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/

We study the processes yy — . — n’K*K~, n'z*x~, and na*z~ using a data sample of 519 fb~!
recorded with the BABAR detector operating at the SLAC PEP-II asymmetric-energy e* e~ collider at
center-of-mass energies at and near the Y (nS) (n = 2, 3, 4) resonances. This is the first observation of
the decay 5. — /K™K~ and we measure the branching fraction I'(y. — 7’ K*K~)/(T(n, = n'z"n~) =
0.644 4 0.039;, & 0.032,y,. Significant interference is observed between yy — 5, — nz*z~ and the
nonresonant two-photon process yy — nz ' z~. A Dalitz plot analysis is performed of . decays to # K™K~
#Wztx~, and na*a~. Combined with our previous analysis of 7. — KKz, we measure the Kj(1430)
parameters and the ratio between its 7/ K and 7K couplings. The decay 1, — 7'z z~ is dominated by the
f0(2100) resonance, also observed in J/y radiative decays. A new a,(1700) — 5z resonance is observed
in the 7. — nz* 7~ channel. We also compare 7. decays to 7 and 7’ final states in association with scalar
mesons as they relate to the identification of the scalar glueball.
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I. INTRODUCTION

Scalar mesons remain a puzzle in light meson spectros-
copy: they have complex structure, and there are too many
states to be accommodated within the quark model without
difficulty [1]. In particular, the structure of the isospin I = %
Kz S wave is still poorly understood, which limits the
precision of measurements involving a Kz system in the
final state, including recent searches for CP violation in B
meson decay [2], and studies of new exotic resonances [3]
and charmed mesons [4].

Decays of the 7., the lightest pseudoscalar cc state,
provide a window on light meson states. The BABAR
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experiment first performed a Dalitz plot analysis of
7. = K*K=7° and 5. — K*K™5 using an isobar model
[5]. The analysis reported the first observation of
K{(1430) — Kn, and observed that 5. decays into three
pseudoscalars are dominated by intermediate scalar mes-
ons. This newly observed K{(1430) decay mode was
expected to be small and in fact was not observed in the
study of K~ p — K~ np interactions [6]. More recently, the
BABAR experiment performed a measurement of the [ = %
Kn S-wave amplitude from a Dalitz plot analyses of
e — KKr [7]. Further information on the properties of
the K{(1430) resonance has been obtained by the CLEO
experiment in an analysis of the D™ — K~ztz™ decay [8],
and by the BESIII experiment, which observed its decay to
Kn' using y.; decays to n’ KT K~ [9].

The existence of gluonium states is still an open issue for
quantum chromodynamics (QCD). Lattice QCD calcula-
tions predict the lightest gluonium states to have quantum
numbers J©¢ = 0** and 2** and to be in the mass region
below 2.5 GeV/c? [10]. In particular, the JFC€ =0*F
glueball is predicted to have a mass around 1.7 GeV/c?.
Searches for these states have been performed using many
supposed “gluon rich” reactions such as radiative decays of
the heavy quarkonium states J/y [11,12] and Y(1S) [13].
However, despite intense experimental searches, there has
been no conclusive experimental observation [14,15]. The
identification of the scalar glueball is further complicated
by possible mixing with standard gg states. The broad
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f0(500), fo(1370) [16], fo(1500) [17,18], fo(1710)
[19,20], and possibly f,(2100) [21] have been suggested
as scalar glueball candidates. In the BESIII partial wave
analysis of the radiative J/y decay to i [21], the authors
conclude that the production rates of f,(1710) and
f0(2100) are both about one order of magnitude larger
than that of the f,(1500) and no clear evidence is found for
f0(1370). A feature of the scalar glueball is that its s5 decay
mode should be favored with respect to uii or dd [22,23].

In the present analysis, we consider the three-body 7,
decays to # KTK~, 'zt n~, and nz* z~, using two-photon
interactions, eTe™ — ete y*y* — ete™n,. If both of the
virtual photons are quasireal, then the allowed J”¢ values
of any produced resonances are 0F*, 2%+ 4%+  [24].
Angular momentum conservation, parity conservation, and
charge conjugation invariance imply that these quantum
numbers also apply to these final states. The possible
presence of a gluonic component of the  meson, due to the
so-called gluon anomaly, has been discussed in recent years
[25,26]. A comparison of the 77 and " content of 7, decays
might yield information on the possible gluonic content of
resonances decaying to z#tz~ or K" K~. The yy — 'z’ n~
process has been recently studied by the Belle experiment
[27], but no Dalitz plot analysis was performed.

This article is organized as follows. In Sec. II, a brief
description of the BABAR detector is given. Section III is
devoted to the event reconstruction and data selection. In
Sec. IV, we describe the efficiency and resolution studies,
while in Sec. V we report the measurement of the 7,
branching fraction. In Sec. VI we describe the Dalitz plot
analysis methodology, and in Secs. VII, VIII, and IX we
analyze 7, decays to KT K~, y'z"n~, and nz*n~, respec-
tively. The results are summarized in Sec. X.

II. THE BABAR DETECTOR AND DATASET

The results presented here are based on the full data
set collected with the BABAR detector at the PEP-II
asymmetric-energy ee~ collider located at SLAC, and
correspond to an integrated luminosity of 519 fb~! [28]
recorded at center-of-mass energies at and near the Y'(nS)
(n = 2, 3, 4) resonances. The BABAR detector is described
in detail in Ref. [29]. 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(TI) crystal electromagnetic
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. The pions tracking efficiency increases
from 98% to 100% in the momentum range 0.5-3 GeV/c
while the average kaon identification efficiency is 84%.
Muons and K mesons are detected in the instrumented

flux return of the magnet. Monte Carlo (MC) simulated
events [30], with reconstructed sample sizes of the order
10° times larger than the corresponding data samples, are
used to evaluate the signal efficiency and to determine
background features. Two-photon events are simulated
using the GamGam MC generator [31]. In this article,
the inclusion of charge-conjugate processes is implied,
unless stated otherwise.

III. EVENT RECONSTRUCTION AND SELECTION
A. Reconstruction of the 77h*h~ final state

We first study the reactions
vy = n'h"h, (1)

where h™h~ indicates a ztz~ or KTK~ system. The
selection criteria are optimized for the #,. signal, as
described below. The 7’ is reconstructed in the two decay
modes ' = p, p° = ztz~, andy = nata",n = yy. To
reconstruct these final states we select events in which the
e" and e~ beam particles are scattered at small angles, and
hence are undetected, ensuring that both virtual photons
are quasireal. We consider photon candidates with recon-
structed energy in the electromagnetic calorimeter greater
than 100 MeV. All pairs of photon candidates are com-
bined, assuming they originate from the e e~ interaction
region, and pairs with invariant-mass within +20 MeV/c?
(£150 MeV/c?) of the neutral pion (7 meson) mass are
considered 7° () candidates. We consider events with
exactly four well-measured charged-particle tracks with
transverse momentum greater than 0.1 GeV/c, and fit them
to a common vertex, which must be within the eTe~
interaction region and have a y? fit probability greater than
0.1%. Tracks are identified as either charged kaons or pions
using a high-efficiency algorithm that rejects more than half
the background with negligible signal loss. A track can be
identified as both kaon or pion (or neither) at this point.
For the 1/ — p°y selection, we allow the presence of only
two y candidates, where 7° candidates are excluded. For the
7' — natx~ we require exactly one 7 candidate, no more
than three additional background photon candidates, and no
7° candidate in the event. These selections are optimized on
the data using as reference the 7, signal.

