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With 1.06 × 108 ψð3686Þ events collected with the BESIII detector, the branching fraction of
ψð3686Þ → ωKþK− is measured to be ð1.54� 0.04� 0.11Þ × 10−4. This is the most precise result to
date, due to the largest ψð3686Þ sample, improved signal reconstruction efficiency, good simulation of the
detector performance, and a more accurate knowledge of the continuum contribution. Using the branching
fraction of J=ψ → ωKþK−, the ratio Bðψð3868Þ → KþK−Þ=BðJ=ψ → KþK−Þ is determined to be
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ð18.4� 3.7Þ%. This constitutes a significantly improved test of the 12% rule, with the uncertainty now
dominated by the J=ψ branching fraction.

DOI: 10.1103/PhysRevD.89.112006 PACS numbers: 14.40.Pq, 13.25.Gv, 13.66.Bc

I. INTRODUCTION

Since the experimental discovery of the charmonium
state J=ψ [1] in 1974, four decades have passed and much
experimental and theoretical progress has been achieved.
However, puzzles still exist. From perturbative QCD
(pQCD), it is expected that both J=ψ and ψð3686Þ
decaying into light hadrons are dominated by the annihi-
lation of cc̄ into three gluons, with widths proportional to
the square of the wave functions at the origin jΨð0Þj2 [2].
This yields the pQCD “12% rule”:

Qh ¼
Bψð3686Þ→h

BJ=ψ→h
≈
Bψð3686Þ→eþe−

BJ=ψ→eþe−
¼ 12.7%:

However, violations of this rule have been found in
experiments, and the first and most famous one was
observed in the ρπ decay mode by Mark II [3], which is
now known by the name “ρπ puzzle.”
Various decay channels have been studied to test the 12%

rule, and for different decay modes the experimental ratios
can be larger than, smaller than, or consistent with 12%.
Many possible mechanisms for the violation of the 12%
rule have been proposed, but none of them provide a
universally satisfactory explanation at present. A review
can be found in Ref. [4]. More experimental studies of the
branching fractions of different J=ψ and ψð3686Þ decay
modes are helpful to understand this puzzle. At present,
most measurements consider two-body decays; studies of
three- or more-body decays of J=ψ and ψð3686Þ will
provide complementary information of the decay mecha-
nism and may shed light on the ρπ puzzle.
The world average value of the branching fraction for

ψð3686Þ → ωKþK− is ð1.85� 0.25Þ × 10−4 with an error
greater than 13% [5]. The world averaged branching
fraction of J=ψ → ωKK̄ [5] is ð1.70� 0.32Þ × 10−3, so
BðJ=ψ → ωKþK−Þ is determined to be ð0.85� 0.16Þ ×
10−3 from isospin symmetry. Then the ratio Q≡
Bψð3686Þ→ωKþK−=BJ=ψ→ωKþK− ¼ ð21.8� 5.0Þ%. While its
mean value disagrees with the 12% rule, it is still
marginally consistent with 12.7% considering the large
uncertainty.
In this paper, we measure the branching fraction of

ψð3686Þ → ωKþK− using 1.06 × 108 ψð3686Þ events
collected with the BESIII detector at BEPCII; furthermore,
44.49 pb−1 [6] of eþe− data collected at 3.65 GeV is used
to determine the continuum contribution. This new and
more precise result will be used to determine the ratioQ for
this decay channel.

II. DETECTOR AND MONTE CARLO
SIMULATION

The Beijing Electron Positron Collider (BEPCII) [7] is a
double-ring eþe− collider designed to provide a peak
luminosity of 1033 cm−2 s−1, and the BESIII [7] detector
is a general-purpose detector designed to take advantage of
this high luminosity. Momenta of charged particles are
measured in a 1 T magnetic field with a resolution 0.5% at
1 GeV=c in the helium-based main drift chamber (MDC),
and the energy loss (dE=dx) is also measured with a
resolution better than 6%. The energies and positions of
neutral tracks are measured in the electromagnetic calo-
rimeter (EMC) composed of 6240 CsI (Tl) crystals. The
energy resolution of 1.0 GeV photons is 2.5% in the barrel
and 5.0% in the end-cap regions; the position resolution is
6 mm in the barrel and 9 mm in the end-cap regions. In
addition to dE=dx, a time-of-flight system (TOF) contrib-
utes to particle identification with a time resolution of 80 ps
in the barrel and 110 ps in the end-cap regions. The muon
system, interspersed in the steel plates of the magnetic flux
return yoke of the solenoid magnet, consists of 1272 m2 of
resistive plate chambers (RPCs) in nine barrel and eight
end-cap layers, which provide a position resolution of 2 cm.
The optimization of the event selection and the

