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We study the processes ete™ = KTK 7T n~y, K™K 7%y, and K™K~ K™K, where the
photon is radiated from the initial state. About 84000, 8000, and 4200 fully-reconstructed events,
respectively, are selected from 454 fb~! of BABAR data. The invariant mass of the hadronic final
state defines the eTe™ center-of-mass energy, so that the K™K ~n" 7"~ data can be compared with
direct measurements of the e"e™ — K™K nt7n~ reaction. No direct measurements exist for the
ete” 5> KK 7% or ete™ — KT K~ KK~ reactions, and we present an update of our previous
result based on a data sample that is twice as large. Studying the structure of these events, we find
contributions from a number of intermediate states, and extract their cross sections. In particular,
we perform a more detailed study of the e"e™ — ¢(1020)77y reaction, and confirm the presence of
the Y'(2175) resonance in the ¢(1020) fo(980) and K K~ fo(980) modes. In the charmonium region,
we observe the J/v in all three final states and in several intermediate states, as well as the ¢(25)
in some modes, and measure the corresponding products of branching fraction and electron width.

PACS numbers: 13.66.Bc, 14.40.-n, 13.25.Jx

I. INTRODUCTION

Electron-positron annihilation at fixed center-of-mass
(c.m.) energies has long been a mainstay of research in
elementary particle physics. The idea of utilizing initial-
state radiation (ISR) to explore eTe™ reactions below
the nominal c.m. energies was outlined in Ref. [1], and
discussed in the context of high-luminosity ¢ and B fac-
tories in Refs. [2-4]. At high c.m. energies, eTe™ anni-
hilation is dominated by quark-level processes producing
two or more hadronic jets. Low-multiplicity processes

*Now at Temple University, Philadelphia, Pennsylvania 19122,
USA
T Also with Universita di Perugia, Dipartimento di Fisica, Perugia,
Ttaly
fNow at University of South Alabama, Mobile, Alabama 36688,
USA

§ Also with Universitd di Sassari, Sassari, Italy

dominate below or around 2 GeV, and the region near
the charm threshold, 3.0-4.5 GeV, features a number of
resonances [5]. Thus, studies with ISR events allow us to
probe a wealth of physics topics, including cross sections,
spectroscopy and form factors. Charmonium and other
states with J©¢ = 17~ can be observed, and interme-
diate states may contribute to the final state hadronic
system. Measurements of their decay modes and branch-
ing fractions are important to an understanding of the
nature of such states.

Of particular current interest (see Ref. [6]) is the
Y (2175) state observed to decay to ¢(1020)f,(980) in
our previous study [7] and confirmed by the BES [8] and
Belle [9] Collaborations. With twice the integrated lumi-
nosity (compared to Ref. [7]) in the present analysis, we
perform a more detailed study of this structure.

The study of ete™ — hadrons reactions in data is also
critical to hadronic-loop corrections to the muon mag-
netic anomaly, a, = (g, — 2)/2. The theoretical predic-
tions of this anomaly rely on these measurements [10].



Improving this prediction requires not only more precise
measurements, but also measurements from threshold to
the highest c.m. energy possible. In addition, all the
important sub-processes should be studied in order to
properly incorporate possible acceptance effects. Events
produced via ISR at B factories provide independent and
contiguous measurements of hadronic cross sections from
the production threshold to a c.m. energy of ~5 GeV.
With more data we also are able to reduce systematic
uncertainties in the cross section measurements.

The cross section for the radiation of a photon of en-
ergy E, in the c.m. frame, followed by the production
of a particular hadronic final state f, is related to the
corresponding direct ete™ — f cross section of(s) by

don(S(Jv )

T = Wi(so,2) - of(s0(1 =), (1)

where /g is the nominal ete™ c.m. energy, =2E, /\/s¢
is the fraction of the beam energy carried by the ISR
photon, and E¢ . =+/S0(1 — ) =+/s is the effective c.m.
energy at which the final state f is produced. The proba-
bility density function W (sg,x) for ISR photon emission
has been calculated with better than 1% precision (see,
e.g. Ref. [4]). It falls rapidly as E., increases from zero,
but has a long tail, which in combination with the in-
creasing o¢(so(1 — z)) produces a sizable event rate at
very low E¢ .. The angular distribution of the ISR pho-
ton peaks along the beam directions. For a typical eTe™
detector, around 10-15% of the ISR photons fall within
the experimental acceptance [4] .

Experimentally, the measured invariant mass of the
hadronic final state defines E¢ .. An important feature
of ISR data is that a wide range of energies is scanned
continuously in a single experiment, so that no structure
is missed, and the relative normalization uncertainties in
data from different experiments are avoided. Further-
more, for large values of = the hadronic system is col-
limated, reducing acceptance issues and allowing mea-
surements down to production threshold. The mass res-
olution is not as good as the typical beam energy spread
used in direct measurements, but resolution and absolute
energy scale can be monitored by means of the measured
values of the width and mass of well-known resonances,
such as the J/4) produced in the reaction eTe™ — J/4ry.
Backgrounds from eTe™ — hadrons events at the nomi-
nal \/sg and from other ISR processes can be suppressed
by a combination of particle identification and kinematic
fitting techniques. Studies of ete™ — putp~v and sev-
eral multi-hadron ISR processes using BABAR data have
been performed [7, 11-17], demonstrating the viability of
such measurements. These analyses have led to improve-
ments in background reduction procedures for more rare
ISR processes.

The K™K~ ntr~ final state has been measured di-
rectly by the DM1 Collaboration [18] for /s <2.2 GeV,
and we have previously published ISR measurements of
the KT K~ ntn~ and KTK~KTK™ final states [13] for
Ecm. < 4.5 GeV. Later we reported an updated mea-

surement of the K™K ~7ntx~ final state with a larger
data sample, together with the first measurement of the
K*TK—797Y final state, in which we observed a structure
near threshold in the ¢ fj intermediate state [7].

In this paper we present a more detailed study of these
two final states along with an updated measurement of
the KTK~KTK~ final state. In all cases we require
the detection of the ISR photon and perform a set of
kinematic fits. We are able to suppress backgrounds suf-
ficiently to study these final states from their respective
production thresholds up to E. . =5 GeV. In addition
to measuring the overall cross sections, we study the in-
ternal structure of the final states and measure cross sec-
tions for a number of intermediate states that contribute
to them. We also study the charmonium region, measure
several J/¢ and ¥(2S) products of branching fraction
and electron width, and set limits on other states.

II. THE BABAR DETECTOR AND DATASET

The data used in this analysis were collected with the
BABAR detector at the PEP-II asymmetric-energy eTe™
storage rings at the SLAC National Accelerator Labora-
tory. The total integrated luminosity used is 454.2 b1,
which includes 413.1 fb™' collected at the 1°(4S) peak,
V50 = 10.58 GeV, and 41.1 b~ collected at about
V50 = 10.54 GeV.

The BABAR detector is described elsewhere [19]. In
the present work, we use charged-particle tracks recon-
structed in the tracking system, which is comprised of a
five double-sided-layer silicon vertex tracker (SVT) and
a 40-layer drift chamber (DCH) in a 1.5 T axial magnetic
field. Separation of charged pions, kaons, and protons is
achieved using a combination of Cherenkov angles mea-
sured in the detector of internally-reflected Cherenkov
light (DIRC) and specific-ionization measurements in the
SVT and DCH. For the present study we use a kaon iden-
tification algorithm that provides 90-95% efficiency, de-
pending on momentum, and pion and proton rejection
factors in the 20-100 range. Photon and electron ener-
gies are measured in a CsI(T1) electromagnetic calorime-
ter (EMC). We use muon identification provided by an
instrumented flux return (IFR) to select the u* = final
state used for photon efficiency studies.

To study the detector acceptance and efficiency, we
use a simulation package developed for radiative pro-
cesses. The simulation of hadronic final states, includ-
ing KT K—atr vy, KtK %% and KT K- K+K~,
is based on the approach suggested by Czyz and Kiithn
[20]. Multiple soft-photon emission from the initial-
state charged particles is implemented with a structure-
function technique [21, 22], and photon radiation from
the final-state particles is simulated by the PHOTOS
package [23]. The precision of the radiative corrections
is about 1% [21, 22].

We simulate the two K*K - nr (nt7n~,7%7%) final
states uniformly in phase space, and also according to



models that include the ¢(1020) — K™K~ and/or
f0(980) — 7w channels. The K™K~ KtK~ final state
is simulated according to phase space, and also includ-
ing the ¢ — KTK~ channel. The generated events are
subjected to a detailed detector simulation [24], and we
reconstruct them with the same software chain used for
the experimental data. Variations in detector and back-
ground conditions over the course of the experiment are
taken into account.

We also generate a large number of potential back-
ground processes, including the ISR reactions ete™ —
7T+7T’7T+ﬂ"”y, ete™ — 7T+7T77T07T0’}/, and ete™ —
Kg Ky, which can contribute due to particle misidenti-
fication. We also simulate ete™ — ¢ny, ete™ — ¢n¥y,
and ete™ — 777~ 7%y, which have larger cross sections
and can contribute background via missing or spurious
tracks or photons. In addition, we study non-ISR back-
grounds resulting from ete™ — qq (¢ = u,d, s, c) gener-
ated using JETSET [25] and from ete™— 777~ gener-
ated using KORALB [26]. The cross sections for these
processes are known to about 10% accuracy or better,
which is sufficiently precise for the purposes of the mea-
surements in this paper. The contribution from 7°(45)
decays is found to be negligible.

IIT. EVENT SELECTION AND KINEMATIC FIT

In the selection of candidate events, we consider photon
candidates in the EMC with energy above 0.03 GeV, and
charged-particle tracks reconstructed in either or both of
the DCH and SVT, that extrapolate within 0.25 cm of
the collision axis in the transverse plane and within 3 cm
of the nominal collision point along this axis. We require
a photon with c.m. energy I, > 3 GeV in each event, and
either four charged-particle tracks with zero net charge
and total momentum roughly (within 0.3 radians) oppo-
site to the photon direction, or two oppositely-charged
tracks that combine with other photons to roughly bal-
ance the high-energy photon momentum. We assume
that the photon with the largest value of E, is the ISR
photon. We fit the set of charged-particle tracks to a
common vertex and use this as the point of origin in
calculating the photon direction(s). If additional well-
reconstructed tracks exist, the nearest four (two) to the
interaction region are chosen for the four-track (two-
track) analysis. Most events contain additional soft pho-
tons due to machine background or interactions in the
detector material.

We subject each candidate event to a set of constrained
kinematic fits and use the fit results, along with charged-
particle identification, both to select the final states of in-
terest and to measure backgrounds from other processes.
The kinematic fits use the ISR photon direction and en-
ergy along with the four-momenta and covariance ma-
trices of the initial eTe™ and the set of selected tracks
and photons. The ISR photon energy and position are
additionally aligned and calibrated using the u™u~~ ISR

process, since the two well-identified muons predict pre-
cisely the position and energy of the photon. This process
is also used to identify and measure data - Monte Carlo
(MC) simulation differences in the photon detection ef-
ficiency and resolution. The fitted three-momentum for
each charged-particle track and the photon are used in
further kinematical calculations.

For the four-track event candidates the fits have four
constraints (4C). We first fit to the 777~ 77~ hypothe-
sis, obtaining the chi-squared value x3,.. If the four tracks
include one identified KT and one identified K ~, we fit
to the K™K ~mTn~ hypothesis and retain the event as
a KTK~nTn~ candidate. For events with one identi-
fied kaon, we perform fits with each of the two oppositely
charged tracks given the kaon hypothesis, and the combi-
nation with the lower X3, is retained if its value is less
than x2.. If the event contains three or four identified
K*, we fit to the KTK~K*+K~ hypothesis and retain
the event as a K™K~ K1TK~ candidate with chi-squared
value x4 .

For the events with two charged-particle tracks and five
or more photon candidates, we require that both tracks
be identified as kaons to suppress background from ISR
atr 1970 and KT KT events. We then pair all non-
ISR photon candidates and consider combinations with
invariant mass within +£30 MeV/c? of the 7° mass [5] as
70 candidates. We perform a six-constraint (6C) fit to
each set of two non-overlapping 7° candidates, the ISR
photon, the two charged-particle tracks, and the beam
particles. Both 7% candidates are constrained to the m°
mass, and we retain the combination with the lowest chi-
squared value, X% Km0

IV. THE KTK-ntn~ FINAL STATE
A. Final Selection and Backgrounds

The 3o, distribution in data for the K™K ~ntn—
candidates is shown in Fig. 1 (points); the open his-
togram is the distribution for the simulated K+ K 7t~
events. The distributions are broader than those for
a typical 4C x? distribution due to higher order ISR,
and the experimental distribution has contributions from
background processes. The simulated distribution is nor-
malized to the data in the region X2, < 10 where the
contributions of the backgrounds and radiative correc-
tions do not exceed 10%.

The shaded histogram in Fig. 1 represents the back-
ground from non-ISR eTe™ — ¢g events obtained from
the JETSET simulation. It is dominated by events with
a hard 7° that results in a fake ISR photon. These events
otherwise have kinematics similar to the signal, resulting
in the peaking structure at low values of x5, . We eval-
uate this background in a number of E. ,,,. ranges by com-
bining the ISR photon candidate with another photon
candidate in both data and simulated events, and com-
paring the 7% signals in the resulting v+ invariant mass



=
o
IS
T

Control

Signal )
region

region

Events/unit )(2

=
o
w

FIG. 1: Distribution of x? from the four-constraint fit for
KK~ ntr™ candidates in the data (points). The open his-
togram is the distribution for simulated signal events, nor-
malized as described in the text. The shaded, cross-hatched,
and hatched regions represent, respectively, the background
from non-ISR events, from the ISR Kg K7 process, and back-
grounds with dominant contribution from mis-identified ISR
47 events. Signal and control regions are indicated.

distributions. The simulation gives an E. ,, -dependence
consistent with the data, so we normalize it using an over-
all factor. The cross-hatched region in Fig. 1 represents
ete” — KgKny events with Kg — 777~ decays close
to the interaction region, and one pion mis-identified as
a kaon. The process has similar kinematics to the signal
process, and a contribution of about 1% is estimated us-
ing the cross section measured in our previous study [16].
The hatched region represents the contribution from ISR
ete = rtn 7T r~ events with one or two misidentified
pions; this process contributes mainly at low x? values.
We estimate the contribution as a function of E. , from
a simulation using the cross section value and shape from
our previous study [13].

All remaining background sources are either negligi-
ble or give a X2, distribution that is nearly uniform
over the range shown in Fig. 1. We define the signal re-
gion by requiring x3 ., < 30, and estimate the sum of
the remaining backgrounds from the difference between
the number of data and simulated entries in the control
region, 30 < X3, < 60, as shown in Fig. 1. The back-
ground contribution to any distribution other than x?2 is
estimated as the difference between the distributions in
the relevant quantity for data and MC events from the
control region of Fig. 1, normalized to the difference be-
tween the number of data and MC events in the signal re-
gion. The non-ISR background is subtracted separately.
The signal region contains 85598 data and 63784 simu-
lated events; the control region contains 9684 data and
4315 simulated events.
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FIG. 2: The invariant mass distribution for K™K ntn~
candidates in the data (points): the shaded, cross-hatched
and hatched regions show, respectively, the non-ISR back-
ground from JETSET simulation, the KsKn background
with a small contribution from the control region of Fig. 1, and

the dominant contribution resulting from ISR mis-identified
ata atn™ events.

Figure 2 shows the K™K ~nT 7~ invariant mass dis-
tribution from threshold up to 5.0 GeV/c? for events in
the signal region. Narrow peaks are apparent at the J/1
and 1(2S5) masses. The shaded histogram represents the
qq background, which is negligible at low mass but dom-
inates at higher masses. The cross-hatched region rep-
resents the background from the KsKm channel (which
exhibits a ¢(1680) peak [16]) and from the x? control
region. The hatched region represents the contribution
from mis-identified ISR 777~ 77—, and is dominant for
masses below 3.0 GeV/c2. The total background is 6-8%
at low mass, but accounts for 20-25% of the observed dis-
tribution near 4 GeV/c?, and increases further for higher
masses.

