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Inclusive production of the KsK —m. + system has been studied in K p interactions at 11 GeV/c
using the large-aperture solenoid spectrometer at SLAC. We have isolated a sample of 3837
K K+m. and 3019 K IC m+ events. A Dalitz-plot analysis shows that the major quasi-two-body

channel in the KE~ system is (E*IC+c.c.). The data have been subjected to a partial-wave analysis

as a function of KEn. mass. In the lower-mass region (1.2—1.8 GeV) the KKm system is dominated

by the J =1+ (E IC+c.c) amplitudes. No evidence is found for 5(980)m production in any J
state. No clear KKm resonant behavior is demanded by the data.

INTRODUCTION

Nearly twenty years since the discovery of the first
meson resonances, the nonrelativistic quark model
remains incomplete, even at the level of the L =1 super-
multiplet. Of the four nonets with J' +=0++, 1++, 1

+—
,

and 2++, the two axial-vector nonets

J+c= 1++[A |(1270),Qg ( 1280),E(1420);D(1285)],
J~c= 1+ [B(1235),Qtt(1400), H'( );H(1190)]

are in rather poor shape. ' This is particularly true for the
four I=0 members, where only the D (1285) can be con-
sidered as a well-established state. The H (1190)has been
reported only once and its mainly octet partner, the H', is
as yet unobserved.

The confused status of the E(1420), which has been
seen only in the KK~ channel, has resulted from relative-
ly low statistics data in a variety of reactions. First re-
ported in pp annihilations at rest and very recently
reanalyzed, the E(1420), as seen in KKm, is almost equal-
ly K'K and 5(980)n. and has J =0 + (which, of
course, excludes its assignment to the axial-vector nonet).
In m p collisions at 3.9 GeV/c, the E(1420) has been
seen in conjunction with the D(1285) dominantly K'K,
but its spin-parity assignment determined as J =1++.
A study of hadronic final states resulting from radiative
J/P decay has isolated a peak in the KKtr channel at the
E(1420) mass. In contrast with the hadronic reactions,
the channel is 5(980)m dominated (not K*K) and the

spin-parity is reported to be J =0 + (in agreement with

Pp, but not w'ith tr p). No evidence for the production of
%Em in the E region has been found in two-photon col-
lisions (which would, if seen, support the J =0 assign-
ment).

Two recent high-energy experiments with m.+ beams
have reported evidence for the E(1420) in the KKn. chan-
nel. In both cases the data are consistent with a dominant
K K decay mode and a J assignment of 1++.

Very little data has been published on the EEm. channel
from K -induced reactions. One would naturally expect
such channels to be particularly rich in mesons with dom-
inant ss quark couplings [just as the KK channel provides
P(1020) and f'(1515)]. High-statistics data on the KKn.
channel could, at the same time as clarifying the axial-
vector nonet situation, provide valuable information on
other meson resonances with a decay to KKtr (only
J =0+ states are forbidden to decay to KKtr). Recently,
an experiment at 4.2 GeV/c, while not resolving the
E(1420), has reported evidence for a higher-mass I =0
K"Kenhancement at 1526 GeV with J =1++ (Ref. 7).

This paper reports final results on the inclusive KKm
channels from 11- eG/Vc K p interactions observed in a
1224-event/pb exposure of the large-aperture solenoid
spectrometer (LASS) at SLAC. The data presented here
come from the configuration of the spectrometer which
utilized capacitive-diode readout spark chambers for the
vertex detectors. A brief summary is given of the experi-
mental apparatus, the data reconstruction procedure, and
the channel selection algorithms. The basic data features
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APPARATUS

The LASS detector (Fig. 1) used two momentum-
analyzing magnets —a solenoid and a dipole. Although
most tracks were well measured in the solenoidal section
of the spectrometer, high-momentum tracks which tended
to be close to the axis of the solenoid were better defined
by the dipole section. The solenoid, with an internal di-
ameter of 1.84 m and a length of 3.5 m, produced a field
of 22 kG along the beam axis. The dipole had an aperture
of 1 m (vertical) by 2 m (horizontal), and a field integral
of 30 kGm. Details of the various components of LASS
can be found in Refs. 8 and 9. Here we present a sum-
mary of the salient features.

Particles for the LASS beam were produced by interac-
tions of the primary SLAC electron beam (running at 180
pps) with a copper/beryllium target and were transported
to the spectrometer by an rf separated beam line. The
proportion of K in the separated beam was greater than
95%%uo. Beam particles were tagged by two Cerenkov
counters to discriminate between kaons, pions, and an-
tiprotons. The positions of beam particles were defined
by nine planes of proportional chambers with a 1-mm
wire spacing, and a typical spatial resolution of 0.3 mm.
A beam trigger was formed with signals from the tagging
Cerenkov counters and a number of scintillation counters
up-beam of the solenoid. The nominal beam momentum
was 11 GeV/c. A scintillator hodoscope enabled the
momentum of individual beam tracks to be measured to a
precision of dp /p =0.25%%uo. Data were taken with
2—3 X per pulse.

The liquid-hydrogen target was 0.92 m long, 5.2 cm in
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are presented together with a discussion of the acceptance,
backgrounds, and resolution. A Dalitz-plot analysis is
described which shows that the KKm channel is dominat-
ed by the quasi-two-body system (K'K+c.c.).

