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Abstract We systematically investigate the mass spectrum
and two-body open-charm strong decays of charmonium
states in a coupled-channel model where the 3P0 quark-
antiquark pair creation mechanism is employed. The results
of masses, mass shifts, proportions of the cc̄ component, and
open-charm decay widths are provided. The S-D wave mix-
ing angles and di-electric decay widths for vector mesons
are also presented. Based on our results, we find that the
ψ(3770), ψ(4040), ψ(4160), ψ(4360), and ψ(4415) can
be assigned as the 13D1-, 33S1-, 23D1-, 43S1-, and 33D1-
dominated charmonium states, respectively. The ψ3(3842) is
a good candidate of the ψ3(1D) charmonium state. The cal-
culated mass and strong decay width of χc1(2P) with signif-
icant continuum contribution (∼57%) favor the charmonium
interpretation for the mysterious χc1(3872). When consid-
ering the large uncertainty in the observed decay width, the
possibility to assign the χc0(3860) as the χc0(2P) charmo-
nium state cannot be ruled out. One may describe well the
properties of χc2(3930) with the χc2(2P) charmonium. The
predictions on properties of other cc̄ states can be tested by
future experiments.

1 Introduction

The exotic state χc1(3872) was first observed in the exclu-
sive B± → K±π+π− J/ψ decays by the Belle Collabo-
ration in 2003 [1]. After that, more and more charmonium
and charmonium-like states, such as χc0(3915), χc2(3930),
ψ(4230), ψ(4360), ψ(4500), ψ(4660), and ψ(4700), were
announced by the BaBar, Belle, BESIII, D0, CDF, CMS,
and LHCb Collaborations [2]. In 2017, the charmonium-
like state χc0(3860) was observed in the e+e+ → J/ψDD̄
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process by Belle [3]. This state has the mass 3862+26+40
−32−13

MeV and the decay width 201+154+88
− 67−82 MeV. Its quantum

numbers J PC = 0++ are favored over 2++ at the level of
2.5σ . In 2019, the narrow resonance state ψ3(3842) was
observed in the decay processes ψ3(3842) → D0 D̄0 and
ψ3(3842) → D+D− by LHCb [4]. The measured mass and
width are M = 3842.71±0.16±0.12 MeV and � = 2.79±
0.51 ± 0.35 MeV, respectively. This meson is interpreted
as the 13D3 charmonium state. Later, it was confirmed by
BESIII in the e+e− → π+π−ψ3(3842) → π+π−D+D−
process [5]. Recently, the BESIII reported the observation
of charmonium-like states ψ(4230), ψ(4500), and ψ(4660)

in the Born cross sections of process e+e− → D∗0D∗−π+
[6]. The BESIII also studied the e+e− → D∗+

s D∗−
s process

[7] and two significant structures are observed. The first res-
onance has mass M = 4186.8 ± 8.7 ± 30 MeV and width
� = 55±15±53 MeV, which is consistent with the ψ(4160)

or ψ(4230). The mass and width of the second resonance
are measured to be M = 4414.5 ± 3.2 ± 6.0 MeV and
� = 122.6 ± 7.0 ± 8.2 MeV, respectively, which is con-
sistent with the ψ(4415).

From the theoretical studies, parts of the above mentioned
states are good charmonium candidates. However, one still
cannot find room to accommodate some charmonium-like
states in the conventional quark model picture. They can be
alternatively interpreted as tetraquarks, molecules, hybrids,
cc̄ plus meson-meson continuum components, etc. [8–42]. It
is also possible that not all of them exist [43]. For the myste-
rious state χc1(3872) whose width is very narrow, the mea-
sured mass is far below the prediction of quenched potential
model [44]. The masses of ψ(4230) and ψ(4360) are also
inconsistent with the calculated masses with the Godfrey–
Isgur (GI) model and a nonrelativistic (NR) model [45].
These problems can be partially solved by considering the
coupled channel effects [14,22,46]. In Ref. [47], the authors
discussed the coupled channel induced S–D mixing effects
and calculated the mass spectrum and the open charm decays
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of J PC = 1−− charmonium states by using the instan-
taneous Bethe–Salpeter (BS) equation and the 3P0 model.
Their results indicate that the ψ(4260) and ψ(4360) can be
assigned as the 4S-3D mixing charmonium states. The inves-
tigations in unquenched quark models of Refs. [35,48] give
masses ofχc0(2P) andχc2(2P) consistent with the measured
values of χ(3915) and χ(3930), respectively. Recently, the
strong and electromagnetic decays of the newly observed res-
onance ψ3(3842) were studied by using the BS method and
the 3P0 model [49]. The results show that the ψ3(3842) can
be assigned as the charmonium state ψ3(1D).

To better understand the observed mesons, it is necessary
to investigate charmonium states systematically in coupled
channel models. One may find such theoretical investiga-
tions in the literature, e.g. Refs. [22,41,48]. However, the
S-D mixing effects are usually ignored for the J PC = 1−−
states. The channel coupling induces not only mass shifts but
also the S-D mixings for charmonia with quantum numbers
J PC = 1−−. In Ref. [47], the authors studied the masses and
strong decays of the vector charmonium states by consider-
ing the couple-channel and coupled-channel induced S-D
wave mixing effects. Their results showed that the 2S-1D
states have a small mixing angle and the di-electric decay
widths cannot be interpreted well. Since the work focused
only on vector mesons, charmonium states with other quan-
tum numbers were not involved. A unified description of all
the charmonium states including these effects is still missing.
Here, we perform such a study for cc̄ states up to the scale
around the D∗+

s D∗−
s threshold.

Besides the spectrum, decay properties of hadrons are
also important in understanding their nature. In this work,
we will systematically study the masses and open-charm
strong decays of various charmonium states in a coupled-
channel model using the 3P0 model. The S-D mixings will
be included for J PC = 1−− charmonia and the mixing angle
will be obtained by solving the coupled channel model. Based
on the extracted mixing angle, we will also calculate the di-
electric decay width in order to test our assignments.

This paper is organized as follows. In Sect. 2, we present
the framework to investigate the charmonium states. In
Sect. 3, we give the numerical results on masses and decay
widths. The last Sect. 4 is for a short summary and some
discussions.

2 Theoretical framework

2.1 The quenched potential model

The quenched potential model does not include the quark-
antiquark pair creation and annihilation effects. It usually
contains color Coulomb term, linear potential term, and spin-
dependent terms. Here, the spin-independent central poten-
tial can be written as

Vcent(r) = −4αs

3r
+ Br + C (1)

where B,C , and αs are the string tension, the mass renormal-
ization constant, and the strong coupling constant, respec-
tively. The spin-dependent potential including spin-spin,
spin-orbit, and tensor interactions is introduced to describe
the fine-structures and hyperfine splittings for the charmo-
nium spectra. It can be derived from the standard Fermi–Breit
expansion to order υ2/c2. Explicitly, one has

Vsd(r) = 32παs

9m2
c

δ̃(r)Sc · Sc̄ +
[

2αs

m2
cr

3 − B

2m2
cr

]
L · S

+ 4αs

3m2
cr

3

(
3

r2 (Sc · r)(Sc̄ · r) − (Sc · Sc̄)
)

, (2)

where S = Sc + Sc̄ is the total spin of the charm quark
and the anticharm quark while L is their relative orbital
angular momentum. To avoid the failure of nonrelativistic
expansion when the two composite quarks are very close
to each other, one usually introduces Gaussian smearing
for the hyperfine interaction described by the δ function,
δ(r) → δ̃(r) = (σ/π)3e−σ 2r2

[27,45,50]. Then, the Hamil-
tonian in the quenched quark model reads

H0 = 2mc + p2

mc
+ Vcent(r) + Vsd(r), (3)

with which one obtains the spectra for various charmonium
states by solving the Schrodinger equation.

2.2 The 3P0 model and the coupled-channel model

The 3P0 model is known as the quark pair creation model in
which the qq̄ (q = u, d, s) pair with J PC = 0++ is created
from vacuum. The model has been widely used to calculate
the Okubo–Zweig–Iizuka (OZI) allowed strong decay widths
for those states above relevant hadron-hadron thresholds. It
was firstly proposed by Micu [51] and then developed by
Le Yaouanc et al in the late 1970s [52,53]. This model has
achieved remarkable success and can be applied to studies of
strong decays for the charmonium states [54–57]. The model
Hamiltonian can be described as

HI = 2mqγ

∫
d3xψ̄qψq , (4)

where mq is the mass of created quark, ψq is the Dirac quark
field, and the dimensionless parameter γ bespeaks the cre-
ation strength for the qq̄ pairs from the vacuum. We use the
effective strength γs = mn

ms
γ for the created strange quark

pair. Here, mn (n = u, d) and ms denote the constituent
quark masses for the nonstrange and strange quarks, respec-
tively. The 2mq will be canceled by the normalization factor
of ψ̄q and ψq in the quenched limit.
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The Hamiltonian matrix element of the A → B +C pro-
cess is written as:

〈BC | HI | A〉 = δ3(PA − PB − PC )MMJA MJB MJC , (5)

where the Hamiltonian operator HI is

HI = −3γ
∑
m

〈1m1 − m | 00〉
∫

dp3dp4δ
3(p3 + p4)

×Ym
1

(
p3 − p4

2

)
χ34

1−mϕ34
0 ω34

0 b†
3(p3)d

†
4 (p4). (6)

The numbers 3 and 4 in the superscripts/subscripts label
the created quark and antiquark, respectively. Their corre-
sponding momenta are p3 and p4. ϕ34

0 and ω34
0 indicate sin-

glet wavefunctions of the qq̄ pair in the flavor and color
spaces, respectively. Since the quantum numbers J PC for
the created qq̄ pair must be 0++, its spin wave function is
denoted as χ34

1−m and the spatial relative motion is described

by Ym
1 (p) =| p | Ym

1 (θp, φp). b
†
3(p3) and d†

4 (p4) denote the
creation operators of quark and antiquark, respectively. In
this model, the helicity amplitude is expressed as
MMJA MJB MJC (P)

= γ
√

96π
∑

MLA ,MLB ,MLC

∑
MSA ,MSB ,MSC ,m

I
MLA ,m
MLB ,MLC

(P)

×〈L AMLA ; SAMSA |JAMJA 〉〈1 m; 1 − m| 0 0〉
×〈LBMLB ; SBMSB |JBMJB 〉〈LCMLC ; SCMSC |JCMJC 〉
×〈φ13

B φ24
C |φ12

A φ34
0 〉〈χ13

SBMSB
χ24
SC MSC

|χ12
SAMSA

χ34
1−m〉.

(7)

Here, I
MLA ,m
MLB ,MLC

(P) is the momentum space integral of the

simple harmonic oscillator (SHO) wave functions,

I
MLA ,m
MLB ,MLC

(P) =
∫

d3p3�
∗
nB LBMLB

(
m3P

m1 + m3
+ p3

)

× �∗
nC LCMLC

(
m3P

m2 + m3
+ p3

)

�nAL AMLA
(P + p3)Y1m(p3). (8)

In this equation, the momenta of final state mesons satisfy
the relation P = PB = −PC in the center-of-mass frame
and p = p3 is the momentum of the created quark. The SHO
wave function reads

�nLML (P) = (−1)n(−i)L

β3/2

√
2n!

