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The charmoniumlike state Yð4260Þ is described as predominantly aD1D̄molecule in a coupled-channel
quark model [Phys. Rev. D 96, 114022 (2017)]. The heavy quark spin symmetry (HQSS) thus implies the
possible emergence of its heavy quark spin partners with molecular configurations as D1D̄� and D�

2D̄
�

below these charmed mesons’ thresholds. We analyze the probabilities of various intermediate charmed
meson loops for JPC ¼ 1−− exotic state Yð4360Þ and find that the channel D1D̄� couples more strongly
around its mass regime, and the coupling behavior remains the same even if the mass of Yð4360Þ is pushed
closer toD1D̄� threshold. This enlightens that the most favorable molecular scenario for the Yð4360Þ could
beD1D̄�, and hence it can be interpreted as HQSS partner of the Yð4260Þ. We also find the strong coupling
behavior of D�

2D̄
� channel with the ψð4415Þ, which makes it a good candidate for a dominant D�

2D̄
�

molecule. We discuss the important decay patterns of these resonances to disentangle their long- and
short-distance structures.

DOI: 10.1103/PhysRevD.104.094006

I. INTRODUCTION

Heavy quark spin symmetry (HQSS) implies that the
hadronic interactions do not depend on the spin of the
heavy quark, and heavy mesons can be fully classified by
using the quantum numbers of the light quark cloud. If a
hadron with a given heavy quark spin is observed exper-
imentally, it is then natural to expect that there should exist
its spin partners with different heavy quark spin but with
the same light degree of freedom. Such heavy quark spin
patterns are identified for instance for recently observed
LHCb pentaquarks [1–6], and for charged exotic states in
the bottom sector, namely Zbs [7–12].
In this work, we predict the heavy quark spin partners of

the exotic state Yð4260Þ, provided that this state is pre-
dominantly aD1D̄ hadronic molecule1 [13]. The HQSS thus
implies the possible emergence of other hadronic molecules
such as D1D̄� and D�

2D̄
� below or nearby these thresholds.

We demonstrate that, as Yð4260Þ is dominant by the D1D̄
molecular component, its HQSS partners D1D̄� and D�

2D̄
�

then naturally emerge and we identify them as the
JPC ¼ 1−− charmoniumlike state Yð4360Þ and ψð4415Þ,
respectively. It is worth noting that the mass difference
between Yð4360Þ and Yð4260Þ is almost same as the
mass difference between vector and pseudoscalar charmed
meson, namely

MYð4360Þ −MYð4260Þ ≃MD� −MD: ð1Þ

This makes a good benchmark to expect Yð4360Þ as an ideal
candidate for the HQSS partner of the Yð4260Þ. The nearest
threshold involving two charmed mesons above Yð4360Þ
is D1D̄� (see Fig. 1 for other threshold levels), and it is
approximately as far as D1D̄ from the Yð4260Þ.2 This
reflects an important consequence of the HQSS—the bind-
ing energies of these meson molecules would be of the same
order [15]. Therefore, one can expect that the coupling
strength of Yð4360Þ with the first few channels will be of the
same order as we observed for the Yð4260Þ case. We will
briefly come back to this point in Sec. III. Moreover, HQSS
implies the presence of D1D̄ and D�

2D̄ components in the
wave function of Yð4360Þ, the latter channel couples to
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1Throughout in this paper, D1D̄, D1D̄�, and D�
2D̄

� mean
D1ð2420ÞD̄þ c:c:,D1ð2420ÞD̄�þc:c:, andD2ð2460ÞD̄� þ c:c:,
respectively.

2Note that the particle data group (PDG) mass value of the
Yð4260Þ is (4220� 15) MeV [14].
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JPC ¼ 1−− through D-wave only. However, their masses
are below the experimental value of the mass of Yð4360Þ,
and hence will be neglected here. The mass values of
relevant thresholds can be read from the Appendix B
(Table VI).
Before we go into details of our calculations, we first

briefly review the status of Yð4360Þ. This charmoniumlike
structure was first observed in 2007 at BABAR in the initial
state radiation (ISR) process eþe− → πþπ−ψð2SÞ [16],
and later, in the same year at Belle [17]. Subsequently,
BABAR and Belle have updated their data [18,19].
Recently, BESIII Collaboration has observed this state
for the first time in the eþe− → πþπ−J=ψ process [20].
We summarize the extractions of mass and width of
Yð4360Þ from different experimental data in Table I.
More details on its status can be found in a recent review
[21], and different theoretical interpretations are discussed
in Sec. 4.8 of the review article [22].
Yð4360Þ is recognized as a potential candidate for an

