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The recent observation of multiple near-threshold structures in eþe− annihilation—including ψð3770Þ,
Gð3900Þ, Rð3760Þ, Rð3780Þ, and Rð3810Þ—reveals limitations in existing models of charmonium and
exotic hadrons. In this paper, we propose a unified coupled-channel description that simultaneously
incorporates all five near-threshold structures using parameters constrained by hadron spectroscopy. Our
model accurately reproduces the line shapes in both DD̄ and nonopen-charm hadron (nOCH) channels,
resolves the asymmetric profile of ψð3770Þ, and produces the Gð3900Þ bump. We identify the Rð3780Þ as
the dominant manifestation of ψð3770Þ, attribute Rð3760Þ to DD̄ → nOCH rescattering and suggest that
Rð3810Þ arises from coupling between the ψð1DÞ state and the hcππ channel. The significant non-DD̄
decay of ψð3770Þ is explained by its near-threshold position. This analysis provides a coherent,
unquenched framework centered on a charmonium ψð1DÞ core for near-threshold phenomena and offers
a predictive approach extendable to bottomonium systems and future data from Belle II.
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Introduction. Since 2003, the discovery of numerous new
hadronic states in experiments has spurred a renaissance in
hadron spectroscopy (see review articles [1–6]). These
observations are closely linked to our understanding of
nonperturbative aspects of strong interactions—a central
challenge in modern particle physics. Among these, char-
moniumlike XYZ states have attracted particular interest. A
common feature of these states is their proximity to various
hadronic thresholds. A notable example is the Xð3872Þ [7],
often described as a “superstar” due to its location near the
DD̄� threshold, which has garnered widespread attention in
the field. In fact, near-threshold phenomena—exemplified
by the deuteron in nuclear physics [8] and Feshbach
resonances in cold atoms [9]—are popular in whole physics
and reflect fundamental dynamical mechanisms.

In recent years, enhanced experimental precision has
enabled detailed measurements of the cross sections for
eþe− annihilation into both open-charm and noncharm
final states, unveiling a range of structures near open-charm
thresholds. These include the well-established charmonium
state ψð3770Þ, as well as the newly reported resonances
Gð3900Þ, Rð3760Þ, Rð3780Þ, and Rð3810Þ (see Table I). As
the first charmonium state above the open-charm threshold,
the ψð3770Þ displays a number of anomalous properties.
Though traditionally assigned to the 13D1 cc̄ states, the
central value of the measured mass of the ψð3770Þ deviates
from the predictions of various potential models [10–12].
Also, it exhibits a significant nonopen-charm hadron
(nOCH) decay fraction of approximately 15% [13,14], in
contrast to the nearly negligible nonopen-charm hadron
partial widths of the ψð3686Þ and J=ψ . Beyond its
anomalous mass and decay behaviors, the ψð3770Þ line
shape deviates from a standard Breit-Wigner distribution—
a discrepancy that has led to proposal that two distinct
structures might be present [15]. In addition to the
structures near ψð3770Þ, a resonancelike feature denoted
asGð3900Þ has been observed just above the ψð3770Þ peak
in the eþe− → DD̄ cross section [16–19]. In response to
these novel near-threshold phenomena, theoretical attempts
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have been made from various perspectives, such as exotic
hadronic states [20] and hadron scattering theory [21–26].
Recently, both the hadronic cross section [27] and the
nonopen-charm hadron cross section [28] unveil intricate
structures in the 3.7–3.82 GeV region, which are well
described by introducing three near-threshold structures:
the Rð3760Þ, Rð3780Þ, and Rð3810Þ. Clearly, this indicates
a redundancy of near-threshold structures, as they cannot be
comprehensively described under either the conventional
charmonium or exotic hadron state frameworks.
Facing this challenge, we propose in this paper a unified

coupled-channel description for the five near-threshold
structures—ψð3770Þ, Gð3900Þ, Rð3760Þ, Rð3780Þ, and
Rð3810Þ. Our approach is based on a coupled-channel
framework with most input parameters constrained by
hadron spectroscopy studies, ensuring a self-consistent
and robust theoretical model. Our model accurately repro-
duces the line shapes of the cross sections for eþe−

