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ABSTRACT

A model incorporating K* resonance contributions and simple back-
grounds is shown to quantitatively reproduce the mass dependence of the
partial wave amplitudes governing the production and decay of the K° v+ x~
aystern. A fit of this model to these amplitudes conflrms the resonance
Interpretations of the well-established 1* X:(1400), :he 2+ K3(1430),
the 3~ K3(1780), and the less well-known 1~ atates, the K*(1410)
and the K*(1790). The 4* amplitudes are shown to be consistent with the
production and decay of the 4% KJ(2000). A second 2* enhancament nt
a mass of ~1.98 GeV/e? can be interpreted as resonant and may be the
radial excitation of the K3(1430) or the Lriplet partner of the KJ{2060).
New measurements of the masses, widths and branching ratios of these
states are given, and the Implications of these data for the spectroscopy of

the nonstrange meson asctor are discussed,
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1. Introduction

The spectroscopy of the light-quwk meson states in the 1-3 GeV/c® mass
range playn » significant role in the ongoing investigations in slementary parti-
cle physics, both as a probe of the gF potentiel and for the insight a detailed
knowledge of such spectra provides into the nsture of unusual states that have
been observed in this maaz region. The strange pissons appesr to be an ideal
place to study ¢ spectroacopy; the absence of glueballa and izoscalar mixing
makes the phenomenalogy of the strange mesons less complica: -d, the visible
decay of the K ewses expetimental accesa to states of uny chargo, and the states
can be casily produced with high-energy kaon beams. The two-body K« [1-3]
and three-body Kwx (4-14] systems have been the best source of information
on strange mesons, in both diffractive and charge-exchange reactions. However,
the K oystem can yield information on natural spin-parity amplitudes only. In
contrast, the diffractive production of the Kxn system iz dominantly via unnatu-
ral spin-pazity states, whereaa the charge-exchange production of the three-body
pystem i5 dominated by natural spin-parity amplitudes.

The present analysis makes use of dets on the ® 5T~ aystem produced
in the chorge-exchange reaction £~ p — K°xtx~n at 11 GeV/c and detected
in the LASS cpectrometer. The sensitivity of the experiment is —4 eventa/nb,
ani the data set used contains ~34 000 csents with m(A°x+x~) < 2.3 GeV/c?
and [#'} < 0.3 {GeY/c)?; this saample in approximately five times larger than any
previously studied,

A three-body Partial Wave Analyeis /P WA) shcws that more than two-thirda
of the events in this kinematic region ar: resonanily produced and subsequently

decay via quasi-two-body modes to the A°x+x~ final atate; the production of



natural spin-parity states is predominant. The partiz! wave amplitudes obtained
sre parametrized in terma of Breit-Wigner resonancea and simple backgrounds.
The resulsing fits yield measurementa of the masses, widths, and branching frac-
tions of the natural and unnatural spin-parity strange miesons that are produced

againai a recojl neutron.

The details of the experiment and the PWA can be found in ref. |15).

2. The K° «»*x~ Partial Wave Amplitudes

The K°x*x~ invariant mass epectrum for the X° x*x~n event sample is
shown in fig. 1. There are clear pealis at ~1.45 and ~1.8 GeV/c? und there is per-
haps a shoulder around 2 GeV/c? on top of a vroad continuum of sventa. Despite
the rather uncomplicated appearance of this apecliuvm, the partial wave analysin
uncovers an uiderlying resonance structure that is quite complex. The apin-
parity decompoasition of tha acceptance-corrected cross section in shown in fig, 2
where the contributiona to partial wave amplitudes of the same JF have been
added coherertly and the resulting intensity plotted as a function of Ko wts-
invariant mass. Clenr resonance signals are seen for 2% K3(1430), 3- K;3(1780),
and 1* K;(1400) production. The J¥=1" cross section has a shoulder around
1.45 GeV/c? followed by a dramatic peak at ~1.8 GeV/e?, with the cross section
falling rapidly above 2 GeV/c?. The further decomposition into the different iso-
bar partisl waves shows that thia structure results [rom the production and decay
of two previously abserved (14| 1™ stales, ane at ~1.42 GeV/c? {the K*(1410))
snd the other at ~1.74 GeV/c3, which is identified as the K*(1780). At high
mess, there ia evidence for 4+ K] (2080) production and decay. Finally, there ia

o bump in the 2t amplitude around 2 GeV/c? that may be resonant.

4



The parametera of Lhesc resonant states have been estimuated by performing
fits of resonance lineshapes and simple backgrounds to the K° »*r~ partial wave

amplitudes. Consider tlie pracesses
K p—Rn— a; bn, (1)

whete R s a resonant state that has k two-body decay meden a,b,, for y = 1 to
k. The mass and totod width of R are denoted by Mo and T!% and the partial
widths of the k decay modes of R are given by I'Y, § = 1 to k. The differential

cross section for ey (1) can be written as [16]

VM
dof, = F

MO: — M2 - iMp['tet

MdM. (2}

Here, M is the invariant mass of the a;b; system and, as ia ususl in physical
region Breit-Wigner fitting, nny M-dependence of the term F ie neglected. The
angular correlations in the final states are ignored as they are not relevant to the

following discusaion.

