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We investigate the resonance phenomenon in deeply bound charmoniumlike states. By interpreting the
Yð4220Þ, Yð4360Þ, and ψð4415Þ states as deeply S-wave bound DD̄1, D�D̄1, and D�D̄�

2 molecules,
respectively, we robustly predict the existence of 4 S-wave deeply bound C-parity partner states and
13 P-wave charmoniumlike molecular resonances. These states, formed by exchanging the light mesons
and pinpointed through the complex scaling method, include 3 S-wave bound states with exotic quantum
numbers IðJPCÞ ¼ 0ð1−þÞ and 5 P-wave resonances with exotic 0ð0−þÞ and 0ð2þ−Þ. We expect future
experiments to search for such exotic molecular resonances, which will not only enrich the ongoing
construction of “Particle Zoo 2.0” but also help to scrutinize the hadronic molecular assignments of the
Y- family particles including the Yð4220Þ, Yð4360Þ, and ψð4415Þ states.
DOI: 10.1103/PhysRevD.110.L051501

Introduction. The observation of the Xð3872Þ in 2003
marked a milestone in the exploration of hadron spectros-
copy. Since then, numerous exotic hadronic states beyond
conventional qq̄ mesons and qqq baryons have been dis-
covered with advancements in experimental precision,
including the charmoniumlike XYZ states and the Pc
pentaquarks. Despite extensive theoretical analyses, their
inner structures remain mysterious due to the lack of
experimental data. (see review articles [1–22]). The cc̄qq̄
states are particularly challenging to understand. One sig-
nificant challenge is that the mass spectra of cc̄qq̄ states
importantly overlap with those of the excited cc̄ configura-
tions. Moreover, many of them share the identical JPC

quantum numbers. The qq̄ component can be easily excited

within the excited cc̄ system. These complicate distinguish-
ing among various theoretical interpretations of these exotic
states such as conventional excited charmonium, hadronic
molecules, hybrids, or other exotic configurations. For
instance, the Xð3872Þ-, Xð4140Þ-, and Y-family states
[e.g., Yð4220Þ, Yð4360Þ] with JPC ¼ 1−−, require distin-
guishing features to differentiate these theoretical scenarios.
It is the dilemmaof identifying exotic hadron fromXYZ data.
To disrupt the status quo, we can draw on charmoniumlike

states Yð4220Þ, Yð4360Þ, and ψð4415Þ. Previously, Close
and Downum found that theD�D̄1ð2430Þ bound state,1 with
the binding energy around Oð100Þ MeV [24,25], can be
assigned to the observed charmoniumlike state Yð4260Þ or
Yð4360Þ [24,25]. In Ref. [26], the authors proposed that the
Yð4220Þ, Yð4360Þ, and ψð4415Þ states are deeply bound
molecules of DD̄1, D�D̄1, and D�D̄�
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1In the Review of Particle Physics (RPP) [23], D1ð2430Þ and
D1ð2420Þ are identified as wide and narrow charmed mesons,
respectively.D1ð2430Þ is difficult to formmolecules withDð�Þ due
to its substantial decay width. Our study focuses on molecules
composed of Dð�Þ and D1ð2420Þ=D�

2ð2460Þ, using the shorthand
Dð�ÞD̄1 þ c:c:=D�D̄�

2 þ c:c: for these systems. Here, D1 and D�
2

denote D1ð2420Þ and D�
2ð2460Þ, respectively [23].
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in the range of Oð50Þ to Oð100Þ MeV, respectively.
Additionally, they predicted a D�D̄1 molecular state with
the exotic quantum number of JPC ¼ 0−− [26].
In this Letter, we propose a novel approach to under-

standing these states by predicting P-wave resonances from
deeply bound molecular states. Notably, considering a P-
wave excitation in the two constituent mesons introduces
larger number of the exotic JPC quantum numbers forbidden
in conventional QQ̄ systems, helping to avoid the coupled-
channel effects between QQ̄ and QQ̄qq̄. We demonstrate
that if the renowned exotic states Yð4220Þ, Yð4360Þ, and
ψð4415Þ are the deeply bound charmoniumlike molecular
states as suggested in Refs. [24–26], there will exist corre-
spondingly the molecular counterparts with exotic JPC ¼
0ð1−þÞ (S-wave bound state), 0þ− and 2þ− (P-wave reso-
nances). The existence of resonances in theDD̄1,D�D̄1, and
D�D̄�

2 systems necessitates predicting their characteristic
spectra. Interpreting the Y and ψ states as the molecules
allowed us to establish reliable meson-meson interactions
through lightmeson exchange.Utilizing the complex scaling
method (CSM) to identify poles, we systematically predict
the mass spectrum of deeply bound S-wave charge-
conjugation states alongside P-wave resonances as counter-
parts of the Yð4220Þ, Yð4360Þ, ψð4415Þ, and ψ0ð4360Þ for
the first time. These states provide novel insights into the
scenario of the deeply bound charmoniumlike molecules
proposed in previous studies (see Refs. [24–26]), and paves
the way for new spectroscopic research in hadron physics.
This methodology can be easily extended to study other

exotic states and enrich our understanding of resonance
phenomena in hadronic physics. The resonance phenomena
also play a crucial role in nuclear physics, where the
discoveries of the numerous exotic nuclei, such as 11Li [27],
31Ne [28], and 22C [29], have highlighted the pivotal role of
resonances in the formation of the halo, giant halo, and
deformed halo structures in the exotic nuclei [30–38].
Identifying and analyzing resonances not only advances

hadronic physics but also underscores the importance of
resonance phenomena across different areas of physics.

Framework. For the DD̄1, D�D̄1, and D�D̄�
2 systems,

labeled as AB̄,2 the flavor wave functions with the isospin
jI; I3i are given by

j0; 0i ¼ 1

2
½ðA0B̄0 þAþB−Þ þ cðB0Ā0 þ BþA−Þ�;

j1; 1i ¼ 1ffiffiffi
2

p ðAþB̄0 þ cBþĀ0Þ;

j1; 0i ¼ 1

2
½ðA0B̄0 −AþB−Þ þ cðB0Ā0 − BþA−Þ�;

j1;−1i ¼ 1ffiffiffi
2

p ðA0B− þ cB0A−Þ; ð1Þ

where the C parity of AB̄ system is defined as C ¼
cx1x2ð−1ÞLþSþs1þs2 with the factor c ¼ �1 [39–51]. L
and S denote the orbital angular momentum and spin of
the system, respectively. s1 and s2 represent the spin, and
x1 ¼ �1 and x2 ¼ �1 indicate the charge-conjugation
conventions of charmed mesons A and B, respectively.
In this work, we adopt the charge-conjugation conventions
for the D, D�, D1, and D�

2 mesons as specified in Ref. [52].
With Eq. (1), the effective potential VEðqÞ can be

calculated as

VEðqÞ ¼ VD
E ðqÞ þ cVC

EðqÞ: ð2Þ
Here, VD

E ðqÞ denotes the effective potentials from the direct
progress Aðp1ÞB̄ðp2Þ → Aðp3ÞB̄ðp4Þ, and VC

EðqÞ from the
crossed one, Aðp1ÞB̄ðp2Þ → Āðp3ÞBðp4Þ, respectively.
The effective potentials between DD̄1, D�D̄1, and D�D̄�

2

systems are established by exchange of the π, σ=η, and
ρ=ω. The relevant effective Lagrangians can be constructed
under the heavy-quark symmetry, the chiral symmetry, and
the hidden local symmetry [52–55]

LH−H−L ¼ gσhHðQÞ
a σH̄ðQÞ

a i þ gσhH̄ðQ̄Þ
a σHðQ̄Þ

a i þ ighHðQÞ
b Abaγ5H̄

ðQÞ
a i þ ighH̄ðQ̄Þ

a Aabγ5H
ðQ̄Þ
b i

þ hiHðQÞ
b ðβvμðVμ − ρμÞ þ λσμνFμνÞbaH̄ðQÞ

a i;
LT−T−L ¼ g00σhTðQÞμ

a σT̄ðQÞ
aμ i þ g00σhT̄ðQ̄Þμ

a σTðQ̄Þ
aμ i þ ikhTðQÞμ

b Abaγ5T̄
ðQÞ
aμ i þ ikhT̄ðQ̄Þμ

a Aabγ5T
ðQ̄Þ
bμ i

þ hiTðQÞ
bλ ðβ00vμðVμ − ρμÞ þ λ00σμνFμνÞbaT̄ðQÞλ

a i − hiT̄ðQ̄Þ
aλ ðβ00vμðVμ − ρμÞ − λ00σμνFμνÞabTðQ̄Þλ

b i;