�(n + L + 3/2)

(
P
β

)L

e− P2

2β2

×LL+1/2
(
P2

β2

)
YLML (�P), (9)

where β is the harmonic oscillator parameter. To compare
with the experimental data, we should convert the helicity
amplitude MMJA MJB MJC (P) to the partial wave amplitude
MJ L(P)

MJ L(A → B + C) =
√

4π(2L + 1)

2JA + 1

∑
MJB ,MJC

〈L0JMJA

|JAMJA 〉 × 〈JBMJB JCMJC |JMJA 〉

MMJA MJB MJC (P). (10)

For higher charmonium states lying above their respective
thresholds of open-charm decay channels, their mass spec-
trum can be strongly affected by the coupled-channel effects.
Incorporating such effects in the quenched potential model,
one refers to it as the coupled-channel model. In this coupled-
channel model, a quarkonium state couples to the continuum
states, which modifies the mass of that near-threshold char-
monium.

The dominant decay mode of a charmonium involves the
open-charm meson-antimeson pair where the open-charm
meson cq̄ means S-wave D, D∗, Ds , or D∗

s and its antiparticle

c̄q is simply denoted as D̄(∗) or D̄(∗)
s . In the coupled-channel

model, the wave function of a physical state can be written
as

| �〉 =
[

CA|ψA〉∑
BC

∫
CBC (P)|BC,P〉d3P

]
, (11)

where |ψA〉 is the bare charmonium state and |BC,P〉 repre-
sents an open-charm meson-antimeson continuum state with
P being the momentum of the open-charm meson in the
center-of-mass frame. The factors CA and CBC (P) denote
the normalization constants of the bare state and the meson
continuum state, respectively. The normalization condition
reads

| CA |2 +
∑
BC

∫
| CBC (P) |2 d3P = 1. (12)

Then, the Hamiltonian H of the coupled-channel model has
the form

H =
[
HA HI

HI HBC

]
(13)

and the physical mass M satisfies the Schrodinger equation

H |�〉 = M |�〉. (14)

In the Hamiltoinan, HA acting only on the initial wave func-
tion | ψA〉 is the part for the initial charmonium state. The
bare charmonium mass MA is obtained by solving

HA | ψA〉 = MA | ψA〉. (15)

HBC denotes the Hamiltonian for the free meson-antimeson
pair, which means that the interactions between B and C is
neglected and thus the energy of meson continuum can be

expressed as EBC =
√
m2

B + P2 +
√
m2

C + P2. One has

HBC | BC,P〉 = EBC | BC,P〉. (16)

The HI part given in Eq. (4) describes the interactions
between the bare charmonium and the final open-charm
meson-antimeson states.
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From the matrix form of the coupled-channel Schrodinger
equation[
HA HI

HI HBC

] [
CA|ψA〉∑

BC

∫
CBC (P)|BC,p〉d3P

]

= M

[
CA|ψA〉∑

BC

∫
CBC (P)|BC,P〉d3P

]
.

(17)

For a charmonium state below relevant thresholds, one
obtains

M − MA − �BC (M) = 0. (18)

Here, the self-energy function �BC is explicitly given by

�BC (M) =
∑
BC

∫ ∞

0

1

M − EB − EC

∑
J L

| MJ L |2 P2dP,

(19)

where the sum of BC covers the meson-antimeson pairs
DD̄, DD̄∗, D∗ D̄∗, Ds D̄s , Ds D̄∗

s , and D∗
s D̄

∗
s .1 Each meson-

antimeson channel may contribute to the mass shift of the
charmonium. In general, we should consider all charmed
meson loops. However, including an unlimited number of
loops leads to difficulties in calculating the self-energy func-
tion [48]. Determining the optimal number of mass thresh-
olds is challenging. A commonly used approach is to con-
centrate only on the S-wave charmed mesons and ignore the
rest [22,47]. In this case, there is no singularity problem and
the self-energy function denotes the sum of the mass shifts.

According to the normalization condition Eq. (12), the
proportion of the charmonium in the physical state is given
by [58]

Pcc̄ =
[

1 +
∑
BC

∫ ∞

0

1

(M − EB − EC )2

∑
J L

| MJ L |2 P2dP

]−1

. (20)

For a charmonium state above some threshold(s), Eq. (18)
can be analytically continued to the complex plane, allowing
for complex number solutions. However, if we assume that
�total 	 M , the real pole mass M can be defined as

M − MA − Re[�BC (M)] = 0, (21)

and the decay width as

�total = −2Im(�BC (M)). (22)

In this case, the singularity occurs in Eq. (21). We introduce
the principal part integral P to solve this problem. The real

1 For convenience, we will always use DD̄∗ to denote the open-
charm meson-antimeson pair DD̄∗/D∗ D̄. Similarly, Ds D̄∗

s denotes
D+
s D∗−

s /D∗+
s D−

s .

value of the self-energy function �BC is explicitly given by

Re[�BC (M)] =
∑
BC

P
∫ ∞

0

1

M − EB − EC∑
J L

| MJ L |2 P2dP. (23)

The imaginary part Im(�BC (M)) can be related to the ampli-
tude of the 3P0 model

Im[�BC (M)] = −
∑
BC

π
PEBEC

M

∑
J L

| MJ L |2, (24)

where P is the momentum of the final state mesons. The real
pole mass M can be calculated by solving Eq. (21). Then,
we apply this value to get the width �total.

It should be noted that Pcc̄ becomes a complex number
for a resonance. Therefore, the probability of the cc̄ compo-
nent cannot be strictly defined. Nevertheless, the authors of
Refs. [59,60] obtain this probability by taking some approx-
imations into account. Here, we utilize the assumption that
the resonance states have small decay widths. Based on this
assumption, the proportion of the charmonium can be crudely
calculated using Eq. (20), which helps to some extent in defin-
ing the cc̄ component. The above discussions are based on
the adopted assumption that the charmonium state is a narrow
resonance [30,35]. Although this method is crude, it helps
in understanding the basic features of mass shifts, hadron
masses, and the probability of the cc̄ component. For the
coupled-channel model parameters, we refit the measured
masses of the charmonium states. The following values will
be employed, mn=0.33 GeV, ms=0.55 GeV, mc = 1.700
GeV, B = 0.13 GeV2, αs = 0.621, σ = 1.802 GeV,
C = −0.233 GeV, γ = 0.20, and β = 0.31 GeV.

The 3S1 and 3D1 cc̄ states have the same quantum num-
bers J PC = 1−−. The calculated di-electric decay widths
of the pure nD states are highly suppressed compared to the
experimental values. In Refs. [61–64], the authors solved this
issue by considering the S-D wave mixing effect. The mixing
angle is extracted from the ratio of di-electric widths between
the observed states that are mixtures of S- and D-wave char-
monia,

ψ̃((n + 1)S) = |(n + 1)S〉cosθ + |nD〉sinθ,

ψ̃(nD) = −|(n + 1)S〉sinθ + |nD〉cosθ. (25)

In Refs. [27,47,65], the authors also discussed the S-D mix-
ing for vector quarkonium states. In their scheme, this mixing
is caused by the couple channel effects and the mixing angle
can be determined from the coupled channel equations. In the
present work, we follow this idea and make an extension for
the study of [47]. Assuming that the contribution of meson
continuum has been subtracted from the physical states, one
may focus only on the role of S-D mixing. The physical states
are also written as those in Eq. (25). The S-D wave mixing
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angle can be obtained by solving the reexpressed equation of
Eq. (21),

det

∣∣∣∣ M − MS − Re[�SS(M)] Re[�SD(M)]
Re[�DS(M)] M − MD − Re[�DD(M)]

∣∣∣∣ = 0,

(26)

where Re[�SS(M)] and Re[�DD(M)] are described by Eq.
(23) and

Re[�SD(M)]
=

∑
BC

∫ ∞
0

〈ψS | HI | BC, P〉〈BC, P | HI | ψD〉
M − EB − EC − iε

P2dP. (27)

2.3 The di-electric decay width

The di-electric decay width of a vector charmonium state
including radiative QCD corrections [66] can be expressed
as

�ee((n + 1)S) = 4α2e2
c | R(n+1)S(0) |2
M2

(n+1)S

(
1 − 16αs

3π

)

(28)

�ee(nD) = 25α2e2
c | R′′

nD(0) |2
2M2

nDM
4
c

(
1 − 16αs

3π

)
, (29)

where ec = 2/3 is the charm quark charge in the unit of the
electron charge and α = 1/137 is the fine-structure constant.
RnS(0) and R′′

nD(0) denote the radical S-wave function and
the second derivative of the radical D-wave function at the
origin, respectively. M(n+1)S is the mass of the (n + 1)3S1

charmonium state and MnD is that of the n3D1 state. The
factor (1 − 16αs/3π) is from the QCD radiative correction.

With the assumption that the 1−− charmonia are mixtures
of (n + 1)3S1 and (n)3D1 states, the expressions of their
di-electric decay width can be written as

�ee((n + 1)S) = 4α2e2
c

M2
(n+1)S

∣∣∣∣∣sinθR(n+1)S(0) + 5cosθ

2
√

2m2
b

R′′
nD(0)

∣∣∣∣∣
2

×
(

1 − 16αs

3π

)
, (30)

�ee(nD) = 4α2e2
c

M2
nD

∣∣∣∣∣cosθR(n+1)S(0) − 5sinθ

2
√

2m2
b

R′′
nD(0)

∣∣∣∣∣
2

×
(

1 − 16αs

3π

)
, (31)

where θ is extracted by solving Eq. (26).

3 Numerical results

According to the heavy quark spin symmetry, the spin singlet
(Scc̄ = 0) and spin triplet (Scc̄ = 1) charmonium states with
the same radial number are approximately degenerate. The
properties of these states may have similar features. However,

the channel coupling probably has effects on the features
because of their different quantum numbers.

In this section, we present numerical results about the
masses, strong decay widths, and di-electric decay widths
of the charmonium states. For the low-lying states, one can
interpret their properties well in both quenched potential
models and coupled-channel models [22,45,67,68]. How-
ever, a significant number of charmonium states above or
near relevant S-wave open-charm thresholds cannot be easily
understood in the conventional potential model. Considera-
tion of the coupled channel effects in the calculation becomes
indispensable in understanding the spectrum of excited cc̄
states.

We collect our numerical results for the masses of the
considered charmonium states in Table 1 where the highest
partial wave is L = 3 and the highest radial excitation is 3.
The first column displays charmonium states and their cor-
responding quantum numbers. The contributions to the mass
shifts from different couple channels are shown from the sec-
ond column to the seventh column. The eighth column gives
the total mass shifts. The bare masses and estimated physical
masses are listed in the ninth and tenth columns, respectively.
For a comparison study, we also present the results in a NR
potential model adopted in Ref. [45] in the eleventh column.
The twelfth column is for the experimental values. The last
column gives the probabilities (Pcc̄) of the cc̄ components in
physical states. In Fig. 1, we illustrate the relative positions
for the charmonia and relevant meson-meson thresholds. The
calculated open-charm decay widths for S-, D-, P-, and F-
wave states are listed in Tables 2, 3, 4, and 5, respectively.

