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The cross sections of the process eþe− → ηJ=ψ at center-of-mass energies (
ffiffiffi
s

p
) between 3.81 and

4.60 GeV are measured with high precision by using data samples collected with the BESIII detector
operating at the BEPCII storage ring. Three structures are observed by analyzing the line shape of the
measured cross sections, and a maximum-likelihood fit including three resonances is performed by
assuming the lowest lying structure is the ψð4040Þ. For the other resonances, we obtain masses of
ð4218.6�3.8�2.5Þ and ð4382.0� 13.3� 1.7Þ MeV=c2 with corresponding widths of ð82.0� 5.7� 0.4Þ
and ð135.8� 60.8� 22.5Þ MeV, respectively, where the first uncertainties are statistical and the second
ones systematic. The measured resonant parameters are consistent with those of the Yð4220Þ and Yð4390Þ
from previous measurements of different final states. For the first time, we observe the decays of the
Yð4220Þ and Yð4390Þ into ηJ=ψ final states.
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In the past decades, a series of charmoniumlike states
with JPC ¼ 1−−, so-called Y states, were observed in eþe−
annihilation experiments. Besides three well-established
charmonium states observed in the inclusive hadronic
cross section [1], i.e., ψð4040Þ, ψð4160Þ, and ψð4415Þ,
four additional states, i.e., Yð4008Þ, Yð4260Þ, Yð4360Þ and
Yð4660Þ, were reported in the initial-state radiation (ISR)
processes eþe− → γISRπ

þπ−ψ at the B factories [2–9] and
(or) in the direct production processes eþe− → πþπ−ψ at
the CLEO and BESIII experiments [10,11], where the
symbol ψ represents both J=ψ and ψð3686Þ vector char-
monium states below the open-charm production threshold.
The latest results of the BESIII experiment for eþe− →
πþπ−J=ψ show that the Yð4260Þ may consist of two
components, i.e., Yð4220Þ and Yð4320Þ [12]. Dedicated
measurements by BESIII of the cross sections for eþe− →
πþπ−ψð3686Þ [13], eþe− → πþπ−hc [14], ωχc0 [15] and
πþD0D�− [16] also support the existence of structures at
4220 MeV=c2. A higher mass state, Yð4390Þ, is also
observed in the processes eþe− → πþπ−ψð3686Þ [13]
and eþe− → πþπ−hc [14], which do not match any known
vector charmonium or charmoniumlike states. Up to now,
the internal structure of these Y states are unclear and
many theoretical models, such as hybrid charmonium,
tetraquark or hadronic molecule, are proposed to interpret
their natures, but none of them are conclusive [17].
Comprehensive measurements of the resonant parameters
of the Y states will provide further insights into their
internal structures. To understand the internal structure of Y
states, it is advantageous to study their hadronic transitions
to the lightest charmonium states [18–22]. From a theo-
retical point of view, the amplitude of two-body decays,
e.g., eþe− → ηJ=ψ , can be calculated relatively easier than
those of three-body processes. For example, theoretical
approaches that incorporate meson-loop mechanisms
[23–26] for two-body decays are regarded as sensitive
probes to distinguish conventional vector charmonium
states from exotic ones, in particular, with respect to the
hadronic molecule case. In addition, two-body decay
processes provide a rigorous test of open-charm effects
and help us to understand nonperturbative QCD effects in
the charmonium-mass region [27].
The process eþe− → ηJ=ψ was studied using ISR by

Belle [28]. Unlike the process eþe− → πþπ−J=ψ [12], two
resonant structures at 4040 and 4160 MeV=c2, regarded as
the ψð4040Þ and ψð4160Þ, respectively, were observed by
studying the cross section dependence on the center-of-
mass (c.m.) energy. Using data samples at 17 c.m. energies
from 3.81 to 4.60 GeV, BESIII reported more accurate
measurements of cross sections of the eþe− → ηJ=ψ
process [29]. The BESIII data agree well with that of
Belle. However, due to a limited coverage in c.m. energies
it was not possible to establish any potential Y states.
In this Letter, we present an updated analysis of eþe− →