estimation of physics backgrounds are performed using
Monte Carlo (MC) simulated data samples. The GEANT4-
based [8] simulation software BOOST [9] includes the
geometric and material description of the BESIII detectors
and the detector response and digitization models, as well
as the tracking of the detector running conditions and
performance. In the MC of inclusive ψð3686Þ decays, the
production of the ψð3686Þ resonance is simulated by the
MC event generator KKMC [10]; the known decay modes
are generated by BESEVTGEN [11] with branching fractions
set at world average values [5], while the remaining
unknown decay modes are modeled by LUNDCHARM

[12]. In the exclusive MC, the ψð3686Þ → ωKþK− and
ω → πþπ−π0 decays are generated with a new data-driven
generator based on EVTGEN [13].

III. EVENT SELECTION AND DATA ANALYSIS

Each ψð3686Þ → ωKþK−, ω → πþπ−π0 candidate has
four good charged tracks with zero net charge and at least
two good photon candidates. A good charged track is
required to satisfy track fitting and pass within 10 cm of the
interaction point in the beam direction and within 1 cm in
the plane perpendicular to the beam. Furthermore, it is
required to lie within the angular coverage of the MDC, i.e.
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jcos θj < 0.93 in the laboratory frame, where θ is the
polar angle.
For photon candidates, the shower energy should be

greater than 25 MeV in the barrel region and 50 MeV in the
end-cap regions, where the barrel is defined as jcos θj < 0.8
and the end-cap regions as 0.86 < jcos θj < 0.92. Also the
average time of the hit EMC crystals with respect to the
event start time should be between 0 and 700 ns to suppress
electronic noise and background hits. The angle between
the direction of a photon candidate and any charged track is
required to be greater than 20° to avoid showers caused by
charged tracks.
The TOF and dE=dx information are combined for each

charged track to calculate the particle identification prob-
ability (Pi with i ¼ π, K) of each particle-type hypothesis.
For a pion candidate, Pπ > 0.001 and Pπ > PK are
required, while for a kaon candidate PK > 0.001 and
PK > Pπ are required.
A vertex fit is performed assuming all charged tracks are

from the IP. A four-constraint (4C) energy-momentum-
conserving kinematic fit is performed. If there are more
than two photon candidates, we loop over all possible
combinations, and the combination with the minimum
4C χ2 is kept for further analysis. The invariant mass of
the photon pair is required to be in the range
0.11 < Mγγ < 0.15 GeV=c2. Then a 5C kinematic fit is
performed with the invariant mass of the two photons
constrained to the mass of π0, and χ2 < 90 is required,
which is based on the optimization of the figure of merit
(FOM), FOM≡ Nsig=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Nsig þ Nbg
p

, where Nsig and Nbg
are the numbers of signal and background events estimated
by the inclusive MC, respectively.
After all above-mentioned selection criteria are applied,

the πþπ−π0 invariant mass distributions of inclusive MC
events and data are shown in Fig. 1, in which the points
with error bars are data and the histogram is inclusive MC.