To reconstruct ' — p° decays, we consider 77z~ pairs
in the mass region 0.620 < m(z*z~) < 0.875 GeV/c>.
Each of these p° candidates is combined with all y
candidates, and any combination with invariant mass in
the range 0.935 < m(p%) < 0.975 GeV/c? is considered
an ;' candidate. We compute the angle 6,, defined as the
angle between the z™ and the y in the 77z~ rest frame. The
distribution of 6, is expected to be proportional to sin? 0,
[32]. We thus scan the p’y mass spectrum with varying
selection on |cos@,| and obtain a small reduction of the
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combinatorial background by requiring |cos#@,| < 0.85.
The above selection reduces the 7’ signal and background
yields by 3% and 17%, respectively.

To improve the mass experimental resolution, the #’ four-
momentum is constructed by adding the momenta of the
#*, n~, and y, and computing the 5’ energy by assigning
the Particle Data Group (PDG) [33] nominal mass. This
method, tested on MC simulations, improves the resolution
by ~20%.

To reconstruct #' — natn~ decays, we perform a kin-
ematic fit to the 5 candidate, and require the 7z 7~ mass to
be within 426 of the fitted 7/ mass (956.8 +0.5) MeV/c?,
where ¢ =2.9 MeV/c? is the width of the resolution
function describing the #' signal. Similarly, to improve
the experimental resolution, the # four momentum is
constructed by adding the momenta of the =™, z~, and
1, and computing the 7 energy by assigning the PDG mass.

Background arises mainly from random combinations of
particles from eTe™ annihilation, from other two-photon
processes, and from events with initial-state photon radi-
ation (ISR). The ISR background is dominated by events
with a single high-energy photon recoiling against the
reconstructed hadronic system, which in the mass region of
interest is typically a JP¢ = 17~ resonance [34]. We
discriminate against ISR events by requiring the recoil
mass M2, = (Pote- — Prec)’ > 2 GeV?/c?*, where p,+,- is
the four-momentum of the initial state eTe™ and pre.
is the reconstructed four-momentum of the candidate
7' (n)h™h~ system.

We define p; as the magnitude of the transverse
momentum of the #/ATh~ system, in the e e~ rest frame,
with respect to the beam axis. Well reconstructed two-
photon events with quasireal photons are expected to
have low values of pz. Substantial background arises
from yy — 2h"2h~ events, combined with a background
photon candidate. These are removed by requiring
pr(2h2h™) > 0.1 GeV/c.

We retain events with p; below a maximum value that
is optimized with respect to the 7, signal for each decay
mode. We produce #'h*h™ invariant-mass spectra with
different maximum p; values, and fit them to extract
the number of 7. signal events (N,) (defined as the
2.93-3.03 GeV/c? interval) and the number of background
events underneath the 7, signal (N,). We then compute the
purity, defined as P = N,;/(N; + N,,), the figure of merit
S = N,/+/N, + N,, and their product, PS.

1. Reconstruction of the fx*n~ final state

For the final selection of the #'z"z~ final state, we
require all four charged tracks to be positively identified
as pions, using an algorithm based on multivariate
analysis [35] that is more than 98% efficient for the tracks
in the sample, while suppressing kaons by a factor of at
least seven.

Figures 1(a) and 1(b) show the p; distributions for
selected events in the charmonium region. This region is
defined as reconstructed invariant-mass m(yy'(n)h*th™) >
2.7 GeV/c*. In the case of #' — p% an upper mass
requirement m(n'z*7~) < 3.5 GeV/c? is applied because
of the large number of combinations produced by
the presence of the y. The data are compared with
expectations from 7. signal MC simulations; a signal
from two-photon production is observed in the data in
both cases, and is particularly clean for ' — nz*z~. In a
scan of the S, P, and PS variables as functions of
the maximum p; value, we observe a broad maximum
of § starting at 0.05 GeV/c for the 5’ — p’ decay
candidates, and a maximum of PS at 0.15 GeV/c for
the ¥ — nxtz~ candidates. We require pr < 0.05 GeV/c¢
and pr < 0.15 GeV/c, respectively, as indicated by the
dashed lines in the figures.

Figures 2(a) and 2(b) show the p°y and 2"z~ invariant-
mass distributions, respectively, for events satisfying all
selection criteria except that on these masses. Clear 7/
signals are visible, and the shaded regions indicate the
selection windows, (0.935-0.975) GeV/c? for ' — py
and (0.948-0.966) GeV/c? for i — nz*z~. Figures 3(a)
and 3(b) show the #'z*z~ invariant-mass spectra for the
selected events in the data. Prominent 7. signals are
observed, and there is some activity in the 7.(2S) mass
region.

If there are multiple candidates in the same event, then
we retain them all. The fraction of events having two
combinations in the 7. mass region is 3% (and 3.4% in 7,
signal MC simulations) for . — #'z*z~ with ' — p%.
No multiple candidates are found for ' = z+z~z° or any
of the other final states discussed below.

2. Reconstruction of the ¥ K* K~ final state

For the #/ K™K~ final state, we require the two charged
tracks assigned to the 77’ decay to be positively identified as
pions and the other two to be positively identified as kaons.
The algorithm is more than 92% efficient for kaon
identification, while suppressing pions by a factor of at
least five. The py distributions for events in the charmo-
nium region, compared with MC 7, signal simulations, are
shown in Figs. 1(c)-1(d), where signals of the two-photon
reaction can be seen. To minimize systematic uncertainties
in the measurements of the branching fractions, the same
pr requirements as for the #'ztz~ final state are used,
indicated by the dashed lines in the figures.

The corresponding 7' signals for this final state are
shown in Figs. 2(¢)-2(d), and the #'K* K~ invariant-mass
spectra are shown in Figs. 3(c)-3(d). Prominent #, signals
with low background are present in both invariant-mass
spectra with possible weak activity in the 7.(2S) mass
region. The decay 5. — 'K K~ is observed here for the
first time.
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FIG. 1. Distributions of the transverse momenta of the (a),(b) 'z 7z~ and (c),(d) ## K™K~ systems for events satisfying all other

selection criteria, in which the #' is reconstructed in the (a),(c) p% and (b),(d) #z* 7~ decay modes. The data are represented by points
with error bars, and the 7. MC simulation by solid (red) histograms with arbitrary normalization. The (blue) dashed lines indicate the

selection used to isolate two-photon event candidates.

B. Reconstruction of the nz* 7~ final state

We study the reaction

vy = nrtn, (2)

where # — yy and n —» 2tz 7°.

Ln—yy

For reaction (2), where 7 — yy, we again consider well-
measured charged-particle tracks with transverse momenta
greater than 0.1 GeV/c and photons with energy greater
than 0.1 GeV, and each pair of ys is kinematically fitted to
the 7° and 7 hypotheses. We require exactly two selected
tracks, fit them to a common vertex, and require the fitted
vertex to be within the interaction region and the y?
probability of the fit to be greater than 0.1%. We retain
events having exactly one » candidate, no 7° candidates,
and no more than three background ys.

The two charged tracks are required to be loosely
identified as pions. Most ISR events are removed by
requiring M2, = (poie- — Prec)” > 2 GeV?/c*.  Further

background is due to the presence of ISR events from
w(2S) = nJ/w — qutu~, where the two muons are mis-
identified as pions. This background is efficiently removed
by vetoing events having two loosely identified muons.
Background from the process yy — zz~ is removed by
requiring pr(ztz~) > 0.05 GeV/c.

The py distribution for such events in the charmonium
mass region is compared with 7, signal MC simulation in
Fig. 4(a), where a clear signal of the two-photon reaction
is observed. Optimizing the 7. figure of merit (S) and
purity (P), we require pr < 0.1 GeV/c. The resulting
nata~ invariant-mass spectrum is shown in Fig. 6(a),
where the 7. signal can be observed together with some
weak activity in the 7,.(2S) mass region.