By dcfinition, eq. [(2) haa the phase space dependence of the final state

subsunied in the partial width I'/. The form of T7 used in this anzlysis is

- D619 (9)), @)

My
where Q, is the 3-momentum of a, {or &;} in the rest [rame of R, and 47 is calied
“he reduced coupling [17] and in a constant independent of M and Q, (7! has
units of energy). The function Dr,(Q;) is an angulnr momentum barrier factor

normally included in the partial width [18] Note that the last faclor in eq. (3)
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accounta for the M and ¢}, dependence of the a,b; phase spuce. The total width,
T!ot of R in defined as

k

ret - Zr:
=1
k
i)

In the inobar mode}, the decay of R into the final three-body system in pic-

{4)

tured an taking nlace first into a;b,, with a, subsequently decaying into the two
other mesons. 12 this context, Af in the invariant three-meson mass M, Using

eq. (2) to write down the probability for this decay chain, the differential cross

gsection becomen

do — F[ ’Q:-n—%( o DL, ?, ) '"\} Dy, (q,) | ]szd"w

Mo® = M? — iMoF®et | | m} — m? — im, It

_ VFy
Mo? — M? ~ iMoot

[ "°\/Dn,{0,>n:,(e, ]’dudsw
- m3?— .m I‘uo *
(5)

where mg and I‘;"’ are the central mass and width of a;, m is ite two-body

invariant mass, and ¢, is the 3-momentum of ane of the daughters of a; in the g,
reat frame. The infinitesimal dw® is dm?d cos 8dad cos fd-y, the ¢ channel helicity
angle & and the Euler anglea , 4, and « being defined for the a; isobar.
Equation {5) ie the form used io parametrize the resonance contributiona
of the partial wave intensities. It explicitly takes into account the phase space

for the three-body final state, suitably modified by the presence of the irobar.
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The intensities presented in ref. |35| correspond to the eight-fold differential croas
section integtated over a trivial lab azimuthal angle, the five variables deseribing
the isobar-bachelor system and the decay of the isobar, and the |¢’] interval from
0.0 to 0.3 (GeV/c)2, Hence, the expression in eq. (6) is also integrated over
these seven varlables to produce the predicted do/dM for a sesonant state. The
Partial Wave Analyeis {PWA} gives the intenaities and relative phases of the
three-body partial wave amplitudes raquired to describe the K° n+x— system up
to & three-body Invariant mass of 2.3 GeV/el, The resansnce contributions to
these partial wave Intonalties are determined by performing simultaneous 8ta of

Breit-Wigner lineshapea to the real and imaginary parts of the measured partial

wave amplitudes,

The parameters deacrlbing the resonance lineshapes are estimated by min-
imizing & x? functlon defined using the diffcrence vector of the predicted and
measured partial wave amplitudes and the (ull error matrix from the fit to the
partin} waves in ench mass bin. The error matrices from the PWA reflect the sta-
tistical uncertainties and correlationa of the amplitudes, but do not account for
the addicional unceeiainties srising fram other sources such an: {a) the exclusion
of statistically Insignificant partiol waves from the fAtted waveset; (b) the statisti-
cal errora in the Mante Carlo acceptance calculation; and (¢} the approximationa
of thie isobar model. The additional vocertainly from these sources hes been
estimatud to be ~30 events/(D.02 GeV/c?} and has been added in quadrature to
the statistical error of each partial wave amplitude. Since the typical statistical
uncertainty is of the order of 100 events/{0.02 GeV/c?), the inclusion of the ad-

ditional systematic nnceriainty hag little effect on the parametera extracted from
the x? fits.



The programy MINUIT (18] i» used to minimize the x? funetion. [n the
results that follow, the quoted atatistical errors are thase determined by MI-
NUIT and are based on the numericat evaluation of the second derivative of
the x? function at its minimum. In cases where ar additional error is quoted,
it is & systematic uncertainty that reflecta the senasitivity of the result to vasious

assumptiona, such as the form of the background parametrizations.

The quoted branching fractions are deflned by the ratio of the partial widths
evainated at the resonance mass My (to ke consintent with the definition used
by Lhe Particie Data Group [20]), Explicitly, the partial width corresponding to

the jth decay mode Is obtained from eq. (5) as

b3 { [ ar O 20901 ) } D
Mwm My

Mm [[m} ~mi)? + (m;[‘;“)"]

and it follows from eq. (5) that branching ratios based on eq. (B8) are equsi to
ratios of do/dM evaluated st M = M.

