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We study the processes yy—=K K~ and yy—K T K~ 7° using a data sample of 519 fb~! recorded
with the BABAR detector operating at the SLAC PEP-II asymmetric-energy ete™ collider at center-
of-mass energies at and near the ¥'(nS) (n = 2,3,4) resonances. We observe n.—K T K~ 7" and
ne— KT K~ 1 decays, measure their relative branching fraction, and perform a Dalitz plot analysis

for each decay. We observe the K (1430)— Kn decay and measure its branching fraction relative to

" B(KG (1430) = K7 . _
the K7 decay mode to be R(K( (1430)) = W =0.092+0.0259:9%0 . The n.—~K+*K n
and K (1430)— Kn results correspond to the first observations of these channels. The data also
show evidence for 7.(25)—KTK~7° and first evidence for 1.(28) =K+t Kn.

PACS numbers: 13.25.Gv, 14.40.Pq, 14.40.Df, 14.40.Be

I. INTRODUCTION

Charmonium decays, in particular J/i radiative and
hadronic decays, have been studied extensively [1, 12].
One of the motivations for these studies is the search
for non-gg mesons such as glueballs or molecular states
that are predicted by QCD to populate the low mass re-
gion of the hadron mass spectrum [3]. Recently, a search
for exotic resonances was performed through Dalitz plot
analyses of .1 states [4].

Scalar mesons are still a puzzle in light-meson spec-
troscopy: there are too many states and they are not con-
sistent with the quark model. In particular, the f,(1500)
resonance, discovered in pp annihilations, has been in-
terpreted as a scalar glueball [5]. However, no evidence
for the fo(1500) state has been found in charmonium
decays. Another glueball candidate is the fo(1710) dis-
covered in radiative J/v¢ decays. Recently, f,(1500) and
fo(1710) signals have been incorporated in a Dalitz plot
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analysis of B—3K decays [6]. Charmless B—K X decays
could show enhanced gluonium production [7]. Another
puzzling state is the K (1430) resonance, never observed
as a clear peak in the K7 mass spectrum. In the de-
scription of the scalar amplitude in K7 scattering, the
K(1430) resonance is added coherently to an effective-
range description of the low-mass K7 system in such a
way that the net amplitude actually decreases rapidly
at the resonance mass. The Kj(1430) parameter values
were measured by the LASS experiment in the reaction
K~ p—K~7n"n |]]; the corrected S-wave amplitude rep-
resentation is given explicitly in Ref. |9]. In the present
analysis, we study three-body n. decays to pseudoscalar
mesons and obtain results that are relevant to several
issues in light-meson spectroscopy.

Many 7. and 7.(25) decay modes remain unobserved,
while others have been studied with very limited statis-
tical precision. In particular, the branching fraction for
the decay mode 7n.— K+ K1 has been measured by the
BESIII experiment based on a fitted yield of only 6.74+3.2
events |[10]. No Dalitz plot analysis has been performed
on 7. three-body decays.

We describe herein a study of the KTK~n and
K*tK~r° systems produced in two-photon interactions.
Two-photon events in which at least one of the interact-
ing photons is not quasi-real are strongly suppressed by
the selection criteria described below. This implies that
the allowed JP¢ values of any produced resonances are
0t+, 2%+ 3++ 4%+ [11]. Angular momentum conser-
vation, parity conservation, and charge conjugation in-
variance imply that these quantum numbers also apply
to the final state except that the KK 5 and K+ K~ x°
states cannot be in a J = 07 state.

This article is organized as follows. In Sec. II, a brief



description of the BABAR detector is given. Section ITI
is devoted to the event reconstruction and data selection.
In Sec. IV, we describe the study of efficiency and resolu-
tion, while in Sec. V the mass spectra are presented. Sec-
tion VI is devoted to the measurement of the branching
ratios, while Sec. VII describes the Dalitz plot analyses.
In Sec. VIII, we report the measurement of the K (1430)
branching ratio, in Sec. IX we discuss its implications for
the pseudoscalar meson mixing angle, and in Sec. X we
summarize the results.

II. THE BABAR DETECTOR AND DATASET

The results presented here are based on data collected
with the BABAR detector at the PEP-II asymmetric-
energy eTe” collider located at SLAC and correspond
to an integrated luminosity of 519 fb™! [12] recorded
at center-of-mass energies at and near the 7'(nS) (n =
2,3,4) resonances. The BABAR detector is described in
detail elsewhere [13]. Charged particles are detected,
and their momenta are measured, by means of a five-
layer, double-sided microstrip detector, and a 40-layer
drift chamber, both operating in the 1.5 T magnetic field
of a superconducting solenoid. Photons are measured
and electrons are identified in a CsI(T1) crystal electro-
magnetic calorimeter. Charged-particle identification is
provided by the measurement of specific energy loss in
the tracking devices, and by an internally reflecting, ring-
imaging Cherenkov detector. Muons and K? mesons are
detected in the instrumented flux return of the magnet.
Monte Carlo (MC) simulated events [14], with sample
sizes more than 10 times larger than the corresponding
data samples, are used to evaluate signal efficiency and
to determine background features. Two-photon events
are simulated using the GamGam MC generator |15].