ηJ=ψ at c.m. energies between 3.81 and 4.60 GeV, where

the J=ψ → lþl− (l ¼ e=μ) and η → γγ (modeI) and
η → πþπ−π0 (mode II) decay modes are reconstructed.
The samples used in this analysis include a set of high
luminosity data samples with more than 50 pb−1 at each
c.m. energy adding up to a total integrated luminosity of
13.1 fb−1 (referred to as “XYZ data”) [30]. Compared to
the previous analysis [29], 10 high luminosity datasets [30],
which are of integrated luminosity greater than 5 fb−1 with
c.m. energies around 4200 MeV=c2, are added. A set of
data samples of about 7–9 pb−1 at each c.m. energy with a
total integrated luminosity of 0.8 fb−1 (named as “scan
data”) [30] was used in this study, in addition, which is not
available in the earlier study of Ref. [29]. The addition of
reconstructed η → πþπ−π0, which were not used in [29],
leads to an increase of 25% in statistics.
Details on the features and capabilities of the BEPCII

collider and the BESIII detector can be found in Ref. [31].
The GEANT4-based [32] Monte Carlo (MC) simulation
software package BOOST [33], which includes the geo-
metric description of the BESIII detector and the detector
response, is used to optimize event selection criteria,
determine the detection efficiencies, and estimate the
background events. Signal MC samples of eþe− → ηJ=ψ
with the corresponding J=ψ and η decay modes are
generated using HELAMP [34] and EVTGEN [35] at each
c.m. energy. The ISR is simulated with KKMC [36] by
adjusting the maximal energy of the ISR photon according
to the ηJ=ψ mass threshold. Final-state radiation (FSR) is
simulated with PHOTOS [37]. Possible background contri-
butions are studied with the inclusive MC samples gen-
erated by KKMC with comparable luminosity to the XYZ
data, where the known decay modes are simulated by
EVTGEN [35] with branching fractions taken from the
PDG [1], and the remaining unknown are simulated with
the LUNDCHARM model [38].
We use the same selection criteria for the charged tracks

and photons as described in Ref. [29]. Candidate events are
required to have two (mode I) and four (mode II) charged
tracks, in each case with zero net charge. Since pions and
leptons have distinct momenta for the signal processes, we
assign charged tracks with momenta larger than 1.0 GeV=c
to leptons, otherwise they are regarded as pions. The
separation of electrons from muons is realized by
considering the deposited energy in the electromagnetic
calorimeter E. Muon candidates are required to fulfill
E < 0.5 GeV while electron candidates need to satisfy
E=p > 0.8, where p is the particle momentum. The signal
candidate events are required to contain a pair of leptons
with same flavor but opposite charge. In mode II, two
additional pions with opposite charge are further required.
Candidate events with at least two photons are kept for
further analysis.
To improve the kinematic resolution and to suppress

the background events, a four-constraint (4C) kinematic
fit imposing energy-momentum conservation with the
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hypothesis of eþe− → γγlþl− is applied for the candidates
of mode I, while a five-constraint (5C) kinematic fit is
performed under the hypothesis of eþe− → γγπþπ−lþl−

with an additional π0 mass constraint for the photon pair in
case of mode II. For events with more than two photon
candidates, all photon pairs are tested in the kinematic fit
and the combination with the smallest χ24C=5C is retained.

The surviving events are required to satisfy χ24C < 40 or
χ25C < 80. To further suppress the background events from
the radiative Bhabha and dimuon events associated with a
random photon candidate for events of the mode I, the
energy of each of two selected photons is required to be
larger than 80 MeV.
Figure 1 presents the distributions of the invariant mass

of the lþl− pair (Mðlþl−Þ) versus that of the γγ pair
(MðγγÞ) or πþπ−π0 combination (Mðπþπ−π0Þ) for the
surviving events at

ffiffiffi
s

p ¼ 4.1780 GeV after applying all
previously described selection criteria. Clear accumulations

of candidate events of the signal process eþe− → ηJ=ψ are
observed around the intersections of the J=ψ and η mass
regions. Signal candidates are required to be within the J=ψ
mass region, defined as ½3.067; 3.127� GeV=c2 on the
lepton pair invariant mass, which is �3σ of corresponding
resolution obtained from signal MC simulation. The events
in the J=ψ mass sideband regions, defined as [3.027, 3.057]
and ½3.137; 3.167� GeV=c2, are used to estimate the non-
J=ψ background, and non-peaking background are
observed in the MðγγÞ and Mðπþπ−π0Þ distributions.
A significantly larger non-J=ψ background is observed
in the eþe− mode than in the μþμ− mode in mode I, which
is due to the large Bhabha cross section.
The Born cross section is obtained from the formula

