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I. INTRODUCTION

Electron-positron annihilation events with initial-state
radiation (ISR) can be used to study processes over a
wide range of energies below the nominal eTe™ center-of-
mass (c.m.) energy (E..m.), as demonstrated in Ref. [1].
The possibility of exploiting ISR to make precise mea-
surements of low-energy cross sections at high-luminosity
¢ and B factories is discussed in Refs. [2-4], and mo-
tivates the studies described in this paper. Such mea-
surements are of particular current interest because of a
three-standard-deviation discrepancy between the mea-
sured value of the muon anomalous magnetic moment
(9p — 2) and that computed in the Standard Model [5],
where the hadronic loop contributions require experimen-
tal ete™ annihilation cross sections as input. The calcu-
lation is most sensitive to the low-energy region, where
the inclusive hadronic cross section cannot be measured
reliably, and a sum of exclusive states must be used. Not
all accessible states have been measured yet, and new
measurements will improve the reliability of the calcu-
lation. In addition, studies of ISR events at B facto-
ries provide information on resonance spectroscopy for
masses up through the charmonium region.

Studies of the ISR processes ete™ — uTpu~ [6, 7] and
ete™ — X7, where X}, represents any of several exclu-
sive multihadron final states, using data of the BABAR ex-
periment at SLAC, have been reported previously. The
X, studied so far include: charged hadron pairs 77~ [7],
KT K~ [8], and pp [9]; four or six charged mesons [10-12];
charged mesons plus one or two 7° mesons [11-14]; a K9
plus charged and neutral mesons [15]; and the first ISR
measurement from BABAR that includes KY mesons [16].
Together, they demonstrate good detector efficiency for
events of this kind, and well understood tracking, particle
identification, and 7°, K¢ and K reconstruction.

In this paper we report measurements of the KK 970,
K9K%, and KOK%%7° final states, produced in con-
junction with a hard photon that is assumed to result
from ISR. Candidate KO mesons are reconstructed in
the 7t7~ decay mode, candidate 7° and 7 mesons are
reconstructed in the 7y decay mode, and KY mesons
are detected via their nuclear interactions in the elec-
tromagnetic calorimeter. For these final states, we mea-
sure cross sections from threshold to F..,,. = 4 GeV,
study their internal structure, perform the first measure-
ments of J/i) branching fractions, and search for ¢(25)
decays. We also search for the eTe™ — yKIK27r° and
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ete™ — yKYK9797% processes, which are forbidden by
C-parity conservation, and we see no indication of them
at the level of single background events. Together with
our previous measurements [8, 11, 16], these results pro-
vide a much more complete understanding of the KK,
KKn and KK final states in ete™ annihilation.

II. THE BABAR DETECTOR AND DATA SET

The data used in this analysis were collected with the
BABAR detector at the PEP-II asymmetric-energy eTe™
storage ring. The total integrated luminosity used is
468.6 fb~' [17], which includes data collected at the
7(4S) resonance (424.7 fb™') and at a c.m. energy
40 MeV below this resonance (43.9 fb™!).

The BABAR detector is described in detail else-
where [18]. Charged particles are reconstructed using
the BABAR tracking system, which comprises the silicon
vertex tracker (SVT) and the drift chamber (DCH) in-
side the 1.5 T solenoid. Separation of pions and kaons
is accomplished by means of the detector of internally
reflected Cherenkov light (DIRC) and energy-loss mea-
surements in the SVT and DCH. The hard ISR photon,
photons from 7% and 1 decays, and K? are detected in
the electromagnetic calorimeter (EMC). Muon identifi-
cation, provided by the instrumented flux return, is used
to select the pp~ final state.

To study the detector acceptance and efficiency, we
have developed a special package of simulation programs
for radiative processes based on the approach suggested
by Kiihn and Czyz [19]. Multiple collinear soft-photon
emission from the initial eTe™ state is implemented with
the structure-function technique [20, 21], while additional
photon radiation from the final-state particles is simu-
lated using the PHOTOS package [22]. The precision of
the radiative simulation contributes less than 1% to the
uncertainty of the measured hadronic cross sections.

In addition to the signal channels K9K%7%, KYK%p,
and KYK%7%7%, we simulate ISR processes which result
in high backgrounds, KK, KYK*7F and KOK+7F 70,
with cross sections and mass dependences based on our
previous measurements and isospin relations. The KYKY
and KYK% channels are dominated by eTe™ — v¢ and
~v¢n, respectively. Samples of three to five times the num-
ber of expected events are generated for each final state
and processed through the detector response simulation
[23]. These events are then reconstructed using the same
software chain as the data.

We also simulate several non-ISR backgrounds, in-
cluding ete™ — g (¢ = wu,d,s,c) events using the
Jetset7 .4 [24] generator, and ete™ — 777~ events us-
ing the KORALB [25] generator. Variations in detector
and background conditions are taken into account.
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FIG. 1: The n"n~ invariant mass distribution for the se-
lected K2 candidates in the data (points) and simulation (his-
togram). The vertical lines indicate the signal region.

IIT. EVENT SELECTION AND
RECONSTRUCTION

We begin with events containing at least two charged
particles and at least four clusters of energy deposits
in contiguous crystals in the EMC. We then consider
the cluster in the event with the highest energy in the
ete™ c.m. frame as the ISR photon candidate, and re-
quire EY,, > 3 GeV. Since the ISR photons are pro-
duced mostly along the beamline, this accepts only about
10% of the signal events, but in the selected events, the
hadronic system is fully contained and can be studied
reliably.

In these events, we reconstruct candidate K¢ decays
to two charged pions from pairs of oppositely charged
tracks not identified as electrons. They must have a well
reconstructed vertex between 0.1 and 40.0 cm in radial
distance from the beam axis, and their total momentum
must be consistent with the assumption that they origi-
nate from the interaction region. The m(7+7~) invari-
ant mass distribution for these K? candidates is shown
in Fig. 1 for both data (points) and the ete™ — ¢ —
yKYKY simulation (histogram). The signal is very clean,
and requiring 482 < m(rT7~) < 512 MeV/c? (vertical
lines in Fig. 1) accepts 98% of the signal events. We use
the sidebands 472-482 and 512-522 MeV/c? to estimate
the contributions from non-K? backgrounds, which are
found to be negligible in all cases after final selection.