The inclusive MC sample, which contains the same number
of events as the ψð3686Þ data and uses the world average
ψð3686Þ → ωKþK− branching fraction [5], has more
signal events than the data in the region of 0.772 <
mπþπ−π0 < 0.792 GeV=c2. The selected events with final
states ωKþK− in the inclusive MC are mainly from three
decay channels: ψð3686Þ→ωKþK−ðdirectÞ, ψð3686Þ →
K1ð1270ÞK,K1ð1270Þ → ωK and ψð3686Þ → ωf2ð1270Þ,
f2ð1270Þ → KþK−. No background peaking in the fit
region (0.65–0.9 GeV=c2) of mπþπ−π0 distribution is
found. The background simulation from the inclusive
MC is reliable as the sideband regions, defined as
0.732 < mπþπ−π0 < 0.752 GeV=c2 and 0.812 < mπþπ−π0 <
0.832 GeV=c2, match well with data.
Due to the soft transition photon, there is also a possible

peaking background from ψð3686Þ → γηcð2SÞ, ηcð2SÞ →
ωKþK−, which is not simulated in the inclusive MC
sample. It is studied based on an exclusive MC sample
of ψð3686Þ → γηcð2SÞ, ηcð2SÞ → ωKþK− assuming the
branching fraction of ηcð2SÞ → ωKþK− is 10−3 and taking
other branching fractions from the world average value [5].
The contribution from this process is very small, about
0.1% of the observed ωKþK− candidates, and it is ignored.
To determine the signal efficiency, BODY3, a new data-

driven generator based on EVTGEN [13] is used. BODY3
was developed to simulate contributions from different
intermediate states or direct production in data for a given
three-body final state. First a MC sample is generated with
phase space (PHSP) to determine efficiencies over the
whole allowed kinematic region. Next a Dalitz plot and two
angular distributions, corrected for efficiency, are used to
determine the probability of an event configuration gen-
erated randomly by Monte Carlo. For our case, the Dalitz
plot of the square of the ωKþ mass versus the square of the
ωK− mass and the angular distributions of the Kþ and K−

in the ψð3686Þ CMS from data are used.
In this analysis there are two three-body decay chains,

i.e. ψð3686Þ → ωKþK− and ω → πþπ−π0, so two BODY3
generators are applied in sequence to simulate the whole
process. The events in the region of 0.772 < mπþπ−π0 <
0.792 GeV=c2 are used to give the probability distribution
function as most of the ω candidates are in this region. For
the energy points at 3.68 and 3.65 GeV, two different sets of
data are used as input to the event generation. Using
3.686 GeV as an example, the comparison between data
and MC of Dalitz plots, momentum and angular distribu-
tions are displayed in Figs. 2, 3 and 4, respectively. The MC
simulation matches the data well in every distribution, so
the determination of the signal efficiency should be
reliable. While backgrounds have not been subtracted in
the BODY3 simulation, their effect will be considered as a
systematic uncertainty (see Sec. IV).
Neglecting possible interference between resonance and

nonresonance processes, the ωKþK− yield is obtained by
fitting the mπþπ−π0 distribution. The signal shape is
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FIG. 1 (color online). Comparison of the πþπ−π0 invariant
mass distributions between the inclusive MC simulation and data
at 3.686 GeV. The histogram is inclusive MC that is normalized
to the luminosity of data, while points with error bars are data.
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described by a smeared Breit-Wigner function, i.e.
BW ⊗ Gauss, where the σ of the Gaussian describes the
resolution and the width of the ω is fixed at 8.49 MeV=c2

according to the world average value [5]. The background
is described by a linear function. For the ψð3686Þ
data sample, the number of observed signal events is
2781� 68, and the fit is shown in Fig. 5. From the fit,
the mass of ω is 783.1� 0.2 MeV=c2, the resolution is

ð5.05� 0.28Þ MeV=c2 and the goodness of the fit is
χ2=ndf ¼ 107=95 ¼ 1.13.
A similar event selection and fit method are applied to

the 44.49 pb−1 eþe− data sample collected at 3.65 GeV, in
which 100� 11 signal events are observed, and the fit is
shown in Fig. 6. The fit result gives the ω mass
782.0� 0.9 MeV=c2, the resolution is 4.4� 1.6 MeV=c2