For most resonances, this definitian of the branching ratle differs from the
ratio of total cross sections becayse of the difference in rasonant lineshape for
different decay modes (due primarily to the energy-depondence of the partlul
width). Differential and totsl cross sections are quoted for the |¢/| bin 0.0
0.3 (GeV/e)? unless explicitly ststed otherwise, snd when given in events/0.02
GeV/c? they have not been coreected for isospin or X visibility. The sensitivity
of this experiment is 4.082 eventa/nb, and the K beanching ratio to »*x~ is
0.3431 21}, so that the factor to convert acceptance-corrected events to ubarns

in the K®ntnx—n final state is 7.141 x 101 in al] casca,



3. Results

3.1 ThE 1* K;(1400)

The 140* K°S* intensity distribution givtn in fig. 3(a) shows a peak at ~1.4
GeV/c? that resulis from the production and decay of the axial-vector K)(2400).
The lack of & eimilar eflect in the 1*0%pS intensity is consistent with thie inter-

pretation, as the K1(1400) is known to have & very emall Kp coupling [21].

Tha 1+0*K'S intensity in the mass region between 1.11 and 1.75 GeV/c?
was parametrized by & resonance lineshape with s quadraiic background that
had an arhitrary phase relutive Lo the resonant term. The 1.07 CeV/c? mass bin,
which is attongly affected by phase space, was not used in the it to detetmine the
K1(1400) parameters. Table 1 presents the results of the fit; the differential cross
section 4 given for the peak of the resonance, and the quoted aystematic errors
reflect the sensitivity of the results to different background parametrizations.

The result of the fit is also shown in fig. 3(s) and provides an excellent
description of the data. The values for the F;{1400) mass and width are in

good agreement with earlier observations of this resonance in e diffractively

produced three-body final etates (7-12] and in R® n¥x~n {13].

31 Cach pastisl wase smplitude ie apecifivd in the notation JF M¥(isobar)L, where JP and ¢
are the spin-parity and magaetic quantont pumbers of the state o question, which decaya
1o a quasi-two-hody etate consisting of the 120bar and harhslor mesnne with relative orbitxl
angular momentum L; n specifica the naturolity of the exchunged oystem in the t-channel.
For conciseness in specifying inohars and decay modes we use K*, K3 und p ita denote
K4 (492}, K3(1430} and p{TT0] respectively.
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Table 1

The 1+ K)(1400) parameters. The differential czoss section I quoted at the peak
of the resonance in events/(0.02 GeV/c?).

Ky (1400) =10 K5
Masz (GeV/e?) 1.373 + 0.014 + 0.018
Width (GeV/c?) 0.188 + 0.054 + 0.060
x’/DOF 7.4/7
do[dMy 545348418

3.2 THe 2* K;{1430)

The 210" KD and 2+0-pD partial wave Intenaitics show clear peaks around
1.44 GeV/e? that rasult from the production and decay of the tensor K3(1430).
The intensity distributions for the 240~ KD und the 210-pD partial waves are
shown in fig. 3(b) The evidence for reconant behavior in the 2¥07pD ampli-
tude is somewhat equivocal; not only does the 2*0"pD intensity have more
apparent background above the peak but its phase also moves backward rel-
ative 1o the phase of the 20~ K‘D wave indicating that it may have » #iz-
able nonresonant background ¢ontribution, These waves also show an enhance-
ment sround 2 GaV/c*; this efisct will be quantitatively discussed in a following
subsection,

It is poesible 1o it the intensities and relative phases of these 2% waves to
a I wave Breit-Wigner and a backgronnd amplitude, but the quality of the
fit depends on the form of the background for the 2'07pf). To extract the

K3{1430) resonance parsmeters in a relatively model-independent way, a fit to



tha 2¥0~ K'D, 21 K'D, pnd 2107 pD difiereniial cross sections was petformed
ignoring the relative phases of the two coherent n— waves. The results of this fit
are listed in table 2 and the predicted lineshapes for the 210" KD and 21001
weves are shown in fig. 3(b). The quoted peak value for the K*a differentia)
cross section is the sum of the M = D and M = 1 contributions. The value

for the Kp/K's branching ratio is in good agreement with the averaged warld

data [21],

Table 2

The 2% K3{1430) parameters. The differential cross sections are quoted at the
peak of the resenance in events/(0.02 GeV/c}). The H*x differential croes section
is the sum of the M = 0 and M = 1 contributions, and the Xpg/K*x branching
ratio is corrected for isospin.

K3(1430) — 2*0"K*D [ 2*0pD
Massg (GeV/c?) 1.434 £ 0.004 & C.006
Width {GeV/c?) 0.129 £ 0.015 1 0.015
x*/DOF 27.0/18
do/dMy(K*x) 970+ 71 + 60
da JdMs{ K p) 213429+ 15
BR{Kp/K"x) 0.293 + 0.032 + 0.020

4.3 THE 3 K3(1780)

The busps in the twe 3~ partial wave cross sections arcund 1.75 GeV/e? are
the experzied signature of the # wave K;(1780). In fitting these distributions,

which are displayed tn fig. 3(¢), a backgraund contribution is hardly justified

il



as they both ghow n resonance-like structure with little beckground et higher
K°x*x™ masses. In addition, the 30~ K'F and 3-07pF amplitudes ate ap-
proximately in phase up to & mass of ~ 2 GeV/c?. Hence, the 3~ intenaities and
relative phases are fit to a common Breit-Wigner lineshape without a background

amplitude, the relative phase offset of the two amplitudes being a fit parameter.

