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Cross sections for the process eþe− → K0
SK

0
SJ=ψ at center-of-mass energies from 4.128 to 4.950 GeV

are measured using data samples with a total integrated luminosity of 21.2 fb−1 collected by the BESIII
detector operating at the BEPCII storage ring. The Yð4230Þ state is observed in the energy dependence of
the eþe− → K0

SK
0
SJ=ψ cross section for the first time with a statistical significance of 26.0σ. In addition, an

enhancement around 4.710 GeV, labeled as the Yð4710Þ, is seen with a statistical significance of 4.2σ.
There is no clear structure around 4.484 GeV. Using a fit with a coherent sum of three Breit-Wigner
functions, we determine the mass and width of the Yð4230Þ state to be 4226.9� 6.6� 22.0 MeV=c2 and
71.7� 16.2� 32.8 MeV, respectively, and the mass and width of the Yð4710Þ state to be 4704.0�
52.3� 69.5 MeV=c2 and 183.2� 114.0� 96.1 MeV, respectively, where the first uncertainties are
statistical and the second are systematic. In addition, the average Born cross section ratio
σBornðeþe−→K0

SK
0
SJ=ψÞ

σBornðeþe−→KþK−J=ψÞ is measured to be 0.388þ0.035
−0.028 � 0.016, or 0.426þ0.038

−0.031 � 0.018 if three-body phase

space is considered.

DOI: 10.1103/PhysRevD.107.092005

I. INTRODUCTION

In the past two decades, a series of charmoniumlike
states have been discovered that do not fit into the spectrum

predicted by the conventional quark model [1]. The
existence of these states challenges our understanding of
both charmonium spectroscopy and QCD calculations
[2,3]. In particular, the number of observed vector states
with masses above open-charm threshold is more than that
expected for conventional charmonium states, and this
implies the existence of exotic states beyond the quark-
antiquark meson picture. In addition to the three well-
established charmonium states above the ψð3770Þ, the
ψð4040Þ, ψð4160Þ, and ψð4415Þ [4], other experimentally
discovered Y states, such as the Yð4230Þ, overpopulate the
conventional charmonium spectrum. These Y states have
not yet been found to decay to DD̄, although their masses
are above DD̄ threshold [5,6]. The Yð4230Þ state was
discovered via the process eþe− → πþπ−J=ψ by the
BABAR experiment [7] using initial state radiation (ISR)
and then confirmed by the CLEO [8] and Belle experiments
[9]. Several theoretical interpretations have been proposed
for the Yð4230Þ state, such as tetraquark [10], meson
molecule [11,12], hadroquarkonium [13,14], hybrid meson
[15–17], and others [18–21].
The BESIII experiment has previously studied Y states

via eþe− cross section measurements using various
hidden-charm decay modes, such as eþe− → ππJ=ψ
[22,23], πþπ−hc [24], ππψð2SÞ [25–27], ωχc0 [28,29],
KþK−J=ψ [30,31]. Recently, in a study of the cross
sections of the process eþe− → KþK−J=ψ at c.m. energies
(

ffiffiffi
s

p
) below 4.600 GeV, the BESIII experiment reported

two structures, the Yð4230Þ and Yð4500Þ [31]. The
KþK−J=ψ decay mode of the Yð4230Þ state was first seen
by the CLEO experiment [8] in 2006. Later, the Belle
experiment measured the Born cross section of KþK−J=ψ
via ISR [32,33], but failed to confirm the decay Yð4230Þ →
KþK−J=ψ due to limited data sample size. The Yð4500Þ is
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a new structure that was first observed at BESIII with a
statistical significance of 8σ and its mass and width were
measured to be 4484.7� 13.3� 24.1 MeV=c2 and
111.1� 30.1� 15.2 MeV, respectively [31]. The neutral
process eþe− → K0

SK
0
SJ=ψ is a good probe to investigate

the Yð4500Þ state. The Belle experiment measured the cross
sections of eþe− → K0

SK
0
SJ=ψ [32,33], but only upper

limits were given. Also, using data samples from
ffiffiffi
s

p ¼
4.189 to 4.600 MeV, corresponding to an integrated
luminosity of 4.7 fb−1, the BESIII experiment performed
a measurement of the Born cross sections of eþe− →
K0

SK
0
SJ=ψ at 14 energy points [30], and measured nonzero

Born cross sections at seven of those energy points [30]. No
structure was observed in the measured Born cross sections
of eþe− → K0

SK
0
SJ=ψ . In addition, Ref. [30] reported the

Born cross section ratio of eþe− → K0
SK

0
SJ=ψ to eþe− →

KþK−J=ψ to be
σBornðK0

SK
0
SJ=ψÞ

σBornðKþK−J=ψÞ ¼ 0.370þ0.064
−0.058 � 0.042,

where the first uncertainty is statistical and the second is
systematic.
In this paper, we present a follow-up study of eþe− →

K0
SK

0
SJ=ψ at

ffiffiffi
s

p
from 4.128 to 4.950 GeV using data

samples corresponding to a total integrated luminosity (L)
of 21.2 fb−1 [34–37] collected at 36 energy points by the
BESIII detector [38].