A few thousand events (about 1% of the total) have
more than one selected KY candidate, and we use only
the candidate with m(7 7 ~) closest to the nominal [26]
K? mass. We also require the event to contain no other
tracks that extrapolate within 2 cm of the beam axis and

3 cm along the axis from the nominal interaction point.

Any number of additional tracks and EMC clusters is
allowed. We consider all clusters with reconstructed en-
ergy above 0.1 GeV as photon candidates, and calculate
the invariant mass of each pair. Every pair with a mass
within 30 (50) MeV/c? of the nominal 7¥ (1) mass is
considered a 7° (1) candidate. The efficiency of 7° and
71 reconstruction in these events is about 97%.

The decay length of the K meson is large, and the
probability to detect a K decay in the DCH is low. In-
stead, we look for a cluster in the EMC resulting from the
interaction of a K9 with a nucleus in the EMC material.
Such clusters are indistinguishable from photon-induced
clusters, and give poor resolution on the K" energy. The
characteristics of these clusters were studied in detail in
our previous publication [16], where it was shown using
ete™ — ¢y events that KY clusters are detected with
high efficiency and good angular resolution. Background
from low-energy clusters is high, and the requirement of
at least 0.2 GeV in cluster energy yields a clean sample
with 48% efficiency. Here, we apply the same energy re-
quirement, and use the efficiency and angular resolution
measured as a function of polar and azimuthal angles in
Ref. [16].

IV. THE KINEMATIC FIT PROCEDURE

Each event selected as described in Sec. I1I is subjected
to a set of constrained kinematic fits, in which the four-
momenta and covariance matrices of the initial ete~, the
ISR photon, the best K9 candidate, and zero, two or four
relevant photon candidates are taken into account. The
direction and angular resolution, but not the energy, of
the K? candidate is also used, and the KY momentum
is determined in the fit. The three-momentum vectors
for all other particles, including the photons, are also
determined with better accuracy from the fits, and the
fitted values are used in further calculations.

For every event, we first perform kinematic fits under
the KYK%y hypothesis, considering the ISR photon and
K9 candidates, along with each cluster with energy over
0.2 GeV in turn as the K candidate. Each fit has 3 con-
straints, and we consider the combination with the best
x? value, denoted y?(K2K?). This variable is useful in
suppressing the large background arising from combina-
tions of background photons with a mass near the 7° or
7) Mass.

Next, we consider each 7° and n candidate, and per-
form a set of fits to the K9K 7% and K2K %1y hypothe-
sis, including the ISR photon, K?, and two photon candi-
dates, along with each K? candidate not included in the
79 or n candidate. These fits have four constraints, in-
cluding one on the 7% or n candidate mass. We retain the
7°K? and nK? candidate combinations yielding the best
values of x*(KYK?7?) and x*(KYK?%), respectively.

Similarly, for events with six or more clusters, we con-
sider each pair of non-overlapping 7° candidates, and per-



form a set of five-constraint fits under the K9K 97970
hypothesis. Both 7° masses are constrained, and we re-
tain the 7°7°KY candidate combination yielding the low-
est value of x?(K2K%7m979).

Finally, we perform similar fits for all the other sim-
ulated signal and background processes discussed in
Sec. 11, giving us additional x? variables that can be used
to select (or suppress) these processes.
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FIG. 2: Two-dimensional distribution of the higher cluster en-
ergy in a photon-candidate pair vs. the corresponding dipho-
ton mass my4 for all pairs of EMC clusters in KOIKO70%
events containing neither the ISR photon, the K2 candidate,
nor either photon in the 7° candidate.

V. THE K2K%7° FINAL STATE

A. Additional selection criteria

For the KOK?7% final state, a few additional selec-
tion criteria are applied. Considering all pairs of EMC
clusters not assigned to the ISR photon, 7°, or K? candi-
dates, we observe a large signal from extra 7%’s, shown in
Fig. 2. It is especially strong when one of the clusters has
high energy, so we require EX*** < 0.5 GeV. This reduces
backgrounds from several sources with a loss of 3% in
simulated signal efficiency. However, many ISR ¢y events
with a false 70, formed by accidential photons, remain.
To reduce this background, we require x*(K°K?9) > 15
if the fitted KYK? invariant mass m(K2K?) is smaller
than 1.04 GeV/c?.

The 4C x? distribution for the remaining events un-
der the K9K%7% hypothesis is shown as the points in
Fig. 3(a), with the corresponding distribution for MC-
simulated pure K9K 7%y events shown as the open his-
togram. Both distributions are broader than typical

4C x? distributions due to higher-order ISR, which is
present in both data and simulation, but not taken into
account in the fit. The reliability of the simulated dis-
tribution has been demonstrated in our previous studies,
and is discussed below. In the figure, the simulated sig-
nal distribution is normalized to the data in the region
X2(KOK7%) < 3, where the contribution of higher-order
ISR is small and the background contamination is lowest,
but still amounts to about 5% of the signal. The differ-
ence between the two distributions at high values gives
an indication of the level of background.

We define a signal region x*(K°K%7%) < 25 and a
control region 25 < x?(K2K%7%) < 50 (vertical lines in
Fig. 3(a)), from which we estimate backgrounds in the
signal region. The signal region contains 5441 data and
3402 signal-MC events, while the control region contains
2733 and 632 events, respectively.

