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The KsKs~ systems, a pure C =+1 state, has been studied in the reaction m p~KsK&~ n at
21.4 GeV/c. The KsKs~ spectrum is significantly different from the KKm distribution observed in
other lower-energy peripheral hadroproduction experiments. In addition to production of the

f, (1285), evidence for production of the g(1460) [sometimes called the t(1460)] based on mass spec-
tra and a Dalitz-plot spin-parity analysis is reported. The narrower, lower-mass state observed in
other KKm. experiments is observed weakly if at all in this experiment. Hadronic production of the
g(1460), which is a good glueball candidate because of its presence in J/f radiative decay, suggests
possible mixing with the qq sector.

I. INTRODUCTION

There is now good evidence that there are at least six
isoscalar states coupling to the %Km decay channel in the
region from 1280 to 1530 MeV/c . These states are the
g(1280), the f, (1285), the g(1420), the f, (1420) (com-
monly referred to as the E meson), the g(1460) [common-
ly referred to as the t(1460)], and the f ', (1530). It would
appear that in both the pseudoscalar and in the axial-
vector sectors, more states are present than can be ac-
commodated by the simple qq model and that exotic
states containing constituent gluons or four quarks must
be present. The present experiment is designed to study
these states in order to clarify their nature.

We shall briefly summarize the evidence for, and the
properties of these states as observed in peripheral and
central hadroproduction, in J/g radiative and hadronic
decay, in yy interactions, and in pp annihilation before
describing the results of the present experiment.

A. The Jrc= 1++ (axial-vector) states

The f, ( 1285 ) is a well-known state with J = 1++
which has been observed to decay into KKm. (dominantly

to aovr) and to gem. . Its properties have been studied
both in peripheral hadroproduction [where it is present in
~p (Refs. 1 —5) and in pp (Ref. 6) interactions but not in
Kp interactions] and in central hadroproduction. It
has also been observed' in pp annihilation in gaseous hy-
drogen which enhances P-wave annihilation relative to
annihilation in liquid hydrogen. It is an excellent candi-
date for the nonstrange isoscalar of the axial-vector no-
net.

Strong evidence for the f, (1420) comes from produc-
tion in central hadroproduction, ' in y y* interac-
tions, " ' and in J/P hadronic decays. ' ' Although
one peripheral hadroproduction experiment claims evi-
dence for the state, most such experiments find it present
at a very low level if at all. Since it is not produced
strongly either in Kp, in mp, or in pp peripheral interac-
tions, it is not a good candidate for a qq nonet member
and hence is more likely a four-quark or hybrid state.

The f ', (1530) is the best candidate for the isoscalar ss
member of the axial-vector nonet since it has been ob-
served in peripheral K p interactions. ' ' It is not
strongly produced in peripheral ~p scattering although
some evidence for its production at a low level has been
presented which would be indicative of some small mix-
ing with the nonstrange sector.
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B. The J~c=0 + (pseudoscalar) states

Since the isoscalar ground-state members of the qq
pseudoscalar nonet are well known [the il(550) and the
il'(980)], states observed at higher mass are expected to
be radially excited states if they are ordinary qq states.
The three isoscalar states which appear to be present in
the higher-mass data would constitute an excessive num-
ber of candidates for the N =2 nonet and would indicate
the presence of at least one non-qq state.

The g(1280) has been observed in the i)mm mode in
two separate (m. p) peripheral hadroproduction experi-
ments. ' There is also some indication of its presence in
the KKvr final state. It is thus a good candidate for the
nonstrange isoscalar state of the N=2 qq nonet. On the
other hand, the il(1420) is clearly seen in both the yarn.
(Ref. 5) and the %Km (Ref. 1) modes (also in m. p interac-
tions) and represents a second candidate for the same
state. Evidence for this i)(1420) was originally seen in pp
annilihilation at rest. ' Neither the g(1280) nor the
i)(1420) are observed in IC p interactions.

An apparently distinct state from the i)(1420) is the
i)(1460) which has been observed in J/g radiative de-
cay. This latter state is observed at a higher mass
and with a broader width than the state observed in ha-
droproduction and is a good candidate for a glueball
since the dominant diagram for J/g radiative decay in-
cludes a coupling to two hard gluons. We are thus left in
the 0 + sector with three isoscalars, none of which are
good candidates for the ss member of the N =2 qq nonet.

II. DESCRIPTION OF THE EXPERIMENT

This experiment [Brookhaven Alternating Gradient
Synchrotron (AGS) experiment 769] is a study of the ex-
clusive reaction

P ~&s&sm'n

at ~ momentum of 21.4 GeV/c. Some results have been
previously published. ' The momentum corresponds to
a c.m. energy 1.6 times larger than in Ref. 1 or 5. This
facilitates the search for new states at higher mass. It is
important to note that our higher energy could lead to
different combinations of production mechanisms than
the lower-energy experiments possibly leading to different
production characteristics.

The final state observed in this experiment has the
unique advantage that the KsKs~ system is an eigen-
state of C with C=+1. This removes the complication
introduced by the presence of C = —1 states in the
analysis.

