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Using data collected with the BESIII detector operating at the Beijing Electron Positron Collider, we
search for the process eþe− → ηcηπ

þπ−. The search is performed using five large datasets recorded at
center-of-mass energies of 4.23, 4.26, 4.36, 4.42, and 4.60 GeV. The ηc meson is reconstructed in 16
exclusive decay modes. No signal is observed in the ηc mass region at any center-of-mass energy. The
upper limits on the reaction cross sections are determined to be 6.2, 10.8, 27.6, 22.6 and 23.7 pb at the
90% confidence level at the center-of-mass energies listed above.

DOI: 10.1103/PhysRevD.103.032004

aAlso at Bogazici University, 34342 Istanbul, Turkey.
bAlso at the Moscow Institute of Physics and Technology, Moscow 141700, Russia.
cAlso at the Functional Electronics Laboratory, Tomsk State University, Tomsk, 634050, Russia.
dAlso at the Novosibirsk State University, Novosibirsk, 630090, Russia.
eAlso at the NRC “Kurchatov Institute”, PNPI, 188300, Gatchina, Russia.
fAlso at Istanbul Arel University, 34295 Istanbul, Turkey.
gAlso at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany.
hAlso at Key Laboratory for Particle Physics, Astrophysics and Cosmology, Ministry of Education; Shanghai Key Laboratory for

Particle Physics and Cosmology; Institute of Nuclear and Particle Physics, Shanghai 200240, People’s Republic of China.
iAlso at Government College Women University, Sialkot—51310. Punjab, Pakistan.
jAlso at Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) and Institute of Modern Physics, Fudan University,

Shanghai 200443, People’s Republic of China.
kAlso at Harvard University, Department of Physics, Cambridge, Massachusetts 02138, USA.
lAlso at State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, People’s Republic of China.

Published by the American Physical Society under the terms of the Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI. Funded
by SCOAP3.

SEARCH FOR THE REACTION CHANNEL eþe− → ηcηπ
þπ− … PHYS. REV. D 103, 032004 (2021)

032004-3

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.032004&domain=pdf&date_stamp=2021-02-16
https://doi.org/10.1103/PhysRevD.103.032004
https://doi.org/10.1103/PhysRevD.103.032004
https://doi.org/10.1103/PhysRevD.103.032004
https://doi.org/10.1103/PhysRevD.103.032004
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


I. INTRODUCTION

The BESIII Collaboration has reported a charmonium-
like state Zcð3900Þ� decaying into J=ψπ� in the reaction
eþe− → J=ψπþπ− at

ffiffiffi
s

p ¼ 4.26 GeV [1]. This resonance
was also observed by the Belle experiment [2] and
confirmed using CLEO-c data [3]. In the CLEO-c dataset,
evidence was found for the neutral state Zcð3900Þ0 in
eþe− → J=ψπ0π0 [3], which was later also observed by
BESIII [4]. The Zcð3900Þ cannot be explained as a
conventional meson, because of its decay to charmonia
and the existence of its charged state.
An enhancement in the DD̄� system at a mass of

3890.3 MeV=c2 has been observed in the reaction channel
eþe− → πþðDD̄�Þ− at a center-of-mass energy of 4.26GeV,
which may be identified as the Zcð3900Þ� [5]. Because of
the observation of this second decay, interpretations favor
the resonance to be either a tetraquark state or a D-meson
molecule [6]. In addition, a further charged resonance
Zcð4020Þ� was found in the subsystem hcπ� of the reaction
eþe− → hcπþπ−, also at a center-of-mass energy of
4.26 GeV, closely followed by the discovery of its isospin
partner the Zcð4020Þ0 [7,8]. Furthermore, structures whose
poles are compatible with the Zcð4020Þ have been observed
by the BESIII Collaboration in the reactions eþe− →
πþðD�D̄�Þ− and eþe− → π0ðD�D̄�Þ0 [9,10].
The observations of the isospin triplets Zcð3900Þ

decaying to J=ψπ and Zcð4020Þ decaying to hcπ suggest
the possibility of an unobserved triplet of Z�;0

c states
decaying to ηcπ

�;0 and an isospin-singlet state decaying
to ηcη. Reference [11] predicts a tetraquark state in the mass
region of 3.7 to 3.9 GeV with JPC ¼ 0þþ that would satisfy
this latter hypothesis. The observation of this resonance
would, therefore, add important information to the puzzle
of new states and would improve the understanding of their
internal structure.
We search for the reaction eþe− → ηcηπ