LH−T−L ¼ h0σ
fπ

½hTðQÞμ
a ∂μσH̄

ðQÞ
b i þ hH̄ðQ̄Þ

a ∂μσT
ðQ̄Þμ
b i� þ

�
i
�
TðQÞμ
b

�
h1
Λχ

DμAþ h2
Λχ

DAμ

�
ba

γ5H̄
ðQÞ
a

��

þ
�
i

�
H̄ðQ̄Þ

a

�
h1
Λχ

AD⃖0
μ þ

h2
Λχ

AμD⃖0
�

ab

γ5T
ðQ̄Þμ
b

��
þ ½hTðQÞμ

b ðiζ1ðVμ − ρμÞ þ μ1γ
νFμνÞbaH̄ðQÞ

a i�

− ½hH̄ðQ̄Þ
a ðiζ1ðVμ − ρμÞ − μ1γ

νFμνÞabTðQ̄Þμ
b i� þ H:c:; ð3Þ

2Here and after, the notations A and B denote different charmed mesons.

WANG, WANG, WANG, and LIU PHYS. REV. D 110, L051501 (2024)

L051501-2



where the superfields HðQÞ
a and TðQÞμ

a represent the S-wave
ðD;D�Þ and P-wave ðD1; D�

2Þ doublets in the heavy-quark
limit, respectively. The key elements, including axial
current Aμ, vector current Vμ, the vector meson field ρμ,
and the vector meson strength tensor Fμν, are specified in
Ref. [52]. The coupling constants can be derived from both
experimental data and theoretical models, summarized in
Supplemental Material [56].
With the Breit approximation [57], we acquire the

effective potentials VðqÞ using the scattering amplitude
MðqÞ:

Vh1h2→h3h4
E ðqÞ ¼ −

Mh1h2→h3h4ðqÞ
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimh1mh2mh3mh4
p F 2ðq2; m2

EÞ; ð4Þ

where mhi are the interacting hadron masses. A monopole
form factor is introduced to compensate the off-shell effect
of the exchanged mesons and describe the structure effect

of each effective vertex F ðq2; m2
EÞ ¼ Λ2−m2

E
Λ2−q2 [51,58,59].

Here, Λ is a cutoff parameter, mE and q are the mass
and four momentum of the exchanged light mesons,
respectively. These formulations allow comprehensive
expressions of the DD̄1, D�D̄1, and D�D̄�

2 effective
potentials as detailed in the Supplemental Material [56].
To explore bound and resonant states, we apply the CSM

[60–62], which has been utilized in several recent studies to
investigate potential hadronic molecules [63–68]. The
CSM introduces a dilation transformation operator UðθÞ
affecting the coordinate r and its conjugate momentum p,

UðθÞrU−1ðθÞ ¼ reiθ; UðθÞpU−1ðθÞ ¼ pe−iθ; ð5Þ

where θ is the scaling angle. The Schrödinger equation is
then transformed as

p2e−2iθ

2μ
ψθ
LðpÞ þ

Z
e−3iθp02dp0

ð2πÞ3 VJS
LLðpe−iθ; p0e−iθÞψθ

Lðp0Þ

¼ Eθψθ
LðpÞ; ð6Þ

where Eθ is the complex eigenvalue, and μ is the reduced
mass of interacting hadrons. VJS

LLðp; p0Þ is the partial wave
potential. The numerical calculations are described in
Supplemental Material [56].

