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We demonstrate that the dip observed near the total energy of 3872 MeV in the recent cross section data
from the BESIII Collaboration for eþe− → J=ψπþπ− admits a natural explanation as a coupled-channel
effect: it is a consequence of unitarity and a strong S-waveDD̄� attraction that generates the state Xð3872Þ.
We anticipate the appearance of a similar dip in the eþe− → J=ψπþπ−π0 final state near the D�D̄�

threshold driven by the same general mechanism, then to be interpreted as a signature of the predicted
spin-2 partner of the Xð3872Þ.
DOI: 10.1103/PhysRevD.109.L111501

Since the first exotic state χc1ð3872Þ [also known as
Xð3872Þ] in the spectrum of charmonium was discovered
by the Belle Collaboration in 2003 [1], quarkoniumlike
states have been under intensive studies as they provide a
unique laboratory to test our understanding of excited
hadrons and thus the nonperturbative regime of quantum
chromodynamics (for reviews, we refer to Refs. [2–9]).
Recent studies of the electron-positron annihilation in the
energy range 3.8–3.9 GeV performed by the BESIII
Collaboration revealed the appearance of a dip rather than
peak in the line shape in the vicinity of the mass of Xð3872Þ
[10].1 We demonstrate in this Letter that this structure finds
a natural explanation in the interplay of different production

mechanisms operative for the Xð3872Þ production in eþe−
collisions as a concrete realization of the universal mecha-
nism introduced in Ref. [13].
The scene is set by two competing production channels,

for definiteness referred to as channel 1 and channel 2, with
the thresholds Ethr

1 and Ethr
2 , respectively. In what follows,

Ethr
2 − Ethr

1 > 0, and the energy E is counted from the
higher threshold, Ethr

2 . We introduce:
(i) a11 as a parameter that governs the single-channel

interaction strength in channel 1 at the threshold of
channel 2,

(ii) a22 as the S-wave scattering length in channel 2 in
case it is completely decoupled from channel 1,

(iii) a12 as the parameter that describes coupling of
channels 1 and 2.

Then, the expression for the elastic scattering amplitude in
channel 1 within the energy region around Ethr

2 obtained
in a nonrelativistic effective field theory for channel 2
reads [13]

T11ðEÞ ¼ −8πEthr
2

�
1

a−111 − ik1
þ a−212 ða−111 − ik1Þ−2

a−122;eff − ik2

�
; ð1Þ

where k1 is the center-of-mass momentum in channel 1;
k2 ≈

ffiffiffiffiffiffiffiffiffiffi
2μ2E

p
is the momentum in channel 2 treated non-

realativisitcally in the energy range of interest; μ2 is the
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1The same data point is also seen as a dip at the energy

3871.3 MeV in the data in Ref. [11]. No signal around the
Xð3872Þ mass was seen in the J=ψπþπ− invariant mass dis-
tribution of the initial-state radiation process eþe− →
γISRJ=ψπþπ− due to the low statistics [12].
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reduced mass in channel 2; and the effective scattering
length in channel 2 coupled to channel 1, a22;eff , is given by

a−122;eff ¼ a−122 − a−212 ða−111 − ik1Þ−1: ð2Þ

Notice that here channel 1 is not required to be non-
relativistic though the amplitude T11ðEÞ takes the same
form as that obtained when both channels are nonrelativ-
istic [14].
The first term on the right-hand side in Eq. (1) can be

regarded as a background coming from channel 1 alone.
The channel coupling induces an interference, with the
relative phase completely fixed by unitarity, that ensures the
emergence of a dip in the line shape jT11j2 as long as ja22j is
large enough. To see it explicitly, we employ relation (2) to
bring the amplitude in Eq. (1) to the form

T11ðEÞ ¼
−8πEthr

2 ða−122 − i
ffiffiffiffiffiffiffiffiffiffi
2μ2E

p Þ
ða−111 − ik1Þða−122;eff − i

ffiffiffiffiffiffiffiffiffiffi
2μ2E

p Þ ; ð3Þ

where the numerator on the right-hand side vanishes at
E ¼ 0 for a22 → ∞, the so-called unitary limit, while the
denominator remains finite in this limit. The zero of T11 in
Eq. (3) is an example of a Castillejo-Dalitz-Dyson zero
[15]; see also Ref. [16]. In a more realistic situation, when
the interaction in the decoupled channel 2 approaches the
unitary limit (large ja22j), the scattering amplitude in
channel 1 must show a dip at the threshold of channel 2.
This universal picture allows one to interpret the well-

known fact that the f0ð980Þ appears as a dip in the ππ →
ππ scattering amplitude (see, for example, Ref. [17]), where
ππ and KK̄ act as channels 1 and 2, respectively, as a
necessary consequence of the strong S-wave KK̄ attraction.
Similarly, a dip at an energy around 1.67 GeV in the