2.n-ntna®

For reaction (2), where n — n" 7z~ 7", we require exactly
four well-measured charged-particle tracks with the
vertex y? fit probability greater than 0.1%. In order to
have sensitivity to low momentum 7° mesons, we consider
photons with energy greater than 30 MeV /c?. We allow no
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Invariant-mass distributions of (a) p% and (b) yztz~ for yy = #'zTn~ candidates satisfying all other selection criteria.

Corresponding (c) p% and (d) yz+z~ invariant-mass distributions for yy — n’K*K~ candidates. The shaded areas indicate the 7’

selections.

more than two kinematically fitted z° candidates and no
more than five background ys. Candidate yy — 2727z~
events are removed by requiring py(27277) >
0.05 GeV/c. Background ISR events are removed by
requiring M2, = (Po+o- — Prec)’ > 2 GeV?/c*. All four
charged tracks are required to be loosely identified as pions.

The 5 candidates are reconstructed by combining every
pair of oppositely charged tracks with each of the z°
candidates in the event. The resulting z*z~z° invariant-
mass spectrum is shown in Fig. 5. A clean # signal can be
seen; we select candidates in the mass region 538 <
m(ztr~ %) < 557 MeV/c?. The 5 is then reconstructed
by adding the momentum three-vectors of the three
pions and computing the # energy using its nominal
PDG mass.

The py distribution for such events in the charmonium
mass region is compared with 7. signal MC simulation
in Fig. 4(b), where a clear signal of the two-photon
reaction is observed. In this case, a maximum of the
PS figure of merit leads to the requirement
pr < 0.1 GeV/c. The resulting nztz~ invariant-mass
spectrum is shown in Fig. 6(b), where the 7. signal
can be observed together with some weak activity in the
7.(2S) mass region.

IV. EFFICIENCY AND 7. INVARIANT-MASS
RESOLUTION

To compute the reconstruction and selection efficiency,
MC signal events are generated using a detailed detector
simulation [30,31] in which the 7. mesons decay uni-
formly in phase space. These simulated events are
reconstructed and analyzed in the same manner as data.
We define the helicity angle 6y as the angle formed
by the 7" (where h = x, K), in the h"h~ rest frame, and
the #' () direction in the hth~™n' (h*h™#) rest frame.
For each final state, we compute the raw efficiency in
50 x 50 intervals of the invariant-mass, m(h"h~), and
cos 6y, as the ratio of reconstructed to generated events
in that interval.

To smoothen statistical fluctuations, the efficiency maps
are parameterized as follows. We first fit the efficiency
as a function of cos @y in each of the 100 MeV/c? wide
intervals of m(h™h™), using Legendre polynomials up to
L=12:
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where m denotes the A" A~ invariant mass. For a given value
of m(h™h™), the efficiency is interpolated linearly between
adjacent mass intervals.

Figure 7 shows the resulting efficiency maps
e(m, cos Oy) for the four '+ h~ final states, and Fig. 8
shows the maps for the two nztz~ final states. The small
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regions of very low efficiency near |cos@y|~ 1 are the
result of the difficulty of reconstructing K* mesons
with laboratory momentum less than =200 MeV/c,
and 7* mesons with laboratory momentum less than
~100 MeV/c, due to energy loss in the beam pipe and
inner-detector material.
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7°, in the charmonium mass region. The data are represented by the points with error bars, and the 5, MC simulation

as solid (red) histograms with arbitrary normalizations. The dashed (blue) lines indicate the selection used to isolate two-photon event

candidates.
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The mass resolution is determined from the distribution
of the difference (Am) between the generated and recon-
structed ’h™h~ or nxtz~ invariant-mass values. The Am
distributions are parametrized by the sum of a Crystal
Ball [36] and a Gaussian function, which describe well
the distributions, and have root-mean-squared values
of the following: 11.5 MeV/c?* for n'ztn=, ' — p;
139 MeV/c? for n'ntn~, n = nata; 82 MeV/c?
for B K*K~, 5 = p’; 122 MeV/c? for ' K'K-,
W = nrta~; 159 MeV/c? for nata~, n—yy; and
13.8 MeV/c? for yatn=, n —» ntn n°.

V. YIELDS AND BRANCHING FRACTIONS

In this section, we fit the invariant-mass distributions to
obtain the numbers of selected 7. events, N, WK+ K-> Nn’ﬂ*zr"
and N,,+,-, for each 5 or n decay mode. We then use
the #’ K™K~ and 5’z z~ yields to compute the ratio of
branching fractions for 7. to the y KT K~ and #'z" z~ final
states. This ratio is computed as
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FIG. 6. The nz*z~ invariant-mass spectra for selected events with (a) # — yy and (b) n — 777~ 7°
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for each #' decay mode, where €,x+x- and €, ,+,- are
the corresponding weighted efficiencies described in the
following Sec. V B.

A. Fits to the invariant-mass spectra

We determine Ng+g-, and N +,-, from 5, decays by
performing binned y? fits to the #’KTK~ and #/ztn~
invariant-mass spectra, in the 2.7-3.3 GeV/c? mass region,
separately for the two 7’ decay modes. In these fits, the 7,
signal contribution is described by a simple Breit-Wigner
(BW) function convolved with a fixed resolution function
described above, with 7. parameters fixed to PDG values
[33]. An additional BW function is used to describe the
residual background from ISR J/y events, and the remain-
ing background is parametrized by a second order poly-
nomial. The fitted #'ATh~ invariant-mass spectra are
shown in Fig. 9. The fits generally describe the data well,
although the fit to the ' K™K~ invariant-mass spectrum for
' — nrtz~ [Fig. 9(d)], which has low statistics, appears
to the eye to have a somewhat distorted line shape. For this
fit, we add two additional parameters by leaving free the
parameters of the Gaussian component of the resolution
function. To minimize the dependence of the Ns on the fit
quality, the 7, signal yields are obtained by integrating the
data over the 7, signal region after subtracting the fitted
backgrounds.

Statistical errors on the #, yields are evaluated by
generating, from each invariant-mass spectrum, 500 new
spectra by random Poisson fluctuations of the content of
each bin. The generated mass spectra are fitted using the
same model as for the original one and the resulting
distributions of the 5, subtracted yields are fitted using a
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Gaussian function, whose ¢ is taken as the statistical
uncertainty. The resulting yields and y? per degree of
freedom for the fits, y° /ndf are reported in Table I.

We test the fitting procedure by leaving free the 7,
parameters and find agreement, within the errors, with
world averages. For the decay 7, — nztz~, however, the
fits without interference do not describe the data well for
either 7 decay mode. Leaving free the 7, parameters, the fits
return masses shifted down by ~10 MeV/c? with respect
to PDG averages. We test the possibility of interference
effects of the 7. with each nonresonant two-photon process
[37], modifying the fitting function by defining

f(m) = |Apes* + 14, [* + ¢ - 2Re(Apeid; ). (5)

where A, is the nonresonant amplitude with |A,|?
described by a second order polynomial; the coherence
factor ¢ is the fraction of the nonresonant events that are
true two-photon production of the same final state; the
resonant contribution is A, = a - BW(m) - exp(i¢), where
BW(m) is a simple Breit-Wigner with parameters fixed to
PDG values; and a, ¢, and c are free parameters. The sum

of f(m) and the J/w contribution is convolved with the
experimental resolution.

Fits with interference and fixed PDG parameters give
values of y?/ndf = 77/54 (p value = 2.2%) and > /ndf =
46/54 (p value = 77%) forn — yy and  — "z~ 7" decay
modes, respectively. The fitted relative phases are ¢ =
1.41 £ 0.024, £ 0.02 rad  and ¢ = 1.26 £ 0.03, =
0.02,y, rad. Systematic uncertainties are related to the
use of 7. fixed parameters and on errors in the background
shape. The fits, on the other hand, show little sensitivity to
the ¢ parameter. The fitted invariant-mass spectra are shown
in Fig. 10, where reasonable descriptions of the data are
evident. As a comparison we also fit the two mass spectra
with no interference and fixed 7, parameters and obtain
the dotted lines distributions shown in Fig. 10 with
corresponding y?/ndf = 160/55 and y?/ndf = 139/55,
respectively.

