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In this paper we study the reaction eþe− → ðD�D̄�Þ�π∓ in which the BESIII collaboration has claimed
the existence of a 1þ resonance, named Zcð4025Þ, in theD�D̄� invariant mass spectrum with a mass around
4026 MeV and width close to 26 MeV . We determine the D�D̄� invariant mass distribution and find that
although the explanation considered by the BESIII collaboration is plausible, there are others which are
equally possible, like a 2þ resonance or a bound state. Even more, we find that the data can be explained
without the existence of a resonance/bound state. In view of the different possible interpretations found for
the BESIII data, we try to devise a strategy which could help in identifying the origin of the signal reported
by the BESIII collaboration. For this, we study the dependence of the D�D̄� spectrum considering the
different options as a function of the total center-of-mass energy. We arrive at the conclusion that increasing
the center-of-mass energy from 4.26 GeV to 4.6 GeV can be useful to distinguish between a resonance, a
bound state or just a pure background as being responsible for the signal found. This information should
be useful for future experiments.
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I. INTRODUCTION

In an experiment on the eþe− → ðD�D̄�Þ�π∓ reaction atffiffiffi
s

p ¼ 4.26 GeV [1] the BESIII collaboration reported a
peak seen in the ðD�D̄�Þ� invariant mass distribution just
about 10 MeVabove threshold. The peak was identified as
a new particle, the Zcð4025Þ. The authors assume in the
paper that the ðD�D̄�Þ� pair is created in a S-wave and then
the Zcð4025Þ state, coupling to ðD�D̄�Þ�, has JP ¼ 1þ to
match, together with the pion, the quantum numbers
JP ¼ 1− of the virtual photon from the eþe− pair.
However, they also state that the experiment does
not exclude other spin-parity assignments. On the other
hand, since the ðD�D̄�Þ� has charge, the isospin must
be I ¼ 1.
Bumps close to the threshold of a pair of particles are

sometimes identified as new particles, but they can also be a
reflection of a resonance below threshold. Indeed, in a
similar reaction, eþe− → J=ψDD̄ [2], the Belle collabo-
ration reported a bump close to the threshold in the DD̄
invariant mass distribution, which was tentatively inter-
preted as a new resonance. Yet, in Ref. [3] it was shown that
the bump was better interpreted in terms of aDD̄molecular
state, below the DD̄ threshold [so-called X(3700)], that
had been predicted in Ref. [4] and has also been found
theoretically in other works [5–9]. Similarly, in Ref. [10],
the ϕω threshold peak seen in the J=ψ → γϕω reaction [11]
was better interpreted as a signal of the f0ð1710Þ reso-
nance, below the ϕω threshold, which couples strongly to
ϕω [12]. Another such case has been recently reported in
Ref. [13], where a bump close to threshold in the K�0K̄�0

invariant mass distribution, seen in the J=ψ → ηK�0K̄�0

decay in Ref. [14], is interpreted as a signal of the formation
of an h1 resonance, predicted in Ref. [12], which couples
mostly to the K�K̄�.
In the present case one investigates a peak close to

threshold of D�D̄�. Hence, the first question to ask is what
we know about the interaction between this pair of mesons
and whether a bound state of D�D̄� with isospin I ¼ 1, as
in the present reaction, can be formed. An answer to this
question can be seen in Ref. [15], where vector-vector
hidden charm states are investigated using an interaction
from an extrapolation of the local hidden gauge approach
[16–19]. In Ref. [15] several states are found which can be
matched with some X, Y, Z states reported in the literature,
and there is only one bound state of D�D̄� in I ¼ 1, with
quantum numbers IGðJPCÞ ¼ 1−ð2þþÞ with a mass around
3920 MeVand a width of about 150 MeV. The mass of the
state can have large uncertainties since it is generated by
the exchange of J=ψ in the t-channel, which is suppressed
by the large J=ψ mass, such that other subleading mech-
anisms of the interaction could play some role. The I ¼ 1
only appears in the state JPC ¼ 2þþ, since the tensor state
is the one where the interaction is stronger. It is thus
tempting to investigate whether the peak seen in the BESIII
reaction [1] can be interpreted in terms of such a state below
the D�D̄� threshold. This is one of the aims of the present
paper, but simultaneously we shall also investigate other
possibilities, like the one suggested in the experimental
paper [1] of a JP ¼ 1þ state, or even the result of using
simply phase space in D-waves.
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One element of information that makes this investigation
opportune is the fact that if the state were a JP ¼ 1þ
produced in S-wave, as assumed in the experimental work
[1], it easily decays into πJ=ψ exchanging aDmeson in the
t-channel. This is also the decay channel of the Zcð3900Þ
reported in Ref. [20], which would then have the same
quantum numbers as the state claimed in Ref. [1]. However,
while a peak is clearly seen in the πJ=ψ invariant mass
distribution for the case of the Zcð3900Þ, no trace of a peak
is seen around 4025 MeV (see Fig. 4 of Ref. [20]) in spite
of using the same reaction and the same eþe− energy.
The argument exposed above gets extra support when

