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We measure the Born cross section for the reaction eþe− → ηhc from
ffiffiffi
s

p ¼ 4.129 to 4.600 GeV using
datasets collected by the BESIII detector running at the BEPCII collider. A resonant structure in the cross-
section line shape near 4.200 GeV is observed with a statistical significance of 7σ. The parameters of this
resonance are measured to be M ¼ 4188.8� 4.7� 8.0 MeV=c2 and Γ ¼ 49� 16� 19 MeV, where the
first uncertainties are statistical and the second systematic.
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In recent years, several new vector resonances, including
the ψð4230Þ, ψð4360Þ, and ψð4660Þ, have been observed
in the charmonium region at B-factories and τ-charm
factories [1–3]. While the potential models [4] can accom-
modate the ψð4040Þ, ψð4160Þ, and ψð4415Þ, the new states
appear to be supernumerary. These vector states, also
known as YðmÞ, will be referred to as ψðmÞ throughout
this paper. Several models have been proposed to explain
them as exotic non-cc̄ mesons [5–9]. The nature of the first
observed vector charmoniumlike state, the ψð4230Þ is still
mysterious. It is regarded as a good candidate for a hybrid
state because its mass is close to the vector hybrid state
predicted by lattice QCD [10] and also because of its small
electronic width [11,12] and decay pattern [13]. But it is
also interpreted as a conventional charmonium [14–16],
hadronic molecule [17,18], nonresonant enhancement [19].
More experimental measurements are valuable to elucidate
the nature of the ψð4230Þ.
Recently, BESIII precisely measured the cross sections

for eþe− → πþπ−J=ψ [20] and eþe− → πþπ−hc [21],
observing a double-resonance structure in both pro-
cesses. Following these studies, BESIII explored various
other processes, including eþe− → KK̄J=ψ [22,23],
πþπ−ψð3686Þ [24], ηJ=ψ [25], ωχc0 [26], πþD0D�− [27],
and D�þ

s D�−
s [28], to search for vector charmonium(like)

states through their production cross sections. Although
similar resonant structures around 4.2 GeV were observed
across these processes, the measured resonant parameters
varied depending on the process. This discrepancy could be

attributed to coupled-channel effects, interferences between
different resonances, and parametrizations of cross-section
line shapes. Therefore, a more integrated approach, such as
a coupled-channel analysis, is necessary to achieve a
consistent description of these states. Measuring more
decay modes of ψð4230Þ is crucial for such a study, as
including a wide range of channels can enhance the
predictive power of coupled-channel models.
Studying transitions from vector states to the hc meson is

intriguing because a strong coupling to hc suggests a hybrid
state with a cc̄ pair in a spin-singlet configuration [29]. The
process eþe− → ηhc was first observed at

ffiffiffi
s

p ¼ 4.226 GeV
by BESIII using 2012–2014 data [30], hinting at a structure
around 4.200 GeV. Recently, BESIII collected more data
at c.m. energies from 4.129 to 4.600 GeV. In this paper, we
use these new datasets to update the study of eþe− → ηhc
with hc → γηc and η → γγ, significantly improving our
cross-section measurement. The total integrated luminosity
is measured to be ∼15 fb−1 using large-angle Bhabha
scattering events with an uncertainty of 1.0% [31], and the
c.m. energies are measured using the dimuon process [32].
The BESIII detector is described in detail elsewhere [33].

The determination of the detection efficiency and estimation
of physics backgrounds are carried out with Monte Carlo
(MC) samples. Geant4-based [34,35] detector simulation
software is used to model the detector response. The signal
MC events are simulated for each decay mode of the ηc
meson with KKMC [36] and BesEvtGen [37], in which the line
shape of the ηc is modeled according to a Breit-Wigner (BW)
function. The eþe− → ηhc process is assumed to be domi-
nated by the S wave, and the E1 transition hc → γηc is
simulated using a dedicated helicity formalism [38]. In order
to study potential backgrounds, inclusive MC samples are
simulated at each c.m. energy with KKMC.
In this measurement, we reconstruct all the particles in

the final state, including the bachelor η in eþe− → ηhc, the
photon in the E1 transition hc → γηc, and ηc, which is
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reconstructed with sixteen hadronic final states with a total
branching fraction of about 40%: pp̄, 2ðπþπ−Þ, 2ðKþK−Þ,
KþK−πþπ−, pp̄πþπ−, 3ðπþπ−Þ,KþK−2ðπþπ−Þ,KþK−π0,
pp̄π0, K0