We find that the interference model does not produce
significant improvements in the description of the data for
final states that include an 7. As a cross check, we reanalyze
the data reported in Ref. [5], and find no evidence for such
interference effects also for the 7, — 7KK~ decay mode.
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Systematic uncertainties on the yields due to the fitting
procedure are estimated by varying the 7. parameters
according to the PDG uncertainties. An additional uncer-
tainty of 4% is assigned to the yield for 57, — ' K* K~ with
i’ — natx~ due to the variation of the resolution function.
We also take the integral of each full function used to
describe the 7. as an estimate of the yield, and take the
difference as the systematic uncertainty. The quadratic
sums of these uncertainties are given in Table 1.

B. Branching fractions

We estimate €,/ g+ g- and €,/,+,- for the 5. signals using
the 2D raw efficiency functions described in Sec. I'V. Each
event is first weighted by 1/e(m, cos@y). Since the back-
grounds below the 7, signals have different distributions in
the Dalitz plot, we perform a sideband subtraction by
assigning an additional weight of 41 to events in the 7,
signal region, defined as the (2.93-3.03) GeV/c?> mass

region, and a weight —1 to events in the sideband
regions: (2.77-2.87) GeV/c* and (3.09-3.19) GeV/c>.
The weights in the sideband regions are scaled by a small
amount to match the fitted #,. signal/background ratio, and
added to those in the signal region, to produce the weighted
yields shown in Table I.

Systematic uncertainties on the efficiencies have been
evaluated as follows. The uncertainty due to the limited MC
statistics is computed by generating 500 new efficiency
tables, obtained from the original tables by random
variation, according to a Poisson distribution, of the
generated and reconstructed MC yields in each cell. The
distributions of the resulting weights are fitted using a
Gaussian function whose ¢ values are taken as systematic
uncertainties and are listed in Table I. To estimate an
uncertainty on the method of sideband subtraction, we use
the average weights in the signal region, and take the
difference as an uncertainty. The quadratic sums of these
uncertainties are given in Table 1.

We label with R,(py) and R,(na*n~) the measure-
ments of the branching fraction for the two 7' decay modes.
In each case, the numerator and denominator involve the
same number of charged tracks and ys, so the systematic
uncertainties on their reconstruction efficiencies cancel in
the ratio. The only difference is the presence of two kaons
in the numerator and two pions in the denominator. The
uncertainties in the particle identification efficiencies are
correlated; we assign a systematic uncertainty of 1% to the
identification of each kaon and 0.5% to each pion. Table II
summarizes the largest systematic uncertainties on the
branching fraction, which arise from MC statistics, the
use of the full fitting function in extracting the yield
(labeled full BW), the sideband subtraction in the efficien-
cies (labeled no sideband), and the kaon/pion identification
(labeled PID).

Adding the systematic uncertainties in quadrature, we
obtain the following values of the branching ratios:

R1(p%) = 0.629 + 0.049,, + 0.035,y, (6)

Ro(natn™) = 0.672 £ 0.0664, £ 0.078,y,, (7)
and an average value of

B(n. — nK"K")
By, —» n'ztx")

= 0.644 + 0.039,, + 0.032,,.  (8)

VI. DALITZ PLOT ANALYSES

We perform Dalitz plot analyses of the /2" z~, KT K™,
and nz 'z~ systems in the 5, mass region using unbinned
maximum likelihood fits. The likelihood function is
written as
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where

(1) N is the number of events in the signal region;
(i) fgg is the fraction of those events attributed to 7,

decays;

(i) forthe nthevent, x, =m?(n/n'h*),y, =m*(n/n'h™),
and

(iv) e(x),,y),) is the efficiency, parametrized as a function
of x, = m(h*h™) and y, = cos Oy (see Sec. IV);

TABLE L.

(v) ¢; is the complex amplitude of the ith signal
component; the ¢; are free parameters of the fit;

(vi) forthe nth event, A;(x,,y,) describe the ith complex
signal-amplitude contribution;

(vii) k; is the magnitude of the ith background compo-
nent; the k; parameters are obtained by fitting the
sideband regions;

(viii) for the nth event, B;(x,,y,) is the probability-
density function of the ith background contribution;
we assume that interference between signal and
background amplitudes can be ignored;

(ix) Ty = [Ai(x,9)A5(x, y)e(m(hTh™), cos Oy )dxdy
and'1 B, = = [B;(x y)dxdy are normalization integrals;
numerical integration is performed on phase-space
generated events.

Information for the evaluation of the branching fractions. The reported yields are obtained from the integration of the 7,

signal after background subtraction in the 7. signal region. The first error is statistical, the second systematic.

Final state Yield Weight Weighted yields 2 /ndf
ne = n'ata™ o = p) 1160 4+ 57 +47 17.37 £0.28 20149 £ 990 £ 878 51/55
n. = B KtK= (f = p°) 473 £29+3 26.79 £ 0.35 12672 £ 777 £ 184 58/55
ne —=>n'ntx (ff - ntxny) 619 £35 £ 11 18.42 £0.18 11401 £ 645 + 231 72/55
ne=>nK"K~(f - xtnn) 249 £20 £ 11 30.77 £ 0.40 7662 £ 615 £ 353 90/53
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events with (a) n — yy and (b)  — z+ 7~ 2°. The solid (red) lines
represent the fits including interference described in the text. The
dashed (blue) line represents the fitted nonresonant components.
The dotted lines represent the fits without interference.

Amplitudes are parametrized as described in Refs. [38,39].
They include a relativistic Breit-Wigner function having a
variable width modulated by the Blatt-Weisskopf [40] spin
form factors and the relevant spin-angular information.
Note that these factors are both one for scalar resonances.

The efficiency-corrected fractional contribution f; due to
resonant or nonresonant contribution is defined as follows:

— |Ci|2f|Ai(xn’yn)|2dXdy
J1225¢iA;(x, y)*dxdy

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

fi (10)

TABLE II. Summary of the systematic uncertainties on the
branching fraction.

R MC stat. Full-BW No sideband PID  Total
Ri(p%) 0.029 0.014 0.003 0.014 0.035
Ro(pztz~)  0.034 0.066 0.019 0.015 0.078

TABLE III. Information for the Dalitz analysis.

Final state Decay mode  Yield Fraction Purity (%)
ne > KK~ oy = p% 656 0.705 69.7 £ 1.7
n.—>nK*K~ u# - xtan 274 0.295 85.7+2.0
ne = n'nta = py 2239 0.717 51.8+1.1
n.—>nrztnm > xtay 833 0.283  69.0+ 1.6
ne = nrta” n—yy 6512 0.700 58.0 £ 0.6
ne = nrta” n—ntaa® 2791 0300 52.741.0

The search for the amplitudes contributing to the signal
or background is performed by starting with the largest
resonance observed in the mass projections, which is taken
as the reference amplitude with ¢; = 1 and phase zero.
We then add, one by one, possible processes that could
contribute to the decay, testing for an increase in the
likelihood value. Amplitudes are discarded if no significant
improvement in the likelihood [A(-2logL) > 2] is
obtained. Each excluded resonance is reiterated many
times in combination with other possible resonant contri-
butions. Where possible, resonance parameters are left
free, for comparison with existing values; otherwise, they
are fixed to PDG values.

Table III summarizes the information on the structure
of the samples used in the Dalitz analyses. Yields and
purities are computed in the #, signal region, defined
as the mass ranges (2.93-3.03) GeV/c? for #’h"h~ and
(2.92-3.02) GeV/c? for natn.

