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In this paper, we systematically calculate two-body strong decays of newly observed DJð3000Þ and
DsJð3040Þ with 2Pð1þÞ and 2Pð1þ0Þ assignments in an instantaneous approximation of the Bethe-Salpeter
equation method. Our results show that both resonances can be explained as the 2Pð1þ0Þ with broad width
via 3P1 and 1P1 mixing inD andDs families. ForDJð3000Þ, the total width is 229.6 MeV in our calculation,
close to the upper limit of experimental data, and the dominant decay channels are D�

2π, D
�π, and

D�ð2600Þπ. For DsJð3040Þ, the total width is 157.4 MeV in our calculation, close to the lower limit of
experimental data, and the dominant channels are D�K and D�K�. These results are consistent with
observed channels in experiments. Given the very little information that has been obtained from
experiments and the large error bars of the total decay widths, we recommend the detection of dominant
channels in our calculation.

DOI: 10.1103/PhysRevD.97.054002

I. INTRODUCTION

Recently, great progress has been made in D and Ds
families [1]. Numerous highly excited states have been
found in experiments. These states stimulate great interest
and provide a good platform to study nonperturbative
QCD. In the spectrum of the 2P wave, we notice that no
2P states have been confirmed in experiments yet in
charmed and charm-strange families. The study of these
newly discovered resonances can enlarge our knowledge of
spectroscopy and also the properties of 2P states.
In the charm-strange family, D�

s1ð2700Þ was discovered
by Belle in 2008 with a 1− quantum number [2];D�

s1ð2860Þ
and D�

s3ð2860Þ were observed by LHCb in 2014 with 1−

and 3− quantum numbers, respectively [3]. In 2009,
DsJð3040Þ was reported by the BABAR Collaboration in
the D�K channel [4]. In the charmed family, BABAR
announced four resonances in 2010, namely, Dð2550Þ,
D�ð2600Þ, Dð2750Þ, and D�ð2760Þ [5]. By analyzing the
helicity distribution, the first two are identified as a 2S
doublet with unnatural and natural parity, while the latter
two are good candidates for D-wave states; the assumption
corresponds to their strong decays in theoretical

calculations [6]. In 2013, the LHCb Collaboration
announced two resonances, DJð3000Þ and D�

Jð3000Þ, with
unnatural and natural parities, respectively, through the
D�π and Dπ channels [7]. In 2016, LHCb announced two
new resonances [8], namely, D�

3ð2760Þ and D�
2ð3000Þ,

which have 3− and 2þ quantum numbers.
In our previous work [9], the strong decays of 3− states

like D�
s3ð2860Þ and D�

3ð2760Þ have been analyzed. Some
1− states likeD�

s1ð2700Þ,D�
s1ð2860Þ,D�ð2600Þ,D�ð2650Þ,

D�
1ð2680Þ, and D�

1ð2760Þ have been investigated through
strong decays [10]. The 1− state is a mixture of 3S1 and 3D1

waves. By fitting the experimental branching ratios, the
mixing angles between 23S1 and 13D1 states for charmed
and charm-strange families are discussed. Among these
new resonances, two resonances we have not discussed yet
areDsJð3040Þ andDJð3000Þ. They are good candidates for
the 2Pð1þÞ states and are measured as [4,7]

mDsJð3040Þþ ¼ ð3044� 8þ30
−5 Þ MeV;

ΓDsJð3040Þþ ¼ ð239� 35þ46
−42Þ MeV;

mDJð3000Þ0 ¼ ð2971.8� 8.7Þ MeV;

ΓDJð3000Þ0 ¼ ð188.1� 44.8Þ MeV: ð1Þ

They have unnatural parity and thus are 0−, 1þ, 2−, 3þ, � � �
states. Their masses are around 3000 MeV, lower than the
31S0 and higher than the 11D2 and 13D2 states in
theoretical predictions, located in the mass region of
2Pð1þÞ states [11]. Therefore, the assignments of the
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2Pð1þÞ states are reasonable. In addition, by studying
the semileptonic decay of B and Bs mesons, these
two candidates can also be interpreted as 2Pð1þÞ states
[12–14].
We notice that very few decay channels are given in

experiments, and there should be many more decay
channels. To identify their quantum numbers and determine
their decay properties, we calculate the Okubo-Zweig-
Iizuka (OZI) allowed two-body decay channels of the
two new resonances with an instantaneous Bethe-
Salpeter approach, which has been applied successfully
in other strong decay channels and proved to be a good
method [15–17]. There should exist 2Pð1þÞ and 2Pð1þ0Þ
states theoretically, while only one candidate has yet been
observed in D and Ds families, respectively. The calcu-
lation can help us to search for the other state and to have a
better understanding of the mixing angle between the 1P1

and 3P1 states as well.
We present a phenomenological analysis of the two

candidates. We use a reduction formula, partially conserved
axial vector current (PCAC) relation, and low energy
theorem to deal with the case of a pseudoscalar final light
meson. Since it is not valid for vector light meson such as
K� or ρ, we adopt the effective Lagrangian method to
calculate the channels of the vector light meson.
Apart from an instantaneous Bethe-Salpeter approach,

several other methods can describe the form factor and
hadronic transition, such as a nonrelativistic quark model
[18]; heavy effective theory [19]; effective Lagrangian
approach based on heavy quark chiral symmetry [20];
Eichten, Hill, and Quigg (EHQ) decay formula [21]; quark
pair creation (QPC) models [22]; lattice QCD [23]; QCD
sum rules [24]; Dyson-Schwinger-equation approach [25];
and AdS-QCD method [26].
The paper is arranged as follows. In Sec. II, we present

the theoretical formalism of strong decays. If the final light
meson is a pseudoscalar meson, the quark-meson coupling
is introduced by two methods; if the final light meson is a
vector state, an effective Lagrangian method is adopted. In
Sec. III, we give Bethe-Salpeter wave functions and their
mixing. In Sec. IV, we present our results of OZI-allowed
two-body strong decays of these two heavy-light mesons
and compare our results with those from other models.
Finally, we give a summary in Sec. V.

II. THE FORMALISM OF STRONG DECAY

In this section, we show the process of calculating strong
decays under the framework of an instantaneous Bethe-
Salpeter equation. In order to illustrate how to apply our
approach to strong decays, we take DsJð3040Þþ →
D�ð2007Þ0Kþ as an example. In the 3P0 decay model, a
quark-antiquark pair is created from the vacuum; the
Feynman diagram of this process is given in Fig. 1.