II. THE BESIII DETECTOR AND DATA SAMPLES

The BESIII detector [38] records symmetric eþe−
collisions provided by the BEPCII storage ring [39] in
the c.m. energy range from 2.0 to 4.95 GeV, with a peak
luminosity of 1×1033 cm−2s−1 achieved at

ffiffiffi
s

p ¼ 3.77GeV.
BESIII has collected large data samples in this energy
region [40]. The cylindrical core of the BESIII detector
covers 93% of the full solid angle and consists of a
helium-based multilayer drift chamber, a plastic scintillator
time-of-flight system (TOF), and a CsI(Tl) electromagnetic
calorimeter (EMC), which are all enclosed in a super-
conducting solenoidal magnet providing a 1.0 T magnetic
field [41]. The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon identi-
fication modules interleaved with steel. The charged-
particle momentum resolution at 1 GeV=c is 0.5%, and
the dE=dx resolution is 6% for electrons from Bhabha
scattering. The EMC measures photon energies with a
resolution of 2.5% (5%) at 1 GeV in the barrel (end cap)
region. The time resolution in the TOF barrel region is
68 ps, while that in the end cap region is 110 ps. The end
cap TOF system was upgraded in 2015 using multigap
resistive plate chamber technology, providing a time
resolution of 60 ps [42].
Simulated data samples produced with a GEANT4-based

[43] Monte Carlo (MC) toolkit, which includes the geo-
metric description of the BESIII detector and the detector
response, are used to determine detection efficiencies and

to estimate backgrounds. The simulation models the beam
energy spread and ISR in the eþe− annihilations with the
generator KKMC [44,45]. The inclusive MC sample
includes the production of open charm processes, the
ISR production of vector charmonium(like) states, and
the continuum processes incorporated in KKMC [44,45].
All particle decays are modelled with EvtGen [46,47] using
branching fractions either taken from the Particle Data
Group (PDG) [4], when available, or otherwise estimated
with LUNDCHARM [48,49]. Final state radiation from
charged final state particles is incorporated using
PHOTOS [50]. Signal MC samples are generated for
eþe− → K0

SK
0
SJ=ψ using EvtGen [46,47] and assuming a

uniform distribution in the available phase space. KKMC

[44,45] is used to calculate the ISR correction factors
needed to convert an observed cross section to a Born
cross section [51,52].

III. DATA ANALYSIS

We reconstruct the final state K0
SK

0
SJ=ψ , where the J=ψ

decays into a lepton pair (eþe− or μþμ−), and one K0
S

decays into πþπ− while the other K0
S decays into either

πþπ− or π0π0. For events with six charged tracks, full
reconstruction is performed (the “two-K0

S” reconstruction
method). For events with four or five charged tracks, partial
reconstruction is performed (the “one-K0

S” reconstruction
method).
A charged lepton candidate (e or μ) must have a distance

of closest approach to the interaction point (IP) less than
10 cm along the z axis (jVzj < 10.0 cm) and less than 1 cm
in the transverse plane (jVxyj < 1 cm), and a polar angle (θ)
range of jcos θj < 0.93. The z axis is the symmetry axis of
the multilayer drift chamber, and θ is defined with respect
to the z axis. In addition, the absolute momentum of a
lepton candidate is required to be greater than 0.95 GeV=c
(P > 0.95 GeV=c). A lepton with energy deposited in
the calorimeter greater than 0.95 GeV is assigned as an
electron, otherwise a muon.
A K0

S candidate is reconstructed from two
oppositely charged tracks satisfying jVzj < 20 cm and
P < 0.95 GeV=c. The two charged tracks are assigned as
πþπ− without imposing further particle identification
criteria. They are constrained to originate from a common
vertex, and the decay length of the K0

S candidate is
required to be greater than twice the vertex resolution
away from the IP. The K0