annihilation into both DD̄ and nonopen-charm hadron
final states. It successfully captures the asymmetric line
shape of the ψð3770Þ and the resonancelike structure
denoted as Gð3900Þ. Our analysis identifies the Rð3780Þ
as the ψð3770Þ resonance, attributes the Rð3760Þ to DD̄ →
nOCH rescattering dynamics, and suggests that the
Rð3810Þ may stem from coupling between the ψð1DÞ
state and the hcππ channel. The sizable nonopen-charm
hadron branching fraction of the ψð3770Þ is naturally
explained by its mass lying very close to the DD̄ threshold.
Understanding these near-threshold phenomena marks a

shift from a quenched to an unquenched picture in high-
precision hadron spectroscopy. Moreover, the coupled-
channel framework presented here is not limited to the
charmonium sector; it can be directly applied to eþe−
annihilation into open-bottom and nonopen-bottom
hadrons. This extension represents a promising direction
for future research, particularly with the high-statistics data
expected from Belle II.

The ψð3770Þ and Gð3900Þ in theDD̄ channel. Our starting
point is a coupled-channel framework that incorporates the
bare cc̄ core, hadron-hadron kinematics, and the transition
interaction between the bare cc̄ states and various hadronic
channels. The Hamiltonian is expressed as

H ¼ Hcc̄ þHcc̄↔hadrons þHhadrons: ð1Þ
The Hcc̄ can be modeled using a conventional potential
model [11], with the cc̄ eigenstate jψni denoted as bare

states. The hadronic Hamiltonian Hhadrons include kinemat-
ics and interaction of hadronic channels,

Hhadrons ¼
X
i

�
mth

i þ p2
i

2μi

�
þ
X
i;j

Vdirect
ij ðp; p0Þ: ð2Þ

When restricted to the space of hadron state fji; pig, the
transition termHcc̄↔hadrons effectively induces an s-channel
potential between hadron states

Vs
ijðp; p0Þ ¼

X
n

finðpÞfnjðp0Þ
E − En

; ð3Þ

where fn;iðpÞ≡ hψnjHcc̄↔hadronsji; pi denotes the transition
matrix element between the nth bare cc̄ state and the ith
hadronic channel.En represents the bare mass of the cc̄ state,
which is shifted to a complex physical mass E − iΓ=2 for the
observed resonance after incorporating coupled-channel
dynamics. The total interaction is

Vij ¼ Vs
ij þ Vdirect

ij ; ð4Þ
In the following analysis, we neglect the direct hadron-
hadron interaction Vdirect

ij unless explicitly required, for the
following reasons. First, eþe− predominantly couple to
vector cc̄ states, making the cc̄-hadron coupling (Vs

ij)
essential for modeling production, while the direct
hadron-hadron interaction Vdirect

ij only serves as a modifica-
tion to the production cross section. Second, the explicit
form of Vdirect

ij is generally more model-dependent and its
effect is relatively difficult to account for.
Since the s-channel potential is separable, the corre-

sponding Lippmann-Schwinger equation can be solved
exactly, yielding the T-matrix

TijðE; p; p0Þ ¼ f†i ðpÞ
λ

I − λ
P

kIkðEÞ
fjðp0Þ; ð5Þ

where fiðpÞ ¼ ðf1iðp0Þ; f2iðp0Þ;…Þ and λ ¼ diagð1=
ðE − E1Þ; 1=ðE − E2Þ;…Þ. The term IkðEÞ encapsulates
the contribution from the k-th hadron channels to the pole
positions of physical states and is given by

IkðEÞ ¼
Z

d3q
fkðqÞf†kðqÞ

E −mth
k − q2=ð2μkÞ

: ð6Þ

We focus on the energy region just above theDD̄ threshold.
The bare states ψð1DÞ and ψð3SÞ are included, with masses
fixed at 3.82 GeV and 4.10 GeV, respectively, as obtained
from a potential model calculation [11]. Although the
ψð2SÞ lies slightly below the DD̄ threshold, is is also
included with a mass of 3.688 GeV.
Among the various hadronic channels, the open-charm

channels Dð�ÞD̄ð�Þ play the dominant role, accounting for
nearly the entire decay width of cc̄ states above the open-
charm threshold. The transition function fi;nðpÞ is calculated

TABLE I. The structures observed in eþe− annihilation near
the DD̄ threshold.

