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Abstract Motivated by the recently observed Ds0(2590)

state by LHCb, we investigate the mass spectrum and the
strong decay properties of the charmed-strange mesons
within the Godfrey–Isgur model considering the coupled-
channel effects. One finds that the D∗K ∗ contributions to the
mass shifts are large for all the charmed-strange states, which
is maybe due to the spin-enhancement effect. Our results sup-
port that D∗

s0(2317) and Ds1(2460) could be interpreted as
the Ds(13P0) and Ds(13P1) states with larger DK and D∗K
components, respectively, although the probabilities of the
DK and D∗K components for D∗

s0(2317) and Ds1(2460)

are smaller than other theoretical predictions, which may be
due to our neglect of the direct interaction of the meson com-
ponents. Meanwhile, Ds1(2700), Ds1(2536), D∗

s2(2573),
D∗
s1(2860), D∗

s3(2860), and D∗
s J (3040) could be well inter-

preted as the Ds(23S1), Ds(11P1), Ds(13P2), Ds(13D1),
Ds(13D3), and Ds(21P1) states, respectively. Although the
Ds0(2590) mass is about 50 MeV less than our prediction
for the Ds0(2S) state, its width is still in good agreement
with the one of Ds0(2S). Therefore, Ds0(2590) state needs
to be further confirmed by the experimental measurements,
and the more precise information about Ds0(2590) will shed
light on its assignment of Ds0(2S). Furthermore, we predict
the masses and the strong decay properties of the charmed-
strange mesons with masses around 3 GeV, which would be
helpful to experimentally search for these states.

1 Introduction

Recently, LHCb Collaboration observed a new excited
Ds0(2590) state with mass M = 2591±6±7 MeV and width

a e-mail: wangen@zzu.edu.cn
b e-mail: haowei@nankai.edu.cn (corresponding author)

� = 89 ± 16 ± 12 MeV in the D+K+π− mass distribution
of the B0 → D−D+K+π− decay using a data sample with
integrated luminosity of 5.4 fb−1 at centre-of-mass energy of
13 TeV, and its spin-parity was determined to be J P = 0−
[1]. According to the Review of Particle Physics (RPP) [2],
there are several charmed-strange mesons, which contain
the Ds , D∗

s , D∗
s0(2317), Ds1(2536), Ds1(2460), D∗

s2(2573),
D∗
s1(2860), D∗

s3(2860), D∗
s1(2700), and DsJ (3040), and

there have been many studies about the charmed-strange
mesons [3–9]. Although the newly observed Ds0(2590) was
suggested to be the candidate of the Ds0(2S) state by LHCb
[1], it still draws particular attention on the spectrum of the
charmed-strange mesons due to the fact that the mass of the
observed Ds0(2590) is about 80 MeV less than the Ds0(2S)

mass predicted by the conventional quark models [10–14].
In Ref. [15], the authors have investigated the mass and

the strong decay width of Ds0(2590), and concluded that
Ds0(2590) was hardly interpreted as the Ds0(2S) state. In
Ref. [16], it is shown that the P-wave D∗K interaction plays
an important role to obtain the mass and width of Ds0(2590).
In Ref. [17], Ds0(2590) can be regarded as a Ds0(2S) state
plus the important effect of the nearby meson–meson thresh-
olds by performing a coupled-channel calculation including
the D(∗)K (∗), D(∗)

s ω, and D(∗)
s η channels. In Ref. [18], the

Ds0(2590) is studied within the Godfrey–Isgur (GI) rela-
tivistic quark model including screening effects and the 3P0

model, which supports the interpretation as the Ds0(2S). In
addition, Ref. [19] has made a systematic calculation of the
spectrum and strong decays of the charmed-strange system
in a coupled-channel framework, and the mass and width of
the Ds0(2590) could be reasonably described.