SK
�π∓, K0

SK
�π∓π�π∓, πþπ−η, KþK−η,

2ðπþπ−Þη, πþπ−π0π0, and 2ðπþπ−Þπ0π0. The η=π0 candi-
dates are reconstructed using two photons and the K0

S
candidates are reconstructed via the πþπ− decay channel.
For the selected candidates, we apply a fit to the distribution
of the η recoil mass to obtain the ηhc signal yield.
The selection criteria for charged tracks and photon

candidates as well as the π0, η and K0
S reconstruction are

described in Ref. [30]. After that, a four-constraint (4C)
kinematic fit is performed for each event imposing overall
energy-momentum conservation, and the χ24C is required
to be below a certain threshold to suppress background
events. The best candidates of π0, η and K0

S as well as the
particle identification (PID) assignments of charged tracks
in an event are determined by minimizing χ2 ≡ χ24C þ
χ21C þ χ2PID þ χ2vertex, where χ21C is the overall χ2 of the 1C fit
for all π0 and η candidates, χ2PID is the sum over all charged
tracks of the χ2 of the PID hypotheses, and χ2vertex is the χ2

of the K0
S secondary-vertex fit. If there is no π0 (K0

S) in an
event, the corresponding χ21C (χ2vertex) is set to zero. If
multiple η candidates are found with recoil masses within
the hc preselection signal region of ½3.40; 3.65� GeV=c2,
the candidate with a mass closest to the known ηc mass is
selected as the daughter particle of ηc.
The requirements on χ24C and the mass windows for the η

and ηc selections are determined by maximizing a figure of
merit, which is defined as S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
. Here, S and B are

the signal and background yields, respectively. The opti-
mization was performed using the combined size of
four samples with high integrated luminosity taken atffiffiffi
s

p ¼ 4.179, 4.189, 4.199, and 4.209 GeV.
After applying all the above criteria and using a hc mass

window of ½3.510; 3.540� GeV=c2, a clear ηc signal is
observed in the invariant mass spectrum of hadrons in the
data sample taken at

ffiffiffi
s

p ¼ 4.179 GeV, which is shown in
the left panel of Fig. 1. A clear hc signal is also seen in the η
recoil mass distribution when applying a mass window of
½2.944; 3.024� GeV=c2 to the invariant mass distribution of
hadrons from ηc decay, as shown in the right panel of Fig. 1.
The two-dimensional distributions of η recoil mass versus
the invariant mass spectrum of hadrons are shown in the
Supplemental Material [39].
In the η recoil mass spectra, as depicted in Fig. 1 (right),

no peaking structures are observed within the ηc side-
bands, which are delineated as ½2.870; 2.910� GeV=c2 and
½3.050; 3.090� GeV=c2, as demonstrated in Fig. 1 (left).
Likewise, the hadronic invariant mass spectrum resulting
from ηc decay within the hc sidebands, specified as
½3.490; 3.505� GeV=c2 and ½3.545; 3.560� GeV=c2, exhib-
its no peak formations, as illustrated in Fig. 1 (left). In addi-
tion, inclusive MC samples simulated at

ffiffiffi
s

p ¼ 4.179 GeV

are analyzed with the same event selection as applied to data
and the dominant background is found to be the continuum
processes. The contribution of other sources is negligible.
The comparison between data and the inclusive MC sample
is shown in Fig. 1 (right).
To obtain the hc yield, the sixteen η recoil mass

distributions are fitted simultaneously with an unbinned
maximum extended-likelihood method. In the fit, the signal
shape is determined by MC simulation, and the background
is described by an ARGUS function [40]. The kinematic
limit of the invariant mass distribution is set to be the same
for all channels and fixed according to simulation at each
c.m. energy. The total signal yield, Nsig, is the sum of the
yields from all the sixteen ηc decay channels. The signal
yield of the ith channel is set to be Nsig · fi, where fi is the
weight factor fi ¼ ϵiBi=

