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Using samples of 102 million�ð1SÞ and 158 million �ð2SÞ events collected with the Belle detector, we
study exclusive hadronic decays of these two bottomonium resonances to K0

SK
þ�� and charge-conjugate

(c.c.) states, �þ���0�0, and �þ���0, and to the two-body Vector-Pseudoscalar (K�ð892Þ0 �K0 þ c:c:,

K�ð892Þ�Kþ þ c:c:, !�0, and ��) final states. For the first time, signals are observed in the modes

�ð1SÞ ! K0
SK

þ�� þ c:c:, �þ���0�0, and �ð2SÞ ! �þ���0�0, and evidence is found for the modes

�ð1SÞ ! �þ���0, K�ð892Þ0 �K0 þ c:c:, and �ð2SÞ ! K0
SK

þ�� þ c:c: Branching fractions are measured

for all the processes, while 90% confidence level upper limits on the branching fractions are also set

for the modes with a statistical significance of less than 3�. The ratios of the branching fractions of

�ð2SÞ and �ð1SÞ decays into the same final state are used to test a perturbative QCD prediction for

Okubo-Zweig-Iizuka-suppressed bottomonium decays.

DOI: 10.1103/PhysRevD.88.011102 PACS numbers: 13.25.Gv, 12.38.Qk, 14.40.Pq

The �ð1SÞ and �ð2SÞ are expected to decay mainly via
three gluons, with a few percent probability to two gluons
and a photon [1]. The two- and three-gluon channels
provide an entry to many potential final states, including

states made of pure glue (glueballs), light Higgs bosons,
and states made of light quarks. The study of �ð1SÞ and
�ð2SÞ hadronic decays may pave the way for a more
complete understanding of how gluon final states fragment
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into hadrons. However, little experimental information is
available on exclusive decays of the � resonances below
B �B threshold. Recently, a few vector-tensor (VT) and
axial-vector-pseudoscalar states from �ð1SÞ and �ð2SÞ
decays were measured by the Belle Collaboration [2].

Perturbative quantum chromodynamics (pQCD) pro-
vides a relation for the ratios of the branching fractions
(B) for the OZI (Okubo-Zweig-Iizuka) [3] suppressed J=c
and c ð2SÞ decays to hadrons [4]

Qc ¼ Bc ð2SÞ!hadrons

BJ=c!hadrons

¼ Bc ð2SÞ!eþe�

BJ=c!eþe�
� 12%; (1)

which is referred to as the ‘‘12% rule’’ and is expected
to apply with reasonable accuracy to both inclusive and
exclusive decays. However, substantial deviations are seen
for �� and other vector-pseudoscalar (VP) final states such
as K�ð892Þ �K, as well as for VT final states [5]. This is
the so-called ‘‘�� puzzle.’’ None of the many existing
theoretical explanations that have been proposed have
been able to accommodate all of the measurements
reported to date [6].

A similar rule can be derived for OZI-suppressed
bottomonium decays, where we expect

Q� ¼ B�ð2SÞ!hadrons

B�ð1SÞ!hadrons

¼ B�ð2SÞ!eþe�

B�ð1SÞ!eþe�
¼ 0:77� 0:07: (2)

This rule should hold better than the 12% rule for charmo-
nium decay since the bottomonium states have higher mass
and pQCD and the potential models have better predictive
power, as has been demonstrated in calculations of the b �b
meson spectrum. For the �þ���0 and �� modes, upper
limits of 1:84� 10�5 and 2� 10�4 have been published
[7] for the decays �ð1SÞ ! �þ���0 and �ð1SÞ ! ��,
respectively.

If violation of the pQCD rules is observed in the
bottomonium system, a comparison with the charmonium
system may help to develop a theoretical explanation of the
�� puzzle. ForK�ð892Þ �K, there is a large isospin-violating
difference between the branching fractions for the charged
and neutral c ð2SÞ ! K�ð892Þ �K decays; this is not seen in
J=c decays [1]. This pattern can be probed in �ð1SÞ and
�ð2SÞ decays.