We subtract the sum of backgrounds in each mass in-
terval to obtain the number of signal events. Considering
uncertainties in the cross sections for the background pro-
cesses, the normalization of events in the control region,
and the simulation statistics, we estimate a systematic
uncertainty on the signal yield that is 2% or less in the
1.6-3.3 GeV/c? mass region, but increases linearly to 10%
in the 3.3-5.0 GeV/c? region, and is about 20% for the
masses below 1.6 GeV/c?.

B. Selection Efficiency

The selection procedure applied to the data is also
applied to the simulated signal samples. The resulting
KTK~nTr~ invariant-mass distributions in the signal
and control regions are shown in Fig. 3(a) for the uniform
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FIG. 3: (a) The invariant mass distributions for KK~ 77~
MC events that are simulated uniformly in phase space, re-
constructed in the signal (open) and control (hatched) regions
of Fig. 1; (b) net reconstruction and selection efficiency as
a function of mass obtained from this simulation (the curve
represents a third-order polynomial fit). The dashed curve is
obtained for the ¢(1020)7 "7~ final state.

phase space simulation. This model reproduces the ob-
served distributions of kaon and pion momenta and polar
angles. A broad, smooth mass distribution is chosen to
facilitate the estimation of the efficiency as a function of
mass. We divide the number of reconstructed simulated
events in each mass interval by the number generated in
that interval to obtain the efficiency shown by the points
in Fig. 3(b). The result of fitting a third-order polyno-
mial to the points is used for further calculations. We
simulate events with the ISR photon confined to the an-
gular range 20-160° with respect to the electron beam
in the ete™ c.m. frame; this angular range is wider than
the actual EMC acceptance. The calculated efficiency is
for this fiducial region, and includes the acceptance for
the final-state hadrons, the inefficiencies of the detector
subsystems, and event loss due to additional soft-photon
emission.

The simulations including the ¢(1020)7"7~ and/or
K*TK™ fo(980) channels give very different mass and an-
gular distributions in the K™K ~nT 7~ rest frame. How-
ever, the angular acceptance is quite uniform for ISR
events (see Ref. [13]), and the efficiencies are within 1% of
those from the uniform phase space simulation, as shown
by the dashed curve in Fig. 3(b) for the ¢(1020)7 " m—
final state.

To study possible mis-modeling of the acceptance,
we repeat the analysis with tighter requirements. All
charged tracks are required to lie within the DIRC accep-
tance, 0.45 <6, < 2.4 radians, and the ISR photon must
not appear near the edges of the EMC, 0.35 < figgr <2.4

radians. The fraction of selected data events satisfying
the tighter requirements differs from the simulated ratio
by 1.5%. We take the sum in quadrature of this variation
and the 1% model variation (2% total) as the systematic
uncertainty due to acceptance and model dependence.
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FIG. 4: The ete™— KT K~ 7nT 7™ cross section as a function
of ete™ c.m. energy measured with ISR data at BABAR (dots).
The direct measurements from DM1 [18] are shown as the
open circles. Only statistical errors are shown.

Our data sample contains about 3000 events in the J/
peak. Comparing this number with and without selection
on X3y, we find less than a 1% difference between data
and MC simulation due to mis-modeling of the shape of
the X3 o, distribution. This value is taken as an estimate
of the systematic uncertainty associated with the X3z
selection criterion. To measure tracking efficiency, we
consider data and simulated events that contain a high-
energy photon and exactly three charged-particle tracks,
which satisfy a set of kinematical criteria, including a
good x? from a kinematic fit to the 7t7 =77~ hypoth-
esis, assuming one missing pion track in the event. We
find that the simulated track-finding efficiency is over-
estimated by (0.75 £ 0.25)% per track, so we apply a
correction of +(3 £ 1)% to the signal yield.

The kaon identification efficiency is studied in
BABAR using many different test processes (e.g. ete™—
#(1020)y — KT K~), and we conservatively estimate a
systematic uncertainty of +1.0% per kaon due to data-
MC differences in our kaon momentum range.

The data-MC simulation correction due to ISR photon
detection efficiency was studied with a sample of eTe™ —
u v events and was found to be +(1.0 + 0.5)%.
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TABLE I: Summary of the cross section measurements for eTe™ — KTK ™ 7Tx~. Errors are statistical only.

Ec.m. (GeV) o (nb) Ec.m. (GeV) o (nb) Ec.m. (GeV) o (nb) Ec.m. (GeV) o (nb)
1.4125 0.000 £ 0.004 2.3125 1.531 + 0.056 3.2125 0.357 £ 0.025 4.1125 0.082 £ 0.011
1.4375 0.009 £ 0.008 2.3375 1.586 + 0.056 3.2375 0.328 £ 0.023 4.1375 0.078 £ 0.011
1.4625 0.018 £ 0.008 2.3625 1.496 + 0.055 3.2625 0.339 £ 0.023 4.1625 0.065 £ 0.010
1.4875 0.014 £+ 0.010 2.3875 1.574 + 0.055 3.2875 0.304 £ 0.022 4.1875 0.079 £ 0.010
1.5125 0.075 £ 0.017 2.4125 1.427 4+ 0.053 3.3125 0.292 £ 0.022 4.2125 0.082 £ 0.011
1.5375 0.078 £ 0.018 2.4375 1.407 = 0.052 3.3375 0.295 £ 0.021 4.2375 0.065 £ 0.010
1.5625 0.135 £ 0.022 2.4625 1.353 + 0.051 3.3625 0.257 £ 0.020 4.2625 0.071 £ 0.009
1.5875 0.297 £ 0.030 2.4875 1.221 + 0.048 3.3875 0.242 £ 0.020 4.2875 0.075 £ 0.010
1.6125 0.550 £ 0.040 2.5125 1.203 + 0.047 3.4125 0.245 £ 0.020 4.3125 0.076 £ 0.010
1.6375 0.975 £ 0.053 2.5375 1.020 + 0.044 3.4375 0.199 £ 0.018 4.3375 0.061 £ 0.009
1.6625 1.363 + 0.061 2.5625 0.991 £ 0.043 3.4625 0.254 £ 0.019 4.3625 0.060 £ 0.009
1.6875 1.808 + 0.069 2.5875 0.986 £ 0.043 3.4875 0.212 £ 0.019 4.3875 0.068 £ 0.009
1.7125 2.291 £ 0.078 2.6125 0.837 £ 0.040 3.5125 0.265 £ 0.020 4.4125 0.041 £ 0.008
1.7375 2.500 £ 0.083 2.6375 0.925 £+ 0.041 3.5375 0.176 £ 0.018 4.4375 0.062 £ 0.009
1.7625 3.376 £ 0.094 2.6625 0.886 £ 0.040 3.5625 0.186 £ 0.017 4.4625 0.065 £ 0.009
1.7875 3.879 £+ 0.099 2.6875 0.839 £ 0.038 3.5875 0.190 £ 0.018 4.4875 0.053 £ 0.008
1.8125 4.160 £ 0.101 2.7125 0.902 £ 0.039 3.6125 0.170 £ 0.016 4.5125 0.047 £ 0.008
1.8375 4.401 £+ 0.103 2.7375 0.768 £ 0.037 3.6375 0.173 £ 0.016 4.5375 0.055 £ 0.008
1.8625 4.630 £ 0.105 2.7625 0.831 £ 0.038 3.6625 0.195 £ 0.017 4.5625 0.041 £ 0.007
1.8875 4.219 £ 0.101 2.7875 0.752 £ 0.036 3.6875 0.272 £ 0.019 4.5875 0.028 £ 0.008
1.9125 4.016 £ 0.098 2.8125 0.689 £ 0.034 3.7125 0.161 £ 0.016 4.6125 0.050 £ 0.007
1.9375 4.199 £ 0.099 2.8375 0.644 £ 0.033 3.7375 0.147 £ 0.015 4.6375 0.033 £ 0.007
1.9625 3.942 £+ 0.095 2.8625 0.555 £ 0.031 3.7625 0.156 £+ 0.015 4.6625 0.052 £ 0.008
1.9875 3.611 £ 0.091 2.8875 0.559 £ 0.031 3.7875 0.133 £ 0.015 4.6875 0.043 £ 0.006
2.0125 3.403 £ 0.088 2.9125 0.543 £+ 0.030 3.8125 0.143 £ 0.015 4.7125 0.039 £ 0.006
2.0375 3.112 £+ 0.085 2.9375 0.550 £ 0.030 3.8375 0.112 £ 0.013 4.7375 0.027 £ 0.006
2.0625 3.249 £ 0.085 2.9625 0.508 £ 0.030 3.8625 0.121 £ 0.015 4.7625 0.032 £ 0.006
2.0875 3.165 £ 0.083 2.9875 0.549 £+ 0.030 3.8875 0.135 £ 0.014 4.7875 0.035 £ 0.006
2.1125 3.036 £ 0.080 3.0125 0.468 £ 0.028 3.9125 0.126 £ 0.013 4.8125 0.019 £ 0.006
2.1375 2.743 £ 0.077 3.0375 0.461 £ 0.027 3.9375 0.114 £ 0.013 4.8375 0.022 £ 0.006
2.1625 2.499 £+ 0.073 3.0625 0.476 £+ 0.028 3.9625 0.130 £ 0.013 4.8625 0.028 £ 0.006
2.1875 2.351 £ 0.070 3.0875 3.057 £ 0.065 3.9875 0.099 £ 0.012 4.8875 0.028 £ 0.005
2.2125 1.785 + 0.062 3.1125 1.561 + 0.048 4.0125 0.117 £ 0.013 4.9125 0.030 £ 0.005
2.2375 1.833 + 0.061 3.1375 0.449 £ 0.028 4.0375 0.075 £ 0.011 4.9375 0.028 £ 0.005
2.2625 1.641 + 0.059 3.1625 0.455 £ 0.027 4.0625 0.090 £ 0.011 4.9625 0.030 £ 0.005
2.2875 1.762 + 0.059 3.1875 0.385 £ 0.025 4.0875 0.099 £ 0.012 4.9875 0.037 £ 0.005

C. Cross Section for ete™—» Kt K ntn~

We calculate the eTe™— KT K ~nt7~ cross section as
a function of the effective c.m. energy from

szKZTF’Y (Ec.m.)
dL(Ecm) . €2K27T(Ec.m.) : R(Ecm) 7(2)
where E.., = mokorc?® with magae, the measured in-
variant mass of the K™K~ ntn~ system, dNagor the
number of selected events after background subtraction
in the interval dEc 1., €2x27(Ecm.) the corrected detec-
tion efficiency, and R a radiative correction.

We calculate the differential luminosity dL(E¢..) in
each interval dE. ., , with the photon in the same fiducial
range as that used for the simulation, using the simple
leading order (LO) formula described in Ref. [12]. From
the mass spectra, obtained from the MC simulation with
and without extra-soft-photon (ISR and FSR) radiation,
we extract R(Eq.m.), which gives a correction less than

o227 (Bem.) =

1%. Our data, calculated according to Eq. 2, include vac-
uum polarization (VP) and exclude any radiative effects,
as is conventional for the reporting of eTe™ cross sections.
Note that VP should be excluded and FSR included for
calculations of a,. From data-simulation comparisons
for the ete™ — uTu~ v events we estimate a systematic
uncertainty on d£ of 1% [17].

We show the cross section as a function of E. . in
Fig. 4 with statistical errors only in comparison with the
direct measurements from DM1 [18], and list our results
in Table I. The results are consistent with our previous
measurements for this reaction [7, 13], but have increased
statistical precision. Our data lie systematically below
the DM1 data for E. 1, above 1.9 GeV. The systematic
uncertainties, summarized in Table II, affect the normal-
ization, but have little effect on the energy dependence.

The cross section rises from threshold to a peak value
of about 4.6 nb near 1.86 GeV, then generally decreases
with increasing energy. In addition to narrow peaks at
the J/4 and ¥(2S5) mass values, there are several possible



wider structures in the 1.8-2.8 GeV region. Such struc-
tures might be due to thresholds for intermediate reso-
nant states, such as ¢fo(980) near 2 GeV. Gaussian fits
to the distributions of the mass difference between gener-
ated and reconstructed MC data yield K™K ~7t 7~ mass
resolution values that vary from 4.2 MeV/c? in the 1.5-
2.5 GeV/c? region to 5.5 MeV/c? in the 2.5-3.5 GeV/c?
region. The resolution functions are not purely Gaus-
sian due to soft-photon radiation, but less than 10% of
the signal is outside the 0.025 GeV/c? mass interval used
in Fig. 4. Since the cross section has no sharp structure
other than the J/v and 1(2S) peaks discussed in Sec. IX
below, we apply no correction for mass resolution.

D. Substructures in the KT K~ =T #x~ Final State

Our previous study [7, 13] showed evidence for many
intermediate resonances in the K™K~ nt7~ final state.
With the larger data sample used here, these can be
seen more clearly and, in some cases, studied in detail.
Figure 5(a) shows a plot of the invariant mass of the
K7t pair versus that of the KT7~ pair. Signal for
the K*(892)Y is clearly visible. Figure 5(b) shows the
K*7F mass distribution (two entries per event) for all
selected K™K 77~ events. As we show in our pre-
vious study [7], the signal at about 1400 GeV/c? has
parameters consistent with K3(1430)°. Therefore, we
perform a fit to this distribution using P- and D-wave
Breit-Wigner (BW) functions for the K* and K3° sig-
nals, respectively, and a third-order polynomial function
for the remainder of the distribution, taking into account
the Km threshold. The fit result is shown by the curves
in Fig. 5(b). The fit yields a K*¥ signal of 53997 + 526
events with m(K*°) = 0.8932 £ 0.0002 GeV/c? and
['(K*%) = 0.0521 + 0.0007 GeV, and a K3° signal of
43614235 events with m(K3%) = 1.42744-0.0019 GeV/c?
and T'(K3%) = 0.0902 + 0.0056 GeV. These values are

TABLE II: Summary of corrections and systematic uncertain-
ties for the eTe™—= KT K~ 77~ cross section measurements.
The total correction is the linear sum of the contributions, and
the total uncertainty is obtained by summing the individual
uncertainties in quadrature.

Source Correction Uncertainty

Rad. Corrections - 1%

Backgrounds - 2% , Eem. < 3.3 GeV
2-10 % , Ec.m. > 3.3 GeV

Model Acceptance - 2%

X2ro, Distribution - 1%

Tracking Efficiency +3% 1%

Kaon ID Efficiency - 2%

Photon Efficiency +1.0% 0.5%

ISR Luminosity - 1%

Total +4.0% 4% , Ecm. < 3.3 GeV
4-11% , Ec.m. > 3.3 GeV
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consistent with current world averages for K*(892)° and
K3(1430)Y [5] , and the fit describes the data well, indi-
cating that contributions from other resonances decaying
into K7, like K*(1410)° and/or K(1430)°, are small.

ST e [T
% i (a) i§15000; (b)
Qisl - i 1
=t 1 S10000- ]
=R 1 | ]
E/l’ ‘55000— .
A L N
L it K TR

1 15 2 1 15 2
m(K ") (GeV/c?) m(K*1t*) (Gev/c?)

FIG. 5: (a) Invariant mass of the K~ 7t pair versus that of
the K7~ pair; (b) The K* 7T mass distribution (two entries
per event) for all selected KK~ 7t7n~ events: the solid line
represents a fit including two resonances and a polynomial
background function, which is shown as the hatched region.

We combine K*°/K*Y candidates within the lines in
Fig. 5(a) with the remaining pion and kaon to ob-
tain the K*(892)°7r* invariant mass distribution shown
in Fig. 6(b), and the K*(892)°7* versus K*(892)°K¥
mass plot in Fig. 6(a). The bulk of Fig. 6(a) shows a
strong positive correlation, characteristic of K*9Kr fi-
nal states with no higher resonances. The horizontal
bands in Fig. 6(a) correspond to the peak regions of
the projection plot of Fig. 6(b) and are consistent with
the contribution from the K;(1270) and K;(1400) reso-
nances. There is also an indication of a vertical band in
Fig. 6(a), perhaps corresponding to a K*(892)°K struc-
ture at ~1.5 GeV/c?. The projection plot of Fig. 6(c)
for events with m(K*(892)°7%) > 1.5 GeV/c? shows the
enhancement not consistent with phase space behavior.