The results of the fit are listed in table 3. Because the 3~ cress sections do
not requite a nonresonsnt component in their parametrizations, the systematic
uncertainties of the differential cross sections are subatantially reduced comipared
Lo the systematic uncertainties for the 2+ K3{1430). On the other hand, the sta-
tistical errors ere larger because of the emaller resaonance signal. The lineshapes
predicted by the fit, shown in fig. 3(c}, are in good agreement with the measured
cross sections, The Kp/K'x branching ratia is in mild disagreement with the
95% confidence level (CL) upper limit of 0.77 quoted in ref, |14], but s in agree-
ment with most quark mode) predictions of approximately equal partial widths
for the Kp and K*» decay modes. The fitted angle is the phase of the combined
production and decay amplitude for the K3(1780) - - Kp wave relative Lo the

same combinatien for the K *n decay.

Tlie 3~ Kjr partial waves are not statistically significant and a0 were not
intiuded in the set of fitled partial waves. Therefore, to place an upper limit for
the K}({1780) pertial width into K] x, the partial wave fits were repeated with the
inclusion of the 30~ K;D wave. The measured 3 "0~ K;D intensity in the region
of the K3{1780} ia then used Lo estimate the amount of 3 K7 cross gection
that could be associated with the K3{1780). This value is quoted in table 3,
but since the 30~ KD wave shows no sigrificant structure this estimate should

properly be vsed to place an upper limit on the KJ(1780) partial width inlo the
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Table 3

The 3~ H3(1780) parameters. The differentiz] cross sections are quoted at the
peak of the resonance in events/{0.02 GeV/c?). The branching ratios are cor-
rected for isospin, and for the K*(1430) — K branching fraction.

K3(1780) —3 0~K*F [ 3707 pF [ 370" K3D
Mass {GeV/c?) 1.740 £ 0.014 £ 0.015
Width (GeV/c?) 0.171 £ 0.042 £ 0.020
x?/DOF 16.6/17
do/dMa{K " n} 20) + 36 + 14
do/dM3(Kp) 229+ 53 + 15
do[dMs{K3n) 36 £ 17
BR(Kp/K*n) 1.52£0.21 £ 0.10
BR(K;»[K"x) < 0.78 (95% CL}
¢(Fp wri K*x) (rad) | 3,26+ 0.10+ 0.05

K3n fnel state. Such an upper limit ir quoted in table 3 for the Kix to K°x
branching ratio; in addition to the isospin correction, this branching ratio has

also been corrected for the X;(1430) branching fraction into K« (21].
3.4 THE 1~ RESONANT STATES

The hehavior of the 170~ K *P and 1 "0-pF cross sections and relative phases,
shown in fig. 4, indicates that these amplitudes have ot least two rescnant parta,
one at low mass contributing only to the 170~ K*P wave and the other at high
mass contributing to both the 1 &7 H'P ai.d 1707sFP cross sections, A model

with these ingredients provides a good descriplion of the data.

The 2* wave, heing dominated by the K3 (1430), is used to define the absolute
phase behavior in the mass region below 1.6 GeV/cl, while above this mase the

absolute phase behavior is determined by the 3- partial waves, The 170" K'P
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amplitude i assumed to be dominated by a resonance in the region of 1.4
GeV/c?, and at higher mass by the same resonance that describen the behavior of
the 17070 P amplitude. A quadratic background is allowed to contribute coher-

ently to the 10" K'P amplitude, but this term is not necessary to achieve a

reasonable fit.

The complete fit, which has 18 free paranelers describing the 1~ ampfitudes
and the relative phases of the 270~ J*D and the 3 wavea, is used to estimate the
masaes, widths, and normalizations of the two 1~ resonances. The 2% K3 (1430)
and 3~ KJ(1780) resonsnce parametera are fixed to those listed in table 2 and
table 3, respectively. The tesults of the fit are listed in table 4.

‘The predicted and obaerved intensitiea end phases for the 240~ KD and the
3~ waves sre shown in fig. § and the similay comparison for the two 17 waven ia
shown in fig. 4, This five-wave model is able to reproduce all of the features of the
measured amplitudes quite well, The 170~ K'P amplitude is understood to arise
frotn the coherent sum of the two P wave resonances. The fit Jetermines that the
product of the production and decay coupling phase for the higher masa resonance
is ~ 220° forward of the same phase for the lower mass resonence. This hraplies
that the leading edge of tha broad, higher mass state interferes destructively
with the lower mass resonance as the phase of the lower mass state advances
through 90°. At higher masa, thia interference continues to be deatructive as the
absolute phase of the lower mass state spproaches 180° while the higher mass

siate resonsies,
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Table 4

The resuits of the 1° fita. The paransters of the 1= staten determined by the
three different fits are listed below. The low and high mass stutes are denoted e
K; and K, respectively.

