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We investigate the process eþe− → KK̄J=ψ at center-of-mass energies from 4.189 to 4.600 GeV using
4.7 fb−1 of data collected by the BESIII detector at the BEPCII collider. The Born cross sections for the
reactions eþe− → KþK−J=ψ and K0

SK
0
SJ=ψ are measured as a function of center-of-mass energy. The

energy dependence of the cross section for eþe− → KþK−J=ψ is shown to differ from that for πþπ−J=ψ in
the region around the Yð4260Þ. In addition, there is evidence for a structure around 4.5 GeV in the
eþe− → KþK−J=ψ cross section that is not present in πþπ−J=ψ .

DOI: 10.1103/PhysRevD.97.071101

The Yð4260Þ resonance was first discovered in the
process eþe− → Yð4260Þ → πþπ−J=ψ by the BABAR
experiment [1] using the initial state radiation (ISR) tech-
nique and then later confirmed by CLEO [2] and Belle [3].
This state does not fit into the conventional charmonium
spectrum of the quarkmodel [4], which predicts three vector
charmonium states in this mass region, usually identified as
the experimentally established ψð4040Þ, ψð4160Þ, and
ψð4420Þ states [5]. In addition, even though the mass of
the Yð4260Þ is well above the open-charmDD̄ threshold, it

has not yet been found to decay toDD̄ [6], in contrast to the
conventional charmonium states in this mass region. There
are several theoretical interpretations of the Yð4260Þ,
including tetraquark [7], meson molecule [8], hadroquarko-
nium [9], hybrid meson [10], and others [11].
In addition to eþe− → πþπ−J=ψ , the Yð4260Þ state has

been searched for in many other modes, including ππhc
[12,13], ωχcJ [14], ηJ=ψ [15,16], η0J=ψ [17] and KK̄J=ψ
[18]. Rather than showing conclusive evidence for new
Yð4260Þ decay modes, the energy dependencies of the
eþe− cross sections hint at a more complex pattern than just
the existence of a Yð4260Þ. More recent results from
BESIII, in the πþπ−J=ψ [19] and πþπ−hc [20] final states,
show two resonant structures within this region. In order to
understand this mass region, it is thus important to measure
additional eþe− cross sections. In particular, measuring the
ratio of KK̄J=ψ and ππJ=ψ cross sections would allow us
to gain new insight into the nature of the Yð4260Þ [21].
In the following, we use 4.7 fb−1 of data collected at the

Beijing spectrometer (BESIII) with center-of-mass energies
(ECM) ranging from 4.189 to 4.600 GeV to measure the
Born cross sections (σ) of the reactions eþe− → KþK−J=ψ
and K0

SK
0
SJ=ψ . To identify whether or not the KþK−J=ψ

system originates from a Yð4260Þ, the energy dependence
of the eþe− → KþK−J=ψ cross section is compared to that
of πþπ−J=ψ . The ratio σðK0

SK
0
SJ=ψÞ=σðKþK−J=ψÞ is also

calculated to test isospin symmetry.
The BESIII experiment uses a general purpose magnetic

spectrometer [22]. A superconducting solenoid magnet
provides a 1.0 T field, enclosing a helium-gas-based drift
chamber (MDC) for charged particle tracking, a plastic
scintillator time-of-flight system (TOF) for particle iden-
tification (PID), and a CsI(Tl) electromagnetic calorimeter
(EMC) to measure the energy of neutral particles. The
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Beijing Electron Positron Collider (BEPCII) uses two rings
to collide electrons and positrons with ECM from 2.0
to 4.6 GeV.
The data samples used in this analysis were collected at

14 different ECM [23]. Large data sets were collected at
4.226 (1092 pb−1), 4.258 (826 pb−1), 4.358 (540 pb−1),
4.416 (1074 pb−1), 4.467 (110 pb−1), 4.527 (110 pb−1),
and 4.600 (567 pb−1) GeV. Other smaller samples of
50 pb−1 each were collected at 4.189, 4.208, 4.217,
4.242, 4.308, 4.387, and 4.575 GeV [24].