S candidate is required to have an
invariant mass of πþπ− within (mK0

S
− 3σK0

S
, mK0

S
þ 3σK0

S
),

where mK0
S
and σK0

S
are the fitted mean and width of a

signal Gaussian function fit to the signal MC samples. The
value of mK0

S
increases from 497.6 to 498.0 MeV=c2 for

different c.m. energies, while σK0
S
varies from 1.3 to

2.4 MeV=c2. The reconstructed K0
S mass spectra MðK0

SÞ
are shown in Fig. 1.
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A photon candidate, originating from π0 decay, is
identified using showers in the EMC. The deposited energy
of the shower must be more than 25 MeV in the barrel
region (jcos θj < 0.8), and more than 50 MeV in the end
cap region (0.86 < jcos θj < 0.92). To exclude a shower
that originates from a charged track, the angle subtended by
the EMC shower and the position of the closest charged
track at the EMC must be greater than 10 degrees as
measured from the IP. To suppress electronic noise and
showers unrelated to the event, the difference between the
EMC time and the event start time is required to be within
[0, 700] ns. For the case with four charged tracks (two
charged pions and two leptons), the number of photons
(Nγ) is required to be not less than 2.
To suppress potential background and improve resolu-

tion, a four-constraint (4C) kinematic fit is performed in the
case of the two-K0

S reconstruction method, while a one-
constraint (1C) kinematic fit is used in the one-K0

S
reconstruction method. For the 4C fit, the total final-state

four-momentum is constrained to the initial c.m. system.
For the 1C fit, the missing mass is constrained to the known
K0

S mass. The χ2 of the kinematic fit is required to be less
than 200 for the 4C fit and less than 20 for the 1C fit. Both
requirements on the χ2 of the kinematic fit have been
optimized using the figure-of-merit Sffiffiffiffiffiffiffi

SþB
p , where S is the

signal yield that is estimated by the signal MC samples and
normalized by the previously measured cross sections, and
B is the background yield that is estimated by the inclusive
MC samples and normalized according to the luminosities.
The optimization is performed in the signal region, which is
defined as Mðlþl−Þ ∈ ðmJ=ψ − 3σJ=ψ ; mJ=ψ þ 3σJ=ψ Þ for
both the one-K0

S and two-K0
S reconstruction methods,

where Mðlþl−Þ is the invariant mass of the lepton pair,
and mJ=ψ and σJ=ψ are the mean and width of a signal
Gaussian function fit to the signal MC samples. The value
of mJ=ψ is around 3097.3 MeV=c2, while σJ=ψ increases
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FIG. 1. The reconstructed K0
S mass MðK0

SÞ for (a) the two-K0
S

reconstruction method, (b) the one-K0
S reconstruction method,

and (c) both methods. Data from all c.m. energies are combined.
The dots with error bars are data, the green filled histograms are
the background from inclusive MC samples, and the red histo-
grams are signal MC samples. The average signal regions are
shown by the red arrows.
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FIG. 2. The invariant mass of the lepton pairMðlþl−Þ for (a) the
two-K0

S reconstruction method, (b) the one-K0
S reconstruction

method, and (c) both methods. Data from all c.m. energies are
combined. The dots with error bars are data, the green filled
histograms are the background from inclusive MC samples, and
the red histograms are signal MC samples. The average signal
regions are shown by the red arrows, and the average sideband
regions are shown by the green arrows.
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from 3.4 to 6.8 MeV=c2 for different c.m. energies. In
addition, the sideband regions of Mðlþl−Þ are defined
as (mJ=ψ − 13σJ=ψ , mJ=ψ − 7σJ=ψ ) and (mJ=ψ þ 7σJ=ψ ,
mJ=ψ þ 13σJ=ψ ). Therefore, the normalized ratio of side-
band to signal regions is 0.50.
After imposing the above requirements, the Mðlþl−Þ

distributions for all c.m. energies combined are shown in
Fig. 2. Obvious J=ψ signal peaks can be seen. Figures 2(a)
and 2(b) are for the two-K0

S and one-K0
S reconstruction

methods, respectively. The numbers of signal events
for all c.m. energies are estimated to be 107.4� 10.4 for
the two-K0

S reconstruction method and 237.6� 16.9
for the one-K0

S reconstruction method, where the uncer-
tainties are statistical only. The total number of signal
events is then taken as the sum of those from the two
reconstruction methods. According to studies based on all
inclusive MC samples, there is no significant peaking
background.

