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The Born cross sections of the process eþe− → D�0D�−πþ at center-of-mass energies from 4.189 to
4.951 GeVare measured for the first time. The data samples used correspond to an integrated luminosity of
17.9 fb−1 and were collected by the BESIII detector operating at the BEPCII storage ring. Three
enhancements around 4.20, 4.47, and 4.67 GeV are visible. The resonances have masses of
4209.6� 4.7� 5.9 MeV=c2, 4469.1� 26.2� 3.6 MeV=c2, and 4675.3� 29.5� 3.5 MeV=c2 and
widths of 81.6� 17.8� 9.0 MeV, 246.3� 36.7� 9.4 MeV, and 218.3� 72.9� 9.3 MeV, respectively,
where the first uncertainties are statistical and the second systematic. The first and third resonances are
consistent with the ψð4230Þ and ψð4660Þ states, respectively, while the second one is compatible with the
ψð4500Þ observed in the eþe− → KþK−J=ψ process. These three charmoniumlike ψ states are observed in
the eþe− → D�0D�−πþ process for the first time.

DOI: 10.1103/PhysRevLett.130.121901

The standard model of particle physics describes how
quarks interact with each other to create various states of
matter and antimatter. Over the past years, a series of
charmoniumlike vector meson ψ states (also denoted as Y),
containing at least cc̄ quark pairs, have been observed via
electron-positron annihilation in numerous experiments
[1]. Dedicated studies of these charmoniumlike states,
which have unit spin and negative charge-parity quantum
numbers JPC ¼ 1−−, were initially triggered by the dis-
covery of the ψð4230Þ, previously called the ψð4260Þ, in
the eþe− → πþπ−J=ψ process at BABAR [2], which was
confirmed at CLEO [3], Belle [4], and BESIII [5–7]. Later,
the ψð4360Þ and ψð4660Þ states were established in
eþe− → πþπ−ψð2SÞ at BABAR [8,9], Belle [10,11], and
BESIII [12–14]. Some similar resonance enhancements
around 4.23 GeV, 4.36 GeV, or 4.66 GeV are also reported
in πþπ−hc [15], ωχc0 [16,17], ηJ=ψ [18], η0J=ψ [19],
D0D�−πþ [20], ππψ2ð3823Þ [21], πþπ−DþD− [22,23], and
KþK−J=ψ [24] final states at BESIII. In addition, a new ψ
state, the ψð4500Þ, was observed in eþe− → KþK−J=ψ ,
recently [24]. The genuine properties of these charmonium-
like ψ states are still unknown, and there exist various
theoretical interpretations, including tetraquarks, hybrid
mesons, hadron molecules, hadrocharmonium, vector char-
monia, and threshold effects [25,26].
One striking feature of these charmoniumlike states is

their large coupling to charmonium final states [27]. In
contrast, there is a dip around the known ψð4230Þ mass in
the cross section of eþe− → inclusive hadrons [28] and in
the exclusive two-body production of eþe− → Dð�ÞD̄ð�Þ
[29,30]. This is opposite to the behavior of conventional cc̄
charmonium states lying above the DD̄ mass threshold,
which predominantly decays to open-charm final states [1].
Therefore, it is essential to investigate the coupling of the
charmoniumlike states to different open-charm channels to
help identify their nature.
In the process eþe− → D0D�−πþ [20], BESIII first

determined a sizable coupling of the ψð4230Þ with the
open-charm D0D�−πþ decay, which is consistent with the
hypothesis of a D1ð2420ÞD̄ molecular state [31–37]. In
lattice QCD, the leptonic partial width Γee

ψð4230Þ of the

ψð4230Þ is predicted to be less than 40 eV using a hy-
brid scenario [38]. To date, Γee

ψð4230Þ is evaluated to be
36.4� 4.7 eV, based on the combined analysis of the
known ψð4230Þ decay channels [39]. Study of the ψð4230Þ
in the open-charm process eþe− → D�D̄�π provides new
input to Γee