σB ¼ Nsig

Lint · ð1þ δÞr · ð1þ δÞv · Br · ϵ ; ð1Þ

where Nsig is the signal yield, which will be explained
below, Lint is the integrated luminosity, ð1þ δÞr is the ISR
correction factor, ð1þ δÞv is the vacuum polarization factor
taken from a QED calculation [39], Br is the product of the
branching fractions of the subsequent decays of intermedi-
ate states quoted from the PDG [1], and ϵ is the detection
efficiency obtained from a MC simulation. The ISR
correction factor is obtained by using iteratively the
QED calculation as described in Ref. [40], where the last
measured cross section is taken as the input line shape.
For the XYZ data, an unbinned maximum-likelihood fit

is performed on the distributions ofMðγγÞ andMðπþπ−π0Þ
to extract the signal yields, where the signal is described by
a MC-simulated shape convolved with a Gaussian function,
representing the resolution difference between data andMC
simulation, and the background is described by a linear
function. A simultaneous fit is performed by considering
the four processes, i.e., two observation variables MðγγÞ
and Mðπþπ−π0Þ, as well as two J=ψ decay modes eþe−

and μþμ− for the 27 data samples at different c.m. energies.
In the fit, the different processes are constrained by the
same Born cross section σB, and the expected signal yields
are Nsig ¼ σB · Lint · ð1þ δÞr · ð1þ δÞv · Br · ϵ. Among
the different datasets we used common fit parameters for
the mean and width of the Gaussian function representing
differences between data and MC. For center-of-mass
energies where the signal is not significant, we set the
upper limits at the 90% confidence level (C.L.) on the cross
sections.
For the scan datasets, the signal yields are determined

by counting the number of events in the η signal region
½0.517; 0.547� GeV=c2 after subtracting the background
estimated by the normalized number of events in
the J=ψ mass sideband region. In this case, only mode I
is considered to extract the Born cross sections by
using Eq. (1).
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FIG. 1. (a),(b),(e),(f): Ccatter plots of Mðlþl−Þ versus
Mðγγ=πþπ−π0Þ. (c),(d),(g),(h): Spectra of the Mðγγ=πþπ−π0Þ
distribution in the J=ψ signal region for data at

ffiffiffi
s

p ¼4.1780GeV.
The upper (lower) 4 panels correspond to the mode I (mode II). In
the scatter plots, the solid (red) lines denote the signal region, and
the dashed (blue) lines for the sideband region. For the mass
spectra plots, the dots with error bars represent data. The solid
(black), long-dashed (red) and short-dashed (blue) lines corre-
spond to the fit result, signal and background, respectively.
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The measured Born cross sections at the different c.m.
energies for both XYZ and scan data are shown in the
top and bottom panels of Fig. 2, respectively. Clear
structures are observed. The numbers used in the
calculation of the Born cross section (upper limit at
the 90% C.L.) are summarized in Tables I and II in the
Supplemental Material [30].
The following sources of systematic uncertainty are

considered in the cross section measurements. The

uncertainty of the integrated luminosity is 1% measured
by analyzing events of the Bhabha scattering process [41].
The uncertainty related with the efficiencies of leptons,
pions and photons is 1% for each particle [42,43]. The
uncertainties related to the J=ψ mass window requirement
and kinematic fit are estimated by tuning the MC sample
for the J=ψ mass resolution and the helix parameters of
charged tracks [44] according to data, and taking the
resulting changes in efficiency as the uncertainties. The
uncertainty associated with ISR correction factor is taken to
be the difference of ð1þ δÞr · ϵ between the last two
iterations in the cross section measurement. The uncertain-
ties on the branching fractions of the intermediate states are
taken from the PDG [1]. As described above, the signal
yields are extracted by performing a simultaneous fit, thus,
those uncertainties, which are correlated (i.e., luminosity,
lepton and photon efficiencies), are directly propagated to
the measured cross sections. Otherwise, we repeated the
simultaneous fits by changing the corresponding value by
�1σ, individually, and the largest changes in the results are
taken as the uncertainties. To extract the uncertainties
associated with the fit procedure, we perform alternative
fits by replacing the linear function with a second-order
polynomial function for the background, fixing the width of
the Gaussian function for the signal to be its nominal value
and, in addition, changing its uncertainty and varying the fit
range individually. The relative changes in the results are
taken as the uncertainties. The efficiencies for the other
selection criteria, the trigger simulation, the event start time
determination, and the FSR simulation, exceed 99%, and
their systematic errors are estimated to be less than 1%.
Assuming all sources of uncertainties are independent, the
total uncertainties in the ηJ=ψ cross section measurement
are determined to be 3.5%–13.7% depending on the c.m.
energy. In general, the systematical errors are much smaller
than the statistical ones. For details, we refer to Table III of
the Supplemental Material [30].
To extract the resonant parameters of the structures