one digs a bit more on the reaction used. The energy of
4260 MeV for the eþe− pair is not chosen arbitrarily but it
corresponds to the energy of the X(4260) discovered in
Ref. [21] and later on reported in Ref. [22–25]. This
resonance was interpreted in Ref. [26] as a molecular state
of J=ψKK̄, in analogy to the ϕð2160Þ, which was inter-
preted as a ϕKK̄ in Ref. [27]. It has also been suggested a
D1D̄ bound state [28], because of the proximity of the
threshold to the mass of the state, or as a hadrocharmonium
state [29] (see also a discussion in Ref. [30]). Actually, the
structure obtained in Ref. [26] for the X(4260) was of a
J=ψ , together with a cluster of KK̄ forming the f0ð980Þ.
In the decay of this state the f0ð980Þ goes to ππ. It is quite
interesting to see that in a posterior experiment [20] the
Dalitz plot for the decay of the X(4260) into J=ψππ, as well
as the mass distributions, shows a clear correlation of the
ππ pair around the f0ð980Þ mass. The J=ψ , K, K̄states in
the molecular state of the X(4260) are all in S-wave in
Ref. [26], hence the molecule contains an S-wave J=ψπ
component to start with, that upon interaction can lead to
S-wave resonances like the Zcð3900Þ, and the Zcð4025Þ if
the quantum numbers are those assumed in Ref. [1]. Yet, as
mentioned before, there is no trace of a peak around
4025 MeV in the invariant mass of J=ψπ.
With respect to quantum numbers it is worth noting that

the eþe− does not have a defined IG. Even if one produces
the X(4260), this resonance does not have IG defined in the
PDG [31], and even if one assumes it to be the IG ¼ 0− of
Ref. [26], one must note that in the eþe− reaction at that
energy not only this broad resonance is produced but it is
accompanied by a background with equal strength [21].
Thus, G parity is a quantum number not to worry about in
the reaction. The isospin of the D�D̄� state, however, is
determined from the charged nature of the detected D�D̄�
state. For this same reason one does not have to consider C
parity. Hence, IðJPÞ are the basic quantum numbers to
worry about.
There is another element worth considering with respect

to associating a new resonance to the D�D̄� mass spectrum
of Ref. [1]. It was found in Ref. [32] that a single channel
with an energy-independent potential can generate bound
states but not resonance states above threshold. In the local
hidden gauge approach the potentials in the heavy quark

sector are practically energy independent and, furthermore,
the mixing of channels is small, corresponding to sublead-
ing terms in the heavy quark mass (mQ) counting, and even
smaller than the diagonal terms for I ¼ 1, which are also
suppressed in that counting [33]. One should note, how-
ever, that in works like [5,6] which use only the restrictions
of heavy quark spin symmetry (HQSS) but no specific
dynamics, mixing of channels is allowed. Yet, from the
perspective of the dynamics of the local hidden gauge
extrapolations used in the heavy quark sector, a resonant
state of D�D̄� above threshold is not easy to support.
There are further considerations to make. Indeed, the

threshold energy for πD�D̄� is 4160 MeV, which is only
100 MeV below the energy of the eþe− initial state. There
are only 100 MeV of phase space in a reaction with three
particles in the final state, where the invariant mass distribu-
tion forD�D̄� goes to zero at the beginning and the end of the
phase space. This by itself creates a bump narrower than
100 MeV, in particular if the reaction occurs in D-waves.
Nevertheless, as usual when a claim is made of a new

