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We study the process eþe− → πþπ−ψð3686Þ using 5.1 fb−1 of data collected at 16 center-of-mass
energy (

ffiffiffi
s

p
) points from 4.008 to 4.600 GeV by the BESIII detector operating at the BEPCII collider. The

measured Born cross sections for eþe− → πþπ−ψð3686Þ are consistent with previous results, but with
much improved precision. A fit to the cross section shows contributions from two structures: the first has
M ¼ 4209.5� 7.4� 1.4 MeV=c2 and Γ ¼ 80.1� 24.6� 2.9 MeV, and the second has M ¼ 4383.8�
4.2� 0.8 MeV=c2 and Γ ¼ 84.2� 12.5� 2.1 MeV, where the first errors are statistical and the second
systematic. The lower-mass resonance is observed in the process eþe− → πþπ−ψð3686Þ for the first time
with a statistical significance of 5.8σ. A charged charmoniumlike structure is observed in the π�ψð3686Þ
invariant mass spectrum for data at

ffiffiffi
s

p ¼ 4.416 GeV. A fit with an S-wave Breit-Wigner function yields a
mass M ¼ 4032.1� 2.4 MeV=c2, where the errors are statistical only. However, there are still unresolved
discrepancies between the fit model and data. The width of the intermediate state varies in a wide range for
different kinematic regions within the data set. Therefore, no simple interpretation of the data has been
found, and a future data sample with larger statistics and more theoretical input will be required to better
understand this issue.

DOI: 10.1103/PhysRevD.96.032004

I. INTRODUCTION

In the past decade, a series of new vector (JPC ¼ 1−−)
charmoniumlike states, e.g., the Yð4260Þ, Yð4360Þ, and
Yð4660Þ, have been observed in eþe− annihilation through
dipion hadronic transitions to low mass charmonium states
[1–5]. Many theoretical interpretations have been proposed
to understand the underlying structure of the Y family of
states, such as hybrid charmonium [6], tetraquark [7], or
hadronic molecule [8] etc. The Yð4360Þ was first observed
in eþe− → γISRYð4360Þ → γISRπ

þπ−ψð3686Þ by BABAR
[4] and subsequently confirmed by Belle [5]. Recently, two
resonant structures were observed in the processes eþe− →
πþπ−J=ψ at BESIII [9], indicating the Yð4260Þ resonance
reported by previous experiments [1–3] actually consists of
two structures. There are two resonances observed in the

process eþe− → πþπ−hc [10] in the mass region between
4.2 and 4.4 GeV=c2. The lower mass state, Yð4220Þ, has a
mass consistent with the lower mass state observed in
eþe− → πþπ−J=ψ [9], but has a somewhat larger width.
The higher mass state, Yð4390Þ, does not match any known
vector charmonium or charmoniumlike states. Therefore,
a more precise measurement of the cross section of eþe− →
πþπ−ψð3686Þ at BESIII will help to clarify the spectrum of
vector particles.
In recent years, another mysterious and interesting new

pattern of charmoniumlike states, the Z�
c ’s, have been

observed both in final states containing a charged pion and
a low mass charmonium state [3,11–13], and in pairs of
charmed mesons ðDð�ÞD̄�Þ� [14–16]. A similar pattern of
states is also observed in the bottomonium system [17]. All
of these states contain a minimum of four quarks as they are
electrically charged and their constituents include a cc̄ pair.
They are good candidates for meson-meson molecules
or tightly bound tetraquark states. To clarify their true
nature, it is essential to search for this kind of exotic state
in other final states. Belle’s recently updated result of
eþe− → γISRπ

þπ−ψð3686Þ, using their full data samples,
shows evidence for a new Z�

c state in the mass spectrum of
π�ψð3686Þ with a mass around 4.05 GeV=c2 and a
statistical significance of 3.5σ [5]. It is important to confirm
the existence of this new Z�

c candidate in other
experiments.
In this paper, we present a study of eþe− →

πþπ−ψð3686Þ, with two decay modes ψð3686Þ →
πþπ−J=ψ (mode I) and ψð3686Þ → neutralsþ J=ψ
(mode II), where ‘neutrals’ refers to π0π0, π0, η and γγ,
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at center-of-mass (c.m.) energies
ffiffiffi
s

p
from 4.008 to

4.600 GeV. The J=ψ is reconstructed in its prominent
decay mode J=ψ → lþl− (l ¼ e=μ). The actual c.m.
energies are measured by studying the process eþe− →
μþμ− [18]. The data samples used in this analysis were
collected with the BESIII detector at the BEPCII collider at
16 different c.m. energy points with a total integrated
luminosity of 5.1 fb−1 [19].