A partial-wave analysis of the data is presented and the
significant amplitudes are determined as a function of
KXn mass over the region 1.200—2.025 GeV. The data
are found to be dominated, at least in the lower-mass re-
gion (1.2—1.8 GeV), by the J~=1+ [K'(892)K+c.c.]
amplitudes. No evidence is found for 5(980)tr production
in any J state.
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FIG. 2. The ce11 structure of the Cerenkov counter C~ is
shown by the solid lines. The dashed lines show the elements of
the time-of-Aight hodoscope attached to the downstream end of
the Cerenkov counter.

diameter, and situated in the center of the first magnet
coil. Surrounding the target was a cylindrical proportion-
al chamber with an azimuthal resolution of 0.7 mm and
another five cylindrical spark chambers employing
capacitive-diode readouts with spatial resolutions of 1 and
8 mm in the azimuthal and axial directions, respectively.
Down-beam of the target was a series of planes of spark
and proportional chambers which were used for track
finding in and downstream of the solenoid. Typical reso-
lutions for these devices were 1.2 and 0.5 mm, respective-
ly. Fast in-time information for the dipole section of the
spectrometer was provided by a large scintillation-
hodoscope array (TOF) located behind the solenoid and by
two large scintillation-counter hodoscopes (HA and HB)
located behind the dipole spectrometer. There was a
beam-veto counter (LP3) behind HB.

The LASS detector contained three particle-
identification devices, two Cerenkov counters, and a
time-of-flight system.

The most important device was a 38-cell atmospheric
pressure Cerenkov counter C& located in the down-beam
end of the solenoid. This was filled with Freon 114 giving
a momentum threshold for a pion to produce light of 2.6
GeV/c. The radiating volume of gas was divided into
segments using thin foils, as shown in Fig. 2. The central
region of Ci was deadened using a helium-filled cylindri-
cal bag that was 7.6 cm in diameter. C~ was the crucial
element in the identification of charged kaons in the KKtr
channel since in 82% of the KKtr sample with mass less
than 3.4 GeV, the charged K was identified by this
counter alone. Using pions from the decay K ~++~
the efficiency of this counter was mapped. By rejecting
tracks that passed through the inefficient regions near the
foil dividers, a minimum efficiency of 93% and an overall
plateau efficiency of 98%%uo for the counter was obtained.
The efficiency of Ct as a function of momentum with
this set of cuts is shown in Fig. 3.

A second Cerenkov counter was located in the dipole
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section of the spectrometer. ' This counter had eight non-
partitioned cells which were defined by mirrors at its
down-beam end. It was filled with Freon 12 at 1.25 atmo-
spheres giving a threshold for the production of light by
pions of 2.7 GeV/c. The plateau efficiency of this
counter was 94% and it was 50% efficient at 3.2 GeV/c.

The time-of-flight system, made from 1-cm-thick scin-
tillator, consisted of a small "start" counter, up-beam of
the target, and a 24-element hodoscope (TOF) attached to
the down-beam face of Ci (see Fig. 2)." Timing measure-
ments were made using low threshold discriminators and
TDC's. Pulse heights were recorded using analog-to-
digital converters (ADC's) to correct for time walk in the
discriminators. A correction was also applied for the
transit time of light along the scintillator segments. The
TOF hodoscope had a resolution of 1.2 nsec full width at
half maximum (FWHM) and provided identification in-
formation for kaons only in events in which the KKm
mass was greater than 1.7 GeV.

TRIGGER

4& 10 events were taken. A special hardware trigger'
was used that selected nearly all of the nonelastic scatter-
ing interactions. This trigger had four distinct elements:
(a) the observation of a single kaon beam particle entering
the target; (b) two or more hits outside a central 3.2-cm-
square region in the first proportional chamber, which
covered the full bore of the solenoid; (c) one or more hits
in the TOF hodoscope; and (d) no hits in the beam-veto
counter (LP3 in Fig. 1). With this trigger we observed an
interaction rate of 6.8%. For comparison, 6.0% of in-
cident beam tracks are expected to give an inelastic in-
teraction in the hydrogen target.

EVENT RECONSTRUCTION

The first stage of event reconstruction involved the pat-
tern recognition of tracks from among the chamber hits.
This was done in three distinct sections —the dipole seg-
ment of the spectrometer, the plane chambers of the
solenoid, and the cylindrical chambers. High-momentum
tracks were found by picking up the straight line segments
down-beam of the dipole and joining them to correspond-
ing segments in the region between the magnets. Such

tracks were then projected back through the solenoid field
to the vicinity of the target. Low-momentum tracks were
measured by determining their helical paths within the
solenoid. In practice different algorithms were used for
finding tracks in the plane chambers and cylindrical
chambers of the solenoid, although tracks passing through
both types of chambers were subsequently linked. All
track candidates were subjected to a set of selection cri-
teria to remove poorly defined tracks and multiple oc-
currences of the same track. The resulting set was sub-
jected to a track fitting program which incorporated the
various device resolutions. The momentum error of suc-
cessfully fitted tracks as a function of momentum can be
found in Fig. 4. Distinct bands can be seen corresponding
to tracks found in different parts of the spectrometer.

The selected tracks were used as input to the topology
testing algorithm. Topologies were a11owed with various
combinations of neutral and charged particle decays. '

Only two of these topologies are of relevance here. The
first is the simple case in which all tracks came from a
single vertex. For the KKm channel the first topology
was only used for comparison with the second topology
( V } which consisted of two vertices, a primary vertex
and an associated secondary vertex due to the decay of a
neutral particle (Ko, A, or A). All topological candidates
were input to a multivertex geometric fitting program
which incorporated both device resolution and multiple
Coulomb scattering. This program was used to aid in the
selection of events with the K topology and to improve
the overall resolution of the KKm events.