III. EVENT RECONSTRUCTION AND DATA
SELECTION

In this analysis, we select events in which the e™ and
e~ beam particles are scattered at small angles and are
undetected in the final state. We study the following

reactions
VY= KYK ™1, (n—=y7), (1)
YV —=KTK ™ n, (n=ntrx0), (2)
and
yy—=KTK 70 (3)

For reactions (1) and (3), we consider only events
for which the number of well-measured charged-particle
tracks with transverse momenta greater than 0.1 GeV/c
is exactly equal to two. For reaction (2), we require the

number of well-measured charged-particle tracks to be
exactly equal to four. The charged-particle tracks are fit
to a common vertex with the requirements that they orig-
inate from the interaction region and that the x2 proba-
bility of the vertex fit be greater than 0.1%. We observe
prominent 7, signals in all three reactions and improve
the signal-to-background ratio using the data, in partic-
ular the cc n. resonance. In the optimization procedure,
we retain only selection criteria that do not remove signif-
icant 7, signal. For the reconstruction of 7°—~y decays,
we require the energy of the less-energetic photon to be
greater than 30 MeV for reaction (2) and 50 MeV for
reaction (3). For n—~~ decay, we require the energy of
the less energetic photon to be greater than 100 MeV.
Each pair of s is kinematically fit to a 7° or 1 hypoth-
esis requiring it to emanate from the primary vertex of
the event, and with the diphoton mass constrained to
the nominal 7% or 1 mass, respectively [16]. Due to the
presence of soft-photon background, we do not impose
a veto on the presence of additional photons in the final
state. For reaction (1), we require the presence of exactly
one 7 candidate in each event and discard events having
additional 7%°s decaying to +’s with energy greater than
70 MeV. For reaction (3), we accept no more than two
79 candidates in the event.

In reaction (2), the 7 is reconstructed by combining two
oppositely charged tracks identified as pions with each of
the 7° candidates in the event. The 71 signal mass re-
gion is defined as 541 < m(rt7~7%) < 554 MeV/c?.
The momentum three-vectors of the the final-state pi-
ons are combined and the energy of the n candidate
is computed using the nominal 7 mass. According to
tests with simulated events, this method improves the
K+tK ™7 mass resolution. We check for possible back-
ground from the reaction yy—=KTK-ntnx~7" [17] us-
ing n sideband regions and find it to be consistent with
zero. Background arises mainly from random combina-
tions of particles from eTe™ annihilation, from other two-
photon processes, and from events with initial-state pho-
ton radiation (ISR). The ISR background is dominated
by JP¢ = 17~ resonance production [18]. We discrim-
inate against K™K —n (KTK %) events produced via
ISR by requiring M, = (Pe+e- — Prec)® > 10 (GeV?/c?,
where p,+.- is the four-momentum of the initial state and
Prec is the four-momentum of the K*K—n (KTK—7°)
system. This requirement also removes a large fraction
of a residual J/i contribution.

Particle identification is used in two different ways. For
reaction (2), with four charged particles in the final state,
we require two oppositely charged particles to be loosely
identified as kaons and the other two tracks to be con-
sistent with pions. For reactions (1) and (3), with only
two charged particles in the final state, we loosely iden-
tify one kaon and require that neither track be a well-
identified pion, electron, or muon. We define pr as the
magnitude of the vector sum of the transverse momenta,
in the eTe™ rest frame, of the final-state particles with
respect to the beam axis. Since well-reconstructed two-



photon events are expected to have low values of pr,
we require pr < 0.05 GeV/c. Reaction (3) is affected
by background from the reaction yy— K™K~ where soft
photon background simulates the presence of a low mo-
mentum 7°. We reconstruct this mode and reject events
having a yy—KTK~ candidate with pr < 0.1 GeV /c.
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FIG. 1: Distributions of pr for (a) yy—=KTK™n (n—=v7y),
(b) yw—=K+tK™n (n—=rtr"7°), and (c) yy—=KT K~ 7° In
each figure the data are shown as points with error bars,
and the MC simulation is shown as a histogram; the verti-
cal dashed line indicates the selection applied to isolate two-
photon events.

Figure [0 shows the measured pr distribution for each
of the three reactions in comparison to the corresponding
pr distribution obtained from simulation. A peak at low
pr is observed in all three distributions indicating the
presence of the two-photon process. The shape of the
peak agrees well with that seen in the MC simulation.

IV. EFFICIENCY AND RESOLUTION

To compute the efficiency, n. and 7.(2S) MC signal
events for the different channels are generated using a de-
tailed detector simulation [14] in which the n, and 7.(25)
mesons decay uniformly in phase space. These simulated
events are reconstructed and analyzed in the same man-
ner as data. The efficiency is computed as the ratio of
reconstructed to generated events. Due to the presence
of long tails in the Breit-Wigner (BW) representation
of the resonances, we apply selection criteria to restrict
the generated events to the 7. and 7.(2S5) mass regions.
We express the efficiency as a function of the m(K+TK ™)
mass and cosf, where 6 is the angle in the KT K™ rest
frame between the directions of the K+and the boost
from the K*K~n or K™K~ 7" rest frame. To smooth
statistical fluctuations, this efficiency is then parameter-
ized as follows.

First we fit the efficiency as a function of cosé in sep-
arate intervals of m(K ™K ™), in terms of Legendre poly-
nomials up to L = 12:

12
e(cos ) Z

where m denotes K+ K™~ invariant mass. For each value
of L, we fit the mass dependent coefficients ar,(m) with
a seventh-order polynomial in m. Figure 2l shows the re-
sulting fitted efficiency e(m, cos 6) for each of the three re-
actions. We observe a significant decrease in efficiency for
cosf ~ +1 and 1.1 < m(KTK~) < 1.5 GeV/c? due to
the impossibility of reconstructing low-momentum kaons
(p<200 MeV/c in the laboratory frame) which have expe-
rienced significant energy loss in the beampipe and inner-
detector material. The efficiency decrease at high m for

—KTK™n (n—ntn~ %) (Fig. B(b)) results from the
loss of a low-momentum 7° from the 1 decay.