S-wave counterpart states. Assuming the Yð4220Þ,
Yð4360Þ, and ψð4415Þ states are deeply bound DD̄1,
D�D̄1, andD�D̄�

2 molecules with IðJPCÞ ¼ 0ð1−−Þ, respec-
tively [24–26], we first determine their cutoffs Λ using their
binding energies. We then examine their C-parity counter-
parts with IðJPCÞ ¼ 0ð1−þÞ, summarizing the cutoffs and
results in Table I.
Drawing from earlier one-boson-exchange model studies

on deuteron, the cutoff value for potential hadronic

molecules is expected to be typically around 1 GeV
[9,69–71]. In Table I, the expectation is particularly notable
for the Yð4360Þ, ψð4415Þ, and ψ0ð4360Þ states. However,
a larger cutoff value is needed to reproduce the mass of
the Yð4220Þ state as the DD̄1 bound state with
IðJPCÞ ¼ 0ð1−−Þ. This study mainly focuses on the impli-
cations of the existence of these deeply bound states.
Therefore, we do not try to decode the inner dynamics
and use the larger cutoff values to explore the existence of
resonances.
Our results show that the C ¼ þ states exhibit strong

attractive potentials, leading to deeply bound IðJPCÞ ¼
0ð1−þÞ and IðJPCÞ ¼ 0ð0−þÞ molecules, as shown in
Table I. Their binding energies closely match those of
the Y and ψ states, except for the IðJPCÞ ¼ 0ð1−þÞ DD̄1

states with a large binding energy up to 100 MeV. Notably,
the interaction differences between C ¼ þ and C ¼ −
counterparts stems from the interference of VD

E ðqÞ and
VC
EðqÞ. The similar binding energies in theD�D̄1 andD�D̄2

systems suggest the dominance of direct-diagram potentials
over cross-diagram ones. Meanwhile, we do not find any
S-wave radially excited resonances corresponding to the
S-wave bound systems.
For the S-wave I ¼ 1 systems, we found no bound states,

which is consistent with the interaction differences between
I ¼ 0 (isoscalar) and I ¼ 1 (isovector) systems. This
difference primarily arises from the ρ and π meson
exchanges, guided by the isospin factor IðI þ 1Þ − 3

2
,

making I ¼ 0 interactions more attractive negative triple
of I ¼ 1 systems. Additionally, the ρ exchange effects are
almost canceled out by the opposing ω-meson exchange
impacts. This indicates that the I ¼ 0 molecules form more
readily than their I ¼ 1 counterparts.

P-wave resonances. Turning to P-wave excitations, the
important centrifugal barrier may drive the S-wave deeply
bound states into resonances [72]. With the CSM, we find
the existence of the resonance solutions for the P-wave
I ¼ 0 DD̄1, D�D̄1, and D�D̄�

2 systems when the corre-
sponding S-wave I ¼ 0 systems form deeply bound states
Yð4220Þ, Yð4360Þ, ψð4415Þ, and ψ0ð4360Þ, respectively.
Conversely, for the S-wave I ¼ 1 systems, no bound states

TABLE I. The cutoffs are determined building on the hypoth-
esis that the Yð4220Þ, Yð4360Þ, ψð4415Þ, and ψ0ð4360Þ are C ¼
− deeply bound molecules with the binding energies E− [26].
Additionally, the binding energies Eþ of the C ¼ þ counterparts
are given with the same cutoff values.

Systems IðJPÞ Molecules ½E−ðMeVÞ� Eþ (MeV) Λ (GeV)

D�D̄�
2

0ð1−Þ ψð4415Þ½−49� −50 1.11
D�D̄1 0ð1−Þ Yð4360Þ½−62� −60 1.29
DD̄1 0ð1−Þ Yð4220Þ½−67� −100 2.23
D�D̄1 0ð0−Þ ψ0ð4360Þ½−63� −60 1.11
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are observed, and the corresponding P-wave I ¼ 1 reso-
nance candidates also do not exist. This indicates that the
presence of the S-wave deeply bound states hints at the
possibleP-wave resonances, and the orbital angular momen-
tum plays a crucial role in resonance formation, as does
predissociation by rotation of the diatomic molecules [72].
Experimentally, the Zcð4430Þþ with IðJPÞ ¼ 1ð1þÞ has

been observed in the ψð2SÞπþ invariant mass distribution
[73–75]. It was a potential candidate for the P-wave I ¼ 1