CHANNEL SELECTION

Candidates for the subsequent study of the KKm chan-
nel have been selected from those 5.2&(10 events having
a successful multivertex fit to the V topology. They are
sketched schematically in Fig. 5. It is expected that the
dominant production mechanism for the KKm mesonic
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FIG. 5. Schematic diagram of the scattering process of the
K beam on the proton target to produce the KEm system lead-

ing eventually to the observed Km(m+m ) tracks.

500-

systems via E p interactions is that of hypercharge ex-
change. Such reactions are known to be peripheral. The
simplest quasi-two-body reactions would involve a single
recoil baryon, e.g., A(1115), X (1192), A(1405), . . . and
preferably, these would be analyzed individually. Al-
though evidence is seen for such baryons in the recoil
mass spectra (see below), it has been necessary to group
the reactions together in order to obtain sufficient data for
a detailed study of the ICE:m system. Two separate in-
clusive reactions have been isolated from the events with
four or more reconstructed charged tracks, namely,

I 0
ct- 800-
LLj
CL

400-

with the go~n+~ obs. erved, the X+ or IC identified
by C&, C2, or TOF, and an unidentified baryon recoil sys-
tem (X). Identification of the pion by the particle-
identification system was not required.

All pertinent data cuts to select reactions (1) and (2) are
summarized in Table I. Isolation of the K ~n+n. re-
quired that (a) the measured mass was within +14 MeV
of the standard value for the X, (b) the ~+m, if treated
as pm, did not give a mass within +10 MeV of the A, (c)
the decay length was at least 2 cm, and (d) the ratio (decay
length/error) was greater than 5.0 for reaction (1) and
10.0 for reaction (2) where the backgrounds were found to
be greater. Figure 6 shows the K mass spectrum for

I 1

0.40 0.45 0.50 0.55
Mi&'& ){GeV)

FIG. 6. Observed E mass spectrum (a) for JC K+m and (b)
for E E m+ channels.

0.6I

both reactions after most of the data cuts have been ap-
plied. The mass resolution for the n+m system at the
EC mass is seen to be -8 MeV.

In order to enhance peripheral production for a given
event, that neutral combination E X+F with the largest
longitudinal momentum was selected as a candidate for

TABLE I. Summary of data cuts used to select the reactions K p ~IC IC+m. X and
IC p ~IC IC ~+X. The fraction of events remaining at each stage is given.

5.2 & 10 events
with

topology 2

Fraction of
events

remaining

1. Require &4 charged tracks,
Decay length restriction I.&2.0 cm and I./dL &5.0 for K K+m
or I./dI. &10.0 for K K m+,
Select K K ~ candidates with longitudinal momentum & 8.0 GeV/c.

2. Select K ~n.+m 0.483 &M(m+m ) &0.511 GeV.
3. Antiselect A ~pm. 1.1056&M(pm ) & 1.1256 GeV.
4. Select IC+ or IC via C~, C2, or TOF.
5. Require t' (K ~K Km. ) &2.0 GeV.
6. Require recoil baryon mass in range 1.0—2.0 GeV.
7. Vertex cuts, momentum resolution cuts, t)) removal.

0.2839
0.2016
0.1630
0.0083
0.0057
0.0022
0.0015

4276 events E p —+K K+a X
3276 events E p —+K K @+X
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KOKm. All events where this momentum exceeded 8
GeV/c were retained, and the particle-identification cri-
teria were employed to select the charged kaon via either
the Cerenkov counters, Ci and C2, or the time-of-flight
system, as described in the previous section. Threshold
momentum cuts of 3.4 and 4.0 GeV/c for Ci and C2,
respectively, have been applied in this selection. In
the momentum range where Ci and C2 overlapped (4.0 to
9.5 GeVjc), contradictory information resulted in event
rejection. The percentage of kaons selected by the dif-
ferent elements of the particle-identification system are
shown in Table II.

Kinematic restrictions were now imposed as follows: (a)
t' (K beam~K Km. ) &2.0 GeV and (b) baryon recoil
mass 1.0&M(X) &2.0 GeV.

Finally, a number of less severe, although important,
cuts were made to refine the final data samples. These in-
cluded cuts on the coordinates of the interaction and de-
cay vertices, exclusion of events with very poor momen-
tum resolution for the K Km system, and last, exclusion
of the events where the Km system, when interpreted as
KK gave a mass consistent with the P(1020).

