter for A production is con-
sistently higher than for &s production meaning
that within each topology the A 's are more peri-
pherally produced than the Es.

Figure 5 shows the inclusive distributions for
&s, A, and X of the invariant cross section

6 0
E(x) =~,dPr',

where x =Pz/P, „, Pz, is the longitudinal momen-

TABLE III. Ratios between topological cross sections for Ks and A production and the n p
topological cross sections at 15 GeV jc. The values of o(n p-N prongs) at 15 GeV/c have been
interpolated from data given in Ref. 6.

N
(No. of charged

prongs) ( )& «+ p EsX4 armies
o(~ p —N prongs) p «& p-AX4 .~

o'(7t p —N prongs)

2R

6
8

10

0.132 4 0.018
0.086+ 0.006
0.055+ 0.006
0.033 + 0.010
0.012 + 0.008

0.086+ 0.012
0.054 + 0.004
0.041+ 0.005
0.020 + 0.008
0.009 + 0.007

~The inelastic x p —(2 prongs) cross section was used in the calculation.
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FIG. 5. Distributions of (2E*/~Ms) (do/dx) as a func-
tion of x for Kz (circles), A (crosses), and X (squares).

FIG. 4. Distributions of the cosine of the overall c.m.
production angle 8* for the (a) Ã0's, (b) A, and (c) A.

turn in the overall c.m. system and Pmax is the
maximum c.m. momentum allowed by kinematics.
E* is the center-of-mass energy of the produced
particle, and Osis the total center-of-mass ener-
gy. The K~ distribution shows a slight excess in
the positive x region; it is broad and peaked at
x-0.1. The shoulder close to x =1 is due to the
contribution from zero- and two-prong events. In
contrast to the &Os (and as already suggested by
the cos8* distribution}, the A's are produced pri-
marily in the negative s region, with the distribu-
tion peaking at x - -0.5. The invariant +(x}distri-
butions for both K~ and A are very similar to those

reported by m'P -V'+X experiments at nearby en-
ergies."

Figure 6 shows the differential cross sections
(1/s)(do/dy}; the center-of-mass rapidity is de-
fined as

g4 gpssy =2 in&

These distributions reveal very much the same in-
formation as do the &g) distributions, although
the details of the central region are more evident.

All of the distributions shown in Figs. 4-6 are
consistent with the hypothesis that the K~ are pro-
duced more abundantly in the beam fragmentation
region, but with non-negligible amounts being pro-
duced in the central and target fragmentation re-

TABLE IV. Asymmetry parameter A.

N
(No. of charged

yrongs)

All topologies

0.43 + 0.08
0.30 4 0.04
0.20+ 0.03
0.18 + 0.06
0.09 + 0.15

0.25 + 0.02

-0.75 + 0.07
-0.67 + 0.03
-0.52 + 0.04
-0.39 + 0.07
-0.15+ 0.19

-0.56+ 0.02

0.59 + 0.32
0.27+ 0.20

-0.06 ~ 0.25

-0.15 + 0.14
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FIG. 6. Distribution of (1/7I) (do/dy) as a function of

y for Ks(circles}, A {crosses), and X (squares).

gions. The A particles are mostly produced in the
target fragmentation region. The small number of
X events makes it difficult to draw conclusions
about such production, but it appears that there is
no strong tendency for A's to be produced in asso-
ciation with either the beam or target fragmenta-
tion regions.

The transverse-momentum (Pr) distributions
do/dPr' for reactions (1)-(3)are shown in Fig. 7.
For small Pr' values [i.e., below 0.5 (GeV/c)' for
Koe and A, and below 0.4 (GeV/c)' for X produc-
tion], do/dPr' can be parametrized by a function

-BP 3
of the form Ae ~ . The results of such fits are
given in Table V and shown as solid lines in Fig.
7. At values of Pr'&0. 5 (GeV/c)', da/dPr' for Koe

changes its slope so that it closely follows the A
distribution. This feature has also been noted in
w'P -Koe +X at 16 GeV/c (see Bosetti et a/. , Ref.