resonance, theoreticians dig into possible answers for the
structure of the new state. In this sense it is worth quoting
theoretical work done in this direction. In Ref. [34] HQSS
is used to make predictions for states containing one D or
D� and one D̄ or D̄�. Assuming the X(3872) and Zbð10610Þ
to be DD̄� and BB̄� molecules, the authors predict a series
of new hadronic molecules, including the Zcð3900Þ and the
Zcð4025Þ. The latter ones would correspond to bound states
(with uncertainties of about 50 MeV in the binding) of
DD̄� þ c:c: andD�D̄�, respectively, with quantum numbers
IðJPCÞ ¼ 1ð1þ−Þ. It is to be stressed that the states, even
with uncertainties, always come in the bound region. In
Refs. [35,36], using QCD sum rules and assuming a
structure of D�D̄�, the authors obtain a possible IðJPÞ ¼
1ð1þÞ state compatible with the Zcð4025Þ albeit with
around �250 MeV uncertainty in the energy. Recently, a
study of the D�D̄� system has also been done within QCD
sum rules, projecting the correlation function on spin-parity
0þ, 1þ and 2þ, and in the three cases a state with mass
3950� 100 MeV is found [37]. The central value of the
mass of these states is more in line with the results of
Ref. [15], although with the error bar, they could also be
related to a resonance. In Ref. [38] the Zc state is looked up
from a different perspective and, using pion exchange, a
D�D̄� state with IðJPÞ ¼ 1ð1þÞ compatible with the
Zcð4025Þ is obtained. One should note that the input used
in this latter work is quite different to the one in Ref. [34]
since in HQSS the pion exchange is subdominant [33]. One
should also note that for I ¼ 1 states, there is a cancellation
for equal masses (or large momenta) of π, η, η0 between the
exchange of these pseudoscalars, as discussed in Ref. [39].
Finally, in Ref. [40], using a tetraquark structure and QCD
sum rules, a state with IðJPÞ ¼ 1ð2þÞ compatible with
Zcð4025Þ is obtained, once again with a large error in the
energy of 190 MeV. These would be the quantum numbers
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of the state predicted in Ref. [15]. A different idea is
exposed in Ref. [41], where a pion and the D�D̄� state are
produced from the X(4260) and the D�D̄� state is left to
interact with the pion being a spectator (initial single-pion
emission mechanism). Although it is not mentioned
whether the D�D̄� interaction produces a resonance with
certain quantum numbers, as in Ref. [15], the authors show
that the mechanism can produce some enhancement in
the D�D̄� invariant mass distribution just above threshold.
As we can see, the theoretical panorama is rather diverse

and uncertainties too large to serve as a support for the
experimental claim of the Zcð4025Þ. In the present paper
we shall take a different path and investigate different ways
in which the experimental data can be reproduced. The fact
that we shall be able to describe the data with different
options will render the claims for the Zcð4025Þ weak.
Together with the former arguments about the difficulty to
get a resonant state of two heavy mesons above threshold,
the case for the Zcð4025Þ with that mass is further
weakened, but the peak observed being a consequence
of a D�D̄� state below threshold remains a clear possibility.

II. FORMALISM

A. D-wave production mechanism for a JP ¼ 2þ state

The production ofD�D̄� inD-waves is one of the options
that we shall exploit here, keeping in mind the possibility
that the peak seen in Ref. [1] could be the 1−ð2þþÞ state
predicted in Ref. [15] below the D�D̄� threshold. We first
look at a mechanism that reassures us that the production
of this 2þþ resonance is possible in this reaction. Several
mechanisms could be thought of, but it suffices to look at
the one of Fig. 1. The structure of the amplitude for this
diagram is given by

t ∝ Lνϵ
μναβkμqα

1

q2 −m2
D þ iϵ

ϵβðD̄�ÞϵδðD�Þðqþ pÞδ; (1)

where p, k, q are the momenta depicted in Fig. 1 and

Lν ≡ v̄ðpþÞγνuðp−Þ: (2)