The wave function of the final heavy meson can be
obtained by solving the corresponding instantaneous
Bethe-Salpeter equation. By using the reduction formula,
the transition matrix element of strong decay can be written
as [10]

hD�ð2007Þ0ðP1ÞKðP2ÞjDsJð3040ÞþðPÞi

¼
Z

d4xeiP2·xðM2
K − P2

2ÞhD�ð2007Þ0ðP1Þj

×ΦKðxÞjDsJð3040ÞþðPÞi; ð2Þ

where P is the momentum of the initial meson, and P1, P2

are the momenta of the final heavy and light meson,
respectively. ΦKðxÞ is the light scalar meson field. By
using the PCAC approximation method, the light scalar
meson field can be expressed as [10]

ΦKðxÞ ¼
1

M2
KfK

∂ξðūγξγ5sÞ; ð3Þ

where fK is the decay constant of the K meson. Inserting
the above equation into Eq. (2), we get

hD�ð2007Þ0ðP1ÞKðP2ÞjDsJð3040ÞþðPÞi

¼ M2
K − P2

2

M2
KfK

Z
d4xeiP2·xhD�ð2007Þ0ðP1Þj

× ∂ξðūγξγ5sÞjDsJð3040ÞþðPÞi

¼ −iP2ξðM2
K − P2

2Þ
M2

KfK

Z
d4xeiP2·xhD�ð2007Þ0ðP1Þj

× ūγξγ5sjDsJð3040ÞþðPÞi: ð4Þ

Finally, by using the low energy theorem, the transition
amplitude in the momentum space can be expressed as [10]

M≈
−iP2ξ

fK
hD�ð2007Þ0ðP1Þjūγξγ5sjDsJð3040ÞþðPÞi: ð5Þ

Apart from the approach with the reduction formula,
PCAC approximation, and low energy theorem, we can
also directly use the effective Lagrangian method to obtain

FIG. 1. DsJð3040Þþ decays to D�ð2007Þ0Kþ.
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the transition amplitude. The effective Lagrangian of this
process is [27]

LqqP ¼ gffiffiffi
2

p
fP

q̄iγξγ5qj∂ξϕij; ð6Þ

where

ϕij ¼
ffiffiffi
2

p
2
6664

1ffiffi
2

p π0 þ 1ffiffi
6

p η πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η K0

K− K0 − 2ffiffi
6

p η

3
7775

is the chiral field of the pseudoscalar meson. g denotes the
quark-meson coupling constant.
Within Mandelstam formalism, the transition amplitude

can be expressed as the overlapping integral over the
Salpeter wave functions of the initial and final mesons [9]:

M ¼ −iP2ξ

fK
hD�ð2007Þ0ðP1Þjūγξγ5sjDsJð3040ÞþðPÞi

≈
−iP2ξ

fK

Z
d3q⃗
ð2πÞ3

× Tr

�
φ̄þþ
P1

�
q⃗ −

m0
1

m0
1 þm0

2

P⃗1

�
=P
M

φþþ
P ðq⃗Þγξγ5

�
: ð7Þ

In the above formula, the only left unknown is the form
of the Bethe-Salpeter wave functions of initial and final
mesons, which will be given in detail in the next section.
If the final light meson of the strong decay is η or η0, the

mixing of the octet and singlet should be considered, and
the mixing equation is

�
η

η0

�
¼

�
cos θη sin θη
− sin θη cos θη

��
ϕ8

ϕ0

�
; ð8Þ

where ϕ8 and ϕ0 are the flavor SUð3Þ octet and singlet
states, respectively. As in Ref. [28], we adopt the mixing
angle θη ≃ 19°. This value is achieved in Ref. [29] by using
the light cone quark model. It is also a result of chiral
perturbation theory (ChPT) by considering higher order
corrections [30]. (The tree level result is 9.95°; see
Refs. [30,31]). Besides this, there is the mass mixing
equation which links the masses of the physical states
and flavor states [9]:

�M2
ϕ8

M2
ϕ0

�
¼

�
cos2θη sin2θη

sin2θη cos2θη

��M2
η

M2
η0

�
: ð9Þ

An example involving η is DsJð3040Þþ → D�þ
s η.

Because the constitute quarks of ϕ8 and ϕ0 are
1ffiffi
6

p ðdd̄þ uū − 2ss̄Þ and 1ffiffi
3

p ðdd̄þ uūþ ss̄Þ, the PCAC

approximation relation in this decay is

Φη ¼ cos θηΦϕ8
ðxÞ þ sin θηΦϕ0

ðxÞ

¼ cos θη
M2

ϕ8
fϕ8

∂ξ

�
ūΓξuþ d̄Γξd − 2s̄Γξsffiffiffi

6
p

�

þ sin θη
M2

ϕ0
fϕ0

∂ξ

�
ūΓξuþ d̄Γξdþ s̄Γξsffiffiffi

3
p

�

¼
�
−2 cos θηffiffiffi
6

p
M2

ϕ8
fϕ8

þ sin θηffiffiffi
3

p
M2

ϕ0
fϕ0

�
∂ξðs̄ΓξsÞ; ð10Þ

where Γξ is γξγ5. Thus, the transition amplitude of this
process can be written as

M ¼ P2ξ

�
M2

η
−2 cos θffiffiffi
6

p
M2

ϕ8
fϕ8

þM2
η

sin θ

ð ffiffiffi
3

p ÞM2
ϕ0
fϕ0

�

× hD�
s jd̄γξγ5sjDsð2PÞi: ð11Þ

In addition, there is also a mixing between π0 and η via
ϕ3 and ϕ8, but because the mixing parameter is so small, we
ignore the mixing between π0 and η [32]. Therefore, we
treat π0 and η as pure states of ϕ3 and ϕ8, respectively.
If the final light meson is not a pseudoscalar but a vector

meson, the PCAC cannot be applied. In this case, we use the
effective Lagrangian method to get the transition amplitude.
The Lagrangian of quark-meson coupling is [27]

LqqV ¼
X
j

q̄j

�
aγμ þ

ib
2mj

σμνPν
2

�
Vμqj; ð12Þ

where a ¼ −3.0 and b ¼ 2.0, representing the vector and
tensor coupling strength, respectively; σμν ¼ i