The mass resolution, Am, is measured as the difference
between the generated and reconstructed K+K 7 or
K*K~r invariant-mass values. Figure [Bshows the Am
distribution for each of the 7. signal regions; these de-
viate from Gaussian line shapes due to a low-energy tail
caused by the response of the CsI calorimeter to photons.
We fit the distribution for the K™K ~n (n—n T~ nY) fi-
nal state to a Crystal Ball function [19], and those for
the K+ K—n (n—~v) and KK~ 7" final states to a sum
of a Crystal Ball function and a Gaussian function. The
root-mean-squared values are 15, 14, and 21 MeV /c? at
the 7. mass, and 18, 15, and 24 MeV /c? at the 1.(2S)
mass, for the K*K—n (n—=vy7y), KTK—n (n—=ntn—7°),
and KT K~ 7Y final states, respectively.

m)Y} (cos ), (4)

V. MASS SPECTRA

Figure Hl(a) shows the K™K 1 mass spectrum,
summed over the two 7 decay modes, before applying
the efficiency correction. There are 2950 events in the
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FIG. 2: Fitted detection efficiency in the cos § vs. m(K+tK™)
plane for (a) n.—KVtK™n (n—vy), (b) n—KT K™
(n=ntr~ 7%, and (c¢) n.—KTK~7°. Each bin shows the
average value of the fit in that region.

mass region between 2.7 and 3.8 GeV/c?, of which 73%
are from the n — v decay mode and 27% are from the
n—rta~ 7Y decay mode. We observe a strong 7. signal
and a small enhancement at the position of the 7.(25).
The 7. signal-to-background ratio for each of the n decay
modes is approximately the same. We perform a simulta-
neous fit to the K+ K ~1n mass spectra for the two 7 decay
modes. For each resonance, the mass and width are con-
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FIG. 3: MC mass resolution for (a) n.—KTK ™ n (n — vY),
(b) ne—KTK™n (n—=nt7n~7°), and (c) ne— K"K~ 7°. The
curves represent the fits described in the text.

strained to take the same fitted values in both distribu-
tions. Backgrounds are described by second-order poly-
nomials, and each resonance is represented by a simple
Breit-Wigner function convolved with the corresponding
resolution function. In addition, we include a signal func-
tion for the x.o resonance with parameters fixed to their
PDG values [16]. Figure @i(a) shows the fit result, and
Table [l summarizes the 7. and 7.(25) parameter values.
We have only a weak constraint on the 7.(25) width and
so fix its value to 11.3 MeV [16].

The KTK~7° mass spectrum is shown in Fig. E(b).
There are 23720 events in the mass region between 2.7
and 3.9 GeV/c2. We observe a strong 7. signal and a
small signal at the position of the 7.(2S) on top of a
sizeable background. We perform a fit to the K+ K~ 7°
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FIG. 4: (a) The KK ™7 mass spectrum summed over the two 1 decay modes. (b) The K+ K~ 7° mass spectrum. In each
figure, the solid curve shows the total fitted function and the dashed curve shows the fitted background contribution.

mass spectrum using the background function B(m) =
earmtazm® for m < mg and B(m) = ebotbimtbam® for
m > mg, where m = m(K+K_7r0) and a;, b;, and myg
are free parameters [20]. The two functions and their
first derivatives are required to be continuous at mg, so
that the resulting function has only four independent pa-
rameters. In addition, we allow for the presence of a
residual J/i contribution modeled as a simple Gaussian
function. Its parameter values are fixed to those from a
fit to the Kt K ~7° mass spectrum for the ISR data sam-
ple obtained requiring |[M2,| < 1 (GeV/c?)2. Figure[d(b)
shows the fit to the KT K 7% mass spectrum, and Ta-
ble [l summarizes the resulting 1. and 7.(25) parameter
values.

TABLE I: Fitted n. and 7.(2S) parameter values. The first
uncertainty is statistical and the second is systematic.

Mass (MeV /c?) I' (MeV)
ne—KTK 1 29841+ 1.14+2.1 34.8+£3.1£4.0
ne— KT K~ 7° 2979.8 £ 0.8+ 3.5 25.2 +2.6 £ 24
n.(2S)—=KTK 7n 3635.1+58+21 11.3 (fixed)
Nc(28) =K K~ n° 3637.0+5.7+£34 11.3 (fixed)

Resonance

The following systematic uncertainties are considered.
The background uncertainty contribution is estimated by
replacing each function by a third-order polynomial. The
mass scale uncertainty is estimated from fits to the J/i
signal in ISR events. In the case of n.— K™K 1, we per-
form independent fits to the mass spectra obtained for
the two 17 decay modes, and consider the mass difference

as a measurement of systematic uncertainty. The differ-
ent contributions are added in quadrature to obtain the
values quoted in Table [Il

VI. BRANCHING RATIOS

We compute the ratios of the branching fractions for 7,
and 7.(29) decays to the K™ K 7 final state compared to
the respective branching fractions to the KK ~x° final
state. The ratios are computed as

_ B(nc/nc(28)—>K+K_77)
 B(ne/ne(25)=K+K~7°)

i NK*K*n EK+K—70 1

()