We will mainly concentrate on charmonium states hav-
ing open-charm strong decay channels in the following sub-
section discussions. We will use the standard symbols to
denote names of charmonium states in the quark model.
If the mass appears in the meson name, it represents the
observed/assigned state with corresponding 2S+1L J notation
in this study. For the low-lying ηc(1S), J/ψ(1S), ηc(2S),
hc(1P), and χcJ (1P) (J = 0, 1, 2) states, their decays into
open-charm channels are all kinematically forbidden and
their masses we obtain are close to the measured values. The
probabilities of the cc̄ component in these states are all above
90%. For the ηc(1D) charmonium, it has not been observed
yet. Its mass is predicted to be around 3.78 GeV, a value con-
sistent with the nonrelativestic quark model calculation of
Ref. [45]. Its decay into DD̄∗ is also kinematically forbid-
den. For the ψ2(3823) state [69], the obtained mass is about
40 MeV smaller than the PDG value. Its strongly decay into
DD̄ is forbidden because of quantum numbers.

3.1 The pseudoscalar charmonium states

This type charmonium states having open-charm decay chan-
nels are ηc(3 S) and ηc(4 S). Both of them have not been
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Fig. 1 Relative positions for the charmonium states. The red solid and
green dashed lines denote the calculated masses (Tables 1 and 6) in our
coupled-channel model and those in the nonrelativistic potential model

of Ref. [45], respectively. We use cyan dots to denote the central values
of experimental results [2]. The blue dotted lines are related open-charm
meson-antimeson thresholds

Table 2 Two-body open-charm strong decay widths of different chan-
nels for 3S and 4S charmonium states in units of MeV. �th and �exp
denote our results and experimental measurements, respectively. The

values in the square brackets mean the total widths. When the experi-
mental datum is not available, a symbol “−” is presented

Meson State Channel �th �exp Meson State Channel �th �exp

ηc(3S) 31S0 DD̄∗ 3.7 ψ(4040) 33S1 DD̄ 5.1

D∗ D̄∗ 1.4 DD̄∗ 8.8

D∗ D̄∗ 22.3

Ds D̄s 0.1

[5.1] [−] [36.3] [80 ± 10]
ηc(4S) 41S0 DD̄∗ 17.6 ψ(4360) 43S1 DD̄ 0.2

D∗ D̄∗ 6.8 DD̄∗ 11.1

Ds D̄∗
s 0.1 D∗ D̄∗ 10.9

D∗
s D̄

∗
s 0.2 Ds D̄s 0.3

DD̄∗
0 0.0 D∗

s D̄
∗
s 0.4

DD̄1 0.0 DD̄1 6.9

DD̄′
1 0.0 DD̄′

1 1.77

DD̄∗
2 4.4 DD̄∗

2 5.6

D∗ D̄∗
0 0.0 D∗ D̄∗

0 0.4

[29.1] [−] [37.5] [115 ± 13]
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Table 3 Two-body open-charm strong decay widths of different chan-
nels for 1D, 2D, and 3D charmonium states in units of MeV. �th and
�exp denote our results and experimental measurements, respectively.

The values in the square brackets mean the total widths. When the
experimental datum is not available, a symbol “−” is presented

Meson State Channel �th �exp Meson State Channel �th �exp

ψ(3770) 13D1 D+D− 9.4 ψ3(3842) 13D3 D+D− 0.8

D0 D̄0 13.9 D0 D̄0 1.1

[23.3] [27.2 ± 1.0] [1.9] [2.8 ± 0.6]
ψ(4160) 23D1 DD̄ 13.4 ψ2(2D) 23D2 DD̄ 0.0

DD̄∗ 14.2 DD̄∗ 34.7

D∗ D̄∗ 19.5 D∗ D̄∗ 18.0

Ds D̄s 0.2 Ds D̄s 0.0

Ds D̄∗
s 1.2 Ds D̄∗

s 2.7

[48.6] [70 ± 10] [55.4] [−]
ψ3(2D) 23D3 DD̄ 2.7 ηc(2D) 21D2 DD̄ 0.0

DD̄∗ 5.3 DD̄∗ 26.8

D∗ D̄∗ 10.4 D∗ D̄∗ 13.6

Ds D̄s 1.3 Ds D̄∗
s 2.1

Ds D̄∗
s 0.5

[20.3] [−] [42.5] [−]
ψ(4415) 33D1 DD̄ 2.1 ψ2(3D) 33D2 DD̄ 0.0

DD̄∗ 8.4 DD̄∗ 14.3

D∗ D̄∗ 16.7 D∗ D̄∗ 13.2

Ds D̄s 0.9 Ds D̄s 0.0

Ds D̄∗
s 0.1 Ds D̄∗

s 0.6

D∗
s D̄

∗
s 0.5 D∗

s D̄
∗
s 0.3

DD̄1 6.8 DD̄1 0.0

DD̄′
1 1.1 DD̄′

1 0.0

DD̄∗
0 0.0 DD̄∗

0 0.1

DD̄∗
2 3.3 DD̄∗

2 9.1

D∗ D̄∗
0 2.7 D∗ D̄∗

0 1.4

[42.4] [62 ± 20] [38.9] [−]
ψ3(3D) 33D3 DD̄ 5.7 ηc(3D) 31D2 DD̄ 0.0

DD̄∗ 0.0 DD̄∗ 9.8

D∗ D̄∗ 23.0 D∗ D̄∗ 15.1

Ds D̄s 0.4 Ds D̄s 0.0

Ds D̄∗
s 0.9 Ds D̄∗

s 0.8

D∗
s D̄

∗
s 0.5 D∗

s D̄
∗
s 0.4

DD̄1 10.0 DD̄1 0.0

DD̄′
1 0.1 DD̄′

1 0.0

DD̄∗
0 0.0 DD̄∗

0 4.9

DD̄∗
2 4.3 DD̄∗

2 10.6

D∗ D̄∗
0 0.6 D∗ D̄∗

0 0.0

[45.5] [−] [41.5] [−]
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Table 4 Two-body open-charm strong decay widths of different chan-
nels for 2P and 3P charmonium states in units of MeV. �th and �exp
denote our results and experimental measurements, respectively. The

values in the square brackets mean the total widths. When the experi-
mental datum is not available, a symbol “−” is presented

Meson State Channel �th �exp Meson State Channel �th �exp

χc0(3860) 23P0 DD̄ 16.6 χc1(3872) 23P1 DD̄∗ 0.0

[16.6] [201+154+88
− 67−82] [0.0] [1.19 ± 0.21]

χc2(3930) 23P2 DD̄ 3.6 hc(2P) 21P1 DD̄∗ 20.3

DD̄∗ 26.9

[30.4] [35.2 ± 2.2] [20.3] [−]
χc0(3P) 33P0 DD̄ 12.6 χc1(3P) 33P1 DD̄ 0.0

DD̄∗ 0.0 DD̄∗ 25.9

D∗ D̄∗ 2.9 D∗ D̄∗ 3.3

Ds D̄s 0.2 Ds D̄s 0.0

Ds D̄∗
s 0.0 Ds D̄∗

s 1.2

D∗
s D̄

∗
s 0.0 D∗

s D̄
∗
s 0.0

[15.7] [−] [30.4] [−]
χc2(3P) 33P2 DD̄ 0.4 hc(3P) 31P1 DD̄ 0.0

DD̄∗ 7.4 DD̄∗ 22.8

D∗ D̄∗ 15.2 D∗ D̄∗ 6.9

Ds D̄s 0.8 Ds D̄s 0.0

Ds D̄∗
s 0.0 Ds D̄∗

s 0.5

D∗
s D̄

∗
s 0.7 D∗

s D̄
∗
s 0.7

[24.4] [−] [30.9] [−]

Table 5 Two-body open-charm strong decay widths of different chan-
nels for 1F charmonium states in units of MeV. �th and �exp denote our
results and experimental measurements, respectively. The values in the

square brackets mean the total widths. When the experimental datum is
not available, a symbol “−” is presented

Meson State Channel �th �exp

χ2(1F) 13F2 DD̄ 14.9

DD̄∗ 37.6

D∗ D̄∗ 0.2

Ds D̄s 2.5

[55.1] [−]

χ3(1F) 13F3 DD̄ 0.0

DD̄∗ 43.6

D∗ D̄∗ 0.0

Ds D̄s 0.0

[43.6] [−]

χ4(1F) 13F4 DD̄ 18.9

DD̄∗ 5.4

D∗ D̄∗ 0.0

Ds D̄s 0.0

[24.3] [−]

hc(1F) 11F3 DD̄ 0.0

DD̄∗ 33.1

D∗ D̄∗ 0.0

Ds D̄s 0.0

[33.1] [−]
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Table 6 Masses of charmonium states in the J PC = 1−− family after
the S-D wave mixing effects are considered in the adopted coupled-
channel model. The first column shows the observed states while the
second column lists mixed charmonia defined in Eq. (25). The δm and

MA have the same meanings as Table 1 but the values of δm are dif-
ferent. The MS−D = MA + δm denotes the calculated masses. The
experimental data Mexp are taken from the particle data book [2]. All
the masses are given in units of MeV

Meson States δm MA MS−D Mexp

ψ(3686) ψ̃(2S) −60.8 3728.9 3668.1 3686.10 ± 0.06

ψ(3770) ψ̃(1D) −76.9 3843.3 3766.3 3773.7 ± 0.4

ψ(4040) ψ̃(3S) −78.5 4107.3 4028.8 4039 ± 1

ψ(4160) ψ̃(2D) −37.0 4169.3 4132.3 4191 ± 5

ψ(4360) ψ̃(4S) −72.6 4417.5 4344.9 4372 ± 9

ψ(4415) ψ̃(3D) −32.6 4453.4 4420.8 4421 ± 4

Table 7 Di-electric decay widths of charmonium states in the J PC =
1−− family after the S-D wave mixing effects are considered in the
coupled-channel model. S- and D-wave probabilities for the cc̄ compo-

nent are given in the second and third columns, respectively. The fourth
column is for the mixing angle. The calculated and measured widths
[2] in units of keV are shown in the last two columns, respectively

Meson PS(%) PD(%) θ(degree) �th
ee �

exp
ee

ψ(3686) 95.6 4.4 −12.2◦ 3.03 2.33 ± 0.04

ψ(3770) 3.3 96.7 −10.5◦ 0.277 0.262 ± 0.018

ψ(4040) 84.2 15.8 −23.4◦ 1.61 0.86 ± 0.07

ψ(4160) 19.1 80.9 −25.9◦ 0.559 0.48 ± 0.22

ψ(4360) 79.3 20.7 −27.1◦ 0.899 −
ψ(4415) 17.3 82.7 −24.6◦ 0.500 0.58 ± 0.07

observed experimentally. The predicted mass of the former
state is 4017 MeV and the latter 4345 MeV, which are consis-
tent with the results obtained in the NR potential model [45].
From Table 1, the coupled-channel effects affect the ηc(3S)

state more than the ηc(4S), which leads to the small propor-
tion (61%) of the cc̄ component in the physical ηc(3S). From
Table 2, both states seem not to be broad.

3.2 The vector charmonium states

For the vector charmonium states, as mentioned above, the
S-D wave mixing effects should be considered. We do not
include such effects when presenting the results in Tables 1
and 3. After such effects are considered, the redetermined
masses, di-electric decay widths, and two-body open-charm
strong decay widths are summarized in Tables 6, 7, and 8,
respectively.

3.2.1 ψ(3770)

The ψ(3770) state is the lowest charmonium above the DD̄
threshold and decays dominantly into DD̄ through P wave. If
it is a pure 3D1 cc̄ state, the estimated di-electric width is not
consistent with experiments [61–64]. To solve this problem,
the ψ(3770) is usually interpreted as a mixture of ψ(2 S) and
ψ(3D).