Structure ψð3770Þ Gð3900Þ
Rð3760Þ, Rð3780Þ

and Rð3810Þ
Channel DD̄ DD̄ [16–19] nOCH/hadrons [27,28]
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using the quark pair creation (QPC) model [29,30], which
describes the coupling between a cc̄ state and aDð�ÞD̄ð�Þ pair
via creation of a light-quark pair with the quantum numbers
JPC ¼ 0þþ. The transition function takes the form

fi;nðpÞ ¼ γnM
QPC
Mn→fMigðpÞe

− p2

2Λ2 ; ð7Þ
where an exponential form factor is introduced to suppress
high-momentum contributions inherent in the original QPC
model [31–35]. The parameter γn quantifies the strength of
quark pair creation. For ψð2SÞ, we include its coupling
to DD̄, though its mass lies below the DD̄ threshold;
Couplings to other open-charm channels are neglected
due to their higher threshold. For ψð1DÞ and ψð3SÞ,
coupling to DD̄ð�Þ and Dð�ÞD̄ð�Þ, respectively, are included.
The details of the QPC amplitudes can be found in
Supplemental Material (SM) [36].
To connect with experimental cross sections, we also

introduce the coupling fn;eþe− between bare states and the
eþe− channel. The value of fn;eþe− is related to the dilepton
width of the bare state within the potential model via

Γeþe−
n ¼ 8π2

jpcmj
mn

E2
e

1

2Jn þ 1

X
spin

jfn;eþe− j2; ð8Þ

where Ee is the electron energy. Clearly, Ieþe−ðEÞ is
negligibly small compared to contribution from open-
charm channels. The on-shell T-matrix element relevant
to eþe− → DD̄ is

TDD̄;eþe−ðEþ iϵ; pcmD Þ ¼ fDD̄ðpcmD Þλfeþe−
I − λðIDD̄ þ IDD̄� þ ID�D̄� Þ þ iϵ

;

ð9Þ

and the cross section in our nonrelativistic convention is

dσDD̄

dΩ
¼ ð2πÞ4

ffiffiffi
s

p jpcmD j
8

1

4

X
spin

jTDD̄;eþe− j2: ð10Þ

Figure 1 shows the comparison of the coupled-channel
calculation with experimental data; the corresponding
parameters are listed in Table II. The dilepton widths for
the bare states are

Γeþe−
2S ¼ 5.50 keV; Γeþe−

1D ¼ 0.02 keV;

Γeþe−
3S ¼ 4.91 keV:

These values are comparable to prediction from the
potential model [11]. The asymmetric line shape of the
ψð3770Þ is naturally reproduced within this framework.
Specifically, the ψð2SÞ −DD̄ − ψð1DÞ coupling leads to a
relatively large dilepton width for ψð3770Þ. Meanwhile, the
ψð1DÞ −DD̄ð�Þ − ψð3SÞ coupling induces an interference
that produces a visible bump near 3.9 GeV in the DD̄
channel. Removing either ψð2SÞ or ψð3SÞ eliminates this
structure, indicating a nontrivial interference pattern.
The poles corresponding to physical resonances are

obtained via analytic continuation from the physical region
to the relevant Riemann sheet. On the sheet connected to
the physical region, we find three poles near the real axis
(see Table III), corresponding to the ψð3686Þ, ψð3770Þ,
and ψð4040Þ. The inclusion of DD̄ coupled-channel
dynamics shifts the mass of the bare ψð1DÞ state from
3.82 GeV to that of physical ψð3770Þ. No additional pole is
found near 3.9 GeV in the vicinity of the physical axis.

The Rð3760Þ, Rð3780Þ and Rð3810Þ in the nonopen-charm
hadron channel. We now extend the coupled-channel
framework to include nonopen-charm hadron channels.
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FIG. 1. (a) Coupled-channel description of the eþe− → DD̄
cross section. The red solid line represents the full model
including ψð2SÞ, ψð1DÞ, and ψð3SÞ. Experimental data are from
Belle [19] and BESIII [16,24]. (b) Cross section when either
ψð2SÞ or ψð3SÞ is removed.

