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Evidence is presented for production of:-~ resonances, decaying into =n, =(1530)m, AK, and XK, in

K p interactions at 2.87 GeV/c. The data represent final combined results from a 30-events/p, b hydrogen

exposure and an 18-events/p, b exposure in deuterium designed to study =~ production in the mass interval

1.46—2.07 GeV/c . In addition to =(1820) and:-(1940), signals have been observed at masses of 1630
MeV/c ' and 1860 MeV/c ' decaying into = n. + and YK, respectively. Reaction cross sections have been

measured for all final states containing two visible signs of strangeness, and for the final states AK K + and

XK K+

I. INTRODUCTION

in hydrogen have also been published. ' The pres-
ent paper contains our final results for the .xK(n)
final states of reaction (1), as well as for YKK(x)
final states, utilizing both the hydrogen data and
K P interactions extracted from the deuterium data.

The reactions of interest here are

K P- " 7T+K

—:"mK'

- = ~'~'Ko

:" 7t Tf'K'

" 7t 7T'K

—AKOK 0

—AK7i'K

(2)

(3)

(4)

(5)

(6)

(7)

(8)

A search has been completed for evidence of:-
resonances in the mass range 1.5—2.0 GeV/c' de-
caying into w, "ww, =(1530)x, YK, and YKv We.
are reporting the combined results of two experi-
ments involving K P interactions at 2.87 GeV/c,
one using a hydrogen target and the other a deu-
terium target. The results of a search for =* pro-
duction in K n interactions, which was the primary
purpose of the deuterium experiment, have been
reported previously. ' Partial results on the reac-
tions

K' p- =*K, :-*-:-~(w)

- Z K'K'

-Z'K K

—ZKn'K

AK K'

"7iK'

(9)

(10)

(11)

(12)

(13)

(14)

The events of reactions (2)—(11) were required to
exhibit two visible signs of strangeness in the
form of neutral or charged decays, and have been
obtained from both the hydrogen exposure (with a
sensitivity of 30 events/pb) and the deuterium ex-
posure (with a sensitivity of 18 events/pb). The
events of reactions (12)-(14) resulted from a
separate scan of a portion of the hydrogen film
(with a sensitivity of 23. 1 events/pb) for topologies
involving two charged prongs and a neutral V'
from production. The deta, ils of the experimental
procedure and event selection criteria. will be
given in Secs. II and III. Cross sections have been
measured for reactions (2)-(13) and are presented
in Sec. IV.

The paucity of information on = states is well
known, and can be attributed to the experimental
difficulties (principally low cross sections) asso-
ciated with the study of strangeness-( —2) final
states. Beca,use of the low statistics ava. il.a.ble in
such studies, the usual criterion of about five-
standard-deviations significance for resonance
candidates has generally been relaxed to about
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three for =* signals. In addition to the well-es-
tablished:-(1530), previous experiments' have in-
dicated, at or above the reduced standard of signi-
ficance, the presence of " states at masses of
1820 and 1940 MeV/c'. The =(1820) has been ob-
served to decay into YK, :.v, =vv, and:"(1530}v;
:-(1940) has only been observed in =w and:"(1530)v
mass combinations. The masses and primary de-
cay modes of these resonances are roughly com-
patible with recent SU(3)-multiplet assignments. '
In addition, a possible "(1630}has received some
attention. "Although it does not fit within the
SU(3) assignments of Ref. 4, it does have a place
in the SU(6) x 0(3) symmetry scheme. '

Our evidence for the possible production of:"
resonances in the final-state mass distributions of
reactions (2)—(14) will be presented in Sec. V. A
summary of our results can be found in Sec. VI.

II. EXPERIMENTAL DETAILS

The data for this analysis came from two sepa-
rate exposures, consisting of -10' pictures each,
of the BNL 31-in. bubble chamber to a separated
beam of 2.87-GeV/c K mesons. During the first
exposure the chamber was filled with hydrogen at
a density of 0.060+0.001 g/cm'. The second ex-
posure, which consisted of six separate runs, was
taken with the chamber filled with deuterium' at an
average density of 0.131 g/cm'. Beam content for
the hydrogen exposure was determined by a count
of the total numbers of interactions and one-prong
decays of K in a subsample of the film. Percent-
ages of K, v, a.nd p were measured to be (84
+ 3)%, (8.2 + 2 9)%, and (7.9+ 3.4)%, respectively.
The K content of the beam for the deuterium ex-
posure was determined by analysis of K -7t n n'

decays, and found to vary considerably over the
separate runs, with an average value of (76+ 4)%.
No information on the relative w and p, contamina-
tion is available for the deuterium experiment.

Using a fiducial volume of length 64.0 cm in the
beam direction, the total proton target sensitivi-
ties of the hydrogen and deuterium exposures
amount to 30+ 1 and 18.0+ 0.5 events/ gb, respec-
tively. For the purpose of cross-section calcula-
tions a subsample of the deuterium exposure cor-
responding to 15.8+ 0.4 events/pb has been used.
The scan for events with the two-pr ong-plus- V'
topology [from which reactions (12)-(14) are ob-
tained] was carried out in a subsample of the hy-
drogen exposure amounting to 23.1+0.8 events/pb.

All the film was scanned twice in all three views
for events with two or more visible signs of
strangeness. ' Approximately two thirds of the hy-
drogen film was then scanned for events with two
charged prongs and one decaying Vo. All candi-
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FIG. 1. Spectator-neutron momentum distribution for
final states in which all reaction products are measured.
Solid curve is the normalized Hamada-Johnston distribu-
tion modified by the neutron momentum resolution func-
tion.

dates were measured on either film-plane or
image-plane digitizing machines and processed
through the geometry and kinematics programs
TVGP and SQUAW. Consistency of observed and
computed ionizations of charged tracks was
checked by physicists for all events passing the re-
construction process. Wherever possible, ioniza-
tion criteria, were used to resolve kinematic am-
biguities. Poorly measured events, and events
failing to fit an acceptable hypothesis, were re-
processed at least once.

The fitting and selection of K P interactions
among the deuterium events requires special com-
ment. Final states containing no missing neutrals
other than a neutron from the deuteron can be fit-
ted with one constraint at the production vertex.
To select K p interactions we require the momen-
tum of the neutron to be less than 200 MeV/c. The
spectator-neutron momentum distribution for such
events is shown in Fig. 1. The agreement with the
distribution expected on the basis of the Hamada-
Johnston' deuteron wave function is not as good as
that observed for spectator protons from K n in-
teractions. ' This is due to the poorer resolution
in the momentum of the unseen neutron. The solid
curve in Fig. 1 represents the normalized Hamada-
Johnston distribution after integration with the
spectator-neutron resolution function. It is in
adequate agreement with the observed spectrum.

On the other hand final states which contain
missing neutrals as well as the spectator neutron,
such as K d- A, K,'K,'n„" are underconstrained at
the production vertex. Such events have been fit-
ted by ignoring the neutron and assuming a station-
ary proton target. Since this procedure may in-
troduce a substantial and unknown processing in-
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efficiency, these channels cannot be used for
cross-section calculations. %e expect, however,
that those deuterium events successfully fit by
this procedure will involve relatively low-momen-
tum nucleons. Final-state mass distributions,
therefore, should be minimally affected by inclu-
sion of these events. Further checks on this pro-
cedure will be discussed in Sec. V.

The scan for events with at lea, st two visible
signs of strangeness in the hydrogen exposure
yielded a total of 3510 events, of which 3020
yielded a fit to a, constrained final state. The cor-
responding sean in deuterium yielded 4811 events
(K n plus K p), of which 1850 either had a con-
strained production vertex fit with a neutron mo-
mentum &200 MeVjc, or a fit to a K p reaction
with an a,ssumed stationary proton target. The
two-prong-plus- V' sean in hydrogen produced
5S 229 events, with approximately 1800 events
involving reactions (12)—(14).

III. AMBIGUITY RESOLUTION

vs

K-p- A, K',K,'

m P-A, K,m .

(16a)

(16b)

(The subscripts 1 and 2 have been defined in Ref.
10.) The w'K,', v'K' ambiguity of reactions (15)
involves 140 events and is essentially unresolvable.
The events have been assigned to each of the two
final states with a. weight of &. There are 75 events
ambiguous between reactions (16). Attempts to fit
hypothesis (16b) were made on 60% of the events
exhibiting two visible decays of neutral strange
particles and no charged prongs from production. .
On the basis of our beam composition, the cross
section for reaction (16b),"and visibility and ef-
ficiency factors, we would expect 37 + 17 such
events ln our final sample. %e obsel ve 21 events
uniquely fitting reaction (16b), consistent with ex-
pectations within one standard deviation. More-
over, the fit probability distribution for hypothesis
(16a) is uniform for the ambiguous events, where-
as the same distribution for these events inter-

The kinematic ambiguity level for events with
two visible signs of strangeness (-8%) is an order
of magnitude less than that for events of the two-
prong-plus- Vo topology [80% for the events of re-
actions (12)-(14)]. We therefore discuss the two
cases separately.