From our results in Tables 1 and 6, the masses of ψ(2S)

and ψ(3770) are just slightly changed after the S-D wave
mixing is considered. The extracted mixing angle from the
coupled channel model is θ = −10.5◦. This value is in agree-
ment with Ref. [61] where θ = −10◦ is obtained. Using
θ = −10.5◦, we obtain �th

ee = 0.277 keV for the di-electric
width of ψ̃(1D), which is in excellent consistent with the
measured value �

exp
ee = 0.262±0.018 keV for ψ(3770) [2].

Assuming that the ψ(3770) state is the ψ̃(1D) charmonium,
we get �th = 22.5 MeV for the open-charm strong decay
width. It is close to the experimental result of � = 27.2±1.0
MeV. Therefore, it is reasonable to assign the ψ(3770) as the
ψ̃(1D) mixed state from our results of mass and widths. If we
estimate the branching ratio for its non-DD̄ decay, a value
about 17% is obtained.

3.2.2 ψ(4040)

The ψ(4040) state is generally assigned to the pure 33S1

charmonium in the quenched potential models [45]. How-
ever, the predicted mass in the NR potential model [45] is
about 30 MeV higher than the experimental value. It is also
necessary to discuss the effects of S-D mixing and channel
coupling on the properties of ψ(4040).

Comparing Tables 1 and 6, one sees that the mixing
between S- and D-wave charmonia induces ∼15 MeV mass
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Table 8 Two-body open-charm strong decay widths of different chan-
nels for the J PC = 1−− charmonium states in units of MeV: the case
after S-D mixing effects are considered. �th and �exp denote our results

and experimental measurements, respectively. The values in the square
brackets mean the total widths. When the experimental datum is not
available, a symbol “−” is presented

Meson State Channel �th �exp Meson State Channel �th �exp

ψ(3686) ψ̃(2S) D+D− 0.0 ψ(3770) ψ̃(1D) D+D− 9.1

D0 D̄0 0.0 D0 D̄0 13.5

[0.0] [−] [22.5] [27.2 ± 1.0]
ψ(4040) ψ̃(3S) DD̄ 6.4 ψ(4160) ψ̃(2D) DD̄ 11.8

DD̄∗ 9.7 DD̄∗ 13.2

D∗ D̄∗ 21.8 D∗ D̄∗ 20.0

Ds D̄s 0.1 Ds D̄s 0.2

Ds D̄∗
s 1.0

[38.2] [80 ± 10] [46.3] [70 ± 10]
ψ(4360) ψ̃(4S) DD̄ 0.6 ψ(4415) ψ̃(3D) DD̄ 1.7

DD̄∗ 10.5 DD̄∗ 8.9

D∗ D̄∗ 12.1 D∗ D̄∗ 15.7

Ds D̄s 0.4 Ds D̄s 0.8

Ds D̄∗
s 0.0 Ds D̄∗

s 0.0

D∗
s D̄

∗
s 0.4 D∗

s D̄
∗
s 0.5

DD̄1 6.9 DD̄1 6.8

DD̄′
1 1.6 DD̄′

1 1.2

DD̄∗
0 0.0 DD̄∗

0 0.0

DD̄∗
2 5.1 DD̄∗

2 3.7

D∗ D̄∗
0 0.8 D∗ D̄∗

0 2.3

[38.6] [115 ± 13] [41.6] [62 ± 20]

shift for the 33S1 state. The mass of ψ̃(3S) (4028.8 MeV)
is consistent with the measured value 4039 ± 1 MeV for the
ψ(4040). The extracted mixing angle for the ψ̃(3S) state
is found to be θ = −23.4◦ which is close to (−28+1

−2)
◦

obtained in Ref. [64]. With this mixing angle, the calculated
di-electric width �th

ee = 1.61 keV is consistent with the Belle
data �

exp
ee = 1.6 ± 0.3 keV [70]. In Ref. [47], treating the

ψ(4040) as the ψ̃(3S) state, the authors obtained a strong
decay width 86.9 MeV by using the 3P0 model. However,
our result for the open-charm strong decay width is � = 38.2
MeV, a smaller number than the measured total width 80±10
MeV [2]. The reason is that we adopted a smaller γ in the
3P0 model. In Ref. [48], a larger decay width of ψ(4040)

is obtained with γ = 0.422. If the ψ(4040) corresponds to
the ψ̃(3S) state, its dominant decay modes should be DD̄,
DD̄∗, and D∗ D̄∗. From above results, the ψ(4040) may be
assigned as the ψ̃(3S) mixed charmonium state, although its
theoretical open-charm decay width in our model is about
half of the experimental width. Future measurements on the
branching ratios will be helpful to test the model or to find
an appropriate γ .

3.2.3 ψ(4160) and ψ(4230)

The ψ(4160) state was initially observed in the e+e− anni-
hilation process forty years ago [71]. Its mass and width
from PDG [2] are 4191 ± 5 MeV and 70 ± 10 MeV, respec-
tively. The mass is consistent with the quark potential model
result for the 23D1 charmonium state. In 2005, the BaBar
Collaboration reported the observation of Y (4260) in the
e+e− → π+π− J/ψ process. With the improved measure-
ments [72,73], the Y (4260) is reconstructed as two states
ψ(4230) and ψ(4360). Then, the Y (4260) was renamed to
be ψ(4230) in the particle data book with M = 4222.7±2.6
MeV and � = 49 ± 8 MeV. Very recently, the BESIII Col-
laboration precisely measured the Born cross sections of
e+e− → D∗+

s D∗−
s [7] and observed two resonances. One

of them is consistent with ψ(4415). The mass and width of
the other resonance from the fit are M = 4186.8 ± 8.7 ± 30
MeV and � = 55 ± 15 ± 53 MeV, respectively. If one con-
siders the systematic uncertainties, this state is compatible
with both ψ(4230) and ψ(4160). Using a coupled-channel
scheme with unitarity, the authors of Ref. [74] extracted the
pole position (

√
s = 4222 − 32i MeV) of the ψ(4160) by

analyzing the cross section data of e+e− → D(∗) D̄(∗) and
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DD̄π processes. Their results imply that the ψ(4160) and
ψ(4230) might be the same state, cc̄(23D1) mixed with con-
tinuum states. In addition, in Ref. [43], the authors studied
the e+e− → cc̄ processes based on a global coupled-channel
analysis. They found that two pole positions are around 4230
MeV, but did not find a ψ(4160) pole.

In our scheme, similar to the ψ(3770) case, the ψ(4160)

is assumed as the 3 S-2D mixing state. If one treats it as the
pure 23D1 state, the predicated di-electric width is about 14
times smaller than the experimental measurement [75]. The
mixing betweenψ(3 S) andψ(2D) can be used to understand
its measured di-electric width.

From Table 6, the mass of ψ̃(2D) in our calculation is
M = 4132.2 MeV which is in accordance with the NR
model result M = 4142 MeV [45] but is about 60 MeV
smaller than the PDG mass of ψ(4160). The extracted mix-
ing angle between the 33S1 and 23D1 states is −25.9◦.
Using this angle, one obtains a di-electric width �th

ee = 0.56
keV which is in agreement with the PDG value �

exp
ee =

0.48 ± 0.22 keV for the ψ(4160) [2]. From the open-charm
decay width 46.3 MeV which is consistent with the BESIII
result 55 ± 15 ± 53 MeV [7], assigning the ψ(4160) as
the ψ̃(2D) mixed charmonium is reasonable. The consis-
tency between our width and the experimental measure-
ments indicates that the open-charm channels dominate its
decay if the ψ(4160) is assigned as the ψ̃(2D) state. To
understand its structure, ratios between partial widths of dif-
ferent channels play an important role. From Table 8, the
ratio between DD̄ and D∗ D̄∗ for the ψ̃(2D) charmonium
is around �(DD̄) : �(D∗ D̄∗) = 0.59. This value is some-
what larger than the BaBar result 0.02 ± 0.04 [76]. The ratio
�(DD̄∗) : �(D∗ D̄∗) = 0.66 is close to the upper limit of the
measured value 0.34 ± 0.15 [76]. Therefore, the above com-
parison indicates that the ψ(4160) is a reasonable candidate
of the ψ̃(2D) state, although there are still inconsistencies
at present. In our case, the ψ(4230) cannot be interpreted as
a cc̄ state. Further investigations on the natures of ψ(4160)

and ψ(4230) are certainly needed.

3.2.4 ψ(4360)

The ψ(4360) state was first observed in the initial-state radia-
tion (ISR) process e+e− → γI SRπ+π−ψ(2S) by the BaBar
Collaboration in 2006 [77]. It was subsequently confirmed
by the Belle Collaboration [78]. Because of its production
process, the quantum numbers of ψ(4360) are naturally
J PC = 1−−. The ψ(4360) was interpreted as the canonical
ψ(3D) charmonium state in the NR potential model [45],
while the estimated mass is about 80 MeV larger than the
experimental mass [79]. It is also suggested that the ψ(4360)

may be a candidate of ψ(4S) or ψ(3D) in the screened con-
finement potential model [50,80]. Moreover, the ψ(4360)

can be assigned as a molecular state [81], a tetraquark state
[82,83], or a hybrid state [84].

Similarly to other 1−− states, we check whether the
ψ(4360) can be assigned as the ψ̃(4S) mixed charmonium
state based on our results. The assignment for the ψ(3D)

charmonium will be discussed soon. In our coupled-channel
model, the predicted mass (4344.9 MeV) of ψ̃(4S) is con-
sistent with the ψ(4360) (4372 ± 9 MeV) [2]. For a higher
charmonium, large S-D mixing angle can usually be used to
understand its measured di-electric width [64,85,86]. From
Table 7, the extracted mixing angle −27.1◦ results in the
estimated di-electric decay width of ψ̃(4S) to be �th

ee = 0.90
keV. This value as a criterion for the assignment of ψ(4360)

can be tested by future experiments. It is worth noting that
our result is in agreement with �th

ee = 0.78 keV obtained in
Ref. [86]. For the open-charm decay widths, our result (38.6
MeV) of ψ̃(4S) is much smaller than the measured width
(115 ± 13 MeV) of ψ(4360). It has been argued in Ref.
[47] that the small width may be caused by the oscillation
behavior of the decay amplitude and the S-D mixing effect.
In addition, the experiments have not observed the open-
charm decay channels of ψ(4360) at present. Assigning this
state as the ψ̃(4S) mixed charmonium is possible. Whether
the small open-charm decay width of ψ(4360) is reasonable
or not needs to be answered by future measurements. The
width ratios between different open-charm channels deter-
mined with our results in Table 8 may also be used to test the
assignment of ψ(4360) as the ψ̃(4S) charmonium.

3.2.5 ψ(4415)

The ψ(4415) is usually interpreted as the ψ(4S) charmonium
state. However, the di-electronic width obtained in the poten-
tial model with this assignment is about two times larger than
the experimental value [86]. Here, we check the possibility to
assign the ψ(4415) to be the ψ̃(3D) charmonium by taking
into account the S-D mixing contribution. This assignment
is helpful for us to understand the di-electric decay width of
the ψ(4415).