TABLE II. The parameters in the coupled-channel model. The coupling fn;eþe− are given in units of GeV−1
2.

γ2S γ1D γ3S fψð2SÞ;eþe− fψð1DÞ;eþe− fψð3SÞ;eþe− Λ (GeV)

3.54 6.51 6.15 2.48 × 10−4 0.15 × 10−4 2.11 × 10−4 0.65
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The Rð3780Þ structure, with mass and width similar to
those of the conventional ψð3770Þ, can be identified with
ψð3770Þ. In contrast, the Rð3760Þ structure appear near the
DD̄ threshold in the nonopen-charm hadron cross section
(See Fig. 2) and lacks a clear cc̄ counterpart. A natural
question is whether the coupling between bare cc̄ states and
the DD̄ channel could produce a DD̄ threshold cusp in the
nonopen-charm hadron channel when cc̄-nOCH coupling
are included. We conjecture that a direct coupling between
bare cc̄ states and nonopen-charm hadron channel cannot
yield any significant structure near the DD̄ threshold.
To clarify this point, consider the energy region very

close to the DD̄ threshold. When including cc̄-nonopen-
charm hadron coupling, the scattering amplitude can be
approximated as

T0
nOCH;eþe−ðEþ iϵÞ≈ fnOCHðmth

DD̄Þλfeþe−
I−λðIDD̄ðEþ iϵÞ−P

k≠DD̄Ikðmth
DD̄ÞÞ

:

Near the DD̄ threshold, the only significant energy de-
pendence comes from IDD̄ðEÞ. The contribution from
IDð�ÞD̄� ðEÞ and InOCHðEÞ are smooth in this region due to
their higher thresholds. The loop function IDD̄ behaves as

IDD̄ðEþ iϵÞ ≈ −2μDD̄

Z
dqðf†DD̄fDD̄ÞðqÞ

− iπμDD̄kDD̄ðf†DD̄fDD̄ÞðkDD̄Þ ð11Þ

with kDD̄ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2μDD̄EDD̄

p
. Although the square root function

could, in principle, produce a cusp, the coupling fDD̄ is in
P-wave, leading to the behavior fDD̄ ≈ akDD̄ as EDD̄ → 0.
Consequently, the imaginary part is suppressed by
f†DD̄fDD̄ ∝ ð2μDD̄EDD̄Þ, rendering the cusp effect negligible.
This contrasts sharply with the case of an S-wave coupling,
where f†i fi ≈ constant and a pronounced cusp appears.
Since direct cc̄-nonopen-charm hadron coupling cannot

produce a noticeable threshold structure, we instead intro-
duce a coupling between the DD̄ and nonopen-charm
hadron channels, corresponding to a rescattering process
DD̄ → nOCH. This is modeled by

VnOCH;DD̄ðqÞ ¼ gnOCHqe−q=ΛnOCHY1�
1 ðΩqÞ; ð12Þ

where q is the momentum of the DD̄ system and Y1
1 is the

spherical harmonic function. The momentum dependence
of nonopen-charm hadron channels can be neglected due to
their lower thresholds. This form captures two essential
features: (1) the P-wave nature of the coupling to the vector
charmonium state, leading to VnOCH;DD̄ ∝ qY1�

1 ðΩqÞ as
q → 0; and (2) the characteristic momentum scale ΛnOCH
of the rescattering. The T-matrix for nonopen-charm
hadron production is then

TnOCH;eþe−ðEþ iϵÞ
¼ VnOCH;DD̄G

DD̄ðEþ iϵÞTDD̄;eþe−ðEþ iϵÞ

¼
Z

d3q
VnOCH;DD̄ðqÞTDD̄;eþe−ðEþ iϵ; qÞ
E −mth

DD̄ − q2=ð2μDD̄Þ þ iϵ
;

where TDD̄;eþe− is approximated by the amplitude in
Eq. (9).1 To model the collective effect of multiple non-
open-charm hadron channels with thresholds well below
DD̄, we introduce an effective two-body channel with