In Eq. (2), pþ (p−) represents the momentum of the
eþ (e−). To determine the amplitude of Eq. (1), it is

convenient to work in the eþe− center of mass (CM) frame,
in which the three momentum of the photon, k⃗, is zero,
leaving in this way only the contribution from the k0

component in Eq. (1). On the other hand, in the reaction
depicted in Fig. 1, the external three momenta of the D�
and D̄� are small, a fact which allows us to drop the ϵ0
component of the polarization vectors, as done in Ref. [15].
Thus, Eq. (1) gets simplified to

t ∝ k0ϵijkLiqjðqþ pÞm
1

q2 −m2
D þ iϵ

ϵkðD̄�ÞϵmðD�Þ: (3)

As can be seen, Eq. (3) contains the term qjqm, which
carries D-wave. On the other hand, it is also interesting to
see that the combination ϵmðD�ÞϵkðD̄�Þ contains spin S ¼ 2
for the vector mesons. Indeed, for low momenta of the
vectors the spin projectors over spin 0, 1, 2 are given
by [42]

Pð0Þ ¼ 1

3
ϵ⃗ · ϵ⃗ 0δkm;

Pð1Þ ¼ 1

2
ðϵmϵ0k − ϵkϵ

0
mÞ;

Pð2Þ ¼ 1

2
ðϵmϵ0k þ ϵkϵ

0
mÞ − 1

3
ϵ⃗ · ϵ⃗ 0δkm; (4)

where ϵ⃗ is the polarization vector of theD� and ϵ0 the one of
the D̄�. It is easy to see that

ϵmϵ
0
k ¼ Pð0Þ þ Pð1Þ þ Pð2Þ (5)

and, hence, the amplitude of Eq. (3) has components of
D-wave and S ¼ 2 for the two vector mesons.
It remains to see that theD-wave structure and the S ¼ 2

character of the D�D̄� system are preserved upon inter-
action of the final D�D̄� states to produce the state
predicted in Ref. [15]. This process is depicted diagram-
matically in Fig. 2, where the dot on the right most side of
the diagram stands for the L ¼ 0, S ¼ J ¼ 2 D�D̄�
amplitude. In this way, the amplitude associated with the
diagram in Fig. 2 is given by

FIG. 1. Feynman diagram of a mechanism allowing the
production ofD�D̄� inD-waves. Momenta are shown in brackets.

FIG. 2. Loop function accounting for the interaction of the two
vector mesons.

REANALYSIS OF THE … PHYSICAL REVIEW D 89, 014025 (2014)

014025-3



tðloopÞ ∝
Z

d4q
ð2πÞ4

1

q2 −m2
D þ iϵ

1

ðq − pÞ2 −m2
D� þ iϵ

×
1

ðk − qÞ2 −m2
D̄� þ iϵ

× k0ϵijkLiqjðqþ pÞmϵmðD�Þϵ0kðD̄�ÞtD�D̄�

×

�
1

2
ðϵi0ϵ0j0 þ ϵj0ϵ

0
i0 Þ −

1

3
ϵ⃗ · ϵ⃗ 0δi0j0

�

×

�
1

2
ð~ϵi0 ~ϵ0j0 þ ~ϵj0 ~ϵ

0
i0 Þ −

1

3
~ϵ
!

· ~ϵ
!0

δi0j0

�
: (6)

We can see that Eq. (6) only involves the spatial part of
the polarization vectors. We mentioned above that for the
external vectors this is justified since the ratio of the three
momenta to the D� vector masses is negligible. However,
inside the loop the whole structure of the vector propagator,
−gμν þ qμqν

M2
D�
, should be kept. If one looks at the imaginary

part of the loop, one will be placing the D� particles on
shell, in the cut of the D�D̄�, and again jq⃗j=MD� is
negligible. But for the real part one goes over the off-shell
particles and jq⃗j=MD� will not be so small. The justification
to still take the on-shell sum of polarizations,