IV. CROSS SECTION

The Born cross section σBorn at each c.m. energy is
calculated using

σBorn ≡ Nsig

LϵBJ=ψ→lþl−ð1þ δÞδVP ; ð1Þ

where Nsig is the signal yield, calculated by subtracting the
number of J=ψ sideband events from the number of J=ψ
signal events; ϵ is the event selection efficiency obtained
from phase-space modeled signal MC simulations, which
includes the K0

S decay branching fractions; BJ=ψ→lþl− is the
PDG value of the branching fraction of the J=ψ decaying
into a lepton pair [4]; (1þ δ) is the ISR correction factor;
and δVP is the vacuum polarization factor taken from
Ref. [53]. Statistical uncertainties on the numbers of signal
events are calculated using the Rolke method [54]. In the
Rolke method [54], the background is assumed to obey a
Poisson distribution. The values for ϵ and (1þ δ) are
estimated based on signal MC samples using an iterative
weighting method [52]. In the iterations, we describe the
dressed cross sections σdress ¼ σBornδVP by a coherent sum
of three Breit-Wigner functions, as described in the next
paragraph. For energy points with statistical significance
less than 3σ, upper limits are calculated at a 90% confidence
level (CL) and include systematic uncertainties determined
using the Rolke method [54] with an additional uncertainty
on the efficiency. The measured Born cross sections are
shown in Fig. 3(a), and the detailed quantities are shown in

Table I. The Born cross section ratios
σBornðK0

SK
0
SJ=ψÞ

σBornðKþK−J=ψÞ are

shown in Fig. 3(b).
A maximum likelihood method is used to fit the dressed

cross sections and determine the parameters of the resonant
structures. Assuming K0

SK
0
SJ=ψ is produced from three

resonances, the cross section is parametrized as a coherent
sum of three relativistic Breit-Wigner functions

σdress ≡ jBW1 þ BW2eiϕ2 þ BW3eiϕ3 j2; ð2Þ

where BWj ≡ Mjffiffi
s

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πðΓeeBÞjΓj

p
s−M2

jþiMjΓj

ffiffiffiffiffiffiffiffiffiffi
Φð ffiffi

s
p Þ

ΦðMjÞ
q

is the relativistic

Breit-Wigner function with j ¼ 1, 2, or 3, and Φð ffiffiffi
s

p Þ is
the three-body phase-space factor. The mass M2 and total
width Γ2 are fixed to those of the Yð4500Þ [31], while the
other parameters, i.e., the masses Mj, the total widths Γj,
the products of the electronic partial width and the
branching fraction to K0

SK
0
SJ=ψðΓeeBÞj, and the relative

phase ϕj between the three Breit-Wigner functions, are
free. In the fit, the likelihood is constructed taking into
consideration the fluctuations of the number of signal and
background event and the uncorrelated systematic uncer-
tainties. There are four solutions for the parameters ðΓeeBÞj
and ϕj as shown in Table II, and all the fit results are shown
in Fig. 4.
Fitting the dressed cross sections with only two reso-

nances [Yð4230Þ and Yð4710Þ] yields a worse result, and
the change of the likelihood value is jΔð−2 lnLÞj ¼ 5.0
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FIG. 3. (a) The Born cross sections and upper limits for
eþe− → K0

SK
0
SJ=ψ . (b) The ratio of eþe− → K0

SK
0
SJ=ψ to

eþe− → KþK−J=ψ Born cross sections. The green and black
dots with error bars in (a) are the Born cross sections from the
previous measurement of the BESIII experiment [30] and this
work, respectively, while the red triangles are the upper limits from
this work. The blue dashed line in (b) is the value expected from
isospin symmetry, and the black dots with error bars are from this
study. The upper limits are only for points where the Born cross
section measured is insignificant given its uncertainty. The
statistical and systematic uncertainties are included.
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TABLE I. The c.m. energies (
ffiffiffi
s

p
), integrated luminosities (L), signal yields (Nsig), upper limits of signal yields at the 90% CL (Nul),

background yields (Nbkg), event selection efficiencies (ϵ), ISR correction factors [(1þ δ)], vacuum polarization factors (δVP), Born cross
sections (σBorn), upper limits of cross section at the 90% CL for the energy points with statistical significance less than 3σ (σul), and the

Born cross section ratios (
σBornðK0

SK
0
SJ=ψÞ

σBornðKþK−J=ψÞ). The first uncertainties of σ
Born are statistical, and the second ones systematic. The uncertainties

of Nsig are only statistical.

ffiffiffi
s

p
(GeV) L (pb−1) Nsig Nul Nbkg ϵ (%) (1þ δ) δVP σBorn (pb) σul (pb)