B. Background subtraction

We estimate known ISR backgrounds from simulation,
and normalize the simulated non-ISR background us-
ing the 7° peak, as described in Ref. [16]. The largest
backgrounds we can evaluate in this way are shown in
Fig. 3(a): the shaded, cross-hatched, and hatched ar-
eas represent the simulated backgrounds from non-ISR
qq, ISR KYK%(¢), and ISR ¢n events, respectively. The
shapes of these three distributions are consistent with
each other and quite distinct from that expected for
signal events. However, these backgrounds account for
less than half of the observed difference between data
and simulation at large x? values. We assume the re-
maining background is from other ISR processes, with
a x?(K9K%7Y) distribution similar in shape to those
shown.

To obtain any distribution of the KJK%7° signal
events, we use the control region to estimate the sum
of all backgrounds, following the procedure described in
detail in Ref. [16]. In each bin of the distribution in ques-
tion, the background contribution is estimated as the
difference between the numbers of data and signal-MC
events in the control region (see Fig. 3(a)), normalized
to the corresponding difference in the signal region.

The KYK?7Y invariant mass distribution of events in
the signal region is shown in Fig. 3(b) as the points.
The shaded, cross-hatched, and hatched areas represent
the same simulated backgrounds as in Fig. 3(a). The
sum of all backgrounds, estimated from the control re-
gion, is shown as the open histogram in Fig. 3(b), and
the extracted mass distribution for ete”™ — KYK979
signal events is shown as the filled points in Fig. 3(c).
We observe 3669 events in the mass range from thresh-
old to 4.0 GeV/c?. In addition to a main peak around
1.8 GeV/c?, a J/ip signal is visible.

This procedure relies on good agreement between data
and simulation in the x?(K2K?7Y) distribution. Con-
sidering our previous studies of 2 distributions [16],
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ete” — K*(892)°K° 4 c.c. — KK 70 (see text).

along with simulation and normalization statistics, we C. Detection efficiency
estimate the relative systematic uncertainty on the back-
ground to be 30%. This results in an uncertainty
on the background-subtracted signal of about 10% for
m(K2K97%) < 2.2 GeV/c?, increasing roughly linearly
with mass to about 40% at 3.2 GeV/c? and above.

The selection procedures applied to the data are also
applied to the MC-simulated event sample. The result-
ing distribution of the reconstructed KYK97" invariant
mass is shown in Fig. 4(a) for events with x?(K2K%70)
in the signal (open histogram) and control (hatched) re-
gions. The reconstruction efficiency as a function of mass

) r 1 is obtained by dividing the number of reconstructed MC
3 300 g events in each 50 MeV/c? mass interval by the number
O (a) ] generated in that interval, and is shown in Fig. 4(b).
8 200 E The effects of detector resolution, about 25 MeV/c?, are
%?; 100:7 B included in this efficiency. Below 1.5 GeV/ c2 the effi-
= a ] ciency becomes very large, due to the rapidly changing
L% ol’ Z E—u _ £ crosi,1 sfection }?ezr thres}(liolc}il. Siﬁlce th? rESOIEtiOI}ll i?dmea—
sured from the data and the shape of the threshold rise
m(K K T[O) (Gevic ) is well simulated, we apply no correction. Nevertheless,
©oasf T T E the backgrounds and the resolution-effect uncertainties
> - ] are high in this region, so we do not quote a cross section
8 0.06 |- b . measurement below 1.4 GeV/c?, and we assign an addi-
ol t + ‘ +1 7 tional E?O% (30%) relative systerélatic uncertainty for the
s | R +.++++++ H * H H; mass bin at 1.425(1.475) GeV/c2.
w0021 + This efficiency is corrected for the data-MC differences
w ol’ ‘ \3 ] evaluated in our previous studies. The ISR photon detec-

tion efficiency has been studied using u* v events [7],

m(KSKLT[O) (Gev/ C2) and we apply a polar-angle-dependent correction of t}[f];—
FIG. 4: (a) The reconstructed KSK?7° invariant mass dis- ically —1.5+0.5% to the simulated efficiency. The K7
tribution for MC-simulated signal events in the signal (open detection efficiency has been studied very carefully at
histogram) and control (hatched) regions of Fig. 3(a). (b) BABAR, with data-MC differences in the efficiency deter-
The net reconstruction efficiency from the simulation. mined as a function of the K9 direction and momentum.
We apply a correction event by event, which introduces
an overall correction of +1.1+1.0% to the efficiency. The
70 reconstruction efficiency has been studied in BABAR

using wy and wn%y events, and the correction is found to



be (—3+1)%. The K detection requires a (—6.1+0.6)%
correction [16]. In total, there is a (—9.5+1.6)% correc-
tion; this systematic uncertainty is small compared with
that due to the backgrounds, described above.
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FIG. 5: The ete™ — K2K97° cross section. The error bars
are statistical only.

D. The ete™ — K2K2x7° cross section

The cross section for ete™ annihilation into KK %7°
is calculated from

dNKgKgﬁov (EC»m-)

(KK (Eom.) = EEen) cBon) B (1)

where E. .. = m(K K%7Y); dNko ko ro., is the number
of selected, background-subtracted K9K %70 events in the
interval dEc.m; €(FBem.) = €€ (Eem.) - (1 4 dcorr) is the
simulated detection efficiency corrected for data-MC dif-
ferences, as described above. The radiative correction R
is unity within 1%, with an estimated precision of about
1%. The differential ISR luminosity d£(E. ) associated
with the interval dE. . centered at an effective collision
energy of F. . is calculated using the leading order for-
mula (see, for example, Ref. [13]), and the systematic un-
certainty associated with the luminosity determination is
estimated to be 0.5%.

The cross section is shown as a function of energy in
Fig. 5, and listed in Table I. There are no previous mea-
surements for this final state. We do not quote the cross
section from threshold (1.13 GeV) to 1.4 GeV, where it
shows a sharp rise to a maximum value of about 3 nb
near 1.7 GeV, presumably dominated by the ¢(1680)
resonance, and a slow decrease toward higher energies,
perturbed by the J/iy signal. Only statistical uncertain-
ties are shown. The systematic uncertainty is dominated

by background contributions, and amounts to about 10%
near the peak of the cross section (1.7 GeV), increasing
roughly lineary with decreasing cross section to about
30% in the 2.5-3 GeV region, always similar in size to
the statistical uncertainty. Above the J/i) mass, statis-
tics dominate the ~40% systematic uncertainty.
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FIG. 6: The background-subtracted (a) K27° and (b) K27°
invariant mass distributions in eTe™ — K9K%7° events. The
curves represent the results of the fits described in the text,
with the hatched areas representing the non-resonant compo-
nents.