Ng+g-x0 €x+x—n By

For each n decay mode, Ng+g-, and Ng+ -0 repre-
sent the fitted yields for 5. and 7.(2S) in the K+ K ~n and
K*TK~7m° mass spectra, e€x+x—, and €x+ -0 are the
corresponding efficiencies, and B,, indicates the particu-
lar n branching fraction. The PDG values of the branch-
ing fractions are (39.41+0.20)% and (22.92 £ 0.28)% for
the n—~vy and n—rT7~ 7%, respectively [16]. We esti-
mate €x+ -y and €x+ g o for the 7. signals by making
use of the 2-D efficiency functions described in Sec. IV
and weighting each event by 1/e(m,cos#). Due to the
presence of non-negligible backgrounds in the 7. signals,
which have different distributions in the Dalitz plot, we
perform a sideband subtraction by assigning a weight +1
to events in the signal region and a negative weight to
events in the sideband regions. The weight in the side-
band regions is scaled down to match the fitted 7. sig-



nal/background ratio. To remove the dependence of the
fit quality on the efficiency functions we make use of the
unfitted efficiency distributions. Due to the presence of
a sizeable background for the 7.(25), we use the average
efficiency value from the simulation.

We determine Ng+g—, and Ng+ g0 for the n. by
performing fits to the K+ K ~n and K™K ~7° mass spec-
tra. The width is extracted from the simultaneous fit to
the K™K ~n mass spectra, and is fixed to this value in
the fit to the K+ K ~7° mass spectrum. This procedure
is adopted because the signal-to-background ratio at the
peak is much better for the K*K~n mode (~8:1 com-
pared to ~2:1 for the K™ K~ 7" mode) while the residual
J/v contamination is much smaller. The 7. and 7.(25)
mass values are determined from the fits. For the 7.(25),
we fix the width to 11.3 MeV [16]. The resulting yields,
efficiencies, measured branching ratios, and significances
are reported in Table [Il The significances are evaluated
as Ns/or where Ny is the signal event yield and op is
the total uncertainty obtained by adding the statistical
and systematic contributions in quadrature.

We calculate the weighted mean of the 7. branching-
ratio estimates for the two n decay modes and obtain

8(770_>K+K_77)
B(n.—K+K-7°)
which is consistent with the BESIII measurement
of 0.46 £ 0.23 [10]. Since the sample size for
ne(28)—=KTK~n decays with n—ata~ 70 is small, we
use only the n — v+ decay mode, and obtain

B(n.(28) =KK™ n)
B(n.(28)—=K+K-r")

R(ne) = = 0.571+0.025+0.051, (6)

=0.8240.21+0.27.
(7)

In evaluating R(n.) for the n—~~ decay mode, we note
that the number of charged-particle tracks and +’s is the
same in the numerator and in the denominator of the ra-
tio, so that several systematic uncertainties cancel. Con-
cerning the contribution of the n—n ™7~ 7° decay, we find
systematic uncertainties related to the difference in the
number of charged-particle tracks to be negligible. We
consider the following sources of systematic uncertainty.
We modify the 7. width by fixing its value to the PDG
value [16]. We modify the background model by using
fourth-order polynomials or exponential functions. The
uncertainty due to the efficiency weight is evaluated by
computing 1000 new weights obtained by randomly mod-
ifying the weight in each cell of the e(m(K*TK™),cosf)
plane according to its statistical uncertainty. The widths
of the resulting Gaussian distributions yield the estimate
of the systematic uncertainty for the efficiency weight-
ing procedure. These values are reported as the weight
uncertainties in Table [IL

R(1c(25)) =

VII. DALITZ PLOT ANALYSES

We perform Dalitz plot analyses of the KT K7 and
KK~ 7% systems in the 7. mass region using unbinned
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maximum likelihood fits. The likelihood function is writ-
ten as

,C =

N " .
II [ fsig(ma) - e(a;] y/)zi’j ¢i€j Ai(@n, yn) A7 (20, yn)
] s1g n ny»In Zi,j CiC;IAiA;

+(1 = fag(mn)) (8)

where
e N is the number of events in the signal region;

e for the n-th event, m, is the KTK™n or the
K+ K~ invariant mass;

e for the n-th event, x,, = m*(K*n), y, = m?*(Kn)
for KT K~ n; z,, = m*(K™n°), y, = m*(K~n°) for
K+tK—7Y;

o fsg is the mass-dependent fraction of signal ob-
tained from the fit to the KT K~n or KTK~7°
mass spectrum;

e for the n-th event, e(x),,y.) is the efficiency pa-
rameterized as a function x/, = m(KTK~) and
yr, = cosf (see Sec. IV);

e for the n-th event, the A;(x,,y,) describe the com-
plex signal-amplitude contributions;

e ¢; is the complex amplitude of the ¢—th signal com-
ponent; the ¢; parameters are allowed to vary dur-
ing the fit process;

e for the n-th event, the B;(zy, y,) describe the back-
ground probability-density functions assuming that
interference between signal and background ampli-
tudes can be ignored;

e k; is the magnitude of the i—th background com-
ponent; the k; parameters are obtained by fitting
the sideband regions;

® Iya: = J Ai(z, y) A5 (z, y)e(m(KTK™), cos 0) dedy
and Ip, = [ Bi(z,y)dzdy are normalization
integrals; numerical integration is performed on
phase space generated events.

Amplitudes are parameterized as described in Refs. [21]
and |22]. The efficiency-corrected fractional contribution
fi due to resonant or nonresonant contribution ¢ is de-
fined as follows:

_ |Ci|2f|Ai(Imyn)|2dIdy
1225 ¢jAj(z, y)|2dady

The f; do not necessarily sum to 100% because of inter-
ference effects. The uncertainty for each f; is evaluated
by propagating the full covariance matrix obtained from
the fit.

fi

9)
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TABLE II: Summary of the results from the fits to the KT K7 and K™K~ 7° mass spectra. The table lists event yields,
efficiency correction weights, resulting branching ratios and significances. For event yields, the first uncertainty is statistical
and the second is systematic. In the evaluation of significances, systematic uncertainties are included.