II. THE BESIII EXPERIMENT
AND THE DATA SETS

BEPCII is a double-ring eþe− collider running at c.m.
energies between 2.0 and 4.6 GeV, reaching a peak
luminosity of 1.0 × 1033 cm−2 s−1 at a c.m. energy of
3770 MeV. The cylindrical BESIII detector has an effective
geometrical acceptance of 93% of 4π and is divided into a
barrel section and two endcaps. It contains a small cell,
helium-based (60% He, 40% C3H8) main drift chamber
(MDC) which provides a momentum measurement of
charged particles with a resolution of 0.5% at a momentum
of 1 GeV=c in a magnetic field of 1 Tesla. The energy loss
measurement (dE=dx) provided by the MDC has a reso-
lution better than 6%. A time-of-flight system (TOF)
consisting of 5-cm-thick plastic scintillators can measure
the flight time of charged particles with a time resolution
of 80 ps in the barrel and 110 ps in the endcaps. An
electromagnetic calorimeter (EMC) consisting of 6240 CsI
(Tl) in a cylindrical structure and two endcaps is used to
measure the energies of photons and electrons. The energy
resolution of the EMC is 2.5% in the barrel and 5.0% in the
endcaps for photon/electrons with an energy of 1 GeV. The
position resolution of the EMC is 6 mm in the barrel and
9 mm in the endcaps. A muon system (MUC) consisting of
1000 m2 of Resistive Plate Chambers (RPC) is used to
identify muons and provides a spatial resolution better than
2 cm. A detailed description of the BESIII detector can be
found in Ref. [20].
The GEANT4-based [21] Monte Carlo (MC) simulation

software package BOOST [22] is used to generate the signal
and background MC samples. The eþe− collision is
simulated with the KKMC [23] generator taking into account
the beam energy spread and Initial State Radiation (ISR),
where the line shape of the eþe− → πþπ−ψð3686Þ cross
section is taken from the latest Belle results [5]. The QED
Final State Radiative (FSR) correction for J=ψ → lþl− is
incorporated with PHOTOS [24]. Large signal MC samples
eþe− → πþπ−ψð3686Þ as well as the dominant back-
grounds are generated exclusively at each c.m. energy,
where the decay ψð3686Þ → πþð0Þπ−ð0ÞJ=ψ is simulated
with the Jpipi model [25], and the decay eþe− →
πþπ−ψð3686Þ is generated with both the Jpipi model and
a model distributed uniformly in phase space (PHSP). The
Jpipi model is constructed with an effective Lagrangian for
the hadronic decays and the coupling constants in the

model are obtained by a fit to the invariant πþπ− mass
distributions in ψð3686Þ → πþπ−J=ψ . The generic inclu-
sive MC samples at

ffiffiffi
s

p ¼ 4.258 and 4.358 GeV, with
integrated luminosity equivalent to that of data, are gen-
erated to study the potential background contributions,
where the known decay modes are generated with Evtgen

[26] with branching fractions set to values in the Particle
Data Group (PDG) [27], and the remaining unknown ones
are generated with Lundcharm [28].

III. EVENT SELECTION

The final states of the decay eþe− → πþπ−ψð3686Þ have
topologies πþπ−πþπ−lþl− and πþπ−lþl− þ Nγ (N ≥ 2Þ
for mode I and II, respectively. A good charged track must
have a polar angle j cos θj < 0.93 in the MDC, and have the
point of closest approach to the interaction point within
1 cm in the plane perpendicular to the beam and within
�10 cm along the beam. Candidate events are required to
have five (with�1 net charge) or six (with zero net charge)
charged tracks for mode I and four (with zero net charge)
charged tracks for mode II. Photon candidates are recon-
structed by clustering EMC energy deposits. They must
have a minimum energy of 25 MeV for j cos θj < 0.8 or
50 MeV for 0.86 < j cos θj < 0.92, and be isolated from all
charged tracks by an angle > 10°. EMC timing is used to
suppress electronic noise and energy deposition unrelated
to the event. At least two photon candidates are required
for mode II. Since pions and leptons are kinematically well
separated for the signal process, charged tracks with
momentum p > 1.0 GeV=c are assumed to be leptons,
while those with p < 0.65 GeV=c are pions. Electron and
muon separation is performed with the deposited energy E
in the electromagnetic calorimeter. Electrons must have
E=pc > 0.7, while muons have E < 0.45 GeV. Candidate
events are required to have one lepton pair lþl−, and the
other tracks must be pions. The number of hits in the muon
counter is further required to be not less than 5 for J=ψ →
μþμ− candidates.
In mode I, a four-constraint (4C) kinematic fit imposing

energy-momentum conservation under the eþe− →
πþπ−πþπ−lþl− hypothesis is applied for the event can-
didates with six charged tracks, and a one-constraint (1C)
kinematic fit with one missing pion is applied for the
candidates with five charged tracks. The corresponding χ2

of the fit must be χ24C < 60 or χ21C < 15, respectively. The
J=ψ signal appears with low background in the spectrum
of the lþl− invariant mass, Mðlþl−Þ, calculated with
the corrected momentum after the kinematic fit, and is
required to be within 3.05 < Mðlþl−Þ < 3.15 GeV=c2.
To improve the mass resolution of the ψð3686Þ, the selected
candidates with six or five good charged tracks are further
fed into a five-constraint (5C) or two-constraint (2C)
kinematic fit with an additional constraint on Mðlþl−Þ
to the nominal J=ψ mass (MðJ=ψÞ) [27], respectively.
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The ψð3686Þ signal is reconstructed with the πþπ−J=ψ
system (four combinations per event) whose invariant mass
Mðπþπ−J=ψÞ, calculated with the corrected momentum
after the 5C or 2C fit, is closest to the nominal ψð3686Þ
mass (Mðψð3686ÞÞ) [27].
In mode II, no kinematic fit is applied. The J=ψ signal is

extracted by requiring 3.05 < Mðlþl−Þ < 3.15 GeV=c2.
The ψð3686Þ signal is reconstructed using the mass
recoiling against the πþπ− system, Mrecoilðπþπ−Þ. The
requirement jMcorr