σBornðK0
SK

0
SJ=ψÞ

σBornðKþK−J=ψÞ

4.128 401.5 0.0þ1.0
−0.7 2.4 0.0 16.3 0.691 1.052 0.00þ0.18

−0.12 � 0.01 0.5 � � �
4.157 408.7 2.0þ1.8

−1.1 5.9 0.0 18.4 0.706 1.053 0.30þ0.27
−0.16 � 0.03 1.0 0.532þ0.538

−0.352 � 0.022

4.178 3194.5 15.0þ4.4
−3.8 � � � 1.0 19.8 0.711 1.054 0.26þ0.08

−0.07 � 0.03 � � � 0.380þ0.123
−0.108 � 0.016

4.189 526.7 4.0þ2.3
−1.7 � � � 0.0 20.2 0.712 1.056 0.42þ0.24

−0.18 � 0.04 � � � 0.431þ0.271
−0.207 � 0.018

4.199 526.0 1.5þ2.2
−1.5 6.1 1.5 20.6 0.713 1.056 0.15þ0.23

−0.15 � 0.01 0.7 0.115þ0.170
−0.116 � 0.005

4.209 517.1 7.0þ3.0
−2.3 � � � 0.0 20.4 0.716 1.057 0.74þ0.32

−0.24 � 0.07 � � � 0.431þ0.202
−0.160 � 0.018

4.219 514.6 19.0þ4.7
−4.0 � � � 0.0 20.9 0.721 1.056 1.94þ0.48

−0.41 � 0.18 � � � 0.535þ0.148
−0.129 � 0.022

4.226 1100.9 39.0þ6.7
−6.0 � � � 1.0 21.5 0.733 1.056 1.79þ0.31

−0.28 � 0.17 � � � 0.414þ0.078
−0.070 � 0.017

4.236 530.3 10.0þ3.7
−3.1 � � � 1.0 21.3 0.751 1.056 0.94þ0.35

−0.29 � 0.09 � � � 0.296þ0.117
−0.099 � 0.012

4.244 538.1 19.0þ4.9
−4.2 � � � 1.0 20.9 0.774 1.056 1.73þ0.45

−0.38 � 0.16 � � � 0.505þ0.145
−0.126 � 0.021

4.258 828.4 26.0þ5.6
−4.9 � � � 1.0 20.4 0.821 1.054 1.49þ0.32

−0.28 � 0.14 � � � 0.496þ0.118
−0.105 � 0.021

4.267 531.1 14.0þ4.1
−3.4 � � � 0.0 19.9 0.851 1.053 1.24þ0.36

−0.30 � 0.12 � � � 0.654þ0.220
−0.186 � 0.027

4.278 175.7 3.0þ2.1
−1.4 � � � 0.0 19.0 0.885 1.053 0.81þ0.56

−0.38 � 0.08 � � � 0.376þ0.284
−0.198 � 0.016

4.288 502.4 7.0þ3.0
−2.3 � � � 0.0 18.0 0.914 1.053 0.67þ0.29

−0.22 � 0.06 � � � 0.413þ0.195
−0.155 � 0.017

4.312 501.0 5.0þ3.4
−2.9 12.0 3.0 17.2 0.968 1.052 0.48þ0.32

−0.28 � 0.05 1.2 0.442þ0.321
−0.276 � 0.018

4.337 505.0 4.5þ2.6
−2.0 � � � 0.5 17.1 1.002 1.051 0.41þ0.24

−0.18 � 0.04 � � � 0.496þ0.330
−0.267 � 0.021

4.358 543.9 5.5þ3.1
−2.5 � � � 1.5 18.0 1.011 1.051 0.44þ0.25

−0.20 � 0.04 � � � 0.403þ0.246
−0.203 � 0.017

4.377 522.7 5.0þ2.9
−2.3 � � � 1.0 17.4 0.997 1.051 0.44þ0.26

−0.20 � 0.04 � � � 0.296þ0.184
−0.150 � 0.012

4.396 507.8 10.5þ3.7
−3.0 � � � 0.5 18.3 0.966 1.051 0.93þ0.33

−0.27 � 0.09 � � � 1.278þ0.693
−0.609 � 0.053

4.416 1090.7 8.0þ3.8
−3.3 � � � 3.0 19.9 0.915 1.052 0.32þ0.15

−0.13 � 0.03 � � � 0.262þ0.132
−0.115 � 0.011

4.436 569.9 12.5þ4.2
−3.5 � � � 1.5 20.7 0.862 1.054 0.98þ0.33

−0.27 � 0.09 � � � 0.429þ0.160
−0.136 � 0.018

4.467 111.1 1.0þ1.4
−0.7 4.0 0.0 22.6 0.816 1.055 0.39þ0.54

−0.27 � 0.04 1.7 0.129þ0.185
−0.097 � 0.005

4.527 112.1 3.0þ2.1
−1.4 � � � 0.0 21.7 0.913 1.054 1.08þ0.75

−0.50 � 0.10 � � � 0.223þ0.164
−0.114 � 0.009

4.600 586.9 10.5þ3.7
−3.0 � � � 0.5 19.4 1.031 1.055 0.71þ0.25

−0.20 � 0.07 � � � 0.364þ0.142
−0.119 � 0.015

4.612 103.8 1.0þ1.4
−0.7 4.0 0.0 19.0 1.013 1.055 0.40þ0.56

−0.28 � 0.04 1.7 � � �
4.628 521.5 1.5þ2.8

−2.0 7.2 3.5 19.4 0.977 1.054 0.12þ0.22
−0.16 � 0.01 0.6 � � �

4.641 552.4 10.0þ4.3
−3.8 � � � 4.0 20.1 0.944 1.054 0.76þ0.33

−0.29 � 0.07 � � � � � �
4.661 529.6 9.5þ4.1

−3.6 � � � 3.5 21.3 0.897 1.054 0.75þ0.32
−0.28 � 0.07 � � � � � �

4.682 1669.3 37.5þ7.3
−6.7 � � � 7.5 22.0 0.864 1.054 0.94þ0.18

−0.17 � 0.09 � � � � � �
4.698 536.5 14.5þ4.2