FIG. 7. do/dP ~ as a function of P 2 for K s (circles),
A (crosses), and X (squares). The solid lines represent
fits to the functionAe B ~ (see Table V for values of
the parameters A and J3).

1) and is discussed in more detail in Sec. V. The
average transverse-momentum (Pr) values for each
topology and for the total samples are given in
Table VI.

The average charged multiplicities (ng of the
charged particles produced with a Koe [reaction (1)]
and with a A [reaction (2)] are shown in Fig. 8(a) as
a function of lnM, ', where M„ is the invariant mass
recoiling against the V'. In order to select those
events in which the A's are associated with the
target proton and the Ks's with the incident ~,
only A events with cosa*&-0.5 (70Vo of the sample)
and K~ events with cos8~&0.5 (46%) have been in-
cluded. The two distributions are seen to be quite
parallel, with the average charged multiplicity (+,)

TABLE V. Parameters for the fits do/dPz ——Ae

Reaction
Pz range for
fit [(Qev/Q) ]

A
[mb/(G V/e)']

B
[(GeV/c) 'j

p Kos+X

%+X—A+X

0-0.5
0.5-1
0-0.5
0-0.4

9.95 + 0.59

4.56+ 0.20
0.24 + 0.02

5.34 + 0.27
3.70 + 0.27
3.83 + 0.19
5.35+ 0.49
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TABLE VI. Average transverse-momentum values in
~ p —Kz+Xand ~ p —A+X.

N
(No. of charged

prongs) Ks0
(S,) (Gev/c)

0
2

4
6
8

All topologies

0.479+ 0.022
0.438 ~ 0.006
0.411+ 0.006
0.382 + 0.010
0.410 + 0.035

0.421 + 0.004

0.433 + 0.023
0.507 + 0.009
0.480 + 0.008
0.460 + 0.017
0.540+ 0.056

0.485 + 0.006

I I I t i

V'
2—

I I I I I I I I

4 6 IG
M„' (GeV')

I I

20

being consistently higher for A events than for &0~

events at the same M„' values. Moreover, for
M, '& 6 (GeV)' the iwo distributions are well de-
scribed by straight lines. A fit to the expression

(15)

yields slopes B of 1.64+0.14 and 1.97+0.13 for the
A. and K& distributions, respectively. These two
values are comparable within errors with other

(nx) =ns +n, +n, .
OC

(16)

values of B obtained in similar fits at higher en-
ergies and in different reactions" in agreement
with predictions of various theoretical diffractive
and multiperipheral models which claim that B
should be independent of energy and type of reac-
tion. The same models also predict that the coef-
ficient of lnM, ' should be independent of the four-
momentum transfer squared (t) and, within the un-
certainties, the slopes B obtained in the present
experiment for both A and K~ are found not to de-
pend on t.

Although the slope B is independent of t in the
region in which (nx) is linear in lnMx, the inter-
ceptA has a t dependence. This results in the
overall dependence of (nx) on t shown in Fig. 8(b),
which includes only those events from Fig. 8(a)
with Mx'&6 (GeV)'. As one can see from Fig.
8(b), the distributions for A and Kos are very si-
milar within the uncertainties both in shape and
in absolute magnitude.

All the above features of (nx) can be analyzed
within the framework of a simple model that has
been proposed'o to calculate (nx) for any inclusive
reaction of the type u+&- c+X. One assumes
that the outgoing particles can originate from
three distinct regions [see insert in Fig. 8(a)1:
the region in which particle b fragments into +&

particles on the average (n, depends only on the
nature of particle 5), a central region in which an
average of +0 particles are produced independent
of the nature of a, b, and c, and the region in
which the exchanged particle F.„fragments on the
average into &~ particles. According to this
model ns might be a function of s/Mx' and t.
Then (nr) can be written as

A

V'

fe' I MM
c x +

(b)

For sufficiently high values of M„' (the lower
limit cannot be exactly specified by this model) no
is expected to have the form. B lnMx' where B is a
constant, independent of s and reaction type. Ap-
plying this model to production of A's associated
with the proton vertex and K~'s associated with
the incident n one can write

(nx)z-ns +n +n

l I I I I

0 0.6 ].2 I.B 2.4 3.0
Itl[(oev/cj ]

FIG. 8. Average charged multiplicity Q~) as a func-
tion of Mx (see text) for inclusive production of K&
(circles) and A (crosses). The insert shows the dia-
gram considered by the model described in Sec. III.
(b) Average charged multiplicity (nx) as a function of
~- z~ for inclusive Kzproduction (circles) and t& z

for inclusive A production (crosses). For selection
of events in (a) and (b) see text.