ψð3686Þ −Mðψð3686ÞÞj > 8 MeV=c2 is

imposed to veto the background eþe− → neutralsþ
ψð3686Þ (ψð3686Þ → πþπ−J=ψ), where Mcorr

ψð3686Þ ¼
Mðπþπ−lþl−Þ −Mðlþl−Þ þMðJ=ψÞ. A requirement
jMðγγπþπ−Þ −MðηÞj > 50 MeV=c2 is used to eliminate
the background eþe− → ηJ=ψ (η → πþπ−π0), where γγ are
the two photons with largest energy, and MðηÞ is the
nominal η mass [27]. A requirement cos θπþπ− < 0.9 is
also applied to remove the radiative Bhabha and dimuon
background in which a photon converts into a eþe− pair
and is misidentified as a πþπ− pair.

IV. EXTRACTION OF THE BORN
CROSS SECTION

With the above selection criteria, a prominent ψð3686Þ
signal over a small background is observed in the
Mðπþπ−J=ψÞ and Mrecoilðπþπ−Þ spectra for mode I and
mode II, respectively, as shown in Fig. 1 for data at

ffiffiffi
s

p ¼
4.416 GeV as an example. Potential backgrounds without a
J=ψ in the final state are explored with events within the
J=ψ sideband regions. Backgrounds including a J=ψ in the
final state are studied with both inclusive and exclusive MC
samples. From these studies, no peaking background is
expected in the range of interest in the two ψð3686Þ decay
modes. To determine the signal yields, unbinned maximum
likelihood fits are performed to the Mðπþπ−J=ψÞ and
Mrecoilðπþπ−Þ spectra for the two modes, respectively.
Here, the signal probability density function (PDF) is
described with the MC simulated shape convoluted with

a Gaussian function to account for the mass resolution
difference between data and MC simulation, and the
PDF for background is presented as a linear function.
Simultaneous fits to data at 16 different c.m. energies
are performed. The c.m. energies share a common
background shape and a common data/MC resolution
difference.
The Born cross section is determined from

σBi ¼ Nobs
i

Lintð1þ δrÞð1þ δvÞBriϵi
ði ¼ 1; 2Þ; ð1Þ

where Nobs
i is the signal yield extracted from the fit, Lint is

the integrated luminosity, 1þ δr is the ISR correction
factor, 1þ δv is the vacuum polarization factor, Br is
the product of the decay branching fractions of the
intermediate states in the cascade decay (4.11% for mode
I and 2.95% for mode II), and ϵ is the detection efficiency.
The various numbers used in the Born cross section
calculation are summarized in Table I.
Several sources of systematic uncertainty are considered

in the measurement of the Born cross section. The
uncertainty in the tracking efficiency for leptons and pions
are 1.0% per track [30]. The uncertainty in the photon
efficiency is 1.0% per photon [31]. The uncertainty related
to the requirement on the number of hits in the muon
counter is 4.2%, determined by studying a control sample
of eþe− → πþπ−J=ψ . The uncertainty associated with the
kinematic fit is estimated with the same technique as in
Ref. [32]. The uncertainty associated with the J=ψ mass
requirement is estimated by smearing the Mðlþl−Þ dis-
tribution of MC samples according to the resolution of
Mðlþl−Þ in data, and the difference in MC efficiencies is
taken as the uncertainty. In mode II, the uncertainties
associated with the requirements on Mcorr

ψð3686Þ, Mðγγπþπ−Þ
and cos θπþπ− are evaluated by changing the requirements.
The uncertainty associated with the fit procedure is inves-
tigated by varying the fit range, replacing the linear
function by a second-order polynomial function for the
background, and varying the width of the Gaussian
function for signal. For data sets with large luminosity,
the detection efficiency is estimated with a MC sample
weighted according to the observed Dalitz plot
M2ðπþψð3686ÞÞ versus M2ðπþπ−Þ. The corresponding
uncertainty is estimated by varying the weight factors
according to the statistical uncertainty of data in each
bin on the Dalitz plane. For data sets with low luminosity,
the detection efficiency is estimated using MC samples
with the JPIPI model; the corresponding uncertainty is
evaluated with large luminosity data sets, by taking the
largest difference of efficiencies between the Jpipi model
MC sample and their nominal values with weighted MC.
The uncertainty related with the ISR correction factor is
studied by replacing the input cross section line shape with
the latest results from BABAR [4] in KKMC, and the
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FIG. 1. Distributions of (left) Mðπþπ−J=ψÞ for mode I and
(right) Mrecoilðπþπ−Þ for mode II at

ffiffiffi
s

p ¼ 4.416 GeV, with the
integrated luminosity of 1074 pb−1. Dots with error bars are data,
the shaded histograms are background from J=ψ sideband, and
the curves are the fit described in the text.
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change on ð1þ δvÞϵ is taken as an uncertainty. The
uncertainty in the vacuum polarization factor is 0.5% taken
from a QED calculation [33]. The uncertainty on the
integrated luminosity is 1%, determined with large angle
Bhabha events [19]. The uncertainties in the decay branch-
ing fractions of intermediate states are quoted from the
PDG [27]. The uncertainty from others sources, such as
lepton separation, trigger efficiency, and FSR are negli-
gible, and are conservatively taken to be 1.0%. Assuming
all sources of systematic are independent, the total

uncertainties are obtained by adding the individual values
in quadrature, and are in a range between 7.7% to 14.1%
and 7.4% to 20.1%, depending on c.m. energy, for mode I
and II, respectively.
The measured Born cross sections of eþe− →