The widths of the resonances contributing to the 7,
decays are much larger than the experimental resolution,
and therefore resolution effects are ignored. The only
exception is the ¢(1020) resonance, which contributes to
the background to 7, — 7' K™ K~. We obtain an enhanced
$(1020) signal by relaxing the selection criteria and in
particular the p; selection. The resulting K™K~ mass
distribution shows a prominent ¢(1020) signal, which is
fitted with a P-wave relativistic BW function yielding a
width 6.1 4= 0.3 MeV/c?. The fitted BW function is used to
describe this contribution to the background.

Each Dalitz plot analysis deals with two sets of data
contributing to the given 7, final state, with different
efficiencies and purities: ' — p and #' — yata~ for
ne = n'h*h=, 5 —yy, and n —» a* 7~ x° for n, - nata.
Therefore we use the sum of two different likelihood
functions, which share the free parameters and fitting
model. Due to the lack of statistics we do not separate
the contributing backgrounds for the two sets of data.

VIL. DALITZ PLOT ANALYSIS OF 7, - #/K*K-

Figure 11 shows the Dalitz plot for the selected
n. = KT K~ candidates in the data, for the two #' decay
modes combined. Figures 12(a)-12(b) shows the two
squared mass projections.
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FIG. 11. Dalitz plot for selected 5, — KT K~ candidates in
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We observe that this 77, decay mode is dominated by a
diagonal band on the low mass side of the Dalitz plot. The
m*(K* K~) spectrum shows a large structure in the region of
the £ (1710) resonance. The combined m? (1 K*) invariant-
mass spectrum shows a structure at threshold due to the
K{(1430) accompanied by weaker resonant structures.

We first fit the two #, sidebands separately, using an
incoherent sum of amplitudes, which includes contribu-
tions from the ¢(1020), ¢(1680), f5(1525), K(1430), and
K{(1950) resonances. To model the background compo-
sition in the 7, signal region, we take a weighted average
of the two fitted fractional contributions, and normalize
using the results from the fit to the # K™ K~ invariant-mass
spectrum. The estimated background contributions are
indicated by the shaded regions in Figs. 12(a)-12(b),
and we show the corresponding background-subtracted
invariant-mass spectra in Figs. 12(c)-12(d).

The K{(1430) is a relatively broad resonance decaying
to Kz, Kn, and Ky'. The measured K7 relative branching
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o
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FIG. 12. Squared-mass projections (a) m*(K*K~) and (b) m?(’K*) of the measured 5, — #' K™K~ Dalitz plot. The shaded (gray)
histograms are the background interpolated from fits to the two 7, sidebands. Linear-scale mass projections (¢) m(K*K~) and
(d) m(K¥), after subtraction of the background. The solid (red) histograms represent the results of the fit described in the text
[solution (A)]. The other histograms display the contributions from each of the listed components. The ' K* mass projections have

two entries per event.

072002-14



LIGHT MESON SPECTROSCOPY FROM DALITZ PLOT ...

PHYS. REV. D 104, 072002 (2021)

IS-wavel/60 (MeV/c?)

o
i

m(Kn) (GeV/c?)

fotesttity

phase (rad)

IR AR R R B R R .

1 15 2
m(Kn) (GeV/c?)

FIG. 13. The (a) squared modulus and (b) phase of the Kz S-wave averaged over the 7, — K(S)Kﬂ and 5, - KK~ z° from the
BABAR [7] quasi-model-independent analysis. Statistical uncertainties only are shown. The full (red) lines represent the result from the
fit with free g?w and g%, parameters. The dashed (blue) lines represent the result from the fit with a fixed 9%01’ /g%, ratio. The dotted

(black) line in (a) represents the empirical background contribution.

B(K;(1430)—Kn)
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the K7’ has only been observed in Ref. [9]. To describe the
K{(1430) line shape in the K»' projection, we model it
using a simplified coupled-channel Breit-Wigner function,
which ignores the small Kx contribution. We parametrize
the K;(1430) signal as

1
S e p ey R oy P R

where m is the resonance mass, g, and gk, are the
couplings to the Kz and Ky’ final states, and p;(m) =
2P/m are the respective Lorentz-invariant phase-space
factors, with P the decay particle momentum in the
K{(1430) rest frame. The p,(m) function becomes imagi-
nary below the K7’ threshold. The values of 1, and the g ;
couplings cannot be derived from the K#' system only, and
therefore we make use of the Kz S-wave measurement
from BABAR [7]. We average the reported quasi-model-
independent measurements of the Kz S-wave from 5, —
K9Kx and . —» K"K~ z° decays, and obtain the modulus
squared of the amplitude and the phase shown in Fig. 13.

We perform a simultaneous binned y? fit to the Kz
S-wave amplitude and phase from threshold up to
1.72 GeV/ ¢%. Above this mass, other resonant contribu-
tions are present, which make the amplitude and
phase more complicated. We model the Kz S wave in this
region as

S-wave(m) = B(m) + ¢ - BWg,(m)e®,  (12)

where BW g, (m) is given by Eq. (11), B(m) is an empirical
background term, parametrized as

B(m) = pi(m)e™", (13)

and ¢, ¢, and a are free parameters. The results of the fit are
shown in Fig. 13 as the solid (red) lines. We obtain a
x*/ndf = 55/31 (y?/ndf = 25/31 with included system-
atic uncertainties) and the K{j(1430) parameters listed in
Table IV. We note a large statistical error on g%(”, that is

expected because of the weak sensitivity of the Kz S wave
to the opening of the K’ threshold. We also note the
presence of a very small background term. We attempt to
replace the background term with a BW function with
parameters fixed to the PDG averages for the x/K{(700)
resonance but obtain a poor description of the data. For
comparison, the K;(1430) parameters used by BESIII in
the Dalitz plot analysis of y., — # K"K~ [9] are those
measured by the CLEO Dt — K~ z*z" Dalitz plot analy-
sis [8], m = 1471.2 MeV/c?, gz, = 0.299 GeV?/c*, and
9%01’ = 0.0529 GeV?/c*.

We perform a Dalitz plot analysis of the . - 7’ KTK~
decay channel by using the 7/ f,(1710) intermediate state as
the reference amplitude. If there are regions of the phase
space not well described by the fit, then we add postulated
KTK§™, 1 fo2, or i ag intermediate states, and accept them
if A(—2log £) > 2. At each stage, we test for the presence
of a nonresonant contribution.

We describe the K{(1430) according to Eq. (11) first
with mg and g%, parameters fixed to the values from the fit
to the Kz S wave and 9%(;7' free. We observe little sensitivity
to the gin, parameter, expressed by the large error, and
therefore we also fix the value of this parameter to that from
the fit to the Kz S wave.

The projections of the fit result are shown in Fig. 12,
along with the largest signal components. To test the
fit quality, we generate a large number of phase-space
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TABLE IV. Resonance parameters from the Dalitz plot analyses of 5. — #KTK~, n.—#'z"z~, and
. = nat . In the case of the K{j(1430), the first two rows report results from fits to the Kz S wave with

g . . . . .
free K{(1430) parameters and fixed * ratio, respectively. When two errors are listed the first is statistical, the
K

second systematic. The calculated significances do not include systematic uncertainties.

Resonance Mass (MeV/c?) g%(” (GeV?/c*) g%w (GeV?/c*)
n. —>nK"K-

K§5(1430)

n. = KKxn 1447 + 8 0.414 £0.026 0.197 £0.105

fixed Z]’Z—K 1453 +22 0.462 4+ 0.036

K

Resonance Mass (MeV/c?) ' MeV) significance (no)

fo(1710) 1757 24 +9 1754+23+4 11.4

K5 (1950) 1942 +22 4+ 5 80 +324+20 33
ne > n'na”

f0(500) 953 £90 335 £ 81

f>(1430) 1440 £ 11 £3 46+ 15+5 4.4

f0(2100) 2116 £27 + 17 289 +34 + 15 10
He > na'n”

ap(1700) 1704 +5+2 110+ 15+ 11 8

MC-simulated events, which are weighted by the likelihood
function obtained by the fit. These MC-simulated
events are then normalized to the observed yield and are
superimposed to the data. To test the fit quality we also
project the fit on the (m(K*tK~),cosfy) plane and
compare data and simulation in each cell of the plane.
Labeling with ndf = Ny — Npyr, Where N 1S the
number of cells having at least two expected events and
Ny the number of free parameters in the Dalitz analysis,
we obtain y?/ndf = 285/264 = 1.1 corresponding to a
p value of 18%.