The experiment was performed at the Brookhaven Na-
tional Laboratory AGS, utilizing the high-energy un-
separated beam (HEUB). This beam consisted mostly of
vr (-98%) with a small fraction of K and p. The cen-
tral beam momentum was 21.35 GeV/c, o. =0.26 GeV/c,
with a Ilux of (1—2) X 10 ~ /spill.

The target was a 10-cm-diameter X 30.5-cm-long
cylinder of liquid hydrogen contained in a low-mass
Dewar. The final state was required to include only neu-
tral particles. To ensure this and to veto events with neu-
tral pions produced at large angles, the target was sur-
rounded on the sides by a lead-scintillator sandwich veto
"box." In addition, a plastic-scintillator veto counter was
placed at the downstream end of the target.

Charged-particle tracking and triggering were done
with the Brookhaven Multiparticle Spectrometer (MPS)
II facility. ' It consists of seven drift chambers and
four proportional wire chambers (PWC's) in a uniform
7.5-kG magnetic field (Fig. 1).

A lead-glass hodoscope directly downstream of the
MPS magnet (Fig. 1) was used to detect photons from vr

decay. The hodoscope was an upgraded version of one
used in a previous experiment. Many of the construction
details are similar to that earlier hodoscope described in
Ref. 29.

The hodoscope was constructed of 128 lead-glass
blocks of two types: SF2 (8.9X8.9X33.0 cm, 12.0 radia-
tion lengths) and SF5 (10.0X 10.0X35.0 cm, 13.8 radia-
tion lengths). The blocks were stacked in a manner
which would maximize shower sharing and therefore op-
timize the position resolution. The center block was re-
moved to allow the beam to pass through the hodoscope
unimpeded. A cylindrical (10.2-cm-long X 7. 1-cm-dia-
meter) lead-glass light guide (of matching glass type) and
an RCA 4900 photomultiplier tube was attached to each
block.

After calibration of each module in a test beam consist-
ing of electrons and muons, the gain of each counter was
monitored with a single light-emitting diode (LED) opti-
cally coupled to each lead-glass block. In addition to the
128 counters used for data collection, three counters were
assembled with an americium source and sodium-iodide
scintillator attached to the end of the block opposite the
photomultiplier tube. These "reference counters" moni-
tored the stability of the LED output. Further details of
the hodoscope as used in the present experiment includ-
ing more detailed discussion of its calibration and moni-
toring can be found in Ref. 30.

The trigger was designed to select all-neutral final
states containing two charged decay vertices (total
charged-track multiplicity of four). In order to satisfy
the trigger, event candidates were required to have an
identified vr beam track (from beam-line Cerenkov
counters, PWC's, and scintillation hodoscopes) and no
signal from the veto counters surrounding the target.
Charged multiplicity, as measured by two trigger PWC's
located 50 and 190 cm downstream of the target (Fig. 1),
was required to be consistent with the decay of a KsKs
system.

III. EVENT RECONSTRUCTION

A good event was required to contain four reconstruct-
ed charged tracks. Neutral decay vertices were formed
from pairs of oppositely charged tracks. It was required
that only one unique combination of two decay vertices
be formed. The neutral decaying particle (Ks) was
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FIG. 1. Schematic of the experiment, showing the MPS II facility and the lead-glass hodoscope.

reeconstructed by combining the momenta of the two
charged tracks at the decay vertex. These neutral tracks
were extrapolated to find their point of closest approach.
If the distance of closest approach was greater than 1 cm
the event was rejected. The projection of the incident
beam track, reconstructed from the PWC data, was used
along with the extrapolated neutral Kz tracks to find the
best production vertex point. This point was required to
lie within the target volume for the event to be kept.

The effective mass distribution of particles from the de-
cay vertices in which the measured tracks are assumed to
be ~+a is shown in Fig. 2(a). The ICz peak observed in
this distribution indicates an effective mass resolution of
o. =3.0 MeV/c, consistent with the mass resolution
quoted for the MPS II (Ref. 27).

The lead-glass hodoscope provides a position and ener-

gy measurement for photon candidates. Photon four-
vectors are formed by assuming that a a decays at the
production vertex. The two-photon effective-mass distri-
bution from the final event sample is shown in Fig. 2(b),
showing the m. peak with mass of 134.7 MeV/c and full
width of 30.7 MeV/c . Decays rj~yy were also detect-
ed, as seen in the two-photon mass distribution in Fig.
2(c).

For ~ 's which have energy greater than 6.5 GeV, the
minimum opening angle between the decay photons is
such that their separation at the lead-glass hodoscope will
be less than 20 cm. With this separation, the photons can
enter adjacent lead-glass blocks, and therefore form a sin-
gle cluster. Events containing a single cluster of energy
greater than 6.5 CxeV are therefore candidates for
"single-center ~ "events.

In order to extract as clean an exclusive nE+K&m.
event sample as possible, the events were subjected to
multivertex kinematic fits. To minimize fitting time, fits
were attempted only for events in which two unique neu-
tral vertices were present; both vertices had decay tracks
with effective masses within E& mass cuts
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from good decay vertices. (b) and (c) The two-photon effective-
mass distribution, showing the (b) m peak and (c) the g peak.
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[475~m(m. +m. ) 525 MeV/c ]; the neutral tracks ex-
trapolated to within 1 cm of each other (good production
vertex); and one to four clusters were reconstructed
(single-cluster events were required to have E ~ 5.0 GeV).