The major ambiguities in the former sample oe-
eur between the following reactions;

K p- - n'K' vs K p-" n'K

preted as reaction (16b) is distinctly nonuniform
(53% of the events having probability less than
10%). Finally, the M(KOKO) spectrum for the am-
biguous reaction (16a) events exhibits the charac-
teristic P(1019) peak, and is consistent with the
distribution obta. ined for unique K p-A, K,'K,'
eveots. For these reasons we have assigned all
the ambiguous events to the reaction (16a).

An additional 100 events, distributed among
various reaction channels, involve ambiguities of
the following types:

(i) A, versus K', unresolved by ionization,
(ii) Z versus =, , and

(iii) a four-constraint (4C) fit versus a one-
constraint (1C) fit with a w'.

%hen true A's fit the Ko hypothesis, we expect
the V' center-of-mass decay angular distribution
A p to be uniform, and the distribution in K' ~ f'
to be peaked forward. The events involving am-
biguity (i) exhibit this behavior and have been as-
signed to the A hypothesis. A study of events in-
volving the ambiguity (ii) in K n interactions" has
shown an overwhelming preference for the Z hy
pothesis. %'e have therefore made the same as-
signment here for the 15 ambiguous events. Final-
ly, the ambiguities involving a choice between a
4C fit and a 1C fit have been decided in favor of
the more highly constrained hypothesis.

The remaining unresolved ambiguities in the
sa,mple of events ha.ving two visible signs of
strangeness, involving approximately 90 events,
have been a,ssigned equally to the competing hy-
potheses. Kith the exception of the reactions
K P- A, K K', m' and K P-=', n m'Ko, the ambiguity
rate in any channel discussed is less than 10%.

Table I contains an ambiguity map for the two-
prong-plus- V' events of reactions (12)-(14).
There are 47 events which have a A„KO decay
ambiguity of the Vo. Here aga. in, the distributions
in A p and K' ~ 8' indicate the correctness of the
A assignment.

The other ambiguities are principally among the
three reactions themselves and with the one-con-
straint reactions

K P-A, w v'X' (X'=y, v', q).
The results of the somewhat involved ana, lysis of
these ambiguities are shown in Table III. The rest
of this section describes in detail the criteria and
tests that justify our choi.ees. The uninterested
reader may skip to the n.ext section.

The ambiguities between the 4C reaction (12)
and the lesser-constrained reactions (13), (14),
and (17) have been decided in favor of the more
highly constrained fit. In order to discuss our
justification for this choice with respect to reac-
tions (14) and (17), and for later use in resolving
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TABLE I. Ambiguity map for the final states AK K, Z K K', and ™07I'K'.Entries rep-
resent the number of events in the final state at the left which are ambiguous with the final
state indicated at the top of the column. Events involving multiple ambiguities will contribute
to more than one entry.

AK-K ZOK-K .07I.-K «-7I XO AK-K
Total number

of events

AK K
Z'K-K'
m () ~v~t

7I A

166
196
215

196
55

228

215
228
366

378
388
723

1
44
23

723
482

1265

the ambiguities of the final state Z'K K', we
treat all the reactions indicated in Table I gener-
ically a.s

KP m m'A, X (18)

The final-state particles (m, m') will be (K,K'),
(v, K'), or (v, w'), respectively, for reactions
(12) and (13), (14), and (17). The symbol X' re-
presents zero for reaction (12), y for reaction (13),
w' for reaction (14), and y, wo, or q for reactions
(17). We further define the three variables X„,
X,„, and X« in the following manner: Using mea-
sured momenta for m, m', A„and the K beam,
X„, X,K, and X«are the cosines of the angle be-
tween the A and the (AX') system, in the (AXD)

center of mass, when m m' are interpreted a,s
n n', n K', and K K', respectively. Table II in-
dicates the distributions in these variables ex-
pected" for true samples of reactions (13), (14),
and (17). The distributions in X„and X,E for true
AK K'(v') events will be the same as those for the
final state Z'K K', precluding their use for dis-
crimination between these channels.

Figure 2 contains the distributions in X„, X,K,
and XKK for unique AK K' and "'n K' final states,
as well as for events involving ambiguities be-
tween reaction (12) and reactions (14) and (17).
The distributions for the three ambiguous samples
are all consistent with those for unique AK K'
events, and none exhibit the sharp backward peak-
ing in X«expected for true "'n K' or An n'X'
events. Figure 3(b) shows the distribution in

M(K K'), formed from measured variables, for
the events ambiguous with AK K' and having

50

(a)
UNIQUE AK K

l60 EVENTS

(b)
X7y K

(c)
XKK

(4)
UNIQUE Him Ki

150- 347 EVENTS

I 00-
50-

I

(e)

(g)
AK K'/Aa m'X

120 248 EVENTS

80-

Z 40-
LLI)
LLj (j)80- 0

AKK/8 n' K'
60- 94 EVENTS

40
20-

80-
60-

(m) AK-K'/

H 7r-K'/

Am'7f X

I

(n)

X«(-0.7 where we expect the highest concentra-
tion of contaminants. The Q(1019) peak character-
istic of unique events [Fig. 3(a)] is evident. Also,
neither the restricted sample of events of Fig.
3(b) having Xrr(-0. 7, nor the full sample of am-
biguous events, show any evidence for K*(890) in

M(v K'), p(770) in M(v v'), cu(783) in M(v v'v'),
or Y* in M(Av). Finally, we have studied the vo

TABLE II. Expected distributions for the variables
X„, X,K, and XKK (see text for definitions), for the
final states Z K K', " r K, and A7I 7I'X .

20-
I08 EVENTS

-I.O 0.0
I

I.O -I.O 0.0 I.O -i.O 0.0 I.O

X~K

XKK

ZK K'

Very
forward
Forward

Uniform

='7( K'

Forward

Uniform

Backward

A~ ~'X'

Uniform

Backward

Very
backward

C0S(A, AX )

FIG. 2. Distributions in the measured variables X~,
&«, and XKK (see text for definitions). (a)-(c) Unique
AK K' events. (d)—(f) Unique " &K' events. (g)—(i)
Events ambiguous between AK K+ and A7I 7I'+X . (j)-(1)
Events ambiguous between AK K' and - 7I K'. (m)-(o)
Events ambiguous among AK K+ and 7l K' and
A~-~+X'.
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of
~V

Al

40-

I

I.O

UNIQUE AK K'

XKK & -07
47 EVENTS

I.S I.4

AMBIGUOUS A K K

X & "0.7

l50 EVENTS
(K beam

t (K b„x Z') x Zo[ ' (19)

the ambiguous events not being Am'w m'. Qur
choice of reaction (12) therefore appears fully
justified and we calculate, on the basis of the dis-
tributions in Fig. 3 and Fig. 2(f), an upper limit
of 22 "07t K' and Am z'X' events in the sample of
events ambiguous with reaction (12}, at the 90o/g

confidence level.
The A-ZO, ambiguity between reactions (12) and

(13) has been resolved on the basis of the distri-
butions shown in Fig. 4. These represent the
cosine of the angle between the A in the Z' center-
of-mass system, and the direction Z defined as

I.o

M(K-K') (GeV/c )

FIG. 3. Measured K g ' effective mass for events
having Xzz &-0.7 (see text). (a) Unique AK K' events.
(b) Events ambiguous between the final state AE E' and
the final states " vr E' and/or A7( m'X .

AKK /I KK

AMBIGUITIES

I96 EVENTS

50-

p5-
C)

OP

Ld

a l
f

UNIQUE Z K K

55 EVENTS

l I- ~.0 -0.5 0.0 0.5 I.0

FIG. 4. Angular distribution A Z (see text for defini-
tion of g). (a) Events ambiguous between the final states
AK Ã' and Z g E+ (b) Unique ZoÃ K+ events.

laboratory momentum spectra for the final state
An'm n' with and without the events ambiguous with
AK K'. The no momentum spectrum without the
ambiguous events is smooth and consistent with
the m' spectra, as expected. The addition of the
ambiguous events creates a clear and sharp ex-
cess of low-momentum m"s fully consistent with

The momenta used in (19) are in the laboratory
frame, and fitted quantities are used throughout.
The disparity between the ambiguous events of
Fig. 4(a) a.nd the unique Z'K K' events of Fig.
4(b) is evident. Using the number of ambiguous
events having A Z & 0, we estimate an upper limit
at the 900/g confidence level. of 12 5'K K' events
in the sample ambiguous with the final state AK K'.

Qn the basis of the foregoing results we accept
all 723 events fitting the highly constrained re-
action (12} into the AK K' sample. At the 90%
confidence level, the contamination from competing
hypotheses does not exceed 5%.