(n„) o =ns +n, +np,
S

(18)

(n,)„—(n,)ro =(ns —ns, ) y(n, -no). (19)

The average result obtained for this difference
from Fig, 8(a} (for Mx' &6 GeV ) is 0.90 +0.15.

where &~ and+~„o are the multiplicities asso-
ciated with the exchanged particles. The difference
between the multiplicities for A and Ko~ production
is therefore
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Since n„and && are not supposed to depend on en-
ergy, one can take for +„-n& the value of 0.55
+0.05 reported at 14V GeV/c. 8 This yields

0.5-
(o) (c)

n~ -n~ 0 =0.35 +0.16.
&PA ~Wgo (20) 0

one might exyect n~ to be different from +~&yh Sbecause (a} the exchanged objects Z are coupled
to different particles in A production than in Ko~

production, and (b) different exchange particles
contribute in A production than in K~ production.
For example, only a virtual object having the E+-

quantum numbers can be responsible for K~ pro-
duction, whereas for A production both &' and K*+
can contribute.

It is interesting to note that the difference (19)
is almost constant for the entire lnM, ' interval for
M,' &5 GeV', suggesting similar &/Af, ' and t de-
pendence of ss and ss r~ since &,-s~ is ex-
yected to be constant.

An interesting comparison can be made with re-
sults from an experiment at 14V GeV/c, ' which
found

ng —+g =0.34 +0.13 .
PP

(21)

Comparing (20) and (21), it appears that a virtual
object coupled to two baryons fragments on the
average into more charged particles than does a
virtual object coupled to two mesons. However,
more experimental evidence is needed to confirm
this re suit.

IV. A POLARIZATION AN D TRIPLE-REGGE ANALYSIS

OF A INCLUSIVE PRODUCTION

The polarization of the A's produced in reaction
(2} is shown in Fig. 9(a) as a function of the four-
momentum transfer squared from the target pro-
ton to the A hyperon. The A polarization is defined
as follows.

3 (cP}R Ih
P w5P = |t) s)}s-,' (22}

where 5, is a unit vector along the direction of the
decay proton in the A rest frame, && is a unit vec-
tor normal to the plane of the A and the incident
pion, and N is the number of observed A' s. The
decay parameter e is taken to be a =0.65. In
most of the ItI intervals considered, the values of
the A polarization are small and negative, and the
average polarization in the interval O~ItI~I (GeV/
c} is -0.134+0.095.

Figures 9(b)-9(d) show the dependence of the A
Polarization on x and Pr. A recent study" of A Po-
larization in the target fragmentation region [de-

-0.5

o. - Q. I
C I I I

0.5 1.0 I 5
I t. , „I ((Gev/c)']

—-0.50

(b)025-
+

), ~a~~-~'-+----- -~~—"
T' +

C

-0 25—

-o.5o I I I

- I.O -0.75 -0.5 -0.25 0 OA 08 . I.2

P~ ( Gev/c)

PIQ. 9. Polarization of A in various inclusive reac-
tions as a function of (a) t, the four-momentum trans-
fer from the target proton to the A, (b) x ~ the Feyn-
man variable, {c)and (d) P z, the transverse momen-
tum, for events with x(A) ( -0.2; circles: m p A+X
(this experiment), squares: K p —A+ pions at 4.2 GeV/
c Ref. 11, triangles: K p A+KK+pions at 4.2 GeV/
c, Ref. 11, crosses: pp A+X at 5.7 GeV/c, Ref. 11.