BASIC FEATURES OF THE DATA

The KKn mass spectrum for the final data sample is
shown in Fig. 7. There was a total of 3837 and 3019
events in the K K+m. and K K m+ channels, respec-
tively. The Dalitz-plot and partial-wave analyses
described later in this-paper were made on events in the
restricted mass range from 1.2 to 2.025 GeV which con-
tained 2863 K K++ events and 1749 K K m+ events.
There are very few events at low KKm mass. The spec-
trum rises sharply at the K*(892)K threshold, reaches a
relatively flat plateau between 1.6 and 2.0 GeV, and then,
following the acceptance of the spectrometer (see below),
falls smoothly above 2 GeV. No narrow structure, indica-
tive of strong resonance production, is seen. The
missing-mass-squared spectrum opposite the KKm system
is shown in Fig. 8. Although this spectrum exhibits no
dominant baryon resonances, an enhancement is observed
in the region of the A(1115) and X (1192). The missing
mass resolution at the mass of the A(1115) is well repro-
duced by the Monte Carlo which is described later. The
relative smoothness of the missing mass spectrum can be
explained in terms of the resolution being insufficient to
differentiate the many different baryons that can be pro-
duced opposite the KK~ system. The t' distribution,
shown in Fig. 9, has a characteristic exponential behavior
with a slope of —2.2+0.2 GeV

The Km, Km, and KK two-body mass spectra are
shown in Fig. 10. Clear K*(892) peaks are seen in both
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FIG. 7. Total observed E'~K —+a+ mass spectrum.
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the Km charged and neutral spectra. The K K spectra are
relatively featureless, and do not suggest strong 5(980)
production.

The decay of a resonance to three particles may occur
preferentially via a two-step process. The intermediate
step is a two-body state which in the case of KK~ would
be K 'K+c.c. or 5(980)m.. One way to enhance such res-
onances is to plot the KKm spectrum with cuts to select
the appropriate two-particle state. The effect of this is
shown in Fig. 11. In this figure KKnspectra . are plotted
for the two channels (K K+n and K K m+), with and
without two-body mass cuts. The application of the K
cut [0.841 &M (Km ) & 0.941] reduces the number of
events at high-KK~ mass, but no narrow structure ap-
pears. The effect of making a 5(980) selection
[M(KK) &1.1 GeV] is far more dramatic, an apparent
peak of width 80 MeV being generated just above 1A
GeV. However, when the same cut is applied to Monte
Carlo events in which a pure K*(890)K~KKn. system is
simulated a similar peak appears (see Fig. 12). This indi-
cates that the peak caused by the 5(980) cut in our data is

TABLE II. Percentage of charged kaons identified by the
Cerenkov counters C&, C2 and by the time-of-flight counter
TOF.

All
M{EECm.) &2 GeV

Cl

76%
79%

C)+ Cp

1.0%
9%%uo

C2

8%
9%%uo

TOF

6%%uo

3%

0
0.0

I I I

1.0 2.0 3,0 4.0
MISSING MASS SQUARED (GeV

5.0

FIG. 8. . Missing-mass-squared spectrum opposite the
X E—m+ system over the range 0.0—4.0 GeV~.
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U

C)
C)

100-

10-

kH, —

meson system. For the acceptance computations only the
%Em system was tracked through the spectrometer. Di-
gitizations were generated so that the entire analysis chain
after track finding was followed for the generated events.
The Monte Carlo events (both thrown and accepted) were
weighted so as to reproduce the shape of the experimental
three-meson mass distribution.

The mass resolution of the spectrometer was calculated
by comparing the generated mass with the measured mass
for Monte Carlo events. The resolution as a function of
EECm. mass is shown in Fig. 14. It rises almost linearly
from 20 MeV near threshold to 50 MeV at 2.5 GeV.

BACKGROUNDS TO %Em' SAMPLE
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FICx. 9. t' distribution for the K K+—~+ system. (a)
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ACCEPTANCE AND RESOLUTIGN

The effects of the acceptance of the spectrometer were
computed using a Monte Carlo technique. The system
used also accounted for chamber inefficiencies, particle
absorption and decay, and multiple scattering. 0.25&10
ESCA events were generated for each of reactions (1) and
(2), representing approximately 10 times the correspond-
ing data sample. The events were generated such that the
three-meson system had a mass distribution which was
uniform between 1.13 and 2.5 GeV and a t' distribution
similar to the experimental one. These mesons were gen-
erated so as to be distributed according to phase space for
the chosen three-meson mass. The recoil baryon system
was chosen to have a mass distribution similar to the ex-
perimental distribution of missing mass to the three-

mainly a kinematic effect. This is quantitatively con-
firmed by a Dalitz-plot analysis (see below).

Dalitz plots for the restricted mass region (1.36—1.5
CxeV) are shown in Fig. 13. The first plot is for both
charge states combined and shows two fairly even E*
bands. However, the other two plots show that the ratio
of charged to neutral X' in the two reactions is markedly
different.

There are a number of experimental effects that result
in events which do not contain a EE~ mesonic system be-
ing in the data sample selected as EKm. The three major
ones are (a) events in which charged pions were misidenti-
fied as kaons, (b) events in which an X+F pair from the
primary vertex are consistent with the criteria used to
select the EC ~m+m process, and (c) events in which the
%Em system includes decay products of the baryon sys-
tem. Each of these effects has been investigated quantita-
tively. Table III gives the fractional contribution of each
source present in the EEm data sample.

The experimental EEn. data sample includes a subset of
K p —+E ~+sr X events in which one of the charged
pions is misidentified as a kaon due to the inefficiency of
the Cerenkov counters. However, the magnitude and na-
ture of this background can be determined directly using
the experimental Em.m data. The EEm mass spectrum
shown in Fig. 15(a) is obtained using Knm events in
which either the m+ or the m is positively identified.
The assignment is changed to E and the event weighted
by the ratio of the Cerenkov inefficiency to its efficiency.
Events originating from this mechanism account for 9%%uo

of the KICn data sample (see Table III).
The mass distributions for secondary V +n +m-

shown in Fig. 6, exhibit a small but clear background
under the IC peak. Events which satisfied all other cri-
teria but were from the side bands of this distribution
were used to compute the contribution from non-K
events to the data sample [see Table III and Fig. 15(b)j.