ψð4230Þ and to the relative size of different decay
modes, which can be used to test the theoretical explanation
of the hybrid and DD̄1 molecular state models.
The ψð4500Þ is reported in the eþe− → KþK−J=ψ

process [24]. Its spin-parity and mass agree with the lattice
QCD calculation for a cc̄ss̄ tetraquark state [40]; a
baryonium state [41]; a D�D̄2 molecule state [42]; a
hidden-charm tetraquark candidate in QCD sum rule
[43]; a DsD̄s1 molecule state [42,44], which is a hidden-
strangeness partner of the ψð4230Þ state under the DD̄1

molecule assumption [44]; and a vector charmonium
5S-4D mixing state [45]. To explore its true nature, an
independent confirmation of the ψð4500Þ in another
channel would be important and crucial. In addition, since
the Born cross section of eþe− → KZcsð3985Þ peaks
around the ψð4660Þ mass [46,47], the ψð4660Þ is consid-
ered to be a hidden-strangeness state. Given that the heavier
ψð4500Þ and ψð4660Þ states have not been observed in
open-charm decay, it is also highly desirable to explore
these states in the process eþe− → D�D̄�π to help deter-
mine their quark constituents.
In this Letter, the Born cross sections of the eþe− →

D�0D�−πþ processes are measured at 86 center-of-mass
energies from 4.189 to 4.951 GeV for the first time.
Charge conjugate modes are always implied throughout this
Letter. The datasets used are accumulated with the BESIII
detector at the BEPCII collider and correspond to an
integrated luminosity of 17.9 fb−1 [48–50]. Details about
BEPCII and BESIII can be found in Refs. [51–53]. The
datasets include 49energypointswith integrated luminosities
less than 10 pb−1 (“scan data”) and another 37 energy points
with larger integrated luminosities (“XYZ data”). Details
of the datasets can be found in Tables I and II of the
Supplemental Material [54]. By fitting the line shape of
dressed cross sections, which takes into account vacuum
polarizations [58], we report the observation of three vector
charmoniumlike ψ states in eþe− → D�0D�−πþ.

PHYSICAL REVIEW LETTERS 130, 121901 (2023)

121901-4

https://doi.org/10.1103/PhysRevLett.130.121901
https://doi.org/10.1103/PhysRevLett.130.121901
https://doi.org/10.1103/PhysRevLett.130.121901
https://doi.org/10.1103/PhysRevLett.130.121901


Simulated data samples are produced with GEANT4-based
[59] Monte Carlo (MC) software, which includes the
geometric description [60] of the BESIII detector and
the detector response, as detailed in Ref. [53]. The
simulation models the beam energy spread and initial state
radiation (ISR) in the eþe− annihilation with the gene-
rator KKMC [61]. The signal MC samples of the eþe− →
D�0D�−πþ process are generated according to the partial-
wave-analysis results at each energy point. Possible back-
ground contributions are estimated by inclusive MC
simulation samples, which include the production of
open-charm processes, the ISR production of vector char-
monium(like) states, and the continuum processes incor-
porated in KKMC. All particle decays are modeled with
EVTGEN [62] using branching fractions (BFs) taken from
the Particle Data Group (PDG) [1], when available, and
unknown J=ψ and ψð2SÞ decays are estimated with
LUNDCHARM [63]. Final state radiation from charged final
state particles is incorporated using PHOTOS [64].
To improve the signal selection efficiency, a partial-

reconstruction technique is employed to identify the
D�0D�−πþ final states, in which two tagging methods,
the D0 tag and the D− tag, are performed. In the D0ðD−Þ-
tag method, the bachelor charged πþ from primary pro-
duction, the D0ðD−Þ meson, and at least one soft π0ð→ γγÞ
from D�0ðD�−Þ → D0ðD−Þπ0 decay are reconstructed. To
improve the signal purity, only the decays D0 → K−πþ,
K−πþπ0, and K−πþπþπ− (D− → Kþπ−π−), which have
relatively large BFs, are reconstructed. By reconstructing
theD�0ðD�−Þ and the bachelor πþ, the flavor of the missing
D�−ðD�0Þ meson is fixed. All the charged tracks and π0