In this paper, we report studies of exclusive hadronic
decays of the�ð1SÞ and�ð2SÞ resonances to the K0

SK
þ��

[8], �þ���0�0, and �þ���0, and two-body VP
(K�ð892Þ0 �K0, K�ð892Þ�Kþ, !�0, and ��) final states.
The data are collected with the Belle detector [9] operating
at the KEKB asymmetric-energy eþe� collider [10]. This
analysis is based on a 5:7 fb�1 �ð1SÞ data sample [102
million�ð1SÞ events], a 24:7 fb�1 �ð2SÞ data sample [158
million �ð2SÞ events] [11], and a 89:4 fb�1 continuum
data sample collected at

ffiffiffi
s

p ¼ 10:52 GeV. Here,
ffiffiffi
s

p
is

the center-of-mass (C.M.) energy of the colliding eþe�
system. The numbers of the �ð1SÞ and �ð2SÞ events are
determined by counting the hadronic events in the data

taken at the �ð1SÞ and �ð2SÞ peaks after subtracting
the appropriately scaled continuum background from the
data sample collected at

ffiffiffi
s

p ¼ 9:43 GeV and 9.993 GeV,
respectively. The selection criteria for hadronic events
are validated with the off-resonance data by comparing

the measured R value (R ¼ �ðeþe�!hadronsÞ
�ðeþe�!�þ��Þ ) with CLEO’s

result [12].
The EVTGEN [13] generator is used to simulate

Monte Carlo (MC) events. For two-body decays, the
angular distributions are generated using the formulas in
Ref. [14]. Inclusive�ð1SÞ and�ð2SÞMC events, produced
using PYTHIA [15] with four times the luminosity of the real
data, are used to identify possible peaking backgrounds
from �ð1SÞ and �ð2SÞ decays.
The Belle detector is described in detail elsewhere [9]. It

is a large-solid-angle magnetic spectrometer that consists
of a silicon vertex detector, a 50-layer central drift cham-
ber, an array of aerogel threshold Cherenkov counters, a
barrel-like arrangement of time-of-flight scintillation
counters, and an electromagnetic calorimeter comprised
of CsI(Tl) crystals (ECL) located inside a superconducting
solenoid coil that provides a 1.5 T magnetic field. An iron
flux return located outside of the coil is instrumented to
detect K0

L mesons and to identify muons.
For each charged track other than those from K0

S decays,

the impact parameters perpendicular to and along the beam
direction with respect to the interaction point are required
to be less than 0.5 cm and 4 cm, respectively, and the
transverse momentum must exceed 0:1 GeV=c in the labo-
ratory frame. Well-measured charged tracks are selected
and the number of good charged tracks must equal four for
the K0

SK
þ�� final state or two for the �þ���0�0 and

�þ���0 final states. For each charged track, a likelihood
LX is formed from several detector subsystems for particle
hypothesis X 2 fe;�;�; K; pg. A track with a likelihood

ratio RK ¼ LK

LKþL�
> 0:6 is identified as a kaon, while a

track with RK < 0:4 is treated as a pion [16]. With this
selection, the kaon (pion) identification efficiency is about
85% (89%), while 6% (9%) of kaons (pions) are misiden-
tified as pions (kaons). Similar likelihood ratios Re

and R� are defined to identify electrons and muons,

respectively [17,18].
Except for the �þ�� pair from K0

S decay, all charged

tracks are required to be positively identified as pions or
kaons. The requirements R� < 0:95 and Re < 0:95 for

the charged tracks remove 9.3% (79%) of the backgrounds
for K0

SK
þ�� (�þ���0) with no loss in efficiency.