2
½γμ; γν�; Vμ is

the light meson field; andmj is the constitute quark mass of
the final lightmeson. Therefore, the transition amplitude can
be simplified as

M¼
Z

d3q⃗
ð2πÞ3Tr

�
φ̄þþ
P1

=P
M

φP

�
a=ϵ2þ

ib
4mj

ð=ϵ2P2−P2=ϵ2Þ
��

:

ð13Þ

Once we know the transition amplitude, the decay widths
can be obtained by the following two-body decay formula,

Γ ¼ jP⃗1j
8πM2

1

2J þ 1

X
λ

jMj2; ð14Þ

where P1 is the momentum of the final meson, jP⃗1j ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½M2 − ðM1 −M2Þ2�½M2 − ðM1 þM2Þ2�

p
/2M, and J is the

quantum number of the total angular momentum of the
initial meson. Under the assumption of the 2Pð1þÞ states of
these two new resonances, J ¼ 1.
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III. BETHE-SALPETER WAVE FUNCTION

In the last section, we show the processes for how we
deal with different cases of strong decays and get the
transition amplitude as well; the only thing left is the form
of the Bethe-Salpeter wave function. In this section, we
construct the Bethe-Salpeter wave function of different
states for initial and final mesons and give the mixing
equation of the 1þ states. It should be pointed out that
compared with double heavy mesons, the use of instanta-
neous approximation of the Bethe-Salpeter equation for a
heavy-light charmed meson is not very good. However, we
still use this approximation here, as it makes the model
have the same predictive power as other quark models on
the one hand, and our previous work [33] with this model
gets results that agree with experimental data on the other.
The instantaneous wave functions of mesons are con-

structed by the momenta, polarization vector (tensor),
metric tensor, etc., which combine with gamma matrices
to form covariant terms. For the states with quantum
number 1þ, there are eight independent covariant terms
in general. Strictly speaking, one should solve the instanta-
neous Bethe-Salpeter equation to get the mass spectrum
and corresponding wave functions of the 1þ and 1þ0 states
at the same time. But here, in order to compare with other
quark models, we solve the equations fulfilled by the 1P1

and 3P1 states separately, and then we mix their wave
functions to get those of the 1þ states.
The Bethe-Salpeter wave function of 1P1 is [14]

φþþ ¼ q⊥ · ϵ

�
A1ðq⊥Þ þ

=P
M

A2ðq⊥Þ

þ =q⊥
M

A3ðq⊥Þ þ
=P=q⊥
M2

A4ðq⊥Þ
�
γ5; ð15Þ

where

A1 ¼
1

2

�
f1 þ

w1 þ w2

m1 þm2

f2

�
;

A2 ¼
1

2

�
m1 þm2

w1 þ w2

f1 þ f2

�
;

A3 ¼ −
Mðw1 − w2Þ
m1w2 þm2w1

A1;

A4 ¼ −
Mðm1 þm2Þ
m1w2 þm2w1

A1: ð16Þ

Here M and P are the mass and momentum of the initial
meson; q is the relative momentum between the quark and
antiquark in the initial meson; q⊥ denotes q − P·q

M P; and
m1, m2 are the masses of the quark and antiquark,
respectively. The definition wi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i − q2⊥
p

ði ¼ 1; 2Þ is
used. f1 and f2 are the radial wave functions obtained by
solving the Bethe-Salpeter equation.

The Bethe-Salpeter wave function of 3P1 is [14]

φþþ ¼ iεμναβ
Pν

M
qα⊥ϵβγμ

�
B1ðq⊥Þ þ

=P
M

B2ðq⊥Þ þ
=q⊥
M

B3ðq⊥Þ

þ=P=q⊥
M2

B4ðq⊥Þ
�
; ð17Þ

where

B1 ¼
1

2

�
g1 þ

w1 þ w2

m1 þm2

g2

�
;

B2 ¼ −
1

2

�
m1 þm2

w1 þ w2

g1 þ g2

�
;

B3 ¼
Mðw1 − w2Þ
m1w2 þm2w1

B1;

B4 ¼ −
Mðm1 þm2Þ
m1w2 þm2w1

B1: ð18Þ

To get the 1þ state, we use the mixing equation [14]

���� 32
�

¼ cos θj1P1i þ sin θj3P1i;
���� 12
�

¼ − sin θj1P1i þ cos θj3P1i: ð19Þ

In the heavy quark limit (mQ → ∞), the spin of the heavy
quark sQ can be separated from the total angularmomentum,
so the heavy-light meson can be described by the good
quantumnumber jPl , whereP is parity, and j⃗l ¼ s⃗q þ L⃗, with

s⃗q and L⃗ denoting the spin of the light quark and the orbital
angular momentum of the heavy-light meson, respectively.
Thus, the 2Pð1þ0Þ and 2Pð1þÞ states in the S doublet and T
doublet can be denoted by j 1

2
i and j 3

2
i, respectively.

Apart from the mixing of wave functions, the mass
mixing equation for two 1þ states is given as [14]

m2
1P1

¼ m2
1/2sin

2θ þm2
3/2cos

2θ;

m2
3P1

¼ m2
1/2cos

2θ þm2
3/2sin

2θ: ð20Þ

In the equation, the masses of two physical states are
needed, while we notice that the partners of DsJð3040Þþ
and DJð3000Þ0 have not been discovered experimentally
yet. Thus, we adopt our theoretical mass predictions of the
two partners. Table I shows the masses in our model and in
other models as well.
If both the initial and final mesons are 1þ states, for

example, in the DsJð3040Þþ → D1ð2420Þ0Kþ channel, the
mixing matrix of the amplitude will be the direct product
of the mixing matrices of the wave functions, which is a
4 × 4 matrix. The mixing equation in this case takes the
form of [38]
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2
6664
M

1þ0
→1þ0

M
1þ0

→1þ

M
1þ→1þ0

M1þ→1þ

3
7775 ¼

2
6664
cos θ cos θ0 − sin θ cos θ0 − cos θ sin θ0 sin θ sin θ0

cos θ sin θ0 − sin θ sin θ0 cos θ cos θ0 − sin θ cos θ0

sin θ cos θ0 cos θ cos θ0 − sin θ sin θ0 − cos θ sin θ0

sin θ sin θ0 cos θ sin θ0 sin θ cos θ0 cos θ cos θ0

3
7775

2
6664

M3P1→3P1

M1P1→3P1

M3P1→1P1

M1P1→1P1

3
7775: ð21Þ

For the final mesons, the quantum numbers include 0−, 0þ, 1−, 1þ, 1þ0
, 2þ. We take the 1− state as an example. Other

states can be found in our previous works [39,40]. The Bethe-Salpeter wave function of the 1− state is