P
ϵiBi, Bi denotes the branching

fraction of ηc decays to the ith final state and ϵi is the
corresponding efficiency. The fraction of the background in
each mode is allowed to vary freely. The sum of the fit
results at

ffiffiffi
s

p ¼ 4.179 GeV is shown in Fig. 1 (right). We
bin the MrecoilðηÞ distribution and define a χ2-like quantity
based on the (unbinned) fit results to obtain an approximate
assessment of the goodness of fit, χ2=dof ¼ 43.8=46,
where dof are the degrees of freedom. The total signal
yield is 104� 16 with a statistical significance of 8.8σ,
which is obtained by comparing the change of the log-
likelihood value Δð− lnLÞ ¼ 39 and degrees of freedom
Δdof ¼ 1 with and without hc signal in the fit. Using
the same method, we also study the data samples taken at
other c.m. energies. Significant signals (∼5σ or above) are
observed at

ffiffiffi
s

p ¼ 4.179, 4.189, and 4.226 GeV, and
evidence (between 3σ and 5σ) is found at

ffiffiffi
s

p ¼ 4.209,
4.358 and 4.436 GeV.
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FIG. 1. Left: combined invariant mass distribution of the
sixteen hadronic final states forming the ηc meson in the hc
signal (dots with error bars) and sideband ranges (green shaded
histogram) at

ffiffiffi
s

p ¼ 4.179 GeV. The dashed red histogram
represents simulation results. Blue arrows indicate the ηc signal
region; red arrows indicate sidebands. Right: sum of simulta-
neous fits to the η recoil mass spectra for all sixteen ηc decay
modes at

ffiffiffi
s

p ¼ 4.179 GeV. Dots with error bars represent data.
The solid red line shows the total fit; dashed red and blue lines
show signal and background components. Green-shaded histo-
gram shows ηc sidebands. Dashed pink line is the background
from inclusive MC sample. Blue arrows define the hc signal
region; red arrows indicate sidebands.
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The Born and “dressed” cross sections are calculated by
the following formula:

σBorn ¼ σdressed

1
j1−Πj2

¼ Nsig

Lð1þ δÞ 1
j1−Πj2 BηBhcΣiϵiBi

; ð1Þ

where L is the integrated luminosity of the data sample
taken at each c.m. energy. The radiative correction factor
(1þ δ) at each c.m. energy is calculated iteratively [30].
The term 1

j1−Πj2 is the vacuum-polarization (VP) correction

factor and is calculated according to Ref. [41]. In addition,
Bη and Bhc are the branching fractions of the η → γγ and
hc → γηc decays, respectively, and ϵi is the efficiency
determined with MC simulation. The measured Born cross
sections and the quantities relevant to the calculation at all
c.m. energies are listed in the Supplemental Material [39].
The cross section of eþe− → ηhc from

ffiffiffi
s

p ¼ 4.129 to
4.600 GeV is parametrized as σdressedðsÞ ¼ jBW1ðsÞ þ
BW2ðsÞeiϕj2 þ jBW3ðsÞj2. The relativistic BW amplitude
for a resonance Y → ηhc in the fit is written as

BWðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeeΓtotBðY → ηhcÞ

p
s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PSð ffiffiffi

s
p Þ

PSðMÞ

s
; ð2Þ

whereM, Γtot, Γee, andBðY → ηhcÞ are themass, full width,
electronic partial width, and branching fraction of the cor-
responding resonance, respectively, and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PSð ffiffiffi

s
p Þ=PSðMÞ

p
is the two-bodyphase space factor [42]. It is important to note
that the definition of Γee includes vacuum polarization
effects. Consequently, the dressed cross sections are fitted
rather than theBorn cross sections.Amaximum likelihood fit
is used to obtain the parameters of these three resonances. In
the fit, the parameters of the second BW function are fixed to
those of the ψð4360Þ due to the large uncertainty of the cross
section in this region, while the other two BW functions are
free. Our analysis is primarily concerned with the measure-
ment ofBW1. Consequently, the interference effects between
BW1 andBW3, aswell as betweenBW2 andBW3, have been
neglected in the nominal fit because of limited sample size in
the regions of the BW2 and BW3 resonances. There could be
multiple solutions in the fit due to interference between BW1

andBW2, butwevary the initial values ofϕ and only find one
solution.
The fit results are shown in Fig. 2 and the fitted parameters