P
polϵiϵj ¼

δij, stems from two reasons: first, the range of momenta in
the loop goes to a qmax of the order of 700–800 MeV
[43,44], and thus jq⃗j=MD� is still small in all the range of
values. Second, one must also keep in mind that one always
has uncertainties in the real part of the loop from different
sources and finally qmax is fine-tuned to fit some exper-
imental data, thus fixing the real part of the loop without
spoiling its imaginary part.
Coming back to Eq. (6), since k⃗ ¼ 0, the integral in

Eq. (6), ignoring the polarization vectors, can only provide
a structure like

Aδjm þ Bpjpm; (7)

in terms of the pion momentum. We can see again the
D-wave character in the second term of Eq. (7). As to the
spin structure, after the contraction of the spacelike vector
polarizations,

X
pol

ϵmϵi0 ¼ δmi0 ; (8)

we obtain the following combination in term of the
polarization of the external vector mesons, ~ϵ:

1

2
ð~ϵm ~ϵ0k þ ~ϵk ~ϵ

0
mÞ − 1

3
~ϵ
!

· ~ϵ
!0

δmk: (9)

Comparing Eq. (9) with the spin 2 projector of Eq. (4), one
can see that the spin S ¼ 2 structure of the pair of vector
mesons is preserved through the interaction. Note that the
loop of Fig. 2 is intrinsically different from the one of

Ref. [41] where the initial single-pion emission mechanism
has the pion line going out from the same γD�D̄� vertex in
Fig. 2 (Xð4260ÞD�D̄�π vertex in Ref. [41]). Here the pion
is emitted from inside the loop and is essential to provide
the desired D-wave behavior. The structure of the vertices
in Ref. [41] allows S-wave formation, hence, leading to
D�D̄� in JP ¼ 1þ.

B. Invariant mass distribution

In the production of a D�D̄� resonant state we shall
assume that the amplitude depends on the invariant mass of
D�D̄�, MD�D̄� , as done in Ref. [1]. In this case the
differential cross section is given by [3]

dσ
dMD�D̄�

∝
m2

e

s
ffiffiffi
s

p p ~qjTj2FL; (10)

where p is the pion momentum in the eþe− CM frame and
~q is the D� momentum in the D�D̄� CM frame:

p ¼ λ1=2ðs;m2
π;M2

D�D̄� Þ
2

ffiffiffi
s

p ; (11)

~q ¼ λ1=2ðM2
D�D̄� ; m2

D� ; m2
D̄� Þ

2MD�D̄�
: (12)

The factor FL ¼ p2L is needed to account for the partial
wave in which the D�D̄� system is produced (L ¼ 0 for
S-waves and L ¼ 2 for D-waves), and T is an amplitude
which we parametrize as

T ¼ A
M2

D�D̄� −M2
R þ iMRΓR

; A≡ constant (13)

for the case of a resonance produced with mass MR and
width ΓR. In the case of a pure phase space, T would be
taken as a constant.
In general, as done in Ref. [1], the D�D̄� invariant

mass distribution can have contributions from a small
background proportional to the phase space, and from
combinatorial backgrounds (estimated by combining a
reconstructed Dþ with a pion of the wrong charge, see
Ref. [1] for more details) referred to as wrong sign (WS)
background. Thus, we can write

dσ
dMD�D̄�

¼ m2
e

s
ffiffiffi
s

p p ~qðjTj2FL þ BÞ þWS; (14)

where B represents a constant.
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III. RESULTS

A. Invariant mass distribution

In this section we show the results found using Eq. (14)
for the D�D̄� invariant mass distribution of the process
eþe− → ðD�D̄�Þ�π∓ at the same energy as the one
considered in Ref. [1], that is,

ffiffiffi
s

p ¼ 4.26 GeV. We
determine the D�D̄� spectrum for the following cases:
(i) Production of a 1þ D�D̄� resonance in relative S-wave

with the pion.
(ii) Production of a 1þ D�D̄� bound state in relative

S-wave with the pion.
(iii) Production of a 2þ D�D̄� resonance in relativeD-wave

with the pion.
(iv) Production of a 2þ D�D̄� bound state in relative

D-wave with the pion.
(v) A pure D-wave background.
As we will show in the next sections, there is more than

one option compatible with the invariant mass distribution
obtained by the BES collaboration in Ref. [1].
While determining Eq. (14), we have four unknown