0

E. The K*(892)° and K3 (1430)° contributions

Figure 6 shows the distributions of the fitted K%7" and
K?7Y invariant masses in the selected K2K 7" events, af-
ter background subtraction. Clear signals corresponding
to the K*(892)° resonance are visible, as well as indica-
tions of K3(1430)° production.

We fit these distributions with a sum of two inco-
herent Breit-Wigner functions and a function describ-
ing the non-resonant contribution, yielding 1750 + 84
K*(892)° — K97% decays, 1795 + 56 K*(892)° — K97
decays, and a total of 145 + 54 K3(1430)° decays. The
sum of these K*0 decays is consistent with the total num-
ber of KOK%70 events, indicating that the process is
dominated by K*°K° + c.c., and mostly K*(892)°K° +
c.c., production.

Indeed, if we perform fits similar to those shown in
Fig. 6 for events in each 0.05 GeV/c? interval of the
K2K97% invariant mass, and sum the K*(892)°K? and
K*(892)°K? yields, we obtain the K?K?7Y mass distri-
bution shown in Fig. 3(c) by the open circles. The errors



TABLE I: Summary of the ete™

10

— KgKp7m° cross section measurement. Uncertainties are statistical only.

Ecm. (GeV) o (nb) Eecm. (GeV) o (nb) Ecm. (GeV) o (nb) Ecm. (GeV) o (nb)
1.425 0.28 £ 0.07 2.075 0.55 £ 0.11 2.725 0.12 £ 0.05 3.375 0.03 £ 0.04
1.475 0.94 £ 0.15 2.125 0.44 £ 0.09 2.775 0.12 £ 0.08 3.425 0.02 £ 0.01
1.525 1.68 £ 0.22 2.175 0.42 £+ 0.09 2.825 0.10 £ 0.06 3.475 0.05 £ 0.03
1.575 2.60 £ 0.28 2.225 0.36 £ 0.08 2.875 0.15 £ 0.10 3.525 0.01 £ 0.03
1.625 2.89 + 0.26 2.275 0.48 £ 0.09 2.925 0.04 £ 0.03 3.575 0.04 £+ 0.03
1.675 3.15 £ 0.30 2.325 0.31 £ 0.07 2.975 0.10 £ 0.10 3.625 0.03 £ 0.03
1.725 2.79 £ 0.29 2.375 0.18 £ 0.07 3.025 0.06 £ 0.03 3.675 0.00 £ 0.01
1.775 1.96 £+ 0.23 2.425 0.26 £ 0.07 3.075 0.31 £ 0.09 3.725 0.04 £+ 0.04
1.825 1.30 £ 0.18 2.475 0.25 £ 0.08 3.125 0.24 £ 0.12 3.775 0.01 £ 0.01
1.875 1.12 £ 0.18 2.525 0.19 £ 0.06 3.175 0.05 £ 0.04 3.825 0.03 £ 0.02
1.925 0.79 £ 0.12 2.575 0.09 £ 0.04 3.225 0.02 £ 0.03 3.875 0.00 £ 0.01
1.975 0.55 £ 0.10 2.625 0.14 £ 0.05 3.275 0.04 £ 0.03 3.925 0.02 £ 0.02
2.025 0.58 £ 0.11 2.675 0.07 £ 0.03 3.325 0.05 £ 0.04 3.975 0.01 £ 0.01

are statistical only, and the difference between the num-
ber of K9K97% events and the K*(892)°K° contribution
in each bin is less than the systematic uncertainty due to
the background subtraction procedure.
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FIG. 7: The K2K? invariant mass distribution in selected
K9K%7° events (dots), and the background estimated from
the control region (hatched histogram) of Fig. 3(a). The solid
line represents the result of the fit described in the text.

F. The ¢(1020)7° contribution

Figure 7 shows the distribution of the fitted K2K? in-
variant mass for the selected KYK97Y events before back-
ground subtraction (dots), along with the background
(histogram) estimated from the x?(K2K%7%) control re-
gion. A ¢(1020) signal is visible in the K9K70 signal,

a(erd), nb
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FIG. 8: The ete™ — ¢n°® cross section from this work (dots)
compared with that obtained in the K™K ~7° channel [15]
(circles). The error bars are statistical only.

cm’

but not in the background. A fit with a Gaussian plus
polynomial function yields a total of 29 +9 ¢ — KYKY
decays in K9K?7° events.

Fitting the m(K2K?) distribution in 0.1 GeV/c? bins
of the KYK97% mass, we obtain a ¢7° invariant mass
spectrum for the K9K97Y final state. Using Eq. 1 and
the ¢ — KYK?Y branching fraction [26], we calculate a
cross section for this intermediate state, shown in Fig. 8
(dots) and listed in Table II. Only statistical uncertain-
ties are shown. The systematic uncertainties of 10-30%
relative in this mass range are smaller than the statistical
uncertainties.

The results are consistent with those observed in our
previous study of the KTK 7% final state [15], also



TABLE II: Summary of the ete™ — ¢n° cross section mea-
surement. Uncertainties are statistical only.

Ecm. (GeV) o (nb) Ecm. (GeV) o (nb)
1.25 0.00 £ 0.02 2.15 0.00 £ 0.01
1.35 0.00 + 0.02 2.25 0.01 + 0.01
1.45 0.06 £ 0.06 2.35 0.02 £ 0.02
1.55 0.17 + 0.06 2.45 0.02 + 0.01
1.65 0.04 £ 0.03 2.55 0.00 £ 0.01
1.75 0.05 £ 0.03 2.65 0.01 £ 0.01
1.85 0.02 £ 0.02 2.75 0.00 £ 0.01
1.95 0.00 £ 0.01 2.85 0.00 £ 0.01
2.05 0.03 £ 0.02

shown in Fig. 8 (circles). Together, our measurements
suggest a possible resonant structure near 1.6 GeV/c?
with isospin I = 1. The low cross section is expected, as
the ¢m¥ channels are suppressed by the OZI-rule.