For K0
S candidates decaying into �

þ�� in the K0
SK

þ��
mode, we require that the invariant mass of the �þ�� pair
lies within a �8 MeV=c2 interval around the K0

S nominal

mass (which contains about 95% of the signal according to
MC simulation) and that the pair has a displaced vertex and
flight direction consistent with a K0

S originating from the

interaction point [19].
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To be identified as a photon candidate, a cluster in the
electromagnetic calorimeter should not match the extrapo-
lated position of any charged track and should have energy
exceeding 100 (200) MeV in the �þ���0�0 (�þ���0)
mode. A �0 candidate is reconstructed from a pair of
photons. We perform a mass-constrained fit to the selected
�0 candidate and require �2 < 15.

To remove additional backgrounds in the �þ���0 final
state, we require a matching ECL cluster for each charged
track, with EECL

� =P� > 0:02. Here, EECL
� and P� represent

the energy deposited in the ECL and the momentum in the
laboratory frame, respectively, for the pion candidate. To
suppress the background events from the initial-state-
radiation (ISR) process eþe� ! �ISR�

0 ! �ISR�
þ��

where the charged tracks are combined with a�0 candidate
reconstructed from the ISR photon and a fake photon, we
require jðE1 � E2Þ=ðE1 þ E2Þj< 0:65, where E1 and E2

are the �0 daughter-photon energies in the laboratory
frame. To suppress the background from the ISR process
eþe� ! �ISR! ! �ISR�

þ���0, the same requirement is
imposed for the higher-momentum �0 in the !�0 mode.

We define an energy conservation variable XT ¼
�hEh=

ffiffiffi
s

p
, where Eh is the energy of the final-state particle

h in the eþe� C.M. frame. For signal candidates, XT

should be around 1. Figure 1 shows the XT distributions
for�ð1SÞ and�ð2SÞ decays toK0

SK
þ��,�þ���0�0, and

�þ���0 after applying all selection criteria. Solid points
with error bars are from data at the indicated � resonance.
The continuum background contribution is measured by

extrapolating the data at
ffiffiffi
s

p ¼ 10:52 GeV to the�ð1SÞ and
�ð2SÞ resonances. For the extrapolation, we use the scale

factor, fscale ¼ L�

Lcon

��

�con

��
�con

, where L�

Lcon
, ��

�con
and ��

�con
are the

ratios of luminosity, cross sections and efficiencies, respec-
tively, at the bottomonium masses and continuum energy
points. For nominal results, the s dependence of the cross
section is assumed to be 1=s3 [20] and the corresponding
scale factor is about 0.12 for the �ð1SÞ and 0.37 for the
�ð2SÞ. The dependence of the cross section on the beam
energy could vary from 1=s3 to 1=s4 [20,21]; this range is
included as a systematic uncertainty.
Besides the continuum background contribution, we

search for possible backgrounds from �ð1SÞ and �ð2SÞ
decays. No peaking backgrounds from the �ð1SÞ and
�ð2SÞ inclusive MC samples are found in the XT signal
regions. Potential backgrounds due to particle misidentifi-
cation—for example, from 2ð�þ��Þ andKþK��þ�� for
K0

SK
þ��—are estimated and found to be negligible. In the

lower XT region, backgrounds arise from decays with
additional �0’s: from are K0

SK
þ���0 for K0

SK
þ��,

�þ��3�0 for �þ���0�0, and �þ���0�0 for
�þ���0. There are also some backgrounds from �þ�� !
�þ��n�0	� �	� with n � 2 for�þ���0�0, and n � 1 for
�þ���0. The XT distributions from the above back-
grounds are checked with MC simulations and found to
be featureless.
We find that these backgrounds from �ð1SÞ and �ð2SÞ

decays together with the normalized contribution from
continuum production can describe the data in the XT <
0:975 region very well. For �þ���0�0 (�þ���0), the
fraction of events with multiple combinations is 2.1%
(1.7%) due to multiple �0 candidates; this is consistent
with the MC simulation and is taken into account in the
efficiency determination.
An unbinned simultaneous maximum likelihood fit to

the XT distributions is performed to extract the signal and
background yields in the �ð1SÞ and continuum data
samples, and in the �ð2SÞ and continuum data samples.
The signal shapes are obtained from MC simulated signal
samples directly, where for K0