GEANT4-based [25] Monte Carlo (MC) simulations are
used to study efficiencies and backgrounds. Signal MC
samples are generated for eþe− → πþπ−J=ψ, KþK−J=ψ ,
and K0

SK
0
SJ=ψ using EVTGEN [26] and assuming a phase

space model for all decays. KKMC [27] is used to calculate
the ISR correction factors needed to convert an observed
cross section to a Born cross section [28,29].
Background MC samples are divided into three catego-

ries: quantum electrodynamic (QED), continuum, and
peaking backgrounds. For the continuum backgrounds,
samples are generated for eþe− → 4π, 6π, 2K2π, 2K4π,
and pp̄ππ. The cross sections for these channels were
measured separately and were found to be on the order of
100 pb. For the peaking backgrounds, where a background
J=ψ may be present, samples are generated for eþe− →
ηJ=ψ ; η0J=ψ ; πþπ−ψð3686Þ, and π0π0ψð3686Þ according
to their known cross sections [15,17,30]. Other sources of
backgrounds, including those from ISR or DD̄, are also
generated and are found to be negligible.
Final states in this analysis include KþK−J=ψ and

K0
SK

0
SJ=ψ , where the J=ψ decays into eþe− or μþμ−,

and each K0
S decays into πþπ−. In addition, the previously

studied final state of πþπ−J=ψ [19,31] is reconstructed to
cancel systematic uncertainties when calculating ratios of
cross sections.
To select events, we require at least two positively

charged and two negatively charged tracks for the
KþK−J=ψ and πþπ−J=ψ modes and at least three pos-
itively charged and three negatively charged tracks for the
K0

SK
0
SJ=ψ mode. If more than one combination passes the

selection, multiple counting of events is allowed. However,
our selection reduces combinatoric backgrounds to less
than 0.5%, according to studies of the MC samples.
A distance of closest approach for any primary charged
track from the beam interaction point must be within
�10 cm along the beam direction, and 1 cm in the plane
perpendicular to the beam direction. The polar angle in the
MDC for each charged track must satisfy j cosðθÞj <
0.93. To identify leptons, the energy deposited in the
calorimeter divided by the momentum of any lepton
candidate must be greater than 0.80 for either electron or
less than 0.25 for both muons.
We perform a four-constraint (4C) kinematic fit for

πþπ−J=ψ and KþK−J=ψ and a six-constraint (6C) fit
for K0

SK
0
SJ=ψ. For the 4C fits, the four-momentum is

constrained to the initial center-of-mass system. For the
6C fits, the masses of the two K0

S are also constrained. The
resulting χ2=dof is required to be less than 10.
To remove radiative Bhabha background events, where

the radiated photon converts into an eþe− pair when
interacting with the material inside the detector, all pairs
of oppositely charged tracks must have an opening angle
satisfying cosðθÞ < 0.98. For PID, the TOF and ionization
energy loss (dE=dx) from the MDC are combined to
calculate probabilities for kaon and pion hypotheses of
each track. The charged kaons inKþK−J=ψ are selected by
requiring ProbðKÞ > ProbðπÞ. This selection removes 90%
of the continuum backgrounds while keeping 98% of the
predicted signal. In the K0

SK
0
SJ=ψ channel, in order to

remove backgrounds from eþe− → ππψð3686Þ with
ψð3686Þ decaying to πþπ−J=ψ , each K0

S must have
L=σ > 4, where L is the K0

S decay length and σ is its
uncertainty. The πþ and π− pair from the K0

S decay is
required to have an invariant mass between 471 and
524 MeV=c2 (roughly five times the mass resolution)
and originate from a common vertex by requiring the χ2

of a vertex fit be less than 100.
After the above selection, the distributions of dilepton

invariant mass, Mðlþl−Þ, for the three different decay
modes (with all 14 ECM combined) are shown in Fig. 1.
Clear J=ψ signals are observed. Backgrounds outside of the
J=ψ signal region are well described by our background
MC simulation and are flatly distributed. For πþπ−J=ψ, the
main background is from the process eþe− → πþπ−πþπ−.
For KþK−J=ψ, the main background is from eþe− →
KþK−πþπ−. There are no significant peaking background
events expected in any mode, with the largest estimated to
be 0.4 events in the K0