þπ−, as any
events observed for this process will allow for studies of
possible resonant structure in the ηcη subsystem. The ππ
system must have a relative angular momentum of L ¼ 1 to
conserve C-parity. It is expected that this pion decay
proceeds mainly via the ρ resonance (vector dominance
model). This leads to suppression of the decay channel due
to isospin conservation and, in addition, a limited phase
space below center-of-mass energies of 4.3 GeV. Any
observed events will also allow for studies of possible
resonant substructures in the ηcπ

� subsystem.

II. DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [12] is located at the BEPCII
double-ring eþe− collider. The detector consists of a
helium-based multilayer drift chamber (MDC) with a
momentum resolution of 0.5% for charged particles with

a transverse momentum of 1 GeV=c, a plastic scintillator
based time-of-flight (TOF) system with a time resolution of
68 ps in the barrel and 110 ps in the end caps, a CsI(Tl)
electromagnetic calorimeter (EMC) with energy resolutions
of 2.5% and 5.0% for 1 GeV photons in the barrel and end
caps respectively, and a multilayer resistive-plate chamber
muon-detection system. The BESIII detector operates in a
1 T magnetic field provided by a superconducting solenoid
and has a geometrical acceptance of 93%.
To optimize selection criteria, estimate detector resolution

and reconstruction efficiency, Monte Carlo (MC) simula-
tions are used. The simulation of theBESIII detector is based
on GEANT4 [13] which models the interaction of particles
with the detector material. The initial interaction of the eþe−
system is modeled with KKMC [14] generator which also
handles initial-state radiation. Subsequent particle decays
are generated with EvtGen [15]. The generation of final-state
radiation is handled by PHOTOS [16]. In the simulations the
signal reaction channel eþe− → ηcηπ

þπ− is generated
according to a phase-space distribution. The ηc is recon-
structed in the following 16 decay modes: πþπ−KþK−,
2ðKþK−Þ, 2ðπþπ−Þ, 3ðπþπ−Þ, K0

SK
�π∓, K0

SK
�π∓πþπ−,

KþK−π0, KþK−η, πþπ−η, πþπ−π0π0, 2ðπþπ−Þη,
2ðπþπ−π0Þ, KþK−2ðπþπ−Þ, pp̄, pp̄π0 and pp̄πþπ−. The
branching ratios for these decays are taken from Ref. [17].
The branching ratios of the decays π0 → γγ, η → γγ, and
K0

S → πþπ− are taken from the Particle Data Group (PDG)
[18]. For the optimization of the suppression of background
reactions various simulated datasets are used, e.g., samples
containing light quark and open charm and charmonium
final states as well as eþe− or μþμ− MC samples.

III. DATA ANALYSIS

The search for the reaction is performed at five different
center-of-mass energies. The integrated luminosity of these
datasets is given in Table I. During event reconstruction, the
charged tracks are required to have a point of closest
approach to the interaction point within a cylinder with a
radius of Vxy ¼ 1 cm in the x-y plane and a length of Vz ¼
�10 cm along the beam axis. In addition, the polar angle
with respect to the beam axis has to be in the acceptance of
the MDC, corresponding to j cosðθÞj < 0.93. For tracks

TABLE I. Integrated luminosity of the used data samples and
sum over all ηc final states of the products of the efficiencies and
branching ratios at the different center-of-mass energies. The
center-of-mass energies are taken from Ref. [19].
ffiffiffi
s

p
[MeV] Luminosity [pb−1]

P
16
X¼1 εtot;XBðηc → XÞ [%]

