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We report a study of the process eþe− → ðD�D̄�Þ0π0 using eþe− collision data samples with integrated
luminosities of 1092 pb−1 at

ffiffiffi
s

p ¼ 4.23 GeV and 826 pb−1 at
ffiffiffi
s

p ¼ 4.26 GeV collected with the BESIII
detector at the BEPCII storage ring. We observe a new neutral structure near the ðD�D̄�Þ0 mass threshold
in the π0 recoil mass spectrum, which we denote as Zcð4025Þ0. Assuming a Breit-Wigner line shape, its
pole mass and pole width are determined to be ð4025.5þ2.0

−4.7 � 3.1Þ MeV=c2 and ð23.0� 6.0� 1.0Þ MeV,
respectively. The Born cross sections of eþe− → Zcð4025Þ0π0 → ðD�D̄�Þ0π0 are measured to be
ð61.6� 8.2� 9.0Þ pb at

ffiffiffi
s

p ¼ 4.23 GeV and ð43.4� 8.0� 5.4Þ pb at
ffiffiffi
s

p ¼ 4.26 GeV. The first uncer-
tainties are statistical and the second are systematic.

DOI: 10.1103/PhysRevLett.115.182002 PACS numbers: 14.40.Rt, 13.25.Gv, 13.66.Bc

Recent discoveries of new charmoniumlike states that do
not fit naturally with the predictions of the quark model have
generated great experimental and theoretical interest [1].
Among these so-calledXYZ particles are charged states with
decay modes that clearly demonstrate a structure consisting
of at least four quarks, including a cc̄ pair. The first charged
charmoniumlike stateZð4430ÞþwasdiscoveredbyBelle [2].
LHCb confirmed the existence of this state. Belle determined
its spin-parity to be 1þ [3], which is supported by a new
result from LHCb [4]. Recently, the BESIII Collaboration
observed four charged Zc states, Zcð3885Þ� [5], Zcð3900Þ�
[6],Zcð4020Þ� [7], andZcð4025Þ� [8], produced in eþe− →
π∓Z�

c . The observed decay channels are Zcð3900Þ� →
π�J=ψ , Zcð3885Þ� → ðDD̄�Þ�, Zcð4020Þ� → π�hc, and
Zcð4025Þ� → ðD�D̄�Þ�. These states are close to the DD̄�

or D�D̄� threshold. The Zcð3900Þ� was also observed by
Belle [9] and with CLEO-c data [10].
Thus far, the nature of these new states has been elusive.

Interpretations in terms of tetraquarks, molecules, hadro-
charmonium, and cusp effects have been proposed [11–19].
Searching for their neutral partners in experiments is of great
importance in understanding their properties, especially for
identifying their isospin properties. Previously, based on
CLEO-c data, evidence of a neutral stateZcð3900Þ0 decaying
to π0J=ψ [20] was reported. Recently, two neutral states,
Zcð3900Þ0 and Zcð4020Þ0, were discovered in their decays,
Zcð3900Þ0 → π0J=ψ and Zcð4020Þ0 → π0hc, by BESIII
[21,22]. These can be interpreted as the isospin partners
of the Zcð3900Þ� and Zcð4020Þ�. Analogously, it is natural
to search for the neutral partner of the Zcð4025Þ� [8] in its
decay to ðD�D̄�Þ0.
In this Letter, we report a search for the neutral partner

of the Zcð4025Þ� through the reactions eþe− →
D�0D̄�0ðD�þD�−Þπ0, as the charged Zcð4025Þ� [8] couples
to ðD�D̄�Þ� and has a mass close to the ðD�D̄�Þ� mass
threshold. We denote the investigated final state products as
ðD�D̄�Þ0π0, whereD� refers toD�0 orD�þ and D̄� stands for
their antiparticles. A partial reconstruction method is applied
to identify the ðD�D̄�Þ0π0 final states. This method requires
detection of aD and a D̄ originating fromD� and D̄� decays
ofD� → Dπ andDγ, and the π0 from the primary production
(denoted as the bachelor π0). The data sample analyzed

corresponds to eþe− collisions with integrated luminosities
of 1092 pb−1 at

ffiffiffi
s

p ¼ 4.23 GeV and 826 pb−1 at
ffiffiffi
s

p ¼
4.26 GeV [23] collected with the BESIII detector [24] at
the BEPCII storage ring [25].
BESIII is a cylindrically symmetric detector which, from