1 Fit to the 2¥0~K*D, the 1-, and the 3~ waves.
Mass, {GeV/cl) 1.4Z1 4+ 0.007 £ 0.010
Width, (GeV/e?) 0.240 £ 0.018 + 6.012
Miassy (GeV/c3) 1.745 + 0.01¢ £ 0.020
Width, (GeV/c?) 0.423 & 0.018 + 0.030
x*/DOF 125/713
do/dMy(KS -+ K*x) 1691 + 133 + 150
do[dMs (K} — K*7) 1146 + 768 + 170
duo/dMy(K} — Kp) B13 4 42 + 30
BR{K, - Ko[K] — I{*x) 0.97 o_ogjg::g
$(K3(1780) = K*'r wrt K} — K's) (rad) 2,63 + 0.08 £ 0.05
S{H3(11R0) — Kp wrt Kg — K'x) {rad) 5.77 + 0.12 2 0.05
¢{K3(1430) — K'r wrt K} — K'r) {rad) 5.05 + 0.09 & 0.05
(K} — K'x wit K ~ K*x) (rad) 799 +0.03 + 0.05
$(K; — Kpwrt K3 — K*x) (rad) 0.36 + 0.05 + 0.05

3.5 THE 4t AMPLITUDES

The summed 4% crosa section shows a bumip at ~2.1 GeV/c?, but the signil-
icance of this atructure in the individual 4% partial waves is difficult to estimate
(cf. fig. 6). The observed enhancement is consistent with the production and
decay of the G wave K;{2080) but it is nol possible to ascribz it unambiguously
to this state because the measured relative phases are too unreliable to determine

if the amplitudes behave resonantly,



However, if one assumen that the bulk of the enhancement is due to K(2060)
production and decay, it is then possible to estimate its branching fractions into
the X'x, Kp, and ;% decay modes. In fig. 8, the 4*0~ X°G intensity shows
the cleareat indication of a bump and 80 there is little systematic uncertainty
involved in estimating its size; the 4°0 G and the 470" XF partial waves, on
the other hand, do not show an abvious resonant signal, which makes it difficult
to determine the size of the resonant componeat. For thia reason, upper limits are
also guoted for the J({(2060) differential cross sections into these final states. The
4?1 partial wave intensities are fit to a common fesonant lineshape assuming no
btackground contribution to the amplitudes. The masa and width of the resonance
are fixed at 2.060 and 0.200 GeV/c?, respactively, these values being reasanable
choicen hased on the two published measurements of this state (2,3, and the
resulting fitted line-shapes are ahown aa the curves in fig. 5. By assuming no
background terms in the fit, conservative upper limits for the 4* Kp and A}x
differential cross sactions can be obtained fram the fitled peak intensitiez and
their uncertainties. (Allowing a background does not alier the fit result for the
410" K'G peak intensity, but does reduce the gize of the resonant contribution
1o the 4t07pG and 4¥0™ KF mtensities.) These fitted peak intensities and their

corresponding 95% CL upper limits are given in table 5.
3.6 THE 2t AMPLITUDES AT HICK MAasS

The 20" K*D and the 2?0-pD intensitiea show a large enhancement at ~2.0
GeV/c?, which may be evidence for a secand resonant 2* state. To test this
hypothesis, the inteneilies and relative phaces of these two waves are fit to a

resonant lineshape in the mass region above 1.69 GeV/c?. The absolute phase



Table 5

The resulis of the 4% fitsa, The values are obtained assuming that all of the
4% intensity results fram K ({2060) production, and are expressed in units of

events/(0.02 GeV/c?). These values have not been corrected for isoapin or for
the branching fraction of the K (1430) into K.

R Final State do /dMy sl Peak
Fitted Value 95% CL Uwper Limit
. — 1
K= 120+ 26+ 17 < 173
Kp 501+ 14 %15 <137
A3n 42 £ 14+ 15 < B2

is set by using the phase behavior of the 1707 A ‘P reference wave determined

fram the simuitaneous fit to the 170~ K*F, the 1-0"pP, the 2*0~- K*D, and

the 1~ waves,

1t is not possible to achieve a good 1 to & model with & single resonance with-
out including a bsckground term which is significant above 2 GeV/¢?, Thereforea
coherent, linearly-rising background iaintroduced into the amplitude parametriza-
tion for both 2+ waves. The fitted resonance porameters are ingensitive to the
detaited form of this background. The results of the fit are shown in table 8.

The predicted lineshapes are compared with the measured intensities and
phases in fig. 7. The agreernent with the data is reagonable, aithough the mea-
suted intensities behave somewhat erratically. The messured absolute phases,
which show ~90° of forwnrd motion, are well reproduced by the fit. These re-

sults confirm Lhat a resonance interpretation of the 2% enhancement is consistent

with the daia.

However, 8 stronge- conclusion without sdditional dats is not warranted.