As we known, BaBar and CLEO have observed D∗
s0(2317)

and Ds1(2460) in the D+
s π0 channel [20,21], and their
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small widths of �Ds0(2317) < 3.8 MeV and �Ds1(2460) <

3.5 MeV imply a minimal violation of the isospin conser-
vation. In addition, the masses of the observed D∗

s0(2317)

and Ds1(2460) resonances are much lower than the cor-
responding predictions from the conventional quark mod-
els [13,14,22] and the Lattice QCD calculations [23,24],
which motivates many interpretations for their structure,
such as compact [cq][s̄q̄] tetraquark, molecular states, and
the mixing of the cs̄ and other components [25–29]. In
Refs. [30–32], D∗

s0(2317) and Ds1(2460) were explained
as the DK and D∗K molecular states, respectively, which
was supported by the studies of the heavy chiral unitary
approach [33,34] and the unitarized coupled channel frame-
work [35]. In Ref. [36], the axial resonance Ds1(2460)

could be also dynamically generated from the interactions
of pseudoscalar–vector within the SU(4) flavor symmetry. In
Ref. [37], D∗

s0(2317) and Ds1(2460) could be dynamically
generated by the coupled-channel dynamics based on the
leading order chiral Lagrangian. In addition, the D∗

s2(2573)

was predicted to couple strongly to the D∗K ∗ (D∗
s φ(ω))

channels under the vector–vector interaction within the hid-
den gauge formalism in a coupled channel unitary approach
[38]. Thus, it implies that more components are necessary to
describe the properties of the charmed-strange mesons.

Although the general potential models, such as GI rela-
tivistic quark model [14], could provide a good description
for most of the meson spectra, the coupled-channel effects
(or the pair-creation effects), which were usually neglected,
will manifest as a coupling to meson–meson (meson-baryon)
channels and lead to mass shifts. It has been shown that the
coupled-channel effects play an important role for describing
the mesons spectra, such as charmonium [39–41], bottomo-
nium [42–45], and charmed-strange mesons [46–55]. There-
fore, in this work we will investigate the mass spectrum of
the charmed-strange mesons within the GI quark model by
taking into account the mass shifts from the coupled-channel
effects, where the potential model parameters will be refitted.

The rest of the paper is organized as follows. In Sect. 2, we
will present our theoretical models, including the coupled-
channel model and the GI relativistic quark model. In Sect. 3,
the numerical results will be presented. We will conclude the
work and give the summary in Sect. 4.

2 The theoretical models

2.1 The coupled-channel model

In the coupled-channel model, the Hamiltonian of a meson
system is defined as [41,43,44,56]

H = H0 + HBC + HI (1)

where H0 connects with the bare mass M0 of the meson A,
and is obtained from the GI model. HBC is the Hamiltonian of
the intermediate mesons B andC , which couple to the meson
A, and HI describes the interaction of the meson state |A〉
and the intermediate meson–meson continuum |BC〉, and
connects with the mass shifts �M from the coupled-channel
effects.

The Hamiltonian H0 of the GI model will give rise to the
bare mass M0 of the meson A

H0|A〉 = M0|A〉, (2)

and we will discuss the Hamiltonian H0 of the GI model
in next subsection. As done in Refs. [16,19,39,44,45], we
assume that there is no interaction between the BC pair, and
only the kinetic energy of the intermediate BC pair will be
considered.1 The Hamiltonian HBC can be written as the
sum of the kinetic energies of B and C , and the Schrödinger
equation for the BC pair is derived as follows

HBC |BC〉 = EBC (p)|BC; p〉, (3)

EBC ( p) =
√
m2

B + p2 +
√
m2

C + p2, (4)

where p is the center of mass momentum of the meson pair
BC running from 0 to infinity, mB and mC are the masses of
the meson B and C , respectively.

Taking into account the coupled-channel effects HI , the
Schrödinger equation with the Hamiltonian given in Eq. (1)
can be written as

H |ψ〉 = M |ψ〉, (5)

where |ψ〉 is the eigen wave function of the system, which
can be expressed as

|ψ〉 = a0|A〉 +
∑
BC

∫
d3 p cBC (p)|BC, p〉, (6)

where the coefficients a0 and cBC are the normalizing con-
stants of the corresponding wave functions of qq̄ bare state
and BC component, respectively.