In the sample of events fitting the final state
Z'K K', there are 44 events ambiguous with the
reaction K p- AK K'g'. Studies of the missing-
mass spectrum in K K'(MM), and of the Z'- Ay

decay angle, have indicated the possibility t, hat

up to -50% of these may indeed be Z' events. How-

ever, since we have no clear means of separation,
all 44 events have been excluded from the sub-
sequent analysis, and the Z K K' cross section
has been adjusted to reflect this uncertainty. In
Fig. 5 we show the distributions in X„, X,~, and

X« for unique ~'K K' events and for events shar-
ing ambiguities between reactions (13), (14), and
(17). The distributions for unique events [Figs.
5(a)-5(c)] are consistent with expectations ex-
cept for some backward peaking in X«, which is
contributed by the events having X„&0. Also,
the distributions for the ambiguous events [Figs.
5(d)-5(l)] indicate, with the exception of some
backward peaking in Fig. 5(i), the validity of the
&' hypothesis. In order to obtain a sample of re-
action (13) events containing minimum contamina-
tion from reactions (14) and (17), we have only
accepted events which satisfy the following con-
ditions:

i. unique Z K K' events, X„&0;
ii. Z'KK' events ambiguous with ='q K', X«

& -0.7; and
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20-

lO-

(o)
UNIQUE X K K

55 EVENTS

(b) (c)

X KK
TABLE III. Resolution of kinematic ambiguities in

the final states AK K', ZOK K', and = 7t K'.

Final Unique Resolved Final Estimated
state events ambiguities sample contamination

20-

(d)

XKK/ vrK+
52 EVENTS

(e)
AK K' 166
Z'K Z' 55
=- '7t-K' 366

723
197
295

& 7%

16'
IO-

(g)

) X K K /A vr vr'X
45 EVENTS

20-
IO-

(&) Z K K'/

2 vr K'/

A» vr'X'
84 EVENTS

20-

(h) |(i)

(k)

ioo"
50

(m)

H vr K/Avr vr'X
475 EVENTS

(o)

- I.O 0.0 - h0 0.0 - ).0 ho

cos ( A, px')

FIG. 5. Distribution in the measured variables X~,
X,~, and g~g (see text for definitions). (a)-(c) Unique
Z K K' events. (d)-(f) Events ambiguous between
Z K K' and - &K'. (g)-(i) Events ambiguous between
Z K "K' and A7t" m'X . (3)-(I) Events ambiguous among
Z K K' and = ~K' and A7t 7t'X . (m}-(o) Events ambig-
uous between - m K' and A Tt' 7t'X .

iii. Z'K K' events ambiguous with Am m'X',

X,~ & 0 or X~~ & —0.7.

A total of 39 events are removed from the distri-
butions of Figs. 5(c), 5(f), 5(i), 5(l) by these select-
ions. This method yields a sample of 197 K p- Z'K K' events which, on the basis of the distribu-
tions for the ambiguous events [Figs. 5(f), 5(h),
5(i), 5(k), 5(1)], unique Z'K K' events [Figs. 5(b),
5(c)] and unique 'v K' events [Figs. 2(e), 2(f)]
contains, at the 90ojg confidence level, no more than
13 events belonging to reaction (14) or (17).

As can be seen from Table II, separation of
events belonging to the "' hypothesis of reaction
(14) is not as readily available as was the case
for the channels thus far discussed. Figures
5(m)-5(o) indicate that the ambiguous events con-
tain substantial contamination by events belonging
to the one-constraint reaction (17). We have found
no reliable method of extracting the true "'p K'
events from this sample, and exclude them from
further consideration. Figures 2(d)-2(f) contain
the relevant angular distributions for events uni-

quely fitting the " hypothesis. Examination of the
two-dimensional plot of X„versus XrK for these
events indicates that there is an excess of events
in the forward region of the X,~ distribution con-
tributed primarily by events in the very forward
region of X„(X„&0.98), consistent with the dis-
tributions for unique Z'K K' events. Similarly,
the distribution in X« for events having X,~&-0.6
shows a, very sharp backward peak having X«
&-0.98, consistent with that expected for the
Am m'X' final states. In order to obtain a, sample
of:"'& K' events which conta, ins a minimum con-
tamination by events belonging to reactions (13)
and (17), we have therefore only accepted events
which uniquely fit this hypothesis and in addition
have excluded those which satisfy the following
two conditions:

X„—0.98 if X,~~0.70

or

X~~~-0.99 if X,E~-0.60.

Based upon the distributions of Figs. 2(d)-2(f),
5(a)-5(c), the corresponding two-dimensional plots,
and the distribution M(K K') formed by using mea-
sured quantities and interpreting the m as a K,
our final sample of 295:"'w K' events contains, at
the 90% confidence level, less than 16'fo contamina-
tion by the fina, l states ZOK K' and Am z'X

For convenience the results of the two-prong-
plus-V' ambiguity resolution are summarized in
Table III. The same analysis was carried out ex-
cluding events involving production of P(1019). The
a,ssignment of the ambiguous events and the esti-
mates of contamination remain unchanged.

IV. CROSS SECTIONS

Cross sections have been measured using the
hydrogen data for al.l final states exhibiting two or
more visible decays of strange particles. %e use
the relationship

corrN

where N„„ is the observed number of events cor-
rected for geometric cuts, scanning efficiency,
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processing efficiency, probability cutoff (O. lg),
loss of events near the beam entrance window,
kinematic ambiguity, and visibility factors for
neutral decays. (We have used 3 for the fraction
of A decaying into Pm and —,

' for the fxaction of ob-
servable K'- v v' decays. ) The flux factor or
effective path length I' is

F=N, X(l —e i@)N„p = 30 + l eventsg pb.

Here, No is the number of K beam tracks mea-
sured by sample counting and corxected for n

and p contamination, N~ is Avogadro's number,

p is the hydrogen density measured using m- p,

-e decays, and L is the average path length of a
beam tx'ack ln the fldueral region. The K mean
free path in the bubble chamber A. has been corn-
puted from the relationship

X~=, A~ =Px(c7x)/Mr,
A.

N~ po'~

where A is the atomic number of the target fluid,
o~=26.65+0.90 mb is the total K p cross sectionat
our beam momentum, and P~, M~, and w ~ are the
momentum, mass, and lifetime, respectively, of
the K beam.

The geometric weighting procedure, which
aeeounts for the finite size of our fiducial. volume
and the losses of events due to short projected
length or small projected opening angle of charged
and neutral decays, has been described else-
where. " The average geometric weight for events
of this experiment is 1.70. Qur scanning ef-
fieieney„averaged over all topologies, has been
estimated on the bases of third scans and ana, lysis
with the visibility- dependent Derenzo- Hildebrand
technique to be (844 7)/p. Although this ts coll-
siderably lower than the efficiency calculated using
the standard double-scan procedure (-97%), our
studies indicate that it more closely represents the
true efficiency for the complex topologies en-
countered here. From the fractions of events
reaching our final sample in each of two success-
ive passes through the measuring and processing
procedure, and from a study of those events which
failed to reach our final sampl. e after several mea-
surements, we have computed a processing ef-
ficiency of (93+3)/g, averaged over all topologies.
Altogether, the net channel. —averaged correction
factor for the events of this experiment, which in-
cludes scanning efficiency, processing efficiency,
probability cutoff, and loss of events near the
beam entrance window, is 1.35+0.12.

Qur results for all channels having a fully cor-
rected cross section of 1.0 pb or greater are

presented in Table Pf, An internal cheek on our
procedures is provided by comparing the same
reaction cross section obtained from different
topologies (:" v'K' from ",v K,', :-,v'K,', and

Here, as was the case for the K n cross sections
previously published, ' the cross sections derived
from topologies involving three visible decays of
strange particles are reduced relative to those
with only two visible decays. A study' of this prob-
lem has indicated that the loss of events is likely
to be due to the combined effects of reduced scan-
ning and processing efficiencies for these highly
constrained fin. al states. The ., z'K', a,nd

:","w'K~~' cross sections should therefore be con-
sidered as lower limits for the topology, and the
:",~'K„=,m'K„and ",m'K, m cross sections
should be understood to contain a systematic over-
estimate, due to misidentified:", K,'(v) events, not
exceeding the statistical. error's quoted. The ef-
fect on our average scanning and processing ef-
ficiencies of the small number of events having
three visible decays is negligible.

The cross section. for the reaction K p- A,K',K,'
requires special consideration since there is the
possibility of contamination fxom the under-
constrained reactions K p —.,K~ n and K P- Z',K', K', . Assuming simila. r pr oduetion cha.ra
cteristics for the rea.ctions K P- "'~'K~ and K P

m'Ko, and using Monte Carlo generated dis-
tributions for M(Koy) and M(v'v') in the final
states ZOK, K,' and "',K,'m', an ana, lysis of the mea-
sured recoil-mass spectrum [K p- A,K, (MM)]
yields the following best estimate of the compo-
sition of oux 467-event A,KOK, sample.

417+ 22 A, K K,

30 + 10:-',K',z'

20+ 6 ZgK gKO

An independent analysis, based upon estimated
production cross sections for the final states
Z',K',K, and:"',K,m', Mon. te Carlo calcul. ation. s" of
the fractions of these events fitting the A,K',K,'
hypothesis, and geometric factors for the A,K',

topology, yields contamination levels consistent
with those above. Consequently a. subtraction. of
50 events has been made in obtaining the A,K', K,'
cross section quoted in Tabl. e IV.