parameters: the resonance mass, MR, its width, ΓR, the
magnitude of the resonant amplitude (A) and that of
the phase space background (B). The strategy followed
to constrain these parameters consists of performing a fit
to the experimental data with the mentioned degrees of
freedom. In the fitting process we also take into account the
same wrong sign events background (WS) determined by
the BES collaboration in the study of the reaction eþe− →
ðD�D̄�Þ�π∓ [1]. We minimize the χ2 and consider the
result whose χ2 per degrees of freedom (n.d.o.f) is ∼1 as a
good fit. This is the same criteria as the one of Ref. [1],
in which a fit to the data is performed using the option
(i) listed above and a solution compatible with the data is
obtained with χ2=n:d:o:f ¼ 0.92.
Case (i): A 1þ D�D̄� resonance in relative S-wave with

the pion.
In Fig. 3 we show the D�D̄� invariant mass distribution

obtained from a fit to the data considering a resonance in
relative S-wave with the pion, mass 4030 MeV and a
narrow width, 34 MeV. These values are similar to those
adopted by the BES collaboration to explain the data [1].
As can be seen, the agreement with the data is good and the
χ2=n:d:o:f ∼ 1.09. This result could indicate the existence
of a resonance in relative S-wave, around 10–13 MeV
above the D�D̄� threshold and narrow width ∼30 MeV.
However, as we are going to see in the next sections, this is
not the only possibility which can satisfactorily explain
the data.
Note that the formation of the 1þ state is possible with

L ¼ 0 and L ¼ 2. We take the common choice of asso-
ciating the lowest possible L, that normally dominates the
process.
Case (ii): A 1þ D�D̄� bound state in relative S-wave with

the pion.

As has been found in several works [3,10,13], states
below the threshold of a process can generate bumps close
to threshold, leading to claims of resonance above the
threshold of the reaction studied and, thus, to a misinter-
pretation of the observed signal. It would be then interest-
ing to test if a 1þ state in relative S-wave with the pion, as
assumed by the BES collaboration, but below the D�D̄�
threshold could explain the results found in Ref. [1]. A best
fit is obtained for a mass MR ∼ 3970 MeV and width
ΓR ∼ 60 MeV. As can be seen in Fig. 4 this option is less
suitable (χ2=n:d:o:f ∼ 1.4) than the previous one to explain
the data. Note that the results shown in Fig. 4 correspond
only to the resonance signal, without any kind of back-
ground. The inclusion of a background further worsens the
agreement with the data and, hence, χ2=n:d:o:f is much
larger than 1.4.
Case (iii): A 2þ D�D̄� bound state in relative D-wave

with the pion.
In Ref. [15] a D�D̄� bound state is found with isospin 1,

spin-parity 2þ, mass around 3900–3970 MeV and width
140–200 MeV. The BES collaboration has attributed the
signal observed in the D�D̄� invariant mass distribution of
the process eþe− → ðD�D̄�Þ�π∓ to a 1þ resonance pro-
duced in relative S-wave with the pion. However, the spin-
parity conservation does not rule out a D�D̄� state with
spin-parity 2þ (as the one found in Ref. [15]) and relative
angular momentum L ¼ 2, i.e., D-wave production. We
show the D�D̄� spectrum calculated for this option in
Fig. 5. As can be seen, a bound state with a mass of MR ¼
3990 MeV and width ΓR ¼ 160 MeV, although being
below the D�D̄� threshold and broad, when convoluted

FIG. 3. Invariant D�D̄� mass distribution obtained using
Eq. (14) for the case of a 1þ resonance in relative S-wave
with respect to pion, mass MR ¼ 4030 MeV and width
ΓR ¼ 34 MeV. From now onward we use the following nomen-
clature in the figures: PHSP means phase space, BKG means
background and WS means wrong sign.

REANALYSIS OF THE … PHYSICAL REVIEW D 89, 014025 (2014)

014025-5



with the phase space factor produces a narrower bump
10–15 MeV above the D�D̄� threshold. The χ2=n:d:o:f
obtained in this case is ∼1.2, thus this option is a plausible
explanation for the signal found in Ref. [1].
Case (iv): A 2þ D�D̄� resonance in relativeD-wave with

the pion.
One could also consider the formation of a 2þ resonance

in the D�D̄� system in relative D-wave, instead of a bound
state as in case (iii), as the mechanism responsible for the
spectrum obtained in Ref. [1]. The result is shown in Fig. 6
for the case MR ¼ 4030 MeV and width ΓR ¼ 80 MeV.