The intermediate states retained by this procedure
are listed in the left half of Table V, together with their
fitted fractions and relative phases. We label this fit as
solution (A). The nonresonant contribution is consistent
with zero.

We measure the f;(1710) parameters, listed in Table IV.
In addition to the strong f,(1710)y" and Kj(1430)*K~
contributions there is evidence for a signal of the
K§(1950)* K~ decay mode. We measure the parameters
of the K{(1950) (see Table IV) for which there is only
one previous measurement from the LASS collaboration
[41]. There are smaller contributions from f,(980)#/,
f2(1270)/, and f,(1510)#. The latter is indistinguishable
from an f%(1525)7' contribution, but for simplicity, we
report only the f,(1510)#', which gives a slightly larger
likelihood improvement.

Statistical significances of resonances contributing to the
decay are evaluated using the Wilks theorem [42] from the
difference in log likelihood between fits with and with-
out the specific signal component, taking into account
the difference of two free parameters. For f,(1710)y'

TABLE V. Fractions and relative phases from the Dalitz plot analysis of . — /K™ K~. The first errors are

statistical, the second systematic.

Intermediate state Fraction (%)

Phase (rad)

Fraction (%) Phase (rad)

Solution (A)

Solution (B)

fo(1710)y 295+47+1.6 0 294+£45+1.6 0

K (1430)TK~ 539+£72+20 0.61 £0.13+£0.45 61.4+£8.1£2.6 0.79 £0.12 £ 0.59

K§(1950)TK~ 24+£12£04 0.46 +0.29 +0.50 26+12+05 0.21 £ 0.28 £ 1.10

fo(1500)y' 0.8£1.0£03 0.32 +£0.54 £0.10 09£1.0£03 0.24 £0.52 £0.10

f0(980)n' 47+£27+04 —0.74 £ 0.55 £ 0.05 5.8£3.0£05 —1.01 £0.46 £ 0.05
f2(1270)7' 29+15+0.1 2.9 +0.38 = 0.09 26+1.6£0.2 2.73 £0.39 £ 0.09

sum 9434+93+26 102.6 +£10.0 £3.2

% /ndf 285/264 = 1.1 281/260 = 1.1

p-value 18% 18%
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and K(1950)*K~ we obtain A(—2log L) = 135.9 and
A(=2log £) =15.3, respectively. The corresponding signi-
ficances are listed in Table IV.

We evaluate systematic uncertainties on the fitted frac-
tions, phases, and resonance parameters. For resonances
having parameters fixed to PDG values, we vary these
parameters according to their PDG uncertainties. We
modify the purity of the #, signal according to its statistical
uncertainty. We replace the fitted efficiency with the raw
efficiency, defined in Sec. IV. The Blatt-Weisskopf [40]
form factor present in the relativistic BW functions,
nominally fixed at 1.5 GeV~!, is varied between 0 and
3.0 GeV~!. The background description is modified by
varying each resonant fraction by its statistical uncertainties
in the fits to the sidebands. All the contributions are added
in quadrature.

An inspection of Figs. 12(b)-12(d) suggests an addi-
tional enhancement in the m® (y’K*) around a mass
of ~2100 MeV/c?. We explore this possibility adding,
in the Dalitz plot analysis, an additional scalar resonance in
this mass region with free parameters. The presence of this
additional resonance also affects the parameters of the
K{(1950) which are also left free in the fit. The fit returns
the following values of the parameters of these resonances

m(K§5(1950)) = 1979 + 26, + 35 MeV/c?,
T(K}(1950)) = 144 + 44, £ 21, MeV/ 2,

and

m(K§5(2130)) = 2128 + 314, 4 95y MeV/c?,
T(K}(2130)) = 95 + 42, + 764, MeV/c2.

A comparison between the two fits on the m(y’K*)
projection is shown in Fig. 14. This new hypothesis
gives an overall improvement of the likelihood by a factor
A(—2log £) = 8.3. However, an application of the Wilks
theorem for the individual significances of the Kj(1950 and
K{(2130) in this new fit, obtain values of 4.3¢ and 2.70,
respectively. Since the local significance of the K5(2130) is
less than 36, we do not consider anymore in the following
the presence of this contribution.

A. Measurement of the relative
K;(1430) — K#/' coupling

We make use of previous measurements of 7, decays,
combined with the results of the present analysis, to obtain
a measurement of the K{(1430) couplings to the K" and
K final states. The product of the 7, two-photon width and
its branching fraction to #'z*z~, I',,B(n. = n'zn*tn~) =
65.4 +2.64, £ 7.8, €V, has been measured by the
Belle experiment [27], while T, B(, — KKz) = 386 &
0.008 = 0.021y eV has been measured by the BABAR

80 T T

events/30 (MeV/c?)

15 2 25
m(nK?) (GeV/c?)

FIG. 14. Linear-scale mass projection m(i’ K*), after subtrac-
tion of the background. The solid (red) histogram represent the
results of the fit described in the text [solution (A)]. The dashed
(blue) histogram represent results of the fit [solution (A)]
allowing the presence of an additional K{(2130) resonance.
The 5’ K* mass projection has two entries per event.

experiment [43]. The isospin decomposition of the 7. decay
to KKz includes decays to K°K*7z~, K°K~z*, K°K°7°,
and K™K~ 7°, where the latter contributes with a factor 1/6.
Dividing the BABAR result by a factor of 6 to obtain the
7. = a°K*K~ component, we have

B(n, — n'za"z~)
B(n, — n°KTK")

= 1.016 4 0.0404, & 0.121y5.  (14)
Combined with the B(y. —» 7 K*K™)/B(n. —» n'z"z~),
given above, Eq. (8), this gives

B(n. = nKTK™)
B(n. = n"K*K")

= 0.655 + 0.047,, + 0.085,,.  (15)

The BABAR Dalitz plot analysis of 5, - 7°KTK~
measured the fraction B(. — K~K};(1430)* (= K*2%)) =
(33.84£1.945 £0.44)% [5]. The present analysis mea-
sures  B(n. — K~ K;(1430)" (= K1) = (53.9+£7 24, £
2.05y5)% (left section of Table V). Combining these, and
applying a factor of 3 due to the isospin related unseen
decay modes, we obtain the ratio

B(K;(1430) — Ky

B = = 0.348 + 0.056,, + 0.047,,.
B(K}(1430) — Kx) o v
(16)
This ratio can be written as
G L
B= I;" Kn , (17)
gl(ﬂ IKJI.'
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where I,/ and I, are the integrals over the 7. phase space
of the coupled-channel Breit-Wigner function describing
the K;(1430) in the 5. —» K"K~ and 7. — 2°KTK~
decay modes [Eq. (11)] Using Eq. (17), we obtain the

ratio of the couphngs %t _ = 1.43 £ 0.23, & 0.22, to be

compared with the results from the fit to the Kz S wave

(from the first row in Table IV), of K" = 0.476 + 0.254.