μnOCH ¼ 0.7 GeV; mth
nOCH ¼ 3.0 GeV: ð13Þ

In addition to the Rð3760Þ near the DD̄ threshold, a
small peaklike structure Rð3810Þ is observed around
3.81 GeV in the nonopen-charm hadron channel, just above
the hcππ threshold and with no counterpart in DD̄. This
suggests a contribution from eþe− → hcππ. We therefore
include an hcππ channel in the model. Lacking theoretical
constraints on its coupling to cc̄ states, and noting that the
bare ψð1DÞmass (3.82 GeV) is close to the hcππ threshold,
we introduce a ψð1DÞ − hcππ coupling. Assuming the two
pions are in relative P-wave (Lππ ¼ 1), the transition matrix
element as

fψð1DÞ;hcππðq; pÞ

¼ ghcππffiffiffiffiffiffi
4π

p pe−ðq
2þp2Þ=Λ2

hc
1ffiffiffi
2

p
�
Y0�
1 ðΩpÞ − Y1�

1 ðΩpÞ
�
;

where q is the hc momentum in the c.m. frame, and p is the
relative momentum between the pions. The contribution to
the T-matrix is

IhcππðEÞ

¼
Z

d3qd3p
fhcππðq; pÞf†hcππðq; pÞ

E −mth
hcππ

− q2=ð2μhcðππÞÞ − p2=ð2μππÞ
;

TABLE III. Poles in the coupled-channel model. The Riemann
sheets are labeled according to the sheets used for the DD̄, DD̄,
and D�D̄� channels. For example, ðI; II; IÞ denotes the first
Riemann sheet for the DD̄ channel, the second sheet for the
DD̄� channel, and the first sheet for the D�D̄� channel.

Riemann sheet ðI; I; IÞ ðII; I; IÞ ðII; II; IIÞ
Pole (GeV) 3.686 3.778 − 0.012i 4.031 − 0.024i
Physical state ψð3686Þ ψð3770Þ ψð4040Þ

1Strictly speaking, the TDD̄;eþe− should be obtained by solving
the full LS equation, including the VnOCH;DD̄ interaction. How-
ever, this requires knowledge of the explicit momentum depend-
ence of nOCH channel VnOCH;DD̄ðpnOCH; pDD̄Þ, which introduces
additional parameters. As a first-order approximation, we can
approximate TDD̄;eþe− as the T matrix calculated in the absence of
VnOCH;DD̄. Additional discussion of the full LS equation is
provided in SM [36].
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where fhcππ ¼ ð0; f1D;hcππðq; pÞ; 0Þ, since couplings of
ψð2S=3SÞ to hcππ are neglected. The full T-matrix is
approximated as

Tij ¼ fi
λ

I − λðIDD̄ þ IDD̄� þ ID�D̄� þ Ihcππ þ I2SÞ
fj; ð14Þ

where a small constant term I2S ¼ iδ2Sdiagð1; 0; 0Þ is
introduced to give ψð2SÞ a small width of ∼300 keV
[37]. Its value is determined by the relation

δ2S ¼ Γ2S=2 ≈ 150 keV:

The D0D̄0 and DþD− channels are treated separately. The
nonopen-charm hadron cross section is then

σnOCH ¼ σDD̄→nOCH þ σhcππ; ð15Þ

and the inclusive hadronic cross section is

σhadron ¼ σDD̄ þ σDD̄→nOCH þ σhcππ: ð16Þ

The final results for the nonopen-charm hadron cross
section, including both VnOCH;DD̄ and fψð1DÞ;hcππ couplings,
are shown in Fig. 2. The additional parameters are

gnOCH ¼ 11.5 GeV−1=2; ΛnOCH ¼ 90 MeV;

ghcππ ¼ 8 × 103 GeV−1; Λhc ¼ 40 MeV: ð17Þ

The uncertainty of parameters ΛnOCH and Λhc is discussed
in SM [36]. The structures just above the DD̄ threshold
arise from DD̄ → nOCH rescattering. The scale ΛnOCH ≈
0.09 GeV restricts the process to small relative momenta
(≲90 MeV), naturally explaining the significant nonopen-
charm hadron decay width of the ψð3770Þ. No direct
ψð1DÞ—nOCH coupling is required, consistent with the
small non-DD̄ width of the ψð3686Þ. The large nonopen-
charm hadron branching fraction of the ψð3770Þ is due to
its proximity to the DD̄ threshold, enabling decay via
rescattering DD̄ → nOCH. Similar structures may appear
in eþe− → J=ψX cross section [38].
Analogous rescattering effects near other thresholds