Events were fitted to the hypotheses:
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FICi. 3. (a) The missing-mass-squared distribution for events
with two photons reconstructed. (b) The missing-mass-squared
distribution for single-cluster events. The curves represent fits
described in the text.

0-5

(3)m. ~yy .

This sequence of decays yields eight constraints: three
each at the K& decay vertices, one at the ~ decay vertex,
and one at the production vertex. Single-center m. events
are fitted to the event hypothesis by assigning the m mass
to the cluster. By doing this the m. decay constraint is
lost, and the fit is made with seven constraints. Events
with three or more clusters reconstructed were not in-
cluded in the analysis of the exclusive channel.

Selections based on unconstrained missing mass were
used to increase the purity of the exclusive (nKsKsm).
sample. Unconstrained missing-mass-squared (MM ) dis-
tributions from fits to ~ p KzKz~ +missing mass for
the two- [Fig. 3(a)] and one-cluster [Fig. 3(b)] events
which gave successful fits to the m p~K+Kz~ n hy-
pothesis show the presence of a broad neutron peak and a
large background at higher mass. Because of the con-
straints on the Ks and the ir (for two-cluster events), the
"background" is still primarily K+Kzm events but not
the exclusive channel we are isolating.

Likely backgrounds involve events with an extra m .
Two such states were studied using Monte Carlo tech-
niques.

(1) b, KsKsm. where b, ~nrem . The rr from the 5 is
typically very low in energy. The photons from this m

will generally either m.iss the lead glass or be below the

300-MeV minimum photon energy.
(2) nKsKsrlm. .where both m 's come from the scat-

tered meson system. Such events contribute to the back-
ground when only two photons are reconstructed in the
lead glass.

After studies of peripherally produced Monte Carlo
events of these types which satisfied normal trigger re-
quirements, fits were made to the experimental missing-
mass distributions of Fig. 3. The Ats included contribu-
tions from the backgrounds listed above parametrized by
Gaussian peaks combined with a polynomial. A Gauss-
ian peak for the neutron signal was used. The resultant
fits are shown as the solid curves in Fig. 3.

In both the two- and one-cluster cases the background
and signal contributions are approximately equal at about
1.8 GeV . A cut was imposed on both data sets requiring—3.0 GeV MM +1.8 GeV . This yielded samples
of 4649 two-cluster events (signal-to-background ratio es-
timated to be 3.8 to 1) and 1616 single-cluster ~ events
(signal-to-background ratio estimated to be 1.9 to 1).
These two samples are combined to provide the final sam-
ple of 6265 events used in the analysis which follows. It
should again be emphasized that the backgrounds are
predominantly real KzKz~ systems.

IV. CHARACTERISTICS QF THE DATA

A. Two-body intermediate states

Three-body final states such as the K&Kz~ system un-
der study often decay via intermediate two-body states to
the final state observed. Such final states are often de-
scribed by the isobar model which, in the case of the
K&K&m final state, would involve resonance production
in the K+Ks and/or the Ks ir system.

In the Ks m. effective-mass spectrum [Fig. 4(a)], a
prominent K*(892) peak is observed indicating consider-
able production of the K'K two-body system (and pro-
viding further confirmation of our success in selecting
events containing a m. ). This plot has two entries per
event. It is not acceptance corrected; the acceptance
effects do not significantly affect the resonance structure.
The prominence of the K* peak is enhanced because of
the positive C parity of the K~K~m system: when
C = + 1, as in this system, constructive interference
occurs between the two Kz~ combinations forming the
K* in the region of overlap of the K* bands.

The Kzm. effective-mass spectrum was fitted with a
function including two simple Breit-Wigner resonances
and a background of the form

)b ( —cm —dm )
2

thresh

where m is the Kz~ mass, m,h„,h the Kz~ threshold
mass, and a, b, c, and d, are parameters of the fit (con-
stants). The fit [shown as the smooth curve in Fig. 4(a)]
gives a K* mass of 899.5+1.3 MeV/c and width of
66.9+3.6 MeV/c (including the resolution). The accept-
ed K* mass is 896.5+0.4 MeV/c . The Kzm mass reso-
lution is o. =26.4+8. 1 MeV/c at this mass. Thus the
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FIG. 4. (a) The Km effective-mass spectrum. (b) The accep-
tance corrected KsKs effective-mass spectrum. The superim-
posed curves represent fits described in the text.

observed E* width is consistent with the natural width of
49.9 MeV/c .

The second Breit-Wigner contribution has a mass of
1438.6+4.2 MeV/c and width of 88.7+37.2 MeV/c .
These values are in reasonable agreement with the ac-
cepted mass (1423+2 MeV/c ) and width (99+3
MeV/c ) of the IC'(1430). The g„of the fit is 1.28 (prob-
ability of 8.1%). Fitting the Ksn mass distribution
without the second Breit-Wigner contribution gives a y
of 1.48 (probability of 0.8%). Thus although there only
appears to be a slight suggestion of a shoulder in the
1400-MeV/c region of the raw data, the structure is con-
sistent with, and does prefer, production of the
IC'(1430).