We next suppress the K*(892)°Kn contribution by
considering only events outside the lines in Fig. 5(a).
In Fig. 7(a) the K*nt7~ invariant mass (two entries
per event) shows evidence of the K;(1270) and K;(1400)
resonances, both of which decay into K p(770), although
the latter decay is very weak [5]. In Fig. 7(b) we plot
the 7+ 7~ invariant mass for events with m(K*rtn~) >
1.3 GeV/c?. There is a strong p(770) — 77~ signal,
and there are indications of additional structures in the
f0(980) and f2(1270) regions.

The separation of all these, and any other, intermedi-
ate states involving relatively broad resonances requires
a partial wave analysis. This is beyond the scope of this
paper. Instead we present the cross sections for the sum
of all states that include K*(892)°, K3(1430)° or p(770)
signals, and study intermediate states that include a nar-
row ¢ or fy resonance.
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with K*(892)°Kr events excluded; (b) the 777~ invariant
mass for events from (a) with the K;(1270) region suppressed
by requiring m(K*rT7n~) > 1.3 GeV/c? as shown by vertical
line in (a).

E. The ete™ — K*(892)°Km, K3(1430)° K7 and
K+ K~ p(770) Cross Sections

Signals for the K*(892)Y and K3 (1430)" are clearly vis-
ible in the K*7T mass distributions in Fig. 5(a,b). To
extract the number of events with correlated production
of K*(892)°K*(892)° and K*(892)°K35(1430)° + c.c., we
perform the same fit as that shown in Fig. 5(b), but to the
K+~ invariant mass distribution in each 0.04 GeV/c?
interval of K~7% invariant mass. From each fit we
obtain the number of K*(892)° and K3;(1430)° events
and plot these values as a function of K~7+ mass in
Fig. 8(a) and Fig. 8(b), respectively. The fit to the data
of Fig. 8(a) indicates that only 548 + 263 events are as-
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sociated with correlated K*(892)°K*(892)° production
(about 1% of the total number of K*(892)? events), and
that 16804343 events correspond to K *(892)° K3 (1430)°
pairs, compared to 43614235, the total number of events
with a K3(1430)° in the final state. The distribution
of the events from the K3(1430)° peak shows a strong
signal at the K*(892)° mass in Fig. 8(b), which con-
tains 1648 + 32 events, in agreement with the number
of K*(892)°K5(1430)° pairs obtained above.
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FIG. 8: The K~ 7" invariant mass distribution corresponding
to the number of K*(892)° (a) and K3 (1430)° (b) events ob-
tained from the fits to the K7~ invariant mass distribution
for each interval of K~ 7" mass. The curves result from the
fits described in the text.
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FIG. 9: The ete™ — K*(892)° K 7" cross section, obtained
from the K*(892)° signal of Fig. 5(b).

We perform a fit similar to that shown in Fig. 5(b)
to the data in intervals of K™K w7~ invariant mass,
with the resonance masses and widths fixed to the val-
ues obtained from the overall fit. Since correlated K*
production is small, we convert the resulting K* yield
in each interval into a cross section value for ete™ —
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TABLE III: Summary of the cross section measurements for e™e™ — K*°(892) K~ 7 T. Errors are statistical only.

Ec.m. (GeV) o (nb) Ecm. (GeV) o (nb) Ec.m. (GeV) o (nb) Ecm. (GeV) o (nb)
1.5875 0.00 £+ 0.00 2.1875 1.40 + 0.09 2.7875 0.38 £ 0.03 3.3875 0.11 £ 0.02
1.6125 0.19 4+ 0.04 2.2125 1.26 + 0.08 2.8125 0.33 £ 0.03 3.4125 0.16 £+ 0.02
1.6375 0.48 £+ 0.07 2.2375 1.17 + 0.08 2.8375 0.39 £ 0.03 3.4375 0.12 £+ 0.02
1.6625 1.01 £ 0.08 2.2625 0.96 £+ 0.07 2.8625 0.24 £ 0.03 3.4625 0.15 £+ 0.02
1.6875 1.29 4+ 0.10 2.2875 1.14 + 0.07 2.8875 0.32 £ 0.03 3.4875 0.13 £ 0.02
1.7125 1.58 + 0.11 2.3125 0.90 £+ 0.07 2.9125 0.24 £ 0.03 3.5125 0.15 £ 0.02
1.7375 1.82 £ 0.11 2.3375 0.98 + 0.07 2.9375 0.30 £ 0.03 3.5375 0.08 £+ 0.01
1.7625 2.24 £0.13 2.3625 0.90 £+ 0.06 2.9625 0.33 £ 0.03 3.5625 0.12 £ 0.01
1.7875 2.75 £ 0.15 2.3875 0.85 £+ 0.06 2.9875 0.31 £ 0.03 3.5875 0.12 £ 0.01
1.8125 3.61 £ 0.16 2.4125 0.85 £+ 0.06 3.0125 0.26 £ 0.03 3.6125 0.09 £+ 0.01
1.8375 4.22 £ 0.17 2.4375 0.83 £+ 0.06 3.0375 0.26 £ 0.03 3.6375 0.12 £+ 0.02
1.8625 4.01 £ 0.17 2.4625 0.86 + 0.06 3.0625 0.25 £ 0.02 3.6625 0.09 £+ 0.01
1.8875 3.52 £0.15 2.4875 0.83 £+ 0.05 3.0875 1.84 4+ 0.06 3.6875 0.15 £ 0.02
1.9125 3.78 £ 0.15 2.5125 0.63 £+ 0.05 3.1125 0.96 £ 0.05 3.7125 0.08 £+ 0.01
1.9375 3.82 £0.16 2.5375 0.58 £ 0.05 3.1375 0.24 £ 0.02 3.7375 0.07 £ 0.01
1.9625 3.40 £0.15 2.5625 0.60 £+ 0.04 3.1625 0.22 £ 0.02 3.7625 0.11 £ 0.01
1.9875 2.98 £ 0.14 2.5875 0.55 £+ 0.04 3.1875 0.19 £ 0.02 3.7875 0.09 £+ 0.01
2.0125 2.69 £ 0.13 2.6125 0.55 £+ 0.04 3.2125 0.18 £ 0.02 3.8125 0.09 £+ 0.01
2.0375 2.17 £ 0.11 2.6375 0.52 £+ 0.04 3.2375 0.19 £ 0.02 3.8375 0.06 £+ 0.01
2.0625 2.27 £0.12 2.6625 0.48 £+ 0.04 3.2625 0.19 £ 0.02 3.8625 0.06 £+ 0.01
2.0875 1.91 £ 0.11 2.6875 0.41 £+ 0.04 3.2875 0.18 £ 0.02 3.8875 0.08 £+ 0.01
2.1125 2.02 + 0.11 2.7125 0.57 £+ 0.04 3.3125 0.17 £ 0.02 3.9125 0.05 £+ 0.01
2.1375 1.84 + 0.10 2.7375 0.47 £+ 0.04 3.3375 0.19 £ 0.02 3.9375 0.06 £+ 0.01
2.1625 1.49 £+ 0.10 2.7625 0.46 £+ 0.04 3.3625 0.16 £ 0.02 3.9625 0.06 £+ 0.01
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FIG. 10: The K3(1430)° K7t cross section, obtained from

the K3(1430)° signal of Fig. 5(b).

K*(892)°K~n" or K3(1430)°K —7T, ! following the pro-

1 The use of charge conjugate reactions is implied throughout the

cedure described in Sec. IV C. These cross section values
take into account only the K decay of the K*(892)? and
the K3(1430)°.

Note that the ete™ — K*(892)°Kr (K;(1430)°K)
cross section includes a small contribution from the
K3(1430)°K7  (K*(892)°K7) channel, because the
K3(1430)°K*(892)° final state has not been taken into
account. These cross sections are shown in Fig. 9 and

paper



Fig. 10, and the efe™ — K*(892)°K ~n* channel is
listed in Table III for E. ., energies from threshold up
to 4.0 GeV. At higher energies the signals are small
and contain an unknown, but possibly large, contribu-
tion from ete” — ¢q events. There is a rapid rise from
threshold to a peak value of about 4 nb at 1.84 GeV
for the ete™ — K*(892)°K ~nt cross section, followed
by a very rapid decrease with increasing energy. There
are suggestions of narrow structures in the peak region,
but the only statistically significant structure is the J/4
peak, which is discussed below. There are some struc-
tures in the ete™— K3(1430)° K ~7T cross section, but
the signal size is too small to make any definite state-
ment.

The efe™ — K*(892)° K 7T contribution is a large
fraction of the total K™K w7~ cross section at all
energies above its threshold, and dominates in the 1.8-
2.0 GeV region. The KTK~p°(770) intermediate state
makes up the majority of the remainder of the cross
section. We exclude a small ¢ contribution by requir-
ing |m(KTK~) —m(¢)| > 0.01 GeV/c?, and suppress
the large K*(892)" contribution by means of the anti-
selection |m([K*7F) — 0.892| > 0.035 GeV/c?. Fig-
ure 11(a) shows the 7" 7~ mass distribution for the re-
maining events. The combinatorial background is rel-
atively large, and includes a small contribution from
f0(980) — 77~ decays. We fit the p(770) signal with a
single BW (mass and width are fixed to 0.77 GeV/c?
and 0.15 GeV, respectively) and a polynomial back-
ground (contribution shown by the hatched area) in each
0.025 GeV c.m. energy interval. The cross section ob-
tained is shown in Fig. 11(b), and has no significant
structures except the J/1 signal. The uncertainty in the
p(770) shape, and also in the background shape, pro-
vides the largest contribution to the systematic error,
estimated to be 20-30%. A small contribution to the
background from f,(980) — 777~ is ignored in the fit,
which does not result in a significant uncertainty.

F. The ¢(1020)7T 7~ Intermediate State

Intermediate states containing narrow resonances can
be studied more easily. For the E. . energy range below
3.0 GeV, Fig. 12(a) shows a plot of the invariant mass
of the 777~ pair versus that of the KK~ pair. Hor-
izontal and vertical bands corresponding to the p°(770)
and ¢, respectively, are visible, and there is a concentra-
tion of entries in the ¢ band corresponding to the corre-
lated production of ¢ and f;(980), as demonstrated by
the open histogram of Fig. 12(b). The ¢ signal is clearly
visible in the KK~ mass projection of Fig. 12(c). The
large contribution from the p(770) is nearly uniform in
K+ K~ mass, and the cross-hatched histogram shows the
non-K T K ~nT 7~ background estimated from the control
region in X3 ,-,. The cross-hatched histogram also shows
a ¢ peak, but this is a small fraction of the events. When
we subtract this background and fit the remaining data
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FIG. 12: (a) m(nT7™) versus m(KTK™) for all selected
KTK nt7r™ events; (b) the 7t7~ invariant mass projec-
tions for events in the ¢ peak (open histogram), sidebands
(hatched), and background control region (cross-hatched); (c)
the K+ K~ mass projections for all events (open) and control
region (cross-hatched); (d) the difference between the open
histogram and the sum of the other contributions to (b).

with a double-Gaussian function for the ¢ signal, and a
first-order polynomial function for the non-¢ background
(with a cut-off at the KK threshold), we obtain 3951+91
events corresponding to the ¢n 7~ intermediate state.

To study the ¢ntn~ channel, we select candidate
events with a KK~ invariant mass within 10 MeV/c?
of the ¢ mass, indicated by the inner vertical lines in
Figs. 12(a,c), and estimate the non-¢ contribution from
the mass sidebands between the inner and outer vertical
lines. In Fig. 12(b) we show the 717~ invariant mass dis-
tributions for ¢ candidate events, sideband events, and
x? control region events as the open, hatched and cross-
hatched histograms, respectively, and in Fig. 12(d) we
show the w7~ distribution after subtracting the non-
¢ background contributions. We observe a clear, nar-
row peak in the f((980) mass region, together with a
broad enhancement that reaches a maximum at about
0.6 GeV/c?, which could indicate fo(600) production. We
defer a detailed analysis of this distribution to Secs. IV G,
VII, and VIII.

We obtain the number of eTe™ — ¢rtn~ events in
0.025 GeV/c? intervals of the ¢m T~ invariant mass by
fitting the KK~ invariant mass projection in that in-
terval after subtracting non-K ™K 77~ background.
Each projection is a subset of Fig. 12(c), where the curve
represents the fit to the full sample. In each mass inter-
val, all parameters other than number of events in the
¢ peak and the normalization of the background distri-
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TABLE IV: Summary of the cross section measurements for e*e™ — ¢(1020)7" 7~ . Errors are statistical only.

Ec.m. (GeV) o (nb) Ecm. (GeV) o (nb) Ec.m. (GeV) o (nb) Ecm. (GeV) o (nb)
1.4875 0.04 £ 0.01 1.8375 0.29 £ 0.07 2.1875 0.33 £ 0.04 2.5375 0.07 £ 0.02
1.5125 0.08 £ 0.03 1.8625 0.36 £ 0.07 2.2125 0.21 £ 0.04 2.5625 0.05 £ 0.02
1.5375 0.10 £ 0.03 1.8875 0.34 £ 0.06 2.2375 0.19 £+ 0.03 2.5875 0.07 £ 0.02
1.5625 0.12 £ 0.03 1.9125 0.29 £ 0.06 2.2625 0.10 £ 0.04 2.6125 0.07 £ 0.02
1.5875 0.21 £+ 0.04 1.9375 0.32 + 0.06 2.2875 0.13 £+ 0.03 2.6375 0.10 £ 0.02
1.6125 0.33 £ 0.05 1.9625 0.28 £ 0.05 2.3125 0.13 £ 0.03 2.6625 0.07 £ 0.02
1.6375 0.48 £ 0.06 1.9875 0.32 £ 0.05 2.3375 0.15 £ 0.03 2.6875 0.04 £ 0.01
1.6625 0.49 + 0.06 2.0125 0.37 £+ 0.05 2.3625 0.12 4+ 0.03 2.7125 0.05 + 0.01
1.6875 0.54 £ 0.07 2.0375 0.31 £ 0.05 2.3875 0.10 £ 0.03 2.7375 0.06 £ 0.01
1.7125 0.53 £ 0.07 2.0625 0.39 + 0.05 2.4125 0.12 4+ 0.02 2.7625 0.03 + 0.01
1.7375 0.48 £ 0.07 2.0875 0.32 £ 0.05 2.4375 0.12 £ 0.02 2.7875 0.02 £ 0.01
1.7625 0.61 £+ 0.08 2.1125 0.51 + 0.05 2.4625 0.10 £+ 0.02 2.8125 0.03 + 0.01
1.7875 0.48 £ 0.07 2.1375 0.41 + 0.05 2.4875 0.08 £+ 0.02 2.8375 0.04 + 0.01
1.8125 0.34 £ 0.07 2.1625 0.43 £ 0.05 2.5125 0.08 £ 0.02 2.8625 0.03 £ 0.01
= 08 T decays to ¢ntm™ or ¢fo(980) when phase space allows.
s - ] The reconstructed spectrum that results then has a sharp
= + - BaBar 1 increase at about 2 GeV/c? due to the ¢fy(980) thresh-
2 " ] old.

S 061 - Bele T We obtain the efficiency as a function of ¢t 7~ mass
o - ] by dividing the number of reconstructed events in each
- ] interval by the number generated; the result is shown in
" ] Fig. 3 by the dashed curve. Comparison with the solid
0.4~ * N curve in the same figure shows that the model depen-
- { * * ] dence is weak, giving confidence in the efficiency calcu-
- * 1 lation. We calculate the ete™— ¢rtm™ cross section as
! t ] described in Sec. IV C, and divide by the ¢ — KK~
0.2 * # . branching fraction (0.489 [5]). We show our results as
- 1 a function of c.m. energy in Fig. 13, and list them in
- * 4 t ] Table IV. The cross section has a peak value of about
W, ?%: " 1 0.6 nb at about 1.7 GeV, then decreases with increas-
o=t L L T ol et ing energy until the $(1020)f,(980) threshold, around
15 2 25 3 35 4 . . L
Ec.m. (GeV) 2.0 GeV. From this point it rises, falls sharply at about

FIG. 13: The ete™ — ¢mnTn™ cross section as a function
of ete” c.m. energy obtained by BABAR (dots) and Belle
(squares) [9].

bution are fixed to the values obtained from the overall
fit. As a check, we also describe the background as a
linear function, with all parameters free in each mass in-
terval; the alternative fit yields consistent results with the
nominal fit to within 5%, which is taken as a systematic
uncertainty.