4225.54� 0.65 1091.7 2.07
4257.43� 0.66 825.7 2.10
4358.26� 0.62 539.8 2.23
4415.58� 0.64 1073.6 2.27
4599.53� 0.76 566.9 2.39
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originating from the decay of long lived particles like theK0
S

meson, theVxy requirement is omittedwhileVz is increased to
�20 cm. For each event, the net charge of all reconstructed
tracks has to be zero. For particle identification, the joint
probability from the energy loss in theMDC and the time-of-
flight information of the TOF system is calculated for each
particle species (π, K, p) and compared for the selection.
Photons are reconstructed from clusters in the EMC. To
suppress noise in the EMC, the reconstructed photon energy
has to be larger than 25MeV for jcosðθÞj<0.80 and 50MeV
for 0.84< jcosðθÞj<0.92. Furthermore, the time difference
between the event-start time and the EMC timing information
has to be 0 ns ≤ tEMC ≤ 700 ns. To suppress clusters formed
by split-off photons from charged particle tracks, the angle
between a cluster in the EMC and the closest charged track
has to be at least 10°. The number of reconstructed photons
has to be at least equal to the number of photons expected for
the final state in question.
π0 and η mesons are reconstructed from combinations of

photonpairs. To selectπ0 candidates, the invariantmass of two
photons must satisfy 110 MeV=c2 ≤ mγγ ≤ 150 MeV=c2

while for η candidates the invariant mass has to be in range
500 MeV=c2 ≤ mγγ ≤ 570 MeV=c2. Candidate K0

S mesons
are reconstructed by applying a vertex fit to all pairs of
oppositely charged particles assuming a pion hypothesis, but
requiring no particle identification criteria. For these pairs the
decay length L and its uncertainty σL are calculated from the
decay vertex and the primary vertex position. The pair is kept

as a K0
S candidate if the χ

2
K0

S
of the fit is smaller than 100. In

addition, the decay length of the K0
S candidate has to satisfy

L=σL > 2. Finally, the invariant mass of the pion pair must lie
within 15 MeV=c2 of the nominal K0

S mass.
A vertex fit is applied to events passing these criteria,

excluding the tracks originating from K0
S candidates. In the

cases that the vertex fit converges, a kinematic fit is
performed to improve the momentum resolution. The fit
is constrained by the initial four-momentum of the eþe−

pair and a mass constraint on the ηmass. If the final state of
the ηc contains additional π0, η or K0

S mesons, mass
constraints are applied on the invariant masses of their
daughter particles as well. The selection criteria on the χ2

value from the kinematic fit is used to suppress poorly
reconstructed events and is chosen for each final state to
retain 90% of the signal events. The kinematic fit is not able
to discriminate between pions from the initial reaction and
pions from the subsequent ηc decay as the total four-
momentum is identical for these two hypotheses. This can
lead to multiple candidates per event for the whole
reconstruction, with each candidate having the same χ2.
In these cases all candidates are kept for further analysis. It
was checked with signal MC datasets that these candidates
which have the wrong assignment do not contribute to the
signal yield as they form a smooth background distribution.
Also all other background distributions show a smooth
behaviour at the signal region.
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FIG. 1. Result of the simultaneous fit to 16 ηc decay modes. Shown is the sum of all modes at
ffiffiffi
s

p
of 4.23 GeV (a), 4.26 GeV (b),

4.36 GeV (c), 4.42 GeV (d), and 4.60 GeV (e). Black points are data, blue line is the sum of the fitting functions.
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IV. CROSS SECTION AND UPPER-LIMIT
DETERMINATION

To determine the total event yield of the reaction channel
eþe− → ηcηπ

þπ− a simultaneous extended unbinned maxi-
mum-likelihood fit is performed on the invariant-mass
distribution m of the ηc candidates for all ηc decay modes.
The fit function ffit is given by

ffitðmjns; nb; anÞ

¼ nsBðmjμPDGηc ;Γ PDG
ηc Þ ⊗ Gðmjμ; σÞ þ nb

Xn
k¼1

akTkðmÞ

for each ηc decay mode separately. The signal shape for
each decay mode is described by a Breit-Wigner function
B, whose parameters are fixed to the nominal mass μPDGηc

and width ΓPDG
ηc of the ηc meson from the PDG [18]. This

function is convolved with a Gaussian function G with
mean μ and standard deviation σ to account for the detector
resolution, which is extracted from signal MC simulation.
The number of background events (combinatorial and
physical), nb, for each ηc decay mode is determined
simultaneously in the fit. For the majority of ηc decay
modes the background is described by a nth-order
Chebychev polynomial function where the single terms
Tk are weighted by the coefficients ak. For certain decay
modes (ηc → pp̄, KþK−η, KþK−π0 and K0