−3.6 � � � 0.5 22.7 0.858 1.055 1.10þ0.32
−0.27 � 0.10 � � � � � �

4.740 164.3 1.5þ1.8
−1.3 5.4 0.5 23.6 0.880 1.055 0.35þ0.42

−0.30 � 0.03 1.4 � � �
4.750 367.2 12.5þ4.3

−3.8 � � � 2.5 23.5 0.892 1.055 1.29þ0.44
−0.39 � 0.12 � � � � � �

4.780 512.8 14.0þ5.1
−4.5 � � � 6.0 22.6 0.927 1.055 1.03þ0.38

−0.33 � 0.10 � � � � � �
4.842 527.3 10.0þ3.9

−3.3 � � � 2.0 21.5 1.000 1.056 0.70þ0.27
−0.23 � 0.07 � � � � � �

4.918 208.1 3.5þ2.4
−1.8 8.6 0.5 20.3 1.063 1.056 0.62þ0.42

−0.32 � 0.06 1.7 � � �
4.950 160.4 1.0þ1.9

−1.1 4.9 1.0 19.8 1.083 1.056 0.23þ0.44
−0.25 � 0.02 1.2 � � �
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compared to the three-resonance hypothesis. Taking the
change in the number of degrees of freedom (2) into
account, the statistical significance for the assumption of
three resonant structures over the assumption of two
resonant structures is 1.4σ, which indicates the Yð4500Þ
has little influence on the fits. To estimate the statistical
significance of the third resonant structure, we fit the
dressed cross section with the coherent sum of BW1 and
BW2, where BW1 and BW2 are used to describe the
resonances Yð4230Þ and Yð4500Þ, respectively. This fit
gives a worse result as well, and the change of the
likelihood value is jΔð−2 lnLÞj ¼ 26.3. Taking the change
in the number of degrees of freedom (4) into account, the
statistical significance of Yð4710Þ is 4.2σ. The significance
of the third resonant structure becomes 4.0σ after taking
into consideration the systematic uncertainties of the
dressed cross sections.

V. SYSTEMATIC UNCERTAINTY

The systematic uncertainties in the cross section meas-
urement mainly come from the MC simulation model, the
kinematic fit, the detection efficiency, the ISR correction
factor, the lepton pair mass resolution, the luminosity, and
the branching fraction of J=ψ → eþe−=μþμ−.
The systematic uncertainty due to the MC simulation

model is assigned as the maximum difference between the
nominal and data-weighted efficiency. Using the control
sample eþe− → KþK−J=ψ , we calculate the nominal
efficiency directly based on the simulated exclusive MC
samples. To estimate the data-weighted efficiency, we
divide the invariant mass of the KþK− or KJ=ψ system
into 10 intervals, and define the data-weighted efficiency as

P
Ndata

i =
PðNdata

i ϵiÞ, where Ndata
i and ϵi are the number of

signal events from data and the efficiency from signal MC
in the ith interval, respectively. We find a maximum
efficiency difference of 6.8%.
The uncertainty due to the inaccurate simulation of the

tracking resolution is estimated by correcting the helix
parameters of the simulated charged tracks to match the
resolution found in data, and changing the requirement on
the χ2 from the kinematic fit. To reduce the influence of
data sample sizes, we add all the data together to estimate
the differences of the ratios of number of signal events to
weighted efficiency when changing the χ2 requirement, and
the maximum difference (3.7%) is assigned as the system-
atic uncertainty due to the kinematic fit.
Sources of systematic uncertainty from the detection