First, although the intensities of the 20~ K*D and the 2¥07pD rise abruptly
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Table 6

The fits Lo the high mass 2+ amplitudes. The differential cross sections are quoted
at the peak of the rescnance in events/(0.02 GeV/c?). The Ky/K*n branching
ratio is corrected for isospin,

Fit to the High Mass 20~ K*'D and 240 pD Amplitudes
Maas (GeV/c?) 1.973 + 0.008 & 0.025
Width (GeV/c?) 0.373 + 0.033 £ 0.060
x?/DOF 32.1/21
do [dM3(K* %) 230 £ 344 14
da [ dM;( K p) 448 + 36+ 15
BR.Kp/K"x) 1.49 + 0.24 £ 0.09
S{Hp wet K*nx) (rad) 0.45+0.10 £ 0605

around 1.8-1.9 GeV/c?, their persistence above 2.1 GeV/c? raites questions about
the uniqueness of the single resonance interpretation. In fact, the date cannot ex-
clude a two-regonance model with the second resonance being somewhat higher in
mass. Secondly, the interpretation of the phase information is modei-dependent
heceuse the absolute phase is set using the two-resonance model of the 1~ waves;
this is perhaps not a serious problem as the behavicr of the 3~ waves constraine
the absolute phase of the teference wave up to ¢. mass of ~ 1.8 GeV/c). Thirdly,
the behavior of the 270~ KJP amplitude does not appear to be completely consis-
tent with this interpretation; its intensity do=s not show a comparable enhence-
ment araund 2 GeV/c? in mass but ita re*ative phase behavior mimica that of the
other 2% waves. It is possible Lthat the 240~ K}P has & resonant component but

the lack of structure in iis intensity makes such an interpretation uncertain.
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4. Discussion
4.1 THE WELL-ESTABLISHED STATES

The PWA hes identified several states, some of which are well-establiahed g§
excitations. The tensor KJ(1430) ia the 15/ member of the L = 1 orbita) exci-
tation, The axial.-vector K {1400) is understood to be almost equal mixtures of
the two lawest-lying 1* stzange mesons, the 1! Py and the 13 P}; since the strange
mesons are not charge-conjugation eigenstates, such singlet-triplet mixing Is al
lowed, The unseen member of the I = 1 muitiplet, the 0+ K;{1350), cannot

decay to K°xta- because of parity conservation.

The next leading natural apin-parity atate, the 3~ K3(1780), is the obvious
candidate for the 3~ resonance siructure in the K'sx and Kp final states. Al
though the observed mass of this resonance is about 0.04 GeV/c? below the world
average of ~1,780 GeV/c, the disagreement is less than a two standard deviation

effect. This state ia a member of the L = 2 multiplet, namely the 13 Dy.

The PWA shows evidence for the production and decay of the a* K}(2060),
although resonant behavior is nol clearly required by the data. This resonance
ia the leading member of the L = 3 multiplet, the 13F;, and has been observed

previously only in the K'r decay mode.
4.2 THE INTERPRETAT:ON OF THE 1~ STATES

The behavior of the two 1™ partial waves is wel underslood in terms of a
model that incorporates a reonant etate with a mass and width of 1.42 and
0.23 GeV/cl, respeclively, coupling only to the K*x decay mode, and a secend

state with a mass and width of 1.73 and 0.43 GeV/c?, respectively, that couples
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to both the Kp and K*x finel states. This confirms the ensentizl resulta of the
meat recent K° x*x~ PWA [14] where these two states were observed and ralled
the K*(1410) and the K*(1798). The higher mass state is now measured to
be significantly lower in mass and broader than in ref. |14}, but the observed
behavior of the amplitudes in the two apalyses is consistent. It appears that
the diszgreement in mass and width resulis from the oxplicit parametrization of
the data. If the measured 1~ waves are fit using the parametrization employed
in ref. [14}, the fitied mass increases by ~0.05 GeV/c? and the width decreases
by ~0.05 GeV/e?. This difference in parametrization arises from the failure of
the authore in ref. {14] to include the effect of three-body phase space an the
resonance lineshape; the increasing phase epace a8 a function of three-body maas
implies that the observed resonance peak in the differential cross section will be
shifted up in mass by an amount that depends on the width of the atructure,
For a resonance with & width of 0.4 GeV/ed, this meas shift turna out to be

~0.04 GeV/c2.
In the quark model, these twn vector states may be:
1. tue 235 state. which is the first radial excitation of the K*(892);

2. the 1*D, level, which is the member of the L = 2 mulliplet containing the
3- K4(1780); and

3. the 338, which is the second radial excitation of the ¥ *{892).

The othee candidate ¢ 1~ atates are heavier radiat excitations of these three
and can be ruled out because their expected masees are too high. 1t is conceiv-

able that the obaerved resonances could be mixtures of these three candidate
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states®™ and this possibility canno! be excluded o priori. However, it in argued
below that the lower mass staie is predominansily 2°5) while the upper state must
bs.mostly 131,

The proximity in mass of the K*(1700) and the 3 K3(1760) makes the
atgociation of the high mass state with the 13 D¢ quite attractive. Besides this
amall splitting, the total and partial widths of the high mass 1~ state agree
falrly woll with those predicted by various quark model calculations. In contrast,
the mass of the K*(1410) !s 20 far below the mass of the 3= K3(1780) that ita
aasignment as the iriplet partner to the 3~ can be sefely ruled out. This means
that the K*{1410) can be aimply understood onliy ua the radisl excitation of the
K*(092); this then raizes the posaibllity that the 1~ X *{1700) is the second radial
excitation of the X*(892), or nome mixiure of this state and the 12Dy stata.