SK
�π∓) it is

found that an exponential background function provides a
better description of the background distribution. The
number of signal events, ns, in each ηc decay mode is
related to the cross section σ via the relation

ns ¼ εtot;XBðηc → XÞBðη → γγÞLσ

where L is the integrated luminosity, Bðηc → XÞ the
branching ratio of ηc decaying to X, and εtot;X the
corresponding reconstruction efficiency, which is obtained
by fitting the reconstructed ηc invariant-mass distribution
from signal MC simulation. Table I shows the sum over all

TABLE II. Observed cross section σ and upper limits (ULs) for
the reaction eþe− → ηcηπ

þπ− at the five center-of-mass energies.
UL after all corrections includes the systematic uncertainties plus
ISR and vacuum polarization correction.

Ec:m:
[GeV] σ [pb] UL [pb]

UL with
systematic
uncertainties

[pb]

UL after all
correction

[pb]

4.23 −5.39þ3.15
−2.83 3.5 4.2 6.2

4.26 −0.98þ4.11
−3.53 6.8 7.3 10.8

4.36 8.59þ6.72
−6.03 17.9 18.5 27.6

4.42 3.07þ5.36
−5.12 11.2 15.2 22.6

4.60 3.16þ6.91
−6.51 14.1 15.9 23.7
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FIG. 2. Likelihood curves convoluted with the Gaussian function representing the systematic uncertainties as a function of the cross
section at

ffiffiffi
s

p
of 4.23 GeV (a), 4.26 GeV (b), 4.36 GeV (c), 4.42 GeV (d), and 4.60 GeV (e). The interval corresponding to the upper

limit at 90% confidence level is indicated as gray area.
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ηc final states of the products of the efficiency and
branching ratios. The invariant-mass distribution summed
over all decay modes is shown in Fig. 1 together with the
sum of the fitting curves. The resulting values for
the observed cross section can be found in Table II. The
uncertainties are purely statistical and obtained by a like-
lihood scan using the MINOS tool [20].
As no significant signal is observed, an upper limit on the

cross section is calculated. For this calculation a Bayesian
approach is used. For the prior distribution πðσÞ, we assume
that it is zero for negative values of the cross section and
follows a flat distribution otherwise. With this assumption
the upper limit is given by

CðσupÞ ¼
R
σup
−∞ LðσÞπðσÞdσR
∞
−∞ LðσÞπðσÞdσ ¼

R
σup
0 LðσÞdσR
∞
0 LðσÞdσ ;

where L is the likelihood function of the simultaneous fit as
depicted in Fig. 2. The derived upper limits at 90% con-
fidence level can also be found in Table II.

V. SYSTEMATIC UNCERTAINTIES

There are several sources of possible systematic bias in
the analysis, for which uncertainties are assigned. These
originate in discrepancies in the detector description
between MC simulation and data, the knowledge of the
ηc branching ratios, the knowledge of the resonance
parameters of the ηc, the kinematic fit, and the background
model and fit range used in the simultaneous fit. The
systematic uncertainties are summarized in Table III.
The uncertainty associated with the understanding of the

track reconstruction in the MDC is studied with the decays
J=ψ → pp̄πþπ− and J=ψ → ρπ and is found to be 1% per
charged track [21]. An additional 1% per track is applied to
account for the knowledge of the particle identification
performance [22]. The systematic uncertainty on the
photon detection is estimated using the control samples
ψð3680Þ → πþπ−J=ψ with J=ψ → ρ0π0 and is determined

to be smaller than 1% for each photon [23]. The systematic
uncertainty on the K0

S reconstruction is estimated to be
1.2% using the control samples J=ψ → K�ð892Þ�K∓ with
K�ð892Þ� → K0