As shown in Table 6, the predicted mass M(ψ̃(3D)) =
4420.8 MeV in our coupled-channel model is in good agree-
ment with the measured mass 4421 ± 4 MeV of ψ(4415)

[2]. With the extracted mixing angle −24.6◦, one obtains the
di-electric width �th

ee(ψ̃(3D)) = 0.5 keV. It is also consistent
with the experimental result �

exp
ee (ψ(4415)) = 0.58 ± 0.07

keV [2]. The open-charm decay width of ψ̃(3D) is found to
be 41.6 MeV in the adopted coupled-channel model. It is con-
sistent with the measured total width of ψ(4415) (62 ± 20
MeV [2]), but much smaller than the recent BESIII result
(122.5 ± 7.5 ± 8.1 MeV [7]). To understand the nature of
ψ(4415), ratios of partial widths in different assignment
schemes would play an important role. The ψ̃(3D) domi-
nantly decays into the DD̄∗, D∗ D̄∗, DD̄1, and DD̄∗

2 chan-
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nels. The partial width ratio between DD̄ and D∗ D̄∗ is esti-
mated to be �(DD̄) : �(D∗ D̄∗) = 0.11 from our results.
This number agrees with BaBar (0.14±0.12±0.03) [76]. The
ratio between the DD̄∗ and D∗ D̄∗ channels, 0.56, is some-
what larger than the experimental value 0.17 ± 0.25 ± 0.03
[76]. The predicted branching fraction Br(ψ(4415) →
DD̄∗

2) ∼ 9% is also compatible with the Belle data (∼ 10%)

[87]. From the above analysis, the ψ(4415) is a good candi-
date of the ψ̃(3D) mixed charmonium state, which confirms
the conclusion drawn in Ref. [80]. One should note that the
dominant component in ψ(4415) in this scheme is the D-
wave cc̄ rather than the S-wave cc̄. If ψ(4415) is interpreted
as the S-wave dominant cc̄ state, there is no room for the
ψ(4360) from our model calculation.

3.3 The spin-2 and -3 D-wave charmonium states

Besides the above J P = 1−− D-wave dominant charmo-
nia ψ(3770), ψ(4160), and ψ(4415), we also studied seven
higher spin D-wave states. One understands the nature of
the observed ψ3(3842) with the ψ3(1D) charmonium. The
related exotic state of ηc(2D) is the X (4160). The properties
of other five states are our predictions.

3.3.1 ψ3(3842)

Recently, the LHCb reported the observation of a new nar-
row charmonium state ψ3(3842) in the decay channels
ψ3(3842) → D0 D̄0 and ψ3(3842) → D+D− with high
statistical significance [4]. This state has a mass M =
3842.71 ± 0.16 ± 0.12 MeV and a width 2.79 ± 0.51 ± 0.35
MeV. It is assigned as the ψ3(1D) charmonium state with
J PC = 3−−. We check this assignment based on our results.

In the coupled-channel model, we get a mass M = 3805.6
MeV for the ψ3(1D) charmonium. It is consistent with the
result of the NR potential model (3806 MeV) [45]. From
Table 3, the open-charm strong decay width (1.9 MeV) of
ψ3(1D) is close to the lower limit of the measured width
of ψ3(3842). With the present information, one may con-
sider the ψ3(3842) as the ψ3(1D) charmonium, although
the obtained mass of ψ3(1D) is about 37 MeV smaller than
the ψ3(3842). This assignment also indicates that the DD̄
mode should dominate its decay. Future experimental mea-
surements on decays would provide useful information. The
partial width ratio between the two dominant decay channels
D+D− and D0 D̄0 we get is 0.73. This ratio is in accordance
with a recent theoretical result 0.84 [88] by using the BS
method and the 3P0 model. Based on its mass and decay
properties, the ψ3(3842) is a good candidate of the ψ3(1D)

charmonium state.

3.3.2 X (4160)

The X (4160) was first observed in the D(∗)D(∗) invariant
mass spectrum of the e+e− → J/ψD(∗)D(∗) processes by
the Belle [89]. In 2021, the LHCb announced a J/ψφ reso-
nance consistent with the X (4160) [90]. The preferred quan-
tum numbers for this resonance are J PC = 2−+. If they are
really the same state, its mass and width are 4153+23

−21 MeV

and 136+60
−35 MeV, respectively [2].

From Table 1, the calculated mass of ηc(2D) is 4136.2
MeV which is consistent with Ref. [91] and the measured
X (4160). From Table 3, the corresponding two-body open-
charm decay width is 42.5 MeV which is smaller than the
width of X (4160). If the dominant decay mode of such a
state is not D(∗) D̄(∗), the possible assignment of X (4160)

as the ηc(2D) cannot be excluded. At present, the Belle
result �(DD̄) : �(DD̄∗) < 0.09 does not conflict with
the fact that the decay channel DD̄ is forbidden for the
ηc(2D) state. However, the measured partial width ratio
�(DD̄∗) : �(D∗ D̄∗) = 0.22 [2] is much smaller than the
expected �(DD̄∗) : �(D∗ D̄∗) = 2. Moreover, the inconsis-
tency for the production rates of the ηc(2D) in e+e− annihila-
tion between experimental data and theoretical expectations
does not favor this assignment [92]. We need more informa-
tion to understand the nature of X (4160).

3.3.3 Other 2D and 3D states

In the remaining five states, from Table 1, two are 2D char-
monia ψ2(2D) and ψ3(2D). They are all around 4.14 GeV
which are in accordance with the predictions with the NR
potential model [45]. This degeneration feature is easy to
understand since they are spin partner states of the ψ(4160)

in the heavy quark limit [93]. The predicted width of the
ψ2(2D) state is about 55 MeV and it dominantly decays
into DD̄∗ and D∗ D̄∗. The ratio between partial widths is
�(DD̄∗) : �(D∗ D̄∗) = 1.9 : 1.0. The ψ3(2D) state has a
narrower width 20.3 MeV and its main decay modes are DD̄,
DD̄∗, and D∗ D̄∗. We predict its ratios between partial widths
to be �(DD̄) : �(DD̄∗) : �(D∗ D̄∗) = 1.0 : 2.0 : 3.9.

The three 3D states ηc(3D), ψ2(3D), and ψ3(3D) are
spin partners of the ψ(4415). Their predicted masses are all
around 4.4 GeV. Their two-body open-charm strong decay
widths have been shown in Table 3 where one finds that the
total widths are all around 40 MeV. The total width of ηc(3D)

gets contributions mainly from DD̄∗, D∗ D̄∗, DD̄∗
0 , and

DD̄∗
2 modes. The partial width ratios between these chan-

nels are predicted to be �(DD̄∗) : �(D∗ D̄∗) : �(DD̄∗
0) :

�(DD̄∗
2) = 2.0 : 3.1 : 1 : 2.1. The ψ2(3D) state mainly

decays into DD̄∗, D∗ D̄∗, and DD̄∗
2 . The ratios between

partial widths of these channels are �(DD̄∗) : �(D∗ D̄∗) :
�(DD̄∗

2) = 1.6 : 1.4 : 1. The ψ3(3D) state has four domi-
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nant decay channels DD̄, D∗ D̄∗, DD̄1, and DD̄∗
2 . We pre-

dict the relevant ratios to be �(DD̄) : �(D∗ D̄∗) : �(DD̄1) :
�(DD̄∗

2) = 1.3 : 5.4 : 2.3 : 1.0.

3.4 The P-wave charmonium states

The involved states in the present study are 2P and 3P char-
monia. From Table 1, the coupled-channel effects have rel-
atively significant impacts on the 2P charmonia, especially
χc1(2P). The proportion of the cc̄ component in a physi-
cal state can even be lowered to < 50%. Up to now, three
related charmonia (χc0(3860), χc1(3872), and χc2(3930))
of the four 2P partner states have been observed. We expect
that the hc(2P) charmonium around 3.9 GeV with a width
tens of MeV will be observed in the near future. Its two-
body open-charm decay mode is just DD̄∗. Up to now, no
3P charmonium has been observed. The obtained mass and
decay properties of them are our predictions in the employed
coupled-channel model.

3.4.1 χc1(3872)

This mysterious charmonium-like state was first observed in
the decay B → Kπ+π− J/ψ by the Belle Collaboration
[1] and then confirmed by BaBar [94]. The PDG mass and
width of χc1(3872) [2] are M = 3871.65 ± 0.06 MeV and
� = 1.19 ± 0.21 MeV, respectively. The χc1(3872) cannot
be well interpreted by the quenched potential models [44,45]
since the calculated mass of χc1(2P) is about tens of MeV
larger than the experimental value. It is mainly interpreted
as a DD̄∗ molecule [9,17,31,95–101], a compact tetraquark
state [11,102–104], or a charmonium with significant con-
tinuum components [13,21,22,25,35,105–109]. In Ref. [16],
the authors calculated the spectral density using the Flatté-
like parametrization. Their results showed that there is a large
DD̄∗ component in the χc1(3872) wave function. A number
of authors got a similar conclusion. The probability of meson-
meson continuum component in the χc1(3872) may be 85%
[106], 93% [107], 73.0% [30], 85.3% [32], or 70% [109],
depending on the adopted model.

Now we concentrate on the χc1(2P) charmonium in our
coupled-channel calculation. The bare mass (3963 MeV) is
much higher than the measured value. After the coupled-
channel effects are considered, we get a mass 3870.1 MeV
for the χc1(2P) state which is consistent with the PDG result
for the χc1(3872) [2]. It is worth noting that the mass shift
provided by the DD̄∗ channel (−57.5 MeV) is lager than
contributions from other channels. In this calculation, we find
that the continuum state component is around 57%. Because
our calculated mass and the measured mass are both lower
than the D0 D̄0∗ threshold, the two-body open-charm strong
decay width cannot be estimated with Eq. (22). Therefore,

we consider its quasi two-body decay [110–115].

� =
∫ qmax

0
dq

2q2 ∑
J,L |MJ L(χc1(2P) → D0 D̄0∗)|2

[Mχc1(2P) − ED̄0∗(q) − ED0(q)]2 + 1
4�2

D̄0∗
×�D̄0∗→D̄0π0 . (32)

Here, MJ L(χc1(2P) → D0 D̄0∗) is the decay amplitude
obtained with Eq. (10). The maximum relative momentum
qmax for the three-body decay χc1(2P) → (D̄0π0)D̄∗0 D0 is
given by

qmax =
√
M2

χc1(2P) − (MD̄0 + Mπ0 + MD0)2

2Mχc1(2P)

×
√
M2

χc1(2P) − (MD̄0 + Mπ0 − MD0)2. (33)

We use the upper limit for the measured width of D̄∗0,
�D̄0∗ = 2.1 MeV [2], to estimate the width of χc1(2P). Sub-
stituting the partial width �D̄0∗→D̄0π0 = 0.65�D̄0∗ into Eq.
(32), one gets �(χc1(2P)) = 0.94 MeV. It is in agreement
with the experimental result �(χc1(3872)) = 1.19 ± 0.21
MeV. Therefore, assigning the χc1(3872) as a structure of
cc̄(23P1) core plus open-charm meson continuum is reason-
able based on the obtained mass and decay width.