The ICKY. mass spectrum due to effects (a) and (b) com-
bined is also plotted in Fig. 15 and co~pared with that of
the XICm. sample before all the final data selection cuts
had been applied. The two distributions have smooth
shapes, indicating that these background sources are nei-
ther masking nor generating any structure in the data
sample.

The contribution from events in which a particle from
the baryon system was chosen instead of one from the
meson system was investigated using a Monte Carlo tech-
nique. Events were generated in which the recoiling
baryon system was allowed to decay into a proton and a
meson (assumed to be a pion), all particles were tracked
through the spectrometer, and the standard selection cri-
teria were applied. Since this is kinematically the worst
case, the proportion of those events surviving the selection
was corrected for the charged-to-neutral-decay branching
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systems (a), (e},and (e) from K E ~+ and (b), (d), and (f) from & &+m; (a},

ratio (see Ref. I), and then used to estimate an upper limit
of 3% (see Table III) for the contribution from this pro-
cess to the KKm data sample.

DALITZ-PLOT ANALYSIS

In order to gain quantitative information as to the rela-
tive importance of the various processes in describing our
data, the isobar model' has been used. In this model the
production of the three-body state is considered to be
represented by a superposition of two-step processes, the
first step in each case being the production of a quasi-
two-body state of which one component then decays into

two particles. This is illustrated in Fig. 16, where the
three possible combinations of particles (K K +—

, K m
+—

,
and K+vr +) to form t—he intermediate state are also indi-
cated.

A simple incoherent model using only the two-body
mass terms was employed in order to extract the relative
strengths of the possible isobars from the Dalitz-plot data.

The mass terms used in this analysis were nonrelativis-
tic Breit-Wigners of the form

(l/X)(l'/4)/[(& —M~)'+(I /4) j,
where M~, I are the mass and width of the resonance and
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FIR. 11. (a), (c), (e) E K m+ mass plots; (b), (d), (f) Z K+~ mass plots. (a), (b) all events; (c), (d) require either Xm or Em masses
between 0.841 and 0.941 GeV [K*(890)selection]; (e), (f) require KOA —mass less than 1.1 GeV [5(980) selection].

X, a function of the three-body mass, is a normalization
factor such that the integral of the Breit-Wigner over
phase space is equal to the integral of phase space.

The channels used in this analysis were 5(980)m,
K (892)K, K*+—(892)K+ and phase space. The reso-
nance parameters were taken as follows:

5(980), mass=0. 981 GeV, width=0. 052 GeV,

Ã* (892), mass=0. 898 GeV, width=0. 050 GeV,
X*—(892), mass=0. 892 GeV, width=0. 050 GeV .

The channel extractions were computed using an iterative
procedure. '

The results of the Dalitz-plot analysis in 100-MeV wide

bins from 1.2 to 2.0 GeV are shown in Fig. 17. The prin-
cipal features to note are (a) the absence of any significant
contribution from the 5(980)n channel, (b) the presence of
a large contribution from the X* channels, and (c) the
smooth behavior of the phase-space term.

The same analysis on Monte Carlo data gave an all
phase-space result, indicating that the spectrometer accep-
tance has not substantially distorted the results of the data
analysis.

PARTIAL-%'AVE ANALYSIS

The Dalitz-plot analysis described above suffers from
two limitations: (i) it assumes uniform acceptance in the
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1500 TABLE III. Estimate of background contributions to the
K K~ data samples K K+m and K K m.+.

K 'K+~-

N (000

Charged-K background
Neutral-K background
Baryon-decay background

9.1%
9.3%%uo

4.4%

4.4%
9.1%
3.1%

14.8 /o

9.4%
6.1%

Total 23%%uo 17% 32%

(Dl-z 500
LU)
LU

0
0 1.5 20 25

M(K'K ~+ )(Gev)
FIG. 12. K K—+m+ mass spectrum generated from a Monte

Carlo event sample with the experimentally observed K K+—m+

mass distribution as input and with only KK *(890) and
K*(890)K decay modes included. In addition a cut on the KK
mass (1.1 GeV is applied to test the effect of the 5(980) selec-
tion criteria.

mass variables, and (ii) it is incapable of utilizing the
available angular information. To overcome these limita-
tions a three-body partial-wave analysis, based on the iso-
bar model, was performed. ' ' The experimental data are
not corrected for the spectrometer acceptance directly, but
rather a model is made for the reaction, the effects of the
spectrometer and data cuts are introduced, and the result
is compared with the data through a maximum-likelihood
fitting technique. Appendix A briefly describes the for-
malism adopted here.

Each partial wave is described by the quantum numbers
J M&(iosobar)L where J is the total three-body angular
momentum and I' is the parity; M is the magnitude of the
Z component of J; i) is the "naturality of the exchange;"
isobar denotes one of three [K', x, 5(980)] two-body sub-
systems; and I. is the orbital angular momentum between
the two-body subsystem and the third particle.
Throughout the analysis the two charge-conjugate chan-
nels were treated completely separately and the ampli-

tudes for the two K' isobars in each channel were allowed
to vary independently.