efficiency include systematic uncertainties in K0
S recon-

struction (2.0% per K0
S) [30], tracking efficiency (1.0% per

track), and photon reconstruction (1.0% per photon) [55].
In addition, to account for the systematic uncertainty from
the requirement on the number of photons in the four
charged tracks reconstruction case, we compare the ratio
of the number of events from MC simulations to data
for different Nγ requirements and assign the maximum
difference of 1.1% as the systematic uncertainty. The
uncertainties from the two reconstruction methods are
summed in quadrature to take the detection efficiencies
into consideration.
To estimate the systematic uncertainty due to the choice

of fit function in the ISR correction iterations, we replace
the description of the default dressed cross section line
shape with the coherent sum of three Breit-Wigner func-
tions and a phase-space function, or the coherent sum of
two Breit-Wigner functions. In addition, we free all

TABLE II. The fitted parameters of the measured cross sections of eþe− → K0
SK

0
SJ=ψ , where the first uncertainties are statistical and

the second are systematic. TheM4230, Γ4230, and ðΓeeBÞ4230 parameters are the mass, width, and ΓeeB for the Yð4230Þ state; the M450Þ,
Γ4500, ðΓeeBÞ4500, and ϕ2 parameters are for the Yð4500Þ state; and the M4710, Γ4710, ðΓeeBÞ4710, and ϕ4710 parameters are for the
Yð4710Þ state. The values of the mass and width are the parameters for all the four solutions. The means of mass and width of the
Yð4500Þ state are taken from Ref. [31].

Parameter Solution I Solution II Solution III Solution IV

M4230 (MeV=c2) 4226.9� 6.6� 22.0

Γ4230 (MeV) 71.7� 16.2� 32.8
ðΓeeBÞ4230 (eV) 0.13� 0.02� 0.05 0.14� 0.03� 0.06 0.18� 0.05� 0.07 0.20� 0.04� 0.07

M4500 (MeV=c2) (fixed) 4484.7� 13.3� 24.1 [Ref. [31]]

Γ4500 (MeV) (fixed) 111.1� 30.1� 15.2 [Ref. [31]]
ðΓeeBÞ4500 (eV) 0.08� 0.09� 0.04 0.17� 0.14� 0.05 0.31� 0.26� 0.11 0.68� 0.24� 0.18
ϕ4500 (rad) 1.02� 0.57� 0.56 1.74� 1.11� 0.46 4.26� 0.76� 0.91 4.98� 0.31� 0.74

M4710 (MeV=c2) 4704.0� 52.3� 69.5

Γ4710 (MeV) 183.2� 114.0� 96.1
ðΓeeBÞ4710 (eV) 0.12� 0.09� 0.11 0.68� 0.26� 0.21 0.18� 0.20� 0.10 1.04� 0.60� 0.35
ϕ4710 (rad) 0.92� 0.99� 0.84 5.37� 0.46� 0.95 5.38� 1.02� 0.80 3.55� 0.27� 1.03
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parameters in the coherent sum of three Breit-Wigner
functions, and describe the background by a second order
polynomial function. The maximum difference due to the
line shape is 2.7%, which is assigned as the systematic
uncertainty due to the ISR correction factor.
The systematic uncertainty from the J=ψ mass window

is caused by the Mðlþl−Þ resolution differences of data
and MC simulations. To account for the differences in J=ψ
mass resolution, we smear the width of the J=ψ peak in the
signal MC samples, and the changes in the event selection
efficiencies are less than 1.0%, which is assigned as the
systematic uncertainty due to the J=ψ mass window. The
systematic uncertainty from the luminosity is 0.6% based
on studies of Bhabha events [34,36,37]. The systematic

uncertainties from the branching fractions of K0
S → πþπ−

and K0
S → π0π0 with π0 → γγ are taken from the PDG [4].

All sources of uncertainty are summed in quadrature as
the total systematic uncertainty in the eþe− → K0

SK
0
SJ=ψ

cross section measurement assuming they are independent.
The relative systematic uncertainties and their sum are
shown in Table III.
The systematic uncertainties in the resonance parameters

mainly come from the absolute c.m. energy measurement,
the form and parametrization of the fit function, the c.m.
energy spread, and the systematic uncertainty on the cross
section measurement. The absolute c.m. energy has been
measured [34–37], and the associated systematic uncer-
tainty is estimated by varying the absolute c.m. energies in
the fits. The uncertainty from the form of the fit function
is estimated by replacing the nominal function with the
coherent sum of three Breit-Wigner functions with all
paramters free, or the coherent sum of three Breit-
Wigner functions and a phase-space function. To estimate
the uncertainty from the form of the Breit-Wigner func-
tion, the Γj in the denominator of the Breit-Wigner
function is replaced with a mass-dependent width