The reconstruction efficiency may depend on the de-
tails of the production mechanism. Using the two-pion
mass distribution in Fig. 12(d) as input, we simulate the
777~ system as an S-wave composition of two structures
both described by the BW amplitudes, with parameters
set to the values obtained in Sec. VII. The BW ampli-
tudes represent the fo(980) and the bump at 0.6 GeV/c?,
which we call f(600) (see Sec. VII). We describe the
¢t~ mass distribution using a simple model with one
resonance of mass 1.68 GeV/c? and width 0.3 GeV, which

2.2 GeV, and then decreases slowly. Except in the char-
monium region, the results at energies above 3 GeV are
not meaningful due to small signals and potentially large
backgrounds, and are omitted from Table IV. Figure 13
displays the cross section up to 4.0 GeV in order to
show the J/¢ and 1(2S) signals, which are discussed
in Sec. IX.

The cross section obtained is in agreement with our
previous measurement [7]. The cross section measured
by the Belle Collaboration [9], also shown in Fig. 13,
presents very similar features, and a general consistency
with our data, although a small systematic difference at
higher c.m. energies is visible.

We perform a study of the angular distributions in the
¢(1020)7 7~ final state by considering all KT K~nt 7~
candidate events with mass below 3 GeV/c? in intervals
of the cosine of each angle defined below, and fitting the
background-subtracted KK~ mass projection in each
interval. The efficiency is nearly uniform in the cosine
of each angle, and so we study the number of events in
each interval. We define the ¢ production angle, O, as
the angle between the ¢ direction and the ISR photon
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TABLE V: Summary of the e"e™ — ¢(1020)77 cross section, dominated by ¢(1020)fo(980), fo(980) — 7, obtained from
#(1020)7 7~ events with 0.85 < m(n+w~) < 1.1 GeV/c?. Errors are statistical only.

Ecm. (GeV) o (nb) Ecm. (GeV) o (nb) Ecm. (GeV) o (nb) Ecm. (GeV) o (nb)
1.8875 0.00 £ 0.01 2.1625 0.54 £+ 0.06 2.4375 0.11 £+ 0.02 2.7125 0.04 £+ 0.03
1.9125 0.01 £ 0.02 2.1875 0.38 £ 0.05 2.4625 0.11 £ 0.03 2.7375 0.04 £ 0.02
1.9375 0.16 = 0.04 2.2125 0.19 £+ 0.04 2.4875 0.08 £+ 0.02 2.7625 0.03 £ 0.02
1.9625 0.15 £ 0.04 2.2375 0.19 £ 0.04 2.5125 0.07 £ 0.02 2.7875 0.03 £ 0.02
1.9875 0.19 £+ 0.04 2.2625 0.10 £+ 0.04 2.5375 0.06 £+ 0.02 2.8125 0.02 £+ 0.02
2.0125 0.32 £+ 0.05 2.2875 0.15 £+ 0.03 2.5625 0.05 £+ 0.02 2.8375 0.05 £+ 0.02
2.0375 0.28 £+ 0.05 2.3125 0.14 £ 0.03 2.5875 0.07 £ 0.02 2.8625 0.03 £ 0.02
2.0625 0.38 £ 0.06 2.3375 0.16 £+ 0.03 2.6125 0.07 £ 0.02 2.8875 0.02 £+ 0.02
2.0875 0.35 £ 0.05 2.3625 0.14 £ 0.03 2.6375 0.07 £ 0.02 2.9125 0.04 £ 0.02
2.1125 0.60 £ 0.06 2.3875 0.07 £ 0.03 2.6625 0.07 £ 0.02 2.9375 0.01 £+ 0.02
2.1375 0.50 £ 0.07 2.4125 0.11 £ 0.03 2.6875 0.03 £ 0.02 2.9625 0.01 £ 0.01
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FIG. 15: The ete™— ¢ntn~ cross section derived from the
KTK~nt7n™ final state as a function of c.m. energy, for (a)
the 0.85 < m(n+t77) < 1.1 GeV/c? region, dominated by the
$(1020) f0(980), and (b) m(rT77) < 0.85 GeV/c2.

direction in the rest frame of the ¢pr 7~ system (i.e., the
effective ete™ collision axis). The distribution of cos O,
shown in Fig. 14(a), is consistent with the uniform dis-
tribution expected if the quasi-two-body final state ¢.X,
X —7tr~, is produced in an S-wave angular-momentum
state. We define the pion helicity angle, O+, as that be-
tween the 77 and the recoil ¢ direction in the 777~ rest

frame. The kaon helicity angle, © g+ is defined as that
between the KT direction and the ISR photon direction
in the ¢ rest frame. The distributions of cos©,+ and
cos O+, shown in Figs. 14(b) and 14(c), respectively,
are consistent with those expected from scalar (uniform)
and vector (cos? © i+ ) meson decays, where for the latter
the ¢ retains the helicity of the virtual photon to which
the ¢X system couples.

G. The ¢(1020)f0(980) and ¢(1020) fo(600)
Intermediate States

The narrow f,(980) peak seen in Fig. 12(d) allows the
selection of a fairly clean sample of ¢ f;(980) events. We
repeat the analysis just described with the additional re-
quirement that the 77~ invariant mass be in the range
0.85-1.10 GeV/c?. A fit to the KT K~ mass spectrum
for this sample, analogous to that shown in Fig. 12(c),
yields about 1350 events; all of these contain a true
¢, with a small fraction of events with the pion pair
not produced through the fy(980), but the latter con-
tribution is relatively small (see discussion in Sec. VII).
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TABLE VI: Summary of the cross section measurements for e e~ — $(1020) fo(600), fo(600) — 7. Errors are statistical only.

Ec.m. (GeV) o (nb) Ecm. (GeV) o (nb) Ec.m. (GeV) o (nb) Ecm. (GeV) o (nb)
1.2875 0.00 £+ 0.01 1.7125 0.79 £ 0.11 2.1375 0.10 £+ 0.04 2.5625 0.00 £+ 0.01
1.3125 0.01 £+ 0.01 1.7375 0.72 £ 0.10 2.1625 0.10 £+ 0.04 2.5875 0.02 £+ 0.01
1.3375 0.00 £ 0.01 1.7625 0.91 £ 0.12 2.1875 0.05 £ 0.03 2.6125 0.03 £ 0.01
1.3625 0.01 £+ 0.01 1.7875 0.72 £ 0.11 2.2125 0.05 £+ 0.03 2.6375 0.03 £+ 0.02
1.3875 0.01 £ 0.01 1.8125 0.51 £ 0.10 2.2375 0.06 £ 0.03 2.6625 0.01 £ 0.01
1.4125 0.00 £+ 0.01 1.8375 0.43 £+ 0.10 2.2625 0.04 £+ 0.02 2.6875 0.02 £+ 0.02
1.4375 0.02 £+ 0.01 1.8625 0.54 £ 0.11 2.2875 0.03 £+ 0.02 2.7125 0.02 £+ 0.02
1.4625 0.05 £+ 0.02 1.8875 0.50 £ 0.09 2.3125 0.03 £ 0.02 2.7375 0.03 £ 0.03
1.4875 0.06 £ 0.02 1.9125 0.40 £ 0.09 2.3375 0.08 £+ 0.02 2.7625 0.01 £+ 0.02
1.5125 0.12 £+ 0.04 1.9375 0.32 £ 0.08 2.3625 0.04 £ 0.02 2.7875 0.00 £ 0.01
1.5375 0.15 £+ 0.04 1.9625 0.26 £+ 0.07 2.3875 0.06 £+ 0.02 2.8125 0.01 £ 0.02
1.5625 0.18 £ 0.04 1.9875 0.27 £ 0.07 2.4125 0.05 £ 0.02 2.8375 0.01 £ 0.02
1.5875 0.31 £+ 0.06 2.0125 0.25 £ 0.06 2.4375 0.04 £ 0.02 2.8625 0.03 £ 0.02
1.6125 0.48 £+ 0.08 2.0375 0.18 £+ 0.05 2.4625 0.03 £+ 0.01 2.8875 0.01 £+ 0.02
1.6375 0.70 £+ 0.09 2.0625 0.25 £ 0.05 2.4875 0.01 £ 0.01 2.9125 0.02 £ 0.02
1.6625 0.72 £+ 0.09 2.0875 0.15 £+ 0.05 2.5125 0.02 £+ 0.01 2.9375 0.00 £+ 0.01
1.6875 0.80 £ 0.10 2.1125 0.18 £ 0.05 2.5375 0.03 £ 0.01 2.9625 0.00 £ 0.01

By selecting events with the 777~ invariant mass be-
low 0.85 GeV/c?, we similarly obtain a sample composed
mostly of ¢f,(600) events.

We convert the above two samples of fy(980) and
f0(600) events in each mass interval into measurements
of the eTe™— ¢(1020) f5(980) and e*e™— ¢(1020) fo(600)
cross sections as described above, dividing by the fo—
7 +t7~ branching fraction of 2/3 to account for fo — w97
decays. The cross sections are shown in Fig. 15 as func-
tions of c.m. energy and are listed in Table V and Ta-
ble VI. The ¢(1020)fo(980) cross section behavior near
threshold does not appear to be smooth, but is more
consistent with a steep rise to a value of about 0.3 nb
at 2.0 GeV followed by a slow decrease that is inter-
rupted by a structure around 2.175 GeV. In contrast,
the ¢(1020) fo(600) cross section has a smooth threshold
increase to about 0.8 nb, followed by a smooth decrease
thereafter, and can be interpreted as the ¢(1680) reso-
nance. It is important to note that all structures above
2.0 GeV seen in Fig. 13 relate only to the f;(980) res-
onance. Possible interpretations of these structures are
discussed in Sec. VIII. Again, the cross section values are
not meaningful for c.m. energy above about 3 GeV, ex-
cept for the J/1 and ¥(2S5) signals, discussed in Sec. IX.

V. THE K™K~ n°x° FINAL STATE
A. Final Selection and Backgrounds

The KTK~7m°7° sample contains background from
the ISR processes eTe™ — KTK 7% and K™K 7y,
in which two soft photon candidates from machine- or
detector-related backgrounds combine with the relatively
energetic photons from the 7% or n to form two fake m°
candidates. We reduce this background using the angle
between each reconstructed 7° direction and the direc-

tion of its higher-energy photon daughter calculated in
the 70 rest frame. If the cosines of both angles are larger
than 0.85, we remove the event.

Figure 16 shows the distribution of X3, o for
the remaining candidates together with the simulated
KTK 797 events. Again, the distributions are broader
than those for a typical 6C x? distribution due to higher
order ISR, and we normalize the histogram to the data
in the region X% aro <15. The cross-hatched histogram
in Fig. 16 represents background from e™e™— ¢q events,
evaluated in the same way as for the K™K -nTr~ fi-
nal state. The hatched region represents the ISR back-
grounds from final states with similar kinematics. The
first of these is 77~ m7°, which yields events with both
charged pions misidentified as kaons, and the second is
the KgK, which yields Kg — %% and a misidentified
pion. Each contribution is small.

The dominant background in this case is from resid-
ual ISR KTK~7" and K™K~ events, as well as ISR-
produced KK ~m%7%7% events. Their net simulated con-
tribution, indicated by the dashed contour in Fig. 16,
is consistent with the data in the high X% Kago Tegion.
All other backgrounds are either negligible or distributed
uniformly in X3, 0. We define the signal region by
ng%O < 50, which contains 7967 data and 7402 sim-
ulated events, and a control region by 50 < X%K%O <
100, which contains 2007 data and 704 simulated signal
events.

Figure 17 shows the KT K~ 7%7% invariant mass dis-
tribution from threshold up to 5 GeV/c? for events in
the signal region. The ¢g background (cross-hatched his-
togram) is negligible at low masses but yields a signifi-
cant fraction of the selected events above about 4 GeV/c?.
The ISR 777~ 77" contribution (hatched region) is neg-
ligible except in the 1.5-2.5 GeV/c? region. The sum of
all other backgrounds, estimated from the control region,
is the dominant contribution below 2.5 GeV/c? and is
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FIG. 16: Distribution of x? from the six-constraint fits to
KTK~7%° candidates in the data (points). The open
histogram is the distribution for simulated signal events,
normalized as described in the text. The cross-hatched,
hatched, and dashed regions represent, respectively, the back-
grounds from non-ISR ¢g events, ISR-produced =" a~ 7%
and K s K events, and ISR-produced KT K~ 7", K™K~ and
KK~ 7%%7° events.

non-negligible everywhere. The total background varies
from 100% below 1.6 GeV/c? to 25% at higher masses.

We subtract the sum of the estimated background con-
tributions from the number of selected events in each
mass interval to obtain the number of signal events. Con-
sidering uncertainties in the cross sections for the back-
ground processes, the normalization of events in the con-
trol region and the simulation statistics, we estimate a
systematic uncertainty on the signal yield after back-
ground subtraction of about 5% in the 1.6-3.0 GeV/c?
region; this increases linearly from 5% to 15% in the re-
gion above 3 GeV/c?.

B. Selection Efficiency

The detection efficiency is determined in the same
manner as in Sec. IVB. Figure 18(a) shows the sim-
ulated Kt K 797" invariant mass distributions in the
signal and control regions obtained from the phase space
model. We divide the number of reconstructed events in
each 0.04 GeV/c? mass interval by the number generated
in that interval to obtain the efficiency estimate shown
by the points in Fig. 18(b); a third-order-polynomial fit
to the efficiency is used in calculating the cross section.
Again, the simulation of the ISR photon covers a lim-
ited angular range, which is about 30% wider than the
EMC acceptance. Simulations assuming dominance of
the ¢ — KT K~ and/or the fo— 7°7° channels give re-
sults consistent with those of Fig. 18(b), and we apply
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FIG. 17: Invariant mass distribution for KT K~ 7%7° can-
didates in the signal region for data (points). The cross-
hatched, hatched, and open regions represent, respectively,
the non-ISR ¢ background, the contribution from ISR-

produced 717~ 7%7% and KK events, and the contribution
from the other ISR processes described in the text.

a 3% systematic uncertainty for possible model depen-
dence, as in Sec. IV B.

We correct for mis-modeling of the track-finding and
kaon identification efficiencies as in Sec. IVB (correc-
tions of (+1.9 £ 0.6)% and (0 + 2.0)%, respectively).
We do not observe any large discrepancy in the shape
of the X% o0 distribution, and so apply no correction
for the X300 < 50 selection, but introduce 3% as an
associated systematic uncertainty. We correct the 7°-
finding efficiency using the procedure described in detail
in Ref. [14]. From ISR eTe™—wny— rT 7~ 7m0y events
selected with and without the 7% from the w decay, we
find that the simulated efficiency for one 7 is too large by
(3.0+1.0)%, and we apply a correction of (+6.0 + 2.0)%
because of the two 7%s in each event.

C. Cross Section for ete™ - Kt K~ 7%xn°

We calculate the cross section for ete™ — K+ K 7070
in 0.04 GeV Ec y,. intervals from the analog of Eq.(2), us-
ing the invariant mass of the KK 77" system to de-
termine the c.m. energy. We show the results in Fig. 19
and list the values and statistical errors in Table VII. The
cross section rises to a peak value near 0.8 nb at 2 GeV
then shows a rapid decrease, which is interrupted by a
large J/v signal; the charmonium region is discussed in
Sec. IX below. The drop at 2.2 GeV is similar to that
seen for the K™K ~ntn~ final state. Again, the differ-
ential luminosity includes corrections for vacuum polar-
ization that should be omitted for calculations of a,,.
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TABLE VII: Summary of the cross section measurements for et e™ — KK~ 7%, Errors are statistical only.