πþπ−ψð3686Þ at individual c.m. energies for the two
ψð3686Þ decay modes are consistent with each other within
their uncertainties. The measurements are therefore com-
bined by considering the correlated and uncorrelated
uncertainties between the two modes, according to
Refs. [34,35]. The comparison of the combined Born cross
section of eþe− → πþπ−ψð3686Þ with those from previous
experimental results is shown in Fig. 2. The results are
consistent with former experiments, and have much
improved precision.

V. FIT TO THE CROSS SECTION

To study the possible resonant structures in
eþe− → πþπ−ψð3686Þ, a binned χ2 fit is applied to
describe the cross section obtained in this analysis in a
energy region from 4.085 to 4.600 GeV. Assuming that
three resonances exist, the PDF can be parametrized as

A ¼ f1eiϕ1 þ f2 þ f3eiϕ2 ; ð2Þ

where f1 is for the Yð4220Þ, f2 is for the Yð4390Þ, f3 is for
the Yð4660Þ, ϕ1 is the phase angle between Yð4390Þ and
Yð4220Þ, and ϕ2 is the phase angle between Yð4390Þ
and Yð4660Þ.
The amplitude fiði ¼ 1; 2; 3Þ for each resonance is a

P-wave Breit-Wigner function, defined as

TABLE I. Summary of the measurement of the Born cross section σB at individual c. m. energies. The subscript 1 or 2 denotes mode I
or II, respectively. The first uncertainties are statistical, and the second systematic. An upper limit at the 90% confidence level (C.L.) is
determined by a profile likelihood method [29] for data samples with low signal significance.ffiffiffi
s

p
(GeV) L (pb−1) Nobs

1 ϵ1 (%) Nobs
2 ϵ2ð%Þ ð1þ δrÞ ð1þ δvÞ σB1 (pb) σB2 (pb) σB (pb)

4.008 482 0.0� 0.6 22.6 0.2� 2.3 4.7 0.70 1.056 < 0.9 < 23.3 < 0.9
4.085 52.6 4.0� 2.0 36.1 1.0� 1.0 20.9 0.75 1.056 6.5� 3.2� 0.9 3.9� 3.9� 0.3 5.4� 2.5� 0.6
4.189 43.1 3.8� 2.0 39.2 2.8� 2.2 27.7 0.76 1.056 6.8� 3.6� 0.7 9.9� 7.8� 1.5 7.3� 3.3� 0.7
4.208 54.6 8.9� 3.3 40.7 7.0� 3.0 27.5 0.76 1.057 12.2� 4.5� 1.7 20.0� 8.4� 1.9 14.0� 4.0� 1.5
4.217 54.1 13.0� 3.6 40.9 0.0� 0.7 27.3 0.76 1.057 17.8� 4.9� 1.5 < 30.4 17.8� 4.9� 1.5
4.226 1092 315� 18 39.2 141� 14 28.1 0.76 1.056 22.3� 1.3� 1.7 19.4� 1.9� 2.0 21.3� 1.1� 1.6
4.242 55.6 11.0� 3.3 41.4 7.9� 3.1 28.0 0.76 1.053 14.6� 4.4� 1.3 21.5� 8.4� 1.8 16.0� 3.9� 1.2
4.258 826 241� 16 40.3 84� 11 23.5 0.76 1.054 22.0� 1.4� 1.7 18.3� 2.5� 1.8 20.9� 1.2� 1.5
4.308 44.9 17.0� 4.2 41.6 15.0� 4.1 27.3 0.74 1.053 28.2� 6.9� 2.6 53.2� 14.5� 7.4 32.1� 6.2� 2.8
4.358 540 439� 21 41.2 275� 19 29.8 0.79 1.051 57.8� 2.8� 4.4 69.8� 4.8� 5.2 61.0� 2.4� 4.3
4.387 55.2 56.6� 7.6 39.4 25.7� 6.1 29.4 0.86 1.051 70.1� 9.4� 6.7 59.4� 14.1� 5.6 66.4� 7.8� 5.5
4.416 1074 693� 27 37.8 415� 24 27.4 0.96 1.053 41.0� 1.6� 3.2 47.3� 2.7� 3.7 42.8� 1.4� 3.0
4.467 110 15.1� 4.2 32.6 8.3� 4.2 23.9 1.10 1.055 8.8� 2.5� 1.0 9.2� 4.7� 1.9 8.9� 2.2� 0.9
4.527 110 13.4� 4.0 29.1 7.0� 3.6 20.8 1.25 1.055 7.7� 2.3� 0.9 7.8� 4.0� 1.2 7.7� 2.0� 0.8
4.575 47.7 4.5� 2.3 28.3 5.7� 3.2 20.2 1.23 1.055 6.2� 3.2� 0.8 15.4� 8.7� 1.8 7.3� 3.0� 0.8
4.600 567 106� 11 31.8 71� 10 21.5 1.08 1.055 12.6� 1.3� 1.2 17.2� 2.4� 1.6 14.6� 1.1� 1.1
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FIG. 2. Born cross section of eþe− → πþπ−ψð3686Þ. The dots
(red) are the results obtained in this analysis, the triangles (green)
and squares (blue) are from BELLE and BABAR’s latest updated
results, respectively. The solid curve is the fit to BESIII results
with the coherent sum of three Breit-Wigner functions. The
dashed curve (pink) is the fit to BESIII results with the coherent
sum of two Breit-Wigner functions without the Yð4220Þ hypoth-
esis. The arrows mark the locations of four energy points with
large luminosities.
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fi ¼
Mi