observed in the measured cross sections, a simultaneous
maximum-likelihood fit is performed to the results extracted
from the XYZ and scan data. The fit function is a coherent
sumof a P-wave phase space component (P-PHSP) [Φð ffiffiffi

s
p Þ]

of the process eþe− → ηJ=ψ and three Breit-Wigner ampli-
tudes (Bi¼1;2;3) for the structures observed around 4040,
4230 and 4390 MeV=c2, respectively:

σBð ffiffiffi
s

p Þ ¼
���C0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð ffiffiffi

s
p Þ

q
þ eiϕ1B1ð

ffiffiffi
s

p Þ

þ eiϕ2B2ð
ffiffiffi
s

p Þ þ eiϕ3B3ð
ffiffiffi
s

p Þ
���2; ð2Þ

where ϕi is the relative phase of a resonance (i) to the
P-PHSP component and C0 is a free parameter. The para-
metrizations of the P-PHSP and Breit-Wigner components
are given by
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FIG. 2. Top: Cross section and fits of eþe− → ηJ=ψ for XYZ
data. Bottom: Same for the scan data. Dots with error bars are
data. The solid (blue) curves represent the fit results of the
following interfering amplitudes: ψð4040Þ (dashed red), Yð4220Þ
(short-dashed pink), Yð4390Þ (short-dashed purple), and P-PHSP
(long-dashed green).

TABLE I. Fitting results of the eþe− → ηJ=ψ decay.

Parameters Solution 1 Solution 2 Solution 3

M1ðMeV=c2Þ 4039(fixed)
Γ1ðMeVÞ 80(fixed)
Γeþe−
1 Br1 (eV) 1.5� 0.3 1.4� 0.3 7.0� 0.6

ϕ1 (rad) 3.3� 0.3 3.1� 0.3 4.5� 0.2

M2ðMeV=c2Þ 4218.6� 3.8
Γ2ðMeVÞ 82.0� 5.7
Γeþe−
2 Br2 (eV) 8.0� 1.7 4.8� 1.0 7.0� 1.5

ϕ2 (rad) 4.2� 0.4 3.6� 0.3 2.9� 0.3

M3ðMeV=c2Þ 4382.0� 13.3
Γ3ðMeVÞ 135.8� 60.8
Γeþe−
3 Br3 (eV) 3.4� 2.2 1.5� 1.0 1.7� 1.1

ϕ3 (rad) 2.8� 0.4 3.3� 0.4 3.0� 0.4
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Φð ffiffiffi
s

p Þ ¼ q3

s
; ð3Þ

Bið
ffiffiffi
s

p Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πBriΓeþe−

i Γi

q
s −M2

i þ iMiΓi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð ffiffiffi

s
p Þ

ΦðMiÞ

s
; ð4Þ

where q,Mi, Γi, Γeþe−
i and Bri are the daughter momentum

in the rest frame of its parent, the mass, width, partial width
of the decay in eþe−, and the branching fraction to ηJ=ψ
mode for the resonance i, respectively.
The fit is carried out by incorporating the statistical