of the BW functions are listed in Table I. The statistical
significance of the first resonance is calculated to be 8σ,
which is obtained by comparing the change of the log-
likelihood value Δð− lnLÞ ¼ 41 and degrees of freedom
Δdof ¼ 4 with and without this resonance in the fit.
To check the fit stability of the first resonance, we also

use many different parametrizations, including changing
the second resonant parameters to different hypotheses:
ψð4320Þ [20], ψð4380Þ [24], ψð4390Þ [21] and removing
the second resonance in the model. In addition, we also use

the sum of a BW function and phase space shape to fit the
cross section line shape and use a model that takes
the interference between all three resonances into account.
The comparison of the fitted line shapes of c.m. energy-
dependent cross sections are shown in Supplemental
Material [39]. The choice of the fit model leads to the
dominant systematic uncertainties on the mass and width
parameters. The significance of the first resonance remains
above 7σ in all of the alternative fits.
The systematic uncertainties for the measured Born cross

sections are determined as follows. The integrated lumi-
nosity is measured using Bhabha events, with an uncer-
tainty of 1.0% [31]. To estimate the uncertainty due to the
data/MC mass resolution difference in the fit to the recoil
mass of η, the simulated signal shape is shifted and
convolved with a Gaussian function to match the shape
in the data. The parameters of the Gaussian function are
obtained by a control sample of eþe− → ηJ=ψ . The
average change of the cross section with and without this
correction among all the datasets is taken as the common
systematic uncertainty. To estimate the uncertainty due to
the background shape, a second-order Chebyshev function
instead of the ARGUS function is used as an alternative

FIG. 2. Result of the nominal fit to the
ffiffiffi
s

p
-dependent cross

section σdressedðeþe− → ηhcÞ with two coherent BW functions
and one independent BW function. Dots with error bars are data,
and the red solid curve shows the fit with three resonances. The
dashed curves show the interference between BW1 and BW2.

TABLE I. Results of the fit to the distribution of
σdressedðeþe− → ηhcÞ for the first resonance. Here, M and
Γtot are the mass and the total width of the resonance. ΓeeB
is the product of the eþe− partial width and branching fraction
of Y → ηhc. The first uncertainties are statistical and the
second systematic.

ΓeeB (eV) M (MeV=c2) Γtot (MeV)

0.80� 0.19� 0.45 4188.8� 4.7� 8.0 49� 16� 19
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model. The average fit result difference between these two
background shapes in all datsets is adopted as the system-
atic uncertainty. The systematic uncertainty from the fit
range is determined by varying the fit range within 20 MeV
of the nominal range and reperforming the fit, and the
average difference from the nominal result among all
datasets is taken as the systematic uncertainty. The branch-
ing fraction of hc → γηc is taken from Ref. [43], and its
uncertainty, which is 15.7%, will propagate to the cross-
section measurement. The ISR correction factor at a given
c.m. energy is determined using the cross-section line
shape from the threshold to the c.m. energy of interest.
The nominal energy-dependent cross section is parame-
trized with the sum of three BW functions as shown in
Fig. 2. The uncertainty of the line shape is estimated by
using different models as discussed in the fit to the c.m.
energy-dependent cross section. The line shape of the cross
section also affects the efficiency. To consider this effect,
we use the method introduced in Ref. [30]. To investigate
the uncertainty due to the vacuum polarization factor, we
use two available VP parametrizations [41,44]. The differ-
ence between them is 0.3% and is taken as the systematic
uncertainty. In the simultaneous fit to the η recoil mass
distributions, ϵiBi is used to constrain the weights between
different ηc decay modes, so the uncertainty from ϵiBi
will affect the signal yield. To consider this issue, we use
the refitting method introduced in Ref. [30] to estimate
the uncertainty due to ϵiBi. The systematic uncertainties
related to efficiency including charged track, photon, K0