and the goodness of fit χ2=ndf ¼ 4.20=4 ¼ 1.05.
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FIG. 2 (color online). The Dalitz plots of the data (left) and exclusive MC simulation (right) with the BODY3 generator for events in
the region of 0.772 < mπþπ−π0 < 0.792 GeV=c2.
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FIG. 3 (color online). Comparison of various cos θ distributions for ψð3686Þ → ωKþK− candidates of data and signal MC with
BODY3 generator for events in the region of 0.772 < mπþπ−π0 < 0.792 GeV=c2. The cos θ of Kþ and K− is measured in the center-of-
mass frame of ψð3686Þ, and that of πþ and π− is of ω. Dots with error bars are data, and the histograms are the signal MC with the
BODY3 generators.
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Under the assumption that interference between ψð3686Þ
decay and continuum production of the same final state is
absent, the branching fraction of ψð3686Þ → ωKþK− is
determined by the formula

Bðψð3686Þ → ωKþK−Þ

¼ N3.686=ϵ3.686 − fc · N3.65=ϵ3.65
Bðω → π0πþπ−Þ × Bðπ0 → γγÞ × Nψð3686Þ

; ð1Þ

where Bðω → π0πþπ−Þ ¼ 0.892� 0.007 is the branching
fraction of ω → πþπ−π0 [5], Bðπ0 → γγÞ ¼ 0.98823�
0.00034 is the branching fraction of π0 → γγ [5],
Nψð3686Þ ¼ ð106.41� 0.86Þ × 106 is the number of
ψð3686Þ events [14], and the scaling factor fc ¼ 3.677
is determined from the luminosities and continuum had-
ronic cross sections of the two data samples used in this
paper [14]. The efficiencies ϵ3.686 ¼ 16.9% at 3.686 GeV
and ϵ3.65 ¼ 20.7% at 3.65 GeV. N3.686 and N3.65 are the
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FIG. 4 (color online). Comparison of various momentum distributions for ψð3686Þ → ωKþK− candidates of data and signal MC with
both BODY3 generator for events in the region of 0.772 < mπþπ−π0 < 0.792 GeV=c2. The dots with error bars are data, and the
histogram is the signal MC with the BODY3 generators.
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FIG. 5. Fit to data to obtain the yields at 3.686 GeV. The solid
line is the total fit result, the dots with error bars are data, the bold
dashed line is the signal shape, and the thin dashed line is the
background.
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numbers of events observed in the 3.686 and 3.65 GeV data
samples, respectively. Thus Bðψð3686Þ → ωKþK−Þ is
determined to be ð1.56� 0.04Þ × 10−4, where the uncer-
tainty is only statistical.

IV. SYSTEMATIC UNCERTAINTIES

The tracking efficiencies of K and π have been studied
with data samples for the clean processes J=ψ →
K0

SK
�π∓ þ c:c:, K0

S → πþπ− and ψð3686Þ → πþπ−J=ψ ,
J=ψ → lþl−, respectively. The difference of charged track
efficiencies between data and MC simulated events is 1%
per track [15,16]. Therefore 4% is taken as the total
uncertainty in tracking efficiency due to four charged
particles in the final states.
The photon reconstruction efficiency has been studied

via the processes J=ψ → ρ0π0, ρ0 → πþπ−, π0 → γγ, and
1% is taken as the systematic uncertainty of photon
reconstruction [17]. The total systematic uncertainty of
photon reconstruction here is 2% since the final states has
two photons.
The PID systematic uncertainty is 1% for each charged

particle, determined from J=ψ → πþπ−π0 and KþK−π0

[18], so the total PID systematic uncertainty is 4% due to
four charged tracks in the final states.
The systematic uncertainty of the kinematic fit is

estimated by using the method described in Ref. [16],
where helix parameter corrections corresponding to the
difference between data andMC is made, and the difference
of the efficiencies with and without this correction is taken
as the systematic uncertainty. In this analysis, the efficiency
changes from 17.5% to 17.3% after this correction, so we
take 1.1% as the systematic uncertainty of the kinematic fit.
The systematic uncertainty of the background shape is

estimated by checking the results with different background
shapes, and the maximum difference is quoted as its
uncertainty. We used 1st, 2nd and 3rd order polynomial
backgrounds, and varied the fit region of mπþπ−π0 from
½0.65; 0.90 GeV=c2� to ½0.60; 0.95 GeV=c2�. The biggest
signal, 2896� 72, in the 3.686 GeV=c2 data sample is
obtained using a second order polynomial background
shape and a fit region ½0.64; 0.91 GeV=c2�; the difference
with the nominal result yields a 3% systematic uncertainty.
The systematic uncertainty with the BODY3 generator is