Thus, the physical mass M in the coupled-channel model
is given by

M = M0 + �M, (7)

�M =
∑
BC	J

∫ ∞

0
p2dp

∣∣〈BC; p| T † |A〉∣∣2

M − EBC + iε
, (8)

1 Indeed, it is a systematic way to include the interactions of the
meson–meson consistently at the quark level, which will introduce some
free parameters and should be complicated, since we try to describe
the mass spectrum of the charmed-strange mesons considering the
coupled-channel effects of pseudoscalar–pseudoscalar, pseudoscalar–
vector, and vector–vector. One will find that the present model could
give a reasonable description for the mass spectrum of the charmed-
strange mesons, thus we neglect the interactions of the meson–meson,
as done in Refs. [16,19,39,44,45].
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Table 1 Parameters of the coupled-channel model

Parameter Value

γ0 0.478

β 0.4 GeV

rq 0.3 fm

mn 0.33 GeV

ms 0.55 GeV

mc 1.50 GeV

where 〈BC; p| T † |A〉 is the transition amplitude for the
operator T † between the intermediate state |BC〉 and the
meson A. BC has various channels and the sum runs over
all the channels we will consider in this work. 	 is the
orbital angular momentum, and the total angular momen-
tum is J = JB + JC + 	. In our calculation, we adopt
the quark–antiquark pair-creation operator T † from the 3P0

model [41,43,44], which could be expressed as

T † = −3 γ
e f f
0

∫
d p3 d p4 δ( p3 + p4) e

−r2
q ( p3− p4)

2/6

C34F34
[
χ34 × Y1( p3 − p4)

](0)

0 b†
3( p3) d

†
4 ( p4), (9)

where C34, F34, and χ34 are the color-singlet wave function,
flavor wave function, and spin-triplet wave function for the
created quark and antiquark pair qq̄ , respectively. b†

3( p3) and

d†
4 ( p4) are the creation operators for a quark and an antiquark

with three-momenta p3 and p4, respectively. γ
e f f
0 = mu

mi
γ0

(mi are the quark masses of u, d, or s) is the effective pair-
creation strength, and in our calculation its value is obtained
by fitting to the strong decay of D∗

s2(2573), which is well
interpreted as the Ds(13P2) state. In the 3P0 model, the oper-
ator T † creates a pair of constituent quarks with an effective
size, the pair-creation point has to be smeared out by a Gaus-
sian factor, where rq was determined from meson decays to
be in the range 0.25 ∼ 0.35 fm [57–60]. In our calculation,
we take the value rq = 0.3 fm.

Under the Simple Harmonic Oscillator (SHO) approxima-
tion, the meson wave function in the momentum space can
be expressed as

ψSHO
nLML

(p) = RSHO
nL (p)YLML (�p), (10)

where the radial wave function is given by

RSHO
nL (p) = (−1)n(−i)L

β3/2

√
2n!

�(n + L + 3/2)

×
(
p

β

)L

e−(p2/2β2)LL+1/2
n

(
p2

β2

)
, (11)

here β is the SHO wave function scale parameter, and
LL+1/2
n

(
p2/β2

)
is an associated Laguerre polynomial. The

corresponding parameters are tabulated in Table 1.

If the mass of the initial meson A is above the threshold
of coupled-channel BC , the strong decays of A → BC will
happen, and the strong decay width can be expressed as

�A→BC = �A→BC (p0)
∑
	,J

∣∣∣〈BC, p0, 	J | T † |A〉
∣∣∣
2
, (12)

where �A→BC (p0) is the standard relativistic phase space
factor [61,62]

�A→BC = 2πp0
EB(p0)EC (p0)

mA
, (13)

depending on the relative momentum p0 between B and C
and on the energies of the two intermediate state mesons,

p0 =
√[

m2
A − (mB + mC )2

] [
m2

A − (mB − mC )2
]

2mA
, (14)

EB(p0) =
√
m2

B + p2
0, (15)

EC (p0) =
√
m2

C + p2
0 . (16)

For the initial state below the threshold of the coupled-
channels, the probabilities of each meson–meson continuum
components can be calculated by

PBC =
[

1 +
∑
BC	J

∫ ∞

0
p2dp

∣∣〈BC; p| T † |A〉∣∣2

(M − EBC )2

]−1

×
∫ ∞

0
p2dp

∣∣〈BC; p| T † |A〉∣∣2

(M − EBC )2 . (17)

The sum in the formula is for all the intermediate states we
considered. And the probabilities of the cs̄ component can
be calculated by 1 − PBC .