Also contained in Table lV are the cross sections
for the fina, l states AK K+ and Z'K K'. The ap-

propriatee

correction factors for the two-prong-
plus- V' scan have been discussed elsewhere. '8

Qur inability to clearly resolve ambiguities and
estimate losses precludes determination of a cross
section for the final state ™',p K'.

The procedure used for cross-section calcula. -
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TABLE lV. Cross sections from hydrogen experiment.

Topology No. of events ~
Weighted no.

of events b

Topologlc al
cross section

{ub)
Reaction

final state

Gross
section '

{pb)

M ~K+M

rK
= m'K'

~ 0~"~+Ko

gmrK

=-~'7r'K'

A(K(K2

A, K,K,

A, K',K',

A K'K'~'

A, K',K'~

A)K Kg&

Z'K Kg

Z', Z',K',

Z K',K,'~'

Z'K', K,'~

Z',K K', m'

Z'PK ~

OiK K'

316 {1)

148 (0)

464 (84)

178 (0}

373 (84)

108 (24)

139 (0)

72 {3)

40 (14)

14 (0)

55 (5)

26 (14)

15 (5)

9 {6)

49+ ll
507+ 34

251 + 27

625 ~ 38

156 + 15

453+ 30

133k 16

194 + 19

84~13

74~ ll
480 ~ 25~

52+ 9

26+ 6

20+ 6

41+ 8

51+ 8

90+ 12

72 ~13

21+ 6

60 +10

45+10

15+ 5

2.2 + 0.5

23.1 + 2.7
11.2 ~1.6'

28.0 + 3.2

7.3 + 1.0
20.3 ~2.4
6.0 + 0.9

8.7 +1.2
3.8 ~0.7'

3.3 k 0.6

21.6 ~2.3~

2.4 ~ 0.5

1.2 + 0.3

0.89 + 0.27

1.8 + 0.4

2.3 + 0.4

4.0 + 0.7

3.2 + 0.7

0.94 + 0'.26

2.7 + 0.5

2.0 k 0.5

0.68 + 0.22

0.34 + 0.14

50.6 ~3.4
15.2 +1.8'

~M OKO

K

=- ~'K'
ma +Ko

+Ko

K

='~-~'K'
W W '+~~+

7r &A

7rrK

:- -~'~'K'

AK K'x

AKK r
Z-K~K'

Z K "K

z'K-K'7r'

Z%'K'~-

AK K'
Z'K-K'

9.9 ~ 2.3

34.7 ~ 4.1

50.4 + 7.2 f

63.0 + 7.1 ~

65.7 + 9.0 ~

30.4+ 3.5

26.9 ~ 4.2

13.0+ 1.8
16.9 + 3.0 ~

29.8 ~ 5.2'

8.2 ~ 1.7
10.4 + 1.9
12.1 + 2.0

9.7 k 2.0

3.1 + 1.0
1.5 + 0.6

76 +5
22.9 k 2.7

~Total number of events (number of unresolved ambiguities}.
Corrected for geometric detection efficiency and ambiguities.
Corrected for neutral decays. The errors quoted are purely statistical.

~Estimated contamination has been subtracted (see text).
'This final state contains an exceptionally large number of resolved ambiguities. The cross

sections are based upon a final sample of 197 selected events {see text), and have been cor-
rected for possible loss into the final state AK K'~ (see text).

Cross section not reliable (see text).
~Contains a systematic overestimate not exceeding the statistical errors quoted (see text).

tions in the deuterium experiment. has been. re-
ported previously. ' As a check, we can compare
the cross sections for those reaction channels
which contain no missing neutrals other than the
spectator neutron. The results, contained in
Table V, are in good agreement with the hydrogen
data.

V. EVIDENCE FOR:"*PRODUCTION

We present here the results of our search for
evidence of production of higher-mass .* reso-
nances in the final-state ma, ss distributions of re-
actions (2)-(14). We do not expect, and have not
found, biases associated with combining the data,
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TABLE V. Cross sections from deuterium experiment.

Weighted no.
of events

Topological
cross section

(p, b}
Reaction

final state

Cross
section
(@b)c

M
W

A (K)Kg0 0

A (K K(7)

Z K)K

ZKK(

170 (0)

91 (0}

80 (0)

15 (0)

291 2 28

103+16

93+ 12

100 + 13

17+ 5

23~ 6

34~ 7

67+ 12

29+ 8

26.1+ 3.3

9.8+ 1.9
8.7 + 1.4
9.5 9 1.6
1.6 + 0.5

2.2~ 0.6

3.3 + 0.7

6.3 + 1.3
2.8 k 0.9

-„- ~'x'

+g O

+ +'F 'F K

AEX &

AX X'~'

ZKE
z'z "x'

39.2 k 5.0

44.1 ~ 8.6'
78.3 + 12.6'
14.3 + 2.4

9.9+ 2.7

14.9 2 3.2

18.9 ~ 3.9

8.4+ 2.7

~Total number of events (number of unresolved ambiguities) in a subsample of the exposure
amounting to 15.8 + 0.4 events/pb.

b Corrected for geometric detection efficiency and ambiguities.
Corrected for neutral decays. The errors quoted are purely statistical.

"Cross section not reliable (see text).
9 Contains a systematic overestimate not exceeding the statistical errors quoted (see text).

from the hydrogen and the deuterium exposures
for final states containing no missing neutrals at
the production vertex other than the spectator
neutron. Furthermore, in those channels which
contain an additional missing neutral and which
have been fitted in deuterium by assuming a sta-
tionary proton target, we find no evidence for bias
in invariant-mass combinations involving only mea-
sured tracks. As quantitative measures of the
eompatibil. ity of the two data samples for such
mass combinations, we have formed the fotlowing
test functions.

i. The y' over the invariant-mass spectrum be-
tween the hydrogen and deuterium data

g [N, (H,)- aN, (D,)]'
N;(H, ) + o."N, (D,)

The sum in (20) is over all bins in the mass histo
gram containing five or more events. N, (H, ),
N, (D,) are the numbers of events in the ith bin
in the hydrogen and deuterium data, respectively,
and n (-1.67) is a scale factor reflecting the rela-
tive sensitivities of the two experiments.

ii. The invariant-mass- squared stretch func-
tion

M~' M '
o(M ')

Mz, M„are the effective masses formed from fitted
and measured variables, respectively, and o(M ~)

is the error in the measured mass squared.
Both the y' test function (20) and the distribu-

tions of the variable (21) indicate that mass dis-

tributions involving measured tracks are eompat
ible and may be combined without the introduction
of any significant biases. The vatues of X' ob-
tained are consistent with the number of bins over
which they are formed, and both the hydrogen and
the deuterium data. yield distributions in $ which
are symmetric about, and have mean values con-
sistent with, zero. [For example, M(A, K', ) in the
final state A,K',K,' yields mea. n vat. ues of 0.03+ 0.04
for the hydrogen data, -0.01+0.07 for the deuter-
ium data. ] Since we are primarily interested in

mass combinations having strangeness -2, we
have no reservations about combining data from
the two experiments when that mass combination
involves only measured tracks.

The mass-squared test function (21) is, of
course, unavailable for mass combinations in-
volving a missing neutral. It is in such combina-
tions that we would expect to see the maximum ef-
fect, if a,ny, of biases in the deuterium fitting pro-
cedure. The decision whether or not to use such
distributions in our analysis has therefore been
made separately for each channel considered,
using the g' test function (20) and the general corn-
patibility of maximum- likelihood fits to all mass
projections.

The res~its of an analysis of 80Vo of the hyd~~gen
data for this reaction have been reported pre-
viously. ' This channel had been found to be dom-
inated by "(1530)K' and:- K*'(090) production,
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(22a)

(22b)

(22c)

27t K,

The number of events in each topology and the
resolution in the " m' combined mass for several
mass intervals are given in Table VI.

In Figs. 6(a) and 7(a) we show the " v' and v'K'
combined mass distributions" for the full hydro-
gen sample. Maximum-likelihood fits, using vari-
ous fixed:. (1630) widths" and involving production
of:"(1530), +1630), :"(1820), :.(1940), and K*(890)
have been performed. The goodness of the fit is
insensitive to the .(1630) width, and the statistical
significance of the "(1630) remains unaltered at
about three standard deviations; with I'[:-(1630)]
=15 MeV, the "(1630) fraction is 0.033+0.011,
increasing to 0.048 s 0.016 with I'[:-(1630)]= 30

as well as the production of higher-mass "*states
in the mass interval 1.8-2.0 GeV/c' interpretable
as either .(1820) and:"(1940) or as a single broad
resonance. The most interesting feature had, how-

ever, been the appearance of a three-standard-
deviation signal in the region near 1630 MeV/c'.
No such signal was observed in subsequent experi-
ments' at 2. 18 GeV/c (Borenstein ef al. ) and at
3.1, 3.3, and 3.6 GeV/c (Ross et af.). The latter
experiment has, however, produced a signal near
1610 MeV/c' in the final state (:" v')v K', in the
reaction K P- '(1610)K*'(890). A more recent
experiment, at K momenta around 2.0 GeV/c, "
has seen a "(1630) signal close to three standard
deviations above background. Their signal,
however, disappears at higher beam momenta
(2.3 to 2.5 GeV/c).