SK
0
SJ=ψ channel from eþe− →

πþπ−ψð3686Þ ð→ πþπ−πþπ−J=ψÞ.
To explore potential intermediate states in the KK̄J=ψ

channel, data are compared with phase-space signal MC
events in Fig. 2. The signal MC histograms are normalized
to the measured Born cross section at each ECM. There are
no indications for peaking structures in the K�J=ψ mass
distributions. In the KþK− invariant mass, however, there
may be hints of f0ð980Þ and f2ð1270Þ signals, but there are
not sufficient data to investigate further.
The Born cross section at each ECM is calculated by

σ ¼ Nsig

Lϵð1þ δÞð1þ δVPÞBðJ=ψ → lþl−Þ : ð1Þ

The signal yield, Nsig, is calculated by subtracting the
number of J=ψ sideband events from the number of J=ψ
signal events. The J=ψ signal region is 3084 < Mðlþl−Þ <
3116 MeV=c2; and the low and high sideband regions are
3004 < Mðlþl−Þ < 3068 MeV=c2 and 3132 < Mðlþl−Þ <
3196 MeV=c2, respectively. Uncertainties on the number
of signal events are calculated using the Rolke method [32].
The total signal yields for all ECM are 7984þ99

−98 events for
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the πþπ−J=ψ channel, 238þ16
−15 for KþK−J=ψ, and 46.5þ7.3

−6.6
for K0

SK
0
SJ=ψ. The integrated luminosity values, L, are

taken from Ref. [24]. The branching fraction BðJ=ψ →
lþl−Þ ¼ ð11.93� 0.06Þ% is taken from the particle data
group (PDG) [5]. For the K0

SK
0
SJ=ψ mode, a factor of

BðK0
S → πþπ−Þ2 ¼ ð47.9� 0.03Þ% is also included. The

vacuum polarization factors, ð1þ δVPÞ, are taken from
Ref. [33]. The efficiencies for each mode, ϵ, are derived
from the signal MC samples incorporating ISR effects. For
πþπ−J=ψ , the efficiencies (without ISR effects) at each
energy point are around 48%. For KþK−J=ψ, the efficien-
cies range from 13% at low ECM to 35% at high ECM. For
K0

SK
0
SJ=ψ , the efficiencies are about 25%.

The ISR correction factors, (1þ δ), are calculated using
an iterative procedure. A cross section following a Breit-
Wigner line shape with PDG values for the mass and width
of the Yð4260Þ is used as the first input for both the

πþπ−J=ψ and KK̄J=ψ channels. The resulting cross
section line shapes are used as the next inputs, and this
procedure is iterated until the Born cross section converges.
The results for σðπþπ−J=ψÞ, σðKþK−J=ψÞ, and

σðK0
SK

0
SJ=ψÞ are shown in Figs. 3(a)–3(c) as functions of

ECM with both statistical and systematic uncertainties. To
compare the shape of σðKþK−J=ψÞ with σðπþπ−J=ψÞ, we
calculate the ratio σðKþK−J=ψÞ=σðπþπ−J=ψÞ [Fig. 3(d)].
If the Yð4260Þwere the only contribution to the ππJ=ψ and
KK̄J=ψ processes, this ratio would be slightly rising as a
function of ECM due to phase space factors. Instead, the
observed ratio of cross sections falls with ECM. A constant
ratio hypothesis is tested by fitting the ratio with a constant
for samples with a high integrated luminosity, namely for
ECM of 4.226, 4.258, and 4.358 GeV. Based on the
minimized χ2 of 16.9 with two degrees of freedom and
taking into account systematic errors on the ratio, we find a
3.5σ standard deviation discrepancy with the assumption of
the observed ratio being a constant. We, therefore, cannot
conclude that theYð4260Þdecays through eþe− → KK̄J=ψ .
In addition, Fig. 3(b) shows a peak near 4.5 GeV in