Most theorstical predictions for the muss of the radial excitation of the
K'(802) place (t nround 1.8-1,7 QeV/e?, in disagreement with the assignment of
the K*(1410). Howavar, the ohserved decay properties of this resanance tend to
support its Interpretation as s radial excitation. Several quark mode! caicula-
tions [22-24) have indlcated that the decay of a radial excitation of a 35) state
into o two-body final state with a large venter-of-mass {CMS) kinetic energy
in suppreseed relative to decoy modes with smaller values of CMS momentum;
thit suppression arises from the racial node(s) in the wave function of a rodi-
ally excited state. Al’.ough these calculsiions are model-dependent tecaus- of
the way selativistic effecis are incotporated, the prediction of 2 weok two-body

32 Such mining of pure ¢ stules to yield the physicolly oboerved states is not withool prece-
deat in meson spectroncapy: (s the sicange mveson cector, the two 1 stotes H, (1280} and
K, (1400} (xa mentionsd sbove) sre beEered to be mintures of the 11 F) and the 12 P qgowk
made! stares; ond in the coarmoniom sector, dhe 225, and the 1D stalar mix wealkly to
give the choerved SH{3685) and the ${3770).
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coupling for the radially excited vector states is a peraistent resuit. This predic-
tion has the following consequences: in the steange sector, the radio) excitations
should prefer to couple to *x ar Kp and not to K'x; the radially excited isovec-
tora should not couple atrongly tw the nx decay mode; and the charmonium

radial excitations akould decay strargly into etates such as 2D and D°D* and
not into DD,

There are s number of experimental observations that support this predicted
decay systematic. In the charmanium seclor, the ¥(4030) (the 398; o# state)
prefers to decay via [)* D* instead of DD although the former 15 very closa to
threshold. The situation with the isovectors ia still quite eonfused, but a conals-
tent interpretation of the data in possible dliat not only sgrees with the madel
predictions but aiso explains 2averal mysteries. The two candidates for the Bt
radial excitation of the p(770) are the 2(1250) and the p(1600). The p(1250) has
unly bren secn in the wa decay mude with little avidence of it in #x (inul states,
If we nssume that it 15 & real 1™ state, then it can be understoad oaly as the
Gire’ radisl excitation of the p(770) on the basls of the arguments used above in
the case of the K*{1410). Ita lack of coupling to ww would then b a reflection
of its radial nature. This interpretstion of the p(1250) Ste in nicely with the
sasignment for the K°{1410}, as the mass splitting of the two states agrees with
that expacted for the strange and isovector states of the saiae nonet. This alse
implies that the p(1600) ia probably the 12D partner of the p3{1650). However,
it should be noted that the siatus of tha p{1250) is very poos; the moet recent
photoproduction experiment analyring the wx channel could not unambiguously
confirm or deny its existence |25, whik o recent onalyeis of the same channel
moduced in et e~ coliisions appears to rule it oat {28}



In eurormary, the interpeatation of the 57°(1410) ss the 2°S; atate Is proferred.
its mzsignment as the 13D, is not tenabie, as this implies Iasge L = 2 multiplet
mass eplittings. The higher meas 1~ sinte could conceivably correspond Lo a
suporposition of the 1*D; and the 38, etates; however, in light of the arguments
presented for the X*(1410), the obsarvation of s etrong #'x decay moda [3] would
suggeat that ity Interpretaiton as 19.D; Is the more likely,

4.3 THE BIGHER MaASs 2+ STATE

Thesecond resanance likeenhancemeont in the 2% amplitades at ~1.87 GeV/c?
has two poesible quark model Interpretations: {a) it i the 23P;, i.e. the radial
recurrence of the KJ(1430); cr, (b) it is the 13F5, the pariner to the 41 K;(2060).
Two comments can be made conicorning the possible assignment:

1. The muss of the 23P state predicted by Godfrey and lsgur (27} s ~1.94
GeV/c?, which s in good agreemont with the estimated mass of the reso-
nance. In contrast, the 13F; atate i expected to be nearly degenerata with
the K (2080) as the multiplat splittings are expected to (and dol) decrease
with increasing orbital excitatlon. However, becayse the theoretical uncer-
tainty of th. a0 mass splittings is quite largo, the arbital assignment cannot
be ruled aut.

2. A candidate for the 2°P; state hoy been obaerved in the Kx data [3] at &
mass of ~1.9 GeV/e?, The sssocietion of the 2+ state with this resonance

Is implied from the amall mass splittings between theze two atates.

Although each of the above srguments favara the radial interpretation, bath are
weak and 80 a definite aggignmens; is nob poseible; it in conceivable that both of



e expected 2* otates are biving obterved, whick may account for the “fat-tap®
appearance of the Z¥ partial wave intersities sbove 2.0 GeV/e?,

5. Conclusions

The behavinr of the X*x*n~ partial wave amplitudes is well dsseribed by
a model incorporating several reaonance conttibutions, This model Is able to
repreduce the observed otructures in the differentinl cross sections, ss well m
the measured relative phase bohaviar o the coherent partial waves. The masses,
widths, and branching fractions of several strange meson states ate obtained by
fitting this model ta the extracted partial wave amplitudes. The most likely
quark model state assignments and our results ate summarised in table 7 and
fig. 8; the lutter also includea & compazison of the measured and predicted [27]
mang values.