M

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πBiΓeþe−

i Γi

q
M2 −M2

i þ iMiΓi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΦðMÞ
ΦðMiÞ

s
; ð3Þ

where Mi is the mass of the resonance, Γeþe−
i is the partial

width to eþe−, Γi is the total width, Bi is the branching
fraction of the resonance decaying to πþπ−ψð3686Þ, and
ΦðMiÞ is the three-body PHSP factor. In the fit, Mi, Γi, the
product BiΓeþe−

i , and the relative phase angle ϕi (i ¼ 1, 2)
are free parameters. The parameters of the Yð4660Þ are
fixed to Belle’s latest results [5].
The fit result is shown in Fig. 2 as the solid curve and the

resulting parameters of the resonances are summarized
in Table II. There are two solutions with equally good fit
quality, χ2=ndf ¼ 9.98=7, where ndf is the number of
degrees of freedom. An alternative fit without Yð4220Þ
is performed as shown by the dashed curve in Fig. 2,
yielding χ2=ndf ¼ 54.54=11. The significance of the
Yð4220Þ is determined to be 5.8σ.

The systematic uncertainties associated with the reso-
nance parameters include the following. The uncertainty
from the c.m. energy measurement is studied by taking the
uncertainty of the c.m. energy Δð ffiffiffi

s
p Þ ¼ 0.8 GeV [18] into

consideration. The uncertainty due to the c.m. energy
spread is estimated by convoluting the fit PDF with a
Gaussian function with a width of 1.6 MeV, which is
the energy spread determined by the Beam Energy
Measurement System [36]. The uncertainty from the
fit range is investigated by including the first energy
point

ffiffiffi
s

p ¼ 4.008 GeV or excluding the energy pointffiffiffi
s

p ¼ 4.085 GeV. The uncertainty from the Yð4660Þ
resonance is studied by varying the parameters of the
Yð4660Þ within its uncertainties. Table III summarizes
the systematic uncertainties for the mass and total width
of the resonances Yð4220Þ and Yð4390Þ.
A comparison of the masses and widths of the Yð4220Þ

and Yð4390Þ determined in this work to those of other
vector states observed at BESIII in the mass region between
4.2 and 4.4 GeV=c2 are shown in Table IV.

VI. STUDY OF INTERMEDIATE STATES

Intermediate states in the process eþe− → πþπ−ψð3686Þ
are investigated in the data samples that have large
integrated luminosity. A requirement of 3.68 <
Mðπþπ−J=ψÞðMrecoilðπþπ−ÞÞ < 3.70 GeV=c2 is applied
to extract the ψð3686Þ signal, and the sideband regions,
3.63 < Mðπþπ−J=ψÞðMrecoilðπþπ−ÞÞ < 3.65 GeV=c2 or
3.73 < Mðπþπ−J=ψÞ < 3.75 GeV=c2, are used to explore
the potential non-ψð3686Þ backgrounds, where only the left
side sideband region is used in mode II since a long tail
appears on the right side of the ψð3686Þ signal due to ISR.
The non-ψð3686Þ backgrounds are found to be small, and
do not produce peaks in the various distributions.
With the above selection criteria, the Dalitz plots of

M2ðπþπ−Þ versus M2ðπ�ψð3686ÞÞ and the corresponding
one-dimensional projections are shown in Fig. 3 for data
samples at

ffiffiffi
s

p ¼ 4.416, 4.358, 4.258 and 4.226 GeV,
individually, where the plots include the candidates of
the two ψð3686Þ decay modes. It should be noted that the
two higher energy points are from the Yð4390Þ peak region,
while the other two are from the Yð4220Þ peak region.
These four points are marked with vertical arrows in Fig. 2.

TABLE II. Results of the fit to the eþe− → πþπ−ψð3686Þ cross
section. The error is statistical only.

Parameters Solution I Solution II

MðY4220Þ (MeV=c2) 4209.5� 7.4
ΓðYð4220ÞÞ (MeV) 80.1� 24.6
BΓeþe−ðYð4220ÞÞ (eV) 0.8� 0.7 0.4� 0.3
MðY4390Þ (MeV=c2) 4383.8� 4.2
ΓðYð4390ÞÞ (MeV) 84.2� 12.5
BΓeþe−ðYð4390ÞÞ (eV) 3.6� 1.5 2.7� 1.0
ϕ1 (rad) 3.3� 1.0 2.8� 0.4
ϕ2 (rad) 0.8� 0.9 4.7� 0.1

TABLE III. Systematic uncertainty in the measurement of
resonance parameters.