For the coupled-channels, we consider ground state
mesons, which include DK , DK ∗, D∗K , D∗K ∗, Dsη, Dsη

′,
Dsφ, D∗

s η, D∗
s η

′, and D∗
s φ, as Refs. [39,41,43–45]. The

physical masses M and the mass shifts �M can be simulta-
neously determined from Eqs. (7) and (8). The masses of the
mesons used in this work are taken from RPP [2].

2.2 GI relativistic quark model

As mentioned above, the bare mass M0 in Eq. (7) is calculated
by the potential model, the one used in the Godfrey–Isgur
relativistic quark model in this work [14]. In the GI model,
the Hamiltonian of a meson system is defined as [14]

H̃ = (p2 + m2
1)

1/2 + (p2 + m2
2)

1/2 + H̃ conf
12

+H̃hyp
12 + H̃ so

12, (18)

where H̃ conf
12 is a spin-independent potential; H̃hyp

12 is a
color-hyperfine interaction which includes a tensor hyperfine
potential H̃ tensor

12 and a contact hyperfine potential H̃ c
12; H̃ so

12
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is a spin-orbit interaction which includes a vector spin-orbit
potential H̃ so(v)

12 and a scalar spin-orbit potential H̃ so(s)
12 . In

this subsection, we will first discuss the Hamiltonian terms
in the non-relativistic limit, and then modify the terms to
introduce the relativistic effects. Hereafter, we will denote
the terms with a tilde to be the ones considering relativistic
effects, otherwise the terms without the tilde to be the ones
in the non-relativistic limit.

In the non-relativistic limit, the spin-independent potential
H̃ conf

12 of Eq. (18) will be expressed as H conf
12 ,

H̃ conf
12 → H conf

12 = G(r) + S(r), (19)

G(r) = αs(r)

r
F1 · F2, S(r) = br + c, (20)

where G(r) stands for the short-range one-gluon-exchange
potential, and S(r) corresponds to the long-range confine-
ment. The parameters b and c are constants, and αs(r) is the
running coupling constant of QCD. F is related to the Gell-
Mann matrix by F1 = λ1/2 for quarks and F2 = −λ∗

2/2 for
antiquarks, with 〈F1 · F2〉 = −4/3 for mesons.

The color-hyperfine interaction H̃hyp
12 of Eq. (18) could be

expressed as Hhyp
12 in the non-relativistic limit

H̃hyp
12 → Hhyp

12

= − αs(r)

m1m2

[
8π

3
S1 · S2δ

3(r) + 1

r3

×
(3S1 · r S2 · r

r2 − S1 · S2

)]
F1 · F2. (21)

The spin-orbit interaction H̃ so
12 of Eq. (18) will be

expressed as H so
12 in the non-relativistic limit,

H̃ so
12 → H so

12 = H so(cm)
12 + H so(tp)

12 , (22)

where H so(cm)
12 is the color-magnetic term, and H so(tp)

12 is the
Thomas-precession term, i.e.,

H so(cm)
12 = −αs(r)

r3

(
1

m1
+ 1

m2

) (
S1

m1
+ S2

m2

)
· L(F1 · F2),

(23)

H so(tp)

12 = −1

2r

∂H conf

∂r

(
S1

m2
1

+ S2

m2
2

)
· L. (24)

In the above expressions, S1 and S2 denote the spin of the
quark and antiquark, respectively, and L is the orbital angular
momentum between the quark and antiquark.

In the GI model, the relativistic effects are introduced in
two ways. Firstly, the smearing transformation is used for the
non-relativistic potentials G(r) and S(r),

f̃ (r) =
∫

f (r)ρ(r − r ′)d3r ′, (25)

ρ(r − r ′) = σ 3

π3/2 e
−σ 2(r−r ′)2

. (26)

Table 2 Fitted parameters of Godfrey–Isgur model

Parameter Value

b 0.1614 GeV2

c 0.0725 GeV

σ0 3.2666 GeV

s 2.4980

εc −0.0788

εt 0.6443

εso(v) −0.2511

εso(s) 0.9001

where ρ(r− r ′) is a smearing function, σ is a parameter, and
the f (r) represents G(r) and S(r).