φþþ
1− ¼ q⊥ · ϵ

�
C1ðq⊥Þ þ

=P
M

C2ðq⊥Þ þ
=q⊥
M

C3ðq⊥Þ þ
=P=q⊥
M2

C4ðq⊥Þ
�

þM=ϵ

�
C5ðq⊥Þ þ

=P
M

C6ðq⊥Þ þ
=q⊥
M

C7ðq⊥Þ þ
=P=q⊥
M2

C8ðq⊥Þ
�
; ð22Þ

where

C1 ¼
1

2Mðm1w2 þm2w1Þ
½ðw1 þ w2Þq2⊥f3 þ ðm1 þm2Þq2⊥f4 þ 2M2w2f5 − 2M2m2f6�;

C2 ¼
1

2Mðm1w2 þm2w1Þ
½ðm1 −m2Þq2⊥f3 þ ðw1 − w2Þq2⊥f4 − 2M2m2f5 þ 2M2w2f6�;

C3 ¼
1

2

�
f3 þ

m1 þm2

w1 þ w2

f4 −
2M2

m1w2 þm2w1

f6

�
; C5 ¼

1

2

�
f5 −

w1 þ w2

m1 þm2

f6

�
;

C4 ¼
1

2

�
w1 þ w2

m1 þm2

f3 þ f4 −
2M2

m1w2 þm2w1

f5

�
; C6 ¼

1

2

�
−
m1 þm2

w1 þ w2

f5 þ f6

�
;

C7 ¼
M
2

w1 − w2

m1w2 þm2w1

�
f5 −

w1 þ w2

m1 þm2

f6

�
; C8 ¼

M
2

m1 þm2

m1w2 þm2w1

�
−f5 þ

w1 þ w2

m1 þm2

f6

�
: ð23Þ

For the final state, the wave function should take the Dirac conjugate form, which is φ̄þþ
1− ¼ γ0ðφþþ

1− Þþγ0 for mesons. In
the calculation, the completeness relations fulfilled by the polarization vector (tensor) are applied, which read as

X
r

ϵμðrÞϵ
�ν
ðrÞ ¼ −gμν þ PμPν

M2
;

X
r

ϵμνðrÞϵ
�αβ
ðrÞ ¼ 1

2

��
−gμα þ PμPα

M2

��
−gνβ þ PνPβ

M2

�
þ
�
−gμβ þ PμPβ

M2

��
−gνα þ PνPα

M2

��

−
1

3

�
−gμν þ PμPν

M2

��
−gαβ þ PαPβ

M2

�
; ð24Þ

where the polarization vector satisfies ϵ · P ¼ 0, and the polarization tensor satisfies ϵμνPμ ¼ 0, ϵμνgμν ¼ 0.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we give our results and compare ours with those from other models. In our model, the parameters are set as
follows: mu ¼ 0.305 GeV, md ¼ 0.311 GeV, mc ¼ 1.620 GeV, ms ¼ 0.500 GeV, and mb ¼ 4.960 GeV. For the masses

TABLE I. Mass spectrum of the 2P states in the D and Ds families (in units of MeV).

State Ours Reference [34] Reference [35] Reference [36] Reference [37]

Dð21P1Þ 2933 2940 2932 3045
Dð23P1Þ 2952 2960 3021 2995
Dsð21P1Þ 3029 3040 3067 3165 2959.0
Dsð23P1Þ 3036 3020 3154 3114 2986.4
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(a) (b)

FIG. 2. (a) The wave function for 1P1ð2PÞ state (b) The wave function for 3P1ð2PÞ state wave functions of DsJð3040Þ.

TABLE II. The partial and total widths (in units of MeV) ofDJð3000Þ0 as the 2Pð1þ0 Þ state. “� � �” denotes the forbidden channel. “□”
denotes that the channel is allowed but not calculated in the corresponding literature.

Final state Ours Reference [43] Reference [38] Reference [11] Reference [44]

1þ → 1−0− D�ð2007Þ0π0 13.37
38

10.03 21.6 18.79
D�ð2010Þþπ− 25.40 20.32 36.92
D�ð2007Þ0η 5.03 5.2 4.92 ▫ 4.39
D�ð2007Þ0η0 4.15 0.023 2.71 ▫ 3.80
D�ð2600Þ0π0 13.14 ▫ ▫ 20.9 20.90
D�ð2600Þþπ− 26.28 ▫ ▫ 42.04
D�ð2650Þ0π0 1.01 ▫ ▫ ▫ 0.02
D�ð2650Þþπ− 2.02 ▫ ▫ ▫ 0.32

1þ → 0−1− D0ρ0 2.00
7.6

5.61 18.8 26.99
Dþρ− 4.26 10.59 53.14
D0ω 2.15 2.5 4.99 6.11 26.55

1þ → 1−1− D�ð2007Þ0ρ0 5.51
15

21.07
23.3

29.47
D�ð2010Þþρ− 10.38 41.34 57.33
D�ð2007Þ0ω 5.41 4.9 19.93 7.3 28.70

1þ → 0þ0− D�
0ð2400Þ0π0 1.90 6 0.24 ▫ 1.93

D�
0ð2400Þþπ− 4.09 ▫ ▫ 4.06
D�

0ð2400Þ0η 0.53 0.068 0.27 ▫ 0.84
1þ → 1þ0− D1ð2420Þ0π0 2.33 14 0.0081 15.9 2.77

D1ð2420Þþπ− 4.69 ▫ 5.53
D1ð2420Þη 0.0023 0.0042 0.003 ▫ 0.0072
D1ð2430Þ0π0 1.84 11 0.0099 5.3 0.11
D1ð2430Þþπ− 3.64 ▫ 0.21
D1ð2430Þ0η � � � � � � 0.0015 � � � � � �

1þ → 2þ0− D�
2ð2460Þ0π0 30.69 38 5.39 82.3 40.40

D�
2ð2460Þþπ− 58.01 10.52 80.53
D�

2ð2460Þ0η � � � � � � 0.024 � � � � � �
1þ → 0−1− Dþ

s K�− 0.12 0.12 7.13 4.0 1.48
1þ → 1−0− D�þ

s K− 1.14 3.7 9.45 4.4 0.95
1þ → 0þ0− D�

s0ð2317ÞþK− 0.42 0.67 0.83 ▫ 1.19
1þ → 1−1− D�þ

s K� � � � � � � 2.05 � � � � � �
1þ → 1þ0− Ds1ð2460ÞþK− 0.049 0.082 0.0081 ▫ 0.00021

Ds1ð2536ÞþK− � � � � � � 0.024 � � � � � �
Total Exp∶188.1� 44.8 229.6 146.8 177.5 209.9 489.3
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of the partners ofDJð3000Þ andDsJð3040Þ, which have not
been discovered yet, we choose our theoretical predictions:
Dsð2P1þÞ¼3.022GeV and Dð2P1þÞ¼2.975GeV; mη0 ¼
0.923 GeV and mη8 ¼ 0.604 GeV; and decay constants
fπ ¼ 0.1304 GeV, fK ¼ 0.1562 GeV [41], fη0 ¼ 1.07fπ ,
and fη8 ¼ 1.26fπ.
The wave functions of the initial and final meson could

be obtained by solving the instantaneous Bethe-Salpeter
equation. In this process, we choose the Cornell potential
and the explicit form could be found in Ref. [42]. We take
the wave functions of DsJð3040Þ as an example, which are
shown in Fig. 2.

A. For DJð3000Þ
Tables II and III show the decay widths of DJð3000Þ0 as

2Pð1þ0Þ and 2Pð1þÞ states, respectively. In order to show
the relative values, we give the branching ratios of different
channels under the assumption of the 2Pð1þ0Þ and 2Pð1þÞ

states in Tables IV and V. D�ð2600Þ and D�ð2650Þ are
treated as pure 23S1 and 13D1 states, respectively. The
mixing angle between ϕ8 and ϕ0 is 19° in this paper. If
we choose the result of ChPT in the tree level, it is 9.95°.
This factor will have little effect on the result. For example,
the two largest channels involving η or η0 are D�ð2007Þ0η
and D�ð2007Þ0η0, with partial widths 5.03 MeV and
4.15 MeV, respectively. If we use a mixing angle of
9.95° in these channels, then the partial widths are
5.97 MeV and 7.91 MeV correspondingly.
The first thing we notice in Tables II and III is the total

width. Our result is larger than the central value but less
than the upper limit of 232.9 MeVof the experiment under
the assumption of the 2Pð1þ0Þ state. Under the assumption
of the 2Pð1þÞ state, it will be much less than the lower limit
of the experiment. Another comparison with experimental
data is about the dominant channel. DJð3000Þ was first
observed in the D�π channel. In our calculation, D�π and
D�ð2600Þπ share almost the same proportion just next to

TABLE III. Decay widths (in units of MeV) of DJð3000Þ0 as the 2Pð1þÞ state. “� � �” denotes the forbidden channel. “□” denotes that
the channel is allowed but not calculated in the corresponding literature.

Final state Ours Reference [43] Reference [38] Reference [11] Reference [44]

1þ → 1−0− D�ð2007Þ0π0 0.97 1.3 11.85 37.9 15.64
D�ð2010Þþπ− 1.83 23.62 31.25
D�ð2007Þ0η 0.10 0.49 2.48 5.0 6.88
D�ð2007Þ0η0 0.08 0.00026 18.72 ▫ 0.95
D�ð2600Þ0π0 4.78 ▫ ▫ 1.3 5.93
D�ð2600Þþπ− 9.56 ▫ ▫ 11.84
D�ð2650Þ0π0 0.26 ▫ ▫ ▫ 0.02
D�ð2650Þþπ− 0.52 ▫ ▫ ▫ 0.04

1þ → 0−1− D0ρ0 1.90
4.7

17.27 3.4 1.16
Dþρ− 4.31 34.52 1.98
D0ω 1.89 1.5 17.30 1.1 0.95

1þ → 1−1− D�ð2007Þ0ρ0 11.30
14

18.46 24.4 32.84
D�ð2010Þþρ− 21.29 36.26 62.68
D�ð2007Þ0ω 10.90 4.6 17.53 8.2 31.31

1þ → 0þ0− D�
0ð2400Þ0π0 0.46 11 0.17 4.9 0.94

D�
0ð2400Þþπ− 1.40 ▫ 1.98
D�

0ð2400Þ0η 0.23 0.14 0.30 ▫ 0.4
1þ → 1þ0− D1ð2420Þ0π0 2.34 8.8 0.024 5.2 11.32

D1ð2420Þþπ− 4.70 ▫ 22.62
D1ð2420Þη 0.0029 0.0023 0.0061 ▫ 0.03
D1ð2430Þ0π0 0.15

5.3
0.0081

2.5
0.15

D1ð2430Þþπ− 0.30 ▫ 0.29
D1ð2430Þ0η � � � � � � 0.003 � � � � � �

1þ → 2þ0− D�
2ð2460Þ0π0 2.89

3.3
28.05

7.4
6.98

D�
2ð2460Þþπ− 5.68 56.21 13.70
D�

2ð2460Þ0η � � � � � � 0.56 � � � � � �
1þ → 0−1− Dþ

s K�− 0.41 0.7 3.82 14.3 10.41
1þ → 1−0− D�þ

s K− 0.055 0.099 1.22 9.0 4.14
1þ → 0þ0− D�

s0ð2317ÞþK− 5.29 1.2 0.52 ▫ 0.74
1þ → 1−1− D�þ

s K� � � � � � � 4.08 � � � � � �
1þ → 1þ0− Ds1ð2460ÞþK− 0.043 0.045 0.024 ▫ 0.01

Ds1ð2536ÞþK− � � � � � � 0.049 � � � � � �
Total Exp∶188.1� 44.8 93.6 57.1 293.1 124.6 277.2
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D�
2ð2460Þπ for the 2Pð1þ0Þ state, but the D�π channel is

ignorable under the 2Pð1þÞ assignment. Therefore,
DJð3000Þ0 is a good candidate for the 2Pð1þ0Þ state.
Because very little information has been given in experi-
ments, we recommend the detection of the channels of
D�

2ð2460Þπ, D�π, and D�ð2600Þπ. These channels are
dominant channels in our results, and the precise detection
of them can help us to distinguish the quantum states from
the 2Pð1þÞ state. Moreover, the ratio of the partial widths of
D�

2ð2460Þπ, D�ð2600Þπ, and D�π is 1:0.44:0.44 in our
calculation, which can also be used in comparison with
future experimental results.
In Ref. [43], Liu et al.. employed a QPC model to give

similar results in most channels but smaller than ours in the
D�

2ð2460Þπ channel. Some allowed channels such as
D�ð2600Þπ and D�ð2650Þπ were not calculated in their
work. These missing modes may contribute to the total
width difference. Besides the QPC model, Liu et al. also
use the modified Godfrey-Isgur (G-I) model to calculate the

same channels in Ref. [45], while the results in this model
are 289.41 MeV for the 2Pð1þ0Þ state and 97.31 MeV for
the 2Pð1þÞ state. In Ref. [11], decay widths of some
dominant channels were calculated by Godfrey et al. in the
G-I model. Under the assumption of the 2Pð1þÞ state,
the largest channel is D�

2ð2460Þπ in their result, sharing the
same values with ours at around 80 MeV. One thing should
be mentioned about the mass. The mass used in that work
was 2961 MeV, which is in their theoretical prediction,
rather than the 2971 MeV mass used in experiments, but
this leads to a very small difference. In the results of
Ref. [44], both the 2Pð1þ0Þ and 2Pð1þÞ states are larger than
the experimental data, so the authors excluded these
quantum states. In Ref. [38], the total width given by
Wang et al. is very close to the experimental data, but the
width of 2Pð1þ0Þ is less than that of 2Pð1þÞ in their results,
which is different to our knowledge. In addition, in
Ref. [46], the partial and total decay widths as functions
of the mass and the mixing angle were given. With a mixing

TABLE IV. Branching ratios of different decay channels of DJð3000Þ0 as the 2Pð1þÞ state. “� � �” denotes the forbidden channel. “□”
denotes that the channel is allowed but not calculated in the corresponding literature.

Final state Ours Reference [43] Reference [38] Reference [11] Reference [44]

1þ → 1−0− D�ð2007Þ0π0 5.82%
25.87%

5.65%
10.2%

3.83%
D�ð2010Þþπ− 11.06% 11.45% 7.54%
D�ð2007Þ0η 2.19% 3.54% 2.78% ▫ 0.89%
D�ð2007Þ0η0 1.81% 0.02% 1.53% ▫ 0.77%
D�ð2600Þ0π0 5.72% ▫ ▫

9.96%
4.27%

D�ð2600Þþπ− 11.45% ▫ ▫ 8.59%
D�ð2650Þ0π0 0.44% ▫ ▫ ▫ 0.004%
D�ð2650Þþπ− 0.88% ▫ ▫ ▫ 0.06%

1þ → 0−1− D0ρ0 0.87%
5.17%

3.16%
8.9%

5.51%
Dþρ− 1.86% 5.97% 10.86%
D0ω 0.94% 1.70% 2.81% 2.9% 5.42%

1þ → 1−1− D�ð2007Þ0ρ0 2.40%
10.21%

11.87%
11.0%

6.02%
D�ð2010Þþρ− 4.52% 23.29% 11.72%
D�ð2007Þ0ω 2.36% 3.33% 11.23% 3.5% 5.86%

1þ → 0þ0− D�
0ð2400Þ0π0 0.83%

4.09% 0.14%
▫ 0.39%

D�
0ð2400Þþπ− 1.78% ▫ 0.83%
D�

0ð2400Þ0η 0.23% 0.05% 0.15% ▫ 0.17%
1þ → 1þ0− D1ð2420Þ0π0 1.01%

9.53% 0.004% 7.5%
0.57%

D1ð2420Þþπ− 2.04% 1.13%
D1ð2420Þη 0.001% 0.002% 0.002% ▫ 0.001%
D1ð2430Þ0π0 0.80% 7.49% 0.005% 2.5% 0.02%
D1ð2430Þþπ− 1.58% 0.04%
D1ð2430Þ0η � � � � � � 0.0008% � � � � � �

1þ → 2þ0− D�
2ð2460Þ0π0 13.37% 25.87% 3.03% 38.9% 8.26%

D�
2ð2460Þþπ− 25.27% 5.93% 16.45%
D�

2ð2460Þ0η � � � � � � 0.01% � � �- -� � �
1þ → 0−1− Dþ

s K�− 0.05% 0.09% 4.01% 1.9% 0.30%
1þ → 1−0− D�þ

s K− 0.50% 2.52% 5.32% 2.09% 0.19%
1þ → 0þ0− D�

s0ð2317ÞþK− 0.18% 0.46% 0.46% ▫ 0.24%
1þ → 1−1− D�þ

s K� � � � � � � 1.15% � � � � � �
1þ → 1þ0− Ds1ð2460ÞþK− 0.02% 0.06% 0.004% ▫ 0.00004%

Ds1ð2536ÞþK− � � � � � � 0.01% � � � � � �
Total 1 1 1 1 1
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angle of −54.7° derived in the heavy quark limit, the total
width was around 360 MeV for the 2Pð1þ0Þ state, which is
about two times larger than the experimental data. In
Ref. [47], the authors used the effective Lagrangian method
to give an analysis for some dominant strong decays; they
also favor DJð3000Þ as the 2Pð1þ0Þ state.