uncertainties only, where the number of events for the scan
data are assumed to be Poisson distribution, and those for
the XYZ data are Gaussian distribution [14]. Additionally,
the beam energy spread of BEPCII (1.6 MeV) is considered
by convolving with a Gaussian function whose width is
1.6 MeV [14,45]. The structure around 4040 MeV=c2 is
assumed to be the ψð4040Þ, and its mass and width are
fixed to those given in the PDG [1], due to a lack of datasets
at this energy region. Three solutions are found with equal
fit quality and with identical masses and widths for the
structures around 4220 and 4390 MeV=c2. The fit quality
is χ2=n:d:f: ¼ 107.7=120, estimated by a χ2-test approach,
where n.d.f. is the number of degrees of freedom. The fit
results are summarized in Table I and the fit curves,
according to solution 1, are exhibited in Fig. 2. It is
noted that the second resonant structure has a mass of
4220 MeV=c2, which is significantly higher than that of
the ψð4160Þ observed in the same process by the Belle
experiment [28]. An alternative fit has been carried out in
which we replaced the second resonance with the PDG
values of the ψð4160Þ. The resulting fit gave a significantly
worse χ2=n:d:f: ¼ 178.1=118. In this case, the statistical
significance of the ψð4160Þ is found to be 8.1σ less than
that of Yð4220Þ. Furthermore, we performed a fit with extra
ψð4160Þ, Yð4320Þ and ψð4415Þ with fixed resonant
parameters taken from the PDG in combination with our
nominal fit parameters. In this case, we find a very small
statistical significance of 0.5σ for each extra resonance.
The systematic uncertainties of the resonant parameters

of the structures at 4220 and 4390 MeV=c2 and of the
product of Bri and Γeþe−

i are discussed as follows. The
uncertainties associated with the measured cross section are
estimated by incorporating the correlated and uncorrelated
systematic uncertainties of measured Born cross section in
the fit. The uncertainty associated with the c.m. energy
(0.8 MeV) [12] is common for all data samples and
propagates directly to the mass measurement. The uncer-
tainty associated with the fit range is investigated by
excluding the last energy point

ffiffiffi
s

p ¼ 4.60 GeV in the
fit. The uncertainty from the ψð4040Þ resonant parameters
is studied by varying the parameters within its uncertain-
ties. We performed the alternative fits with above scenarios

individually. The resulting differences are taken as the
systematic uncertainties, and are summarized in Table IVof
the Supplemental Material [30].
The structure at 4390 MeV=c2 is observed for the first

time in the process eþe− → ηJ=ψ , the corresponding
significance is studied by performing an alternative fit
without this structure included. The significance of 6.0σ is
calculated from likelihood difference, taking into account
the change in the number of degrees of freedom from the
nominal fit and incorporating all the uncertainties dis-
cussed above.
In summary, we measured the Born cross sections of

eþe− → ηJ=ψ for c.m. energy between 3.81 and 4.60 GeV
by using data samples collected by the BESIII experiment.
The measured cross sections are fitted by including three
resonant structures and assuming the lowest lying one is the
ψð4040Þ. The masses and widths of the two resonances
are found to be ð4218.6� 3.8� 2.5Þ and ð4382.0�
13.3� 1.7Þ MeV=c2 and the width ð82.0� 5.7� 0.4Þ
and ð135.8� 60.8� 22.5Þ MeV, respectively, where first
uncertainties are statistical and second ones systematic. It
should be noted that we found a resonant structure with a
mass around 4220 MeV=c2 that is significantly higher than
the one (4160 MeV=c2) observed by the Belle experiment
[28]. A comparison of masses versus widths for the
structures in this measurement as well as those obtained
from the processes eþe− → πþπ−J=ψ [12], πþπ−ψð3686Þ
[13], πþπ−hc [14], ωχc0 [15] and πþD0D�− [16] by the
BESIII experiment are presented in Fig. 3. The measured
resonant parameters of the two observed structures are
consistent with or close to those of previous measurements,
however, the intrinsic scenario for the difference on width is
still unknown. Assuming that the two observed structures
are the Yð4220Þ and Yð4390Þ, our result contributes the first
measurement of the mass, width, and branching fraction of
the two Y states in the ηJ=ψ final state. Furthermore, it is
worth noting that the measured cross section is of the same
order as the ones measured in eþe− → πþπ−J=ψ , πþπ−hc
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FIG. 3. Masses versus widths of the Yð4220Þ and Yð4390Þ
obtained from the different final states by BESIII [46] and
Yð4360Þ quoted from PDG [1]. Here the errors reflect both
statistical and systematical uncertainties.
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and ωχc0. This observation may provide important infor-
mation to eventually conclude on the nature of the Y states.
Further theoretical developments including different sce-
narios of their internal structure are desirable.
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