candidates are selected following the criteria in Ref. [65].
To form candidates for D0 → K−πþ, D0 → K−πþπ0,
D0 → K−πþπþπ−, and D− → Kþπ−π− decays, the recon-
structed final state invariant masses are required to be
within (1.835,1.887), (1.827,1.882), (1.855,1.874), and
ð1.856; 1.883Þ GeV=c2, respectively. Here, the different
mass regions are due to the various momentum resolutions.
The π0 candidates from D� decays can be either from the
reconstructed or missing D� candidates. For the π0 from
missing D� candidates, its momentum in the reconstructed
Dπþ recoil system, P�ðπ0Þ, peaks around 40 MeV=c. To
distinguish the source of π0 with reconstructed D� candi-
dates, the reconstructed invariant masses are required to
satisfy MðD0π0Þ ∈ ð2.004; 2.009Þ GeV=c2 with P�ðπ0Þ∉
ð0.025;0.050ÞGeV=c in the D0 tag method, and
MðD−π0Þ ∈ ð2.008; 2.013Þ GeV=c2 with P�ðπ0Þ∉ ð0.030;
0.055ÞGeV=c in the D− tag method, as shown in Fig. 1 for
data at

ffiffiffi
s

p ¼ 4.600 GeV. Moreover, the πþD0 invariant
mass must be greater than 2.02 GeV=c2 in the D0 tag
method to reject background for the bachelor πþ

from D�þ → πþD0.
To improve the resolution and further suppress the

background, a kinematic fit (3C) is performed to constrain
the reconstructed π0, D0ðD−Þ, and D�0ðD�−Þ mesons to
their individual known masses [1]. Candidate events are

required to have χ23C < 50 and the fitted four-momenta of
all related particles are used for further analysis. If there is
more than one π0D0ðD−Þ candidate in an event, only the
one with the minimum χ23C is retained. Furthermore, if one
event survives in both tag methods, only the combination in
the D0-tag method is kept to avoid double counting in the
simultaneous fit.
Figure 2 shows the distributions of the recoil masses of

reconstructed πþ, π0, and D mesons, RMðπþπ0D0Þ and
RMðπþπ0D−Þ. The background study based on inclusive
MC simulation samples shows that the shape of the back-
ground at each energy point is smooth and can be well
described by a second-order Chebyshev function. A peaking
background is found in the signal MC simulation due to the
miscombination of particles from the missing and tagged
sides. Its shape is obtained by selecting the unmatched
events from inclusive MC simulation samples, in which the
missing D� candidate decays inclusively while the tagged
D� candidate decays into the signal process final state. Its
contribution is fixed in the fit according to the ratio between
matched and unmatched events in the MC simulation.
An unbinned extended maximum likelihood fit is

performed on the distributions of RMðπþπ0D0Þ and
RMðπþπ0D−Þ simultaneously to determine the Born cross
section at each energy point. Figure 2 shows the fit results
at

ffiffiffi
s

p ¼ 4.600 GeV, as an example. The signal shape is

FIG. 1. Two-dimensional distributions of P�ðπ0Þ versus
Mðπ0DÞ for the D0-tag (left) and D−-tag (right) methods in data
at

ffiffiffi
s

p ¼ 4.600 GeV. The events between the vertical solid lines
are kept, and those between the horizontal dashed lines are vetoed
based on the requirements for Mðπ0DÞ and P�ðπ0Þ. The dis-
tributions for signal MC simulation samples are shown in Fig. 1
of the Supplemental Material [54].