B. For DsJð3040Þ
ForDsJð3040Þ, Tables VI and VII show the decay widths

of DsJð3040Þþ as 2Pð1þÞ and 2Pð1þÞ states, respectively.
Also, the branching ratios are given in Tables VIII and IX.
In our results, the first thing we notice is that the total

widths are 157.4 MeV and 63.5 MeV for the 2Pð1þ0Þ and
2Pð1þ0Þ states, and the former one is very close to the lower
limit in experiments. Moreover, DsJð3040Þþ was discov-
ered in theD�K channel. In our results, this channel has the
largest branching ratio, taking up 60% for the 2Pð1þ0Þ state,
but this channel only takes up less than 1% ifDsJð3040Þþ is
the 2Pð1þÞ state. Therefore, our assumption of the 2Pð1þ0Þ

state is more reasonable. In experiments, only the D�K
channel has been observed yet, while there are many more
channels for DsJð3040Þþ, so we encourage more precise
detection of D�K� and DK�. These two decay channels
have the second and third largest branching ratios, respec-
tively, and their ratio is 1∶0.40 in our calculation.
In Ref. [11], the results in the G-I model were

147.6 MeV and 143.0 MeV for the 2Pð1þ0Þ and 2Pð1þÞ
states, respectively, and the largest channel was D�K for
both assignments. The most noticeable difference was the
DK�, which accounted for 21.7% and 4.6%, respectively,
in these two assumptions. In Ref. [48], the total widths were
slightly larger than the upper limit and smaller than the
lower limit for these two assignments, so the authors
concluded that both two assignments seemed to be the
quantum state for DsJð3040Þþ.
In addition, there have been other studies involving the

strong decay of DsJð3040Þþ. In Ref. [49], Liu et al.
employed the QPC model to calculate the partial and total
decay widths of DsJð3040Þþ as the function of value R,

TABLE V. Branching ratios of different decay channels of DJð3000Þ0 as the 2Pð1þÞ state.
Final state Ours Reference [43] Reference [38] Reference [11] Reference [44]

1þ → 1−0− D�ð2007Þ0π0 1.04% 2.32% 4.04% 30.32% 5.64%
D�ð2010Þþπ− 1.95% 8.06% 11.27%
D�ð2007Þ0η 0.11% 0.87% 0.84% 4.00% 2.48%
D�ð2007Þ0η0 0.08% 0.00046% 6.38% ▫ 0.34%
D�ð2600Þ0π0 5.10% ▫ ▫

1.04%
2.14%

D�ð2600Þþπ− 10.21% ▫ ▫ 4.27%
D�ð2650Þ0π0 0.28% ▫ ▫ ▫ 0.007%
D�ð2650Þþπ− 0.55% ▫ ▫ ▫ 0.01%

1þ → 0−1− D0ρ0 2.03%
8.39%

5.89%
2.72%

0.42%
Dþρ− 4.60% 11.77% 0.71%
D0ω 2.02% 2.67% 5.90% 0.88% 0.34%

1þ → 1−1− D�ð2007Þ0ρ0 12.07%
25.00%

6.29%
19.52%

11.85%
D�ð2010Þþρ− 22.74% 12.37% 22.61%
D�ð2007Þ0ω 11.64% 8.21% 5.98% 6.56% 11.30%

1þ → 0þ0− D�
0ð2400Þ0π0 0.49%

19.64%
0.058% 3.92% 0.34%

D�
0ð2400Þþπ− 1.49% 0.71%
D�

0ð2400Þ0η 0.24% 0.25% 0.10% ▫ 0.14%
1þ → 1þ0− D1ð2420Þ0π0 2.50%

15.71%
0.008% 4.16% 4.08%

D1ð2420Þþπ− 5.02% 8.16%
D1ð2420Þη 0.003% 0.00411% 0.002% ▫ 0.01%
D1ð2430Þ0π0 0.16% 9.46% 0.002% 2.00% 0.05%
D1ð2430Þþπ− 0.32% 0.10%
D1ð2430Þ0η � � � � � � 0.001% � � � � � �

1þ → 2þ0− D�
2ð2460Þ0π0 3.08%

5.89%
9.57%

5.92%
2.52%

D�
2ð2460Þþπ− 6.06% 19.18% 4.94%
D�

2ð2460Þ0η � � � � � � 0.19% � � � � � �
1þ → 0−1− Dþ

s K�− 0.44% 1.25% 1.30% 11.44% 3.76%
1þ → 1−0− D�þ

s K− 0.06% 0.17% 0.41% 7.2% 1.49%
1þ → 0þ0− D�

s0ð2317ÞþK− 5.65% 2.14% 0.17% ▫ 0.27%
1þ → 1−1− D�þ

s K� � � � � � � 1.39% � � � � � �
1þ → 1þ0− Ds1ð2460ÞþK− 0.04% 0.08% 0.008% ▫ 0.004%

Ds1ð2536ÞþK− � � � � � � 0.016% � � � � � �
Total 1 1 1 1 1
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which was chosen to reproduce the root mean square (rms)
radius obtained by solving the Schrödinger equation with
the linear potential; they concluded that 2Pð1þÞ was
suitable. Liu et al. also used a modified G-I model to
calculate these strong decays, and they gave the results of
285.83 MeV and 131.28 MeV for the 2Pð1þ0Þ and 2Pð1þÞ
states [50]. In Ref. [27], the authors drew the figure of
decay widths as functions of the mixing angle. At the
mixing angle ϕ ≈ −54.7° in the heavy quark limit, the total
decay width is around 160MeV for the 2Pð1þ0Þ state, so the

authors favored the 2Pð1þ0Þ state. This result is consistent
with ours. Moreover, in Ref. [51], the decay widths ofDK�
and Dsϕ were given at around 95 MeV and 44 MeV,
respectively, for the 2Pð1þ0Þ state, which are larger than the
corresponding results in any other model. In Ref. [52], the
total decay widths were 432.54 MeV and 301.52 MeV for
the 2Pð1þ0Þ and 2Pð1þÞ states, respectively, which are
larger than the widths in other models.
We notice that since this resonance was first reported by

BABAR in 2009 with a large error bar, there has not been

TABLE VI. Partial and total decay widths (in units of MeV) of DsJð3040Þþ as the 2Pð1þ0 Þ state.
Final state Ours Reference [11] Reference [48]

1þ → 1−0− D�ð2007Þ0Kþ 48.06
36.5

34.35
D�ð2010ÞþK0 47.00 34.84

1þ → 0þ0− D�
0ð2400Þ0Kþ 3.71

1.14
19.07

D�
0ð2400ÞþK0 3.74 14.39

1þ → 2þ0− D�
2ð2460Þ0Kþ 2.83

28.4
39.68

D�
2ð2460ÞþK0 4.87 38.97

1þ → 1−1− D�ð2007Þ0K�þ 12.67
29.7

34.59
D�ð2010ÞþK�0 11.77 32.24

1þ → 0−1− D0K�þ 5.05
32.1

31.85
DþK�0 4.78 30.31

1þ → 1þ0− D1ð2420Þ0Kþ 2.73
12.2

1.76
D1ð2420ÞþK0 2.67 1.77
D1ð2430Þ0Kþ 1.58

3.38
0.5

D1ð2430ÞþK0 1.24 0.48
1þ → 1−0− D�þ

s η 4.22 0.153 6.20
1þ → 0þ0− D�

s0ð2317Þþη 0.37 ▫ 3.12
1þ → 1þ0− Ds1ð2460Þþη 0.07 ▫ 0.03
1þ → 1þ1− Dþ

s ϕ ▫ 4.15 0.39

Total Exp∶239� 35þ46
−42 157.4 147.6 324.5

TABLE VII. Partial and total decay widths (in units of MeV) of DsJð3040Þþ as the 2Pð1þÞ state.
Final state Ours Reference [11] Reference [48]