D�D̄1ð2430Þ [76] and D�D̄1 [77] molecules. Unlike
Ref. [77], which focused on the cross diagram of the π
exchange, our study also incorporates the more significant
direct π exchange alongside the vector and scalar
exchanges. The absence of the P-wave I ¼ 1 molecules
in our study suggests that identifying Zcð4430Þþ as the
P-waveD�D̄1 molecules is not viable when considering the
Yð4360Þ as the S-wave IðJPCÞ ¼ 0ð1−−Þ D�D̄1 molecule.
In Fig. 1, we present the characteristic spectrum of the

P-wave I ¼ 0 DD̄1, D�D̄1, and D�D̄�
2 molecular resonan-

ces.3 For C ¼ − systems, there exist seven charmoniumlike
molecular resonance candidates: the DD̄1 with JPC ¼ 0þ−

and 2þ−, theD�D̄1 with JPC ¼ 0þ−, 2þ−, and 1þ−
S¼0, and the

D�D̄�
2 with JPC ¼ 1þ− and 2þ−. For C ¼ þ systems, the

DD̄1 with JPC ¼ 1þþ and 2þþ, the D�D̄1 with JPC ¼ 0þþ

and 1þþ
S¼0, and the D�D̄�

2 with JPC ¼ 1þþ and 2þþ can be
considered as charmoniumlike molecular resonance
candidates.
As shown in Fig. 1, the energies of these obtained

resonances are close to the corresponding open-charm
thresholds, except for the D�D̄1 resonances with

IðJPCÞ ¼ 0ð0þ�Þ. Furthermore, their decay widths exceeds
100 MeV and satisfy the order Γ½DD̄1� < Γ½D�D̄�

2� <
Γ½D�D̄1� for the identical quantumnumbers. The large decay
width arise from decays into the scattering states composed
of two constituent heavy mesons Dð�ÞD̄1;2. These broad
resonances can also decay into two-body hidden-charm and
other open-charm final states,which are shown in Fig. 2. Due
to the molecular nature of these resonant states, we expect a
larger decay branching ratio for open-charm channels than
for hidden-charm channels.
The substantial decaywidth of theP-wave resonancemay

cover the region of Dð�ÞD̄1;2 channels and suggest the
potential coupled-channel effects. However, we did not
explicitly include such effects because our approach mirrors
previous investigations of S-wave potentials, which also did
not consider these effects explicitly. Our results for the
S-wave interactions were based on experimental data, where
the interaction strengths for the Dð�ÞD1;2 channel have been
well constrained to describe the S-wave deeply bound
molecular states. We believe that the essential contributions
of coupled-channel effects have been effectively absorbed
into the short-range interactions, which are parametrized by
the coupling constants and cutoff parameters in our model.
Since the S-wave and P-wave interactions stem from the
same underlying potential via the partial wave expansion, the
fundamental conclusions about the nature of the P-wave
states are expected to remain robust, given the accurate
description of the S-wave mass spectrum.
The conventional charmonia may couple with the pre-

dicted resonances sharing identical quantum numbers and

FIG. 1. The characteristic spectrum (Er − iΓr=2) of the P-wave
I ¼ 0 molecular resonances for the DD̄1 (red), D�D̄1 (blue), and
D�D̄�

2 (green), based on deeply bound molecular hypothesis.
Here, the C ¼ − and C ¼ þ resonances are denoted by solid and
dashed lines, respectively.

FIG. 2. The potential two-body hidden-charm and open-charm
decay channels for the obtained P-wave isoscalar DD̄1, D�D̄1,
and D�D̄�

2 charmoniumlike molecular resonances.