FIG. 2. The distributions of the recoil masses RMðπþπ0D0Þ
(left) and RMðπþπ0D−Þ (right) for data at ffiffiffi

s
p ¼ 4.600 GeV with

simultaneous fit results overlaid. The red solid-curve is the signal
shape. The pink and blue dashed-curve are the peaking and
smooth background, respectively. The light green shadowed
histogram is the simulated inclusive background MC samples.
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derived from MC simulation convolved with a Gaussian
function with free parameters to account for the resolution
difference between data and MC simulation. The back-
ground shape is parametrized as a sum of the shape from
unmatched MC samples and a second-order Chebyshev
function. The Born cross sections (σBorn) at the individual
energy points are defined as

σBorn ¼ σdressed

1
j1−Πj2

¼
Nobs

D0ð−Þ-tag

Lint ϵD0ð−Þ-tag B̂D0ð−Þ-tag ð1þ δISRÞ 1
j1−Πj2

:

Here, Nobs
D0ð−Þ-tag is calculated according to σBorn which is

taken as a common parameter in the simultaneous fit,
ϵD0ð−Þ-tag is the detection efficiency, Lint is the integral

luminosity measured by Refs. [48–50], B̂D0ð−Þ-tag stands for
an equivalent BF including all the related products of the
BF obtained from the PDG [1], while ð1þ δISRÞ and
ð1=j1 − Πj2Þ are the correction factors for ISR and vacuum
polarization [66]. To estimate the ISR factors and consider
the correlation effect on detection efficiencies, an iterative
weighting method [67] is performed to correct the corre-
sponding dressed cross section values. All the numerical
results from the fits are summarized in Tables I and II of the
Supplemental Material [54] for the XYZ and scan data
samples, respectively.
The systematic uncertainties in the Born cross section

measurements, as detailed in the Supplemental Material
[54], are divided into three parts. The first part relates to the
determination of the detection efficiency, including the
tracking, particle identification, π0 reconstruction, signal
region requirements, signal decay model, and ISR correc-
tion factor. The second part relates to the estimation of
signal yields from the fit, consisting of the signal and
background shapes as well as the fit range. The last part
includes the uncertainties from the luminosities and the
intermediate BFs. The items in the first and third parts are
completely correlated between different energy points,
except for the uncertainties due to signal region require-
ments and the signal decay model. For the second part at
low-yield (< 300 events) energy points, the systematic
uncertainties obtained at their nearest energy point in high-
yield (> 300 events) XYZ data are used. All the systematic
uncertainties are studied for each tag method and combined
to obtain the total systematic uncertainties according to
their signal yields. The total relative systematic un-
certainties at different energy points are between 6.7
and 9.6%.
The dressed cross sections obtained at various energy

points are shown in Fig. 3. Three possible enhancements
around 4.20, 4.47, and 4.67 GeV are observed. To fit this
line shape, we use the coherent sum of a continuum
amplitude for eþe− → D�0D�−πþ and three resonance

amplitudes described by relativistic Breit-Wigner (BW)
functions

σdressedð ffiffiffi
s

p Þ ¼ C0

����C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð ffiffiffi

s
p Þ

q
þ
X3
k¼1

BWkð
ffiffiffi
s

p Þeiϕk

����
2

;

where C0 ¼ 3.894 × 105 nb · GeV2 is a unit conversion
factor, C1 is the continuum free parameter, and ϕk is the
phase angle among different components. The relativistic
BW amplitude for a resonance Rk → D�0D�−πþ is
written as

BWkð
ffiffiffi
s

p Þ ¼ mkffiffiffi
s

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12π Γee

k Bk Γtot
k

p
s −m2

k þ imkΓtot
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð ffiffiffi

s
p Þ

ΦðmkÞ

s
;

where mk and Γtot
k are the kth resonance mass and total

width, respectively, Γee
k · Bk is the leptonic width of the kth

resonance times the BF of Rk → D�0D�−πþ, and Φð ffiffiffi
s

p Þ is
the three body phase space contribution defined as
Φð ffiffiffi

s
p Þ ¼ ∬ ½1=ð2πÞ332ð ffiffiffi

s
p Þ3�dm2

23dm
2
12 [1].