The data for the " 7t'K' final state come from
three separate topologies:

K p-", n'K,

MeV. The results for I'[:.(1630)]=22.5 MeV are
given in Table VII and the corresponding curves
are shown in Figs. 6(a) and 7(a).

In Figs. 6(b) and 7(b) we show the corresponding
mass distributions obtained from the deuterium
experiment. The solid curves, drawn for com-
parison purposes only, represent the hydrogen
fit normalized to the deuterium data. It is clear
that high-mass structure, evident in. the hydrogen.
data, is not required here. Indeed, an adequate fit
to the . v' mass projection (y'=26 for 29 con-
straints) can be obtained for this final state as-
suming only production of (1530)K' [(18a 2)%]
and:. K*'(890) [(35+5)%]. The resulting reso-
nance parameters are M[:-o(1530)]=1533+2 MeV/
c', I'[ (1530)] = 14+ 3 MeV, M[K*'(890)] = 889+ 6
MeV/c', and I'[K*'(890)] = 80+ 16 MeV. We note,
however, the two-bin excess of events in the mass
interval 1.625&M(:" v') &1.675 GeV/c'. In order
to estimate its significance in a manner which
avoids bias due to known higher-mass =* effects,
we have used phase space normalized to the region
1.575 & M(:" v') & 1.775 GeV/c' [dashed curve in
Fig. 6(b)]. We obtain a 2.0-standard-deviation
signal of 14 events above a background of 33
events. Although this effect obviously cannot be
considered sufficient evidence for =(1630), we
point out that it represents a second independent
sign of activity in the region of 1630 MeV/c'. In
view of the conflicting experimental evidence, the
interpretation of this effect remains unclear.

Figures 6(c) and 7(c) represent the combined
hydrogen and deuterium " ~' and 7t'K' invariant-
mass distributions. As is clear from the dashed
curve on Fig. 6(c), which represents the distribu-
tion expected in the absence of high-mass =*'s,
there is an excess of events having M(:" v') &1.8
GeV/c'. However, fits to the data cannot dis-

TABLE VI. Total numbers of events and - 7(' mass resolution for the reaction g p-"

Topology
No. of
events

7t' mass resolution (MeV/c )
1.58&M(" 7t.) (1.80 M( 7t)& 1.80 GeV/c

H2.' ~
g7t K)

=,~'z',

g& K2

Total

D2. gvr Kg

- 27( Kg

g7(' K2

Total

148

464

790

96

99

306

501

13

14

16

16

20

20

28

24

*Full width at half maximum of Gaussian resolution function.
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action (22c)]. Analysis results based upon 80%
of the hydrogen data have been published. ' No
evidence for higher-mass "* resonances was ob-
served, and the data was adequately fitted by the
two processes K P- " E*'(890) and K"p
—:"(1530)K'. The full hydrogen sample yields
similar results, with (27+ 6)% " K+'(890), M 898
+ 7 Me Vjc', I' = 66 + 23 Me V and (18 + 4)%:- (1530)K',
M = 1541 + 6 MeV/c, I' =43 s 13MeV. The ex-
perimental:. (1530) width reflects the poor .v

mass resolution in this channel; for a determina-
tion of the true =(1530) width see Ref. 19. Figure
8 contains the three mass projections for the

tinguish between a one- or two-resonance inter-
pretation. We have therefore fixed the masses
and widths of:"(1820) and:. (1940) at the values de-
termined from the hydrogen data alone. The re-
sulting parameters for " (1530), :.(1630), and
K*(890) are listed in Table VII, and the corres-
ponding solution is displayed in Figs. 6(c) and 7(c).

B. E p-+" poE

Our data samples for this reaction consist of 373
hydrogen events [84 ambiguous with reaction (22c)]
and 198 deuterium events [56 ambiguous with re-

{e) K p-8 «'K', K d-8 «'Ko(n)

M{s'K )

(b) K d-H «'K'(n) M(«'K )

473 Events

(a) K p-8 «'K' M(«'K')

CP

IOO-
EP

~ 80-
Ci

60-OJ

748 Events l75-
l22I Events

l50-

l25-80-

IOO-
60-

40-

20-
UJ

4J

40-
50-

20-

0.7 O.S 0.9 I.O I. I l.2 0.7 0,8 0.9 I.O I.I l.20.7 0.8 0.9 I.O I I I.2

(GeV&c )MASS

FIG. 7. The 7f'K effective-mass distributions for the reaction K p —= 7r'K . (a) Hydrogen data. (b) Deuterium data.
(c) Combined hydrogen and deuterium data. The solid curves represent fits to the final states (1530}K, " (1630}E,
:-(1820)K, =(1940)I(., =@*(890), and =-7I'Z'.

FIG. 6. The " m' effective-mass distributions for the reaction K p —- ~'E - (a) Hydrogen data. (b) Deuterium data.
(c) Combined hydrogen and deuterium data, The solid curves represent fits to the final states "(1530)E, - (1630)E,
- (1820)&, - (1940)g, =+~(890), and - 7('go. The dashed curve in (b) shows phase space normalized to the region 1.575
&M( 7I') &1.775 Gev/e (see text). The dashed curve in (c) represents the distribution expected in the absence of high-
mass -~ effects.
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TABLE VH. Fit parameters for the final state
L„-~+KO K p- vroK

I

»I EVE~~S
Mass W'idth

Process Sample (MeV/c~) (Me&) Percent
30- (a) M(7r K )

- (1530)K Hp 1531
D, 1533+ 2

H&+ D,

]39+1 g 22 k2
18 s2

]5 +2 22 k2 20-

" (1630)K Hp 1624+ 2.5 22.5
~ ~ 0 ~ 1 ~

Og

Hp+ Dp 1637 + 7

" (1820)K H~ 1797 + 19 99 + 57

Dp ~ 0 ~ ~ ~ 1

Hg+ D~ 1797 99

4.1 + 1.4

6.2 ~ 2.4

9.9 + 5.9

7.5 + 3.1

IQ-

0.7 0.8 0.9 I.0 I. I I .2

(b) M(= ~')

- (1940)K H~ 1961+18 159 + 57 18.6+ 5,6
Dg ~ ~ ~ ~ ~ ~ ~ ~ ~

Ho+ D~ 1961 159 17.9 + 3.8

=- K~(890) H, 889 71 ~ 13 45

D, 889 ~ 6 80 + 16 35
Hp+Dp 889 74 +10 41 + 4

Underlined quantities were not varied in the fit.
30-

20-

I I I

l.6 I.7 l.e l.9 2.0

hydrogen data, with the above solution superim-
posed.

The deuterium data similarly shows no evidence
for "*production other than .(1530). The poorer
mass resolution due to the deuterium fitting pro-
cedure does not make it worthwhile to combine the

hydrogen and deuterium sampl. es.

These final states are contributed by the follow-
ing four topologies involving a total of 375 hydro-
gen events and 165 deuterium events:

K P-",m n'K'

1 1

—:,m'm'K,

(23a)

(23b)

(23c)

(23d)

The results of an analysis of the complete hydrogen
sample has been published. ' The only prominent
feature Ln the two-body "7L systems Ls (1530),
comprising (63.8+5.1}%of the sample. The -"LL

ma, ss distribution above 1575 Me&/e' is smooth
and shows no sign of other resonant activity. The
principal. results were 5.0- and 4.3-standard-
deviation signals in the .(1530)v effective-mass
distributions having masses and widths of 1829+9
MeV/c', 52+43 MeV and 1964+10 MeV/c', 60
+ 39 MeV, respectively. The solution correspond-
ing to these parameters is displayed over the
hydrogen data in Fig. 9. The effect of combining

)0-

l.e I.9 2.Q 2.I 2.2 2.3

MASS (GeVxc )

FIG. 8. Effective-mass distributions for the final state
- &7t K' obtained from the hydrogen data alone. (a)
M(K'7t ). (b) M(" x ). (c) I("K'). The solid curves
represent the best fit to the data using the processes
K-P-"--K"(890), K-P-"--(&530)Z', and K-p- =-~'K'.

the hydrogen data with the final states I(23b}-
(23d)] obtained from deuterium is to reduce the
resolution of the observed signal. s. Each of these
final states was fitted in deuterium by assuming
a stationary proton target, and the missing neu-
tral is involved in the relevant mass combination.
Also, no significant change is made to the param-
eters determined from the hydrogen data when the
87 deuterium events fitting reaction (23a) are
added to the sample.