Ec.m. (GeV) o (nb) Ecm. (GeV) o (nb) Ec.m. (GeV) o (nb) Ecm. (GeV) o (nb)
1.5000 0.00 + 0.04 2.1400 0.65 + 0.07 2.7800 0.19 4+ 0.03 3.4200 0.05 + 0.02
1.5400 0.01 £+ 0.05 2.1800 0.65 + 0.06 2.8200 0.11 4+ 0.03 3.4600 0.05 + 0.02
1.5800 0.00 + 0.05 2.2200 0.47 + 0.05 2.8600 0.09 4+ 0.03 3.5000 0.02 + 0.02
1.6200 0.01 + 0.06 2.2600 0.37 &+ 0.05 2.9000 0.09 £ 0.02 3.5400 0.06 + 0.02
1.6600 0.14 + 0.08 2.3000 0.38 + 0.05 2.9400 0.09 4+ 0.03 3.5800 0.04 + 0.01
1.7000 0.14 + 0.07 2.3400 0.26 + 0.04 2.9800 0.10 4 0.03 3.6200 0.03 + 0.02
1.7400 0.35 £+ 0.07 2.3800 0.26 + 0.05 3.0200 0.12 4 0.02 3.6600 0.07 &+ 0.02
1.7800 0.59 + 0.08 2.4200 0.32 + 0.04 3.0600 0.18 4+ 0.03 3.7000 0.05 + 0.02
1.8200 0.66 + 0.08 2.4600 0.26 + 0.04 3.1000 0.71 & 0.04 3.7400 0.03 + 0.01
1.8600 0.48 + 0.08 2.5000 0.21 + 0.04 3.1400 0.12 4+ 0.03 3.7800 0.01 + 0.01
1.9000 0.64 + 0.08 2.5400 0.21 + 0.04 3.1800 0.06 4 0.03 3.8200 0.03 + 0.01
1.9400 0.54 + 0.08 2.5800 0.17 &+ 0.04 3.2200 0.08 £ 0.02 3.8600 0.04 + 0.01
1.9800 0.74 + 0.08 2.6200 0.15 + 0.03 3.2600 0.05 4+ 0.02 3.9000 0.04 + 0.01
2.0200 0.84 + 0.08 2.6600 0.19 + 0.03 3.3000 0.10 4 0.02 3.9400 0.02 + 0.01
2.0600 0.63 + 0.08 2.7000 0.14 + 0.03 3.3400 0.08 4+ 0.02 3.9800 0.03 + 0.01
2.1000 0.78 + 0.07 2.7400 0.20 + 0.03 3.3800 0.07 4+ 0.02 4.0200 0.02 &+ 0.01

200 T . .
TABLE VIII: Summary of corrections and systematic uncer-
150 (0) tainties for the eTe™ — KTK 77 cross section measure-
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FIG. 18: (a) Invariant mass distribution for simulated

K™K~ 7%° events in the signal (open) and control (hatched)
regions (see Fig. 16); (b) net reconstruction and selection ef-
ficiency as a function of mass obtained from this simulation
(the curve represents the result of a third-order-polynomial

fit).

The simulated K+ K ~77° invariant mass resolution
is 8.8 MeV/c? in the 1.5-2.5 GeV/c? mass range, and
increases with mass to 11.2 MeV/c? in the 2.5-3.5 GeV/c?
range. Since less than 20% of the events in a 0.04 GeV
interval are reconstructed outside that interval, and the
cross section has no sharp structure other than the J/4
peak, we again make no correction for resolution. The
point-to-point systematic uncertainties are much smaller
than the statistical uncertainties, and the errors on the
normalization are summarized in Table VIII, along with
the corrections that were applied to the measurements.

ments. The total correction is the linear sum of the contribu-
tions, and the total uncertainty is obtained by summing the
individual contributions in quadrature.

Source Correction Uncertainty

Rad. Corrections - 1%

Backgrounds - 5% , Ee.m. < 3 GeV
5-15% , Ecm. > 3 GeV

Model Dependence - 3%

X%szo Distribution - 3%

Tracking Efficiency +1.9% 0.6%

Kaon ID Efficiency - 2%

7° Efficiency +6% 2%

ISR-photon Efficiency  +1.0% 0.5%

ISR Luminosity - 1%

Total +8.9% 7% , Bcm. <3 GeV

7-16% , Ec.m. > 3 GeV

The total correction is +8.9%, and the total systematic
uncertainty is 7% at low mass, increasing linearly from
7% to 16% above 3 GeV/c?.

D. Substructure in the KT K~ #°#x° Final State

A plot of the invariant mass of the K70 pair ver-
sus that of the K*7¥ pair is shown in Fig. 20(a) (two
entries per event) for the x? signal region after remov-
ing the ¢(1020) contribution by |m(K+tK~) — m(¢)| >
0.01 GeV/c?. Horizontal and vertical bands correspond-
ing to the K*(892)~ and K*(892)7, respectively, are vis-
ible. Figure 20(b) shows as points the sum of the two
projections of Fig. 20(a); a large K*(892)* signal is evi-
dent. Fitting this distribution with the function used in
Sec. IVE, we obtain the number of events corresponding
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of eTe™ c.m. energy measured with ISR data at BABAR. The
errors are statistical only.
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FIG. 20: (a) Invariant mass of the K 70 pair versus that of
the K+7r pair in selected K+ K~ 7%7° events (two entries per
event); (b) sum of the projections of (a) (dots, four entries per

event). The curves represent the result of the fit described in
the text.
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to K*(892)% (7734 % 320) and K*(1430)% (793 + 137)
production. The K*(1430)*:K*(892)* ratio is consis-
tent with that obtained for neutral K* production in the
K*K~at7~ channel, but the number of K*(892)* com-
binations in the peak is larger than the total number of
K+K 7070 events (5522). This indicates the presence
of some number of correlated K*(892)T K*(892)~ pairs.
Fitting the K~ 7° mass distribution in each 0.04 GeV/c?
bin of K+7% invariant mass, we obtain the number of
K*(892)~ and K*(1430)~ events shown in Fig. 21(a,b).
The correlated production of K*(892)*K*(892)~ and
K*(892)T K3(1430)~ is clearly seen, and the fits yield
1750 £ 60 and 140 4+ 49 events, respectively. Note
that K*(892)T K*(892)~ accounts for about 30% of all
K+ K770 events, in contrast with the K+ K ntnr—
channel, where only 548 4+ 263 events (less than 1% of
the total) are found to result from the K*(892)°K*(892)°
pair production.
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FIG. 21: The number of K*(892)" (a) and K5(1430)~ (b)
events obtained from the fits to the K™« invariant mass
distributions for each 0.04 GeV/c? interval of K 7% mass.
The curves result from the fits described in the text.
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We find no evidence for resonance production in the
KtK—n% or K*7%7% subsystems. Since the statistics
are low in any given mass interval, we do not attempt
to extract a separate K*(892)" K ~n"+c.c. cross section.
The total KT K~ 770 cross section is roughly a factor
of four lower than the K*(892)°K ~7* cross section ob-
served in the KK~ n 7~ final state. This is consistent
with what is expected from isospin considerations and the
charged versus neutral K* branching fractions involving
charged kaons.

E. The ¢(1020)7°7° Intermediate State

The selection of events containing ¢(1020) — KTK ™~
decays follows that in Sec. IVF. Figure 22(a) shows
the plot of the invariant mass of the 707" pair versus
that of the KTK~ pair. The ¢ resonance is visible
as a vertical band, whose intensity decreases with in-
creasing 77 mass except for an enhancement in the
f0(980) region (Fig. 22(b)). The ¢ signal is also visi-
ble in the K™K~ invariant mass projection for events
in the control region, shown in Fig. 22(c). The relative
non-¢ background is smaller than in the K*K - ntn
mode, but there is a large background from ISR ¢n?,
¢n and/or ¢nOnO70 events, as indicated by the control
region histogram (hatched) in Fig. 22(c). The contribu-
tions from non-ISR and ISR 777~ 7%7% events are negli-
gible. Selecting ¢ candidate and side band events as for
the KTK~nT7~ mode (vertical lines in Figs. 22(a,c)),
we obtain the 7°7° mass projections shown as the open
and cross-hatched histograms, respectively, in Fig. 22(b).
Control region events (hatched histogram) are concen-
trated at low mass values in Fig. 22(b), and a peak cor-
responding to the fy(980) is visible over a relatively low
background.

In Fig. 22(d) we show the 7°7° mass distribution as-
sociated with ¢ production after subtraction of all back-
ground contributions. The distribution is consistent in
shape with that of Fig. 12(d), but with a data sample
which is about six times smaller.

We obtain the number of ete™ = ¢n7° events in



TABLE IX: Summary of the ete™

#(1020)7°7° events with 0.85 < m(n°7") < 1.1 GeV/c?.
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—> ¢(1020)77 cross section, dominated by ¢(1020) fo(980), f0(980) — =, obtained from
Errors are statistical only.

Ecm. (GeV) o (nb) Ecm. (GeV) o (nb) Ecm. (GeV) o (nb) Ecm. (GeV) o (nb)
1.9000 0.15 + 0.07 2.1000 0.45 + 0.11 2.3200 0.12 £ 0.06 2.9200 0.02 4+ 0.01
1.9400 0.14 4+ 0.06 2.1400 0.47 4+ 0.11 2.4000 0.14 £+ 0.03 3.0800 0.05 4+ 0.01
1.9800 0.19 + 0.09 2.1800 0.55 + 0.10 2.4800 0.12 £ 0.03 3.2400 0.01 4+ 0.01
2.0200 0.47 4+ 0.11 2.2200 0.11 4 0.05 2.6000 0.04 £+ 0.01 3.4000 0.01 4 0.00
2.0600 0.22 + 0.08 2.2600 0.13 + 0.05 2.7600 0.04 £ 0.01
N:)\ i T ‘.\‘-r. T T J " T=T .\: ('\l8 [T ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘7 3 04 | |

3 ! 4 g% (b) 7 S ]
o . 19 1 , 1
@ L. S 20 . q: = |
£ - S i 1 S 03| -
g | S 4 5 | ]
05 § 104 ] I |
‘f i F"\ ‘f e ‘\‘r | 0 I th B 1
0.9 1 1. 021 041.06 040608 1 1214 02+ —
m(K'K") (GeV/c?) m(rPrd) (GeVic?) I ]
(\l2 300 C TT T T ‘ T T 1T ‘ TT 1 (\I8 30 :\ T ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘ TTT ‘* : :
g | (c) 1 3 7r 1 01 * i
10} o ] I 1
200 15 ¢ ]
§ I ] § 20 . i J + + 1
S ook 13 F ] I *
% 100 j N 5 10 — N oLl LLLT . T ++ *+&+ﬁ + ++r$++ ﬁ++
g %‘s 1@ ] 15 2 35
;‘Le(z [ b rir] ol ] s m (GGV)
8.98 1 1.021.041.06 040608 1 1214 ’

m(KK) (GeV/c?)

m(r°r?) (Gev/c?)

FIG. 22: (a) Plot of the 7#°x° invariant mass versus the
KT K~ invariant mass for all selected KK~ 7°7% events; (b)
the 7°7° invariant mass projections for events in the ¢ peak
(open histogram), sidebands (cross-hatched), and control re-
gion (hatched); (c) the KK~ mass projection for events in
the signal (open) and control (hatched) regions; (d) the dif-
ference between the open histogram and sum of the other
contributions to (b).

0.04 GeV/c? intervals of ¢pr°70 invariant mass by fitting
the KT K~ invariant mass projection in that interval to
the ¢ signal, after subtracting the non-K+K ~7%7° back-
ground, the same way as described in Sec. IVF. The ob-
tained cross section is shown in Fig. 23 and is very similar
to that obtained from the K™K~ 7t 7~ final state shown
in Fig. 13. The errors shown reflect not only that there
are six times fewer events, but also a much larger back-
ground level.

As before, we defer discussion to Secs. VII and VIII.

F. The ¢(1020)f0(980) Intermediate State

Since the background under the fy(980) peak in
Figs. 22(b,d) is 25% or less, we are able to extract the

FIG. 23: Cross section for the reaction eTe™— ¢(1020)7"7° as
a function of ete™ c.m. energy obtained from the K+ K~ 7%7°
final state.

$(1020) f5(980) contribution. As in Sec. IV G, we require
the dipion mass to be in the range 0.85-1.10 GeV/c? and
fit the background subtracted K+ K~ mass projection in
each 0.04 GeV/c? interval of KT K979 mass to obtain
the number of ¢ fy events. Again, some ¢m°70 events are

present in which the 7%7° pair is not produced through
the fo.

We convert the number of fy(980) events in each
mass interval into a measurement of the ete™ —
#(1020) f5(980) cross section as described previously, and
divide by the fo(980)— 7%7% branching fraction of 1/3
to obtain the fy(980) — mm value. The cross section,
corrected for the ¢(1020) — KTK~ decay rate, is shown
in Fig. 24 as a function of E. ;. and is listed in Table IX.
Due to the smaller number of events, we have used larger
intervals at higher energies. The overall shape is consis-
tent with that obtained from the K™K~ 7w+ 7~ final state
(see Fig. 15), and there seems to be a sharp drop near
2.2 GeV; however, the statistical errors are large and no
conclusion can be drawn from this mode alone. Possible
interpretations are discussed in Section VIII.
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VI. THE KtK~K1TK~ FINAL STATE

A. Final Selection and Background
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FIG. 25: Distribution of x? from the three-constraint fit for
KTK~K'K~ candidates in the data (points). The open
histogram is the distribution for simulated signal events, nor-
malized as described in the text. The shaded histogram rep-
resents the background from non-ISR events, estimated as
described in the text. The region defined by the dashed con-
tour is for simulated ISR KK~ 7"7~ events with at least
one pion misidentified as a kaon.

Figure 25 shows the distribution of x3, for the
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K+tK~KTK~ candidates as points. The open histogram
is the distribution for simulated K™K~ KTK~ events,
normalized to the data in the region X%, <5 where the
relative contributions of the backgrounds and radiative
corrections are small. The shaded histogram represents
the background from non-ISR ete™ — ¢g events, eval-
uated as for the other modes. The region defined by
the dashed contour represents the background from sim-
ulated ISR K+ K ~nt 7~ events with at least one charged
pion misidentified as a kaon.

We define signal and control regions by x2; <20 and
20 < X3 < 40, respectively. The signal region contains
4190 data and 14904 simulated events, and the control
region contains 877 data and 1437 simulated events. Fig-
ure 26 shows the K™K~ K' K~ invariant mass distribu-
tion from threshold up to 4.5 GeV/c? for events in the
signal region as points with errors. The ¢g background
(shaded histogram) is small at all masses. Since the
ISR K*K~ 77~ background does not peak at low x3
values, we include it in the background evaluated from
the control region, according to the method explained
in Sec. IVA. It dominates this background, which is
about 20% for 2.3-2.6 GeV/c? and 10% or lower at all
other mass values. The total background is shown as the
hatched histogram in Fig. 26.
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FIG. 26: Invariant mass distribution for K™K~ KTK~ can-
didates in the data (points). The shaded histogram represents
the non-ISR background, and the hatched region is for the ISR
background from the control region, which is dominated by
the contribution from misidentified ISR K+ K~ 77~ events.

We subtract the sum of backgrounds from the number
of selected events in each mass interval to obtain the num-
ber of signal events. Considering the uncertainties in the
cross sections for the background processes, the normal-
ization of events in the control region, and the simulation
statistics, we estimate that the systematic uncertainty on
the signal yield is less than 5% in the 2-3 GeV/c? region,



but it increases to about 10% above 3 GeV/c?.
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FIG. 27: (a) Invariant mass distributions for simulated
KYK~KTK~ events in the signal (open) and control

(hatched) regions (see Fig. 25); (b) net reconstruction and
selection efficiency as a function of mass obtained from this
simulation; the curves represent third-order polynomial fits
for the phase space model (solid) and the ¢ KK~ model
(dashed).

B. Selection Efficiency

The detection efficiency is determined as for the other
two final states. Figure 27(a) shows the simulated
KTK~KTK~ invariant-mass distributions in the signal
and control regions from the phase space model. We di-
vide the number of reconstructed events in each mass
interval by the number generated in that interval to ob-
tain the efficiency shown by the points in Fig. 27(b). It is
quite uniform, and we fit the measurements using a third-
order polynomial, which we then use to obtain the cross
section. As discussed previously, this efficiency includes
the difference between the EMC acceptance and the re-
gion of ISR photon simulation. A simulation assuming
dominance of the ¢ KT K~ channel, with the KK~ pair
in an angular-momentum S-wave state, gives consistent
results, as shown by the dashed curve in Fig. 27(b), and
we estimate a 5% systematic uncertainty associated with
the difference. We correct only for mis-modeling of the
track-finding and ISR-photon-detection efficiency as in
Sec. IV B.