K
To resolve this discrepancy (of the order of 2.30), we

perform several fits to the Kz S wave with g’;—” varying from
Kn

0.476 to 1.75, observing a steady increase in y* from 55 to
80. Using each set of fitted Kj(1430) resonance parameters,
we repeat the Dalitz plot analysis to obtain new values of the

fractional contributions, and recalculate the ratlo 7 K accord-

Kn

ing to Eq. (11). This ratio depends weakly on the resonance
parameters, varying between 1.40 to 1.67. Therefore, we fix

2
Gy

= 1.43 in the fit to the Kz S wave, and show the result as

JKn

the dashed (blue) lines in Fig. 13. This fit has a y?/ndf =
70/32 (y*/ndf = 32/32 when systematic uncertainties are
included). The fitted K{;(1430) parameters are then used in a
new Dalitz plot analysis, which we denote solution (B),
the results of which are listed in the right half of Table V.
The fitted K;;(1430)* K~ contribution increases to B(y. —

K™K§(1430)" (= K*)) = (61.4 £ 8.1 £2.6,,,) % which
gives the ratio
B(K;(1430) — K7)
B= 0 = 0.397 4+ 0.064.,,, + 0.054
B(K;(1430) - Kr) st 5y
(18)
and
gz
K !
1 = 1.50 £ 024, +0.24, (19)

<

where we have included the change from solution (A) in the
systematic uncertainty, as an estimate of the model uncer-
tainty. Similarly, we use the estimates of the K{;(1430) mass
and g%, from solution (B), along with the differences from
solution (A) (see Table IV), to obtain

m(K5(1430)) = 1449 + 173, + 24 MeV/c2,
P = 0.458 + 0.032,,, +0.044,,, GeV2/c*.
(20)

Sys

2
The inconsistency between the K” values may be associated

with an imperfect model descrlblng the K;(1430) shape.
The Dalitz plot fit quality of the solution (B) is similar

to that of solution (A) with A(-2logL)=4.8 and
)(Z/Ncells = 281/260 =1.1.

VIIL. DALITZ PLOT ANALYSIS OF #, > yf/n*n~

Figure 15 shows the Dalitz plot for the selected 7, —
n'z" 7~ candidates in the data, in the #. signal region, for
the two 1/ decay modes combined, and Figs. 16(a)-16(b)
show two squared-mass projections. We observe several
diagonal bands in the Dalitz plot, in particular at the
lower-left edge. There are corresponding structures in
the m?(z*x~) spectrum, including peaks attributable to
the f,(980) and f,(1270) resonances, and a large structure
at high zt7~ mass. In the m?(y'z*) spectrum, a large
structure is present; there is no known resonance decaying
to 'z in this mass region, but this could be a reflection of
the structure in the high m?(z*z~) region.

We fit the two 7, sidebands using an incoherent sum of
amplitudes, which includes contributions from the p°(770),
f2(1270), f,(1370), and f,(2100) resonances. To model
the background in the 7, signal region we take a weighted
average of the fitted fractional contributions, and normalize
using the results from the fit to the 'z z~ invariant-mass
spectrum. The estimated background contributions are
indicated by the shaded regions in Figs. 16(a)-16(b),
and we show the corresponding background-subtracted
invariant-mass spectra in Figs. 16(c)-16(d).

A candidate for the large structure in the high z*z~ mass
region is the f(,(2100) resonance, observed in radiative J /y
decay to ynn [21]. We take f((2100)5" as the reference
contribution, and perform a Dalitz plot analysis as
described in Sec. VI. Again, no nonresonant contribution
is needed, and the list of the resonances contributing to this
n. decay mode is given in Table VI, together with their
fitted fractions and relative phases.

The f((2100) parameters are first left free in the fit,
and we obtain the values listed in Table IV, which are in

m2() (GeVch

m2 M) (GeVZ/c?)

FIG. 15. Dalitz plot for selected 7, — 7'z z~ candidates in the
n. signal region, summed over the two ' decay modes.
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FIG. 16. Squared-mass projections (a) m*(z*z~) and (b) m?>(y'z*) of the measured 5, — 5’7"z~ Dalitz plot. The shaded (gray)
histograms are the background interpolated from fits to the two 5. sidebands. Linear-scale mass projections (c) m(z"z~) and
(d) m(i' z*), after subtraction of the background. The solid (red) histograms represent the results of the fit described in the text, and the
other histograms display the contributions from each of the listed components. The #'z* projections have two entries per event.

agreement with BESIII measurement (m = 2081 £
1313 MeV/c2, T = 27373]779) MeV [21]. We then fix
them to the values listed in the PDG. We also leave free

TABLE VI. Fractions and relative phases from the Dalitz plot
analysis of 5. — n’'z"x~. The first errors are statistical, the
second systematic.

Intermediate state Fraction (%) Phase (rad)

fo(2100)1 749+75+3.6 0
Sfo(500)n 43+£23+£0.7 —-5.89+0.24£0.10
f0(980)y 161 £24+05 -531+0.16£0.04
f2(1270)1 22.1£29+24 -3.60+0.16 +=0.03
f2(1430)1 19+£07+01 -245+£032+£0.11
a,(1710)x 32419405 -0.754+0.27+0.11
ay(1950)x 25+ 1.14+£0.1 -0.0240.32+0.06
f2(1800)y 53+22+14 0.67=+£0.24+0.08
sum 130.5+£9.5+4.7

x*/ndf = 409/386 = 1.1

p value 20%

the f((500) parameters and obtain the values listed in
Table IV which give a good description of the data. Given
the low statistics, we do not assign systematic uncertainties
to the fitted f,(500) resonance parameters, which are
within the range of other measurements [33]. The
f0(980) is parametrized by a coupled-channel Breit-
Wigner function with parameters fixed to the measurement
from Ref. [44]. To describe the small enhancement around
1.43 GeV/c?, we test both spin-2 and spin-0 hypotheses
with free resonance parameters; we obtain A(—21log £) =
2.4 in favor of the spin-2 hypothesis, so we attribute this
signal to the f,(1430) resonance, and report the fitted
parameter values in Table IV. We test the significance of
this signal by removing it from the list of the resonances,
obtaining A(—2log £) = 23.8 and a significance of 4.4c.
Replacing the f,(1430) resonance with f,(1500) or
fo(1370), we obtain poor fits with fractions from these
possible contributions consistent with zero. The f,(2100)
statistical significance is 10o.

The projections of the fit result are compared with
the data in Fig. 16. To test the fit quality, we generate a

072002-19



J.P. LEES et al.

PHYS. REV. D 104, 072002 (2021)

% 8
>
Q
S K
T 6
£
=
4
2
m2Mmr*) (GeV¥ch
FIG. 17. Dalitz plot for selected 5. — na'z~ candidates in the

n. signal region, summed over the two # decay modes.

large number of phase-space MC-simulated events, which
are weighted by the likelihood function obtained from the
fit. These MC-simulated events are then normalized to
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FIG. 18.

the observed yield and superimposed to the data. We also
project the fit on the (m(z*z~),cosfy) plane and
compare data and simulation in each cell, obtaining
x*/ndf = 409/386 = 1.1. The systematic uncertainties
on the fitted fractions, phases and resonance parameters
are evaluated as in the previous section.

IX. DALITZ PLOT ANALYSIS OF 7, — yn*n~

Figure 17 shows the Dalitz plot for the selected
n. — na'tx~ candidates in the data, in the 7, signal region,
for the two 1 decay modes combined, and Figs. 18(a)-18(b)
show two squared-mass projections. We observe that the
Dalitz plot is dominated by horizontal and vertical bands
due to the a((980) and diagonal bands due to resonances
in the z" 7~ final state. The squared-mass projections show
signals of f(500), f((980), and f,(1270).