Sources Yð4220Þ Yð4390Þ
M (MeV=c2) Γ (MeV) M (MeV=c2) Γ (MeV)

Energy scale 0.1 0.0 0.1 0.0
Energy spread 1.3 0.1 0.7 1.6
Fit range 0.2 1.8 0.2 0.5
Yð4660Þ 0.6 2.3 0.3 1.2
Total 1.4 2.9 0.8 2.1

TABLE IV. Masses and widths of the vector charmonium states observed from different processes at BESIII in the mass region
between 4.2 and 4.4 GeV=c2. The subscript 1 or 2 denotes the lower mass state or higher mass state.

Process M1 (MeV=c2) Γ1 (MeV) M2 (MeV=c2) Γ2 (MeV)

eþe− → ωχc0 4230� 8� 6 38� 12� 2 [37]
eþe− → πþπ−J=ψ 4220.0� 3.1� 1.4 44.1� 4.3� 2.0 4320.0� 10.4� 7.0 101:4þ25.3

−19.7 � 10.2 [9]
eþe− → πþπ−hc 4218.4þ5.5

−4.5 � 0.9 66.0þ12.3
−8.3 � 0.4 4391.5þ6.3

−6.8 � 1.0 139.5þ16.2
−20.6 � 0.6 [10]

eþe− → πþD0D�− þ c:c 4224.8� 5.6� 4.0 72.3� 9.1� 0.9 4400.1� 9.3� 2.1 181.7� 16.9� 7.4 [38]
eþe− → πþπ−ψð3686Þ 4209.5� 7.4� 1.4 80.1� 24.6� 2.9 4383.8� 4.2� 0.8 84.2� 12.5� 2.1
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For data at
ffiffiffi
s

p ¼ 4.416 GeV, a prominent narrow
structure is observed around 4030 MeV=c2 in the
Mðπ�ψð3686ÞÞ spectrum. The structure is also evident
in the corresponding Dalitz plot, but it appears to be more
complex when looking at high and lowMðπþπ−Þ ranges. In
the low Mðπþπ−Þ region, there seem to be two separate
π�ψð3686Þ structures, presumably corresponding to a
physical structure and its kinematic reflection. But in the
highMðπþπ−Þ region, only one broad π�ψð3686Þ structure

is seen. For data at
ffiffiffi
s

p ¼ 4.358 GeV, there is no obvious
structure observed in the Mðπ�ψð3686ÞÞ spectrum, but a
cluster of events appear in the low Mðπþπ−Þ region on
the corresponding Dalitz plot. It is worth noting that, at
this c.m. energy, a physical structure with a mass of
4030 MeV=c2 in the Mðπ�ψð3686ÞÞ spectrum has a
reflection at the same mass position. For data atffiffiffi
s

p ¼ 4.258 GeV, two bumps around 3900 and 4030
MeV=c2 are visible in both the Dalitz plot and in the
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FIG. 3. Dalitz plots of M2ðπ�ψð3686ÞÞ versus M2ðπþπ−Þ, distributions of M2ðπ�ψð3686ÞÞ (two entries per event), and M2ðπþπ−Þ
for data at

ffiffiffi
s

p ¼ 4.416, 4.358, 4.258 and 4.226GeV,with integrated luminosities of 1074, 540, 826 and 1092 pb−1, respectively.Dotswith
errors are data. For the plots at

ffiffiffi
s

p ¼ 4.416, 4.358 and 4.258 GeV, the solid curves (red) are projections from the fit; the dashed curves
(pink) show the shape of the intermediate state; the dash-dotted curves (blue) show the shape from the direct process eþe− →
πþπ−ψð3686Þ obtained from the Jpipi MC model; the shaded histograms (green) show the non-ψð3686Þ background estimated with the
ψð3686Þ sideband. For plots at ffiffiffi

s
p ¼ 4.226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes from the intermediate

state and the direct process eþe− → πþπ−ψð3686Þ (with arbitrary scale). In all plots, the two ψð3686Þ decay modes are combined.
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Mðπ�ψð3686ÞÞ spectrum. For data at
ffiffiffi
s

p ¼ 4.258 GeV,
the possible structures with masses of 3900 and 4030
MeV=c2 in the Mðπ�ψð3686ÞÞ spectrum have kinematic
reflections at each other’s mass positions. For data atffiffiffi
s

p ¼ 4.226 GeV, no structure is clearly seen, which is
very different from the behavior at the energy point close
by,

ffiffiffi
s

p ¼ 4.258 GeV. A further striking feature for data atffiffiffi
s

p ¼ 4.226 GeV is a very different Mðπþπ−Þ distribution
from those at the other three energy points.
To characterize the structure observed on the