fined by xg) &-0.2] points out that the dependence
of the polarization on & and P& differs markedly in
various inclusive reactions, depending on whether
the production is via strangeness-annihilating or
strangeness-nonannihilating processes. Reaction
(2} is a strangeness-nonannihilating process and
indeed the A polarization as a function of & and &&

exhibits behavior very similar to that observed in
other strangeness-nonannihilating processes such
as Kp- AKK+ pions at 4.2 GeV/c" and pp -A+ X at
5.7 GeV/c. " All of these reactions are charac-
terized by a small negative polarization for x & -0.5
[see Fig. 9(b)], and by a negative polarization that
increases in magnitude with increasing Pr [see
Figs. 9(c) and 9(d}]. In contrast, the strangeness-
annihilating process K P -A+ pions at 4.2 GeV/c"
exhibits a distinctly positive A polarization for«-0.5 [see Fig. 9(b)], and a positive polarization
which increases with Pr [see Fig, 9(d}].

Since most of the A's [reaction (2)] are produced
in the proton fragmentation region, one can try to
analyze the data in the framework of the triple-
Regge model. The diagram for this process is
shown in Fig. 10. The Regge trajectory nr(t) re-
fers to K or K~ exchange whereas az(0) denotes
the Pomeron or meson exchange intercept. The
differential cross section may then be expressed
as
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Figure 11 shows do/dM»' for several t intervals
(where t is defined from the proton target to the

A). The data have been fitted to the following ex-
pression:

dtdM„,
--Ae '(M„')

where

C(t) = a„(0)—2a»(0) —2a'» t

(25)

FIG. 10. Triple-Regge diagram for A production in
n p interactions.

dg I'
dtd~ t/, )

=G»»»(t) (M»')""'" '.

taking properly into account" the effects of the
kinematic limit on the upper end of the Mx' distri-
butions. To ensure the validity of the diagram in

Fig. 10, only events with Itl- 1 GeV/c' and M»'
- 3 GeV' have been considered. Furthermore, Am'

combinations with effective mass 1.34 - M(Cia' )
& 1.42 GeV have been rejected to eliminate A' s
produced as Z+ (1385) decay products. The fitted
curves are shown as solid lines in Fig. 11 and the
values obtained for the fitted parameters are

Therefore, at a given s value,

PQ
dI'dMx~

GI(t)(M 2)a&(Pl~a»(t) (24}

a„(0)—2a»(0) =0.17 +0.15,
n'~ =0.90 +0.15,

A =60.0 %12.5,
B=5.1 ~0.6.

(28)
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The intercept a&(0) represents contributions from
both Pomeron and Reggeon trajectories. The weak
dependence of the cross section for reaction (2) on
the incident » momentum (see Fig. 2), and the
fact that the overall A polarization is small in this
experiment as in other strangeness-nonannihilating
processes, '4 suggest the possibility of Pomeron
dominance. If one therefore assumes a„(0) to be
the Pomeron intercept [i.e., a„(0)-1.0], the inter-
cept of the effective X trajectory is found to be
a»(0)-0.4, which is compatible with the accepted
value for the K* intercept [a»e(0) -0.3]. However,
this value of a»(0) -0.4 is highly dependent on the
assumptions one makes about Pomeron dominance
and the value of the Pomeron intercept.

60
40
:(c)

V. E* (890) AND Z(1385) INCLUSIVE PRODUCTION
20

IO—

I I I I I I I ! I I I I

0 2 4 6 S lO I 2 0 2 4 6 S IO I2

V„(GeV j

FIG. 11.d o/dtdM~ (see text) for different t intervals
from the target proton to the produced A: (a) I t )

& 0.8 (GeV/c)t, (b) 0.2& tl &0.4 (GeV/c)t, (c) 0.4& ltl
&0.6 (GeV/c)t, (d) 0.6& tl & 0.8 (GeV/c)t, (e) 0.8& ltl
~ 1.0 (Qe7/c)2. Solid lines are the results of a triple-
Regge model fit (see text).

The K~r and Am effective-mass distributions are
shown in Figs. 12(a)-12(d). In calculating the ef-
fective masses, the fitted values of the V' momenta
and the measured pion momenta have been used.