In extending the isobar model to an inclusive channel,
the incoherent sum over production processes has many
terms corresponding to different recoil baryon systems
and to differing values of baryon spin flip. With modest
amounts of data it is not possible to disentangle all these
different production processes. Fits were made in the two
extremes of total and zero interference between waves. It
is shown below that the major results of this analysis are
independent of the presence or absence of interference
terms.

The number of potentially significant waves in this
analysis is high. In Table IV just the waves with J, M,
and L ( 1 are listed. In consideration of the large number
of waves and the modest size of the data sample a wave-
search technique was used to,determine a small base set of
waves which were strong and always present in the data.
This search showed the data to be comparatively insensi-
tive to the M and g quantum numbers, and the total pro-
duction cross section for the various J isobar systems to
be extremely stable.

The initial step in the wave-search procedure involved
fitting the data with various combinations of waves from
those listed in Table IV. Sets of fits with random starts
were done on the data in 150-MeV-wide mass bins from
1.20 to 1.95 GeV. For each of the charge-conjugate chan-
nels, the bin by bin solutions were inspected in order to
choose a revised set of waves which included only those
which were significant somewhere in the mass range.
These waves are listed in Table V. A new set of random
starts was made using these waves on overlapping mass
bins from 1.275 to 2.025 GeV (see Table VI). This form
of binning allowed the continuity of the solutions to be in-
vestigated and was an aid in eliminating some of the ef-

(b) (c)
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0.3.
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FIG. 13. Dalitz plots of the K K —~+ mass region from 1.36 to 1.5 GeV. The solid lines represent. the kinematic boundaries for
the lower and upper edges of the mass bin.
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likelihood of the fits. Figure 22 displays the strength of
the largest of these new waves as a function of mass. The
J =2+ waves (not shown) are never more than one or
two standard deviations away from zero. They are also
extremely erratic, showing no consistency between over-
lapping bins except at high mass in the E E+m. chan-
nel. On the other hand, the J =2 waves show good bin
to bin consistency, especially above 1.8 GeV where their
strength increases significantly. The L =2 waves are gen-

30

0.0 I I

1.0 1.5 2.0 2.5

KK~ MASS{Gev}

FIG. 14. Mass resolution (F%'HM) for K K—+m+ as a func-
tion of the K K —+++ mass.

20-

fects of minor statistical fluctuations.
The result of the wave-search technique was that

0 0+ S waves mere always present and strong as were the
1+ EC*E waves. In addition, the 1 E'E waves were typ-
ically rather large when included, but did not make such a
significant difference to the overall fit quality as do the
0 and 1+ waves. At no point was there strong evidence
for 5m waves. The selected wave set is given in Table VII
and plots of cross sections summed over J are presented
in Fig. 18. This wave set is a combination of waves of in-
disputable significance plus some of smaller significance
that are included for completeness (the 1+ K' 's in the
K K+@ channel).

Comparing the plots in Fig. 18 to those of the Dalitz-
plot analysis (Fig. 17), good agreement is apparent be-
tween the relative strengths of the different E"s. The
number of events is greater at higher mass in the results
from the partial-wave analysis (PWA) due to the correc-
tion for the spectrometer acceptance.

The quality of fit to the data obtained with the waves
of Table VII is illustrated in Figs. 19 and 20 which show
the three submasses and the eight angles associated with
the two EC E channels. Generally speaking, all retained
fits were found to give acceptable representations of the
data.

0

20-

10-
CL

0 H

200—

150—

I I
I 1

1 ~. 1

(c)

ADDITIONAL STUDIES 100-

The wave-selection procedure described above allowed a
determination of the strongest waves. To investigate the
stability of the summed cross sections, fits were made
with different combinations of marginal waves from the
intermediate wave list of Table V and the results are plot-
ted in Fig. 21. From these plots one can see that the error
associated with the choice of wave set is small and in gen-
eral less than the statistical error.

A search was also made to investigate the significance
of L =2 and 5=2 by adding some waves which might be
expected (M =0) to a small minimum wave set and judg-
ing their significance by the change in overall logarithm

50-

1.0 1.5 2.0 2.5 3.0
M(K'K' W )(GSV}

FIG. 15. Estimated background contributions (a) from
K m+m events with the m. misidentified as a K; (1) from K~m.~
events with a m+m pair misidentified as a K; (c) shows the
KKm spectrum with the total estimated background contribu-
tion superimposed.
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K, &, K
K'K

l I

l (a)
(

K'K
I

(b)

100—

[(K y, K]

50-

FIG. 16. Schematic diagram of the isobar model description
of the reaction K P~K K —+~+X. J is the total angular
momentum of the IC' IC' +—m+ system, P is its parity, M =

l
J,

l
is

the magnitude of the z component of J and g is the "naturality"
of the exchange mechanism. Isobar is a two-body state, e.g.,
K (890)—+Km. L is the orbital angular momentum between
the two-body state and the third particle. I is the orbital angular
momentum of the decay of the two-body state (equals the total
angular momentum of the two-body state for this case).

)
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Q.
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[x"C88og K]

I
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400-
(b)

300—
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100—

erally small except for the J =1+ K' D wave which also
contributes strongly above 1.8 GeV. This high-mass re-
gion is, in principle, expected to have many more contri-
butions from other waves with J,M,L & 2 and no exhaus-
tive search has been made.

The sensitivity of the data to the level of coherence be-
tween waves was examined by making fits in the extreme
case where all waves were included incoherently. The lev-
el of coherence had little effect on the amplitudes of the
waves.