SK
þ�� the signal shape is

smeared with a Gaussian function to account for an 18%
difference in the resolution between data and MC samples.
In this fit, an exponential background shape is used for the
�ð1SÞ=�ð2SÞ decay backgrounds in addition to the nor-
malized continuum contribution. The fit ranges and results
for the XT distributions from K0

SK
þ��, �þ���0�0, and

�þ���0 candidate events are shown in Fig. 1, and the fit
results are summarized in Table I.
We determine a Bayesian 90% confidence level (C.L.)

upper limit on Nsig by finding the value NUL
sig such that

RNUL
sig

0 LdNsig=
R1
0 LdNsig ¼ 0:90, whereNsig is the number
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FIG. 1 (color online). The fits to the scaled total energy XT

distributions from �ð1SÞ and �ð2SÞ decays to K0
SK

þ��,
�þ���0�0, and �þ���0. Solid points with error bars are
from resonance data. The solid histograms show the best
fits, dashed curves are the total background estimates, and
shaded histograms are the normalized continuum background
contributions.
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of signal events and L is the value of the likelihood as a
function of Nsig. The statistical significance of the signal is

estimated from the difference of the logarithmic likeli-
hoods, �2 ln ðL0=Lmax Þ, taking into account the differ-
ence in the number of degrees of freedom in the fits, where
L0 and Lmax are the likelihoods of the fits without and
with signal, respectively.
After requiring the value of the variable jXT � 1j to be

less than 0.02 for K0
SK

þ�� and less than 0.025 for

�þ���0�0 and �þ���0, the Dalitz plots for the
K0

SK
þ�� and �þ���0 final states and the scatter plot

of Mð�þ���0
l Þ versus Mð�þ���0

hÞ for the �þ���0
h�

0
l

final state are shown in Fig. 2. In the scatter plot, �0
h and

�0
l represent the pion with a higher and lower momentum

in the laboratory system, respectively. According to MC
simulated � ! !�0 signal events, over 97% of the �0s
from! decays have the lower momentum and there is only
one �þ���0 combination in the ! mass region.
For the selected events, Fig. 3 shows the Kþ�� and

K0
S�

� invariant mass distributions for the K0
SK

þ�� final

state, the �þ���0 invariant mass distribution for the
�þ���0�0 final state, and the �� invariant mass distri-
bution for the �þ���0 final state [22]. There are hints of
the vector mesons K�ð892Þ0, K�ð892Þ�, !, and � in the
expected mass regions, but except for possible evidence for
aK�ð892Þ0 signal from�ð1SÞ decays, there is no indication
of signal in any other final state.
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FIG. 2 (color online). Dalitz plots for the K0
SK

þ�� (top row)
and �þ���0 (bottom row) final states, and scatter plot for the
�þ���0�0 (middle row) final state. Here, the left column is for
�ð1SÞ decays, the middle column is for �ð2SÞ decays, and the
right column is for the continuum data without normalization. In
�þ���0�0, �0

h and �0
l represent the pion with a higher and

lower momentum in the laboratory system, respectively.
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We perform a similar unbinned simultaneous maximum
likelihood fit described above for XT distributions, except
that a first-order Chebyshev polynomial is used instead of
the exponential background shape. Because of the limited
statistics, in the fits we assume there is no interference
between the vector meson signal and other nonresonant
components. We also neglect the possible small interfer-
ence between the � resonance decays and continuum
process due to the narrow widths of the � resonances.
The results of the fits are shown in Fig. 3 and listed in
Table I.