Secondly, since the reflection of relativistic effects lies in
the momentum dependence of interactions between quark
and anti-quark, the potentials will be modified by the
momentum-dependent factor as

G̃(r) →
(

1 + p2

E1E2

)1/2

G̃(r)

(
1 + p2

E1E2

)1/2

, (27)

Ṽi (r)

m1m2
→

(
m1m2

E1E2

)1/2+εi Ṽi (r)

m1m2

(
m1m2

E1E2

)1/2+εi

, (28)

where E1 = (p2 +m2
1)

1/2, E2 = (p2 +m2
2)

1/2 are the ener-
gies of the quark and antiquark in the mesons. The index i
in the parameters Ṽi (r) and εi corresponds to different types
of interaction in Eq. (18), including i = contact(c), tensor(t),
vector spin-orbit[so(v)] and scalar spin-orbit[so(s)] poten-
tials. The details of these effective potentials can be found in
Ref. [14].

3 Results and discussions

In this section, we present our numerical calculation results
of the mass spectrum and the strong decay widths for the
charmed-strange mesons. As we known, the Godfrey–Isgur
model is a quenched quark model, and the unquenched
effects are already absorbed into the model parameters.
Since we consider the unquenched coupled-channel effects
explicitly in this work, the parameters of the Godfrey–Isgur
model should be different from the ones of Ref. [14], which
will give rise to the different bare masses. Firstly, the free
parameters of the GI model are obtained by fitting to the
masses of the charmed-strange mesons, which are listed
in Table 2. In our fitting, the input states include the Ds

(11S0), D∗
s (13S1), D∗

s0(2317) (13P0), D∗
s2(2573) (13P2),

D∗
s1(2860) (13D1), D∗

s3(2860) (13D3), D∗
s1(2700) (23S1)

and Ds0(2590) (21S0). Then, the physical masses and the
corresponding mass shifts of the mesons could be simulta-
neously determined, which are shown in Table 3. We also
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Table 3 The mass spectrum (in MeV) of charmed-strange mesons. Column 5 shows our predicted masses. Columns 6 and 7 show the GI model
results and experimental values, respectively

n2S+1L J States M0 �M M (this work) GI [14] PDG [2]

11S0 Ds 2163 −195 1968 1960 1968.34 ± 0.07

13S1 D∗
s 2334 −221 2112 2130 2112.2 ± 0.4

21S0 Ds0(2590) 2859 −213 2646 2670 2591 ± 6 ± 7[1]

23S1 D∗
s1(2700) 2922 −201 2722 2730 2714 ± 5

13P0 D∗
s0(2317) 2540 −223 2316 2480 2317.8 ± 0.5

11P1 Ds1(2536) 2773 −269 2504 2530 2535.11 ± 0.06

13P1 Ds1(2460) 2700 −244 2456 2570 2459.5 ± 0.6

13P2 D∗
s2(2573) 2847 −278 2569 2590 2569.1 ± 0.8

23P0 3075 −175 2899

21P1 D∗
s J (3040) 3221 −151 3069 3044 ± 8+30

−5

23P1 3166 −187 2979

23P2 3278 −153 3134

13D1 D∗
s1(2860) 3030 −184 2846 2900 2859 ± 27

11D2 3112 −253 2858

13D2 3092 −239 2853

13D3 D∗
s3(2860) 3154 −286 2868 2920 2860 ± 7

Table 4 Mass shifts (in MeV) from the coupled-channels. The coupling of the quark core to the molecular component is γ0 = 0.478