VI. THE K2K°n FINAL STATE
A. Final selection and backgrounds

We apply the same requirements on extra 7°’s and
Y2(KYKY) as for the KOK%70 final state (see Sec. V),
and consider the 7-K? combination in each event with
the best x? under the K2K %)y hypothesis. Figure 9(a)
shows the x?(K%K?) distribution of the remaining
events in the data (dots) compared with that of the signal
simulation (open histogram). The simulated distribution
is normalized to the data in the region x?(K2K%) <
3, where the contribution of higher-order ISR is small
and the background contamination is lowest, but still
amounts to about 10% of the signal. The cross-hatched
and hatched areas represent the simulated contributions
from non-ISR ¢g events and the sum of ISR K%K %70,
ISR KYK? , and ISR K?K 97979 events, respectively; to-
gether, they account for about half of the excess of data
over signal events at high values of 2.

We define a signal region x?(KYK%)) < 20 and a
control region 20 < x2(K%K%) < 40 (vertical lines
in Fig. 9(a)), containing 1829 data and 2518 signal-MC
events, and 1473 data and 495 signal-MC events, respec-
tively. The m(K9K%7) distribution for the events in the
signal region is shown in Fig. 9(b) as points, along with
the sum of the simulated background processes as the
cross-hatched and hatched areas. Using events from the
control region (see Sec. VB) we calculate the total back-
ground contribution, assumed to be dominated by ISR
channels, and show it as the open histogram in Fig. 9(b).

We fit the total background with a smooth function to
reduce fluctuations, and use the result (curve in Fig. 9(b))
for the background subtraction. This yields a total of
864 + 43 signal events with masses between threshold
and 4.0 GeV/c?, with the mass distribution shown in
Fig. 9(c). Again, we estimate the relative systematic
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uncertainty on the background as 30%, corresponding
to an uncertainty on the cross section of about 15% for
m(K2K%) < 2.2 GeV/c?, increasing roughly lineary to
30% at 3.0 GeV/c?, and over 100% above 3.2 GeV/c?.

B. Cross section for eTe™ — K3K?%n

We calculate the eTe™ — KK cross section as a
function of the effective c.m. energy using Eq. 1. The
simulated efficiency is 1.6% and shows no dependence
on the K9K"n invariant mass. All efficiency corrections
discussed in Sec. VD are applied, in particular, the same
correction is applied to the n reconstruction efficiency as
for the 7.

The fully corrected cross section is shown in Fig. 10
and listed in Table I1II, with statistical uncertainties only.
There are no other measurements for this final state.
The cross section shows a steep rise from threshold at
1.6 GeV, a maximum value of about 1 nb near 1.7 GeV,
and a decrease with increasing energy, punctuated by a
clear J/ip signal (discussed in Sec. VIII). The relative
systematic uncertainty is dominated by the uncertainty
of the backgrounds, totals 15% at the peak of the cross
section, increases roughly lineary to about 30% at 3 GeV,
and exceeds 100% at higher energies.

C. The ¢(1020)n contribution

Figure 11 shows the background-subtracted K9K? in-
variant mass distribution in ete™ — KJKn events
(dots), compared with that of simulated ISR ¢n events
(histogram). The two distributions are consistent at low
mass values, and we simply take the number of events
with m(K9KY) < 1.05 GeV/c? as an estimate of the ¢n
contribution. It totals 386 + 20 events, with the KYK%n
invariant mass distribution shown in Fig. 9(c) as the open
circles. The ¢n channel dominates KYK% production
for masses below about 2 GeV/c?, but its contribution
decreases rapidly for higher masses, and shows no signif-
icant J/i signal.

Using these events, we calculate the eTe™ — ¢n cross
section, which is shown in Fig. 12 as the points. It is
consistent with our previous measurement [15] in the
K1 K™ final state (circles). Again, only statistical un-
certainties are shown, and they are larger than the 15—
30% systematic uncertainties. We observe no significant
structures in the K% or in the K%n invariant mass dis-
tributions.

VII. THE KJK{n’n° FINAL STATE
A. Final selection and backgrounds

From all events with a K2, a KY and at least two
non-overlapping 7° candidates, we consider the combi-
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FIG. 9: (a) The four-constraint x? distributions for data (points) and MC-simulated K2K 97y events (open histogram). The
cross-hatched and hatched areas represent the simulated backgrounds from non-ISR ¢g events, and the sum of ISR K3K%7°,
KIK?, and K3K97070 events, respectively. (b) The KYK?y invariant mass distribution for data events in the signal region
(points). The cross-hatched and hatched areas represents simulated backgrounds from non-ISR ¢g and the sum of known
ISR events, respectively, while the open histogram represents the total background, estimated from the control region. The
curve shows the empirical fit used for background subtraction. (c) The K2K?p invariant mass distribution after background
subtraction (points). The open circles represent the contribution from the resonant process ete™ — ¢n — KSK97n (see text).

TABLE III: Summary of the ete” = KsKin cross section measurement. Uncertainties are statistical only.