C. Cross Section for ete™ - KtTK"KtTK~

We calculate the ete™—= KTK~KTK~ cross section
in 0.025 GeV intervals of E ,,. from the analog of Eq.(2),
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using the invariant mass of the Kt K~ KT K~ system to
determine the c.m. energy. We show the cross section in
Fig. 28, and list the measured values in Table X. The
cross section increases from threshold to a peak value of
about 0.1 nb near 2.7 GeV, then decreases slowly with
increasing energy. The only statistically significant nar-
row structures are the large J/¢ peak and a possible
narrow structure near 2.3 GeV, which will be discussed
in Sec. VID. Again, the differential luminosity contribu-
tion in each E. . interval includes corrections for vacuum
polarization that should be omitted for the calculations

of a,. This measurement supersedes our previous re-
sult [13].
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FIG. 28: The ete™— KT K~ KTK™ cross section as a func-
tion of e"e™ c.m. energy measured with ISR data at BABAR.
The errors are statistical only.

The simulated KK~ KK~ invariant mass resolu-
tion is 3.0 MeV/c? in the 2.0-2.5 GeV/c? range, increas-
ing with mass to 4.7 MeV/c? in the 2.5-3.5 GeV/c? range,
and to about 6.5 MeV/c? at higher masses. Since the
cross section has no sharp structure except for the J/4
peak, we again make no correction for resolution. The
errors shown in Fig. 28 and listed in Table X are sta-
tistical only. The point-to-point systematic uncertainties
are much smaller, and the errors on the normalization
are summarized in Table XI, along with the corrections
applied to the measurements. The total correction is
+4.0%, and the total systematic uncertainty is 9% at
low mass, linearly increasing to 13% above 3 GeV/c?.

D. The ¢(1020)KTK~ Intermediate State

Figure 29 shows the invariant mass distribution for
all KTK~ pairs in the selected KTK~K+tK~ events
(4 entries per event) as the open histogram. A promi-
nent ¢ peak is visible along with a possible excess near
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TABLE X: Summary of the cross section measurements for eTe™ — KTK~KTK~. Errors are statistical only.

Ec.m. (GeV) o (nb) Ec.m. (GeV) o (nb) Ec.m. (GeV) o (nb) Ec.m. (GeV) o (nb)
2.0125 0.002 £+ 0.002 2.6375 0.100 £+ 0.016 3.2625 0.035 £+ 0.008 3.8875 0.020 £ 0.005
2.0375 0.003 £+ 0.004 2.6625 0.083 + 0.013 3.2875 0.030 £+ 0.009 3.9125 0.011 £+ 0.005
2.0625 0.013 £ 0.005 2.6875 0.097 £+ 0.014 3.3125 0.027 £ 0.008 3.9375 0.017 £+ 0.005
2.0875 0.021 £+ 0.007 2.7125 0.094 £+ 0.013 3.3375 0.040 £+ 0.008 3.9625 0.023 £+ 0.006
2.1125 0.040 £+ 0.010 2.7375 0.064 £+ 0.012 3.3625 0.032 £ 0.008 3.9875 0.015 £ 0.005
2.1375 0.046 £+ 0.010 2.7625 0.061 £+ 0.012 3.3875 0.021 £+ 0.009 4.0125 0.012 £+ 0.005
2.1625 0.021 £+ 0.010 2.7875 0.091 £ 0.014 3.4125 0.037 £+ 0.009 4.0375 0.015 £ 0.005
2.1875 0.057 £+ 0.012 2.8125 0.074 £+ 0.012 3.4375 0.031 £ 0.008 4.0625 0.012 £ 0.004
2.2125 0.066 + 0.013 2.8375 0.067 £+ 0.012 3.4625 0.035 £+ 0.008 4.0875 0.008 £+ 0.005
2.2375 0.112 £+ 0.016 2.8625 0.050 £+ 0.011 3.4875 0.034 £+ 0.007 4.1125 0.008 £ 0.004
2.2625 0.086 + 0.014 2.8875 0.054 £+ 0.011 3.5125 0.025 £+ 0.007 4.1375 0.015 4+ 0.005
2.2875 0.063 £+ 0.015 2.9125 0.073 £+ 0.013 3.5375 0.033 £ 0.008 4.1625 0.010 £ 0.004
2.3125 0.083 + 0.016 2.9375 0.042 £+ 0.011 3.5625 0.035 4+ 0.008 4.1875 0.018 4+ 0.005
2.3375 0.060 £+ 0.014 2.9625 0.048 4+ 0.010 3.5875 0.025 £+ 0.007 4.2125 0.003 £+ 0.004
2.3625 0.070 £+ 0.014 2.9875 0.050 £ 0.010 3.6125 0.008 £ 0.006 4.2375 0.012 £ 0.005
2.3875 0.083 + 0.015 3.0125 0.062 £+ 0.010 3.6375 0.020 £+ 0.007 4.2625 0.004 £+ 0.003
2.4125 0.087 £+ 0.016 3.0375 0.037 £+ 0.010 3.6625 0.031 £+ 0.007 4.2875 0.009 £ 0.005
2.4375 0.071 £+ 0.014 3.0625 0.057 £+ 0.010 3.6875 0.028 £+ 0.008 4.3125 0.003 £+ 0.004
2.4625 0.079 £+ 0.016 3.0875 0.334 £+ 0.023 3.7125 0.023 £ 0.006 4.3375 0.006 £ 0.004
2.4875 0.080 £+ 0.015 3.1125 0.151 £+ 0.017 3.7375 0.014 £+ 0.006 4.3625 0.009 £ 0.004
2.5125 0.093 £+ 0.016 3.1375 0.045 £+ 0.010 3.7625 0.026 £+ 0.006 4.3875 0.008 £+ 0.004
2.5375 0.079 £+ 0.014 3.1625 0.053 £+ 0.010 3.7875 0.031 £ 0.007 4.4125 0.001 £ 0.004
2.5625 0.086 £+ 0.015 3.1875 0.041 £+ 0.010 3.8125 0.021 £+ 0.006 4.4375 0.012 £+ 0.004
2.5875 0.110 £+ 0.015 3.2125 0.051 £ 0.009 3.8375 0.013 £ 0.005 4.4625 0.010 £ 0.004
2.6125 0.077 £ 0.013 3.2375 0.046 £+ 0.009 3.8625 0.018 4+ 0.006 4.4875 0.006 £+ 0.003

NQ L TABLE XI: Summary of corrections and systematic uncer-
% H 1 tainties for the ete™— KTK~ KT K™ cross section measure-
(O] r 1 ments. The total correction is the linear sum of the individual
Q 300 - 1 corrections, and the total uncertainty is the sum in quadra-
8 ture of the separate uncertainties.

% r 7 Source Correction Uncertainty
g 200 - . Rad. Corrections - 1%

Lﬁ L i Backgrounds - 5% , Ee.m. < 3 GeV
- . 5-10% , Ec.m. > 3 GeV
- ] Model Dependence - 5%
r ] X35 Distribution - 3%
1001~ 7] Tracking Efficiency +3.0% 2%
[ 1 Kaon ID Efficiency - 1%
ISR-photon Efficiency  +1.0% 0.5%
ISR Luminosity - 3%
0 1 125 15 175 2 Total +4.0% 9% , Bcm. <3 GeV

m(K*K) (GeV/c?)

FIG. 29: Invariant mass distribution for all KTK™ pairs in
selected ete™— KT K~ KT K™~ events (open histogram), and

for the combination in each event closest to the ¢-meson mass
(hatched).

1.5 GeV/c?. The hatched histogram is for the pair in
each event with mass closest to the nominal ¢ mass,
and indicates that the ¢/ XTK~ channel dominates the
KTK~KTK~ final state; we do not see any other sig-
nificant contribution. If the invariant mass of the K TK ™~

9-13% , Ecm. > 3 GeV

pair that is closest to the ¢ mass is within £10 MeV/c?
of the ¢ peak, then we include the invariant mass of the
other KTK~ combination in Fig. 30(a). Events with
K+*K~K*K~ mass within £50 MeV/c? of the J/v mass
are excluded. Events within 450 MeV/c? of the J/1v
mass are shown as the hatched histogram. The latter is
in agreement with results from the BES experiment [31],
for which the structures around 1.5, 1.7, and 2.0 GeV/c?
were studied in detail. For the dots with error bars there
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FIG. 30: (a) The invariant mass distribution for KK~ pairs in events in which the other KK~ pair has mass closest to, and
within 10 MeV/c? of, the nominal ¢ mass (open histogram); events within £50 MeV/c? of the J/1 mass have been excluded.

The hatched histogram corresponds to events with K™K~ K™K~

invariant mass in the J/¢ peak. The numbered regions of

the combined histograms from (a) are used to calculate the cross sections shown in Figs. (b), (c) and (d) for regions 1, 2 and

3 respectively.

is an enhancement at threshold that can be interpreted
as being due to fo(980) — KTK~ decay. This is ex-
pected in light of the ¢ fy cross sections measured above
in the Kt K- ntr~ and KT K~ 7% final states, but a
contribution from the ao(980) — K™K~ can not be ex-
cluded. For the combined histograms of Fig. 30(a), we
select events with m(KTK~) < 1.06 GeV/c? (shown as
region 1) and calculate a cross section enriched in the
ete™ — ¢f0(980) reaction (Fig. 30(b)). A bump at
Ecm. = 2.175GeV is seen; however, the small number
of events and uncertainties in the f,(980)— KK~ line-
shape do not allow a meaningful extraction of the cross
section for this f((980) decay mode.

A clear signal corresponding to the f5(1525) is seen
in both histograms shown in Fig. 30(a). The f5(1525)
region is defined by 1.45 < m(KTK~) < 1.6 GeV/c?, and
is indicated as region 3 in Fig. 30(a). The corresponding
cross section is shown in Fig. 30(d) and exhibits a broad
(about 0.10-0.15 GeV) structure at 2.7 GeV and a strong
J/v signal. In Fig. 30(a)(open histogram) there is an
indication of structure for KK~ invariant mass in the
1.3-1.4 GeV/c? region; this may correspond to production
of the ¢f,(1370) final state.

Finally, we tried to find a region of KK~ invariant
mass corresponding to the spike seen at about 2.3 GeV
in the total ete™ — KTK~KTK™ cross section shown
in Fig. 28. This spike is much more significant if we
require 1.06 < m(KTK~) < 1.2 GeV/c?, shown as region
2 in Fig. 30(a), with corresponding cross section shown
in Fig. 30(c). We have no explanation of this structure.

We observe no significant structure in the K+ K~ K=+
mass distribution.

We use the 9K TK ™~ events to investigate the possi-
bility that part of our ¢ 7~ signal is due to ¢KTK~
events with the two kaons interpreted as pions. No struc-
ture is present in the resulting K™K~ w7~ invariant
mass distribution.

VII. THE ete™ — ¢wm CROSS SECTION
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FIG. 31: The two-Breit-Wigner fit to the 777~ invariant
mass distribution of Fig. 12(d). The dashed curve corresponds
to the inclusion of the partial width to KK in the propagator
of the f,(980) BW.

We next perform a more detailed study in the E. . re-
gion from threshold to 3.0 GeV of the eTe™ — ¢(1020)77
cross section. For this study we use the cross section for
the ¢t~ final state shown in Figs. 13 and 15, after scal-
ing by a factor of 1.5 to take into account the ¢7T 79 con-
tribution. The cross section for the ¢n%70 (see Fig. 23)
final state does not help much due to large statistical er-
rors. There are at least two candidate resonant structures
in Fig. 13. These are associated with the peaks observed
at 1.7 GeV and at 2.1 GeV. As shown in Sec. IV G, the
latter is related to ¢(1020)f5(980) production, while the
best candidate for the former may be the ¢(1680), which
is a radial excitation of the s§ state decaying predomi-



nantly to K*(892)K [16]. This would be another confir-
mation of the decay of this state to ¢(1020)nm, previously
reported in Refs. [7, 9].

As discussed in Sec. IV F we associate the narrow peak
in the 77~ invariant mass distribution, shown on a
larger scale in Fig. 31, with the f;(980) (denoted as the
fo meson), and observe a broad enhancement at about
0.6 GeV/c?; the angular distributions of Fig. 14 justify
that these structures are in an S-wave state. This low
mass bump can not be formed by pure three-body phase
space. Indeed, the ¢(1020)77m threshold is 1.3 GeV,
but the observed cross section has a slow rise starting
at 1.4 GeV. This indicates that the observed structure
could be a result of f,(600) resonance decay.

The observed two-pion-mass shape of the f,(600) (de-
noted as the o meson) is distorted by the ¢(1020)7 final
state. This is less of an issue for the narrower f,(980).
Nevertheless, to obtain mass and width parameter values
for these states, we fit the data of Fig. 31 using a function
consisting of an incoherent sum of two S-wave relativistic
BW intensity distributions, modified to account for the
two pion phase space. The fit values obtained are

me = (0.692+0.030) GeV/c*, Ty = (0.538+0.075) GeV,
(3)

and

my, = (0.97240.002) GeV/c?, Ty, = (0.05640.011) GeV,

(4)
and the fit result is represented by the solid curve in
Fig. 31. Note that the fy(980) parameters are consistent
with the PDG values [5], indicating that interference with
the fo(600) (or w7 coherent continuum) is minimal. This
is expected because events with m(rm) < 0.85 GeV/c?
are associated with the resonance at 1.7 GeV/c? in the
#(1020)77 mass, while the f3(980) contributes only to
a structure above 2 GeV/c? (see Fig. 15). To confirm
this, we examine two m(m 7 ~) distributions using the
selections shown in Fig. 12, but for events with either
m(¢ntn™) < 1.95 GeV/e? or 1.95 < m(prtn~) <
3.0 GeV/c2. For the first case we observe only the bump
at 0.6 GeV/c? of Fig. 31, with no evidence for the f,(980).
For the second case we see a clear f(980) signal but no
evidence for the fp(600). We fit each distribution the
same way as the data in Fig. 31. The resulting param-
eters for the fp(600) and f,(980) are in agreement with
those presented above.

The dashed curve of Fig. 31 is obtained when the
fo(980) — KK partial width is incorporated into the
BW propagator (the so called Flatté approximation used
in Ref. [30] with parameters c¢1/¢2 and m - ¢1, which cor-
respond to the ratio of the coupling constants g% /g2
and effective f,(980) width). It differs only slightly at
the top of the fp(980), but the wider shape of the Flatté
function leaves less room for the remaining events and
we obtain:

my = (0.6314£0.020) GeV/c?, T, = (0.47240.075) GeéV.
(5)
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The obtained Flatté function parameters are in agree-
ment with those obtained in Ref. [30]: ¢2/cl = 2.20 +
0.67, m - cl = 0.131 £ 0.033.

The Flatté approximation gives a little better descrip-
tion of the observed mm mass spectrum, and so we use
it in the analysis of the structures observed in the ¢mm
cross section.

It appears that the structure at E. . =~ 2.1 GeV in
the 7T~ cross section (Figs. 13 and 15) couples to the
f0(980) but not to the f,(600). This is very similar to the
behavior observed for the 777~ system in J/¢ — ¢rtn~
decay [31] (and demonstrated with our data in Fig. 42 of
Sec. IX), and in Dy — 777~ 7" decay [32]. In both in-
stances a clear fp(980) signal is observed, while the broad
f0(600) enhancement of Fig. 31 is absent. In contrast we
note that in J/1¢ — wrtn™ decay [33] exactly the op-
posite behavior is observed; the 777~ system exhibits a
broad low-mass enhancement, and there is no evidence
of an fp(980) signal.

In contrast with the “clean” m(¢mT7~) distribution,
obtained from the fit on the ¢ peak, the m(z+n~) dis-
tribution is obtained by the selection of ¢ signal in the
K+tK~ invariant mass distribution, with background
subtraction performed using the ¢ side bands and control
region of the x? distribution (see Fig. 12). To minimize
these uncertainties, we use a BW description for ¢ and
the Flatté approximation for fy to incorporate these two
states in a simple model describing the structures in the
¢ cross section data of Fig. 13 (after scaling by a factor
of 1.5 to take into account the ¢r°7° contribution). The
model consists of the incoherent addition of two contri-
butions at each value of Ec,.. The first represents the
decay process ¢(1680) — ¢fo(600), with the parame-
ters of the o given by Eq. (5); the second results from
the coherent superposition of amplitudes describing the
processes ¢(1680) — ¢f¢(980) and Y (2175) — ¢ f¢(980),
where the Y(2175) BW amplitude describes the peak ob-
served at ~2.2 GeV in Fig. 13. We note that in Ref. [9]
the contribution from ¢(1680) — ¢ f,(980) decay was not
taken into account. We see no physical evidence to justify
doing this, and so allow the presence of this amplitude
in our model. The angular distributions of Fig. 14 are
consistent with the ¢(1020) and the S-wave w7 system
being in an S-wave orbital angular momentum state, and
so our model includes no centrifugal barrier factor in the
amplitude representations.