The 1*0*K*S amplitude shows s clear K;{1400) structure sitting on littla
backgroond. The fit to this amplitude provides s new measure of the masa and
width of the K;(1400) without the complications introduced by the large non-
regonant 1t emplitudes present in the diffractivoly produced K=z fnal state,
The 2+ tc;iuso). a triplet partner to the K;{1400), accounts for the lnsge en-
hancement in the 240~ K*D and 2¥07pD ccoss section around 1.44 GeV/e3, Its
messured mass, width, and ratio of partisl widths into X2 and K 'x_;unﬂrm the
previously measured propersties of this state,

A second enhancement in the 2% cross section, observed at ~2 GeV/e? decay-
ing into both Kg and K*x, in ca.asistent with a resonance interpratation. The fit
to both decay mudes assuming s single resonance gives s mase and widih of 1.07
ard .37 GeV/c?, respectively. Two strange ¢ excitations are expected in this
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Table 7

The most likely quark model assignments and measured mass values for the
resonant f°xtx" states observed in this experiment (all seen in K'x); other
seen decay moden and relative branching ratios are also given. Quoted errors are
obtainsl as the sum of the statistical and systematic errors.

Spin-Parity | Probable | Mensured Mass | Other | Branching Ratio

{isobar) g state {GeVv/c?) Decays (K's=1)

1K' 235, 1420+ 0.017
13D, 1.735 £ 0.030 oK 0.97+23%

YK 13R 1.434 + 0.010 pK 0.20 % 0.05
23p 1,973+ 0.033 pK 1.490£0.33

I K 120, 1.740 £ 0.029 7.4 1.52 £ 0.31

Kin < 0.78
4+ L3F, 2.060 2,3 K probably seen
1K 114p, | 13734 0,082 N

masa region: the first radinl recurrence of the 1Py K3(1430) and the partner to
the 13G, K}(2000).

The mass and width of the 3~ K3(1780) state are measured using both the
K*n ard the Kp final states, the ratio of partial widths of these two moden being
~ 1. No evidence for & KJ» decoy mode ia found, but an upper limit is obtoined

for the K3# branching froction.

The 1~ pertint woven tre shown to nrise from the production and decoy of
two states. The lower in mass is slmost degenerate with the 3(1430), having
& mass and width of 1.420 & 0.007 £ 0.010 and 0.240 & 0.018 X 0.612 GeV/<?,
respectively, and decaying only to K*s. The second staie has & mses and width

of 1.735 £ 0.010 + 0.020 und 0.423 + 0.018 + 0.030, reapectively, and decays to

1]
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K=, K'r, and K2, The propertiea of the ivwer mass state are consiatent with its
assignmect as the firet radial excitation of the 1~ K*(892). These data confirm
the results of a prior analysis of the K°#7 s n final state {14] where the two
otates were observed and called the K*(1410) and the K*{1790).

A smaall 4% signal is seen that is consistent with the mans and width of the
K5(2080); however, it is possible only to sct upper limita on the production croes
rection times branching fraction for the K(2060) decay modes to R° »*»~,

1%
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FIGURE CAPTIONS

Fig. 1. The K°x*x~ invartant mass distribution. The outer histogram is for
the entire date sample, whereas the inner histogram is for events with
'] € 6.3 (GeV/c)?. The dashed line shows the acceptance for the final

event selection as a function of m(K°n*#~).

Fig. 2. Thenpin-parity wavesums. The intensities of the summed partial wa.vea
with the same JF are plotied es a function of mess. The intensities

include the interference terms between coherent waves.

Fig. 3. The fits to the 1%, 2%, and 3~ intensities. The fit of the K;{1400)
resonance to the 1*0* K*S crosa section in ehawn in (a), the fit of
the K;(1430) resonance to the 210~ K°D and 2+07pD croax sections is
presented in (b), and the fit of the K3(1780) resonance to the 3"0~ K*F

and 3-07pF intensities is shown in [c).

Fig. 4. The five-wave fit predictions for the 1~ waves. The phases are set using

the predicted behavior of the 170~ K*P reference wave,

Fig. 5. The five-wave it predictionn for the 2t and 3~ waves, The phases are

eet using the predicted behavior of the 170~ K*P reference wava.

Fig. 6. Thae fits to the 4* intensities. The curves correapond to o Breit-Wigner
line-shape for mass 2.08 GeV/c? and width 0.20 GeV/c2.
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Fig. 7. The fitted 2% lincshapes at high mass. The relative phases are a2t noing
the predicted behavior of the 170~ K*P reference wave above a masa
of 1.68 GeV/c?;, below this mass, the phase of the reference wave is

not pet.

Fig. 8. The most likely quark model astate assignments and meesured masa val-
uen for the resonant X°x+x~ amplitudes obtained in this experiment;
the shaded regiona correspond to the errors quoted in tal-le 7; the mass

predictions from ref. 27 are also shown.
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