Γj
Φð ffiffi

s
p Þ

ΦðMjÞ. The uncertainty from the c.m. energy spread is

estimated by convolving the fit formula with a Gaussian
function, whose width is set as the mass-dependent beam
spread [56]. The uncertainty from the cross section
measurement is divided into two parts. The first one is
uncorrelated uncertainties of the cross sections among the
different c.m. energy points, and comes mainly from the
fit to the Mðlþl−Þ spectrum to determine the signal yields.
The corresponding uncertainty is estimated by including
the uncorrelated uncertainties in the dressed cross section
fits, and the differences on the parameters are taken as the
corresponding uncertainties. The second part, including
all other uncertainties of the cross sections, is common for
all data points (6.0%), and only affects the parameter
ðΓeeBÞ. The systematic uncertainties in the resonance
parameters are shown in Table IV.

TABLE III. The relative systematic uncertainties for the cross
sections of the process eþe− → K0

SK
0
SJ=ψ .

Source
Systematic

uncertainty (%)

MC model 6.8
Kinematic fit 3.7
K0

S reconstruction 3.6
Tracking 2.0
Photon reconstruction 2.0
(1þ δ) 2.7
J=ψ mass window 1.0
Luminosity 0.6
Branching fraction 0.4

Total 9.5
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FIG. 4. Maximum likelihood fits to the dressed cross sections
of eþe− → K0

SK
0
SJ=ψ . The four solutions are shown separately in

panels (a)–(d). The dots with error bars are the dressed cross
sections of eþe− → K0

SK
0
SJ=ψ ; the red solid curves are the fit

results using a coherent sum of three Breit-Wigner functions; and
the green, brown, and the cyan dashed curves show the con-
tributions of the Yð4230Þ, Yð4500Þ, and Yð4710Þ states, respec-
tively. The mass and width of the Yð4500Þ state are fixed. The
statistical and uncorrelated systematic uncertainties are included.
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VI. SUMMARY

In summary, we measure the Born cross sections of the
process eþe− → K0

SK
0
SJ=ψ at c.m. energies from 4.128 to

4.950 GeV. The measured Born cross sections are con-
sistent with the previous measurements of the BESIII
experiment [30], as shown in Fig. 3.
A clear resonant structure for the Yð4230Þ is observed via

eþe− → K0
SK

0
SJ=ψ for the first time, and themass andwidth

of theYð4230Þ are determined to beM4230 ¼ 4226.9�6.6�
22.0MeV=c2 andΓ4230 ¼ 71.7� 16.2� 32.8 MeV,where
the first uncertainties are statistical and the second are
systematic. In addition, we see another enhanced structure
with a statistical significance 4.2σ, labeled as the Yð4710Þ.
The mass and width of the Yð4710Þ are determined to be
M4710¼4704.0�52.3�69.5MeV=c2 andΓ4710 ¼ 183.2�
114.0� 96.1 MeV, respectively. If this structure is the
ψð5SÞ, the measured mass will be in favor of the linear
potential model predictions [57]. The structure of Yð4710Þ is

also in agreementwith the interpretationbased on theBABAR
[58,59] and Belle experiments [60].

The average Born cross section ratio
σBornðK0

SK
0
SJ=ψÞ

σBornðKþK−J=ψÞ
over

ffiffiffi
s

p ¼ 4.128–4.600 GeV is determined to be
0.388þ0.035

−0.028 � 0.016 based on an asymmetric Gaussian fit
of combined ratio likelihood simulations, where the stat-
istical uncertainty is obtained by the fit, and the common
items of the systematic uncertainties have been canceled.
The P-value for the ratio being greater than 0.5 is 0.0011
which indicates a 3.1σ significance isospin violation effect
in eþe− → KK̄J=ψ . When taking the three-body phase
space into consideration, the average Born cross section
ratio over

ffiffiffi
s

p ¼ 4.128–4.600 GeV becomes 0.426þ0.038
−0.031�

0.018, with a P-value of 0.0304 for the ratio being greater
than 0.5, which indicates an isospin violation effect in
eþe− → KK̄J=ψ with 1.9σ significance.
We do not see a significant Yð4500Þ contribution in the

measured cross sections of eþe− → K0
SK

0
SJ=ψ due to a lack

of data samples around 4.500 GeV. The maximum like-
lihood fit gives a statistical significance of the Yð4500Þ of
less than 1.4σ. Larger data samples are required to draw
clear conclusions about the existence of the Yð4500Þ and
Yð4710Þ states.
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