Channel Event yield Weights R Significance
ne—KTK ™ 7° 4518 4 131 4+ 50 17.0 & 0.7 320
ne—KTK™n (n—=v7) 853 £38 £ 11 21.3 +0.6 21 o
B(n.—KTK™n)/B(n.—KTK ™ 7°) 0.602 4 0.032 £ 0.065
ne—KTK™n (n—rTn~7°) 292 +£20 £ 7 31.2£21 14 o
B(n.—KTK™n)/B(n.—~KTK™7°) 0.523 £ 0.040 £ 0.083
ne(28)—=KTK~7° 178 £29 £ 39 143 4+ 1.3 370
n.(28)—»K*K ™ 474+9+3 174404 49 o
B(n.(28)—=K*K™1)/B(1.(28) =K+t K~ x") 0.82 4 0.21 £ 0.27
Xea—KTK~7° 88 4 27 + 23 250
Xe2—KTK™n 2+£54+2 000

A. Dalitz plot analysis of n.—~KTK™n

We define the 7. signal region as the range 2.922-
3.036 GeV/c?. This region contains 1161 events with
(76.1 £ 1.3)% purity, defined as S/(S + B) where
S and B indicate the number of signal and back-
ground events, respectively, as determined from the fit
(Fig. M(a)). Sideband regions are defined as the ranges
2.730-2.844 GeV/c? and 3.114-3.228 GeV/c?, respec-
tively. Figure [l shows the Dalitz plot for the 7. signal
region and Fig. [6] shows the Dalitz plot projections.
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FIG. 5: Dalitz plot for the n.—K+K ™7 events in the sig-
nal region. The shaded area denotes the accessible kinematic
region.

We observe signals in the KTK~ projections cor-
responding to the f5(980), fo(1500), fo(1710), and
f0(2200) states. We also observe a broad signal in the
1.43 GeV/c? mass region in the K*n and K7 projec-
tions.

In describing the Dalitz plot, we note that amplitude
contributions to the KTK~ system must have isospin
zero in order to satisfy overall isospin conservation in 7).
decay. In addition, amplitudes of the form K*K must
be symmetrized as (K*TK~ 4+ K*~K7*)/4/2 so that the
decay conserves C-parity. For convenience, these ampli-
tudes are denoted by K*T K~ in the following.

TABLE III: Results of the Dalitz plot analysis of the
Ne— KT K™n channel.

Final state Fraction % Phase (radians)

fo(1500)7 237+ 7.0+ 1.8 0.
fo(1710)7 89+ 324 04 22+ 034+ 0.1
K;(1430)" K~ 164+ 42+ 1.0 234+ 0.2+ 0.1
f0(2200)7 112+ 284 05 21+ 03+ 0.1
K;(1950)" K~ 214 1.3+ 02-024+ 04+ 0.1
f5(1525)n 73+ 38+ 04 1.0+ 0.1+ 0.1
fo(1350)n 504 3.7+ 05 0.9+ 0.2+ 0.1
fo(980)n 104 + 3.0+ 0.5-03+ 03+ 0.1
NR 155+ 6.9+ 1.0 -1.2 4+ 0.4 + 0.1
Sum 100.0 £11.2 + 2.5

X2 /v 87/65

The f5(980) is parameterized as in a BABAR Dalitz
plot analysis of Df—K¥tK 7% decay [22]. For the
f0(1430) we use the BES parameterization [23]. For the
K} (1430), we use our results from the Dalitz plot anal-
ysis (see Sec. VII.C), since the individual measurements
of the mass and width considered for the PDG average
values [16] show a large spread for each parameter. The
non-resonant (NR) contribution is parameterized as an
amplitude that is constant in magnitude and phase over
the Dalitz plot. The fy(1500)n amplitude is taken as
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FIG. 6: The n.—K ' K~ 5 Dalitz plot projections. The super-
imposed curves result from the Dalitz plot analysis described
in the text. The shaded regions show the background esti-
mates obtained by interpolating the results of the Dalitz plot
analyses of the sideband regions.

the reference amplitude, and so its phase is set to zero.
The test of the fit quality is performed by computing a
two-dimensional (2-D) x? over the Dalitz plot.

We first perform separate fits to the 7. sidebands using
a list of incoherent sum of amplitudes. We find significant
contributions from the f}(1525), fo(2200), K3(1780),
and K;5(1950) resonances, as well as from an incoherent
uniform background. The resulting amplitude fractions
are interpolated into the 7. signal region and normalized
to yield the fitted purity. Figure [0l shows the projections
of the estimated background contributions as shaded dis-
tributions.

For the description of the 7. signal, amplitudes are
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added one by one to ascertain the associated increase of
the likelihood value and decrease of the 2-D x2. Table[ITIl
summarizes the fit results for the amplitude fractions and
phases. We note that the fy(1500)n amplitude provides
the largest contribution. We also observe important con-
tributions from the K§(1430)" K, fo(980)n, fo(2200)n,
and fo(1710)n channels. In addition, the fit requires a
sizeable NR contribution. The sum of the fractions for
this 7. decay mode is consistent with 100%.

We test the statistical significance of the
K} (1430)Y K~ contribution by removing it from
the list of amplitudes. We obtain a change of the
negative log likelihood A(—2InL)=+107 and an increase
of the x2 on the Dalitz plot Ax?=+76 for the reduction
by 2 parameters. This corresponds to a statistical
significance of 10.3 standard deviations. We obtain the
first observation of the K§(1430)*— K% decay mode.