(e.g., DD̄� and D�D̄�) are expected due to similar inter-
actions in the heavy-quark limit. The ψð4040Þ, located
close to the D�D̄� threshold (Δm ≈ 20 MeV) and having a
large D�D̄� branching fraction, may also exhibit enhanced
nonopen-charm hadron decays. Furthermore, similar
threshold structures could appear in the hadronic decays
of charmoniumlike structures such as Zcð3900Þ [39,40] and
Zcð4020Þ [41], where cusp effects may mimic resonant
behavior [42–45].
Inclusion of the hcππ channel yields a resonancelike

structure Rð3810Þ at ffiffiffi
s

p ¼ 3.81 GeV in the eþe− → hcππ
cross section, visible in nonopen-charm hadron but not
open-charm channels, with minimal impact on the ψð3770Þ

pole. The small fitted value Λhc ¼ 0.04 GeV implies the
coupling fψð1DÞ;hcππðq; pÞ is significant only at low
momenta (q; p≲ 0.04 GeV), consistent with soft-gluon
emission in QCD multipole expansion [46]. Further exper-
imental study of eþe− → hcππ is warranted.

Summary. The discovery of numerous charmonium and
charmoniumlike states near open-charm thresholds has
posed significant challenges to our understanding of non-
perturbative quantum chromodynamics. In particular, the
energy region around the DD̄ threshold exhibits a prolifer-
ation of structures—ψð3770Þ, Gð3900Þ, Rð3760Þ, Rð3780Þ,
and Rð3810Þ—that defy conventional quark model classi-
fications and suggest the presence of complex coupled-
channel effects. The ψð3770Þ, nominally assigned as the
13D1 charmonium state, shows several anomalies includ-
ing a mass shift from potential model predictions, a large
nonopen-charm decay fraction, and a distorted line shape.
Recent high-precision measurements of eþe− → hadrons
cross sections further reveal multiple near-threshold en
hancements, indicating that a unified description beyond
conventional hadron or exotic state interpretations is
required.
In this paper, we develop a coupled-channel framework

incorporating both open-charm and nonopen-charm hadron
channels to simultaneously describe all five near-threshold
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FIG. 2. Coupled-channel descriptions of (a) the eþe− → non-
open-charm (nOCH) hadron cross section and (b) the inclusive
hadronic cross sections. Vertical dashed lines indicate the D0D̄0

and DþD̄− thresholds. Nonopen-charm hadron data are from
Ref. [28], inclusive hadronic data are from Ref. [27].
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structures. The model includes bare cc̄ states—ψð2SÞ,
ψð1DÞ, and ψð3SÞ—with masses and transition matrix
elements constrained by phenomenological and QPC
model inputs. By considering couplings to Dð�ÞD̄ð�Þ chan-
nels and introducing rescattering via an effective s-channel
potential, we reproduce the asymmetric line shape of the
ψð3770Þ and the prominent Gð3900Þ peak in the DD̄ cross
section. The Rð3780Þ is unambiguously identified with the
ψð3770Þ resonance. The threshold enhancement Rð3760Þ
is explained as a consequence of DD̄ → nOCH rescatter-
ing, without requiring a direct cc̄ coupling. The Rð3810Þ
structure is attributed to the coupling between the ψð1DÞ
state and the hcππ channel.
Our analysis provides a natural explanation for the large

nonopen-charm hadron branching fraction of the ψð3770Þ
through its proximity to the DD̄ threshold, which enhances
rescattering decay amplitudes. The model successfully
describes both open-charm, nonopen-charm and inclusive
hadronic cross sections with a minimal set of parameters.
The results underscore the necessity of coupled-channel
effects in interpreting near-threshold phenomena and mark

a transition from a static, quenched quark model to a
dynamic, unquenched spectroscopy. The framework pre-
sented here is general and can be extended to bottomonium
systems, offering a predictive approach for analyzing future
high-precision data from facilities such as Belle II.
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