exotic state since it does not show strong coupling to open-
charm channels (such asDD̄) which are generally expected
as dominant decays of vector charmonia. Moreover, there
is not any pronounced enhancement around the Yð4360Þ
mass in the inclusive cross sections eþe− → hadrons, the
so-called R-value measurements. Hence, it is necessary to

make more effort to investigate the structure of Yð4360Þ
with the updated knowledge of multiquark dynamics.
We use this opportunity and report our analysis of this
exotic state.
The JPC ¼ 1−− exotic state Yð4260Þ is being analyzed in

the coupled-channel quark model [24], where the constitu-
ent quark model is used to describe the bare quark-
antiquark interaction, and the 3P0 quark-pair creation
mechanism is used to couple charmonium core to the
molecular components. The probabilities of the various
charmed meson components of the Yð4260Þ are analyzed
and it is found that, even though the HQSS forbids S-wave
coupling ofD1D̄ to the 3S1 charmonia [ψðnSÞ], theD-wave
coupling is allowed and not negligible. The Yð4260Þ is
interpreted as a mixture of a charmonium core plus the
dominant D1D̄ component. To probe the charmonium core
of Yð4260Þ, the coupling behavior of theD1D̄ channel with
different charmonium cores is investigated and it is found
that it couples more strongly to 3D1 charmonia [ψðnDÞ].
This manifests that the charmonium core of the Yð4260Þ is
likely to be ψðnDÞ. The production of ψðnDÞ via eþe−
annihilation is suppressed, which explains why the pro-
duction cross section of eþe− → vector charmonia exhibits
a dip around 4.26 GeV.
In this work, we extend our coupled-channel formalism

to investigate other JPC ¼ 1−− exotic states. The purpose is
to build up a heavy quark spin multiplet of charmed meson
molecules [25]. In what follows, we do not aim to fully
explain the production or decay patterns of these exotic
hadrons. Instead, we will investigate the molecular com-
ponents in experimentally observed JPC ¼ 1−− exotic
states. In unquenched quark model (UQM), the wave
functions encapsulate both long- and short-distance infor-
mation, and we intend to utilize them to explore the
structure of exotic Y and ψ resonances.
A brief introduction of our coupled-channel framework

is given in Sec. II, where some subtleties of the HQSS are
also discussed. Section III is devoted to the analysis of our
results and their interpretations. In Sec. IV, a few remarks
on the strong decays of Yð4360Þ and ψð4415Þ are provided,
followed by a summary of this study in the Sec. V.

II. COUPLED-CHANNEL FORMALISM

The quenched quark model described the spectrum of the
low-lying states reasonably well, but its predictions for the
states nearby or above open-flavor thresholds are ques-
tionable. It lacks the influence of “sea-quarks”. Heavy
quarkonium can couple to intermediate heavy mesons
through the creation of light quark-antiquark pair. This
enlarges the Fock space of heavy quarkonium and man-
ifests the presence of multiquark components in its wave
function. Such components will change the Hamiltonian of
the potential model, causing a mass shift due to self-energy
corrections, and may also give direct contributions to strong

FIG. 1. Important charmed meson thresholds in the proximity
of Yð4260Þ, Yð4360Þ, and ψð4415Þ.

TABLE I. Masses and widths extracted from the different
experimental data for the Yð4360Þ in the eþe− → πþπ−ψð2SÞ
process. Only the BESIII 2017 extraction [20] is based on the
eþe− → πþπ−J=ψ process.

Mass (MeV) Width Γ (MeV) Measurement

4324� 24 172� 33 BABAR 2007 [16]
4361� 9� 9 74� 15� 10 Belle 2007 [17]
4347� 6� 3 103� 9� 15 BABAR 2014 [18]
4340� 16� 9 94� 32� 13 Belle 2015 [19]
4320� 10.4� 7.0 84.2� 12.5� 2.1 BESIII 2017 [20]
4383.8� 4.2� 0.8 101.4þ25.3

−19.7 � 10.2 BESIII 2017 [23]