As can be seen, the solution found in this way is perfectly
compatible with the data (χ2=n:d:o:f ∼ 1.1).
Case (v): D-wave background.
One could also wonder if a resonance or bound state is

needed to explain the signal found by the BES collabora-
tion in Ref. [1]. In Fig. 7 we show the solution obtained
considering a pure D-wave background in Eq. (14).
Surprisingly, this possibility is also compatible with the
data, obtaining a χ2=n:d:o:f ∼ 1.1.
As a summary of this section, we have studied the origin

of the signal found 10–15 MeV above the D�D̄� threshold
in Ref. [1]. We conclude that, although the existence of

FIG. 4. Invariant mass D�D̄� spectrum obtained using Eq. (14)
to fit the data of Ref. [1]. In this case, we consider the formation
of a 1þ D�D̄� bound state in relative S-wave with the pion.

FIG. 6. Invariant mass distribution obtained considering
Eq. (14) to fit the data with a 2þ resonance in relative D-wave
with the pion. We obtain from the fit: massMR ¼ 4030 MeV and
width ΓR ¼ 80 MeV.

FIG. 7. Invariant mass spectrum obtained from a fit to the data
with a pure D-wave background.

FIG. 5. Invariant mass distribution obtained from Eq. (14) for
the case of a 2þ D�D̄� bound state in D-wave with the pion. The
best fit to the data gives a mass MR ¼ 3990 MeV and width
ΓR ¼ 160 MeV.
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a 1þ resonance with mass ∼4030 MeV, narrow width,
∼30 MeV, and relative S-wave with respect the pion, as
assumed in Ref. [1], is compatible with the data, there are
more options with which the signal can be explained: a
broad 2þ bound D�D̄� state in relative D-wave with the
pion of the reaction considered; a 2þ resonance above the
D�D̄� threshold in D-wave with the pion or simply a
D-wave background. All these options are equally plau-
sible to describe the spectrum and the signal found
in Ref. [1].

B. Energy dependence of the D�D̄� invariant
mass distribution

It would be interesting to know if there could be a way of
finding which option, out of the different ones studied in
Sec. III A and compatible with the data of Ref. [1], is
responsible for the signal observed close to the D�D̄�
threshold. A way to do this consists of investigating the
dependence of the solutions found in Sec. III A with the
center-of-mass energy,

ffiffiffi
s

p
. The experiment considered in

Ref. [1] was studied at a center-of-mass energy offfiffiffi
s

p ¼ 4.26 GeV. In this section we show how the results
of Sec. III A change when the center-of-mass energy is
taken to be

ffiffiffi
s

p ¼ 4.4 GeV and
ffiffiffi
s

p ¼ 4.6 GeV. It should
be added here that we have taken the background of WS
events given in Ref. [1] for all values of

ffiffiffi
s

p
, although it

could also change with the center-of-mass energy.
Case (i): A 1þ D�D̄� resonance in relative S-wave with

the pion.
We show in Fig. 8 the D�D̄� invariant mass distribution

for the case of a 1þ resonance with 4030 MeVof mass and
34 MeVof width in relative S-wave with the pion for three

values of
ffiffiffi
s

p
, 4.26, 4.4 and 4.6 GeV. To compare them, we

have renormalized (here and in the following cases) the
results associated to the energies

ffiffiffi
s

p ¼ 4.4 GeV and
ffiffiffi
s

p ¼
4.6 GeV to the one of

ffiffiffi
s

p ¼ 4.26 GeV. As can be seen, not
much changes in the D�D̄� invariant mass spectrum while
varying

ffiffiffi
s

p
.