State DK DK ∗ D∗K D∗K ∗ Dsη Dsη
′ Dsφ D∗

s η D∗
s η

′ D∗
s φ Total

11S0 0 − 39 − 44 − 71 0 0 − 10 − 8 − 3 − 19 − 195

13S1 − 20 − 30 − 34 − 92 − 3 − 1 − 8 − 6 − 2 − 24 − 221

21S0 0 − 46 − 62 − 73 0 0 − 8 − 8 − 2 − 14 − 213

23S1 − 2 − 38 − 28 − 96 − 3 − 1 − 6 − 7 − 2 − 17 − 201

13P0 − 66 0 0 − 122 − 5 − 2 0 0 0 − 28 − 223

11P1 0 − 52 − 89 − 87 0 0 − 10 − 9 − 3 − 19 − 269

13P1 0 − 40 − 66 − 98 0 0 − 8 − 7 − 2 − 22 − 244

13P2 − 44 − 39 − 50 − 100 − 6 − 2 − 8 − 7 − 3 − 20 − 278

23P0 − 19 0 0 − 133 − 3 − 3 0 0 0 − 18 − 175

21P1 0 − 30 − 13 − 79 0 0 − 8 − 4 − 3 − 15 − 151

23P1 0 − 29 − 23 − 107 0 0 − 10 − 3 − 2 − 14 − 187

23P2 − 10 − 11 − 8 − 80 − 1 − 1 − 7 − 2 − 2 − 31 − 153

13D1 13 − 19 0 − 146 − 1 − 1 − 2 − 1 0 − 26 − 184

11D2 0 − 66 − 53 − 98 0 0 − 9 − 8 − 3 − 16 − 253

13D2 0 − 62 − 35 − 106 0 0 − 8 − 7 − 2 − 19 − 239

13D3 − 44 − 43 − 52 − 109 − 6 − 2 − 7 − 6 − 2 − 15 − 286

present the mass shifts of every channel in Table 4.2 The
strong decay widths of the charmed-strange mesons are given
in Tables 5 and 6. In addition, the probabilities of every

2 According Table 4, the D∗K ∗ contribution to the mass shift is large
for all the states. The mass shifts of the coupled-channels are stable up
to an overall multiplier γ 2, which is obtained by fitted to the width of
D∗
s2(2573) here. Indeed, it is maybe due to the spin-enhancement effect.

coupled-channel and cs̄ component for the states below the
threshold are listed in Table 7.

Taking into account the coupled-channel effects, the
masses of the ground states Ds and D∗

s are determined to
be 1968 MeV and 2112 MeV, which are in good agreement
with the experimental data. According to Table 7, the prob-
abilities of the cs̄ component are 85% and 83% for the Ds
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Table 5 The strong decay widths (in MeV) of charmed-strange mesons. The symbol ‘−’ in the table means that the decay mode is forbidden or
there is no experimental information

n2S+1L J States PDG [2] DK DK ∗ D∗K D∗K ∗ Dsη Dsη
′ Dsφ D∗

s η Dsη
′ D∗

s φ Total

21S0 Ds0(2590) 89 ± 16 ± 12[1] – – 87 – – – – – – – 87

23S1 D∗
s1(2700) 122 ± 10 32 – 77 – 6 – – 3 – – 119

13P0 D∗
s0(2317) < 3.8 – – – – – – – – – – –

11P1 Ds1(2536) 0.92 ± 0.05 – – 10 – – – – – – – 10

13P1 Ds1(2460) < 3.5 – – – – – – – – – – –

13P2 D∗
s2(2573) 16.9 ± 0.7 15 – 1 – – – – – – – 17

13D1 D∗
s1(2860) 159 ± 80 46 27 35 – 7 – – 3 – – 118

11D2 – – – 38 62 – – – – 4 – – 104

13D2 – – – 53 75 – – – – 6 – – 134

13D3 D∗
s3(2860) 53 ± 10 39 2 22 – 2 – – – – – 65

Table 6 The decay width (in
MeV) of 2P charmed-strange
mesons. The symbol ‘−’ in the
table means the decay mode is
forbidden or there is no
experimental information

Channel 23P0 21P1 23P1 23P2
– D∗

s J (3040) – –

DK 52 – – 1

DK ∗ – 67 25 45

D∗K – 50 50 17

D∗K ∗ 3 77 29 93

Dsη 1 – – 3

Dsη
′ – – – 2

Dsφ – 7 – 6

D∗
s η – 8 3 6

D∗
s η

′ – – – –

D∗
s φ – – – 12

DK ∗
0 (1430) – – – –

DK1B – – – 1

DK1A – – – –

DK ∗
2 (1430) – – – –

D∗
0 (2300)K – – – –

D1(2420)K – – 12 8

D1(2430)K – – 1 3

D∗
2 (2460)K – 38 5 18

Total 57 247 127 215

Exp. – 239 ± 35+46
−42 – –

Table 7 Probabilities (%) of every coupled-channel component and bare cs̄ component for the charmed-strange mesons below threshold