We fit the observed eTe™ — ¢mm cross section using
the function

_ Peols) | Aunls)
ols) = —555 ) (6)
4 Poro(s) Apa(s)e™ Az (s)
s | Poge(m) - \/Pogo(ma)|
where
T
Ayls) = YT

m? — s —iy/si(s)’
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FIG. 32: (a) The fit to the ee™ — ¢7m cross section using the model described in the text; the entire contribution due to the
¢(1680) is shown by the dashed curve. The dotted curve shows the contribution for only ¢fo(980) decay. (b) Comparison of
the data and the curve obtained from the overall fit, with the restriction m(rm) < 0.85 GeéV/c?. (c) The ete™— $(1020) fo(980)
cross section with the requirement 0.85 < m(77) < 1.1 GeV/c?; the dashed and dotted curves represent the contributions from
¢(1680) — #(1020) fo(980), and ¢(1680) — ¢(1020)fo(600) calculated using the parameter values from the overall fit to the

cross section data.

TABLE XII: Summary of parameter values obtained from the fits with Eq. (6) described in the text. An asterisk denotes a

value that was fixed in that fit.

Fit All m(nm) m(rr) < 0.85 GeV/c? 0.85 < m(rm) < 1.1 GeV/c?
o11 (nb) 0.6554+0.039+0.040 0.6784+0.047+0.040 0.655*
m( GeV/CZ) 1.7424+0.013+0.012 1.733+0.010+£0.010 1.742%
I'1(GeV) 0.33740.043+£0.061 0.30040.015+0.037 0.337*
022 (nb) 0.0824+0.024+£0.010 0.082* 0.09440.023+0.010
ma( GeV/CZ) 2.176£0.0144+0.004 2.176* 2.17240.010+0.008
I'2(GeV) 0.09040.022+0.010 0.090* 0.09640.019+0.012
o12(nb) 0.15240.034+£0.040 0.152* 0.1324+0.010+0.010
¥ (rad) -1.94+40.34+£0.10 -1.94%* -1.9240.24+0.12
% /n.d.f. 48/(67-9) 46/(66-4) 38/(46-6)
P(x?) 0.74 0.96 0.40
with where BW,(m) is a BW function with f;(980) param-

i =1 for the ¢(1680), i = 2 for the Y (2175),
j =1 for the fy(600), j = 2 for the f,(980),

so that

Aq1(s) describes ¢(1680) — $(1020) fo(600) decay,
Aja(s) describes ¢(1680) — $(1020) fo(980) decay,
Aga(s) describes Y(2175) — ¢(1020) fo(980) decay;
s = E2_, m; and T'; are the mass and width of
the ¢(1680), mg and T's are the mass and width of the
Y (2175), and the o;; represent the peak cross section
values.

The factors Py, (s) and Py, (s) represent quasi-two
body phase space integrated over the range of 7w in-
variant mass available at E. . = /s, and are obtained
from

Vs—myg
Pyen(s) = /

My

BWrr(m)q(s,m,me)dm,  (7)

eters (BWy,(m)) to define Pyy,(s), or with fo(600) pa-
rameters (BW,(m)) to define Py, (s) [27], and ¢ is the
momentum of the particles with masses m and my in the
two-body reaction at E¢ . = 1/s.

Since the decay ¢(1680) — ¢(1020)/,(980) is sup-
pressed by phase space near /s = my, the value of o2
is much smaller than that of o1, but its contribution to
o(s) increases rapidly beyond the ¢(1020) f,(980) thresh-
old.

The ¢(1680) resonance decays mainly to KK*(892)
and ¢(1020)n [5, 16]. We find that it has a branching
fraction of about 10% to ¢mm, which together with other
modes listed in PDG, leads to an energy-dependent width
that can be written as

3
B my Pag (s)
Ii(s) =TI [0.77‘93/2P2K(m%)
ma Py (s) m Pyrr(s)
402 0.1 . ()
s1/2Pyy(m3) 81/2P¢m(mf)}

(s, mi,mg-), and Pg,(s)



Q(\/gv Me, mn)'

For the second resonance candidate, which decays
mostly to ¢mm, the energy dependence of the width is
written as

Mo Pyrr(s)

F2(S) = FQ _51/2P¢ﬂ.—ﬂ. (m%) .

9)

We note that the introduction of an energy dependence
for each width significantly increases the values of the res-
onance mass and width, especially for broad structures.

The results of the fits are shown in Fig. 32 and sum-
marized in Table XII. The first error is statistical, and
the second error represents the systematic uncertainty
estimated as a difference in fitted values for two differ-
ent descriptions of the two-pion spectrum as shown in
Fig. 31. In Fig. 32(a) we show the contribution from
the ¢(1680) for both modes (dashed curves), and for
#(1680) — ¢(1020) f0(980) only (dotted curve). The in-
crease of the cross section at about 2 GeV is explained by
the opening of the ¢ f,(980) decay channel of the ¢(1680)
resonance. However the fit shows that an additional rela-
tively narrow state is needed in order to provide a better
description of the observed data.

It is important to note that this model describes the
observed data very well independently of the m(nr) re-
gion selected. Figure 32(b) shows the ¢ cross section
for m(rT7~) < 0.85 GeV/c? for the data; the curve is
obtained by using the parameter values from the overall
fit and yields x?/n.d.f. = 63/(66-1) (P(x?) = 0.54). If
we fit this distribution, slightly better parameter values
can be obtained (see Table XII), but these still agree well
with those from the overall fit. We consider them as our
measurement of the ¢(1680) resonance parameters. They
correspond to the product of the electronic width, T,
and branching fraction to ¢mm, Bgrr,

2
I'oiimi

B Tt Fee = TTAa_~
¢ 127C

=(42+2+3) eV,
where we fit the product I'yo17 to reduce correlations,
and C, the conversion constant, is 0.389 mb( GeV/c?)? [5].
The second error is systematic, and corresponds to the
normalization uncertainty on the cross section, and to
the uncertainty in the m(77) distribution description.

If we require 0.85 < m(7wm) < 1.1 GeV/c? (Fig. 32(c)),
then without additional fitting the model yields x?/n.d.f.
=48/(46-1) (P(x?) = 0.31), and improves to x?/n.d.f. =
38/(46-6) (P(x?) = 0.40 ) by refitting using the param-
eter values listed in Table XII. If we try to explain the
observed cross section only in terms of the ¢(1680) with-
out any narrow state (dashed curve in Fig. 32(c)), the fit
gives x2/n.d.f. = 123/(46-2) (P(x?) = 10~7) and so this
hypothesis is not compatible with the data. Note, that
the contribution of ¢f;(600), shown by dotted curve in
Fig. 32(c), is very small.

The model described above provides an excellent de-
scription of the observed cross section behavior, and sug-
gests that the Y (2175) may not be a radially excited
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s§ state, since such a state would be expected to be
much wider (300-400 GeV/c?) and also should decay to
®f0(600), like the ¢(1680).

o(ef,) (nb)

FIG. 33: The e"e” — ¢(1020)f0(980) cross section mea-
sured in the KT K~ 7~ (solid dots) and K™K~ n%2° (open
squares) final states. The solid (dashed) curve represents
the result of the two-resonance (one-resonance - ¢(1680) —
©(1020) f0(980)) fit using Eq.(6), as described in the text. The
hatched area and dotted curve show the Y (2175) contribution
for two solutions.

VIII. eTe™ — ¢fo NEAR THRESHOLD

The behavior of the eTe™ — ¢fy cross section near
threshold shows a structure near 2.175 GeV, and we have
published this result in Ref. [7]. Here we provide a more
detailed study of the cross section for this channel in
the 1.8-3 GeV region with the full BABAR dataset. In
Fig. 33 we superimpose the cross sections measured in
the KTK-ntn~ and K™K 7% final states (shown in
Figs. 15 and 24); they are consistent with each other.

We perform a combined fit to these cross section data
using Eq.(6) with the two-pion mass restricted to the re-
gion 0.85-1.1 GeV/c?. We fix the ¢(1680) parameters
for the ¢(1020)f,(600) decay mode (which gives a small
contribution in this mass range) and allow all other pa-
rameters to float. The result of the fit is shown as the
solid curve in Fig. 33. As demonstrated in Ref. [9],
the observed pattern can be a result of a constructive
or destructive interference of the narrow structure at
2.175 GeV with the coherent background.

The fit with constructive interference gives the reso-
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FIG. 34: The e*e™— #(1020) fo(980) cross section measure-

ments from the K™K~ w7~ final state from BABAR (dots)
and Belle [9](squares).

nance parameter values

022 = (0.093 + 0.021 + 0.010) nb,
)

(
me = (2.180 4+ 0.008 £ 0.008) GeV/c?,
Iy = (0.07740.0154 0.010) GeV,

Yo = (=2.11+0.24 +0.12) rad,
o12 = (0.140 4 0.009 4 0.010) nb,

and x?/n.d.f.=57/(61—6) (P(x?) = 0.33). The statistical
precision is improved compared to that of Ref. [7], for
which the analysis was based on half as much data. For
this state we estimate the product of electronic width
and branching fraction to ¢fy as

Dy0o90m3
Bty Tee = 9nC (23+0.3+£0.3) eV,
where we fit the product I'so9s to reduce correlations.
The second error is systematic, and corresponds to the
normalization uncertainty on the cross section.

The destructive interference yields exactly the same
overall curve with the same parameters for the mass
and width of the narrow state, but significantly larger
peak cross section with opposite sign of the mixing angle:
092 = (1.13+0.15+0.12) nb, tp3 = (2.47£0.17+0.13) rad.
To select between two solutions, we need more informa-
tion on the decay rates to another modes, which are not
available now.

If we assume no resonance structure other than the tail
from ¢(1680) — ¢(1020) f5(980), the fit yields x?/n.d.f.=
150/(61 — 2) with P(x?)=8-107°. The result of this fit is
shown as the dashed curve in Fig. 33. It is a poor fit to
the region below 2.3 GeV, but gives a good description of
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the cross section behavior at higher values of E¢ .. The
fit, with or without the resonance at 2.18 GeV/c?, gives a
maximum value of the ¢(1680) — ¢ fo cross section of 0.3
nb at E. . & 2.1 GeV. This is of independent theoretical
interest, because it can be related to the ¢ — f,(980)~y
decay studied at the ¢-factory [28, 29].

The significance of the structure calculated from the
change in x2 between the fits with and without the res-
onance at 2.18 GeV is /150 — 61 = 9.4 standard devi-
ations; the x? value, 61 for 61-2 n.d.f., yields the same
probability as the x? value 57 for 61-6 n.d.f..

The cross section measurements from the K™K -7t~
final state shown in Fig. 33 are compared to those from
Belle [9] in Fig. 34. There is good overall agreement
between the results from the two experiments. Over-
all agreement between the results of the fits to the
BABAR and Belle data is also good.

A. Structures in the K"K~ f,(980) final state

We next search for other decay modes of the Y (2175)
state. Figure 35(a) shows the “raw” (no background
subtraction) two-pion mass distribution for all selected
KtK~m"r~ events, and Fig. 36(a) shows the same dis-
tribution for the K™K ~n%7% sample. The f,(980) con-
tribution is relatively small for the charged-pion mode,
and larger for the neutral-pion mode. If we select the
region 0.85 < m(nm) < 1.1 GeV/c?, and plot the
K+ K~mr mass distribution, the bump at 2.175 GeV/c?
is seen much more clearly in spite of larger background
(Figs. 35(b) and 36(b)), and a bump at 2.5 GeV/c?
is also seen; the rest of events have no structures at
2.175 GeV/c? or 2.5 GeV/c? (Figs. 35(b) and 36(b)
hatched histograms). The bumps are seen only in the
K1TK™ fo(980) sample (Figs. 35(c) and 36(c)), but if
we select the ¢(1020) region, no bumps are seen at
2.5 GeV/c?, as shown by the hatched histograms in
Figs. 35(c) and 36(c).

From these histograms we can conclude that the
Y (2175) resonance has a KK~ f5(980) decay mode
when the KTK~ system is not from ¢, and that the
decay rate is comparable to that for ¢f;(980). Also an-
other state at 2.5 GeV seems to exist; this decays to
KTK~ fo(980) (but seems not to couple to ¢fy(980))
with width ~0.06-0.08 GeV (see Ref. [7]). The large
background does not allow us to clearly separate this
state.

IX. THE CHARMONIUM REGION

For the E¢ 1. region above 3 GeV, our data can be used
to measure, or set limits on, the decay branching frac-
tions for the J/1 and ¢(2S) (See Figs. 4, 19, and 28).
In addition, these signals allow checks of our mass scale,
and of our measurements of mass resolution. Figure 37
shows the invariant mass distributions for the selected
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f0(980) region. (b) All selected KK~ %7 events (open histogram), selected K+ K™ f3(980) events (cross-hatched histogram),
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KtK—ntr=, KtK 790, and KT K- KTK~ events,
respectively, in this region, using smaller mass intervals
than in the corresponding Figs. 2, 17, and 26. We do
not subtract any background from the K™K ~7T7~ and
K+tK~KTK~ distributions, since it is small and nearly
uniformly distributed, but we use the X% Karo control re-
gion to subtract part of the ISR background from the
K+ K770 distribution. Production of the J/4 is ap-
parent in all three distributions, and a small, but clear,
(2S5 signal is visible in the K+ K~ 77~ mode.

We fit each of these distributions using a sum of two
Gaussian functions to describe the J/v¢ signal and in-
corporate a similar representation of a (25) signal,
although there is no clear evidence of the latter in
Figs. 37(b) and 37(c). In each case, a second-order-
polynomial function is used to describe the remainder
of the distribution. We take the signal function param-
eter values from simulation, but let the overall mean
and width values vary in the fits, together with the co-

efficients of the polynomial. For the KK~ 7n%7° and
KTK~KT™K~ modes we fix the 1)(25) mass position [5],
and take the width from MC simulation. The fits are
of good quality, and are shown by the curves in Fig. 37.
In all cases, the fitted mean value is within 1 MeV/c?
of the nominal J/v or ¢(2S) mass position [5] and the
width is within 10% of the simulated resolution discussed
in Secs. IVC, VC, and VIC.

The fitted J/1v signals for the KTK ntmr—,
KTK 7%, and Kt K~ Kt K~ final states are found to
contain 3137 + 67, 388 £ 28, and 287 + 24 events, respec-
tively. From the number of events in each final state f,
Nj/ysf, we calculate the product of the J/1 branching
fraction to f and the J/v electronic width using

B Nyjypsg M7
_67T2d£/dE€f(mJ/w)C ’

By - T (10)

where dC/dE = 173.1£1.7 nb~'/MeV, and €f(m )
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the K*(892)° regions of Fig. 5(a); for events in overlap region,
only one combination is chosen.

are the ISR luminosity and corrected selection efficiency,
respectively, at the J/i¢ mass, and C is the conver-
sion constant. We estimate ex+g-r+.- = 0.198 +
0.006, €x+g-ror0 = 0.079 £ 0.004, and e€x+g-g+r- =
0.173 £ 0.012 using the corrections and errors discussed
in Secs. IVC, VC, and VIC.