We test the quality of the fit by examining a large
sample of MC events at the generator level weighted
by the likelihood fitting function and by the efficiency.
These events are used to compare the fit result to the
Dalitz plot and its projections with proper normaliza-
tion. The latter comparison is shown in Fig.[6l and good
agreement is obtained for all projections. We make use
of these weighted events to compute a 2-D x? over the
Dalitz plot. For this purpose, we divide the Dalitz plot
into a number of cells such that the expected popula-
tion in each cell is at least eight events. We compute
X2 = Z?gfus (Ngbs - Neimp)2/Né;Ep7 where szs and Né:ﬂp
are event yields from data and simulation, respectively.
Denoting by n (= 16) the number of free parameters in
the fit, we obtain x?/v = 87/65 (v = Neeys — n), which
indicates that the description of the data is adequate.

We compute the uncorrected Legendre polynomial mo-
ments (Y?) in each K*K~ and nK* mass interval by
weighting each event by the relevant Y} (cosf) func-
tion. These distributions are shown in Figs. [1 and B
We also compute the expected Legendre polynomial mo-
ments from the weighted MC events and compare with
the experimental distributions. We observe good agree-
ment for all the distributions, which indicates that the
fit is able to reproduce the local structures apparent in
the Dalitz plot.

Systematic uncertainty estimates for the fractions and
relative phases are computed in two different ways: 1)
the purity function is scaled up and down by its statisti-
cal uncertainty, and 2) the parameters of each resonance
contributing to the decay are modified within one stan-
dard deviation of their uncertainties in the PDG average.
The two contributions are added in quadrature.

B. Dalitz plot analysis of n.—KTK~x°

We define the 7). signal region as the range 2.910-
3.030 GeV/c?, which contains 6710 events with (55.2
+ 0.6)% purity. Sideband regions are defined as the
ranges 2.720-2.840 GeV /c? and 3.100-3.220 GeV/c?, re-
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Dalitz plot analysis described in the text. The corresponding K *n and K ~7 distributions are combined.



spectively. Figure@lshows the Dalitz plot for the 7. signal
region, and Fig. shows the corresponding Dalitz plot
projections. The Dalitz plot and the mass projections
are very similar to the distributions in Ref. [24] for the
decay n.—~KK*7¥.

d
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2 3 4 5 6
m?(K* 7°) (GeV?/c*)

FIG. 9: Dalitz plot for the events in the n.—K K 7° sig-
nal region. The shaded area denotes the accessible kinematic
region.

We observe an enhancement in the low mass region
of the K™K~ mass spectrum due to the presence of
the a¢(980), a2(1320), and ag(1450) resonances. The
K*7° mass spectrum is dominated by the K (1430) res-
onance. We also observe K*(892) signals in the K*nr°
mass spectrum in both the signal and sideband regions.
We fit the 7. sidebands using an incoherent sum of am-
plitudes, which includes contributions from the a2 (1320),
K*(892), K;5(1430), K5(1430), K*(1680), and K;5(1950)
resonances and from an incoherent background. As for
the Dalitz plot analysis described in Sec. VIL.A, the re-
sulting amplitude fractions are interpolated into the 7,
signal region and normalized using the results from the
fit to the KT K~ 7" mass spectrum. The estimated back-
ground contributions are indicated by the shaded regions
in Fig.

We perform a Dalitz plot analysis of n.—K+tK~7°
using a procedure similar to that described for the
n.—KTK™n analysis in Sec. VIIL.A. We note that in
this case, the amplitude contributions to the K™K~ sys-
tem must have isospin one in order to satisfy isospin con-
servation in 7. decay. As discussed in Sec. VILA, the
K*K amplitudes, again denoted as K*TK~, must be
symmetrized in order to conserve C-parity. We take the
K§(1430)T K~ amplitude as the reference, and so set its
phase to zero. The a¢(980) resonance is parameterized
as a coupled-channel Breit-Wigner resonance whose pa-
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FIG. 10: The n.—KTK~n° Dalitz plot projections. The
superimposed curves result from the Dalitz plot analysis de-
scribed in the text. The shaded regions show the background
estimates obtained by interpolating the results of the Dalitz
plot analyses of the sideband regions.

rameters are taken from Ref. [25]. We do not include an
additional S-wave isobar amplitude in the nominal fit. If
we include a KT (800)K ~ amplitude, as for example in
Ref. [26], we find that its contribution is consistent with
Zero.

Table [V] summarizes the amplitude fractions and
phases obtained from the fit. Using a method similar to
that described in Sec. VII.C, we divide the Dalitz plot
into a number of cells such that the number of expected
events in each cell is at least eight. In this case there are
12 free parameters and we obtain x?/v = 212/130. We
observe a relatively large x? contribution (x? = 19 for
2 cells) in the lower left corner of the Dalitz plot, where



the momentum of the 7% is very small; this may be due
to a residual contamination from yy— K™K~ events.

TABLE IV: Results of the Dalitz plot analysis of the
nc—>K+K77rO channel.

Fraction % Phase (radians)

K§(1430)" K~ 3384+ 19+ 04 0.