State DK DK ∗ D∗K D∗K ∗ Dsη Dsη
′ Dsφ D∗

s η D∗
s η

′ D∗
s φ Pmolecule Pcs̄

11S0 Ds 0 3 4 4 0 0 1 1 0 1 15 85

13S1 D∗
s 2 2 3 6 0 0 0 0 0 1 17 83

13P0 D∗
s0(2317) 29 0 0 7 1 0 0 0 0 1 38 62

13P1 Ds1(2460) 0 4 23 6 0 0 0 1 0 1 36 64
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and D∗
s , respectively, which implies that the cs̄ component

is dominant.
According to Eqs. (8) and (9), the mass shifts �M are

related to the parameter γ of the 3P0 model, which repre-
sents the probability that a quark-antiquark pair is created
from the vacuum. However, the probabilities of the molecu-
lar components are determined by the derivative of the mass
shifts, not the mass shifts, which could be easily understood
as follows,

PBC =
[

1 +
∑
BC	J

∫ ∞

0
p2dp

∣∣〈BC; p| T † |A〉∣∣2

(M − EBC )2

]−1

×
∫ ∞

0
p2dp

∣∣〈BC; p| T † |A〉∣∣2

(M − EBC )2

∝ ∂�MBC

∂M
, (29)

�MBC =
∫ ∞

0
p2dp

∣∣〈BC; p| T † |A〉∣∣2

M − EBC + iε
. (30)

Indeed, it is shown that the mass shifts account for 10 ∼ 20%
of the quenched mass values in Ref. [63], which is consistent
with our predictions.

The masses of the Ds(13P0) and Ds1(13P1) states are
numerically estimated to be 2316 MeV and 2456 MeV, which
are in good agreement with the experimental data of the
D∗
s0(2317) and Ds1(2460), both of which have large non-

cs̄ component. The biggest non-cs̄ component of D∗
s0(2317)

is DK , and the one of Ds1(2460) is D∗K , consistently with
the phenomenological results of Ref. [64]. It should be noted
that, the predicted probabilities of the molecular components
DK and D∗K for the D∗

s0(2317) and Ds1(2460) are smaller
than those obtained from a lattice analysis of these resonances
in Ref. [65], which is maybe due to the neglect of the explicit
meson–meson interactions in this work, and the consider-
ation of the explicit meson–meson interactions could bring
the results of the present work in closer agreement with these
lattice data. These is indeed the case, in general, as shown in
Refs. [66,67].

Our predictions for the mass and width of Ds(23S1) are
2722 MeV and 119 MeV, respectively, which are in good
agreement with the experimental data for the Ds1(2700)mass
(2714 ± 5 MeV) and width (112 ± 10 MeV). The dominant
decay modes are DK and D∗K , consistently with the exper-
imental measurements [2]. Our results support the interpre-
tation of Ds1(2700) as the Ds(23S1) state.

We predict that the mass and width of Ds(11P1) are
2504 MeV and 10 MeV, close to the experimental data of
the Ds1(2536), and the dominant decay mode is D∗K , con-
sistently with the experimental measurements of Ds1(2536)

[2], which implies that Ds1(2536) could be well interpreted
as the Ds(11P1) state. For the Ds(13P2), the predicted mass
and width are 2569 MeV and 17 MeV, in good agreement

with the experimental data of the D∗
s2(2573), and its domi-

nant decay mode is DK , consistently with the experimental
measurements of D∗

s2(2573) [2], which supports that the state
could be well interpreted as the Ds(13P2) state.

The mass and width of the Ds(13D1) are predicted to
be 2846 MeV and 118 MeV, which are in good agree-
ment with the experimentally measured D∗

s1(2860) mass
2859 ± 27 MeV and width 159 ± 80 MeV. In addition,
the mass and width of the Ds(13D3) are calculated to be
2868 MeV and 65 MeV, which are in good agreement with
the D∗

s3(2860) mass 2860 ± 7 MeV and width 53 ± 10 MeV.
The dominant decay mode of Ds(13D1) and Ds(13D3) is pre-
dicted to be DK , consistently with the experimental measure-
ments [2]. Our results suggest that D∗

s1(2860) and D∗
s3(2860)

can be interpreted as the Ds(13D1) and Ds(13D3), respec-
tively, supported by Refs. [6,7,68].