σðKþK−J=ψÞ that is not present in σðπþπ−J=ψÞ. To test
the discrepancy between the two channels, we fit
σðKþK−J=ψÞ=σðπþπ−J=ψÞ at five ECM from 4.416 to
4.600 GeV with a constant [Fig. 3(d)]. The resulting χ2 of

(a)

(b)

(c)

FIG. 1. The distribution of lepton pair mass, Mðlþl−Þ, for
(a) πþπ−J=ψ , (b) KþK−J=ψ , and (c) K0

SK
0
SJ=ψ . Data from all

ECM are combined. Points are for data; the green solid histograms
are for signal MC events; and the red dashed histograms are for
background MC events. The signal regions are shown by the gray
dashed lines, while the sideband regions are shown with the blue
dotted lines.

(b)

(a)

FIG. 2. The invariant mass distributions for (a) K�J=ψ (two
entries per event) and (b) KþK−. Data from all ECM are
combined. Black points are for data from the J=ψ signal region;
red points are for data from the J=ψ sideband regions (normalized
to the size of the signal region); dark green solid histograms are
for signal MC events (normalized using the measured cross
section at each ECM).
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the fit is 17.6 for four degrees of freedom, which indicates a
3.0σ standard deviation discrepancy from the assumption
that the ratios are constant. There is thus evidence for a
more complex structure in this region in KþK−J=ψ than
in πþπ−J=ψ .
We also calculate the ratios between σðK0

SK
0
SJ=ψÞ and

σðKþK−J=ψÞ for data samples with high luminosity.
According to isospin symmetry, the ratio between these
two modes should be 1=2. The calculated ratios, along with
this prediction, are shown in Fig. 3(e). The combined ratio
over all energies, based on the total number of signal
events, is 0.370þ0.064

−0.058 � 0.042, where the first uncertainty is
statistical and the second is systematic. The five points

shown in Fig. 3(e) are consistent with this average ratio
with a χ2 of 3.2 for four degrees of freedom.
Final results are listed in Table I. Upper limits are

calculated at a 90% confidence level and incorporate
systematic errors using the Rolke method with an addi-
tional uncertainty on the efficiency [32]. Systematic uncer-
tainties in the Born cross section measurements are listed in
Table II and are described below.
The integrated luminosity was measured with large-

angle Bhabha events and the uncertainty is found to be
less than 1% [24]. To account for the differences between
data and MC simulation in the tracking and PID efficiency,
a study was performed using the process eþe− →
KþK−πþπ−. The systematic uncertainty is found to be
1.0% per charged pion and 2.5% per charged kaon. The
relatively large uncertainty for the charged kaon efficiency
is due to the momenta of the charged kaons in this analysis,
which are smaller than in typical BESIII analyses. For the
lepton tracking efficiency, a 1.0% uncertainty per lepton is
applied [15]. We use J=ψ and K0

S branching fractions from
the PDG [5], which leads to systematic uncertainties of
0.5%. The K0

S reconstruction efficiency is studied using
control samples of J=ψ → K0

SK
�π∓ and ϕK0

SK
�π∓. After

factoring out uncertainties due to pion reconstruction and
weighting according to the observed K0

S momentum dis-
tributions, we find a 3.0% systematic uncertainty per K0

S.
To study the efficiency of the kinematic fit require-

ments, we used control samples of eþe− → πþπ−πþπ−,
KþK−πþπ−, and K0

SK
0
Sπ

þπ−, which are similar to
πþπ−J=ψ , KþK−J=ψ , and K0

SK
0
SJ=ψ , respectively, but

with higher statistics. Relative efficiencies are defined by
comparing yields when requiring χ2=dof < 10 versus
χ2=dof < 100. The differences in the efficiencies between
MC simulation and data are 2.6% for πþπ−πþπ−, 3.8% for
KþK−πþπ−, and 5.9% for K0