K−p → K−p and K−p → K̄0n total cross sections (see the
data compiled in Ref. [18]) may indicate a strong S-wave
attraction in the Λη channel, whose threshold is at
1664 MeV. Further examples of near-threshold dip struc-
tures due to the same mechanism include a dip around the
K̄N threshold in the πΣ → πΣ scattering amplitude from
unitarized chiral perturbation theory (UChPT) [19,20] or
lattice quantum chromodynamics [21], a dip around the
D�

sK̄ threshold in the D�π → D�π scattering amplitude
from UChPT [22], and so on. Below, we show that the same

mechanism is at work in the direct production of the
Xð3872Þ in eþe− collisions [see also Ref. [23] for an
estimate of the Xð3872Þ dielectron width].
Recently, the cross section of the reaction eþe− →

J=ψπþπ− was measured by the BESIII Collaboration at
several energies [10], and contrary to naive expectations, no
enhancement around the Xð3872Þ mass was observed.
Instead, there is an indication of a dip, although the data
are admittedly also consistent with a flat distribution [10].
Below, we provide theoretical arguments supporting the
necessity for the appearance of this dip and emphasize the
importance of further detailed studies to understand its
manifestation in the data.
We denote J=ψρ and DD̄� as channel 1 and channel 2,

respectively, and neglect the J=ψω channel for simplicity.
We note that the J=ψρ0 state with JPC ¼ 1þþ can be
produced in eþe− collisions at tree level through two virtual
photons [see Fig. 1(a)] while the state DD̄� þ c:c: with the
same quantum numbers can only be produced at the loop
level [see Fig. 1(b)]; thus, the latter is expected to be
suppressed by the geometric factor 1=ð16π2Þ.2 Therefore,
we neglect the direct production through the DD̄� þ c:c:
channel and write the eþe− → J=ψρ0 amplitude in the
vicinity of the DD̄� threshold as

Að ffiffiffi
s

p Þ ¼ P0 þ P1T11ðEÞ; ð4Þ

where
ffiffiffi
s

p ¼ mD0 þmD�0 þ E is the eþe− center-of-mass
energy and the last term on the right-hand side describes
rescatterings. In particular, it contains the J=ψρ −DD̄�
coupled-channel dynamics discussed above. Then, the
J=ψρ → J=ψρ scattering amplitude T11 can be approxi-
mated by Eq. (3), and the corresponding cross section reads

σð ffiffiffi
s

p Þ ¼ N 0

Z þ∞

−∞
dw

jAð ffiffiffi
s

p
− wÞj2ffiffiffiffiffiffi

2π
p

δE
exp

�
−

w2

2δ2E

�
; ð5Þ

where N 0 is an overall normalization factor and the signal
is convolved with a Gaussian-distributed energy spread to
mimic the actual situation of the BESIII experiment, with

FIG. 1. The lowest-order diagrams for the eþe− → J=ψρ0 [diagram (a)] and eþe− → D0D̄�0 [diagram (b)] annihilation via two
photons.

2We also recall that the magnetic vertex γD0D̄�0 is proportional
to the D0 momentum that vanishes at the D0D̄�0 (channel-2)
threshold.
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the energy spread δE ¼ 1.7 MeV [10]. Since the energy
range of interest is narrow (from 3.8 to 3.9 GeV), only the
leading energy dependence is retained in Eq. (5), while
the overall kinematical factor is treated as a constant for
simplicity.
Since P0 can be absorbed by the overall normalization,