3.4.2 χc0(3860) and χc0(3915)

The χc0(3860) state was observed in the e+e− → J/ψDD̄
process by the Belle Collaboration [3]. Its mass and decay
width are 3862+26+40

−32−13 MeV and 201+154+88
− 67−82 MeV, respec-

tively. In theoretical discussions, it has been assigned as the
23P0 charmonium [88], a scalar tetraquark [116–118], or
a mixed state of the cc̄ and continuum state [30]. Prior to
the Belle’s result, Ref. [119] had obtained a broad χc0(2P)

around 3840 MeV using the Belle and BaBar’s data sets.
For the χc0(2P) state in our model calculation, the mass

we get (3859 MeV) is close to that of χc0(3860). This result
is consistent with the NR potential model prediction of Ref.
[45] (3852 MeV) and the Friedrichs-model-like scheme cal-
culation of Ref. [30] (3861 MeV). If the assignment for the
χc0(3860) as χc0(2P) is correct, the state has only one two-
body open-charm decay channel DD̄ and the width is pre-
dicted to be � = 16.6 MeV. Our result of narrow width agrees
with Refs. [88,113] where the adopted decay model is also
the 3P0 quark pair creation model. In Ref. [120], a larger
decay width (110∼180 MeV) for the χc0(2P) charmonium
was obtained with a larger γ within the same model. Since
the available experimental decay width of the X (3860) state
has large uncertainty, the possibility that the χc0(3860) is the
χc0(2P) charmonium is not ruled out.

The χc0(3915) was firstly observed in the J/ψω invari-
ant mass distribution in the decay B → KωJ/ψ by the
Belle Collaboration [121]. Later, the BaBar Collaboration
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confirmed this state in the same process [122]. The quan-
tum numbers of χc0(3915) are J PC = 0++ and it has a
mass 3921.7 ± 1.8 MeV and a width � = 18.8 ± 3.5 MeV
[2]. This state can also be assigned as the χc0(2P) charmo-
nium in some unquenched quark models [35,48]. In the NR
potential model of Ref. [45] and the screened potential model
of Ref. [50], however, the estimated mass of the 23P0 state
is around 3.85 GeV and it is not appropriate to assign the
χc0(3915) as this charmonium. The inconsistency between
experimental measurements and theoretical expectations also
does not support this assignment [123]. In the present work,
the mass of the χc0(2P) state (3859 MeV) agrees with Refs.
[45,50,88] but is about 60 MeV lower than the measured
mass of χc0(3915). Just from the mass, the possibility to
relate the χc0(2P) charmonium to the χc0(3860) is higher
than that to the χc0(3915). If one concentrates only on the
width, the possibility is reversed. Therefore, further studies to
understand these two observed exotic states are still needed.

3.4.3 χc2(3930)

The χc2(3930) was discovered in the γ γ → DD̄ process by
Belle [124] and BaBar [125]. Its mass is 3922.5 ± 1.0 MeV
and its width is 35.2 ± 2.2 MeV [2]. The quantum numbers
J PC = 2++ are favored for this state. The χc2(3930) is
usually assigned as the χc2(2P) charmonium in the quenched
models [113]. From our results shown in Table 1, the mass
of χc2(2P) (3958.7 MeV) is close to the measured mass of
χc2(3930). From Table 4, the two-body open-charm strong
decay width of χc2(2P) (30.4 MeV) is in accordance with the
width ofχc2(3930). Therefore, one may assign the state as the
χc2(2P) charmonium. If the χc2(3930) indeed corresponds
to the χc2(2P), its decays into DD̄ and DD̄∗ channels have
the most important contributions. The ratio between relevant
partial widths we predict is �(DD̄) : �(DD̄∗) = 0.13. This
ratio is different from that in Ref. [88]. One may use such
a ratio to test different models once experimental data are
available in the future.

3.4.4 The 3P states

For the four 3P states, their masses are all around 4.2 GeV.
Based on our calculation, the mass of χc0(3P) (4205 MeV) is
consistent with the mass 4202 MeV obtained in the NR quark
model of Ref. [45]. If its decay is saturated with the two-
body open-charm channels, this charmonium mainly decays
into DD̄ and D∗ D̄∗ and the total width is about 16 MeV.
Although its decay into Ds D̄s is not forbidden, this channel
is suppressed. The predicted ratio between the main partial
widths in our model is �(DD̄) : �(D∗ D̄∗) = 4.3. For the
χc1(3P) charmonium, its mass we get is 4213 MeV which
is smaller than the result of Ref. [45] (4271 MeV). The total
width of this state is about 30 MeV and it dominantly decays

into DD̄∗. The channels D∗ D̄∗ and Ds D̄∗
s are relatively sup-

pressed. The ratio between partial widths of these three chan-
nels is �(DD̄∗) : �(D∗ D̄∗) : �(Ds D̄∗

s ) = 22 : 3 : 1. Our
χc2(3P) charmonium is located at the position 4276 MeV.
This number is about 41 MeV smaller than the calculated
mass of Ref. [45]. The width of χc2(3P) is around 25 MeV
and it has two dominant decay modes DD̄∗ and D∗ D̄∗. The
width is compatible with the result of Ref. [88]. The partial
width ratio we get is �(DD̄∗) : �(D∗ D̄∗) = 0.5. For our
singlet charmonium hc(3P), it is about 37 MeV lower than
the same state in Ref. [45]. The width of this state is about
31 MeV and it is consistent with the result of Ref. [88] (31
MeV). The DD̄∗ and D∗ D̄∗ decay channels are the domi-
nant ones, with the branching fraction reaching up to 96% of
the two-body open-charm decay modes. The corresponding
ratio between partial widths is �(DD̄) : �(D∗ D̄∗) = 3.3.
We hope that our results for the 3P charmonia are useful in
identifying higher P-wave cc̄ states in future experiments.

3.5 The F-wave charmonium states

From numerical results in our coupled-channel model, the
four 1F charmonium states are located around 4.0 GeV. This
is different from the case in the NR potential model [45].
The states are around 4.23 GeV there. The mass of χc2(1F)

we obtain is 4026 MeV. If the total decay width may be rep-
resented by the two-body open-charm strong decay width,
it is estimated to be 55.1 MeV. This charmonium mainly
decays into DD̄ and DD̄∗ and the ratio between partial
widths is around �(DD̄) : �(DD̄∗) = 1.0 : 2.5. The mass
and width of the χc3(1F) charmonium are 3978 MeV and
43.6 MeV, respectively. This state only decays into DD̄∗.
The χc4(1F) charmonium has a mass around 3997 MeV. Its
dominant decay channels are DD̄ and DD̄∗ with a corre-
sponding partial width ratio �(DD̄) : �(DD̄∗) = 3.5 : 1.0.
For the spin singlet hc(1F) charmonium, the calculated mass
is 3976 MeV and our predicted width is about 33 MeV. Its
open-charm strong decay mode is mainly DD̄∗.

4 Summary and discussions

In recent years, quite a number of charmonium(-like) states
have been observed. It is very likely that more similar states
would be further observed in future. Because vector charmo-
nia are easy to produce at the clean e+e− colliders, experi-
mentalists have found redundant J PC = 1−− structures (e.g.
R(3760),R(3810), and Y(4544) [126,127]) that are difficult
or unable to understand in the conventional quark model. If
mesons with other quantum numbers are easy to produce
at supposed clean colliders, a similar situation would exist.
It is necessary for us to discuss the nature of the observed
states in various scenarios including multiquark configura-
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Table 9 Masses of 2P charmonium states obtained in the adopted coupled-channel model with fixed γ and different β’s. See Table 1 for other
explanations

γ = 0.2, β = 0.25 GeV
Meson DD̄ DD̄∗ D∗ D̄∗ Ds D̄s Ds D̄∗

s D∗
s D

∗
s δm MA Mcou Mnon Mexp Pcc̄(%)

hc(2P)(21P1) 0.0 −51.2 −19.4 0.0 −6.0 −4.8 −81.5 3989.8 3908.2 3934 − 76.7

χc0(3860)(23P0) 0.3 0.0 −29.9 −2.6 0.0 −7.9 −40.1 3920.5 3880.4 3852 3862+26+40
−32−13 74.8

χc1(3872)(23P1) 0.0 −44.0 −21.4 0.0 −4.7 −5.6 −73.6 3963.3 3889.6 3925 3871.65 ± 0.06 46.7

χc2(3930)(23P2) −11.5 −14.4 −25.5 −2.7 −4.7 −5.5 −64.3 4024.5 3960.2 3972 3922.5 ± 1.0 68.1

γ = 0.2, β = 0.31 GeV

hc(2P)(21P1) 0.0 −54.4 −22.0 0.0 −6.9 −5.8 −89.0 3989.8 3900.7 3934 − 73.8

χc0(3860)(23P0) −16.6 0.0 −33.2 −2.7 0.0 −9.4 −61.8 3920.5 3858.7 3852 3862+26+40
−32−13 89.0

χc1(3872)(23P1) 0.0 −57.5 −23.6 0.0 −5.4 −6.7 −93.2 3963.3 3870.1 3925 3871.65 ± 0.06 43.4

χc2(3930)(23P2) −4.4 −24.6 −28.0 −2.5 −5.3 −6.5 −71.2 4024.5 3953.3 3972 3922.5 ± 1.0 75.1

γ = 0.2, β = 0.4 GeV

hc(2P)(21P1) 0.0 −64.5 −24.8 0.0 −7.9 −7.0 −104.2 3989.8 3885.5 3934 − 71.1

χc0(3860)(23P0) −11.1 0.0 −38.8 −3.1 0.0 −11.5 −64.5 3920.5 3856.0 3852 3862+26+40
−32−13 81.0

χc1(3872)(23P1) 0.0 −57.2 −27.3 0.0 −6.3 −8.1 −99.0 3963.3 3864.3 3925 3871.65 ± 0.06 60.2

χc2(3930)(23P2) −5.5 −27.7 −31.2 −2.4 −5.9 −7.8 −80.6 4024.5 3943.9 3972 3922.5 ± 1.0 84.7

γ = 0.2, β = 0.5 GeV

hc(2P)(21P1) 0.0 −70.0 −27.8 0.0 −8.9 −8.1 −114.8 3989.8 3875.0 3934 − 8.7

χc0(3860)(23P0) −4.6 0.0 −44.0 −3.5 0.0 −13.5 −65.6 3920.5 3855.0 3852 3862+26+40
−32−13 87.4

χc1(3872)(23P1) 0.0 −58.6 −30.6 0.0 −7.2 −9.5 −105.9 3963.3 3857.4 3925 3871.65 ± 0.06 70.3

χc2(3930)(23P2) −8.8 −26.8 −34.5 −2.5 −6.6 −9.0 −88.1 4024.5 3936.4 3972 3922.5 ± 1.0 84.7

tion, rescattering mechanism, coupled channel effects, and
so on.

In this paper, we studied the mass spectra, two-body
open-charm strong decays, and di-electric decays for the cc̄
states within a coupled-channel model. The channel coupling
effects of D(∗) D̄(∗)/D(∗)

s D̄(∗)
s on charmonium states with the

3P0 model and the S-D wave mixing effects on vector cc̄ are
considered. We provide explicit results regarding the mass
spectra, the induced mass shifts, the probability of cc̄ com-
ponents, the S-D mixing angles, the di-electric decay widths,
and the two-body open-charm decay widths for the charmo-
nium states up to the scale around the D∗

s D̄
∗
s threshold. From

the numerical analyses, we found that:

• In the vector case, the ψ(3770), ψ(4040), ψ(4160),
ψ(4360), and ψ(4415) can be assigned as the ψ̃(1D),
ψ̃(3S), ψ̃(2D), ψ̃(4 S), and ψ̃(3D) mixed charmonium
states, respectively. The consideration of S-D mixing
effects on vector charmonia can interpret their exper-
imental di-electric widths. One should note that we
extracted the mixing angles from the coupled-channel
model rather than from fitting the e+e− widths. The
ψ(4040), ψ(4160), ψ(4360), and ψ(4415) states have
larger mixing angles than the ψ(3770).