4368� 13 96� 7 PDG Average [14]
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and electromagnetic decays [26,27]. The probability of
such multiquark (molecular) components can be worked
out (see e.g., Ref. [24]).
In UQM, a physical or experimentally observed hadron

jAi can be expressed as

jAi ¼ c0jψ0i þ
X
BC

Z
d3 p cBCðpÞjBC;pi; ð2Þ

where c0 and cBC stand for the normalization constant
of the bare state and the BC components, respectively. In
this work, B and C refer to charmed and anti-charmed
mesons, and the summation over BC is carried out up to
ground state P-wave charmed mesons [28]. The bare state
jψ0i is normalized to 1, and the physical state jAi is also
normalized to 1 if it lies below theDD̄ threshold. jBC;pi is
normalized as hBC;p1jB0C0;p2i ¼ δ3ðp1 − p2ÞδBB0δCC0 ,
where p is the momentum of meson B in jAi’s rest frame.
The effects from the BC components are referred to as
coupled-channel effects.
The full Hamiltonian of the physical state reads as

H ¼ H0 þHBC þHI; ð3Þ

where H0 is the Hamiltonian of the bare state (see
Appendix A for details), the continuum Hamiltonian is
HBCjBC;pi ¼ EBCjBC;pi with EBC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

B þ p2
p

þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

C þ p2
p

is the energy of the continuum state (the
interaction between B and C mesons is neglected here
and transition between one continuum to another is not
included), and HI is the interaction Hamiltonian which
triggers the mixing of the bare state to the continuum.
For the bare-continuum mixing, which is an important

dynamical pieces of the UQM, we adopt the widely used
3P0 model [29]. In this model, the nonperturbative creation
of light quark-antiquark pairs is triggered form the vacuum
of quantum chromodynamics (QCD) with JPC ¼ 0þþ,
which in the spectroscopical notation 2Sþ1LJ can be written
as 3P0 [26,30]. The interaction Hamiltonian can be
expressed as

HI ¼ 2mqγ

Z
d3xψ̄qψq; ð4Þ

where mq is the produced quark mass, and γ is the
dimensionless coupling constant. The ψq (ψ̄q) is the spinor
field to generate anti-quark (quark). Since the probability
to generate heavier quarks is suppressed, we use the
effective strength γs ¼ mq

ms
γ in the following calculation,

where mq ¼ mu ¼ md is the constituent quark mass of up
(or down) quark and ms is strange quark mass. Their
numerical values are listed in Appendix A (Table V).

The mass shift caused by the BC components and
their probabilities are obtained after solving the
Schrödinger equation with the full Hamiltonian H. They
are expressed as

ΔM ≔ M −M0 ¼
X
BC

Z
d3p

jhBC;pjHIjψ0ij2
M − EBC − iϵ

; ð5Þ

PBC ≔
Z

d3pjcBCj2 ¼
Z

d3p
jhBC;pjHIjψ0ij2

ðM − EBCÞ2
; ð6Þ

where M and M0 are the eigenvalues of the full (H) and
quenched/bare Hamiltonian (H0), respectively; PBC is the
unnormalized probability, which is also called the coupling
strength in the next section. In order to analyze different
partial-wave contributions, we adopt the Jacob-Wick for-
mula to separate different partial waves of PBC [31]. (See
Ref. [26] for a derivation of the above relations and UQM
calculation details.)
To proceed, we need to specify that the coupled-channel

calculation cannot be pursued if the wave functions of the
jψ0i and BC components are not settled in Eqs. (5)–(6).
The major part of the coupled-channel calculation is
encoded in the wave function overlap integration,

hBC;pjHIjψ0i ¼
Z

d3 kϕ0ðk⃗þ p⃗Þϕ�
Bðk⃗þ xp⃗Þ

× ϕ�
Cðk⃗þ xp⃗Þjk⃗jYm

1 ðθk⃗;ϕk⃗Þ; ð7Þ

where x ¼ mq=ðmQ þmqÞ, and mQ and mq denote the
charm quark and the light quark mass, respectively.
The ϕ0;ϕB, and ϕC are the wave functions of jψ0i and
BC components, respectively and the notation � stands
for the complex conjugate. These wave functions are in
momentum space, and they are obtained by the Fourier
transformation of the eigenfunctions of the bare
Hamiltonian H0.
For the heavy quarkonium decays, the heavy quarks are

treated as spectators in the 3P0 model. Their polarizations
will not change after the generation of the light quark-
antiquark pairs. This leads us to conclude that the 3P0

model itself respects the HQSS. Nevertheless, some HQSS
breaking effects can still slip into the coupled-channel
calculation. The breaking effects mainly lie in the input
of the charmed mesons masses and can be noticed from
their mass splitting in the same jPl multiplet, where jl is the
total spin of the light-quark cloud (with parity P) in
the charmed meson. For example, D�

2 and D1 belong to
the same jþl ¼ 3=2 multiplet, but they do not degenerate
experimentally as claimed by the HQSS.
The HQSS further leads to configuration mixings of

charmed mesons having different jl. For example, the
experimentally observed D1ð2420Þ (or D1 in short) and
D1ð2430Þ (or D0

1) are not the pure j
þ
l ¼ 3=2 and jþl ¼ 1=2
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(or the quark model 3P1 and 1P1) states, respectively, but are
their linear combinations. Therefore, the wave functions
from the quark model should be modified accordingly. The
mixture can be formulated as

� jD1i
jD0

1i

�
¼

�
cos θ sin θ

− sin θ cos θ

�� j3P1i
j1P1i

�
; ð8Þ

where θ is the mixing angle. The HQSS predicts it to be
θ0 ¼ arctanð ffiffiffi

2
p Þ ≈ 54.7°, which is called the ideal mixing

angle [32,33]. Experimentally, the deviation from ideal
mixing is observed (5.7°� 4°) [34], which is very small
compared with θ0 ≈ 54.7°. As reported earlier [24], our
results have minor changes if this deviation is added to θ0.
Hence, for simplicity, we will use ideal mixing of HQSS in
this study.
Our bare mass value for the ψð3DÞ is nearly 250 MeV

higher than the Yð4360Þ, as listed in Table V. Hadron loops
can shift bare mass down to Yð4360Þ to compensate such
a large mass gap [35]. This requires the fitting of the
charmonium spectrum which involves much ab initio
calculations (such as fixing of 3P0 ’s coupling constant γ)
which is beyond the scope of this work. Therefore, γ is not
fixed here, that explains why PBC in Eq. (6) is unnormal-
ized. As a consequence, the absolute probabilities of the
various charmed meson components are not determined.
Instead, by analyzing the PBC, one can still draw very
useful conclusions [24], as demonstrated in the following
sections.

III. RESULTS AND DISCUSSIONS

A. Coupling Strengths for Yð4360Þ
We compute the probabilities of intermediate charmed

meson components by solving the Schrödinger equation
with the full Hamiltonian H of Eq. (3). Note that the
Yð4360Þ lies in the mass range of ψð3SÞ ∼ ψð4SÞ and
ψð2DÞ ∼ ψð3DÞ quark model states [36,37]. To compare
the results under different assumptions, we calculate the
probabilities for all four aforementioned bare states. For
consistency, the same set of parameters is being adopted
which was previously used in the study of Yð4260Þ [24].
The unnormalized coupling strengths of Yð4360Þ with

the charmed meson components are given in Table II. Due
to the higher mass of Yð4360Þ, we only consider those
channels which involve at least one P-wave charmed
meson. It is interesting to notice that one of the channels
with largest coupling to Yð4360Þ is D1D̄�. The channel
D�

2D̄
� also shows a sizable coupling with Yð4360Þ for

ψð3SÞ and ψð4SÞ cores. However, due to several reasons,
discussed in the following, Yð4360Þ can be regarded as
having a dominant D1D̄� component.
For the coupled channels which involve one S- and one

P-wave charmed meson, the HQSS leads to setMD ¼ MD�

(j−l ¼ 1=2 doublet), MD�
0
¼ MD0

1
(jþl ¼ 1=2 doublet),

and MD1
¼ MD�

2
(jþl ¼ 3=2 doublet). As a result, the

contribution of all those channels which involve charmed
meson form the same jl multiplet will be of the same order
[except for the D −D1ðD0

1Þ and D�
2D̄ channels, which are

the decay channels of Yð4360Þ]. In such a scenario, the
largest coupling will naturally come from the D�

2D̄
�

channel, since the spin configurations for this channel
are at the maximum. We refer this as spin-enhancement
mechanism. However, if the physical masses are applied to
these charmed mesons, the D�

2D̄
� channel will be a little

further from the Yð4360Þ and is expected to have a smaller
coupling strength.
For Yð4360Þ, we noticed that the spin-enhancement

mechanism is giving a sizable contribution when we use
the experimental mass of Yð4360Þ as the PDG average
value 4368� 13 MeV. However, a recent analysis by the
BESIII Collaboration for the process eþe− → πþπ−ψð2SÞ
reported a larger mass of this resonance as 4383.8� 4.2�
0.8 [23], and an independent analysis of the BESIII
combined data of eþe− → πþπ−J=ψ and eþe− →
πþπ−ψð2SÞ extracted the mass of Yð4360Þ resonance as
4386.4� 2.1� 6.4 [38]. This indicates that Yð4360Þ
might have a larger mass. The coupling of Yð4360Þ with
different charmed meson channels is found to be sensitive
to its mass. With the use of a larger mass, the coupling of
Yð4360Þ to the channel D1D̄� dominantly exceeds the
D�

2D̄
� channel and makes it a more reasonable candidate for

a D1D̄� molecule.
The couplings to those channels that are far above

4.368 GeV are generally small—a universal conclusion
from the coupled-channel effects. The asymptotic behavior
of PBC is proportional to 1=ðmB þmCÞ2. If the coupled
channels are further from Yð4360Þ, their contributions will
be naturally suppressed; we call this the mass-suppression

TABLE II. The unnormalized coupling strength of various
channels with the initial state mass ¼ 4368 MeV for the different
charmonium states in the HQSS limit.

Channels ψð3SÞ ψð4SÞ ψð2DÞ ψð3DÞ
D1ðD0

1Þ − D̄ 0 0 0 0
D0

1 − D̄� 1.580 1.254 0.910 0.707
D1 − D̄� 4.401 2.189 4.319 1.766
D0

1 − D̄0
1

0.604 0.227 0.738 0.300
D�

0 − D̄0
1

0.302 0.085 0.078 0.023
D1 − D̄0

1
0.511 0.214 0.274 0.151

D�
2 − D̄0

1
0.785 0.519 0.514 0.353

D1 − D̄�
0

0.219 0.081 0.122 0.049
D1 − D̄1 0.631 0.298 0.632 0.314
D�

2 − D̄1 1.010 0.382 0.788 0.326
D�

2 − D̄ 0 0 0 0
D�

2 − D̄� 6.110 2.938 3.468 1.935
D�

2 − D̄�
0

0.655 0.213 0.505 0.212
D�

2 − D̄�
2

1.151 0.915 1.214 0.988
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mechanism. The emergence of this mechanism can be seen
from Table II, where the higher channels have very small
contributions.
For a solid conclusion, the two mechanisms—mass

suppression and the spin enhancement—have to compete
with each other to tell us which channel gives the dominant
contribution. We will come to this point in the next
subsection. If the Ds mesons are involved in the coupling
channels, then an additional suppression comes from the
effective strength of the 3P0 model γs. Since γs ≈ 0.66γ
(using the constituent quark mass from Appendix A), the
couplings to Ds mesons are universally smaller than the D
mesons.
It is worth mentioning that, even though the non-D1D̄�

components are suppressed when the charmonium core is
ψðnDÞ, the contribution of these components could still be
sizable. As shown in Table II, for the ψð3DÞ, the con-
tribution from the D�

2D̄
� channel is still around the D1D̄�

one. However, the mass prediction for the quark model
ψð3DÞ state is nearly 200 MeV–300 MeV above the
Yð4360Þ [36]; thus, having the ψð3DÞ core in its wave
function is not well justified. The most likely possibility for
the charmonium core of the Yð4360Þ is ψð2DÞ due to the
following reasons:
(1) The production cross section of vector charmonia in

eþe− → hadrons (the R-value) is proportional to the
wave function at the origin, which is zero for the
case of ψðnDÞ. Since the ψðnDÞ can only couple to
the virtual photon at the next-to-next-to-leading
order [39], its direct production at the eþe− collider
is suppressed.

(2) The R-value measured by the BES Collaboration
[40] has a dip instead of a peak around 4.368 GeV,

which indicates that the Yð4360Þ is likely to have a
D-wave charmonium core, and its mass value makes
ψð2DÞ the most promising.

(3) The coupling of ψð2DÞwith theD1D̄� is found to be
the maximum, in two different sets of parameters
and wave functions (see details in Table III). In this
sense, our results support the dominant long-
distance component of Yð4360Þ to be the D1D̄�.