Ecm. (GeV) o (nb) Ecm. (GeV) o (nb) Ecm. (GeV) o (nb) Ecm. (GeV) o (nb)

2.075 0.41 £ 0.12 2.725 0.15 £ 0.06 3.375 0.01 £ 0.02

2.125 0.45 £+ 0.12 2.775 0.10 £+ 0.05 3.425 0.02 £+ 0.03

2.175 0.44 £+ 0.11 2.825 0.08 £ 0.05 3.475 0.01 £ 0.02
1.575 0.12 £ 0.14 2.225 0.49 + 0.12 2.875 0.14 + 0.06 3.525 0.02 £+ 0.02
1.625 0.52 £ 0.14 2.275 0.30 £ 0.11 2.925 0.05 £ 0.04 3.575 -0.01 £+ 0.02
1.675 0.78 £ 0.18 2.325 0.31 £ 0.09 2.975 0.05 £ 0.06 3.625 -0.01 £ 0.01
1.725 1.01 £+ 0.23 2.375 0.30 £+ 0.10 3.025 0.14 + 0.06 3.675 0.07 £+ 0.03
1.775 0.50 £ 0.14 2.425 0.32 £ 0.10 3.075 0.22 £ 0.06 3.725 0.04 £ 0.03
1.825 0.53 £ 0.14 2.475 0.19 £+ 0.07 3.125 0.09 £+ 0.05 3.775 0.07 £ 0.04
1.875 0.41 £ 0.12 2.525 0.12 £ 0.06 3.175 0.03 £ 0.04 3.825 0.01 £ 0.02
1.925 0.36 + 0.12 2.575 0.29 + 0.09 3.225 -0.01 £+ 0.03 3.875 0.01 £+ 0.02
1.975 0.28 £+ 0.09 2.625 0.11 £+ 0.06 3.275 0.04 £+ 0.04 3.925 0.01 £+ 0.02
2.025 0.46 £+ 0.11 2.675 0.19 £ 0.08 3.325 0.05 £ 0.03 3.975 0.02 £ 0.02

nation with the best value of x?(K%K%7r%7%), as de-  in Fig. 13(a)), containing 1748 data and 2465 signal-MC
scribed in Sec. IV. Since background candidates are not signal, and 990 data and 517 signal-MC events, respec-
well suppressed using additional photon or 7%, no addi-  tively. The m(K?K97%7%) distribution for the events in
tional requirements are imposed. Figure 13(a) shows the  the signal region is shown in Fig. 13(b) as the points.
Y2(KOKO7mO7Y) distribution of the data (dots), compared ~ The cross-hatched and hatched areas show the simulated
with that of the signal simulation (open histogram). The contributions from non-ISR ¢ events, and the sum of the
simulated distribution is normalized to the data in the ISR K(K? KYK97Y and K{K% events, respectively.
region x*(KYK%7%70%) < 5, where the contribution of We use a two-step procedure to subtract backgrounds
higher-order ISR is small and the background contami-  in this final state. From all experimental distributions,
nation is lowest, but still amounts to about 20% of the  we first subtract the normalized MC-simulated events
signal. The cross-hatched and hatched areas represent  just discussed. In the case of the m(K9K%707%) distri-
the simulated backgrounds from non-ISR ¢g and the sum  bution, we fit an empirical function to the sum of these,
of ISR K¢K?, K)K?7° and K2Kn events, respectively,  shown as the solid line in Fig. 13(b), and use that for a
where the latter two are normalized to our measurements bin-by-bin subtraction. A similar procedure is applied to
reported above. Together, these account for a substantial ~ all other distributions, including that of x?(K%K%7%70)
fraction of the entries at high x?(K2K%7%7%) values. (see Fig. 13(a)).

We define a signal region x?(K2K%7%7%) < 30 and a We then use events from the y?(KYK%7%7%) control re-
control region 30 < x*(K%K97%7%) < 60 (vertical lines gion, after subtraction of the backgrounds just described,
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FIG. 11: The background-subtracted K9K? invariant mass
distribution in ete™ — K2K?n events (points), compared
with that of simulated eTe™ — ¢n events (histogram), nor-
malized to number of experimental events..

to calculate the remaining background in each bin of each
distribution, as described in Sec. V B. We show this con-
tribution to the m(K2K%7%7?) distribution by the open
squares in Fig. 13(b). We fit a smooth function to re-
duce fluctuations, and use the results (dotted curve in
Fig. 13(b)) to subtract the remaining background.

After subtraction of all backgrounds, we obtain
392455 signal events with masses between threshold and
4.0 GeV/c?, distributed as shown in Fig. 13(c). We es-
timate the systematic uncertainty due to backgrounds
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FIG. 12: The e"e™ — ¢(1020)n cross section obtained from
this work (solid dots), compared with the previous BABAR
measurement in the K™K~ final state [15] (open circles).
Only statistical errors are shown.

to be about 25% of the signal for m(KoK%m7%) <
2.2 GeV/c?, increasing roughly linearly to 100% at
3.0 GeV/c?, and everywhere smaller than the statistical
uncertainty. There is no significant signal above about
2 GeV/c?, apart from an indication of the J/p and 1(29)
signals in the 0.1 GeV/c? wide bins.

B. Cross section for ete™ —» K2K%7%%°

We calculate the ete™ — KOK%7070 cross section as
a function of the effective c.m. energy E. ;. using Eq. 1.
The simulated efficiency is 1.5% and shows no depen-
dence on the K9K 7070 invariant mass. All corrections
discussed in Sec. VD are applied, plus an additional 3%
for the detection of the second 7°. The fully corrected
cross section is shown in Fig. 14 and listed in Table 1V,
with statistical uncertainties only. There are no other
measurements for this final state.

The cross section shows a rise from a threshold at
1.4 GeV, a maximum value of about 0.5 nb near 1.8 GeV,
and a decrease with increasing energy. Apart from a
J/ip and possibly a 1(2S5) signal (discussed below), the
cross section is statistically consistent with zero above
2.2 GeV. The relative systematic uncertainty is domi-
nated by the uncertainty of the backgrounds, and totals
25% at the peak of the cross section, increasing linearly
to about 60% at 2 GeV, and 100% at higher energies.
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FIG. 13: (a) The five-constraint x? distributions for data (points) and MC-simulated K3K27%7r%y

events (open histogram).