The KsKs effective mass spectrum [Fig. 4(b)] contains
peaks at threshold and in the region of 1300 MeV/c .
The EzEz mass distribution is acceptance corrected.
The threshold enhancement indicates the production of a
EE resonance at or below threshold, such as the
an(980)(5) or the fn(975). The 1300-MeV region shows
evidence of a2(1320) and/or f2(1270) production.

The EzEz mass distribution between threshold and 1.9
GeV/c was fitted with a function consisting of a thresh-
old peak parametrized with the coupled-channel reso-
nance form of Flatte, ' a simple Breit-Wigner resonance,
and a sixth-order polynomial. The Flatte parametriza-
tion assumed m& =983 MeV/c and coupling strength ra-
tio gz/g„=1. 5.

The Breit-Wigner fit in the region of 1300 MeV gives a
mass of 1311.6+7.5 MeV/c and width of 115.4+30.5
MeV/c including the Ks Xs mass resolution of

o =5.94+2. 51 MeV/c . The fit has a g (per degree of
freedom) of 1.42 (probability of 5.3%) over the entire re-
gion fitted. Fitting only the region 1.12
~ m(J sIt.s ) ~ 1.62, the same parameters for the peak are
found with the fit having a reduced g of 0.99. Both the
mass and the width of the peak are within one standard
deviation of the accepted values for the a2(1320). Per-
forming the same fit but allowing two interfering reso-
nances having the (fixed) parameters of the a2(1320) and
f2(1270) the a2 contribution is found to be 2.9+1.8
times greater than that of the fz. Note that It.sKsn. final
states with isospin 0 can be produced through the a2m.

intermediate state but the f2'. state can decay only into
E+Ezm systems with isospin 1.

B. The Esses~ efFective-mass spectrum
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FICs. 5. The KsKsm effective-mass spectrum for the 6265-
event final sample. The shaded area are events with ~t'~ &0.2
CreV .

The E&Ezm effective-mass spectrum is shown in Fig.
5. An enhancement is apparent near 1280 MeV. In the
region from 1400 to 1500 MeV (the E region} a broad
enhancement appears to be present above a rising back-
ground. No significant enhancements are apparent at
higher masses.

To investigate the two-body decay channels ann (&r ),
a2~, and E*E, the E&E&m. effective mass distribution is
shown with the following cuts:

1.26 GeV/c ~mass(KsX, ) ~ 1.36 GeV/c (a2 cut},

mass(EsK, ) 1.08 GeV/c ("5"cut),

0.84 GeV/c ~mass(Ksm )~0.94 GeV/c (IC' cut} .

The a2n. spectrum [Fig. 6(a)] reveals no statistically
significant structure. On the other hand, the ao~ spec-
trum [Fig. 6(b)] shows prominent peaks at 1280 MeV/e
and near 1450 MeV/c . The K*K spectrum [Fig. 6(c)]
produces a sharp rise at threshold which is in the region
of the second peak in the aors. spectrum. No clear peak
is evident in the E*E spectrum, but it seems likely from
this spectrum that E*Eproduction is present in much of
the data in and above the E region.
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The t distribution for the entire event sample is peaked
at low t. In Fig. 7(a) the momentum transfer is shown in
a scatter plot versus the KsKsm mass (a Chew-Low
plot). The region below about 1.5 GeV/c has a broader
t dependence, with a less pronounced low-t enhancement.
The distributions of t'= ~t

—t;„~ have been fitted with
exponential functions f= Ae "' in successive KsKs~
mass bins up to 1.620 GeV/c Figure .7(b) gives the pa-
rameter b as a function of the KzKzm mass; the horizon-
tal bar on each point gives the extent of the mass bin. It
is clear that the lower-mass production [including the

f, (1285 ) and the E region] has a much broader t' depen-
dence than does the higher-mass production suggesting
that the production mechanism is different below 1.5
GeV/c from that above 1.5 GeV/c . If the production
of the K&K&vr final state is interpreted in terms of
single-particle exchange, production in the f i(1285) and
E regions involves exchange of a more massive state—
perhaps ao or a2 exchange as opposed to, say, p
exchange —than production at high K&JEST+ effective
mass.

The t dependence of Fig. 7 suggests a method of
enhancing selection of states produced in ao or az ex-
change. Requiring —t' & 0.2 GeV preferentially re-
moves events produced with a steeper t dependence. The
resulting mass distribution after such a cut for the
remaining 2953 events is shown as the shaded region in
Fig. 5. The peak in the E region is now more distinct

FIG. 7. (a) Scatter plot of the KzKzm effective mass vs the
momentum transfer ( —t). (b) Plot of the fitted momentum-
transfer slope parameter b (see text) as a function of the KzKzm
effective mass.

suggesting that much of the background is due to pro-
cesses with a steeper t dependence.

V. FITS TO THE KsKsm MASS SPECTRUM

The K~X&m mass spectrum for events with —t') 0.2
GeV was fitted to determine the parameters of the
enhancements. The spectrum was fitted with standard
Breit-Wigner resonance forms in which the resonance
width was modified by the threshold factor (q/qo) '+'.
Here q and qo represent the breakup momentum of the
K+Ksm system into two bodies (qo being the momentum
on resonance) and l is the relative angular momentum of
the two-body system.