D Ep~" mE

Our sample of 295 events for this reaction has
been obtained from the scan for the two-prong-
plus- V topology by requiring a unique fit and ap-
plying the selection criteria, described in Sec. III.
With these criteria we expect a contamination of
no more than 16% by the final states Z'K K'
and Am m'X', where X'= y, m', or g. We note,



K. BRIE FE I. et al.

564 EVENTS Kp~:- x K
295 EVE NTS

20-

lO-

0.7 0.8 0.9 l.0 l. ( l.2 l.3
MASS (GOV/c')

(b) M(='g)

1.84 Z.04

MASS (GeV/c }

F/Q. 9. The Vlf' lnval iant-Dlass distribution for the
final states =-, ~'&Z', "-;~'z'X,', "-;m'~'Z,', and

The shaded area represents the events in-
volving production of "(i530). For a full discussion of
the analysis of these channels, see H, ef. 2.

I
— lo-

QJ

UJ
l. 5 I.S a.7 I.8 !.9 2,0 2.l

MASS (GeV/c )
(c) M (= K')

however, the possibility that a substantial number
of events have been rejected from our sample due
to an ambiguity with the latter set of reactions.
After examination of the ambiguous events, we
find ourselves unable to discriminate between
:"'w K' and the competing hypotheses. However,
examination of the invariant-mass spectra for the
rejected events, and Monte Carlo studies of the
consequences of such a selection, indicate that
although the low- and high-mass regions of the

w and " K' mass distributions may be depleted
relative to the central regions, any biases intro-
duced will not significantly affect the results de-
scribed below. In particular, no peaks are gen-
erated by these selections.

Figures 10(a)-10(c) contain the three invariant-
mass projections for this final. state. The obvious
features are production of E*(890), +1530), and,
as can be see from the Dalitz plot of Fig. 10(d),
correlated high-mass ™~w and low-mass = K'
peaks. Similar peaking in M(:"E) near 1960 MeV/
c', correlated with a high-mass (=1900 MeV/c')
excess in (:M), vhad been"observed in the re-
actions Z n- = '"w" 'K' obtained from the deu-
terium exposure of these experiments. ' Although
fits to that data were improved by inclusion of a
Z!1960) (M=1963+10 MeV/c', I'=67+43 MeV),
the absence of such a signal in the reaction K n

w"K' led us to explain this effect in terms of
known high-mass " resonances.

lO-

t, 8 I.9 2.0 2.6 2.2 23 2.4

3.5-

30-

4.0 +.5 5.0 5.5

M2(='K ) (GeV/c )
FIG. 10. Effective-mass distributions and Dalitz plot

for the final state =0~x'. (a) M(V+7( ). (b) M(:«).
(c) ~(-~&'). (d) Dalitz plot for the two baryonic mass
combinations. The dashed curves are explained in the
text. The solid curve represents our final fit to the data,
urhzch involves the foal states "~K~ (890), - (&530)K,
=--(&94O)Z' Z $.960)~ and ='~~'

No such low mass peak is observed in M(:" E')
from E p- " w' E' reactions (not shown), and
the .K' spectrum from K P- " w' E' reactions
shows only a single-bin fluctuation at M(:" E')
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=1960 MeV/c' [Fig. 8(c)]. However, in these
channels K~ exchange, which is the most likely
mechanism for Z~ production„ is exotic or iso-
topic- spin suppressed; consequently we mould
not expect to observe Z* production. Peripheral
behavior as expected from K~ exchange is ob-
served here for the events having 1.900&M(:"'K')
&2.025 GeV/e', however, a control region having
2.075& M(:"'K') &2.250 GeV/c' displays similar
peripheral peakin. g. Although no definite con-
clusion. s can be drawn, we have included the Z~

in some of the fits of this final state.
We have performed maximum- l.ikelihood fits to

the data in which we have included the final states
:"'K*'(890) and:. (1530)K' (with the masses of
both resonant systems fixed at their nominal val-
ues), as well as production of a high-mass "*
and a low-mass Z*. The dashed curve on Fig.
10(c) shows the distribution expected in M(:"'K')
if production only of K*(890), :"(1530), and
:"(1S40)are assumed. The resuLting . (1940)
parameters are (25+7)%, M= 1938+15 MeV/c',
and I'= 107+31 Me&; and the fitted distributions
in M(K'v ) and M(:"'v ) do not differ greatly from
the solid curves shown on Figs. 10(a), 10(b}. What
is to be n.oted is that there remains a 2.9-standard-
deviation excess of events in the mass interval
1.925&M(:-'K') &2.00 GeV/c'. AlternativeLy, if
we treat the correlated peaks as pure Z* produc-
tion, we obtain the " 5' distribution indicated by
the dashed curve Ln Flg. 10{b), which Ls 2.3 stan-
dard deviations below the observed spectrum in
the interval 1.875 &M(:'n ) & 1-.950 GeV/c'. The
resulting Z* parameters are (26+ 10}%,M=1981
+31 MeV/c', and I'=104+59 MeV. Again, the dis-
tributions in M(K'w ) and M(:"'K') for this solution
follow closely the solid curves in Figs. 10(a),
10(c).

Clearly the best fit, to which the solid curves
in Fig. 10 correspond, is obtained when both
:"(1940)and Z" production are assumed. The res-
onan. ee parameters corresponding to this solution
are

M[:"{1940)]= 1936+ 22 MeV/c',

I'[:(1940)]= 87 + 26 MeV,

%[:"(1940)]= 14.8 + 6.3;
M(Z*) =1979+14 MeV/c

1(Z*)=69~32 MeV,

%(Z*)= 14 3 + 6 6

%[K (890)]=11.3+4.1,
r[K*(890)]= 43 ~14 Mev;

%[:"(1530)]= 10.1 + 3.1,
1 [:"(1530)]= 20 + 10 Me V .

The best explanation of the data, then, seems to
require production of:- (1940)-:"'v and Z*(1960)
—:"OK,even though neither signal achieves the
three- standard- deviation signif ieance level. The
Particle Data Group lists a Z* having a, mass not
inconsistent with that observed here (1900 to 1960
MBV/c ), and having a substant1al unobserved
branching fraction. High-mass " signals have of
course been observed before„primarily in the
final state = m'Ko, and more recently by the Ox-
ford group" in the combined final states
:"""'n"'K . Their sign. al, coming mainly from
the "om K' final state, had a mass of 1952 + 11
MeV/c' and a width of 38+ 10 MeV. However,
}.ack of discussion of ambiguities, or of the cor-
responding "'K' mass spectrum, makes a direct
compar ison difficult.

E. E p~AEOEO

(a)
K p~A, K) K~

~00 467 EVENTS

UJ 80-

(b)

K d ~ A)K, K~n

2S! EVENTS

M(KIKz} (GeV/c~)

FIG. 11. The K ~~K 2 invariant-mass distributions for
the final state AI),'&OX 2. (a) Hydrogen data. (b) Deuterium
data. The solid curves represent fits to this final state
using AP(1019) production plus phase space.

The primary sources of events for this reaction
are the topologies A, K,'K,' (467 events in hydrogen,
281 events in deuterium) and A, K',K', (47 and 15
events in hydrogen and deuterium, respectively).
Qwing to the large ambiguity rate with the final
state ZP ', K'„ the topology A, K', K', has not been
included in our analysis.

As is evident in the K', K, mass projections of
Fig. 11, the final state A, K',K', is dominated by
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the quasi-two-body process K P- AP(1019). We
have found that adequate separation between pro-
duction of P(1019) and other processes is attained
by restricting M(K'„Ko) & 1.05 GeV/c'. From the
number of P resonant events in hydrogen and deu-
terium we obtain the following topological cross
sections: 13.8+1.6 pb in hydrogen and 14.2+2.3

pb in deuterium for the reaction K P —AP —A, K,'K,'.
We note, however, that the percentage of Q reso-
nant events is substantially smaller in deuterium
[(49.9+ 1.4)/o versus (63.9+2.7)% in hydrogen], in-

dicating the presence of a substantial contamination
of background events in the deuterium sample due
to the fitting procedure used. Because of this large
contamination we shall restrict our "*analysis to
the measured combination A, K', in the deuterium
sample.

Attempts to extract the process K P- =*'K',
:""'-AK' from these final states are complicated
by the following two factors:

(i) The possibility of contamination by the under-
constrained reactions K P- =', n'K, and K P

', K', K,' fitted as K p- A, K', K,'.
(ii) The inability to distinguish K' decay from

K' decay, which renders the strangeness-(-2)
mass combination ambiguous and admits the pos-
sibility of N~ signals from the process K P
-N*K, N*- AK in our AK' spectrum.

The contamination mentioned in (i) has been
checked with Monte Carlo generated events. We
have found that those reactions will produce a
smooth background in the AK' combined mass dis-
tribution which is consistent with AK' phase space.
A more serious problem is the possibility of a
shifted peak in. AK' due to the reaction K p- =*'K',
:-*'-&'K'. We can, however, use the final state

K K
y

to me asur e the production cross section of
such a =*.. The upper limit of 1.1 pb found there
corresponds to less than 12 K P- "~'K',
—Z', K' events in the combined hydrogen and deu-
terium exper iments.

In order to resolve the difficulties mentioned in

(ii), we have made use of conventional expectations
for meson exchange in N* production and for bar-
yon exchange in production of ™*.By requiring
that the (AKO) system be forward in the overall
center-of-mass system, N*K' production should
be minimized and "*production enhanced relative
to backgr ound.