The bin to bin consistency was studied by using dif-

M ( K' K ~ )(GeV) M(K'K ~ )(GeV)

FIG. 18. Results of the partial-wave analysis summed over
J I and L. (a), (c), and (e) for K K++,' (b), (d), and (f) for
K K m.+. (a) and (b) (Km. ) S-wave K; (c) and (d) K *(890)K; (e)
and (f) K*(890)K.

ferent bin centers with different widths (150, 80, and 40
MeV). In general, there was good agreement between the
solution sets, with all binnings displaying smooth and rel-
atively slowly varying structure. In particular, there was
no significant structure observed even with the narrowest
binning.

To investigate the effect of drastic changes in the spec-
trometer acceptance and data selection, two restricted data
samples were studied. One set was formed by using
events with t'(0. 5 CxeV, and the other involved impos-
ing a tight Xf cut. In both cases the data sample was re-
duced by approximately 50%. However, the production
cross sections of the various summed K* waves were
found to be unaffected by the cuts within the statistical
errors.

I
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(e)
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FIG. 17. Results of the Dalitz-plot analysis. (a), (c), (e), and
(g) for K E+m. , {b), (d), (f), and (h) for K K m+. {a), (b)
"Phase spacelike"; (c), (d) X *(890)IC'; (e), (fl & (g9O)Z; (g), (h)
5(980)m.

RESULTS OF PARTIAL-W'AVE ANALYSIS

The results of the partial-wave analysis are summarized
in Fig. 23 where the production cross sections for the
dominant isobars are shown. Our final event sensitivity is
33+4 events/pb and includes appropriate correction fac-
tors for unobserved decay modes together with a 13%
overall normalization uncertainty.

In both channels the J =0 wave rises fairly smoothly
from threshold throughout the mass range studied. The
J =1+ (IC'K) cross section for both K K+m. and
K K ~+ channels rise sharply from threshold to about
1.5 GeV. Above this production declines as a function of
mass, more sharply in the case of the K K m+ channel.
The S =1 K isobar production is small and about equal
in the two charge channels over the mass range con-
sidered. The production of' the S=—1 K* isobar is
much stronger than the corresponding S =1 K*. W'hen

included, the J =1 wave is associated with the K*
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FIG. 19. Comparison of data with the results of the partial-

wave analysis for E E m. + mass bin between 1.425 and 1.575
GeV. (a) K m+ mass distribution, (b) K m+ mass distribution,
and (c) K K mass distribution.

charged isobar in both channels and is smooth and rela-
tively featureless. The 5(980)n. amplitudes are not prom-
inent in this analysis, indicating that the production cross
section is less than 3 or 4 pb per 100 MeV of 5(980)~
mass, on the assumption that the branching ratio' for
5(980)—+EX is 0.2.

It is difficult to make statements about the possibility
of resonant ICICLE states in the data. Clearly, the strong
amplitudes are not dominated by a single resonance such
as the canonical H(1190), D(1285), or E(1420), since
they extend over the entire mass range. The inclusive na-
ture of the data combined with the inherent limitations of
the partial-wave analysis makes detailed comparison of
the two channels somewhat problematic.

0I
200 200

) )'

FIG. 20. Comparison of data with the results of the partial-
wave analysis for E E ~+ mass bin between 1.425 and 1.575
GeV. (a), (c), (e) and (g) for the E m+ isobar and (b), (d), (f),
and (h) for the IC sr+ isobar. 8 is the Jackson angle and o.', P, y
are the Euler angles of the production.

SUMMARY

An experiment has been performed to study the in-
clusive production of the E E—+~+ meson systems in E-p
interactions at 11 GeV/e. There were 2863 E E+~
events and 1749 E E m+ events in the EE~ mass range
of 1.2—2.025 CxeV with

~

t'
~

restricted to be less than 2
GeV . A Dalitz-plot analysis showed that there was sub-
stantial IC*(892) production but no significant 5(980)
production. The results of a three-body partial-wave
analysis confirm these conclusions and indicate that there
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1+0+(Km +—)P
1+1+(Km+- )P
1+1 (Km —)P

TABLE IV. List of partial waves used in the initial search. The nomenclature used here is
J~M" (isobar)1, and the symbols are described in the text. The isobars are Km =Km neutral S-wave,
Km —=Km charged S wave. K* =neutral K*(892), K*+—=charged K*{892),5—=charged 5(980).

O-O+(K~')S 0 0+(K*—)P 0 0+(5+—)S
1+0+(K~')P 1+0+(K*'-)S 1+0+(5+-)P
1+1+(Km-')P 1+1+(K*-)S 1+1+(5+—)P
1+1 (Km )P 1+1-(K*'-)S 1+1-(5+-)P

1 0 (K*—)P
1 1 (K*+—)P
1-1+(K*-)P
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APPENDIX A: FORMALISM
OF THE PARTIAL-%AVE ANALYSIS

The amplitudes denoted by A;(w) are defined such that
the probability density for producing events per unit of
three-body phase space is proportional to the sum over
production processes of the square modulus of the sum of
the complex amplitudes multiplied by their complex wave
functions (Xi), viz. ,

=g ga, X, '.
ps pp s

The logarithm of the likelihood function is

lnL =glnE;+glnP; —gA„A*8'„
n, m

where

$V„~= E mX„mX* m m,

(A 1)

(A2)

and the sum over i is over the observed events. E is the
acceptance, I' is the probability density, A is the mth
amplitude, and X the corresponding wave function.
Since the probability density is per unit of phase space,

is a substantial contribution from the J =1+ K*K waves
and that this contribution has a generally smooth mass
dependence, rising to a maximum cross section of 60
pb/GeV at about 1.5 GeV and falling smoothly over the
rest of the mass range. No clear and unmistakable KKrr
resonant behavior is demanded by the data.