The Kc»» mass distribution [Fig. 12(a)] shows
a clear, narrow peak at the mass of the K+(890}.
The solid line in Figure 12(a}represents the re-
sults of a fit to a modified Breit-%igner resonance
shape' on top of a polynomial background. The
mass and width of the K~(890) used in the fit were
M, =892 MeV and ~, =50 MeV as tabulated in Ref.
16. The resulting cross section is
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present in the Ar distribution, no clear evidence

for resonant structure is seen in the A& mass
plot, consistent with the observation (see Sec. III)
that the A's are produced primarily at the proton
vertex.

The Aw mass distribution has been fitted with a
simQar parametrization as the one used for K& &,
taking for the mass and width of the Z(1385) the

values M0=1383 MeV and 1 0=35 MeV." The re-
sult is shown as the solid line in Fig. 12(c), and

the corresponding cross section for inclusive
Z+ (1385) production is

50- 25 -' o(w p - g+ (1385) +X}=174+ 25 pb. (28}

I

0.6 0.8 I.O L2 l.4 1.6
M(K' 7l ) (GeV)

I I I I

1.2 I .4 I.6 I.8 2.0 2.2
M (Z7r ) (GeV)

o(w p-K (890)+X) =195+35 yb. (27)

FIG. 12. Effective-mass distributions of (a) Ã& g',
(b) Xz~, {c)A~', and {d) An . Solid lines in (a) and

(c) are results of fits (see text). AD possible combina-
tions have been included, multiplied by the appropriate
cross section/event factor.

In order to study the inclusive production of
K (890) and F+ (1385) as a function of their center-
of-mass rapidity (y) and transverse momentum
squared (Prw), the Kow w' and Aw+ effective mass
distributions were obtained for different ranges of

p and P~' of the two-particle systems. The distri-
bution within each bin was then fitted as previously
described in order to determine the resonance
cross section for that bin. The resulting distribu-
tions are shown in Figs. 13(a)-13(d). The K~+(890)

By contrast, no narrow K*(890) peak is seen in
the Kw w mass distribution [Fig. 12(b)], and at-
tempts to fit the distribution with the same param-
etrization as for the K~ I' effective mass histo-
gram resulted in no acceptable fit. If one con-
siders the w P reactions in which aK or Jf may
be produced, one sees that there are two general
classes:

Goo =

A

IOO:
b

(o)
I

(b)—

(a) Reactions in which a strange baryon (A or Z)
is produced, so that Ka or K (and not K') may
also be produced to conserve strangeness.

(b) Reactions in which a nonstrange baryon is
produced, so that both K' and K may result, either
together in pairs or with charged kaons.

IO-2 0 -I.O 0.0

IOOO

I 1 I I

I.O -I.O 0.0 I 0 2.0
Y

(c)
Thus, there are more ways to produce a K~ than a
K' in r p interactions. It is difficult to estimate
the relative amounts of K and K~ production at
15 GeV/c since the only data on exclusive K' and
K' production in w p interactions exist at -4 GeV/c
and below. ' Still, a very crude extrapolation of
the existing low-energy cross sections gives a
ratio of K'/Ko& 2, thus providing a possible ex-
planation for the lack of K (890}produced as
compared to K (890).

No higher-mass K*'s have been observed in
the K&m or Z~wm effective-mass distributions.

The effective-mass distribution of the Aw' [Fig.
12(c}]looks very different from that of the Aw

[Fig. 12(d}]. While a strong Z+ (1385) signal is

~ IOO-

N

0

IO I I I I I I

0,0 0.25 0,5 0.75 0.25 0.5 0.75 I.O

PT (GeV/c)

FIG. 13. Distributions of &f0/dy as a function of y
for (a) E*'(890) and {b) ~'(1385) production. Distribu-
tions of deldI'z as a function of I'T for (c)K*'(890) and
(d) Z'(1385) production. The solid lines in (c) and (d)

-Bp2represent fits to the function Ae Pz (see text).
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and g+ (1385) rapidity distributions [Figs. 13(a)
and 13(b)] show features similar to those of Ko~ and

A, respectively (Fig. 6): The K (890) is generally
produced slightly forward in the center-of-mass
frame, while the Z+ (1385) is produced predomi-
nantly backward.