We therefore show in Fig. 12 the distribution in

M(AK0)„„,„d for the combined data sample after
removal of events involving production of P(1019)
[M(K,'K,') &1.05 GeV/c']. Deuterium events in

which the forward AK' combination involves a K,'
have been excluded. The hydrogen data are shown
shaded. The enhancement in the interval 1.84
«M(AK') ~ 1.92 GeV/c' is three standard devia-

Cu
~O

20-
CU

8 10„
LLJ

Kp AK K
I

4(IOI9) REMOVED

220 E vents

K d —
A& K'K'n

AXE FR0M Q ExcLUDED

1

1.8

tions above background, and a maximum- likelihood
fit of this mass projection to =*K' production plus
phase space yields (20+ 6)% production of a ='
with a mass of 1870+ 9 MeV/c' and a width of 44
+11 Me&. No evidence exists for this signal in

M(AK')„„„„din either the hydrogen or the deu-
terium samples. A similar fit to the hydrogen
data alone yields M = 1865+ 9 Me&/c' and I =31
+10 MeV, with the signal comprising (18+6)~jp of
the 158 events.

F. K p~AK K'

As with the final state AK'K', the dominant fea-
ture of the 723 events fitting this reaction is quasi-
two-body production of P(1019) [Fig. 13(a)]. Here,
however, the strangeness-(-2) combination is
unique, and we show in Fig. 13(b) the invariant-
mass distribution M(AK ) both before and after
(shaded portion) removal of events having M(K K')
& 1.05 GeV/c'. Both distributions exhibit an en-
hancement consistent with:. (1820) signals ob-
served in this mass region in previous experi-
ments' and in the reaction K n- AK K', obtained
from the deuterium exposure of this experiment. '

A maximum-likelihood fit of this final state to the
processes K p-A(t)(1019), K p-" (1820)K', and
K P - AK K' yields the following resonance paraja-
eters:

M[&]&(1019)]= 1019.4 + 0.4 MeV/c',

I'[Q(1019)] = 7.5 + 0.6 Me V,

M(~K') (GeV/c )
forward

FIG. 12. Effective-mass distribution of forward AE
combinations in the final state AK K, for the combined
hydrogen and deuterium sample. If both AK combina-
tions are forward in the overall center-of-mass frame,
the more forward one is chosen. Deuterium events in

which this combination involves a Kq, and all events in-
volving production of P(1019), are excluded. The shaded
portion represents hydrogen data alone. The curve re-
presents the best fit to production of -*"K
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K p-AK K

200 723 Events

160-

I 20. M(K-K')

80-
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30-
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FIG. 13. Distributions in (a) M(K K') and (b) M(AK )
for the final state AK K'. The shaded portion of (b) re-
presents the events remaining after removal of ftj(1019).
The fully shaded portion of (b) results from the further
restriction to forward (AK ) systems. The curves re-
present the best fit using the processes K p —Aft)(1019),
K P —- (1820)K', and K P —AK K'.

%[A/(1019)]= 55 + 2.2;
M[:" (1820)]=1813s 4 MeV/c2,

I [:- (1820)]=26+11MeV,

%[:" (1820)K ]= 7.9+2.3.
Also evident in Fig. 13(b) is a peak at 1890 MeV/

c' which remains a 2.5-standard-deviation effect
after removal of $(1019). However, when we make
the further selection K' Kb„&0.0, shown fully
shaded in Fig. 13(b), this apparent signal disap-
pears, whereas the .(1820) signal stands approxi-
mately four standard deviations above background.

It is clear that we are observing production and
decay of:" (1820). Using the resonance production
fractions determined by the fit, we obtain cross
sections of 4.0+1.2 p,b and 28.1+2.3 p.b, respec-
tively, for the reactions K p-- (1820)K',
:" (1820)-A, K and K P-A, P(1019), Q(1019)

-K K'. The latter cross section. is in excellent
agreement with that obtained in the A, K', K,' chan-
nel; after correction for the alternate decay modes
of the P(1019) and unseen decays of the A we ob-
tain 89+ 11 p.b and 90+ 9 pb for the reaction K P
—Ap, in the final states A, K', K', and A, K K', re-
spectively.

G, K p~Z KOK'

Figure 14(a) contains the Z Ko mass projection
for the 85 hydrogen events in. this final state. 55%
of the events are clustered in the mass interval
1.80&M(Z K') & 1.90 GeV/c', and the Chew-Low
plot of Fig. 15 indicates that they are produced
preferentially with low-momentum transfer. The
shaded portion of Fig. 14(a) corresponds to events
having K' Kb, &0. The results of maximum-
likelihood fits of both the full sample of events,
and the restricted sample having K' Kb„&0.0,
to "~ K' production plus phase space are shown
in Table VIII. The curve in Fig. 14(a) represents
the fit to the shaded events. For either sample
the signal represents a better than three-standard-
deviation effect having nominal mass and width of
1860 MeV/c' and 60 MeV, respectively.

The deuterium data, however, shown in Fig.
14(b), yields 50 events in which there is no evi-
dence for production of:(1860) in the Z K' in-
variant-mass distribution. We obtain an upper
limit of 0.81 p.b at the 90% confidence level for
production of:.(1860) in the mass interval 1.80
&M(Z K') &1.90 GeV/c'. This is not inconsistent
with the hydrogen data, being 1.4 standard devia-
tions below the production cross section observed
there (see Table VIII). Moreover, the events in

the region of 1860 MeV/c' exhibit, as with the hy-

drogen events, a preference for forward produc-
tion of the Z K' system. For these reasons we
show in Fig. 14(c) the distribution in M(Z K') for
the combined data sample. As expected, the
statistical significance of the signal is reduced in
the combined data. A maximum- likelihood fit
yields (27+ 12)%:"*K' (see Table VIII), or 2.3
standard deviations. However, as is evident in

Fig. 16, which contains the differential cross sec-
tion for the events having 1.80&M(Z ITO)&1.90
GeV/c', and in the shaded portion of Fig. 14(c)
(K' K~, &0), a signal with strong preference for
forward production exists in the data. The solid
curve in Fig. 14(c) represents a. fit to the events
having K' kb„&0. It indicates production of a
:.* having mass 1860+ 14 MeV/c', width 72+ 17
MeV, and a topological production cross section
of 1.42+0.47 p,b.

The mass and width observed here are consis-
tent, within one standard deviation, with the signal
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i'IG. 15. The Chew-Low plot for the final state
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observed in the final state AKoKO. If these signals
represent production of the same = resonant state,
we obtain 1887+ 8 MeV/c' and 52+ 9 MeV for the
weighted average mass and width, respectively.

FIG. 14. The Z K effective-mass distributions for
the final state Z"K OK'. (a) Hydrogen data. (b) Deuterium
data, (c) Combined hydrogen and deuterium data. The
shaded portions correspond to the selection K+'K~~
&0.0. The curves in (a) and (c) are fits of:-* production
to the shaded events. The curve in {b) is phase space
normalized to the complete sample.

H. E p~ZOA K'

The K K' and ZoK effective-mass distributions
for the 197 events accepted into this final state
are shown in. Fig. 17. The data, obtained from the
hydrogen exposure alone, were extracted from a
highly ambiguous sample of two-prong-plus- V'
events and contains only 28/0 with a unique fit to
this reaction. The distributions are adequately
fitted assuming only production of &f&(1019) in the
reaction K P- ~'Q(1019), and phase space. The
P(1019) fit parameters are (45+4)%%up K P- Z'P,
with M= 1019.9+0.3 MeV/c' and I" = 4.7+1.0 MeV.
This solution. is superimposed on the mass projec-
tions of Fig. 17.

After removal of events involving Q(1019)
[M(K K') &1.05 GeV/c'], we obtain the Z'K mass
spectrum shown shaded in Fig. 17(b). Using the

TABLE VIII. Analysis results for the reaction X p-= (1S60}K' in the final state Z K K'.
The top three entries are for the full sample of events. The bottom three entries are for the
events remaining after the selection K' ~ K & 0.0.

Percentage
signal

Mass VA'dth Cross
(Me+/c2) {Me&) section (p, b) ~

Number of
resonant

events

H2

Dp

H2+ D2

Hg

Dp

H2+ D2

85
49

134

29
88

38+12

44+ 13

1852 + 14 63 + 17

1860 + 14 72 + 17

1.52 k 0.55
& 0.81

1.30 + 0.60

1.37 a 0.48
& 1.14

1.42 a 0.47

32 +10

Topological cross section uncorrected for neutral decays.
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FIG. 16. Differential cross section for the Z K sys-
tem in the final state Z K K', obtained from the com-
bined hydrogen and deuterium data, for events having
1.82 &M(Z K ) &1.90 GeV/c . The shaded area results
when a background, determined by events with M(Z K )
&1.82 GeV/L." and M(Z K ) &1.90 GeV/c, is subtracted.