inner to outer parts, consists of the following components: a
helium-gas based multilayer drift chamber (MDC), a time-
of-flight counter (TOF), a CsI(Tl) crystal electromagnetic
calorimeter (EMC), a 1-T superconducting solenoid mag-
net and a nine-layer resistive-plate-chamber-based muon
chamber system. The momentum resolution for charged
tracks in the MDC is 0.5% at a momentum of 1 GeV=c.
The energy resolution for photons in EMC with an energy
of 1 GeV is 2.5% for the center region (the barrel) and 5%
for the rest of the detector (the end caps). For charged
particle identification (PID), probabilities LðhÞ for particle
hypotheses h ¼ π or K are evaluated based on the nor-
malized energy loss dE=dx in the MDC and the time of
flight in the TOF. More details on the BESIII spectrometer
can be found in Ref. [24].
To optimize data-selection criteria, understand back-

grounds, and estimate the detection efficiency, we simulate
the eþe− annihilation processes with the KKMC algorithm
[26], which takes into account continuum processes, initial
state radiation (ISR) return to ψ and Y states, and inclusive
DðsÞ production. The known decay rates are taken from
the Particle Data Group (PDG) [27] and the decays are
modeled with EVTGEN [28]. The remaining decays are
simulated with the LUNDCHARM package [29]. The nonreso-
nant, three-body phase space (PHSP) processes eþe− →
D�D̄�π0 are simulated according to uniform distributions
in momentum phase space. We assume that Zcð4025Þ0
has a spin-parity of 1þ by considering the measurements
of other Z resonances [3,4] and the signal process eþe− →
Zcð4025Þ0π0 followed by Zcð4025Þ0 → ðD�D̄�Þ0 proceeds
inSwaves. TheD� is required to decay inclusively according
to its decay branching ratios from PDG [27]. The Dþ is
required to decay into K−πþπþ, while D0 is required to
decay into K−πþ, K−πþπ0, and K−πþπþπ−. These decay
modes are the ones used to reconstruct D mesons [30]. All
simulated MC events are fed into a GEANT4-based [31]
software package, taking into account detector geometry
and response.
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The charged tracks of K− and π� are reconstructed in the
MDC. For each charged track, the polar angle θ definedwith
respect to the eþ beam is required to satisfy j cos θj < 0.93.
The closest approach to the eþe− interaction point is
required to be within �10 cm along the beam direction
and within 1 cm in the plane perpendicular to the beam
direction. A track is identified to be a KðπÞ when the PID
probabilities satisfy LðKÞ > LðπÞ [LðKÞ < LðπÞ], accord-
ing to the information from dE=dx and the TOF.
The π0 candidates are reconstructed by combining pairs

of photons reconstructed in the EMC that are not associated
with charged tracks. For each photon, the energy deposition
in the EMC barrel region is required to be greater than
25MeV, while in the end-cap region, it must be greater than
50 MeV due to the differing detector resolution and the
probability of reconstructing a fake photon. To suppress
electronics noise and energy deposits unrelated to the event,
the EMC cluster time is restricted to be within a 700 ns
window near the event start time. The invariant mass
of any pair of photons MðγγÞ is required to be within
ð0.120; 0.145Þ GeV=c2 and is constrained to the nominal
π0 mass. The kinematics of the two photons is updated
according to the constraint fit.
We consider all possible combinations of selected

charged tracks and π0 to form D candidates. The charged
tracks from a D decay candidate are required to originate
from a common vertex. The χ2VF of the vertex fit is
required to satisfy χ2VF < 100. We constrain the recon-
structed masses of the final state particles to the corre-
sponding D nominal masses and require χ2KFðDÞ for the
kinematic fit to be less than 15 for the final states of
D decays including charged tracks only, and less than 20
for the final state including π0. We select signal event
candidates which consist of at least one pair of DD̄
candidates that do not share particles in the final state.
If there is more than one pair of DD̄ candidates in an
event, only the one with the minimum χ2KFðDÞ þ χ2KFðD̄Þ is
kept for further analysis.
We reconstruct the bachelor π0 from the remaining

photon showers that are not assigned to the DD̄ pair. To
further reject backgrounds, each photon candidate origi-
nating from the bachelor π0 is required not to form a π0