This enables us to conclude that the structure of Yð4360Þ
is a mixture of a charmonium core ψð2DÞ with the
dominant molecular component D1D̄�.
To cross check the model dependence of our results and

the validity of our conclusions, we try different sets of
parameters and different wave-function approximations. For
this purpose, we adapt the quark model parameters from
Barnes and Swanson [35] and simple harmonic oscillator
(SHO) approximations for the wave functions. The results for
the normalized coupling strengths are compared in Table III.
The wave functions used by Barnes and Swanson [35] are
SHO approximations [41] but are useful to cross check the
coupling pattern. One of the largest coupling channels to
Yð4360Þ is D1D̄� even if we use different set of parameters.
This conclusion, to some extent, is model independent, since
we tried two different sets of parameters and different wave
functions to cross check the model dependence.
The behavior of the D1D̄� coupling strength as a

function of mass of the Yð4360Þ resonance is shown in
Fig. 2. We try different initial charmonium wave functions
and push the initial mass of the resonance to vary in a vast
energy range up to 4.4 GeV. A stable behavior of the
coupling is found. The coupling gets enhanced as the initial
mass of the resonance approaches the D1D̄� threshold,
and this behavior is the same for all considered initial

TABLE III. Coupling strength of various coupled channels normalize to D1D̄� with the initial state mass¼ 4368 MeV. Benchmark-1
corresponds to our parametrization while Benchmark-II refers to parametrization used by Barnes and Swanson [35]. One should not
compare the numbers between different columns until D1D̄� values in Table II are multiplied.

Benchmark-I Benchmark-II

Coupled channels ψð3SÞ ψð4SÞ ψð2DÞ ψð3DÞ ψð3SÞ ψð4SÞ ψð2DÞ ψð3DÞ
D1ðD0

1Þ − D̄ 0 0 0 0 0 0 0 0
D0

1 − D̄� 0.269 0.412 0.132 0.256 1.197 1.529 0.426 0.874
D1 − D̄� 1 1 1 1 1 1 1 1
D0

1 − D̄0
1

0.103 0.075 0.107 0.109 0.193 0.354 0.254 0.456
D�

0 − D̄0
1

0.051 0.028 0.011 0.008 0.069 0.122 0.027 0.051
D1 − D̄0

1
0.087 0.07 0.04 0.054 0.165 0.305 0.086 0.216

D�
2 − D̄0

1
0.133 0.170 0.075 0.128 0.416 0.762 0.234 0.564

D1 − D̄�
0

0.037 0.027 0.018 0.018 0.059 0.111 0.042 0.087
D1 − D̄1 0.107 0.098 0.092 0.114 0.240 0.432 0.255 0.448
D�

2 − D̄1 0.171 0.125 0.115 0.118 0.333 0.629 0.237 0.515
D�

2 − D̄ 0 0 0 0 0 0 0 0
D�

2 − D̄� 1.386 1.342 0.803 1.096 1.520 1.571 0.809 1.270
D�

2 − D̄�
0

0.144 0.096 0.114 0.118 0.188 0.355 0.147 0.368
D�

2 − D̄�
2

0.171 0.209 0.141 0.280 0.379 0.665 0.281 0.658
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charmonium wave functions. This verifies our conjecture,
i.e., Yð4360Þ has the largest coupling to the D1D̄� channel
in all wave-function choices. Hence, we can conclude that
Yð4360Þ can be described in a molecular picture having
D1D̄� as its largest component, and thus can be interpreted
as a spin partner of the Yð4260Þ.

B. ψð4415Þ and D�
2D̄

� Channel

For the case of ψð4415Þ, since it is extremely close to the
D1D̄� threshold, one can expect that this state will show
dominant coupling to the aforementioned channel. However,
it is found that the spin-enhancement mechanism takes over
here and the ψð4415Þ has shown the largest coupling to the
D�

2D̄
� channel (see Table IV). The coupling of this channel

with the ψð4SÞ and ψð2DÞ cores is almost the same. The
behavior of the D�

2D̄
� coupling strength as a function of

mass of the ψð4415Þ resonance is shown in Fig. 3.

Since the next higher channels aboveD�
2D̄

�, such asD�
2D̄

�
0

or D�
2D̄

�
2 (both of these channels couple to JPC ¼ 1−− in

P-wave), are further from the ψð4415Þ, and the mass
suppression mechanism implies that the contributions from
all these higher components will be highly suppressed, which
makes the name of the D�

2D̄
� molecule more reasonable.