10
(c)

I. 7 I.S

7gDlr

2.0
YPi I

2I

M(K K')

cross section determined for the process K p
(1860)K', " (1860)—Z Ko in the final state

Z K K', we would expect 20.5+7.1 and 82+28
:"*events, respectively, in our Z'K mass distri-
bution for " isospins of ~ or —,'. The mass inter-
val 1.84&M(Z'K ) & 1.90 GeV/c' yields an upper
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FIG. 18. Effective-mass distributions for the final
state Z'K K, in the combined hydrogen and deuterium
data. (a) M(Z'K ). (b) M(Z'K ). (c) M(K K ). The
shaded area represents the hydrogen events. The curves
are phase space norma?ized to the combined data.
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limit of 13 resonant events at the 90/0 confidence
level. . This is only one standard deviation below
the number expected if the effects observed in
Z KOK' are interpreted as production of an I= &

:-~ (1860).

I. K p~Z'K Ko

The three mass distributions for the 81 events
in the combined hydrogen and deuterium samples
for this final state are shown in Fig. 18. The
shaded portion is the contribution from the hydro-
gen data alone, and the solid curves represent
phase space normalized to the complete sample.
We observe no evidence for production of = reso-
nances in the M(Z'K ) spectrum, and place an

upper limit of 1.1 p.b at the 90% confidence level
on the process K P-=*'K', "*'- 'K for a =*
width less than 60 MeV.

Mass in GeV/c 2

FIG. 17. The K K' and Z K effective-mass distribu-
tions for the final state Z K K'. (a) M(K K'). (b)
M(Z K ). The shaded portion of (b) results from re-
moval of events involving production of $(1019)
fM(K K') &1.05 GeV/e ]. The curves represent the fit
obtained using the processes K p- Z Q(1019) and K p

ZK K

J. K p ~ A K7t K, K p ~ Z Km K

The effective- mass distributions for the fina, l
states YK7IK have been investigated for evidence
of "*production in the YK a,nd YKm mass combin-
ations. None has been observed. The A final
states contain substantial amounts of Z(1385) pro-
duction [(45+18)% of the 137 events]. The Z final
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states are dominated by production of p(1019)
(~VO%%ug), Z(1385), and A(1405). Approximately 50%%uo

of the sample involves quasi-two-body Y*P(1019)
production.

VI. CONCLUSIONS

We have completed a search in 2.87-GeV/'c K p
interactions, at a sensitivity of 48 events/ pb, for
evidence of production of =* resonances decaying
into "r, =no, VK, and FÃm. The data represent
the combined results of a 30-events, ~ p,b experi-
ment in hydrogen, and an 18-events, ~ pb experi-
ment in deuterium.

ln Table IX we summarize the properties of the
" resonances which mere found in these experi-
ments. For each signal observed we give the
fitted mass 3nd width, as well. as the percentage
of resonant events in the specific final state.
Wherever possible, me have also added the value
of the production cross section times branching
ratio in that particular final state. The parameter
values quoted in Table JX supersede all previous
Brandeis- Maryland-Syracuse- Tufts determinations
of these quantities. They represent what we con-
sider to be the most reliable values obtainable
from our data, in accordance with the discussions
in the text.

TABLE IX. Summary of results on ™~ production.

Resonance
Percentage of

Final state Mass (Me&/e2) width (Me&} total final state g z {pb)

(1) - (1530) ( r'}K
(2) (=-~')K'
(3) (= '~-)K'

1531 '
1541 + 6
1535

13.9 ~ 1.9
43 +13
20 +10

21.8 + 1.8
18.O ~ 3.8
10.1 + 3.1

14.2+ 1.8
5.5 + 1.4

(4) " {1630)
(5)
(6)

(7) - (1820}
{8)
(9)

(10)
(11)
(12)
(13)
{14)
(15)

(16) = (1860)
(17)
(18)
(19)
(20)
{21)
(22)
{23)
(24) " (1940)
(25)
(26)
(27)
(28)
(29)
{30)
(31)
(32)

(= ~'}K'
(= ~')K'

r)K
(= ~')K'
(= ~')K'

m")K

[={153O)~]K
(Z K')K'
(Z'K )K'
(Z'K )K'
A Ko)KO

(AK )K'

(=-~')K'
{=-~')K'
(- r )K'
(Z Ko)K'
(Z'K-}K'
(Z'K }K'
(AK')K'
(AK )K'
("- 7'}K'
(=-7'}K'
{"- '~ )K'

I=(153o)~1K
(Z-K')K'
(Z'K-)K'
(Z'K )K'
(AK'}K'
(AK )K'

22.5

26 +11

4,1 + 1.4
& 3.8
& 4.6

9.9~ 5.9
& 3.9
& 4.9
(18.1 ~ 3.5)
& 9.6
& 8.0

& 14.8
& 1.9

7.9 + 2.3

& 4.6
& 4.9
29.1 ~ 8.2

& 7.4
& 12.2

6.1 + 2.0
& 5.1
18.6 + 5.6

& 5.2
14.8 + 6.3
(15.0 ~ 3.5) '
& 8.3
& 5.0

& 11.9
& 2.0
& 2.2

2.6+ 0.9
& 1.2

6.4 + 3.8
& 1.2

d
e

&]
& 1.7
& 1.4
& 1.4

6.0 + 1.8
&1.6
&1.4

d

4.3 + 1.4
&1.5
& 1.1

4.5 + 1.4
& 3.9
12.0 6 3.8

& 1.6
d

e
& 1 2
& 1.0
& 1.1
& 1.5
& 1.7

~The widths quoted here are empirical widths, not corrected for mass resolution. See Ref.
19 for an accurate determination of the "(1530) widths.

"Branching ratio times cross section. All cross sections are fully corrected. All upper
limits are at the 90% confidence level.

'Underlined quantities were held fixed during the fits.
Cross sections not calculated for this final state.

~The analysis of this final state was performed on a n. ixture of four different final-state
topologies.
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In addition, we have calculated upper limits'3 to
resonance production cross sections for the final
states in which no signal was visible at the ex-
pected mass. This information, often neglected,
may be used in correlating signals in different
channels and in deciding whether or not they may
be attributed to the same resonant phenomenon.
It can furthermore be used to obtain branching
ratios or upper limits to branching ratios to be
compared with various unitary symmetry models.

A few concluding comments on the various reso-
nant mass regions are in order. In the following
we shall denote by o, and v the production cross
section of a given resonance in the two processes

o, =o(K P- =*'K')

a = o(K P - "* K ') .

A signal in the 1820-MeV/e' mass region has
been seen in different experiments and final
states, ' and most recently clearly confirmed in

the AK channel (Ref. 3, Gay et al. ). We see a.

substantial signal in the AK and =(1530)w decay
modes, and a weaker one for ~& decay. Fl om
lines 14 and 15 in Table IX we find oo «(0.23
+0.07)v for =(1820)-AK, while for "(1820)-:-v
lines 7 and 8 of the same table yield o, ~ (2.7
+1.6)a . This apparent inconsistency may be un-

derstood in one of two ways: There is more than
one "{1820),with 7J and AK as dominant decay
modes of the different resonances, or =(1820)
does not in fact decay into =~. In support of the
latter hypothesis, the high-statistics experiment
at 4.2 GeV/'c of Gay et al. ' does not observe the
decay " (1820)-(:"v) .

Resonances in the 1940-MeV/e' mass region
have also been observed by several authors. '"
We have observed signals in the =v and:-(1530)v
decay modes, with masses ranging from 1936 to
1964 Me V/c'.

%e observe possible signals in the AK' and
Z K' decay modes, in the 1860-MeV/c' mass re-

gion. No signals have been observed in this mass
region in other experiments, with the exception of
a very broad bump seen by Dauber et al. s in three-
body =71'K channels, and an excess of events having
1.80«M(AK and AK'„,„,„d) «1.92 GeV/c' observed
in the final states AK K' and AKGKO at 3.1-3.6
GeV/c by Ross ef al. ,

" and interpreted there as
two sharp peaks having masses of 1821+5 MeV/c'
and 1908+4 MeV/c'. If we try to identify our AK

and ZK signals as decay modes of the same reso-
nance, then from lines 22 and 23 of Table IX we
obtain o, ~ (1.15+0.36)o for the AK decay mode,
while for the ZK decay mode lines 19 and 21 yield
cr, «(0.26+0.08)o . This appears to cast some
doubt upon this interpretation.

The effect at about 1630 MeV/c' in the "v decay
mode has been observed in the H, and, at a re-
duced level, the D, samples of this experiment,
and also in other experiments at lower and higher
beam momenta. On the other hand, significantly
low upper limits to its production at other beam
momenta have also been set and there appears to
be no simple picture of the energy dependence of
its production cross section. As a consequence,
the effect needs further confirmation.

In conclusion we note that these two experiments
have yielded some =~ resonance production at the
(5-10)-pb level, as well as upper limits at the
(1-2)-pb level. It appears, therefore, that signi-
ficant advances in = spectroscopy will have to be
made via experiments'~ with considerably greater
sensitivity —i.e. , in the (100 to 1000)-events/gb
range.
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