candidate with any other photon in the event. A mass
constraint of the two photons to the π0 nominal mass is
implemented and the corresponding fit quality is required
to satisfy χ2KFðπ0Þ < 20. To reject the background for the
bachelor π0 from D� → Dπ0 decays, we require the Dπ0

invariant mass to be greater than 2.02 GeV=c2.
To identify the decay products of the signal process

eþe− → D�D̄�π0, we plot the recoil mass spectra of Dπ0

[RMðDπ0Þ], as shown in Fig. 1. The peaks around
2 GeV=c2 correspond to the process eþe− → DD̄�π0 with
a missing D̄�. Besides these peaks, we see clear bumps
around 2.15 GeV=c2 in the data. These bumps are

consistent with the MC simulations of the D�D̄�π0 final
state. The peak position roughly corresponds to the sum of
the mass of D� and the mass of a π, since the π originating
from D� is soft and is not used in the computation of
the recoil mass. The backgrounds beneath the bumps
are mostly from ISR production of the D�D̄� process.
Other processes, such as eþe− → D�D̄�� → D�D̄�π0, are
expected to be absent, according to simulation studies. This
is understandable because the process D�

0ð2400Þ → D�π0

is forbidden due to the conservation of spin-parity.
D�

1ð2420Þ0 [D�
2ð2460Þ0] is narrow, and the sum of the

mass of D�
1ð2420Þ0 [D�

2ð2460Þ0] and D� is much larger
than 4.26 GeV. To extract the signals, we keep events
within the two-dimensional oval regions in the distributions
of RMðDπ0Þ and RMðD̄π0Þ shown in Figs. 1(c) and 1(d).
We choose the specific dimensions due to different reso-
lutions at different momentum phase spaces at two energy
points. They are determined according to MC simulation.
The selected events are used to produce the recoil

mass distribution of the bachelor π0 [RMðπ0Þ], shown
in Fig. 2. We observe enhancements in the RMðπ0Þ
distribution over the inclusive backgrounds for both data
samples, which can not be explained by three-body
nonresonant processes. We assume the presence of an
S-wave Breit-Wigner resonance structure [denoted as
Zcð4025Þ0] with a mass-dependent width, using the form
given in Ref. [32]:
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FIG. 1 (color online). Distributions of RMðDπ0Þ at
ffiffiffi
s

p ¼
4.23 GeV (a) and

ffiffiffi
s

p ¼ 4.26 GeV (b). Points with error bars
are data and the shaded histograms represent the inclusive
backgrounds in MC simulations. The solid line and the dashed
line are the Zcð4025Þ0 signal shape and the PHSP shape with
arbitrary normalization, respectively. The third row gives the
scatter plot of RMðDπ0Þ vs RMðD̄π0Þ at ffiffiffi

s
p ¼ 4.23GeV (c) and

ffiffiffi
s

p ¼ 4.26GeV (d), where the solid ovals indicate the signal
regions.
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�
�
�
�

1

M2 −m2 − im½Γ1ðMÞ þ Γ2ðMÞ�=c2
�
�
�
�

2

pkqk;

and ΓkðMÞ ¼ fkΓ
pk

p�
k

m
M

ðk ¼ 1; 2Þ:

Here, k ¼ 1 and 2 denote the neutral channel
Zcð4025Þ0 → D�0D̄�0 and the charged channel
Zcð4025Þ0 → D�þD�−, respectively. fk is the ratio of the
partial decay width for channel k. M is the reconstructed
mass, m is the resonance mass, and Γ is the resonance
width. pkðqkÞ is the D�ðπ0Þ momentum in the rest frame
of the D�D̄� system (the initial eþe− system) and p�

k is
the momentum of D� in the Zcð4025Þ0 rest frame at
M ¼ m. We assume that the Zcð4025Þ0 decay rates to the
neutral channel and the charged channel are equal, i.e.,
fk ¼ 0.5, based on isospin symmetry.
We perform a simultaneous unbinned maximum like-

lihood fit to the spectra of RMðπ0Þ at
ffiffiffi
s

p ¼ 4.23 and
4.26 GeV. The signal shapes are taken as convolutions
of the efficiency-weighted Breit-Wigner functions with
resolution functions obtained from MC simulations. The
detector resolutions are 4 MeV at

ffiffiffi
s

p ¼ 4.23 GeV and
4.5 MeV at

ffiffiffi
s

p ¼ 4.26 GeV. Backgrounds are modeled
with kernel-estimated nonparametric shapes [33] based
on the inclusive MC simulations, and their magnitudes
are fixed according to the simulations since the inclusive
MC samples well describe the background. The shape of