SK
0
Sπ

þπ−, which are taken as
the systematic uncertainties.
To account for differences in J=ψ mass resolution

between data and MC simulation, we smear the width of
the J=ψ peak in the signal MC samples by 30%. The
changes in the efficiencies of each mode are less than 1.0%,
which are incorporated as a systematic uncertainty.
The uncertainty associated with the ISR correction factor

is studied by replacing the iterative process, described
previously, with a Yð4260Þ Breit-Wigner cross section. The
differences in the Born cross section between these two
scenarios are 4.0% for ππJ=ψ and 6.0% for KK̄J=ψ, which
are taken as the uncertainty for the ISR correction.
Uncertainties on the vacuum polarization corrections are
estimated to be 0.5% according to Ref. [33].
To account for substructure in the ππJ=ψ mode, we

compare the efficiency obtained with a phase-space MC
sample to that for the process eþe− → π�Zcð3900Þ∓ →
πþπ−J=ψ , using the PDG parameters for the Zcð3900Þ. A
4.0% difference in efficiency is assigned as a conservative
systematic uncertainty.

(a)

(b)

(c)

(d)

(e)

FIG. 3. TheBorn cross sections (a) σðπþπ−J=ψÞ, (b) σðKþK−J=
ψÞ, and (c) σðK0

SK
0
SJ=ψÞ, and the ratios (d) σðKþK−J=ψÞ=

σðπþπ−J=ψÞ, and (e) σðK0
SK

0
SJ=ψÞ=σðKþK−J=ψÞ. The black

points are for data sets with high integrated luminosities; the gray
points are for smaller data sets. Thicker error bars are for statistical
uncertainties only; thinner error bars are for combined statistical and
systematic uncertainties. In (c), the large error bars with no central
point are 90% C.L. upper limits. In (d), the inset shows a narrower
region of ECM. The red dotted line in (e) is the value expected from
isospin symmetry.
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For the KK̄J=ψ modes, there is an apparent discrepancy
in the KK̄ mass spectra between data and MC samples
simulated with the phase-space model. We therefore weight
the efficiency according to the observed MðKþK−Þ dis-
tribution. This results in a 10% difference with respect to
the nominal efficiency, which is assigned as a systematic
uncertainty.
All of these uncertainties are summarized in Table II. The

total systematic uncertainties are 7.6% for πþπ−J=ψ,
14.2% for KþK−J=ψ, and 15.7% for K0

SK
0
SJ=ψ. Taking

into account correlations among uncertainties, the system-
atic uncertainty on the σðK0

SK
0
SJ=ψÞ=σðKþK−J=ψÞ ratio is

11.2% (the tracking and PID, K0
S reconstruction, and

kinematic fit uncertainties are uncorrelated) and that on
the σðKþK−J=ψÞ=σðπþπ−J=ψÞ ratio is 14.8% (here the
tracking and PID, kinematic fit, ISR, and substructure
uncertainties are uncorrelated).
In summary, we measure the Born cross sections as

functions of ECM for the processes eþe− → KþK−J=ψ ,
K0

SK
0
SJ=ψ , and πþπ−J=ψ . We also measure the ratios of

Born cross sections for K0
SK

0
SJ=ψ to KþK−J=ψ and

KþK−J=ψ to πþπ−J=ψ . The results suggest the
KþK−J=ψ and πþπ−J=ψ cross sections have different
energy dependencies in the region around the Yð4260Þ.
In addition, there is evidence for an enhancement in the
cross section of eþe− → KþK−J=ψ in the higher ECM
region. This is consistent with previous data [18]. Still,
more data and additional analyses are needed to investigate
the nature of this structure. We find the ratio of cross
sections for the reactions with neutral and charged kaons to
be consistent with expectations from isospin conservation.
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TABLE I. The center-of-mass energies (ECM), integrated luminosities (L), and final results for σðKþK−J=ψÞ,
σðK0

SK
0
SJ=ψÞ, σðK0

SK
0
SJ=ψÞ=σðKþK−J=ψÞ, and σðKþK−J=ψÞ=σðπþπ−J=ψÞ. The first uncertainty is statistical,

and the second is systematic. In the cases where there are zero signal events and zero sideband events, upper
limits are calculated with 90% confidence levels and incorporate systematic uncertainties. The
σðK0

SK
0
SJ=ψÞ=σðKþK−J=ψÞ ratio is only calculated for data samples with high integrated luminosity.