Sπ
� and J=ψ → ϕK0

SK
�π∓ [24]. The sys-

tematic uncertainty associated with π0 and η reconstruction
is estimated to be 1% per π0=η, following the studies
reported in Ref. [25] using the control samples J=ψ →
πþπ−π0 and J=ψ → ηpp̄. The influence of these uncer-
tainties on the cross section extracted from the simulta-
neous fit is estimated by multiplying the reconstruction
efficiency of each ηc final-state X with a correction factor
αX, which is given by

αX ¼ ðκTÞnT ðκγÞnγ ðκπ0=ηÞnπ0=ηðκK0
S
ÞnK0S :

Each κY (with Y ¼ T for tracks, γ for photons, π0=η and K0
S

for the reconstructed mesons) follows a Gaussian distribu-
tion centered at one and a width set to the corresponding
uncertainty, while nY is the number of tracks, photons, etc.
in each final-state X. The simultaneous fit is performed
1000 times while changing the values for κY for each fit.
The width of the resulting distribution normalized to the
extracted cross section is taken as the systematic uncer-
tainty of the reconstruction efficiency.
The ηc branching ratios entering the simultaneous fit are

derived from the BESIII measurement in Ref. [17], using
the following relation:

Bðηc → XÞ ¼ Bðψð3680Þ → π0hc; hc → γηc; ηc → XÞ
Bðψð3680Þ → π0hc; hc → γηcÞ

:

Here the branching ratio Bðψð3680Þ → π0hc; hc → γηcÞ is
obtained by combining two measurements performed by
BESIII [26] and CLEO [27]. To estimate the systematic
uncertainty of the branching ratios for the ηc final states a
random number is drawn from a Gaussian distribution
whose width is set to the total uncertainty of the combined
measurement of the common denominator, and one for
each of the 16 modes in the numerator separately. The
simultaneous fit is performed again with the updated
branching ratios. This is repeated 1000 times and the
width of the obtained cross-section distribution normalized
to the extracted cross section is taken as systematic
uncertainty.
During the simultaneous fit the mean and width of the

signal Breit-Wigner distributions are fixed to the values
given by the PDG [18]. To account for the uncertainties on
these values, 1000 fits are performed in which new values
for the mean and width of the ηc are randomly generated
from two independent Gaussian probability distributions,
with the parameters of these distributions set according
to the central values and uncertainties of the PDG.
The standard deviations of the resulting cross-section

TABLE III. Total systematic uncertainty at the studied center-
of-mass energies.

Source σ4.23 GeV
sys σ4.26 GeV

sys σ4.36 GeV
sys σ4.42 GeV

sys σ4.60 GeV
sys

Fit range [pb] 0.23 0.57 0.79 0.51 0.05
Background
shape [pb]

1.53 1.43 0.48 5.59 3.97

ηc parameters [pb] 0.15 0.06 0.16 0.05 0.05
ηc branching
ratio [%]

21.6 62.6 18.0 50.2 39.6

Reconstruction
efficiency [%]

12.8 23.5 11.3 12.0 13.8

Kinematic fit [pb] 0.03 0.03 0.11 0.02 0.03
Luminosity [%] 1.0 1.0 1.0 1.0 1.0
Total [pb] 2.05 1.67 2.04 5.83 4.19
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distributions are assigned as a systematic uncertainty in the
measurement.
To improve the agreement of the χ2 distribution of the

kinematic fit between signal MC and data, the helix
parameters of the charged tracks are smeared using the
decay J=ψ → ϕf0ð980Þ. The systematic uncertainty asso-
ciated with the kinematic fit is estimated by switching off
this correction, repeating the simultaneous fit and assigning
the difference in the cross sections as the uncertainty.
The influence of the mass range over which the fit is

performed is studied by narrowing and increasing the range
of the fit by 5 MeV=c2. The systematic uncertainty is
calculated by taking the maximum difference of the
nominal fit value and the values obtained by varying the
fit range.
The systematic uncertainty associated with the descrip-

tion of the background shape is estimated by increasing the
order of the Chebychev polynomials by one. For those
cases where the baseline description of the background is
an exponential function, this is replaced by a second-order
Chebychev polynomial. The difference between the cross
section obtained with the new fit and that with the nominal
background model is taken as the systematic uncertainty.
The integrated luminosity is determined by using