The DsJ (3040) was observed in D∗K mass spectrum
by BaBar Collaboration [69], and its mass and width are
determined to be 3044 ± 8+30

−5 MeV and 239 ± 35+46
−42 MeV,

respectively. Its mass is consistent with the predicted mass
(3069 MeV) of the Ds(21P1). We have calculated its strong
decay width by regarding DsJ (3040) as Ds(21P1), which
is 247 MeV, in good agreement with the experimental value.
Thus, our results support that DsJ (3040) could be well inter-
preted as the Ds(21P1) state.

The recently observed state Ds0(2590) has the spin-parity
quantum numbers J P = 1−, and is suggested to be the candi-
date of Ds(21S0) by LHCb [1]. One can see that the predicted
mass of Ds(21S0) in Table 3 is 2646 MeV, a little higher
than the experimental data, but the predicted width 87 MeV
is in good agreement with the experimental value. Indeed,
in Ref. [14], the predicted masses of Ds(21S0) are higher
than Ds0(2590). Thus, our results suggest that Ds0(2590)

could be the candidate of the Ds(21S0). Taking into account
that Ds0(2590) was only observed by LHCb, we strongly
encourage the experimental side to search for this state in
other processes, and the more precise information about the
Ds0(2590) could shed light on its assignment.

In addition, we have predicted the masses and the strong
decay properties of the charmed-strange mesons around
3 GeV. For the D-wave states, the masses of the Ds(11D2)

and Ds(13D2) are predicted to be 2858 MeV and 2853 MeV,
respectively, and their widths are predicted to be 104 MeV
and 134 MeV, respectively. Their dominant decay modes
are D∗K and DK ∗. For the 2P states, the masses of the
Ds(23P0), Ds(23P1), and Ds(23P2) are predicted to be
2899 MeV, 2979 MeV, and 3134 MeV, respectively, and their
widths are predicted to be 57 MeV, 127 MeV, and 215 MeV.
The dominant decay mode of Ds(23P0) is DK , while the
ones of Ds(23P1) and Ds(23P2) are DK ∗, D∗K , and D∗K ∗.
Our predictions would be helpful to search for these states
experimentally.
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4 Summary

In this work, we have investigated the mass spectrum
and the strong decay properties of the charmed-strange
mesons within the Godfrey–Isgur model by considering the
coupled-channel effects. The bare mass is obtained by the
Godfrey–Isgur model, and the mass shift from the coupled-
channel effects is given by the interaction between the initial
meson and the coupled channels, with the interaction being
described by the quark-antiquark creation operator from the
3P0 model. One find that the D∗K ∗ contribution to the mass
shift is large for all the charmed-strange states, which is
maybe due to the spin-enhancement effect.

Our results show that D∗
s0(2317) and Ds1(2460) can be

interpreted as the Ds(13P0) and Ds(13P1) states with larger
DK and D∗K components, respectively, although the prob-
abilities of the DK and D∗K components for D∗

s0(2317) and
Ds1(2460) are smaller than other results, which may be due to
our neglect of the direct interaction of the meson components.
Comparing our theoretical predicted results with the experi-
mental measurement, it is found that Ds1(2700), Ds1(2536),
D∗
s2(2573), D∗

s1(2860), D∗
s3(2860), and D∗

s J (3040) could
be well interpreted as the Ds(23S1), Ds(11P1), Ds(13P2),
Ds(13D1), Ds(13D3), and Ds(21P1) states, respectively.

For the recently observed state Ds0(2590), although its
mass is about 50 MeV less than our prediction for the
Ds(21S0) state, its width is still in good agreement with
that of Ds(21S0), which implies that Ds0(2590) could be
assigned as the candidate of Ds(21S0). We emphasize that
Ds0(2590) needs to be further confirmed by the experimen-
tal measurement, and the more precise information about
Ds0(2590) would shed light on the assignment of Ds(21S0).
Furthermore, we have predicted the masses and the strong
decay properties of the charmed-strange mesons with masses
around 3 GeV, which would be helpful to experimentally
search for these states.
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