composed of three parts. The first one is attributed to the
limited statistics of the data sample, which is used as input
to construct the data simulated by the BODY3 generator.
The second one is attributed to the binning method. The
third one is from the remaining backgrounds. The first
uncertainty is obtained directly. The second one is obtained
by varying the binning. The third one is estimated using
inclusive MC as input and determining the change of
efficiency with and without background. Combining the
uncertainties of these three parts, the final uncertainty from
the BODY3 generator is 1.3%.

The trigger efficiency is very high due to four charged
tracks and two photons in the final states [19], and the
systematic uncertainty of the trigger efficiency can be
neglected in this analysis.
The number of ψð3686Þ events is ð106.41�0.86Þ×106,

which is determined using ψð3686Þ → hadrons [14]. The
uncertainty of fc is small, 0.2% [14], and yields a
negligible systematic error on the branching ratio.
The systematic uncertainty of the π0 selection is esti-

mated by removing the requirement of 0.11 GeV=c2 <
Mγγ < 0.15 GeV=c2 in event selection. The difference of
the result, 0.6% is taken as the systematic uncertainty.
Table I compiles all sources of systematic uncertainties

in the measurement of the branching fractions, and the total
systematic uncertainty is 7.0%, which is obtained by
adding the uncertainties in quadrature.

V. SUMMARY

In this paper, the branching fraction of ψð3686Þ →
ωKþK− is measured to be ð1.56� 0.04� 0.11Þ × 10−4.
The comparison with previous results is displayed in
Table II, and our result is the most precise measurement
to date. There is a 1.7 σ (statistical and systematic)
difference between the BESIII and BESII measurements
of Bðψð3686Þ → ωKþK−Þ, and the precision of the BESIII
measurement is greatly improved compared to BESII. Part
of the improvement is attributed to the determination of the
continuum contribution. With the much larger integrated

TABLE I. Summary of systematic uncertainties.

Source of uncertainty Uncertainty

MDC tracking 4.0%
PID 4.0%
Photons 2.0%
Kinematic fit 1.1%
Background shape 3.0%
Nψð3686Þ 0.8%
fc � � �
BODY3 1.3%
Trigger � � �
Resolution of π0 0.6
Total 7.0%

TABLE II. Comparison of our result with previous measure-
ments of the branching fraction ψð3686Þ → ωKþK− and with the
world average from particle data group (PDG).

Branching fraction Source

ð1.56� 0.04� 0.11Þ × 10−4 this analysis
ð2.38� 0.37� 0.29Þ × 10−4 BESII [20]
ð1.9� 0.3� 0.3Þ × 10−4 CLEO [21]
ð1.5� 0.3� 0.2Þ × 10−4 BES [22]
ð1.85� 0.25Þ × 10−4 PDG [5]
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luminosity (44.49 pb−1 and 6.4 pb−1 for BESIII and
BESII) and much higher reconstruction efficiency
(20.7% and 2.4% for BESIII and BESII), respectively,
the contribution from the continuum process has been
determined with much higher precision.
From the world average value [5], the branching fraction

of J=ψ → ωKK̄ is ð1.70� 0.32Þ × 10−3, and assuming
on basis of isospin symmetry that one half is charged
kaons, the branching fraction of J=ψ → ωKþK− is
ð0.85� 0.16Þ × 10−3. Therefore, Q≈ð18.4�3.7Þ%, which
is smaller than the previous result ð21.8� 5.0Þ% based on
the branching ratio of ψð3686Þ → ωKK̄ of the world
average value. With the improvement on the measurement
of ψð3686Þ → ωKþK−, the uncertainty on Q now mainly
stems from J=ψ → ωKþK−, and a measurement of the
branching fraction of J=ψ → ωKþK− with at least the
same precision is needed in order to establish a significant
deviation from 12% rule.
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