Final state

K§(1950)* K~ 6.7+ 1.0+ 0.3 -0.67 £ 0.07 + 0.03
a0(980)7° 1.9+ 01+ 0.2 038+ 0.24 4+ 0.02
ao(1450)7° 100+ 244 08 -244 0.05+ 0.03
a2(1320)7° 214+ 014 0.2 0774 0.20 + 0.04
K3(1430)" K~ 684+ 1.4 4 0.3 -1.67 & 0.07 + 0.03
NR 244+ 25+ 06 149 + 0.07 + 0.03
Sum 858+ 36+ 1.2

X2 /v 212/130

The Dalitz plot analysis shows a dominance of scalar
meson amplitudes with small contributions from spin-two
resonances. The K*(892) contribution is consistent with
originating entirely from background. Other spin-one K*
resonances have been included in the fit, but their con-
tributions have been found to be consistent with zero.
We note the presence of a sizeable non-resonant contri-
bution. However, in this case the sum of the fractions is
significantly lower than 100%, indicating important in-
terference effects. Figure shows the fit projections
superimposed on the data, and good agreement is ap-
parent for all projections. We compute the uncorrected
Legendre polynomial moments (Y) in each KK~ and
K*79 mass interval by weighting each event by the rel-
evant Y (cos @) function. These distributions are shown
in Figs. [Iland We also compute the expected Legen-
dre polynomial moments from weighted MC events and
compare them with the experimental distributions. We
observe satisfactory agreement in all distributions, but
we note that there are regions in which the detailed be-
havior of some moments is not well reproduced by the fit.
This is reflected by the high value of the x? obtained. We
have been unable to find additional amplitudes that im-
prove the fit model. This may indicate, for example, that
interference between signal and background is relevant to
the Dalitz plot description.

Systematic uncertainty estimates on the fractions and
relative phases are obtained by procedures similar to
those described in Sec. VII.B.

C. Determination of the Kg(1430) parameter
values

In the Dalitz plot analyses of n.—~KTK™n and
Ne—KTK 7% we perform a likelihood scan to obtain
the best-fit parameters for the Kj(1430). We use this
approach because, in the presence of several interfering
scalar-meson resonances, allowing the parameters of the
K (1430) to be free results in fit instabilities. The best
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measurements of the K$(1430) parameters have been ob-
tained by the LASS experiment [§], in which the mass
value m = 1435 + 5 MeV/c? and width value I' =
27946 MeV were found for the K(1430) [9]. First, we fix
the mass to 1435 MeV /c? and examine —21n £ as a func-
tion of the K (1430) width. We find that the function has
a minimum at 210 MeVfor both 7. decay modes. We de-
termine the uncertainty by requiring A(—2In L) = 1. We
obtain T' = 210420 MeV and T' = 24075) MeV from the
ne— KT K~7° and n.— KK ~7 scans, respectively. Fix-
ing the width to 210 MeV, we then scan the likelihood for
the K(1430) mass and obtain m = 1438 48 MeV /c? for
the n.—KTK~7° decay mode. Figure [[3 shows the re-
sults of the likelihood scans. For the n.— K+ K ~n mode,
we obtain a minimum at 1435 MeV, but the limited size
of the event sample does not permit a useful evaluation of
the uncertainty. We evaluate systematic uncertainties for
the K (1430) parameters by repeating the n.— K+ K ~7°
scans for different values of parameters in the ranges of
their statistical uncertainties obtaining

m(K{(1430)) = 1438 + 8 + 4 MeV /2

10
I(K;5(1430)) = 210 £ 20 + 12 MeV. (10)
The mass value agrees well with that from the LASS ex-
periment, but the width is approximately three standard
deviations smaller than the LASS result.

VIII. Kn/Kw BRANCHING RATIO FOR THE

K (1430)

The observation of the K(1430) in the Kn and Kn°
decay modes permits a measurement of the correspond-
ing branching ratio. Taking into account the systematic
uncertainty on the fractions of contributing amplitudes,
the Dalitz plot analysis of .—K ™K ~n decay gives a to-
tal K (1430)* K~ contribution of

far = 0.164 £ 0.042 £ 0.010. (11)

Similarly, the Dalitz plot analysis of the n.—KTK~7°
decay mode gives a total K;(1430)" K~ contribution of

fTrOK = 0.338 £0.019 £ 0.004. (12)

Using the measurement of R(7.) from Eq. (6), we obtain
the K5(1430) branching ratio

an
LK 0.092£0.025+0.010,
B(K; (1430)—7K) Rlne) 5~ = 0:092:£0.025:£0.010
(13)

where frx denotes fﬂo X after correcting for the K%r
decay mode.

We note, however, that in the Dalitz plot analyses
the amplitude labelled “NR” may be considered to rep-
resent an S-wave K7 or Kn system in an orbital S-
wave state with respect to the bachelor kaon. As such,
the NR amplitude has structure similar to that of the
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K$(1430)T K~ amplitudes, and hence may influence the
associated fractional intensity contributions through in-
terference effects. Therefore, we assess an additional sys-
tematic uncertainty on the value of the branching ratio
given in Eq. (13); this is done in order to account for the
impact of the ad hoc nature of the representation of the
NR amplitude.

For example, if we denote the relative phase between
the NR and K} (1430)T K~ amplitudes by ¢y g, the value
listed in Table[[V]is approximately +/2, so that the in-
terference term between the amplitudes behaves like the
imaginary part of the K(1430) BW amplitude. This
has the same mass dependence as the squared modu-
lus of the BW, and it follows that the interference term
causes the fractional contribution associated with the
K§(1430)T K~ amplitude to be reduced.