There are several sources of systematic errors for the
branching fraction measurements. The uncertainty in the
tracking efficiency for tracks with angles and momenta
characteristic of signal events is about 0.35% per track
and is additive. The uncertainty due to particle identifica-
tion efficiency is 1.7% with an efficiency correction factor
of 0.98 for each pion, and is 1.6% with an efficiency
correction factor of 0.97 for each kaon. The uncertainty

in selecting a �0 candidate is estimated using a control
sample of �� ! ���0	� events. We include a 2.2% sys-
tematic error with efficiency correction factors of 0.94 for
low-momentum and 0.97 for high-momentum �0 mesons.
In the K0

SK
þ�� mode, the K0

S reconstruction and the

systematic error is verified by comparing the ratio of
Dþ ! K0

S�
þ and Dþ ! K��þ�þ yields with the MC

expectations; the difference between data and MC simula-
tion is less than 4.9% [23]. The efficiency of the require-
ment EECL

� =P� > 0:02 is 97.4% in �þ���0 and the
uncertainty can be neglected according to a check of the
results with and without this requirement. Errors on
the branching fractions of the intermediate states are taken
from the PDG listings [1]. For the �þ���0 final state, the
trigger efficiency is verified using the pure ISR control
sample eþe� ! ! ! �þ���0. According to MC simu-
lation, for the �þ���0 (��) mode, the trigger efficiency
is 97% (94%), with an uncertainty that is smaller than 1.5%
(3%); for the other modes, the trigger efficiency is greater
than 99% and the corresponding uncertainty is neglected.
The trigger efficiency in �� is somewhat lower due to high
momentum �0 in �0�0. We estimate the systematic errors
associated with the fitting procedure by changing the order
of the background polynomial, the range of the fit and
introducing an extra Gaussian function to describe the
possible excess around XT � 0:96 in XT fits and take the
differences in the results of the fits, which are 1.5%–11%
depending on the final state particles, as systematic errors.
To investigate the effect of possible intermediate reso-
nances for the �ð1SÞ=�ð2SÞ ! K0

SK
þ��, �þ���0�0

and �þ���0 decays, the efficiencies are estimated by
using sampled phase space MC signal events according
to the Dalitz plot or scatter plot that are shown in Fig. 2.
The difference is 7:3%=5:3% for �ð1SÞ=�ð2SÞ !
K0

SK
þ��, 5:6=4:4% for �ð1SÞ=�ð2SÞ ! �þ���0�0,

11%=7:8% for �ð1SÞ=�ð2SÞ ! �þ���0; these values
are assigned as a systematic uncertainty due to this source.
For the K�ð892Þ �K and �� modes, we estimate the system-
atic errors associated with the resonance parameters by
changing the values of the masses and widths of the
resonances by �1�. The K�ð892Þ and � line shapes are
replaced by a relativistic Breit-Wigner function and the
Gounaris-Sakurai parametrization [24], respectively. The
total differences of 2.6%–11% in the fitted results are taken
as systematic errors. For the central values of the branching
fractions, the difference between alternative C.M. energy
dependences of the cross section is included as a system-
atic error due to the uncertainty of the continuum contri-
bution, which is in the range of 4.7% to 22%. The
uncertainty due to limited MC statistics is at most 2.7%.
Finally, the uncertainties on the total numbers of�ð1SÞ and
�ð2SÞ events are 2.2% and 2.3%, respectively, which are
mainly due to imperfect simulations of the charged multi-
plicity distributions from inclusive hadronic MC events.
Assuming that all of these systematic error sources are
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FIG. 3 (color online). The fits to the Kþ��, K0
S�

�, �þ���0

and �� mass distributions for the K�ð892Þ0, K�ð892Þ�, ! and �
vector meson candidates from K0

SK
þ��, �þ���0�0 and

�þ���0 events from �ð1SÞ and �ð2SÞ decays (VP modes).
The solid histograms show the results of the simultaneous fits,
the dotted curves show the total background estimates, and the
shaded histograms are the normalized continuum contributions.
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independent, the total systematic error is 11%–26% de-
pending on the final state, as shown in Table II.