The 7, sidebands are also rich in resonant structure, and
are fitted using an incoherent sum of amplitudes, including
contributions from the ay(980), f,(1270), a,(1310), and
f2(1950) resonances. We take a weighted average of the

(b)
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Squared-mass projections (a) m?(z+z~) and (b) m?(na*) of the measured 5, — nztz~ Dalitz plot. The shaded (gray)

histograms represent the background interpolated from fits to the two 7, sidebands. Linear-scale mass projections (¢) m(z"z~) and
(d) m(nzt) after subtraction of the background. The solid (red) histograms represent the results of the fit described in the text, and the
other histograms display the contributions from each of the listed components. The nz* projections have two entries per event.
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TABLE VII.  Fractions and relative phases from the Dalitz plot
analysis of 7, — nat ™. The first errors are statistical, the second
systematic.

Intermediate state Fraction (%) Phase (rad)

ay(980) "z~ 123+£12+£28 0

a>(1310) "z~ 254+0.74+0.9 —-1.04 £0.13 £0.20

fo(500)n 43+13+1.1 0.54 £0.14 £0.24

f2(1270)n 46+09+0.38 —1.154+0.11 £0.05

f0(980)n 5713415 —-2.41 +£0.09 £ 0.07

fo(1500)n 42+0.7+09 232 +0.13£0.17

ag(1450)tn~ 15.0+244+32 2.60 £0.09 +0.11

ay(1700) "z~ 354+0.8+£0.8 1.39 £0.15+ 0.20

f2(1950)n 42+10+£1.0 —-1.59 £ 0.15 £0.21

resonant sum 56.3 £3.7+10.0

nonresonant 172.7 £8.0 = 10.0 1.67 £0.07 £ 0.06
contribution

sum 229.0 £ 8.8 +14.1

x%/ndf 419/382 = 1.1

p-value 9.3%

fitted fractions in the two sidebands, normalized using the
results from the fit to the nz "z~ invariant-mass spectrum,
to estimate the background in the signal region, shown as
the shaded regions in Figs. 18(a)-18(b).

We take a((980)Tz~ as the reference contribution,
and perform a Dalitz plot analysis as described above.
The resulting list of contributions to this 7, decay mode is
given in Table VII, together with fitted fractions and
relative phases.

We find little sensitivity to the parameters of the f(500)
resonance, and therefore we use the parameters from the
n. = 'zt 7z~ Dalitz plot analysis, listed in Table IV. A new
ay(1700) resonance is observed in the nz* invariant-mass
spectrum, with fitted parameters listed in Table IV. The
likelihood change obtained when the resonance is excluded
from the fit is A(—2log L) = 72.3, corresponding to a
significance greater than 8c. Possible contributions from
the a,(1710) and f((2100) resonances have been tested,
but both are found to be consistent with zero.

We note the presence of a very large nonresonant scalar
contribution, and in Table VII, we list both the sum of
resonant contributions and the sum including the nonreso-
nant contribution. A similar effect has been observed in
charmless B decays [45]. This effect could be correlated
with the interference of the 7. with the two-photon
continuum described in Sec. V.

We test the fit quality as described above, with the
comparison in the (m(z"z7),cosfy) plane giving
y*/ndf = 419/382 = 1.1. We evaluate systematic uncer-
tainties as described above but adding an additional
uncertainty due to the possible interference between inter-
mediate resonances from the 7. decay and those present in
the background. To obtain the order of magnitude of the
effect we compare the fits to the nz*z~ mass spectra

described in Sec. VI A with and without the interference
and obtain an average difference in the 7, yield of the order
of 26%. Multiplying this factor by the sum of all the
resonant fractions given in Table VII, we obtain an estimate
of the uncertainty of the order of 15% which is added in
quadrature to the other sources of systematic uncertanties.
We also vary the 7, signal region width from 100 MeV/c?
to 60 MeV/c?> and add in quadrature the resulting
differences in amplitudes fractions and phases as an addi-
tional source of systematic uncertainties.

X. SUMMARY

We study the processes yy — ' KYK~, yy » g'n*n~,
and yy — na*n~ using a data sample of 519 fb~! recorded
with the BABAR detector operating at the SLAC PEP-II
asymmetric-energy e"e~ collider at center-of-mass ener-
gies at and near the Y (nS) (n =2, 3, 4) resonances. We
observe 7. decays to all the above final states and perform
Dalitz plot analyses to measure intermediate resonant
fractions and relative phases. Significant interference
effects of the 7. with the two-photon background are
observed only for the decay n, — natz.

The decay 5, — 5’ K™K~ is observed for the first time
and we measure the branching fraction relative to
ne =yt

B(n. = nKTK")
By, —»n'z*x")

= 0.644 + 0.039,,, + 0.032y,.

Using published information from the BABAR and Belle
experiments, and this analysis of n, — #' K™ K~, we obtain
measurements of the K(1430) resonance parameters:

m(K(1430)) = 1449 £ 17, £ 24 MeV/c?,

Gan = 0.458 £ 0.032, £ 0.044,,, GeV2/c*,
9y

TR = 1,50 £ 0.24, £ 0.24,y,.

9k

We also measure the ratio of couplings of the K;(1430)
resonance to 'K and K,
B(K;(1430)* — n/K)
B(Kj(1430)* — zK)

= 0.450 £ 0.072,, % 0.061 .

The 5, — # K"K~ decay contains a significant contri-
bution from 7. — 1/ f¢(1710), and we measure the
fo(1710) resonance parameters:

m(fo(1710) = 1757 & 24, £ 95y MeV/ 2,
[(fo(1710)) = 175 £ 23, + 4. MeV /2.

Evidence is also found for the K{;(1950), whose parameters
are measured as
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TABLE VIII. Fractional contributions to 7, — nh™h~ and
n. = n’h*h~ decays of selected scalar mesons, uncorrected for
unseen decay modes. The first errors are statistical, the second
systematic.

Final state  f,(1500)% £0(1710)% £0(2100)%
nK*K~ 237+£70+18 89+02+04

Nt 42407409 0
WKTK~ 08+10+03295+47+16

A 0.3+0.2 749 +75+35

m(K;(1950)) = 1942 + 22, %+ 21, MeV/ 2,

[(K§(1950)) = 80 = 32, & 20, MeV/ 2
We find no evidence for the x/K(j(700) in 5. decays.

The . — 'z 7~ decay is found to be dominated by the
f0(2100) resonance, also observed in radiative J /y decays,
and we measure the resonance parameters:

m(f(2100)) = 2116 & 27, & 173 MeV/c?,

['(fo(2100)) = 289 + 34, + 15, MeV/c?.
Evidence is also found for the f,(1430), and we measure
the resonance parameters:

m(f5(1430)) = 1440 + 11 + 34, MeV/c2,
(f,(1430)) = 46 + 1544 + 54 MeV/c2.

The Dalitz plot analysis of the ., — na 'z~ decay shows
the presence of a new a,(1700) — 5z resonance, for which
we measure the following parameters:

m(ap(1700)) = 1704 £ 5g, & 24 MeV/c?,

['(ag(1700)) = 110 & 154, + 11, MeV/c?.

In the framework of the identification of scalar gluonium
states, it is interesting to compare the rates of 77, decays into
a gluonium candidate state and an 5 or an ' meson.
Table VIII summarizes relevant results from this and our
previous analysis.

We observe an enhanced contribution of f(1710) in 7,
decays to 7/ and an enhanced contribution of f(1500) in
n. decays to n. This effect may point to an enhanced
gluonium content in the f,(1710) meson. A similar
conclusion is drawn in the study of J/y radiative decays
[21]. In particular, Ref. [20] finds that the production
rate of the pure gauge scalar glueball in J/y radiative
decays predicted by lattice QCD is compatible with
the production rate of J/y radiative decays to
fo(1710) and this suggests that f,(1710) has a larger
overlap with the glueball compared to other glueball
candidates [e.g., fo(1500)]. The observation of f,(2100)
in both J/y radiative decays and in 7. — y/ztz”
allows to add this state in the list of the candidates for
the scalar glueball.
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