Determination of q and qo requires a hypothesis for the
decay channel. The f, (1285) (lower peak) was fitted as-
suming an (ao~, l =1) decay. The upper peak was fitted
assuining (aors, 1 =0 and 1) and (K "K, 1=0 and 1) de-
cays. The fits were also tried without the threshold fac-
tors. The fitting function included two or three Breit-
Wigner functions, allowing for the possibility that the
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broad upper peak could consist of two resonances. Reso-
nance peaks of like spin (J) were allowed to interfere, the
relative coherence being a variable of the fit. Each fit also
included a background given by Eq. (1), in which m is
now the EzEz~ mass and mthre» the E&Ez~ threshold
mass. The fits extend to a mass of 2.27 GeV/c .

To calculate q and qo in E K decay, a weighted aver-
age of m(Kvr) between threshold and maximum
(mx„=M —mx. ) was calculated, in which the weighting
function was the Breit-Wigner form [FBw(K*)] for the
E*:

m E~raw E* m Em
m(Km), „,= (2)f FBw(K*)dm (Km )

thresh

The KsKsnmas. s resolution (between threshold and
2.5 GeV/c ) was determined from the multivertex fits to
be of the form (5m /m ) =0.0125+0.0083, or
cr =18.1+12.0 MeV/c at a KsKsm. mass of 1450
MeV/c . The value reported for the widths of the reso-
nances in each of the fits includes the broadening due to
this resolution.

Results for the Breit-Wigner peak in the region of 1280
Me V/c are similar in all of the fits, with mass
1280.1+2.1 MeV/c and width 17.9+10.9 MeV/c .
These values are consistent with those of the f, (1285)
meson.

In the region between 1400 and 1500 MeV, the single
Breit-Wigner fits with aovr(S), K*K(S), and consistent
width all yield, within errors, a fitted mass of 1452.8+6.8
MeV/c and width 99.9+11.4 MeV/c . Figure 8(a)
shows the fit using a spin-zero aom (S-wave) Breit-Wigner
form for this peak. This fit has a y per degree of free-
dom of 1.44 (2.7% probability) over the 55 bins fitted.
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FIG. 8. The ECsEsm effective mass-spectrum' for events with
—t'&0. 2 GeV . (a) The fit with two Breit-Wigner peaks. (b)
The fit with three Breit-Wigner peaks.

The relatively poor y of this fit is largely a result of the
bad fit to the bin at 1400—1420 MeV/c .

The fit with a single Breit-Wigner peak yields a mass
and width consistent with the parameters of the i, (1460)
as seen in radiative J/P decay, particularly the re-
sults reported by the Mark III Collaboration. The ~ has
been found to be a 0 + state. Identification of the ob-
served peak with it depends on the results of the spin-
parity analysis.

Although the statistical significance of the excess of
events in the single bin between 1400 and 1420 MeV/c is
limited, the best fit to the spectrum is obtained by fitting
the E region with two Breit-Wigner functions: a spin-
zero ao~ resonance of mass 1412.8+5.4 MeV/c and
width 19.0+7.0 MeV/c, and a spin-zero E *E resonance
of mass 1475.0+3.8 MeV/c and width 50.6+12.7
MeV/c . This fit has a y„=1.13 (probability of 22.7%),
and is shown in Fig. 8(b). When the higher mass peak is
assumed to be a spin-one K*X resonance, the two peaks
are found to have masses of 1412.3+3.6 MeV/c and
1488.0+4.6 MeV/c, and widths of 25.4+4.7 MeV/c
and 81.6+8.0 MeV/c . The resulting y is 1.11.

The lower peak in the E region has mass and width
consistent with those of the f, (1 240) and the g(1420)
meson. In such a two-peak scenario, the higher mass
peak would be the ~ since its mass and width are con-
sistent with those attributed to that state.

VI. SPIN-PARITY ANALYSIS

A spin-parity analysis was performed on the events in
the EzEz~ mass region from threshold to 1630 MeV/c .
The analysis follows the Zemach-tensor method by per-
forming maximum-likelihood fits to Dalitz plots in seven
mass intervals. Complete details of the analysis method
are available in Ref. 30. Fits were carried out on the
6265 events satisfying kinematic fits and cuts, as well as
on the 2953 events with the t cut (r' )0.2 GeV ) imposed.

The Dalitz plots were analyzed in a manner which iso-
lated specific regions of the E~E~~ mass spectrum. The
data are divided into seven bins: f, (1285) region, lower,
middle, and upper E regions, and three sideband regions.
The mass limits and the populations of each bin are
shown in Table I. The Dalitz plots for the data without a
t' cut are shown in Fig. 9 for the three E regions and the
f, (1285) region. In these plots, each event is plotted
twice.

It was shown in the previous section that the EzEz
and the Ez~ e6'ective mass spectra reveal the presence of
the intermediate resonances K*(892) (in Ksm ), ao(980),
and a2(1320) (in K+K+). The K* will appear as bands at
m, 3 and m 23 =0.8 (GeV/c ), as is apparent in the upper
E region and the two higher sidebands. The constructive
interference between the E * bands causes the overlap re-
gion to be enhanced relative to the simple superposition
of the bands. The threshold Kg Ks resonance ao(980) ap-
pears as a diagonal band across the upper edge of the
plots, and is seen in the f, (1285) region, as expected,
since the f, (1285) is known to decay into aom (Refs. 1, 5,
and 7). In the lower and middle E region (the region of
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TABLE I. Dalitz-plot-fit region limits and populations.