the PHSP process is adopted from MC simulations. We
combine the data at

ffiffiffi
s

p ¼ 4.23 GeV and
ffiffiffi
s

p ¼ 4.26 GeV
together, as shown in Fig. 2. The fit determines m
and Γ to be ð4031.7�2.1ÞMeV=c2 and ð25.9�8.8ÞMeV,
respectively. The corresponding pole position
mpole(Zcð4025Þ0) − i½Γpole(Zcð4025Þ0)=2� is calculated
to be

mpole(Zcð4025Þ0) ¼ ð4025.5þ2.0
−4.7Þ MeV=c2;

Γpole(Zcð4025Þ0) ¼ ð23.0� 6.0Þ MeV:

The significance with systematic errors is estimated by
comparing the likelihoods of the fits with and without the
Zcð4025Þ0 signal component included. The likelihood
difference is 2Δ lnL ¼ 45.3 and the difference of the
number of free parameters is 4. When the systematic
uncertainties are taken into account with the assumption
of Gaussian distribution, the significance is estimated to
be 5.9σ.
The Born cross section σ(eþe− → Zcð4025Þ0π0 →

ðD�0D̄�0 þD�þD�−Þπ0) is calculated from the equation

σ ¼ nsig
Lðf1B1ε1 þ f2B2ε2Þð1þ δÞð1þ δvacÞ

;

where L is the integrated luminosity, ε1 (ε2) is the detection
efficiency of the neutral (charged) channel, f1 (f2) is
the ratio of the cross section of the neutral (charged)
channel to the sum of both channels, B1 (B2) is the product
branching fraction of the neutral (charged)D� decays to the
final states we detected. ð1þ δÞ is the radiative correction
factor and ð1þ δvacÞ is the vacuum polarization factor.
From the simultaneous fit, we obtain 69.5� 9.2 signal
events at

ffiffiffi
s

p ¼ 4.23 GeV and 46.1� 8.5 signal events at
ffiffiffi
s

p ¼ 4.26 GeV. ð1þ δÞ is calculated to be 0.744 at
ffiffiffi
s

p ¼
4.23 GeV and 0.793 at

ffiffiffi
s

p ¼ 4.26 GeV to the second order
in QED [34], where the input line shape of the cross section
is assumed to be the same as for eþe− → ðD�D̄�Þþπ−, as
extracted directly from BESIII data. ð1þ δvacÞ is given as
1.054 following the formula in Ref. [35]. The efficiency ε1
(ε2) is determined to be 1.49% (3.87%) at

ffiffiffi
s

p ¼ 4.23 GeV
and 1.84% (4.37%) at

ffiffiffi
s

p ¼ 4.26 GeV. Thus, the cross
sections are measured to be ð61.6� 8.2Þ pb and ð43.4�
8.0Þ pb at

ffiffiffi
s

p ¼ 4.23 and 4.26 GeV, respectively. The
contribution of the PHSP process is found to be negligible
according to the fit.
Sources of systematic uncertainties in the measurement

of the Zcð4025Þ0 resonance parameters and cross sections
are listed in Table I. Uncertainties of tracking and PID
are each 1% per track [36]. The uncertainty of the π0

reconstruction efficiency is 4% [37]. We study the photon
veto by fitting the recoil mass of Dπ0 with and without this
veto in selecting the control sample of eþe− → ðD�D̄�Þ0π0
in the data. The efficiency-corrected signal yields are used
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FIG. 2 (color online). Fits to RMðπ0Þ. (a) A fit to the back-
ground, PHSP, and Zcð4025Þ0 signal process for the combination
of all data (main panel), and the two collision energies separately
(insets). (b) Fits using only the inclusive background and PHSP.
The points with error bars are the data, the solid line is the sum
of fit functions, the dotted line stands for the Zcð4025Þ0 signals,
the filled area represents the inclusive backgrounds, and the
dash-dotted line is the PHSP process.
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to extract the cross section, and the corresponding change
is taken into account as the systematic error introduced by
this requirement. The systematic uncertainties are deter-
mined to be 4.2% for both data samples. The mass-scale
uncertainty for the Zcð4025Þ0 mass is estimated with the
mass shift (a comparison between the PDG nominal values
and the fit values) of RMðDπ0Þ in the control sample
eþe− → DD̄π0 and of RMðDÞ in the control sample of
eþe− → DD̄. To be conservative, the largest difference
of the two mass shifts, 2.6 MeV=c2, is assigned as the
systematic uncertainty due to the mass scale. The system-
atic uncertainty from the backgrounds is estimated by
leaving free the magnitudes in the fit and making different
choices in nonparametric kernel estimation of the back-
ground events to account for the limited precision in the
MC simulation [38]. We change the oval cut criteria and
take the largest difference as the systematic uncertainty.
Since the line shape will affect the efficiency and ð1þ δÞ,
to evaluate the systematic uncertainties with respect to the
input D�D̄�π0 line shape, we change its shape based on
uncertainties of the observed D�þD̄�0π− cross section.
Branching fractions B1 and B2 are used in calculating
the cross sections, and the uncertainties of the world
average results are included as part of the systematic
uncertainty.
Other items in Table I have only minor effects on the