• The observed resonance ψ3(3842) is a good candidate
of the ψ3(1D) charmonium state according to its mass
and decay properties. Its unobserved 1D partner ηc(1D)

without open-charm decay also has a mass around 3.8
GeV. As a potential candidate of ηc(2D), the X (4160)

is a possible partner of the ψ(4160), although there are
still inconsistencies between experimental data and theo-
retical expectations. The other two not-yet-observed 2D
states are located at 4.14 GeV with width around 20 MeV
or 50 MeV. For the three 3D partner states of theψ(4415),
their location is probably also at around 4.4 GeV and their
widths are � ∼ 40 MeV.

• Three of the four 2P charmonia are related to the
observed states. The exotic χc1(3872) can be assigned
as the χc1(2P) state with a significant continuum contri-
bution (∼57%). If we consider the large uncertainty in
the observed decay width, the possibility to assign the
χc0(3860) as the χc0(2P) charmonium cannot be ruled
out. However, the χc0(3915) cannot be interpreted as the
χc0(2P) state in our scheme. The χc2(3930) can be well
described by the χc2(2P) charmonium state. The not yet
observed 2P charmonium hc(2P) is probably at around
3.9 GeV with a width ∼ 20 MeV. The masses of the four
3P charmonium states are predicted to be M ∼ 4.2 GeV
and the widths are 16 ∼ 30 MeV.
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Table 10 Masses of charmonium states obtained in the adopted coupled-channel model with γ = 0.2 and β = 0.25 GeV. See Table 1 for other
explanations

Meson DD̄ DD̄∗ D∗ D̄∗ Ds D̄s Ds D̄∗
s D∗

s D̄
∗
s δm MA Mcou Mnon Mexp Pcc̄(%)

ηc(1S)(11S0) 0.0 −11.1 −9.8 0.0 −3.5 −3.1 −27.5 3018.3 2990.8 2982 2983.9 ± 0.4 97.6

J/ψ(1S)(13S1) −2.4 −8.3 −12.7 −0.7 −2.5 −4.0 −30.7 3136.1 3105.4 3090 3096.900 ± 0.006 97.1

ηc(2S)(21S0) 0.0 −18.5 −14.4 0.0 −5.0 −4.2 −42.1 3692.4 3650.2 3630 3637.5 ± 1.1 92.9

ψ(2S)(23S1) −5.4 −13.3 −17.7 −1.1 −3.5 −5.1 −46.2 3728.9 3682.8 3672 3686.10 ± 0.06 90.1

ηc(3S)(31S0) 0.0 −23.7 −26.5 0.0 −6.5 −5.2 −61.8 4083.2 4021.4 4043 − 72.3

ψ(4040)(33S1) −6.8 −9.9 −19.0 −1.6 −4.8 −6.4 −48.5 4107.3 4058.8 4072 4039 ± 1 82.8

ηc(4S)(41S0) 0.0 −38.3 −16.2 0.0 −8.3 −6.3 −69.1 4398.8 4329.7 4384 − 81.6

ψ(4360)(43S1) −5.6 −27.9 −20.0 −1.7 −5.6 −7.4 −68.2 4417.5 4349.3 4406 4372 ± 9 79.2

hc(1P)(11P1) 0.0 −30.7 −15.7 0.0 −5.0 −4.2 −55.7 3596.0 3540.3 3516 3525.38 ± 0.11 91.2

χc0(1P)(13P0) −6.9 0.0 −23.3 −1.4 0.0 −6.7 −38.1 3479.2 3441.1 3424 3414.71 ± 0.30 94.6

χc1(1P)(13P1) 0.0 −25.6 −18.2 0.0 −3.7 −5.1 −52.6 3567.5 3514.9 3505 3510.67 ± 0.05 92.0

χc2(1P)(13P2) −7.3 −15.5 −17.6 −1.6 −4.0 −4.5 −50.5 3635.6 3585.1 3556 3556.17 ± 0.07 91.0

hc(3P)(31P1) 0.0 −50.2 −19.5 0.0 −8.0 −6.5 −84.2 4309.4 4225.2 4279 − 65.4

χc0(3P)(33P0) −11.6 0.0 −35.7 −2.6 0.0 −9.6 −59.5 4257.6 4198.1 4202 − 80.1

χc1(3P)(33P1) 0.0 −34.4 −22.6 0.0 −6.2 −6.9 −70.2 4283.0 4212.8 4271 − 71.6

χc2(3P)(33P2) −6.4 −32.5 −15.7 −2.6 −5.8 −7.1 −70.0 4341.6 4271.7 4317 − 82.9

ηc(1D)(11D2) 0.0 −47.1 −19.7 0.0 −5.6 −4.5 −76.9 3873.5 3796.6 3799 − 78.5

ψ(3770)(13D1) −7.3 −6.7 −31.3 −1.2 −0.8 −7.6 −54.9 3843.2 3788.3 3785 3773.7 ± 0.4 59.6

ψ2(3823)(13D2) 0.0 −43.9 −22.5 0.0 −4.6 −5.4 −76.3 3872.2 3795.9 3800 3823.5 ± 0.5 78.2

ψ3(3842)(13D3) −18.0 −22.0 −20.5 −2.3 −4.5 −4.2 −71.5 3883.8 3812.3 3806 3842.71 ± 0.20 80.9

ηc(2D)(21D2) 0.0 −43.5 −25.6 0.0 −7.4 −5.4 −81.9 4203.5 4121.6 4158 − 85.8

ψ(4160)(23D1) −2.7 3.2 −35.0 −1.2 −0.9 −9.0 −45.7 4169.3 4123.6 4142 4191 ± 5 77.9

ψ2(2D)(23D2) 0.0 −31.3 −24.9 0.0 −5.9 −6.4 −68.5 4202.2 4133.8 4158 − 87.9

ψ3(2D)(23D3) −9.9 −31.5 −29.9 −2.3 −6.1 −5.3 −85.0 4214.7 4129.7 4167 − 73.4

ηc(3D)(31D2) 0.0 −67.4 −25.1 0.0 −7.5 −6.4 −106.4 4491.0 4384.6 − − 81.7

ψ(4415)(33D1) −4.6 −4.5 −49.4 −1.4 −1.4 −10.4 −71.7 4453.4 4381.7 − 4421 ± 4 69.3

ψ2(3D)(33D2) 0.0 −59.4 −33.2 0.0 −6.4 −7.4 −106.4 4489.7 4383.2 − − 75.1

ψ3(3D)(33D3) 1.3 −22.8 −25.6 −4.4 −6.8 −7.4 −65.7 4502.9 4437.2 − − 67.0

hc(1F)(11F3) 0.0 −60.6 −26.2 0.0 −6.0 −4.4 −97.2 4086.7 3989.5 4026 − 63.3

χc2(1F)(13F2) 2.8 8.4 −49.7 −0.9 −1.3 −8.4 −49.0 4082.6 4033.7 4029 − 66.3

χc3(1F)(13F3) 0.0 −42.9 −30.3 0.0 −5.4 −5.3 −83.8 4088.1 4004.2 4029 − 56.4

χc4(1F)(13F4) −7.8 −37.2 −29.7 −3.2 −4.9 −3.9 −86.7 4087.3 4000.6 4021 − 67.5

For high-lying charmonium states, there are more open-
charm strong decay channels than lower states. The experi-
mentalists could search for them not only in D(∗) D̄(∗) chan-
nels but also in D(∗)

s D̄(∗)
s channels. The predicted masses,

strong decay widths, possible open-charm channels, and par-
tial width ratios in our coupled-channel model can hopefully
provide useful information for future experiments in explor-
ing new hadron states.

In the adopted model, γ and β are two important param-
eters. Now we briefly discuss the effects of varying γ and
β on the mass spectra of charmonium states. If one adopts a
larger (smaller)γ , the coupled-channel effects would become
more (less) important and the charmonium masses become

smaller (larger). In the above discussions, we fixed γ = 0.2
which are extracted from the measured widths of ψ(3770)

and χc2(3930). Note that larger γ ’s may be adopted to under-
stand the meson spectra in the literature [48], but this does not
mean that our value of γ is too small. A suppressed factor is
probably introduced when one uses a larger γ . The tendency
of their results is similar to that of our calculations.

To see the variation effect on the charmonium state when
we take a different β, one considers the χc1(3872) as an
example. We change the value of β in the range 0.25 ∼ 0.50
GeV from the adopted β = 0.31 GeV in the above calcu-
lations. The numerical results for the four 2P cc̄ states are
summarized in Table 9. From the table, the mass ofχc1(2P) is
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Table 11 Masses of charmonium states obtained in the adopted coupled-channel model with γ = 0.2 and β = 0.4 GeV. See Table 1 for other
explanations

Meson DD̄ DD̄∗ D∗ D̄∗ Ds D̄s Ds D̄∗
s D∗

s D̄
∗
s δm MA Mcou Mnon Mexp Pcc̄(%)

ηc(1S)(11S0) 0.0 −23.1 −20.9 0.0 −7.3 −6.7 −58.0 3018.3 2960.4 2982 2983.9 ± 0.4 95.9

J/ψ(1S)(13S1) −4.8 −16.9 −26.6 −1.4 −5.2 −8.4 −63.3 3136.1 3072.8 3090 3096.900 ± 0.006 95.2

ηc(2S)(21S0) 0.0 −27.7 −23.4 0.0 −7.9 −7.1 −66.2 3692.4 3626.2 3630 3637.5 ± 1.1 92.3

ψ(2S)(23S1) −6.6 −19.5 −28.4 −1.6 −5.4 −8.6 −70.0 3728.9 3658.9 3672 3686.10 ± 0.06 90.6

ηc(3S)(31S0) 0.0 −19.5 −27.1 0.0 −7.7 −6.8 −61.1 4083.2 4022.1 4043 − 76.7

ψ(4040)(33S1) −5.1 −14.5 −32.2 −1.2 −5.3 −8.1 −66.4 4107.3 4040.9 4072 4039 ± 1 82.4

ηc(4S)(41S0) 0.0 −22.5 −17.4 0.0 −6.9 −6.4 −53.2 4398.8 4345.6 4384 − 92.8

ψ(4360)(43S1) −3.8 −15.5 −21.1 −1.2 −4.6 −7.6 −53.7 4417.5 4363.8 4406 4372 ± 9 92.4

hc(1P)(11P1) 0.0 −51.1 −28.2 0.0 −8.8 −7.9 −95.9 3596.0 3500.1 3516 3525.38 ± 0.11 89.4

χc0(1P)(13P0) −12.8 0.0 −42.8 −2.5 0.0 −12.7 −70.8 3479.2 3408.4 3424 3414.71 ± 0.30 92.4

χc1(1P)(13P1) 0.0 −44.5 −32.1 0.0 −6.7 −9.5 −92.7 3567.5 3474.8 3505 3510.67 ± 0.05 90.0