Region

f, (1285) region
Sideband 1

Lower E region
Middle E region
Upper E region

Sideband 2
Sideband 3

Mass range (MeV)

1260-1300
1300-1390
1390-1430
1430-1460
1460-1530
1530-1580
1580-1630

Events

98
138
155
131
350
205
286

Events t'&0. 2 GeV

57
81

101
82

182
83

111

the K'K threshold) the K* and ac(980) bands overlap,
and thus the apparent bands could be due to the aom
and/or the K*K final state.
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f, (1285) region, (b) the lower E region, (c) the middle E region,
and (d) the upper E region. Fach event is entered twice in these
plots.

The tensors were constructed according to the isobar
formalism, in which the decay is assumed to proceed
through the formation of an intermediate, two-body reso-
nance. The spin of this resonance is represented by a co-
variant tensor which has zero timelike components when
evaluated in the two-body rest frame. The spacelike part
of this tensor is used to represent the helicity of the two-
body resonance in the three-body rest frame.

The formation of resonances results in an increased
population density in the region of the mass of the reso-
nance. Thus, the energy dependence of the population
density includes a parametrization of this resonance
structure. Two such resonances are expected in the
analysis region —the K*(892) and the ac(980).

I „„=g„q„,
~zr7 g«& ~

I;=either I „„orI zz .

(3)

[This form is referred to as a 5 parametrization, in refer-
ence to the old name for the ao(980). ] The factor q„ is
the breakup momentum of m, 2 into the gm final state and

qz is the breakup momentum into the KK final state.
The ao resonance mass is given by m, . The coupling

0

strength to each decay channel is represented by the con-
stants gz and g&. I z and I"z& are the partial decay
widths into each decay channel. The factor I 0 is the in-
coming width. Defining qo to be the breakup momentum
of the qm system when m„=m, , I 0 is then defined as

0

I c=qcg„. For the fits presented here, the ratio glr/g„ is
taken to be 1.5—the value predicted by SU(3) calcula-
tions. The resonance mass m, is 983 MeV/c, as

determined from observation of this state in the gm decay
channel.

A more rigorous treatment of the 5 parametrization
involves expressing the term m, (observed in the KK

0

channel) as a function of the coupling strength ratio
gx/g„. A parametrization of this form was also tried
and was found to give essentially the same results.

The tensors included in the Dalitz plot fits are given in
Table II. Spins of J=1 and 0 are allowed, involving
therefore tensors of rank 1 (a three-vector) and rank 0 (a
scalar). The angular momentum L between the K' and
Kg (or between the ao and the n. ) is allowed to be 0 (S
wave) or 1 (P wave) only. There have been no previous
experimental results which have indicated the presence of
resonance states coupling to the K*K(D) or aom(D)
(L =2) channels in KKm from threshold through the E
region. Higher-L, states were therefore not included in
the fits.

The K* is parametrized by a Breit-Wigner resonance
function. The ao(980) is known to decay into both the
gm. and KE final states. In fitting both decay channels,
the resonance has been parametrized by a coupled-
channel resonance form given by Flatte: '

m, Ql ci;
m, —m, 2 im, (—I „+Ixz)0 0
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TABLE II. Tensors describing the spin-parity and decay-channel combinations alllowed in the fits to
the Dalitz plots.

Decay channel (I.)
Background

aom(S)
aox(P)

K*K(S)
z*a(p)

Spin parity

0
1+
1+
0

Amplitude'

constant
(+p)

(F+)(p3)
[Fs~(13)(t,3)+Fwv(23)(t23)]'

[Fs~(13)(t» pz)FBw(23)(tz3 p&)]

'Subscripts 1 and 2 refer to variables of the IC&'s, subscript 3 refers to variables of the m .
FF denotes the Flatte parametrization of the ao.

'FB~ refers to the Breit-Wigner resonance form of the K*.
t;j is the three-vector part of the covariant form of the vector pj —p;.

Each of the functions in Table II represents a K&K&m
state of a specifi spin-parity and decay channel, referred
to here as A'~, i indicating the decay channel. Each
spin-panty amplitude A ~ is the sum of the decay chan-
nels of like spin, and the intensity is the absolute square
of this sum (where it is assumed there are two decay
channels a and b):

5 +, where the subscript indicates the interference be-]+/
tween the decay channels of the 0 and 1+ waves. The
logarithm of the likelihood, lnX, for a plot of X events is
then

N

=a [A'
[ +a /A

+u, ai, cos5,b([A'~ A, i+iA~,*A;)) . (4)

Here a; are the constants which determine the contribu-
tion from each decay channel. In Eq. (4), the final term
represents the interference between the decay channels of
like spin, where the coherence is a variable of the fit, here
indicated by the parameter 5,b. Each of the terms in the
absolute value in Eq. (4) is normalized over the available
phase space p and is acceptance corrected:

/Ai )2— (5)IW(p)i A",(p)i dp

To compare the fit results across the entire fit region,
each parameter is normalized by (g; a;a ) and multi-
plied by the number of events per 10 MeV in the fit re-
gion to compensate for the uneven bin sizes. The intensi-
ty of a spin-parity decay-channel combination g, is the
normalized square of the parameter multiplying it:

X
ga;a. w

where m is the width of the bin . The intensity of the
spin-parity state g p includes contributions from both de-J
cays (a and b) as well as the interference factor:

where the primes indicate the unnormalized function and
W(p) is the acceptance function.