S,
π0 and η reconstruction, PID, kinematic fit, ηc tag and cross
feed are estimated with the same method as described in
Ref. [30]. The angular momentum between the η and hc
mesons is investigated with data. However, due to the
limited sample size, the data are compatible with both an
S- and a D-wave assumptions. The uncertainty is estimated
by comparing the efficiencies from the pure S-wave MC
and a mixture of S- and D-wave MC. The uncertainties
related to efficiency at

ffiffiffi
s

p ¼ 4.179 GeV are given in the
Supplemental Material [39].
The systematic uncertainties from different sources are

listed in Table II. All sources are treated as uncorrelated, so
the total systematic uncertainty is obtained by summing
them in quadrature. For the datasets without significant ηhc
signals, an upper limit on the cross section at the 90%
confidence level is obtained using a Bayesian method,
assuming a uniform prior density. The systematic uncer-
tainties are taken into account by convolving the proba-
bility density function of the measured cross section with a
Gaussian function [45].
The systematic uncertainties for the fit parameters to the

cross section line shape are described as follows. To
estimate the uncertainty arising from the fit model, we
use all the variations described in the fit to the c.m. energy-
dependent cross section. The largest deviation is taken as
the systematic uncertainty. The c.m. energies of all datasets

are measured using dimuon events with an uncertainty of
�1 MeV. The uncertainty of the c.m. energy measurement
will propagate to the mass of the resonances directly. The
uncertainty due to the beam energy spread is found to be
negligible. The systematic uncertainty for the cross-section
measurements can be classified into two categories: the
uncertainties due to the fit, which are dataset independent
and the remaining uncertainties, which are treated as
correlated among all datasets. The dataset-independent
uncertainties are studied by changing the configuration
in the fit to the η recoil mass. We vary the signal shape,
background shape and fit range for each dataset as
discussed before and then redo the fit to these alternatively
measured cross sections, and the largest deviations of the
fitted parameters of BW1ðsÞ are taken as the systematic
uncertainties. The correlated set of uncertainties would not
affect the mass and width of each resonance but will
propagate to the product ΓY

eeB by the same amount. The
average of the correlated systematic uncertainty for ΓY

eeB is
19%. Table III summarizes the uncertainties of parameters
for the resonance around

ffiffiffi
s

p ¼ 4.200 GeV from the c.m.
energy-dependent cross sections.
In summary, the eþe− → ηhc process is studied with the

data samples taken at c.m. energies from 4.129 to
4.600 GeV. The corresponding Born cross sections or
upper limits of Born cross sections at each c.m. energy
are obtained. In the cross-section lineshape, a resonant
structure near 4.200 GeV is observed with a statistical

TABLE II. Relative systematic uncertainties on σBornðeþe− →
ηhcÞ (in %) at

ffiffiffi
s

p ¼ 4.179 GeV.

Source Uncertainty of σBorn

Luminosity 1.0
Signal shape 1.4
Background shape 7.0
Fitting range 3.6
Bðhc → γηcÞBðη → γγÞ 15.7
ISR correction 1.9
VP correction 0.3
ΣiϵiBi 10.4

Total 20.6

TABLE III. Systematic uncertainties due to the fit of the cross-
section line shape.

ffiffiffi
s

p
refers to c.m. energy, σBeam stands for

beam energy spread, σdressedind and σdressedcor represent the dataset
independent and correlated uncertainties in the cross-section
measurements. ffiffiffi

s
p

σBeam Model σdressedind σdressedcor Sum

M1 (MeV=c2) 1.0 0.0 7.6 2.2 � � � 8.0

ΓY1
tot (MeV) � � � 0.1 17.3 8.2 � � � 19.2

ΓY1
eeB (eV) � � � 0.0 0.4 0.1 0.2 0.5
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significance of 7σ. The parameters of this resonance are
measured to be M ¼ 4188.8� 4.7� 8.0 MeV=c2 and
Γ ¼ 49� 16� 19 MeV. Here, the first uncertainties are
statistical, and the second systematic.
We compare the results from this study with those of the

ψð4230Þ from previous BESIII measurements [20–28], and
the world average values of the ψð4160Þ and ψð4230Þ [46]
as shown in Fig. 3. Our results are consistent with both the
parameters of ψð4160Þ and those of the state measured in
the eþe− → D�þ

s D�−
s process [28]. The mass measured in

this study is lower than that of ψð4230Þ reported in other
BESIII measurements [20–27], but the results are still
consistent within three standard deviations. The 1−− hybrid
charmonium state predicted by the BOEFT model [47] has
a mass of 4.15� 0.15 GeV, which is consistent with our
measurement. In addition, there is possible indication for
two resonant structures around

ffiffiffi
s

p ¼ 4.3 and 4.5 GeV. To
distinguish these resonance(s) in different processes, we
need not only more data but also more advanced tech-
nologies, such as coupled-channel K-matrix analysis,
which is currently an ongoing effort at BESIII.
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