3The D�D̄1 systems with total spin S ¼ 0 and S ¼ 1 can form
identical quantum number JPC ¼ 1þ�. To avoid confusion, we
will use the notation JPCS¼0=J

PC
S¼1 to label the relevant quantum

numbers for the D�D̄1 systems.
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comparable masses. However, several resonances have the
exotic quantum numbers that distinguish them from
conventional charmonia, such as the DD̄1 and D�D̄1

resonances with IðJPCÞ ¼ 0ð0þ−Þ and 0ð2þ−Þ, and the
D�D̄�

2 resonance with IðJPCÞ ¼ 0ð2þ−Þ. This distinction
ensures their existence and mass spectra remain robust
against coupled-channel influences. Among these, the
DD̄1 resonance with IðJPCÞ ¼ 0ð0þ−Þ is notable for the
narrowest decay width of approximately 100 MeV, mak-
ing it a particularly promising candidate for experimental
observation.
To demonstrate the correlation between the existence of

the resonances and the corresponding deeply bound mol-
ecules, we display how the P-wave DD̄1 resonance with
IðJPCÞ ¼ 0ð0þ−Þ varies with the binding energy of the
S-wave DD̄1 molecule with IðJPCÞ ¼ 0ð1−−Þ in Fig. 3.
When the binding energy of the S-wave DD̄1 molecule
exceeds 15 MeV, the P-wave DD̄1 resonance appears. As
the binding energy further increases, the resonance width
will decrease. The real part Er first increases, then reaches
a maximum, decreases, and finally vanishes, where the
resonance transitions to a bound state. Furthermore, if the
Yð4220Þ is identified as the S-wave deeply bound DD̄1

molecule, the corresponding P-wave DD̄1 resonance with
IðJPCÞ ¼ 0ð0þ−Þ must exist.

Summary. Our calculations, focused on the deeply bound
molecular states, uncovers the P-wave resonance phenom-
ena in molecules with substantial binding energies. Such
phenomena might be more general across exotic hadronic
states. Specifically, our numerical results show that deeply
bound molecular assignments of the Yð4220Þ, Yð4360Þ,
ψð4415Þ and a theoretically predicted ψ0ð4360Þ naturally
lead to the emergence of four deeply bound S-wave I ¼ 0

molecules DD̄1, D�D̄1, D�D̄�
2 with positive C parities,

including one with IðJPCÞ ¼ 0ð0−þÞ and three with exotic
IðJPCÞ ¼ 0ð1−þÞ. We do not find the existence of S-wave
excited resonances. Furthermore, we predict P-wave I ¼ 0

resonances:DD̄1 with JPC ¼ 0þ−, 1þþ, and 2þ�, theD�D̄1

with JPC ¼ 0þ�, 2þ−, and 1þ�
S¼0, and the D�D̄�

2 with JPC ¼
1þ� and 2þ�. Despite potential shifts in mass spectra due to
coupled- channel effects with excited charmonium, pre-
dictions for S-wave states with exotic IðJPCÞ ¼ 0ð1−þÞ and
P-wave resonances with exotic IðJPCÞ ¼ 0ð0þ−Þ, 0ð2þ−Þ
are robust. These P-wave resonances, characterized by
decay widths, suggest two-body hidden-charm and open-
charm decay channels as promising avenues for experi-
mental exploration.
Additionally, our findings rule out the existence of

S-wave I ¼ 1 bound states or radially excited resonances
and the corresponding P-wave I ¼ 1 resonances. This
challenges the interpretation of the I ¼ 1 Zcð4430Þþ as
the P-wave D�D̄1 molecular structures.
The predicted resonances, if confirmed, would not only

enrich the spectrum of charmoniumlike molecular resonan-
ces, but also help to examine thehadronicmolecular nature of
the Yð4220Þ, Yð4360Þ, and ψð4415Þ states [24–26]. We
therefore strongly expect future experiments to search for
these predicted charmoniumlike molecular resonances near
the DD̄1, D�D̄1, and D�D̄�

2 thresholds.
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FIG. 3. The trajectories for the P-wave DD̄1 resonance with
IðJPCÞ ¼ 0ð0þ−Þ vary with the binding energy of the corre-
sponding S-wave molecule with IðJPCÞ ¼ 0ð1−−Þ. Here, the solid
line indicates the Yð4220Þ as the DD̄1 molecule considering the
experimental uncertainty.
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