The overall intensity I at point (m f3, m&3) is then a
sum over all spin-parities,

7/ p
Ag +

cled

+2Rg EKED cos5gg

gu;a w
lj

g~ A (m &3, m@3)~
II(m, 3,m23)= g(a,.a, )

in which the normalization factor g;~(a;a ) is included.
The likelihood X for the entire plot is the product of the
intensities given by Eq. (6) calculated at each point in the
plot (for Xpoints in the plot):

N=III .
j=l

In fitting, the program MINUIT is used to maximize the
logarithm of the likelihood for the plot by adjusting the
Gve values a; and the two interference angles 5 and

The values g; and g ~ are those that are plotted when

summarizing the results of the fits.
To test the method and to fully understand the statisti-

cal limitations inherent in our data, Monte Carlo samples
were generated (with acceptance effects included) with
the same number of events as are present in the data with
several combinations of decay-channel contributions.
Plots generated with combinations of K*K(S) and
K*K(P) waves lead to fits with the generated values of
the parameters in all three E regions. On the other hand,
fits to plots generated with equal contributions from the
K*K(S), ao~(S), and background waves led to fits which
tended to have too small of a contribution from the gen-
erated ao~(S) wave in the lower and middle E regions.
This effect was found to be due to statistical limitations.
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It was found that twice as many events were needed in
the lower E region, and 10 times as many events were
needed in the middle E region to consistently reproduce
the generated values of the parameters. In the upper E
region, plots generated with the same number of events as
the data successfully reproduced the initial parameters,
refaecting the movement of the K* band away from the
ao(980) region.

The error analysis for the fits in the E regions was care-
fully done to take into account the statistical limitations.
Monte Carlo acceptance-attenuated plots were generated
with the fitted parameters and the same number of events
as in the data. For each E region, 100 Monte Carlo sam-
ples were generated and fitted. A distribution was pro-
duced for each variable from the Monte Carlo fit results.
The error is determined from the assumption that 68% of
the fits will fall within +o. of the central value. The o.
thus derived is shown as the error bars in the E region in
Figs. 10 and 11. (Outside of the E region, the error bars
shown were calculated from the covariance matrix of the
fit which generally produced smaller errors. ) In cases
(lower and middle E regions of the t-cut data) where the

error bars are asymmetric, the result of the original fit
does not correspond to the center of the Monte Carlo dis-
tribution for that parameter. The horizontal error bars
on each point indicate the extent of the fit region in
KsEsm mass.

Results of fits to data without a t' cut are shown in Fig.
10. The fits for the f, (1285) region indicate a large con-
tribution from the 1++ wave, consistent with production
of the f, (1285). The suggestion of a sizable contribution
from the 0 + wave in this region is interesting in light of
possible g(1280) production, but while the contribution
from 0 + is —', that of the 1++ wave, the large uncertain-
ty in the 0 + intensity makes definite conclusions
dificult. Both the 0 + and 1++ contributions in the
f, (1285) region are observed to be mostly aom.

In the E regions the 1++ wave rises quickly to a steady
value, primarily due to the K E(S) wave, above the
lower E region. In the lower E region the 1++ wave is
entirely aon. (P). The total 1++ wave intensity is con-
sistent with a nonresonant rise across the E region.

Results of fits to the data with the cut t' & 0.2 GeV are
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TABLE III. Decrease observed in the logarithmic likelihood
when individual waves are removed from fits (t'-cut data).

Wave
removed

Decrease in in/ by region
Lower E Middle E Upper E

K'K(P)
K*K(S)

2.5
0.2

7.3
0.9

1.7
24.5

aors(S)
aom(P)

0.3
0.0

1.1
1.2

11
0.6

aors(S and P)
K*K(S and P)

6.2
2.6

4.6
12.0

1.1
41.6

None 633.7
in/ of the best fit

503.4 921.1

shown in Fig. 11. The t' cut enhances the 0 + wave rel-
ative to the 1++ in each region except the f&(1285) and
those sidebands above the E. The f&(1285) region is
nearly 100% 1++ aon(P) wave in this . fit. In the E region

the overall 1++ wave [Fig. 11(b)] rises smoothly from
K*K threshold as observed in the uncut data.