Bhabha events. The systematic uncertainty of the lumi-
nosity measurement has been studied in Ref. [28] and a
relative uncertainty of 1% is assigned for each center-of-
mass energy.
To include the systematic uncertainties into the calcu-

lation of the upper limits, the likelihood is folded with a
Gaussian distribution with a width set to the size of the
systematic uncertainties

LsysðσÞ ¼
Z

∞

−∞
Lðσ0Þ ·Gðσ0jσ; σsysÞdσ0:

The likelihood graphs from this procedure are shown in
Fig. 2. The upper limits for the observed cross sections
including the systematic uncertainty are listed in Table II.
To obtain upper limits for the Born cross sections σBorn,

the observed cross sections have to be corrected for initial-
state radiation (ISR) and vacuum polarization. The equa-
tion for the number of signal events in each ηc decay mode
then reads

ns ¼ εX;totBðηc → XÞBðη → γγÞLδISRδvpσBorn;

where εX;tot is the total efficiency for final-state X, L is the
integrated luminosity, δISR and δvp are the correction factors
for initial-state radiation and vacuum polarization, respec-
tively. The ISR correction factor is given by

δISR ¼
Z

σðxÞ
σ0

εðxÞ
ε0

WðxÞdx:

Here x is the fraction of the beam energy carried away by
the ISR photon, εðxÞ the corresponding reconstruction
efficiency, σðxÞ is the line shape of a single resonance,
which is assumed to have Breit-Wigner shape in the
calculations, and σ0 and ε0 are their counterparts in the
absence of initial-state radiation. WðxÞ is the so-called
radiator function [29]. The value of δISR has a strong
dependence on the parameters of the Breit-Wigner line
shape, with the correction being largest for narrow
resonances. As no resonances are observed, we make
the conservative assumption that any resonance present
has a width of 10 MeV=c2 which is well below the
measured parameters of, for example, the Y(4260). For
the determination of the upper limit the most conservative
approach is taken by assuming this small resonance is
located such that the correction factor is largest. The
value of δISR is estimated to be 0.64, independent of the
collision energy and the ηc final state. This is shown in
Table IV, together with the values of δvp, which are
energy dependent and calculated with alphaQED [30].
The upper limits for the Born cross section are given in
the right column of Table II.

VI. SUMMARY AND RESULTS

We perform a search for the process eþe− → ηcηπ
þπ−

at
ffiffiffi
s

p ¼ 4.23, 4.26, 4.36, 4.42, and 4.60 GeV with data
collected by the BESIII detector. The cross section at
each center-of-mass energy is determined by a simulta-
neous fit to the invariant mass of the ηc meson for 16
decay modes. The observed cross sections are determined
to be

σ4.23 GeV ¼ −5.39þ3.15
−2.83 � 2.05 pb

σ4.26 GeV ¼ −0.98þ4.11
−3.53 � 1.67 pb

σ4.36 GeV ¼ 8.59þ6.72
−6.03 � 2.04 pb

σ4.42 GeV ¼ 3.07þ5.36
−5.12 � 5.83 pb

σ4.60 GeV ¼ 3.16þ6.91
−6.51 � 4.19 pb:

where the first uncertainty is statistical, and the second
systematic. As no significant signal is observed, upper
limits on the Born cross sections are determined to be

TABLE IV. Values for the vacuum polarization and ISR
corrections for the different datasets. Calculations of the vacuum
polarization correction are based on alphaQED [30].

Ec:m: [GeV] δvp δISR

4.23 1.056 0.64
4.26 1.054 0.64
4.36 1.051 0.64
4.42 1.053 0.64
4.60 1.055 0.64
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σup4.23GeV ¼ 6.2 pb σup4.26GeV ¼ 10.8 pb

σup4.36GeV ¼ 27.6 pb σup4.42GeV ¼ 22.6 pb

σup4.60GeV ¼ 23.7 pb

at the 90% confidence level. These upper limits are of the
same order of magnitude as the measured cross sections of
the processes eþe− → J=ψπþπ− and eþe− → hcπþπ−
[7,31]. As no significant eþe− → ηcηπ

þπ− signal is seen
in the current dataset it is not yet possible to conclude about
possible resonant structures in the final-state subsystems.
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