Case (ii): A 1þ D�D̄� bound state in relative S-wave with
the pion.
We do not consider this case, since the fit shown in Fig. 4

and the χ2=n:d:o:f obtained already indicate that this option
is the least plausible one to explain the D�D̄� spectrum
found in Ref. [1].
Case (iii): A 2þ D�D̄� bound state in relative D-wave

with the pion.
In case of production of a broad bound state at

3990 MeV in D-wave with the pion, the D�D̄� invariant
mass distribution changes more than in case (i) when

ffiffiffi
s

p
is

increased, especially for
ffiffiffi
s

p
∼ 4.6 GeV (see Fig. 9). The

different energy behavior between the option tried in case (i)
and the one considered here can be useful to determine if
the signal is due to a resonance in relative S-wave or a
bound state in relative D-wave with the pion present in the
reaction studied in Ref. [1].
Case (iv): A 2þ D�D̄� resonance in relativeD-wave with

the pion.
In Fig. 10 we show the results found for the D�D̄�

spectrum while varying
ffiffiffi
s

p
for the case of a 2þ resonance

in the D�D̄� system with mass 4030 MeV and width
80 MeV which is in relative D-wave with respect to the
pion. As can be seen, the energy dependence found is very
weak, and, as in case I, the invariant mass distribution
obtained for the three energies considered is compatible,
within the error bars, with the data points found for

ffiffiffi
s

p ¼
4.26 GeV by the BES collaboration in Ref. [1]. However,

FIG. 8. Invariant mass distribution obtained from a fit to the
data with a 1þ resonance in relative S-wave with the pion, mass
MR ¼ 4030 MeV and width ΓR ¼ 34 MeV for different

ffiffiffi
s

p
values.

FIG. 9. Invariant mass distribution obtained for a 2þ D�D̄�
bound state (MR ¼ 3990 MeV, ΓR ¼ 160 MeV) in relative
D-wave with the pion for different values of

ffiffiffi
s

p
.
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the changes obtained in the spectrum when varying
ffiffiffi
s

p
are more appreciable than in case of the 1þ resonance
produced in S-wave (case I). Thus, according to our
findings, if an experimental study of the D�D̄� spectrum
is done at different center-of-mass energies, it would be
possible to identify if the signal observed in the invariant
mass distribution is due to the formation of resonance or a

bound state in the D�D̄� system. However, it would be
difficult to judge if the signal corresponds to a 1þ resonance
or to a 2þ resonance.
Case (v): D-wave background.
For this case, the changes observed in theD�D̄� invariant

mass distribution while increasing
ffiffiffi
s

p
from 4.26 GeV to

4.6 GeV are very pronounced, a finding which definitely
should be helpful in ruling out a D-wave background as
responsible for the signal reported in Ref. [1] (see Fig. 11).

IV. CONCLUSIONS

In this manuscript we have determined the D�D̄�
invariant mass spectrum for the reaction eþe− →
ðD�D̄�Þ�π∓, studied by the BES collaboration [1]. We
have found that, apart from the solution proposed in
Ref. [1] to explain the signal observed close to the
D�D̄� threshold, which is a 1þ resonance with mass
∼4030 MeV and width ∼30 MeV, other options are also
equally compatible with the data: a molecular 2þ D�D̄�
bound state or resonance in relative D-wave with the pion
or just a pureD-wave background are options which cannot
be disregarded. With the idea of motivating further exper-
imental studies which could clarify the origin of the signal
obtained in Ref. [1], we study the modification experienced
by the D�D̄� invariant mass spectrum when the center-of-
mass energy is varied from

ffiffiffi
s

p ¼ 4.26 GeV to 4.6 GeV. As
a result, we find that it is possible to clarify if the spectrum
of Ref. [1] is due to a resonance, to a bound state or a pure
D-wave background. However, if the origin turns out to be
a resonance, then it would be difficult to know if its spin-
parity is 1þ or 2þ. This information should be certainly
useful for further experimental analysis and can be used to
shed some light on the intriguing signal found by the BES
collaboration.
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FIG. 10. Invariant mass distribution obtained for a 2þ D�D̄�
resonance (MR ¼ 4030 MeV, ΓR ¼ 80 MeV) in relativeD-wave
with the pion for different values of

ffiffiffi
s

p
.

FIG. 11. Invariant mass distribution obtained with a D-wave
background for different values of

ffiffiffi
s

p
.
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