Table III shows the change in likelihood resulting from
the removal of various waves from the fit in the E re-
gions. It is clear from this table that an aors contribution
is needed to fit these regions. However, the At cannot dis-
tinguish between the 1++aom(P) wave and the
0 +aom. (S) wave contribution with the low available
statistics. The ambiguity between the two aors. waves was
also apparent in the Monte Carlo study of the lower E re-
gion. In fact, during the systematic study of the statisti-
cal significance of the fits to the data, an alternate solu-
tion was found in the single bin centered at 1410 MeV.
This solution, shown in Fig. 11, arises from substituting
aors(S) wave for the ao~(P) wave in the fit

The peak in the 0 + wave is consistent with the single
Breit-Wigner fit to the E region described earlier (particu-
larly with the alternate solution in the lower E region),
but is also consistent with the two Breit-signer fit when
both peaks are assumed to be spin zero. The solid curve
[Fig. 11(a)] represents a Breit-Wigner resonance at 1455
MeV/c of width 100 MeV/c, corresponding to the
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single-peak fit to the E region. The mass and width, com-
bined with the 0 + spin-parity assignment, are consistent
with the identification of this peak as the i,(1460). The
dashed curve [Fig. 11(a)] represents the sum of the two
Breit-Wigner resonances in the two-peak fit. The one-
and two-peak fits appear to be equally consistent with the
Dalitz-plot fit results. The sharp rise observed in the
1+ intensity [Fig. 11(b)] at about 1500 MeV/c is con-
sistent with the production of If*If(S) wave background.
Thus the Dalitz-plot fits support the conclusion that the
structure in the E region is due to the production of one
or two pseudoscalar resonances in the presence of a rap-
idly rising 1+ (mostly X'K) background.

VII. SUMMARY AND CONCLUSIONS

The E&K&~ final state in the reaction

~ p Zszs~'n

has been investigated. The KzEz~ effective-mass distri-
bution from this event sample contains evidence of
fi (1285) production as well as a broad enhancement over
a quickly rising background in the 1400—1500-MeV re-
gion. No statistically significant enhancements were ob-
served at higher mass.

The two-body effective-mass distributions (EsICs and
Asm ) indicate production of ao(980), a2(1320), and
K *(892 } resonances. The ao (980 ) is observed as a
threshold peak in the K&Ez effective-mass distribution.

The KzEzm. system is produced peripherally. In the
region below 1.5 GeV/c, the events are produced with a
much Aatter t distribution than those above this mass. A
cut on the momentum transfer, —t') 0.2 GeV was ob-
served to enhance the peak seen in the E region. In
fitting the K&K&m effective-mass spectrum with two or
three Breit-Wigner resonances and a background, two
solutions were found. In both solutions, a peak in the
f i(1285) region was observed with a mass and width of
1282 and 18 MeV/c, respectively, consistent with
fi(1285) production. In the first solution, the enhance-
ment in the E region yielded a Breit-Wigner mass of 1453
MeV/c and a width of 100 MeV/c . The second solu-
tion had two Breit-Wigner fits in the E region with
masses of 1412 and 1475 MeV/c and widths of 19 and
51 MeV/c . (Somewhat broader fits resulted if the
enhancements were assumed to have spin 1.) The two-
peak fit in the E region has a y probability of 28.8%%uo

which is somewhat preferred over the single-peak fit
(probability of 2.7%).

Fits to the Dalitz plots at various masses are character-
ized by an aom 1++ peak in the f, (1285) region and a
sharp rise of the 1++ %*K S wave to a steady value
above the X*Kproduction threshold. The 0 + intensity

shows evidence of peaking in the E region and this peak-
ing is enhanced when selecting on larger t'. Both the sin-
gle Breit-Wigner fit and the two Breit-Wigner At to the E
region are found to be consistent with the peak observed
in the 0 + intensity. These conclusions are even better
supported by an "alternate solution" found in the lower
E region.

The results on the fi (1285 ) region —spin-parity, decay
channel, mass, and width —all agree with the parameters
of the fi(1285), in agreement with observations of previ-
ous experiments. ' '

An important observation of this experiment is that
the peak observed in the E region is different than that
seen in lower-energy peripheral hadroproduction experi-
ments and is consistent in mass, width, and spin-parity
with the i,(1460) observed in J/f radiative decay. The
il(1420) enhancement observed in these other hadropro-
duction experiments' is significantly lower in mass and
narrower than the structure observed here. These
differences are due most likely to a combination of the
fact that our experiment was done at higher energy, thus
possibly involving different production mechanism com-
binations, and perhaps more importantly, that our exper-
iment excludes states with C= —1 and the interference
effects caused by them.

If the i, (1460) is considered to be an admixture of qq
and gluonic components, its production in this ex-
periment might be expected to occur through the qq com-
ponent although hadronic production of pure gluonic
states is certainly possible. Also, because the initial
~ p state contains only u and d quarks, the observed sig-
nal might further be expected to be dominated by the uu
and dd portions of the wave function.

It is possible that the g(1420) and the i,(1460) are the
same state, whose observed mass and width have been
affected by a mass- and energy-dependent production
mechanism. In this case, our single Breit-Wigner fit in
the E region is the correct fit. However, if there are two
separate states in the E region (consistent with our
second fit to the mass spectrum), slightly different con-
clusions can be drawn. The narrow, lower-mass enhance-
ment would be the g(1420}. Its mass, width, and spin
parity are consistent with this identification. The
higher-mass peak would then be the ~. We note however
that the mass of this peak is, in this case, somewhat
higher (by -20 MeV/c ) than most observations of the i.

mass.
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