We study the correlation between ¢xypr and the
K (1430)TK~ fraction fro, by performing different
fits in which ¢nyg is arbitrarily fixed to different val-
ues from 0 to 37w/2. We observe a correlation between
f o, and ¢ngr with f o, varying from (33.3 £ 1.8)%
at ¢yr = /2 to (67.0 £ 2.2)% at ¢yr = 37/2. To
estimate the systematic uncertainty related to this ef-
fect, we remove the non-resonant contribution in both
the n.—KTK™n and n.—K1TK 7% Dalitz plot analy-
ses. We obtain changes of the negative log likelihood
A(—2InL)=+319 and A(—2InL)=+20 for n.—~K K7
and n.— KT K1 decays, respectively, for the reduction
by 2 parameters. The corresponding variation of the
an/f?TOK fraction is -0.023 and we assign this as the
associated systematic uncertainty. We thus obtain

B(K{(1430)—=nK) Sk 0.010
=R = 0.092 £ 0.0251 5 05e-

B(K;(1430)—7K) () —0.025
(14)
The LASS experiment studied the reaction

K p—K np at 11 GeV/c [27]. The K n mass
spectrum is dominated by the presence of the K3 (1780)
resonance with no evidence for Kj(1430)—Kn decay.
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However, from Ref. [§]

I(K;(1430)—Kn) /T (K (1430)) = 0.93 £+ 0.04 £ 0.09,
(15)
which is not in conflict with the presence of a small
branching fraction for the Kn decay mode.

IX. IMPLICATIONS OF THE K (1430)
BRANCHING RATIO FOR THE
PSEUDOSCALAR MESON MIXING ANGLE

As noted in Sec. VIII, there is no evidence for
K (1430) production in the reaction K~ p—K np at 11
GeV/c [21]. There is also no evidence for K3(1430) pro-
duction in this reaction, and a 0.92% upper limit on the
branching ratio B(K;(1430)—Kn)/B(K5(1430)—K) is
obtained at 95% confidence level. In Ref. [27], this small
value is understood in the context of an SU(3) model with
octet-singlet mixing of the 1 and 7’ |28]. For even angular
momentum [ (i.e., D-type coupling), it can be shown [29]
that a consequence of the resulting K*Kn couplings is

B(K[—Kn)
B(K;—Kr)

1 .
:g(cos O, +2- V2. sm9p)2 . (qK,,/qK,T)QlJr1

R =
(16)

where ¢ry (¢xr) is the kaon momentum in the Kn (K)
rest frame at the K* mass and 6, is the SU(3) singlet-
octet mixing angle for the pseudoscalar meson nonet. We
note that R; equals zero if tanf, = —[1/(2-v2)] (i.e.,
0, = —19.7°).

For [ = 2, the upper limit Rs = 0.0092 corresponds to
0, = —9.0° and the central value yields 8, = —11.4°.

In the present analysis, we obtain the value Ry =
0.092+5-927 where we have combined the statistical and
systematic uncertainties in quadrature. The correspond-
ing value of 6, is (3.1733)°, which differs by about 2.9
standard deviations from the result obtained from the
K3(1430) branching ratio.

The value of Ry from Ref. [27] is in reasonable agree-
ment with the analysis reported in Ref. [30], which con-
cludes that 6, ~ —20° is consistent with experimental ev-
idence from many different sources, although 6, ~ —10°
cannot be completely ruled out. In addition, a lattice
QCD calculation [31] yields 8, = (—14.1 + 2.8)° for the
value of the octet-singlet mixing angle, in good agreement
with the spin-two result and the conclusion of Ref. [30],
but differing by about three standard deviations from the
spin-zero measurement. However, in Ref. [32] it is argued
that it is necessary to consider separate octet and singlet
mixing angles for the pseudoscalar mesons. For the octet,
experimental data from many sources indicate a mixing
angle of ~ —20°, whereas for the singlet the values are
almost entirely in the range from zero to —10°. The anal-
ysis of Ref. [32] may be able to provide an explanation for
the small value of the magnitude of 6, extracted from our
measurement of the K(1430) branching ratio by using
the model suggested in Ref. [2§].



X. SUMMARY

We have studied the processes yy—KTK™n and
yy—K+tK~7% using a data sample corresponding to
an integrated luminosity of 519 fb~' recorded with
the BABAR detector at the SLAC PEP-II asymmetric-
energy eTe™ collider at center-of-mass energies at and
near the 7’(nS) (n = 2,3,4) resonances. We observe
Ne—KTK 7% decay and obtain the first observation
of ne—KTK™n decay, measure their relative branch-
ing fractions, and perform a Dalitz plot analysis for
each decay mode. The Dalitz plot analyses demon-
strate the dominance of quasi-two-body amplitudes in-
volving scalar-meson resonances. In particular, we ob-
serve significant branching fractions for 7.— fo(1500)n
and 7.— fop(1710)n. Under the hypothesis of a gluo-
nium content in these resonances, similar decay branch-
ing fractions to 7m and KK are expected. To obtain
these measurements, it would be useful to study n.—nnr,
Ne—n' KTK~, and n.—n'mTn~ decays. We obtain the
first observation of K§(1430)—Kn decay, and measure
its branching fraction relative to the K7 mode to be

R(K;(1430)) = W = 0.092 £ 0.0259:910,
This observation is not in complete agreement with
the SU(3) expectation that the K7 system almost de-
couple from even-spin K* resonances [27]. Based on
the Dalitz plot analysis of n.—K+tK 7%, we measure
the K;(1430) parameters and obtain m = 1438 £ 8 +
4 MeV/c? and T' = 210 + 20 + 12 MeV. We ob-
serve evidence for 7.(2S8)— KT K ~7° decay, first evidence
for n.(25)— KT K™n decay, and measure their relative
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branching fraction.
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