HQSS also implies the presence of other molecular
component in the wave function of ψð4415Þ with different
heavy quark spin structure such asD1D̄ andD�

2D̄; the latter
channel couples to JPC ¼ 1−− through the D-wave only.
However, these channels are open for ψð4415Þ because the
mass of these thresholds are below the experimental mass
of ψð4415Þ. This is merely the reason for zero coupling
strengths in the Table IV.
An important observation is that, if the charmonium

core of the ψð4415Þ is in the S-wave, the two mechanisms
(mass suppression and the spin enhancement) will be of
similar importance. As a consequence, non-negligible con-
tributions other than the D�

2D̄
� channel may exist. This

indeed showed up in our results and can be seen from
Table IV. The coupling strength of ψð4415Þ to the D1D̄� is
very close to the D�

2D̄
� channel for the case of ψð3SÞ and

ψð4SÞ. In such a scenario, one can argue that the ψð4415Þ is
dominant by D1D̄� rather than D�

2D̄
�. However, the sizable

coupling of the ψð4415Þwith the channelD1D̄� is merely an
artifact of just being extremely close to this threshold.
It is most likely that the charmonium core of ψð4415Þ is in

S-wave which results the same order of coupling for all initial
core wave functions, as can be seen from Table IV. This is
further supported by the R-value measurement that the
production cross section is enhanced significantly around
ψð4415Þ’s mass which normally is the case for ψðnSÞ cores.
The mass difference between ψð4415Þ and the D�

2D̄
� thresh-

old is just close enough to have the same binding energy as
Yð4260Þ which reflects an important consequence of HQSS.
This analysis leads us to conclude that ψð4415Þ is likely

to be a mixture of a short-distance core ψðnSÞ and

FIG. 2. Coupling strength of theD1D̄� channel with the Yð4360Þ
as a function of its mass for the different charmonium wave
functions.

TABLE IV. The unnormalized coupling strength of various
channels around ψð4415Þ mass for the different charmonium
states in the HQSS limit.

Channels ψð3SÞ ψð4SÞ ψð2DÞ ψð3DÞ
D1ðD0

1Þ − D̄ 0 0 0 0
D0

1 − D̄� 2.129 3.768 3.811 6.335
D1 − D̄� 10.324 5.937 1.157 1.256
D0

1 − D̄0
1

0.653 0.240 0.176 0.085
D�

0 − D̄0
1

0.333 0.090 0.097 0.041
D1 − D̄0

1
0.556 0.228 0.130 0.048

D�
2 − D̄0

1
0.844 0.556 0.151 0.107

D1 − D̄�
0

0.243 0.087 0.058 0.017
D1 − D̄1 0.685 0.319 0.162 0.086
D�

2 − D̄1 1.087 0.401 0.295 0.144
D�

2 − D̄ 0 0 0 0
D�

2 − D̄� 10.594 5.381 5.057 2.851
D�

2 − D̄�
0

0.762 0.233 0.561 0.227
D�

2 − D̄�
2

1.307 1.039 1.348 1.100

FIG. 3. Coupling strength of theD�
2D̄

� channel with the ψð4415Þ
as a function of its mass for the different charmonium wave
functions.
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the dominant long-distance D�
2D̄

� component. However,
coupling strengths alone are not enough to conclude the
structure of these resonances. An important way to disen-
tangle the molecular configuration of Yð4360Þ and ψð4415Þ
is to look for suggested decay patterns, as discussed in the
following section.

IV. REMARKS ON DECAYS

The open-charm decays of Yð4360Þ provide an impor-
tant pathway to disentangle its long-distance structure. The
natural decay of a molecular state is into its constituents
[15], and the strongest decay channel of the D1 is D�π.
Hence, in the D1D̄� molecular configuration, we argue that
the dominant decay mode of the Yð4360Þ is likely to be the
D�D̄�π, and the decay of Yð4360Þ into theDD̄�π final state
is not possible. This is the reason that the Yð4360Þ has not
shown up in the eþe− → DD̄�π final state at Belle [42].
In fact, the DD̄�π final state is expected to be the

dominant decay mode of the Yð4260Þ in the molecular
picture [43], which is supported by the recent precise
measurements of BESIII Collaboration [44]. It is interest-
ing to mention that the Yð4360Þ is again invisible in this
recent BESIII data [44]. Hence, it is very important to
measure eþe− → D�D̄�π cross sections to prove/exclude
the existence (as a hadronic molecule) of Yð4360Þ which
we claim is a heavy quark spin partner of the Yð4260Þ.
In contrast to above, the D�

2 meson can decay into D�π
and Dπ. Therefore, a D�

2D̄
� molecular state must leave

strong imprints in the DD̄�π and D�D̄�π final states. For
ψð4415Þ → DD̄�π, an upper limit for the partial decay
width has been extracted by the Belle to be smaller than
11%[14,42]. The broad enhancement around 4.40 GeV in
the recent BESIII measurement of eþe− → DD̄�π [44]
indicates clear contributions from ψð4415Þ. If the same
pattern is observed in the eþe− → D�D̄�π process, it will
indicate that the ψð4415Þ is likely to have a dominantD�

2D̄
�

component which would provide a quantitative support to
our conclusion.
The precise evaluation of the decay widths of the above

discussed decays requires an accurate knowledge of the
coupling of a molecular state with its components. One can
benefit from the recent BESIII data [44] to extract the
Yð4260Þ-D1D̄effective coupling and use HQSS to relate it
to other molecular configurations. This would be the topic
of our future explorations [45].

V. SUMMARY

We computed and analyzed the probabilities of various
charmed meson molecular components for Yð4360Þ under
the coupled-channel formalism by assigning ψð3SÞ, ψð4SÞ,
ψð2DÞ and ψð3DÞ initial wave functions. We found that the
channel D1D̄� couples more strongly around the Yð4360Þ
mass regime, and the coupling behavior is the same for

all considered initial charmonium wave functions. This
enlightens that the most favorable molecular scenario for
Yð4360Þ is the D1D̄�, and hence, it can be interpreted as a
heavy quark spin partner of the Yð4260Þ.
We also analyze the coupling of ψð4415Þ with several

nearest charmed meson channels. It shows the largest
coupling to theD�

2D̄
� channel in all four initial charmonium

wave functions, which makes ψð4415Þ a good candidate
for a prominent D�

2D̄
� molecule. By this means, we argue

that the heavy quark spin multiplet involving one P- and
one S-wave charmed meson is considered as completed.
However, the hitherto unobserved decays of these

resonances are highly decisive and demanding, such as
Ψ → D�D̄�π, where Ψ ∈ fYð4360Þ;ψð4415Þg. Once the
predicted pattern of heavy quark spin multiplet is con-
firmed by future experiments, it will serve to deepen our
understanding of how QCD forms hadronic matter by
arranging multiquarks.
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APPENDIX A: BARE HAMILTONIAN

Bare charmonium states are obtained by solving the
Schrödinger equation with the well-known Cornell poten-
tial [46,47], which incorporates a spin-independent color
Coulomb plus linear confined (scalar) potential. In the
quenched limit, the potential can be written as

VðrÞ ¼ −
4

3

α

r
þ λrþ c; ðA1Þ

where α, λ, and c stand for the strength of the color
Coulomb potential, the strength of linear confinement, and
mass renormalization, respectively. The hyperfine and fine
structures are generated by the spin-dependent interactions,

VsðrÞ ¼
1

m2
c

��
2αs
r3

−
λ

2r

�
L · Sþ 32παs

9
δ̃ðrÞSc · Sc̄

þ 4αs
r3

�
Sc · Sc̄

3
þ ðSc · rÞðSc̄ · rÞ

r2

��
; ðA2Þ

where L denotes the relative orbital angular momentum,
S ¼ Sc þ Sc̄ is the total spin of the charm quark pairs, and
mc is the charm quark mass. The smeared δ̃ðrÞ function can
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be read from Refs. [48,49]. These spin dependent terms are
treated as perturbations.
The Hamiltonian of the Schrödinger equation in the

quenched limit is represented as

H0 ¼ 2mc þ
p2

mc
þ VðrÞ þ VsðrÞ: ðA3Þ

The spatial wave functions and bare mass M0 are obtained
by solving the Schrödinger equation numerically using the

Numerov method [50]. We borrow the parameters of the
potential model [Eqs. (A1), (A2)] from Ref. [49] and the
bare-mass spectrum predicted by H0 is listed in Table V
along with the model parameters.

APPENDIX B: CHARMED MESON THRESHOLDS

Some relevant thresholds involving at least one P-wave
charmed meson in the proximity of Yð4360Þ and ψð4415Þ
are listed in Table VI.
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