The distributions in P~~ have been fitted to the
expression Ae r over the range 0&Pr'&1 (GeV/
c)', with the resulting slopes

B~~+(~0) =3.2 +1.1,
~+(1885)

(29)

The fits are shown as the solid lines in Figs. 13(c)
and 13(d}.

A recent study" has found that inclusively pro-
duced resonances and heavy particles seem to
have a universal do/dPr' 'slope of B-3.4, inde-
pendent of the initial state and over a range of in-
cident beam momentum from 4 to 200 GeV/c.
Lighter particles (pions and kaons} seem to have
similar slopes if only the range Pr'& 1 (GeV/c}
is considered. Below that point the slopes become
steeper, with the additional cross section at small
P~' being attributed to resonance decay products.
It has therefore been conjectured that directly pro-
duced particles have a universal slope.

As can be seen, the slope obtained in the pres-
ent experiment for K*(890}production is perfectly
consistent with this universal value. The slope for
F+ (1385) production is lower, but given the small
g+ (1385) cross section, it is difficult to make a
more definite statement.

It is also worth noting that the slope for inclusive
A production (II =3.83 +0.19}agrees reasonably
well with the universal value, as expected for a
heavy particle. The observed break in the &0~

slope (see Sec. III) is also consistent with this
universality; a fit to the dc/dPr' distribution over
the range 0.5 &Pr' &1.0 (GeV/c)' yields a slope of
B=3.70 ~0.27.

VE. SUMMARY AND CONCLUSIONS

The inclusive cross sections for neutral strange
particles at 15-GeV/c incident v momentum are

c(v p -Ko& +X) =(1937.2 + 76.7) ub,

&r(v p-A+X) =(1266.0+52.7) +,
a(v p-X+X) =(48.3+5.4) pb,

c(v p-K*+(890)+X) =195+35 pb,

row'

c(v p-I;+(1385)+X) =174 + 25 pb.

Am

(31)

4+
The K (890)'s are found to be preferentially pro-
duced in the forward hemisphere, while the
P+ (1385) production occurs primarily in the target
fragmentation region. These resonances have
been found to have essentially exponential distri-
butions inPr'. The slope of the dc/dPr' distribu-
tion of the K +(890} is in good agreement with
other observations of a universal slope of -3.4
(GeV/c} ', although the 2;+ (1385) is less steep.
The slopes for the inclusive Ko~ [for 0.5 &Pr' & I
(GeV/c)'j and A distributions are also consistent
with a value of -3.4 (GeV/c) '.

&& production occurs more abundantly in the
forward direction, while the A's are produced al-
most exclusively backward in the target fragmen-
tation region. The X's are produced in the central
region, largely in pairs with A' s.

The average charged multiplicity {n„}of the sys-
tem recoiling against the A's is consistently higher
for a given value of the system mass M» than is
the corresponding average charged multiplicity
for the Kso. The {n„)distributions obtained by con-
sidering only backward-going A.'s and forward-
going K~'s are quite parallel and linear in 1nM»'
for M»' & 6 QeV', and the difference between the
multiplicities is almost constant in this M»' range.
The average difference {nx)~-{nx}ro for Mr'&6
QeV' is 0.90 +0.15.

The polarization of A's produced in reaction (2)
is small and negative in the target fragmentation
region. Its dependence on ~ and P~ follows very
closely the behavior of the A polarization mea-
sured in other strangeness-nonannihilating reac-
tions at different energies and with different beams
incident on protons. Assuming a„(0) to be the
Pomeron intercept, a triple-Regge-pole model
fit to the differential cross section d'c/dtdM' for
A production in the target fragmentation region
yields an effective trajectory consistent with that
of the &*.

The cross sections for inclusive K (890) and
Z+ (1385) production are

c(v p -KOQ +X) = (256.1 +21.6) ~,
c(v p hX+X) =(19.6 +4.7) pb,
o'(v-P Ko+o +X) (154 8 +15 0) pb

a(v p-Kop+X)=(4. 2+2.2) p,b.

(30)
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