The cross-hatched and hatched areas represent the simulated backgrounds from non-ISR ¢, and the sum of ISR K3K?,
KIK?7% and K2K?n events, respectively. (b) The KIK?797Y invariant mass distribution for data events in the signal region
of (a) (points). The cross-hatched, and hatched areas represent the simulated contributions from non-ISR ¢g events, and the
sum of known ISR events, respectively, and the open squares represent the additional background estimated from the control
region. The curves show the empirical fits used for background subtraction. (c) The KYK97%% invariant mass distribution

after subtraction of all backgrounds.
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FIG. 14: The ete™ — KK 2770 cross section.

TABLE IV: Summary of the ete™ — KSK%7%7° cross sec-
tion measurement. Uncertainties are statistical only.

Ecm. (GeV) o (nb) Ecm. (GeV) o (nb)
1.3500 0.018 £ 0.029 2.7500 0.029 + 0.059
1.4500 0.059 £ 0.070 2.8500 0.028 + 0.054
1.5500 0.334 £ 0.108 2.9500 0.051 £ 0.083
1.6500 0.350 £ 0.115 3.0500 0.213 £ 0.081
1.7500 0.549 £+ 0.126 3.1500 -0.002 £ 0.071
1.8500 0.290 £+ 0.113 3.2500 0.002 £+ 0.033
1.9500 0.113 £ 0.103 3.3500 -0.002 £ 0.029
2.0500 0.185 £ 0.104 3.4500 0.031 £ 0.029
2.1500 0.141 £ 0.098 3.5500 0.015 £+ 0.025
2.2500 0.038 £ 0.088 3.6500 -0.015 £ 0.020
2.3500 0.008 £ 0.081 3.7500 0.052 £+ 0.024
2.4500 -0.022 £+ 0.073 3.8500 0.002 £ 0.018
2.5500 0.080 £ 0.074 3.9500 -0.016 £ 0.016
2.6500 -0.019 £ 0.062

C. The K*(892)° and ¢ contributions

Figure 15 shows the K97% and the K%7° invariant
mass distributions for the selected KK 97770 events af-
ter background subtraction (two entries per event). Sig-
nals corresponding to the K*(892)Y resonance are evi-
dent, but the statistics are not sufficient to study them
in detail.

As an exercise, we fit these distributions with a
sum of a Breit-Wigner function and a smooth func-
tion describing the non-resonant contribution, yielding

190 + 44 K*(892)° — K97° decays, and 171 + 32
K*(892)° — K%70 decays. There is no indication from
the scatter plot (not shown) of any contribution from
the ete™ — K*(892)°K*(892)" reaction, and the sum of
the two K*(892) yields is less than the total number of
KIK%7970 events, limiting any such contribution to half
the signal events. This pattern is consistent with the
dominance of the eTe™ — K*(892)°K~7" + c.c. pro-
cesses seen in our previous measurement of the ete™ —
K+tK~mt7r~ reaction [11].

Fitting the KYK? invariant mass distribution (not
shown), we observe 71 4 16 events from the ete™ —
#(1020)7°7 — KO2K97%7Y process. This is consis-
tent with expectations from our measurement in the
K+ K77 mode [11], but with substantially lower pre-
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cision.

VIII. THE CHARMONIUM REGION

Figure 16 shows expanded views of the mass distri-
butions in Figs. 3(b), 9(b), and 13(b), respectively, in
the 2.5-4.0 GeV/c? mass region without any background
subtraction. There are clear J/i signals in all three dis-
tributions, and indications of 1)(2.5) signals in (b) and (c).
Fitting the distribution in Fig. 16(a) with the sum of the
simulated J/1) signal shape and a second-order polyno-
mial function yields 182 & 21 Ji) — K2K%70 decays.
No signal from the 1(25) — K{K?7° decay is observed
( < 8 events at 90% C.L.). Fitting the other two dis-
tributions with the sum of simulated J/i and ¥(25) sig-
nal shapes and a second-order polynomial function yields
45410 Jp — KUK decays, 47+11 J/ — KOK9797Y
decays, 16 =5 1(2S) — K2K% decays, and 14 + 6
$(28) — KOK97970 decays.

Using the corrected simulated efficiencies described
above and the differential luminosity, we calculate the
products of the J/p (1(25)) electronic width and branch-
ing fractions to these modes, and list them in Ta-
ble V. Using the PDG value of I'eo(J/t)) = 5.55 keV
(Tee(®(2S)) = 2.35 keV) [26], we obtain the corre-
sponding branching fractions, also presented in Table V.
Systematic uncertainties of typically 5% arise from the
corrections to the simulated efficiencies, discussed in
Sec. V C, and variations of the signal shape.

These are the first observations of these three J/i
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decay modes. Our KYK97% branching fraction can be
compared with existing measurements of similar modes
B(JWp — KTK—7Y) = (2.8 £0.8) x 1073 [29] and
B(Jhp — KTKO7F) = (2.6 £0.7) x 1073 [30]. The
data are consistent with the expectation from isospin
conservation that they are equal. Our other two mea-
sured branching fractions are consistent with existing
results for the corresponding modes involving charged
kaons [26], of B(J/i — KTK~n) = (0.85+0.14) x 1073
and B(Jfp — K™K 7%7%) = (2.35 4 0.41) x 1073, re-
spectively.

There are no previous observations of ¥ (2S) decays
into any of these modes. Our measurements indicate the
presence of the 1(25) — K{K% and KOK%7%70 decay
modes at just over three and two standard deviations,
respectively, and we give in Table V an upper limit at
the 90% C.L on the KYK%7” mode.

A. Internal structure of the Jiy — KSK2n°,
K2K%n, and K2K%7n%%x® decays

We consider K?K 7% events in the charmonium region
with a K979 or K970 invariant mass within 0.15 GeV/c?
of the nominal K*(892)° or K3 (1430)° mass, and show
their KK %7 invariant mass distributions in Figs. 17(a)
and 17(b), respectively. Fits using simulated J/ip sig-
nal shapes and polynomial backgrounds yield 106 4+ 13
Jp — (K*(892)°K° + c.c.) — KYK%70 events and
37+11 Jp — (K3(1430)°K° + c.c.) — KIK 970 events.
For each of these intermediate states we calculate the
product of its J/u branching fraction, I‘eje/ w, and the rele-
vant branching fractions for the intermediate resonances,

and list the values in Table V. Using I‘eJe/w = 5.55 eV [26]
we calculate the corresponding products of branching
fractions.