The χ2 of the fit to the dressed cross section line shape is
constructed according to the method in Ref. [68] by
incorporating both the statistical and systematic uncertainty
and considering both the correlated and uncorrelated terms.
To avoid biasing the χ2 minimization, the correlated
uncertainties are calculated according to the predicted cross
section values times the corresponding relative uncertain-
ties when constructing the covariance matrix [69].
The fit result is shown in Fig. 3. There are eight solutions

with the same fit quality with identical continuum con-
tributions as well as masses and widths for the resonances
[57]. However, the resulting product Γee

k Bk and phases ϕk
are different, as plotted in Fig. 2 of the Supplemental
Material [54]. The numerical results are listed in Table I. In
general, the magnitudes of Γee

k Bk become increased when
the destructive interference effects due to relative phase

FIG. 3. The fit results (solution I) of the dressed cross section
line shape of eþe− → D�0D�−πþ. The black and red points with
error bars are data, including statistical and systematic uncer-
tainties. The blue curve is the total fit. The green, azure, and
orange dashed curves describe three BW functions, and the pink
dashed curve is the three body phase space contribution.
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angles are larger. The dressed cross sections are also fitted
under the assumption of only two resonances plus the
continuum component. The relative changes in the χ2 value
(Δχ2 ¼ 130.5) and the number of degrees of freedom
(Δndof ¼ 4) are used to estimate the significance of the
three-resonance hypothesis over the two-resonance hypo-
thesis as 10.8σ. The significance of the two-resonance
hypothesis over the one-resonance hypothesis is 22.8σ
according to the changes of Δχ2 ¼ 537.1 and Δndof ¼ 4.
The systematic uncertainties of the resonance parameters

are dominated by those from the center-of-mass energy
calibration, beam energy spread, and parametrization of the
continuum contribution. Other uncertainties from the mea-
sured cross sections have been included in the line shape fit.
The uncertainty from the center-of-mass energy measure-
ment is estimated by propagating the largest uncertainty of
the measured energies (0.8 MeV=c2) to the ψ-state mass
parameter. The uncertainty from beam energy spread is
considered by smearing the energy with its spread value at
each energy point. The differences of resonance parameters
determined from fits using nominal and smeared line
shapes are taken as the systematic uncertainties. To

estimate the uncertainty related to the fit model, the three
body continuum contribution is replaced by a third-
order polynomial parametrized function. The resulting
differences in the masses and widths of resonances are
taken as systematic uncertainties. The total systematic
uncertainty is obtained by summing the individual values
in quadrature, assuming they are all uncorrelated, as listed
in Table II.
In summary, the Born cross sections of the process

eþe− → D�0D�−πþ at 86 center-of-mass energies fromffiffiffi
s

p ¼ 4.189 to 4.951 GeV are measured for the first time
with the data samples collected by the BESIII detector.
Fitting the dressed cross sections with a three-resonance
hypothesis, their masses and widths are determined to be
m1¼4209.6�4.7�5.9MeV=c2, and Γ1 ¼ 81.6� 17.8�
9.0 MeV [denoted as ψð4210Þ], m2 ¼ 4469.1� 26.2�
3.6 MeV=c2, and Γ2 ¼ 246.3� 36.7� 9.4 MeV [denoted
as ψð4470Þ], m3 ¼ 4675.3� 29.5� 3.5 MeV=c2, and
Γ3 ¼ 218.3� 72.9� 9.3 MeV [denoted as ψð4660Þ],
where the first uncertainties are statistical and the second
are systematic. The significance of the three-resonance
hypothesis compared with the two-resonance one is greater
than 10σ. The mass of ψð4210Þ is consistent with the mass
of ψð4230Þ from the combined fit in Ref. [39]. If we
assume they are the same resonance, Γee