We list the values of the product of the branching
fraction(s) and I‘;Ie/w in Table XIII, and using I‘;Ie/w =
(5.55 + 0.14) keV [5], obtain the corresponding branch-
ing fraction values and list them together with their PDG

values [5]. The systematic uncertainties quoted include a

2.5% uncertainty on T'7/Y. Our measured branching frac-

tions of KTK~7ntn~, KtK 7%, and Kt K- KTK~
are more precise than the current PDG values, which
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FIG. 39: The K*7¥ mass projection for events from Fig. 38
with K™K~ nT7~ invariant mass within 50 MeV/c® of the
nominal J/v¢ mass (open histogram), and for events for which
this mass value is 50-100 MeV/c? less than nominal (hatched).

are dominated by our previous results ((6.6+0.5)x1073,
(2.54£0.3)x1073 and (7.6+0.9)x10~*, respectively [7]).
These fits also yield 133+21 K™K ~n+7~ events, 1749
KtK~—m%7% events and 1346 K*K~KTK~ events in
the ¥(2S5) peak. We expect 12 events from (25) —
J/Yrtr~ — KTK~ntnr~ from the relevant branching
fractions [5], which is less than the statistical error. Sub-
tracting this contribution and using the calculation anal-
ogous to Eq.(10), with d£/dE=221.242.2 nb™ '/ MeV,
we obtain the product of the branching fraction and
electronic width for the decays (2S) — KTK 7ntn—,
P(2S) - KTK 7%7% and ¢(25) - KTK-KtK~.
Dividing by T4®%) = 2.36 + 0.04 keV [5], we ob-
tain the branching fractions listed in Table XIII. The
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FIG. 40: Raw invariant mass distributions in the charmonium
region for (a) candidate e’e™ — ¢ntn~ events (open his-
togram), and for events in the ¢ sideband regions of Fig. 12(c)
(hatched); (b) candidate ete™ — ¢n°7® events (open his-
togram) and events in the x3 5.0 control region (hatched).

KTK=—ntr~ and KTK~KTK~ values are consistent
with those in Ref. [5]. There is no entry in Ref. [5] for
the KT K ~7%7% decay mode of the 1(29).

As noted in Sec. IVD and shown in Fig. 5 and
Fig. 8, the K™K ~nT 7~ final state is dominated by the
K*(892)° K~ m" channels, with a small contribution from
the K*(892)°K}5(1430)° channels. Figure 38 shows a
plot of the invariant mass of a K*7T pair versus that
of the KTK~ntm~ system for events with the mass of
the K¥7F pair near the K*(892)° mass, i.e., within the
bands in Fig. 5(a), but with only one combination plot-
ted in the overlap region. There is a large concentration
of entries in the J/¢ band with K*7F mass values near
1.43 GeV/c?, but a relatively small number of events in a
horizontal band corresponding to the K3 (1430)° produc-
tion outside the J/1 region. We show the K7 ¥ mass
projection for the subset of events with KTK - ntn~
mass within 50 MeV/c? of the nominal J/¢ mass in
Fig. 39 as the open histogram. The hatched histogram is
the projection for events with a K+ K~ 77~ mass be-
tween 50 and 100 MeV/c? away from the nominal J/v
mass.

The K distribution from the J/t¢ is dominated
by the K3(1430)° and K (1430)° signals [5, 34]. A
small signal at the K*(892)° indicates the presence of
K*(892)°K*(892)° decay of the .J/v; this is also seen
as an enhancement in the J/¢ band in Fig. 38. The
enhancement at 1.9 GeV/c? of Fig. 39 may be due
to the 3F, ground state, or to the first radial excita-
tion of the K5(1430), neither of which has been re-
ported previously. Subtracting the number of side-
band events from the number in the J/¢ mass win-
dow, we obtain 710430 events with K*xF mass in
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FIG. 42: The n™7~ invariant mass distribution for ¢m ™7™

events from the J/1 peak of Fig. 40(a) (open histogram), and
for events in the ¢ sideband region (hatched).

the range 1.2-1.7 GeV/c?, which we take as a measure
of J/v decay into K*(892)"Kj ,(1430)". According to
Ref. [34], there is an equal contribution from K¢ (1430)°
and K3(1430)°, which we cannot separate with our se-
lection. We obtain 47 + 12 events in the 0.8-1.0 GeV/c?
window for K*(892)°K*(892)" decay, and 185+21 events
for decay to K*(892)°K 7t with m(Kn) in the 1.7-
2.0 GeV/c? region. We convert these to branching frac-
tions using Eq.(10), and divide by the known branch-
ing fractions of the K* states [5]. The results are listed
in Table XIII, which are more precise than those in
Ref. [5]. For the 1.7-2.0 GeV/c? mass region we obtain

T2V By gk (so20k - nt = (2.24 4 0.25 + 0.15) eV

We study decays into ¢ntn~ and ¢n7° using the
mass distributions shown in Figs. 40(a),(b). The open
histograms are for events with KT K~ mass within the
¢ bands of Figs. 12(c) and 22(c). The hatched his-
togram in Fig. 40(a) is from the ¢ sidebands of Fig. 12(c),



TABLE XIII: Summary of the J/v¢ and ¢ (2S) parameters obtained in this analysis.

Measured Measured J/4 or 1(28) Branching Fraction (107%)
Quantity Value (eV) This work PDG2010
L2LY By it i mt e 37.94+0.81+1.10 6.84-0.150.27 6.6 +0.5
DY By ket k- m0m0 11.7540.8140.90 2.12+40.15+0.18 2.45 £0.31
T/ Byt k- kK- 4.0040.33+0.29 0.7240.0640.05 0.76 +0.09
DB,y ko gsn, - Brcoosrrn Bigso icnt 8.59+0.360.27 6.98-:0.29-0.21 6.0 +0.6
T2/B, ) ceoico - Brceossesn— - Breo smnt 0.57£0.15£0.03 0.23-£0.06:0.01 0.23 +0.07
T2 By g somtn  Boos it i 2.1940.2340.07 0.8140.08+0.03 0.94 40.09
T2Y By gmom0 - By it rc— 1.360.27+0.07 0.50:£0.10£0.03 0.56 +0.16
T2 By sorct - - Boos it ic— 2.26:£0.26£0.16 1.6640.1940.12 1.83 4+0.24
T2 Byjpsose - Boorct k- Bosmtne 0.69:£0.11£0.05 0.25:0.04:£0.02 0.18 40.04
T2 By ose  Boosicr - - Brysmomo 0.48£0.12:£0.05 0.18£0.04-£0.02 0.17 £0.07 ©
T Brjpsor,  Boowsr - Bpysmtne 0.74:0.12:0.05 0.2740.04£0.02 0.72 £0.13 ¢
LU By as) skt i mtne 1.9240.3040.06 0.81:£0.130.03 0.75 £0.09
LU Byag) ket K m070 0.60+0.31+0.03 0.2540.1340.02 no entry
LY By as) skt k- Kt K 0.22+0.10+0.02 0.09-£0.04+0.01 0.060£0.014
LY By os) somtn  Bosrct - 0.2740.09+0.02 0.2340.08+0.01 0.11740.029

(28
Y )'Bw(2s)a¢f0 By skt Bryomta

0.174£0.06+0.02

0.15+0.05+0.01 0.068+0.024 °©

a6 is selected as [my — m(KTK )| < 10 MeV, By seiw Ob-
tained as 2 - BJ/z,ba¢K+K*-

bNot corrected for the fo — 7070 mode. fo selected by 0.85 <
m(r070) < 1.1 GeV/c?

¢Not corrected for the fo — w7~ mode. fo selected by 0.85 <
m(rtr7) < 1.1 GeV/c?

4We compare our ¢fz, fo — mTm~ mode, selected by 1.1 <
m(rtr7) < 1.5 with ¢f2(1270).

By (2s)—ofor fo = 7T

and represents the dominant background in the ¢rtr—
mode. The hatched histogram in Fig. 40(b) is from
the X% Kayo control region, and represents the dominant
background in the ¢m%7° mode. Subtracting these back-
grounds, and subtracting a small remaining background
using J/¢ or ¢(2S) sideband events, we find 181+19
J/p — ¢rtr~ events, 4549 J/¢p — ¢rO7Y events, and
1946 %(2S) — ¢ntm~ events. We convert these to
branching fractions and, after correcting for the modes
other than ¢ — K™K, list them in Table XIII. All are
consistent with current PDG values, of which the first
two are dominated by our previous measurement.

We do not observe any evidence for Y (4260) decays to
these modes, nor do we see a Y (4260) signal in any other
mode studied here.

Figures 41(a)(b) show the corresponding mass dis-
tributions for ¢fy(980) events, i.e., the subsets of the
events in Figs. 40(a) and 40(b) with a di-pion mass in
the range 0.85-1.10 GeV/c?. Signals at the .J/1 mass
are visible in both cases. From Fig. 41(b) we estimate
16 £ 4 ¢fy events in the 7°7° mode. However, ¢fo(980)
is not the dominant mode contributing to J/¢— ¢rtn~
decay. The open histogram of Fig. 42 shows the 7+n~
invariant mass distribution for events in the J/v peak of

Fig. 40(a) (Im(KTK ~nt7~) —m(J/¢)| < 0.05 GeV/c?);
events in the J/1) sidebands (0.05 < [m(KTK 7nt7~) —
m(J/¥)| < 0.1 GeV/c?) are shown by the hatched his-
togram. A two-peak structure is visible that is very sim-
ilar to that studied by the BES Collaboration [31] and
observed in DY — wfr 7t decay [32]. In both cases
the 77~ system is believed to couple to an s3 system;
both 77~ distributions exhibit a clear f,(980) peak and
a broad bump in the 1.3-1.5 GeV/c? region. The analy-
sis of Refs. [31, 32] shows that this bump is made up of
f2(1270) and fo(1370) contributions; we denote this re-
gion by f,. By selecting f(980) in the 0.85-1.10 GeV/c?
range and f, in the 1.1-1.5 GeV/c? range, shown by ver-
tical lines in Fig. 42, and subtracting J/v sideband back-
ground we find 57+9 J/1¢— ¢ f1(980) events and 61 £+ 10
J/v— ¢ f, events.

Using Eq.(10) and dividing by the appropriate branch-
ing fractions, we obtain the J/i¢ branching fractions
listed in Table XIII. The measurements of By ¢, in
the 7t7n~ and 7970 decay modes of the fy are consistent
with each other and with the PDG value, and combined
they have roughly the same precision as given in Ref.[5].

Note that, in contrast to ¢(1680) — ¢mm decay, there
is no indication of a J/v — ¢ f,(600) decay mode. Only



J/p — ¢f0(980) is observed, as is true for the Y (2175)
state.

We also observe 1244 1(25) — ¢ fo, fo— 77~ events,
which we convert to the branching fraction listed in Ta-
ble XIII; it is consistent with the value in Ref. [5], as-
suming By, _yr+ - = 2/3.

The hatched histogram in Fig. 30(a) shows the K+ K~
invariant mass distribution, when the other kaon pair
is in the ¢ region, for the KT K~ K™K~ events in the
J/1 peak, selected by requiring |[m(KTK~KTK™) —
m(J/¢¥)| < 0.05 GeV/c?. Subtracting sideband events we
find 163 + 19 events corresponding to J/v — ¢K K~
decay. Using our normalization we obtain the branch-
ing fraction listed in Table XIII, which agrees with that
in Ref. [5] but has better precision. In obtaining these
values, we have used B(¢p — KTK~) = 0.489 [5], and
assume equal rates for J/¢ — ¢KTK~ and J/¢p —
HKOKO.

X. SUMMARY

We use the excellent charged-particle tracking, track

identification, and photon detection of the BABAR
detector to fully reconstruct events of the type
ete™ = yefe™ = YKTK7ntn~, yKTK—7%°, and

vKTK~KTK~, where the v is radiated from the ini-
tial state et or e”. Such events are equivalent to direct
eTe™ annihilation at a c.m. energy corresponding to the
mass of the hadronic system. Consequently, we are able
to use the full BABAR dataset to study annihilation into
these three final states from their respective production
thresholds up to 5 GeéV c.m. energy. The KT K " ntn—,
KTK—7%0% and K*K~K+tK~ measurements are con-
sistent with, and supersede, our previous results [7].

The systematic uncertainties on the eTe™ —
KtK—atr, KTK— 7% and Kt K~ K+tK~ cross sec-
tion values are 4%, 7% and 9%, respectively, for E¢ . <
3 GeV, and increase, respectively, to 11%, 16% and 13%
in the 3-5 GeV range. The values obtained are consider-
ably more precise than previous measurements, and cover
this low-energy range completely. As such they provide
useful input to calculations of the hadronic corrections
to the anomalous magnetic moment of the muon, and of
the fine structure constant at the Z° mass.

These final states exhibit complex resonant substruc-
tures. For the KTK w7~ final state we measure
the cross sections for the specific channels ete™ —
K*(892)°K—nt, ¢ntm—, and ¢fy, and, for the first
time, for the ete™ — K3(1430)°K 7t and ete™ —
p(770)° K+ K~ reactions. We also observe signals for the
K1(1270), K;1(1400), and f2(1270) resonances. It is diffi-
cult to disentangle these contributions to the final state,
and we make no attempt to do so in this paper. We note
that the p° signal is consistent with being due entirely to
K decays, and that while the total cross section is domi-
nated by the K*(892)° K~ 7T channels, only about 1% of
the events correspond to the ete™— K*(892)°K*(892)°
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reaction.

For the KT K~ 7%7Y final state we measure the cross
section for ete™ — ¢fy, and observe signals for the
K*(892)* and K3(1430)* resonances. Again, the total
cross section is dominated by the K*(892)T K ~7” chan-
nel, but about 30% of events are produced in the eTe™—
K*(892)" K*(892)~ reaction. For the K+ K 770 final
state we note that the cross section is roughly a factor
of four smaller than that for K™K ~n+t7~ over most of
the E. . range, consistent with a factor of two isospin
suppression of the m07° final state and another factor of
two for the relative branching fractions of the neutral and
charged K* to charged kaons.

With the larger data sample of the present analysis, we
perform a more detailed study of the ete™ — ¢(1020)7m
reaction. The 7+7~ and 7%7° invariant mass distribu-
tions both show a clear fp(980) signal, and a broad struc-
ture at lower mass interpreted as the fy(600). We ob-
tain parameter values for these resonances. The ¢rnT 7~
cross section measured in the K™Kt~ final state
shows a structure around 1.7 GeV and some structures
above 2.0 GeV. The corresponding ¢m97° cross section
in the Kt K~ 7% final state shows similar behavior. If
the fp(980) is excluded from the di-pion mass distribu-
tion, no structures above 2.0 GeV are seen. We fit the
observed cross section with the VMD model assuming
?(1680) — ¢ fp(600) and ¢(1680) — ¢ fo(980) decay; the
latter appears to be responsible for the threshold increase
of the cross section at 2.0 GeV. Confirming our previ-
ous study [7], our data require an additional resonance
at 2.175 GeV, which we call the Y (2175), with decay to
?f0(980), but not to ¢f,(600). Further investigation re-
veals consistent results for the KT K~ Kt K~ final state,
and clear Y (2175) signals in the KK~ f5(980) channels,
with fo(980)— 777~ and 7°7°. This structure can be
interpreted as a strange partner (with c-quarks replaced
by s-quarks) of the Y (4260) [35], which has the analo-
gous decay mode J/¢m 7~ or perhaps as an s5s3 state
that decays predominantly to ¢ fo.

In the KT K~ K*TK™~ mode we find ete™— ¢KTK~
to be the dominant channel. With the current data sam-
ple we can say little about other K™K~ combinations.
We observe an enhancement near threshold, consistent
with the ¢fy channel and if these events are selected we
have an indication of a Y (2175) signal. Two other struc-
tures in the KK~ invariant mass spectrum are seen:
the smaller could be an indication of the ¢f,(1370) final
state, and the larger of the ¢ f5(1525) mode. If events cor-
responding to the ¢f5(1525) final state are selected, the
KTK~KTK~ cross section shows a resonance-like struc-
ture around 2.7 GeV, and a strong J/1 signal, which has
been studied in detail by the BES Collaboration [31]. In
the KT K~KTK~ cross section we observe a sharp peak
at 2.3 GeV, which corresponds to the ¢ KT K~ channel
with the KT K~ invariant mass in the 1.06-1.2 GeV/c?
region.

We also investigate charmonium decays into the stud-
ied final states and through corresponding intermediate



channels, and measure the product of the electron width
and the corresponding branching fraction. Some of the
obtained J/v branching fractions listed in Table XIII
are as precise as, or more precise than, the current world
averages, many of which were obtained in our previous
study [7]; the latter are superseded by our new results.
We do not observe the Y(4260) in any of the final states
examined.
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