Mðπ�ψð3686ÞÞ spectrum for data at
ffiffiffi
s

p ¼ 4.416 GeV, an
unbinned maximum likelihood fit is carried out on the Dalitz
plot ofM2ðπþψð3686ÞÞ versusM2ðπ−ψð3686ÞÞ (denoted as
x and y in formula (4). Assuming an intermediate state with
spin parity 1þ, the Dalitz plot is parametrized by the coherent
sum of the process with an intermediate state and the direct
process eþe− → πþπ−ψð3686Þ. The PDFof the intermediate
state is described with an S-wave Breit-Wigner function
without considering interference among the charged con-
jugate modes,

p ·q=c2

ðM2
R− xÞ2þM2

R ·Γ2=c4
þ p ·q=c2

ðM2
R− yÞ2þM2

R ·Γ2=c4
; ð4Þ

wherep (q) is theψð3686Þ (intermediate state) momentum in
the π�ψð3686Þ (initial eþe−) rest frame, and MR and Γ are
the mass and width of the intermediate state. The two-
dimensional mass resolution and the detection efficiency,
determined from MC simulations, are incorporated in the
PDF for the intermediate states in the fit. The PDF of the
direct process eþe− → πþπ−ψð3686Þ is taken from a MC-
simulated shape using the Jpipi model, and that of the non-
ψð3686Þ background is described with the distribution of
events in the ψð3686Þ sideband region. A simultaneous fit
constraining the mass and width of the intermediate state is
carried out by maximize the product of the likelihood values
of the two ψð3686Þ decay modes. The fit process is validated

using MC samples. The distributions of mass resolution and
detection efficiency are provided in the appendix.
The fit yields amass ofM ¼ 4032.1� 2.4 MeV=c2 and a

width of Γ ¼ 26.1� 5.3 MeV for the intermediate state
with a significance of 9.2σ, evaluated by comparing the
likelihood values with or without the intermediate states
included. The fit projections on M2ðπ�ψð3686ÞÞ and
M2ðπþπ−Þ for data at

ffiffiffi
s

p ¼ 4.416 GeV are shown in
Fig. 3. It can be seen that the overall fit curve does not
match the peaking structure on theMðπ�ψð3686ÞÞ spectrum
in data, and the corresponding confidence level (C.L.) of
the fit is only 8%, as estimated by toy-MC tests. Alternative
fits with different assumptions of the spin parity of the
intermediate state, including the interference among the
charge conjugated modes, and including the contribution of
Zcð3900Þ� are explored. In these fits the parameters of the
intermediate state are close to the norminal fit result and the
fit qualities are not improved significantly. As shown in the
Dalitz plot, the behavior of the structure is very different
between the high Mðπþπ−Þ region and the low Mðπþπ−Þ
region. A similar fit to data with the additional requirement
M2ðπþπ−Þ > 0.3ðGeV=c2Þ2 is performed, which yields a
mass of M ¼ 4030.3� 0.1 MeV=c2 and a width of
Γ ¼ 5.1� 0.2 MeV. The corresponding projection of the
fit and data on theM2ðπ�ψð3686ÞÞ distribution is shown in
Fig. 4, and the fit C.L. is 50%.
Similar fits are carried out to data at

ffiffiffi
s

p ¼ 4.358 and
4.258 GeV, where the parameters of the intermediate state
are fixed to those from the fit to data at

ffiffiffi
s

p ¼ 4.416 GeV.
The projections onM2ðπ�ψð3686ÞÞ andM2ðπþπ−Þ are also
shown in Fig. 3. The statistical significance of the inter-
mediate state is 3.6σ and 9.6σ for data at

ffiffiffi
s

p ¼ 4.358 and
4.258 GeV, respectively. For data at

ffiffiffi
s

p ¼ 4.358 GeV, as
shown in the Dalitz plot, a cluster of events appears in the
M2ðπ�ψð3686ÞÞ spectrum at low M2ðπþπ−Þ, which also
shows a hint of an intermediate structure. As mentioned
previously, for data at

ffiffiffi
s

p ¼ 4.258 GeV, the structures with
masses of 3900 and 4030 MeV=c2 on the Mðπ�ψð3686ÞÞ
spectrum are kinematic reflections of each other, so the fit
results are strongly dependent on whether the Zcð3900Þ� is
included in the fit or not. For data at

ffiffiffi
s

p ¼ 4.226 GeV, an
intermediate state with a mass of 4030MeVand its reflection
are very close to the kinematic boundary of the three-body
decay, so no obvious peak is observed in theMðπ�ψð3686ÞÞ
spectrum. The anomalous distribution on the Mðπþπ−Þ
spectrum is, however, discussed in Ref. [39]. For the other
energy points with high statistics, such as

ffiffiffi
s

p ¼ 4.387 and
4.600 GeV, the Dalitz plots and the distribution of
M2ðπ�ψð3686ÞÞ and M2ðπþπ−Þ are shown in Fig. 5.

VII. SUMMARY

In summary, based on 5.1 fb−1 of eþe− collision data
with c.m. energies between 4.008 and 4.600 GeV, collected
with the BESIII detector, the Born cross sections of
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FIG. 4. Projection of M2ðπ�ψð3686ÞÞ at
ffiffiffi
s