ECM [GeV] L [pb−1] σðKþK−J=ψÞ [pb] σðK0
SK

0
SJ=ψÞ [pb] σðK0

SK
0
SJ=ψÞ

σðKþK−J=ψÞ
σðKþK−J=ψÞ
σðπþπ−J=ψÞ

4.189 43 2.2þ3.8
−1.6 � 0.3 < 4.3 � � � 0.14þ0.20

−0.10 � 0.02

4.208 55 1.4þ2.4
−1.0 � 0.2 1.7þ3.0

−1.3 � 0.3 � � � 0.030þ0.042
−0.021 � 0.004

4.217 54 2.5þ2.7
−1.5 � 0.4 < 3.6 � � � 0.043þ0.037

−0.022 � 0.006

4.226 1092 5.27þ0.63
−0.57 � 0.75 1.6þ0.5

−0.4 � 0.3 0.307þ0.090
−0.072 � 0.034 0.064 4þ0.006 7

−0.006 2 � 0.0094

4.242 56 2.0þ2.1
−1.1 � 0.3 < 3.3 � � � 0.024þ0.023

−0.017 � 0.004

4.258 826 3.08þ0.47
−0.41 � 0.44 1.2þ0.4

−0.3 � 0.2 0.40þ0.15
−0.12 � 0.05 0.049 9þ0.008 2

−0.007 4 � 0.0073

4.308 45 0.7þ1.7
−0.7 � 0.1 < 4.1 � � � 0.015þ0.026

−0.014 � 0.002

4.358 540 0.43þ0.22
−0.15 � 0.06 0.44þ0.34

−0.20 � 0.07 1.0þ1.0
−0.6 � 0.1 0.018 5þ0.008 3

−0.006 5 � 0.0027

4.387 55 0.4þ1.2
−0.4 � 0.1 < 3.5 � � � 0.028þ0.050

−0.024 � 0.004

4.416 1074 0.97þ0.22
−0.19 � 0.14 0.34þ0.23

−0.15 � 0.05 0.35þ0.24
−0.15 � 0.04 0.091þ0.019

−0.017 � 0.013

4.467 110 3.8þ1.3
−1.0 � 0.5 < 1.8 � � � 0.36þ0.15

−0.11 � 0.05

4.527 110 4.3þ1.4
−1.1 � 0.6 0.82þ1.43

−0.60 � 0.13 � � � 0.44þ0.15
−0.11 � 0.06

4.575 48 2.0þ1.5
−0.9 � 0.3 < 3.9 � � � 0.17þ0.12

−0.07 � 0.02

4.600 567 1.42þ0.33
−0.27 � 0.20 0.92þ0.50

−0.35 � 0.14 0.65þ0.36
−0.25 � 0.07 0.215þ0.052

−0.043 � 0.031

TABLE II. Summary of systematic uncertainties.

πþπ−J=ψ KþK−J=ψ K0
SK

0
SJ=ψ

Luminosity 1.0% 1.0% 1.0%
Tracking and PID 4.0% 7.0% 6.0%
Branching ratios 0.5% 0.5% 0.5%
K0

S reconstruction � � � � � � 6.0%
J=ψ resolution 1.0% 1.0% 1.0%
Kinematic fit 2.6% 3.8% 5.9%
Vacuum polarization 0.5% 0.5% 0.5%
ISR correction 4.0% 6.0% 6.0%
Zc substructure 4.0% � � � � � �
KK substructure � � � 10.0% 10.0%

Total 7.6% 14.2% 15.7%
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