N ≡ P2
0N 0, the resulting model depends on five real

parameters: fa11; a12; a22; R;N g, where R≡ P1=P0.
Using the results of Ref. [24] and the data in Ref. [25],
the DD̄� scattering length in the Xð3872Þ channel is
determined to be

a22;eff ¼ ð−6.39þ i11.74Þ fm: ð6Þ

Then, in the considered two-channel formalism, Eq. (2)
constrains two real parameters (we choose them to be a11
and a12) through the third one (a22). In particular, we use

a−111 ¼ k1
Reða−122;effÞ − a−122

Imða−122;effÞ
ð7Þ

in the amplitude T11 in Eq. (3), while the channel-coupling
parameter can be obtained as

a−112 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k1
Imða22;effÞ

s ����1 − a22;eff
a22

����: ð8Þ

To take into account a finite width of the ρ meson, we
evaluate the momentum k1 as [26,27]

k1 ¼ Re

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½s − ðmJ=ψ þmρÞ2�½s − ðmJ=ψ −mρÞ2�

4s

s
; ð9Þ

with mρ ¼ ð775 − i75Þ MeV, and it is evaluated at the
D0D̄�0 threshold in Eqs. (7) and (8). Notice that to fit to the
BESIII data over the energy range from about 3.81 to
3.9 GeV we keep the full expression for k1 in Eq. (9) and do
not expand it in powers of E.
Then, the BESIII data from Ref. [10] are fitted using

Eq. (5) with T11 from Eq. (3) and with the three free
parameters in the fit being fN ; R; a22g—their fitted values
are listed in Table I. The line shapes for the three best fits
are depicted in Fig. 2. A well-pronounced dip at the DD̄�
threshold is clearly seen in all three line shapes.

We conclude that themeasuredXð3872Þ line shape is well
describedby the J=ψρ0 −DD̄� coupled-channel rescattering
mechanism outlined above. Although the parameters of the
three fits differ substantially from each other, all fits provide
equally decent description of the data and possess common
gross features. In particular, the three line shapes are nearly
indistinguishable in the proximity of the DD̄� threshold
where they all showapronounced dip. The large absolute and
negative values of a22 found in all three fits imply a loosely
boundDD̄� state in the single-channel case. Additional data
in the vicinity of theDD̄� threshold would allow us to better
constrain the model and extract the interaction strengths in
different channelswith higher precision.Also,we emphasize
that, while particular details of the line shape in the eþe− →
J=ψπþπ− production reaction depend on a delicate interplay
of several parameters, the main mechanism driving the dip at
the DD̄� threshold is general and is controlled by the large
scattering length in this channel.
At leading order in heavy quark spin symmetry, the

DD̄� interaction with JPC ¼ 1þþ agrees with that of D�D̄�

with JPC ¼ 2þþ. Accordingly, if the former interaction
generates the Xð3872Þ, the latter is predicted to generate
its spin-2 partner state [28–30]. We therefore predict an

FIG. 2. The line shapes for the three best fits in Table I to the
BESIII data [10] for the eþe− → J=ψπþπ− annihilation after
convolution with the energy spread function—see Eq. (5). As an
example, the blue dashed line shows the line shape for fit 1
without the effect of the energy spread. The 1σ error bands
correspond to the uncertainty propagated from the data.

TABLE I. Parameters of the best fits to the BESIII data [10]. The uncertainties are propagated from the
experimental data only. Note that, while a22 was fitted to data, a11 and ja12j were then computed from a22 and the
value of a22;eff in Eq. (6).

N (pb) R × 102 a22 (fm) χ2=dof a11 (fm) ja12j (fm)

Fit 1 2.6þ1.4
−1.1 0.27þ0.34

−0.29 −6.6þ2.8
−2.0 0.02 −0.51þ0.25

−0.22 1.8þ0.5
−0.8

Fit 2 0.18þ0.09
−0.07 5.9þ3.2

−2.3 −10.8þ2.0
−6.6 0.18 −1.0þ0.3

−1.7 2.8þ0.7
−0.4

Fit 3 0.41þ0.23
−0.16 −2.6þ1.0

−1.5 −12.8þ3.2
−13.2 0.15 −1.4þ0.5

−19.8 3.1þ0.6
−0.5
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analogous dip as discussed above near the D�D̄� threshold
in the production process eþe− → J=ψπþπ−π0. We notice
that the cross section of eþe− → X2ð4014Þ has been
estimated to be Oð10 pbÞ under the assumption that the
X2ð4014Þ is a D�D̄� molecule [31]. Given that, the
predicted dip may be observed at the upcoming BEPC
II-U [32], which will have a luminosity three times that of
BEPC II, and at the Super τ-Charm Facility [33].
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