Table I shows the results for the branching fractions
including the upper limits at 90% C.L. for the channels
with a statistical significance of less than 3�. In order to set
conservative upper limits on these branching fractions, the
efficiencies are lowered by a factor of 1-�sys in the calcu-

lation, where �sys is the total systematic error. The corre-

sponding ratio of the branching fractions of �ð2SÞ and
�ð1SÞ decay (Q�) is calculated; in some cases, the system-
atic errors cancel. A Bayesian upper limit on the ratio at the
90% C.L. (QUL

� ) is obtained by performing toy MC experi-

ments. We sample B�ð1SÞ and B�ð2SÞ by assuming they

follow Gaussian distributions, where the mean values and
standard deviations of the Gaussian functions are set to be
the central value and total error (with a common error
removed) of the branching fraction, respectively. For the
sampled distribution of the ratio of the branching fractions
greater than zero, we obtain QUL

� , where QUL
� corresponds

to the number of experiments with Q� <QUL
� in less than

90% of the total number of toy experiments. At present, all
the results on the branching fractions, including upper
limits reported in this paper, are the first measurements
or the best measurements.

In summary, we have measured �ð1SÞ and �ð2SÞ ex-
clusive hadronic decays to K0

SK
þ��, �þ���0�0, and

�þ���0, as well as the two-body VP (K�ð892Þ0 �K0,
K�ð892Þ�Kþ, !�0, and ��) states. Signals are observed
for the first time in the �ð1SÞ ! K0

SK
þ��, �þ���0�0

and �ð2SÞ ! �þ���0�0 decay modes. Although many
�ð1SÞ and �ð2SÞ exclusive decay modes were previously

measured using CLEO data [25], only the K0
SK

þ�� mode

overlaps with our measurement and upper limits at
90% C.L. were presented there. Our results for the
K0

SK
þ�� mode are well below the upper bounds reported

in Ref. [25]. There is an indication for large isospin-
violation between the branching fractions for the charged
and neutral K�ð892Þ �K for both �ð1SÞ and �ð2SÞ decays,
as in c ð2SÞ decays, which indicates that the electromag-
netic process plays an important role in these decays [26].
We find that, for the processes K0

SK
þ�� and �þ���0�0,

the Q� ratios are consistent with the expected value; for
�þ���0, the Q� ratio is a little lower than the pQCD
prediction. The results for the other modes are inconclu-
sive due to low statistical significance. These results may
supply useful guidance for interpreting violations of the
12% rule for OZI-suppressed decays in the charmonium
sector.
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(Taiwan); and DOE and NSF (USA).

TABLE II. Relative systematic errors (%) on the decay branching fractions.

Source (�ð1SÞ=�ð2SÞ) K0
SK

þ�� �þ���0�0 �þ���0 K�ð892Þ0 �K0 K�ð892Þ�Kþ !�0 ��

Tracking 0.7 0.7 0.7 0.7 0.7 0.7 0.7

PID 3.3 3.4 3.4 3.3 3.3 3.4 3.4

�0 selection � � � 4.4 2.2 � � � � � � 4.4 2.2

K0
S selection 4.9 � � � � � � 4.9 4.9 � � � � � �

Branching fractions 0.1 0.1 0.1 0.1 0.1 0.8 0.1

Trigger � � � � � � 1.5 � � � � � � � � � 3.0

Fitting procedure 1:5=3:4 3:7=5:6 9:3=9:5 8:0=11 9:4=11 4:9=11 3:2=5:3
Intermediate resonance 7:3=5:3 5:6=4:4 11=7:8 � � � � � � � � � � � �
Resonance parametrization � � � � � � � � � 2:6=3:8 4:0=6:2 � � � 4:6=11
Continuum uncertainty 4:7=4:7 15=12 4:7=12 6:5=9:4 3:7=1:4 6:8=6:6 14=22
MC statistics 1:7=1:8 2:7=2:5 0:9=0:8 2:2=2:3 2:1=2:1 2:0=1:9 0:9=0:8
Number of � events 2:2=2:3 2:2=2:3 2:2=2:3 2:2=2:3 2:2=2:3 2:2=2:3 2:2=2:3
Sum in quadrature 11=11 18=16 16=18 13=17 13=15 11=15 16=26
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