precision of the results. We change the fitting ranges in
the RMðπ0Þ spectrum and take the largest difference as the
systematic uncertainty. The uncertainties due to detector
resolution are accounted for by varying the widths of the
smearing functions. The uncertainty of integrated luminos-
ity is determined to be 1% by measuring large angle

Bhabha events [7]. We vary the ratio fk from 0.4 to 0.6
to take into account potential isospin violation between the
neutral and charged processes. The corresponding changes
are assigned as systematic uncertainties. The systematic
uncertainty of the vacuum polarization factor is 0.5% [35].
In summary, using eþe− annihilation data at

ffiffiffi
s

p ¼ 4.23
and 4.26 GeV, we observe enhancements in the π0 recoil
mass spectrum in the process eþe−→D�0D̄�0ðD�þD�−Þπ0.
Assuming that the enhancement is due to a neutral charmo-
niumlike state decaying toD�D̄� and that it has a spin-parity
of 1þ, the mass and the width of its pole position are deter-
mined to bempole(Zcð4025Þ0)¼ð4025.5þ2.0

−4.7�3.1ÞMeV=c2

and Γpole(Zcð4025Þ0)¼ð23.0�6.0�1.0ÞMeV, respec-
tively. The Born cross section σ(eþe− → Zcð4025Þ0π0 →
ðD�0D̄�0 þD�þD�−Þπ0) is measured to be ð61.6�8.2�
9.0Þpb at

ffiffiffi
s

p ¼ 4.23GeV and ð43.4� 8.0� 5.4Þ pb at
ffiffiffi
s

p ¼ 4.26 GeV. Hence, we estimate the ratio ½σ(eþe− →
Zcð4025Þ0π0 → ðD�D̄�Þ0π0)=σ(eþe− → Zcð4025Þþπ− →
ðD�D̄�Þþπ−)� to be compatiblewith unity at

ffiffiffi
s

p ¼ 4.26GeV,
which is expected from isospin symmetry. In addition, the
Zcð4025Þ0 has mass and width very close to those of
theZcð4025Þ�,which couples to ðD�D̄�Þ� [8]. Therefore, the
observed Zcð4025Þ0 state in this Letter is a good candidate
to be the isospin partner of Zcð4025Þ�.
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TABLE I. Summary of systematic uncertainties on the
Zcð4025Þ0 resonance parameters and cross sections σ4230 at
ffiffiffi
s

p ¼ 4.23 GeV and σ4260 at 4.26 GeV. “� � �” means that the
uncertainty is negligible. The total systematic uncertainty is taken
as the root of the quadratic sum of the individual uncertainties.

Source mðMeV=c2Þ ΓðMeVÞ σ4230ð%Þ σ4260ð%Þ
Tracking 5 5
Particle ID 5 5
π0 reconstruction 4 4
Photon veto 4.2 4.2
Mass scale 2.6
Detector resolution 0.2 0.1 0.3 0.5
Backgrounds 0.6 0.2 5.6 5.4
Oval cut 1.5 1.0 4.2 2.0
Fit range � � � 0.1 0.3 0.5
D�D̄�π0 line shape � � � � � � 6.0 3.0
Luminosity 1 1
B1 and B2 � � � � � � 6.5 5.3
Isospin violation � � � 0.2 0.3 0.2
Vacuum polarization 0.5 0.5
Total 3.1 1.0 14.6 12.5
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