ψð4230Þ becomes

greater than 40 eV, which disfavors the hybrid interpreta-
tion under the lattice QCD calculation [38]. In addition, we
find the couplings of ψð4230Þ to D�0D�−πþ and D0D�−πþ
are at the same order of magnitude. This is the first
observation of the state ψð4470Þ in an open-charm process,
and its resonance parameters are compatible with those of
the ψð4500Þ state observed in eþe− → KþK−J=ψ [24].
Assuming the ψð4470Þ and ψð4500Þ are the same state, the
rate of its decay to D�D̄�π is 2 orders of magnitude greater
than that to KK̄J=ψ , which is inconsistent with the

TABLE I. The fit results of the dressed cross section line shape of eþe− → D�0D�−πþ with eight different solutions, which have the
same fit quality as shown in Fig. 2 in the Supplemental Material [54]. For the uncertainties of the masses and widths, those from the
solutions with maximum uncertainties are adopted.

I II III IV V VI VII VIII

C1ð10−3Þ 4.2� 1.5
m1 (MeV=c2) 4209.6� 4.7
Γtot
1 (MeV) 81.6� 17.8

Γee
1 B1 (eV) 5.4� 1.1 6.0� 1.3 4.8� 0.9 5.3� 1.1 17.9� 7.2 19.8� 6.6 20.2� 7.4 22.4� 9.0

ϕ1 (rad) 3.1� 0.5 3.8� 0.4 1.9� 0.7 2.6� 0.6 4.2� 0.3 4.8� 0.2 5.4� 0.3 6.0� 0.3

m2 (MeV=c2) 4469.1� 26.2
Γtot
2 (MeV) 246.3� 36.7

Γee
2 B2 (eV) 243.3� 83.5 832.5� 716.5 107.4� 50.6 367.4� 370.8 225.5� 94.9 770.8� 383.8 510.1� 202.3 1744.3� 926.9

ϕ2 (rad) 4.4� 0.3 −0.9� 0.3 2.6� 0.6 3.7� 0.8 1.9� 0.8 3.0� 0.4 3.7� 0.3 −1.5� 0.3

m3 (MeV=c2) 4675.3� 29.5
Γtot
3 (MeV) 218.3� 72.9

Γee
3 B3 (eV) 75.8� 148.8 1601.9� 1152.6 19.4� 27.1 411.6� 230.5 24.4� 34.5 515.6� 244.6 95.1� 173.1 2005.3� 1166.1

ϕ3 (rad) 4.9� 1.4 −2.9� 0.4 2.1� 0.4 0.6� 1.1 1.7� 0.5 6.5� 0.5 4.5� 1.3 −3.3� 0.3

TABLE II. The systematic uncertainties in the measurements of
the ψ -state parameters.

Source Energy Beam spread Fit model Total

m1 (MeV=c2) 0.8 5.5 2.0 5.9
Γtot
1 (MeV) � � � 1.7 8.8 9.0

m2 (MeV=c2) 0.8 3.5 0.7 3.6
Γtot
2 (MeV) � � � 6.9 6.4 9.4

m3 (MeV=c2) 0.8 1.5 3.1 3.5
Γtot
3 (MeV) � � � 7.4 5.7 9.3
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conjectured hidden-strangeness tetraquark nature of the
ψð4500Þ [40,42,44]. We confirm for the first time the
existence of the resonance ψð4660Þ in open-charm final
states with resonance parameters consistent with the latest
results derived in eþe− → πþπ−ψð2SÞ at BESIII [14].
However, the relative size of their couplings cannot be
constrained by current data, as different fit solutions result
in large variations of the product Γee

ψð4660ÞBψð4660Þ. Further
amplitude analyses of different open- and hidden-charm
final states are desired to advance our knowledge of the
nature of these charmoniumlike ψ states.
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