ACKNO%'LEDS MENTS

8'„rn= QX„(wi)Xtn(w;),
t i

with the sum being over accepted Monte Carlo events and
iVr being the number of events thrown to generate them.

Key elements of the wave function X(w;) are the terms
containing the angular dependence and the Breit-Wigner
formalism. The angular dependence' ' is composed of
D functions:

Re(g=+1)
( 1) 'KQ~C(L, /, J;O, A, , A, )Dg (a, b, c)d~ (g)

with K=[(2L +1)(21+1)]'~2/(4n. ),

where C is a Clebsch-Gordan coefficient; a,b, c are the
Euler angles of the three-body decay system in the pro-
duction system and 8 is the resonance decay angle (see
Fig. 16).

The following forms were used for the Breit-Wigner
formalism (see Refs. 19, 20, and 21):

(+in~resMij Gin Gout ) /(~res ~ij tMres l tot )

This expression is such that the modulus squared is pro-
portional to probability per unit of phase space. M„,is
the resonance mass, M;J is the two-body mass, 8;„is the
incoming barrier factor, G;„and G,„,are the coupling
constants for the incoming and outgoing channels, respec-
tively. The total width 1 «t ——QG~Q~B~ over all chan-
nels where 8~ is the barrier factor, Gm is the coupling
constant and Q is the center-of-mass momentum, each
for channel number m. The incoming barrier factor in

TABLE V. Intermediate partial-wave list for K K++ and K K m+.

KOK+~

Coherent:
Incoherent:

Coherent:
Incoherent:

1+0+(K*+-)S
0-0+(K~')S
1+1 (Km. )P

1+0+(K* )S
o-0+(K~')s
1 0 (K*—)P

1+1+(K'-+)S
1+0+(Km')P
1 0 (K*—)P

KOK-~+

1+1+(K*')S
1+0+{Km'}P
1 1 (K*—)P

1+1+(Km )P
1 1 (K —+ )P

1+0+(K*—)S
1+0+(K~+-}P
1+1 (5—+ )P

1+0+(Km+—)P
1+1-(K*+-)S

1+1+(K*—)S
1 0 (K*)P
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TABLE VI. Mass binning used in partial-wave analysis.

100—
(a)

[x f890J x)
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Bin KEm mass cut
Number of events

E 'K+~- KOE-~+

50— (c)
[x'(sea) x

0
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I
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M(K K ~ )tGeV) M(K'K m )[GeV)

FIG. 21. Envelopes of solutions from various choices of wave
set. (a) and {c) for K K+m and (b) and (d) for E E m+. (a)
and (b) are total K*(890)K production; {c) and (d) are total
K (890) E production.

1A
2A
3A
4A
5A

1B
28
3$
48
58

1.20—1.35
1.35—1.50
1.50—1.65
1.65—1.80
1.80—1,95

1.275—1.425
1.425—1.575
1.575—1.725
1.725—1.875
1.875—2.025

75
417
686
710
670

205
614
701
691
602

46
284
442
365
394

144
396
418
358
403

the three-body case is that for the quasi-two-body system.
Blatt and Weisskopf barrier factors have been used with
a radius of interaction of l fm.

For the X'(892) a simple form with I;„=l,„,=I'„,
and the following parameter values were taken:

GlO GOUt ~tOt ( QQllt Ollt

Z": m=0. 898 aeV,

For the L~ S wave, a parametrization of the two-channel,
Xm. and Kq, K matrix (Ref. 25) has been used.

To assess the quality of the fits provided by the
partial-wave analysis the solutions were projected onto the
data. This was accomplished by using the fact that for a
true solution the probability of observing events per unit
of phase space is

a=EQ 'ga, -x; '

I, ,=0.05 GeV at resonance,

E —+: M=0.892 GeV,

P«, ——0.05 GeV at resonance .

For the 5(980) the more complex form has been used
due to the onset of the EX threshold. The following
values have been taken (see Refs. 23 and 24):

100— (a)
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K K

I
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FIG. 22. Lesser waves described by J M isobar gI.. {a) 2 0
K*+P; (b) 1+1 E* +D' {c) I 0 E*++P' (d) 1+0 E +D'
(e} 1+1 K
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FIG. 23. Production of J"states for the K and X isobars.
For the final state K K+~ (a) J =1+ K*;(b) J =1+ K
(c}J =1+ K . For the final state K E m.+ (d) J =1+ E*+;
(e)J =I K* (f)J =1 K+
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TABLE VII. Selected partial-wave list for E K++ and IC K m+.

Coherent:

Incoherent:

1+0+(K —+ )S
1 0 (E*—+ )P
0-0+(K~')S

1+1+(Z'-+)S
1 1 (E*—)P

1+0+(K*'}S
1+1-(K*-+)S

1+1+(K*')S

[see Eqs. (Al) and (A2)j. Since the Monte Carlo events
were thrown according to phase space the solution is well
represented by the accepted Monte Carlo events weighted

by the production probability. These representations of
the solutions were used for comparison with the data for
different distributions.
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