χc2(1P)(13P2) −9.9 −24.4 −32.1 −2.6 −6.8 −8.3 −84.2 3635.6 3551.4 3556 3556.17 ± 0.07 90.1

hc(3P)(31P1) 0.0 −45.9 −18.4 0.0 −6.9 −6.9 −78.2 4309.4 4231.2 4279 − 87.7

χc0(3P)(33P0) −10.6 0.0 −29.2 −2.3 0.0 −10.9 −53.0 4257.6 4204.6 4202 − 93.1

χc1(3P)(33P1) 0.0 −40.2 −20.6 0.0 −6.0 −7.6 −74.4 4283.0 4208.5 4271 − 85.2

χc2(3P)(33P2) −4.6 −17.1 −22.6 −1.9 −4.8 −7.3 −58.5 4341.6 4283.2 4317 − 89.4

ηc(1D)(11D2) 0.0 −58.7 −29.6 0.0 −8.4 −7.3 −104.0 3873.5 3769.5 3799 − 83.2

ψ(3770)(13D1) −23.0 −9.1 −44.9 −1.7 −1.3 −12.2 −92.2 3843.2 3751.0 3785 3773.7 ± 0.4 78.4

ψ2(3823)(13D2) 0.0 −55.6 −32.8 0.0 −6.9 −8.7 −104.0 3872.2 3768.2 3800 3823.5 ± 0.5 82.7

ψ3(3842)(13D3) −13.1 −26.0 −32.2 −2.9 −6.7 −7.0 −87.9 3883.8 3795.8 3806 3842.71 ± 0.20 85.6

ηc(2D)(21D2) 0.0 −47.8 −23.9 0.0 −8.0 −6.6 −86.3 4203.5 4117.2 4158 − 97.9

ψ(4160)(23D1) −7.0 −6.6 −41.1 −1.0 −1.7 −10.7 −68.3 4169.3 4101.0 4142 4191 ± 5 86.4

ψ2(2D)(23D2) 0.0 −45.8 −28.9 0.0 −7.0 −7.6 −89.4 4202.2 4112.8 4158 − 91.7

ψ3(2D)(23D3) −5.9 −16.2 −22.1 −2.5 −6.1 −6.8 −59.5 4214.7 4155.2 4167 − 87.3

ηc(3D)(31D2) 0.0 −38.7 −20.4 0.0 −6.4 −6.1 −71.7 4491.0 4419.3 − − 93.8

ψ(4415)(33D1) −4.7 −5.4 −31.9 −1.3 −1.2 −9.7 −54.2 4453.4 4399.2 − 4421 ± 4 92.6

ψ2(3D)(33D2) 0.0 −36.9 −23.2 0.0 −5.5 −6.9 −72.4 4489.7 4417.3 − − 94.9

ψ3(3D)(33D3) −5.5 −14.8 −21.9 −2.1 −5.0 −6.2 −55.4 4502.9 4447.5 − − 93.2

hc(1F)(11F3) 0.0 −68.1 −28.9 0.0 −7.4 −6.3 −110.7 4086.7 3976.0 4026 − 80.3

χc2(1F)(13F2) −1.7 −15.1 −45.7 −2.0 −1.4 −11.1 −77.0 4082.6 4005.6 4029 − 80.8

χc3(1F)(13F3) 0.0 −67.4 −30.9 0.0 −6.4 −7.2 −111.9 4088.1 3976.1 4029 − 81.6

χc4(1F)(13F4) −14.1 −26.3 −33.0 −2.8 −5.9 −5.7 −87.9 4087.3 3999.4 4021 − 80.9

slightly smaller than the experimental value and the coupled-
channel effects are somewhat increased for a larger β. Mean-
while, the mass shift contribution from the DD̄∗ channel
remains almost unchanged. This indicates that the mass of
χc1(2P) is relatively stable with the increase of β, although
the proportion of the cc̄ component changes significantly.
However, when a 0.06 GeV smaller value β = 0.25 GeV is
used, the resulting mass of χc1(2P) is about 20 MeV larger
than the case of β = 0.31 GeV. The mass shift contributions
from all the relevant channels are reduced and the cc̄ propor-
tion is just slightly larger. From Table 9, it is clear that vari-
ations for the masses of hc(2P), χc0(2P), and χc2(2P) are
all compatible with the above feature that a smaller (larger)

β leads to a larger (smaller) charmonium mass, but the con-
tributions to the mass shift from different channels do not
show a unique trend. The possibility of the cc̄ component
may change significantly with some special β, e.g. the case
of hc(2P) around β = 0.5 GeV. In the general case, it is dif-
ficult to find a unique feature. It is also possible that a smaller
(larger) β leads to a smaller (larger) charmonium mass and
a smaller (larger) Pcc̄. To see the dependence of the char-
monium properties on the value of β, we present numerical
results for other states with β = 0.25 GeV, 0.4 GeV, and 0.5
GeV in Tables 10, 11 and 12.

In Ref. [35], the authors noted the β-induced node effects
on the mass and decay width of the radially excited χc0(2P).
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Table 12 Masses of charmonium states obtained in the adopted coupled-channel model with γ = 0.2 and β = 0.5 GeV. See Table 1 for other
explanations

Meson DD̄ DD̄∗ D∗ D̄∗ Ds D̄s Ds D̄∗
s D∗

s D̄
∗
s δm MA Mcou Mnon Mexp Pcc̄(%)

ηc(1S)(11S0) 0.0 −31.2 −28.7 0.0 −9.9 −9.2 −79.1 3018.3 2939.2 2982 2983.9 ± 0.4 95.1

J/ψ(1S)(13S1) −6.3 −22.6 −36.1 −1.9 −7.1 −11.5 −85.4 3136.1 3050.7 3090 3096.900 ± 0.006 94.3

ηc(2S)(21S0) 0.0 −32.8 −28.5 0.0 −9.6 −8.8 −79.7 3692.4 3612.7 3630 3637.5 ± 1.1 92.3

ψ(2S)(23S1) −7.2 −22.8 −34.4 −1.8 −6.5 −10.5 −83.3 3728.9 3645.6 3672 3686.10 ± 0.06 91.0

ηc(3S)(31S0) 0.0 −19.1 −27.5 0.0 −8.4 −7.6 −62.6 4083.2 4020.6 4043 − 82.3

ψ(4040)(33S1) −4.4 −12.4 −34.0 −1.4 −5.7 −9.0 −67.0 4107.3 4040.3 4072 4039 ± 1 95.3

ηc(4S)(41S0) 0.0 −17.8 −18.0 0.0 −7.1 −6.6 −49.6 4398.8 4349.2 4384 − 98.2

ψ(4360)(43S1) −3.5 −12.0 −21.0 −1.2 −4.8 −7.8 −50.3 4417.5 4367.2 4406 4372 ± 9 97.6

hc(1P)(11P1) 0.0 −62.7 −35.7 0.0 −11.1 −10.1 −119.6 3596.0 3476.4 3516 3525.38 ± 0.11 89.0

χc0(1P)(13P0) −16.8 0.0 −54.6 −3.3 0.0 −16.4 −91.0 3479.2 3388.2 3424 3414.71 ± 0.30 91.7

χc1(1P)(13P1) 0.0 −55.9 −40.1 0.0 −8.5 −12.1 −116.6 3567.5 3450.9 3505 3510.67 ± 0.05 89.4

χc2(1P)(13P2) −11.2 −29.1 −41.1 −3.1 −8.4 −10.7 −103.7 3635.6 3531.9 3556 3556.17 ± 0.07 90.1

hc(3P)(31P1) 0.0 −35.2 −18.9 0.0 −7.5 −7.3 −68.9 4309.4 4240.4 4279 − 91.6

χc0(3P)(33P0) −7.6 0.0 −31.3 −2.6 0.0 −11.7 −53.2 4257.6 4204.4 4202 − 94.4

χc1(3P)(33P1) 0.0 −30.2 −21.4 0.0 −6.2 −8.2 −66.1 4283.0 4216.9 4271 − 93.9

χc2(3P)(33P2) −6.0 −15.6 −20.3 −1.7 −5.1 −7.6 −56.4 4341.6 4285.2 4317 − 95.7

ηc(1D)(11D2) 0.0 −64.7 −34.7 0.0 −9.9 −8.9 −118.1 3873.5 3755.4 3799 − 85.3

ψ(3770)(13D1) −20.4 −10.7 −52.4 −2.0 −1.6 −14.8 −101.9 3843.2 3741.4 3785 3773.7 ± 0.4 77.3

ψ2(3823)(13D2) 0.0 −61.7 −38.1 0.0 −8.2 −10.4 −118.4 3872.2 3753.8 3800 3823.5 ± 0.5 84.8

ψ3(3842)(13D3) −12.5 −27.9 −38.4 −3.2 −7.7 −8.6 −98.4 3883.8 3785.4 3806 3842.71 ± 0.20 88.1

ηc(2D)(21D2) 0.0 −40.5 −25.4 0.0 −8.4 −7.3 −81.6 4203.5 4121.9 4158 − 93.5

ψ(4160)(23D1) −7.1 −3.3 −41.1 −1.1 −1.8 −11.8 −66.2 4169.3 4103.1 4142 4191 ± 5 90.4

ψ2(2D)(23D2) 0.0 −35.5 −29.4 0.0 −7.4 −8.4 −80.7 4202.2 4121.5 4158 − 92.2

ψ3(2D)(23D3) −6.6 −20.7 −22.8 −2.6 −6.1 −7.3 −66.2 4214.7 4148.5 4167 − 92.8

ηc(3D)(31D2) 0.0 −33.1 −17.3 0.0 −6.5 −6.3 −63.2 4491.0 4427.8 − − 94.8

ψ(4415)(33D1) −4.3 −3.3 −27.6 −1.3 −1.3 −10.2 −47.9 4453.4 4405.5 − 4421 ± 4 95.8

ψ2(3D)(33D2) 0.0 −30.0 −19.8 0.0 −5.6 −7.2 −62.7 4489.7 4427.0 − − 94.5

ψ3(3D)(33D3) −6.0 −15.0 −17.2 −1.9 −4.8 −6.3 −51.1 4502.9 4451.8 − − 96.5

hc(1F)(11F3) 0.0 −63.7 −30.9 0.0 −8.1 −7.3 −110.0 4086.7 3976.7 4026 − 83.1

χc2(1F)(13F2) −9.8 −15.6 −47.1 −1.7 −1.6 −12.5 −88.3 4082.6 3994.3 4029 − 87.4

χc3(1F)(13F3) 0.0 −63.0 −33.0 0.0 −7.0 −8.3 −111.3 4088.1 3976.8 4029 − 83.0

χc4(1F)(13F4) −12.0 −24.7 −34.7 −2.9 −6.4 −6.6 −87.3 4087.3 4000.0 4021 − 86.2

Here, based on our numerical results with different β’s, one
sees that the existence of nodes and coupled channel effects
for various radially excited cc̄ states leads to the complicated
properties of charmonium states and the difficulty to identify
charmonia from other structures or effects.

Although we improve the nonrelativistic model by con-
sidering coupled-channel effects, uncertainties in getting the
mass spectrum remain. As a result, it is difficult to give
masses compatible with all the measured values. For exam-
ple, the obtained mass of ψ(2D) is about 60 MeV smaller
than the experimental result. The relativistic effect is proba-
bly a source to understand the differences. This issue and

other possible reasons will be further explored in future
works.
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