p ¼ 4.416 GeV
with a requirement of M2ðπþπ−Þ > 0.3 ðGeV=c2Þ2.
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eþe− → πþπ−ψð3686Þ are measured. The measured cross
sections are in good agreement with those from BABAR
and Belle [4,5], but with significantly improved precision.
The cross section is fit with three coherent Breit-Wigner
functions. The parameters of two resonances, the Yð4220Þ
and Yð4390Þ, are determined from the fit to be M ¼
4209.5� 7.4� 1.4 MeV=c2 and Γ ¼ 80.1� 24.6�
2.9 MeV for the Yð4220Þ, and M ¼ 4383.8� 4.2�
0.8 MeV=c2 and Γ ¼ 84.2� 12.5� 2.1 MeV for the
Yð4390Þ, where the first errors are statistical and the
second systematic. The resonance Yð4220Þ is observed
in the process eþe− → πþπ−ψð3686Þ for the first time with
a significance of 5.8σ. Both of the resonances Yð4220Þ and
Yð4390Þ are consistent with the vector resonances observed
in eþe− → πþπ−hc [10]. The Yð4220Þ state is possibly the
same state as observed in eþe− → πþπ−J=ψ [9] and
eþe− → ωχc0 [37], and an attempt was made with a
combined fit to the eþe− → ωχc0, πþπ−J=ψ , πþπ−hc,
and πþD0D�− þ c:c: cross sections measured by BESIII
to determine the resonant parameters of the Yð4220Þ [40].
Peaking at a similar mass was also observed in the process
eþe− → ηJ=ψ [41] at BESIII.
A charged charmoniumlike structure is observed in the

Mðπ�ψð3686ÞÞ spectrum for data at
ffiffiffi
s

p ¼ 4.416 GeV. A
fit to the structure, assuming the existence of a spin-parity
1þ charmoniumlike state, yields a mass M ¼ 4032.1�
2.4 MeV=c2, where the errors are statistical only. However,
the fit cannot describe data well. The width of the
intermediate state varies over a wide range for different
kinematic regions of data at

ffiffiffi
s

p ¼ 4.416 GeV. Similar
fits are carried out to data at

ffiffiffi
s

p ¼ 4.258 and 4.358 GeV,

where there is also evidence for the new structure at
4030 MeV=c2 in the Mðπ�ψð3686ÞÞ spectra. For data atffiffiffi
s

p ¼ 4.226 GeV, no obvious structure in the
Mðπ�ψð3686ÞÞ spectrum is observed, but the Mðπþπ−Þ
spectrum shows an anomalous distribution. The measured
mass of the intermediate state deviates from that of the
structure observed by Belle with their full data sample [5]
by over 3σ. Larger data sets, as well as additional
theoretical input, are necessary for further understanding
of the intermediate structures in eþe− → πþπ−ψð3686Þ.
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APPENDIX: DISTRIBUTION OF ϵðx;yÞ AND σðx;yÞ
In Eq. (A1), the fit procedure can be carried out

by the Breit-Wigner function for M2ðπþψð3686ÞÞ and

M2ðπ−ψð3686ÞÞ (denoted as x and y) convoluted with a
resolution function σðxÞ, σðyÞ, respectively, and then each
of them multiplies by a flat polynomial on y and x to form a
two-dimensional function. The signal shape can then be
obtained by multiplying a two-dimensional resolution
function ϵðx; yÞ after adding the above 2 two-dimensional
functions together.

ϵðx; yÞ ·
�

p · q
ðM2

R − xÞ2 þM2
R · Γ2

þ p · q
ðM2

R − yÞ2 þM2
R · Γ2

�
⊗ σðx; yÞ; ðA1Þ

The resolution for distributions M2ðπþψð3686ÞÞ and
M2ðπ−ψð3686ÞÞ are shown in Fig. 6 for c.m. energiesffiffiffi
s

p ¼ 4.416, 4.358, 4.258 and 4.226 GeV. It can be
parametrized by a double-Gaussian with the parameters
listed in Table V. The distributions of two-dimensional
efficiency function are shown in Fig. 7.
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FIG. 6. Resolution function for M2ðπ�ψð3686ÞÞ at (a) 4.416, (b) 4.358, (c) 4.258 and (d) 4.226 GeV. The upper plots for mode I and
bottom for mode II. Dots with error bars are data, the red solid line are fit results, dot-dashed line in pink denotes contribution from the
Gaussian function one, and the dashed line in blue denotes contribution from the Gaussian function two.

TABLE V. Parameters of the resolution forM2ðπ�ψð3686ÞÞ,M and σ are the mean and resolution of Gaussian function, respectively.
The subscript 1 or 2 denote Gaussian function one or two. fra is the fraction of Gaussian function one.ffiffiffi
s

p
(GeV) M1 ðGeV=c2Þ2 σ1 ðGeV=c2Þ2 M2 ðGeV=c2Þ2 σ2 ðGeV=c2Þ2 fra

4.416 (mode I) 0.00088� 0.00017 0.01611� 0.00016 0.0377� 0.0014 0.0543� 0.0010 0.7862� 0.0064
4.416 (mode II) 0.00014� 0.00047 0.01918� 0.00031 0.0581� 0.0046 0.0311� 0.0023 0.841� 0.019
4.358 (mode I) 0.00114� 0.00015 0.01585� 0.00014 0.0376� 0.0013 0.0567� 0.0010 0.7809� 0.0057
4.358 (mode II) 0.00011� 0.00037 0.01839� 0.00029 0.0508� 0.0049 0.0335� 0.0021 0.839� 0.020
4.258 (mode I) 0.00037� 0.00012 0.01562� 0.00011 0.0326� 0.0010 0.05346� 0.00079 0.7974� 0.0048
4.258 (mode II) −0.001167� 0.00026 0.01724� 0.00023 0.0432� 0.0032 0.0344� 0.0013 0.841� 0.014
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