This first measurement of B(J/xy — (K3(1430)°K° +
cc.) — K°K°r%) is consistent with the existing up-
per limit of 4 x 1073 [26]. According to isospin rela-
tions, the J/p — (K*(892)°K° + c.c.) - KIK%7® decay
rate should be the same as the existing world average of
1.97 £0.20 x 1072 [26] for the charged-kaon decay chain
Jhp — (K*(892)Y* K~ + c.c.) - KT K~7° and a factor
of two lower than the 3.2 4 0.4 x 1073 [26] observed in
the KK+~ + c.c. final state. Our result is consistent
with the latter expectation, and 2.5 standard deviations
below the former. In Sec. VIC we noted that the ¢n
contribution to the J/i signal in the KOK%, mode is
very small. We estimate 5 4+ 3 events, corresponding to
B(J/Y — ¢n) = (0.5240.32) x 1073, which is consistent
with the PDG [26] value of (0.75 4 0.08) x 1073, The
J/ip signal in the K9K %7970 mode has high background
(see Fig. 16(c)), and we are unable to quantify the contri-
butions from the K*(892)° K70 and ¢7°7" intermediate
states with reasonable accuracy. The J/ip — ¢nO7Y de-
cay rate is relatively well measured [26], dominated by
our previous measurement in the K+ K ~7%70 final state.
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FIG. 16: Expanded views of the invariant mass distributions in the charmonium mass region for the (a) KOK%70, (b) KK,
and (c¢) K 9K%7%7° final states. The lines represent the results of the fits described in the text.

TABLE V: Summary of the J/) and 1(2S) branching fractions obtained in this analysis.

Measured Measured Calculated Branching Fractions (107%)

Quantity Value (eV) This work Previous
T - By 0 K9m0 114 +£13 +06 2.06 £0.24 £ 0.10 -
2By ks 8.0 +18 +04 1.45 £0.32 £ 0.08 -
T2 By sk 19 00 10.3 +£2.3 +05 1.86 £ 0.43+0.10 -
DY By ke (3020 B0-4c.0. Bice (8920 K070 6.7 +£09 +04 1.20 +0.1540.06 -

2 By s (143000 K0 4. Bicg (1430) 5 K070 24 +£07 +0.1 0.43 +0.1240.02 <4 [26]
e . B.y(28)+ KO K 0 <0.7 <03 -
T - Byasymkoxn 3.14 +1.08 +£0.16 1.33 =+ 0.46 + 0.07 -
T2 - Boya8) 0 0 K0 m0m0 2.92 +1.27 +£0.15 1.24 +0.54+0.06 -

) o 30 ! -]  initial-state radiation collected with the BABAR detector.

3 3 1 The cross sections for all three processes are measured

g 40 2 20 |  for the first time, over the energy range from threshold
3 = 1 to4 GeV, and their resonant structure is studied.

% 20 % g ] The ete™ — K2K970 cross section is measured with

o o 10 10-30% systematic uncertainty below 3 GeV, and is sim-

ilar in shape to the ete™ — KTK ¥ cross section [15].

0 | Ll ‘ o Ll It is dominated by resonant, quasi-two body intermedi-

2.5 31 37 25 31 3.7 ate states. The K*(892)°K? + c.c. processes account for

m(K"(892)°K°) (GeVv/c?)
FIG. 17: The K2K%7° invariant mass distributions for events
in which the K37° or K97° mass is within 0.15 GeV/c? of (a)
the nominal K*(892)° mass or (b) the nominal K3(1430)"

mass. The lines represent the results of the fits described in
the text.

IX. SUMMARY

We have presented studies of the processes ete™ —
KK etem — KK, and eTe™ — KOK97%70 at
center-of-mass energies below 4 GeV, using events with

m(K,*(1420)K°) (GeV/c?)

about 90% of the cross section, and there are few-percent
contributions from the K*(1430)°K° + c.c. and ¢7° pro-
cesses. The cross section for the latter is consistent with
that measured previously in the KTK ~7° final state.

The eTe™ — K2K"n cross section is measured with
15-30% systematic uncertainty below 3 GeV, and is sim-
ilar to the ete™ — KT K™ cross section [15]. The ¢n
intermediate state dominates below 2.0 GeV and con-
tributes up to 3.0 GeV, and its cross section is consis-
tent with that measured previously in the K+Kn fi-
nal state. No other intermediate states are observed,
and non-resonant KK "7 production is substantial in the
2.2-3.0 GeV range.

The ete” — KIK%7%70 cross section is measured



with 25-60% systematic uncertainty below 3 GeV, and
is consistent with the eTe™ — KYKnT7~ cross sec-
tion [16]. Its E..,. behavior is similar in shape to the
etem - KtK—rntr=, KOK7Tn~, and KT K 797"
cross sections, but factors of about 8, 2, and 1.5 smaller,
respectively. There are substantial, but not dominant,
contributions from the K*(892)°K%7% K*(1430)°K%7°
and ¢(1020)7°7% intermediate states. These are hard
to quantify, but are consistent with expectations from
our previous studies of the ete™ — KTK-nTn~ and
KTK—7970 processes. We see no evidence for any
K*0K*0 intermediate states, also consistent with the low
rates we have observed in final states involving charged
kaons.

We observe the Jiy — KIK°7% KK, and
KOK%7970 decays for the first time, and measure the
product of the J/i electronic width and branching frac-
tion to each of these modes. We study the resonant struc-
ture of these decays, and obtain measurements of the
Jhp — K*(892)°K +c.c. and Jfip — K3(1430)°K°+c.c.
branching fractions times Pié”’. In addition, we observe
the ¥(25) — K2K%n and ¢(2S) — K2K?m7% decays
for the first time, and measure the products of the (25
electronic width and the corresponding branching frac-
tions.
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