1þ → 1−0− D�ð2007Þ0Kþ 0.02
61.3

7.99
D�ð2010ÞþK0 0.02 7.79

1þ → 0þ0− D�
0ð2400Þ0Kþ 3.46 4.95 6.86

D�
0ð2400ÞþK0 3.86 6.43

1þ → 2þ0− D�
2ð2460Þ0Kþ 1.05

0.67
3.00

D�
2ð2460ÞþK0 1.96 2.89

1þ → 1−1− D�ð2007Þ0K�þ 17.06
38.9

39.84
D�ð2010ÞþK�0 15.81 37.36

1þ → 0−1− D0K�þ 4.83
6.54

12.74
DþK�0 4.47 13.27

1þ → 1þ0− D1ð2420Þ0Kþ 2.75
3.52

4.99
D1ð2420ÞþK0 2.7 5.01
D1ð2430Þ0Kþ 0.08

1.29
1.59

D1ð2430ÞþK0 0.05 1.52
1þ → 1−0− D�þ

s η 3.77 9.65 1.10
1þ → 0þ0− D�

s0ð2317Þþη 1.56 ▫ 1.19
1þ → 1þ0− Ds1ð2460Þþη 0.03 ▫ 0.10
1þ → 1þ1− Dþ

s ϕ ▫ 16.2 0.40

Total Exp∶239� 35þ46
−42 63.5 143.0 154.1
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any other update in experiments. So we call for more
precise detection in experiments for the mass, total width,
and strong decay properties.

V. SUMMARY

The strong decay properties ofDJð3000Þ and DsJð3040Þ
have been studied in this work. We have employed our

instantaneous Bethe-Salpeter method to give the wave
function of heavy-light mesons. Our calculations show
that DJð3000Þ is a good candidate for the 2Pð1þ0Þ state.
Apart from D�π, the D�

2ð2460Þπ and D�ð2600Þπ channels
also have large partial decay widths, which are helpful in
investigating the properties of DJð3000Þ. For DsJð3040Þ,
although our result is smaller than the central value and
very close to the lower limit of the experimental data, we

TABLE VIII. Branching ratios of different decay channels of DsJð3040Þþ as the 2Pð1þ0Þ state.
Final state Ours Reference [11] Reference [48]

1þ → 1−0− D�ð2007Þ0Kþ 30.54%
24.7%

10.58%
D�ð2010ÞþK0 29.86% 10.73%

1þ → 0þ0− D�
0ð2400Þ0Kþ 2.35%

0.772%
5.87%

D�
0ð2400ÞþK0 2.37% 4.43%

1þ → 2þ0− D�
2ð2460Þ0Kþ 1.79%

19.2%
12.22%

D�
2ð2460ÞþK0 3.09% 12.01%

1þ → 1−1− D�ð2007Þ0K�þ 8.05%
20.1%

10.65%
D�ð2010ÞþK�0 7.47% 9.93%

1þ → 0−1− D0K�þ 3.20%
21.7%

9.81%
DþK�0 3.03% 9.33%

1þ → 1þ0− D1ð2420Þ0Kþ 1.73%
8.26%

0.54%
D1ð2420ÞþK0 1.69% 5.54%
D1ð2430Þ0Kþ 1.00%

2.29%
0.15%

D1ð2430ÞþK0 0.78% 0.15%
1þ → 1−0− D�þ

s η 2.68% 0.104% 1.91%
1þ → 0þ0− D�

s0ð2317Þþη 0.23% ▫ 0.96%
1þ → 1þ0− Ds1ð2460Þþη 0.04% ▫ 0.009%
1þ → 1þ1− Dþ

s ϕ ▫ 2.81% 0.12%
Total 1 1 1

TABLE IX. Branching ratios of different decay channels of DsJð3040Þþ as the 2Pð1þÞ state.
Final state Ours Reference [11] Reference [48]

1þ → 1−0− D�ð2007Þ0Kþ 0.03%
42.87%

5.19%
D�ð2010ÞþK0 0.03% 5.06%

1þ → 0þ0− D�
0ð2400Þ0Kþ 5.45%

3.46%
4.45%

D�
0ð2400ÞþK0 6.08% 4.17%

1þ → 2þ0− D�
2ð2460Þ0Kþ 1.65%

0.47%
1.95%

D�
2ð2460ÞþK0 3.08% 1.87%

1þ → 1−1− D�ð2007Þ0K�þ 26.87%
27.21%

25.86%
D�ð2010ÞþK�0 24.91% 24.25%

1þ → 0−1− D0K�þ 7.61%
4.57%

8.27%
DþK�0 7.04% 8.61%

1þ → 1þ0− D1ð2420Þ0Kþ 4.33%
2.46%

3.24%
D1ð2420ÞþK0 4.25% 3.25%
D1ð2430Þ0Kþ 0.13%

0.90%
1.03%

D1ð2430ÞþK0 0.08% 0.99%
1þ → 1−0− D�þ

s η 5.94% 6.75% 0.71%
1þ → 0þ0− D�

s0ð2317Þþη 2.46% ▫ 0.77%
1þ → 1þ0− Ds1ð2460Þþη 0.05% ▫ 0.06%
1þ → 1þ1− Dþ

s ϕ ▫ 11.33% 0.26%
Total 1 1 1
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still treat it as a potential candidate for the 2Pð1þ0Þ state,
considering results in other assignments deviate from
experimental data much more. Due to the large uncertainty
in experiments and great differences between the predic-
tions of different models, we call for more precise detec-
tions. Model-independent calculations, such as lattice
QCD, can also provide a better and more comprehensive
understanding of these newly discovered resonances.
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