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The Ds0ð2590Þþ resonance observed by LHCb Collaboration is a strong candidate of theDsð21S0Þ state
according to its spin parity and strong decay mode. However, the measured mass seems relatively lower
than the previous theoretical predictions, which interests the coupled channel interpretations in the
literature. In this work, we adopt an alternate approach, taking into account the screening effects in
the potential model, to describe the Ds0ð2590Þþ resonance. The mass spectrum and strong decays of the
excited charmed-strange mesons are investigated within the modified relativized quark model and 3P0

model. The calculated mass and width of the Ds0ð2590Þþ are consistent with the experimental
observations, which indicate that it can be reasonably interpreted as the Dsð21S0Þ state.
DOI: 10.1103/PhysRevD.105.074037

I. INTRODUCTION

A heavy-light meson is composed of one heavy quark
and one light antiquark, and acts as a hydrogen atom.
Understanding the heavy-light meson spectrum and search-
ing for the missing resonances are important tasks in
hadronic physics, which provide us a good opportunity
to deepen our understanding of the complicated nonper-
turbative behavior of QCD in the low energy regime.
Among them, the charmed-strange sector is particularly
interesting and has gained wide attention [1–31], since the
mysterious D�

s0ð2317Þ and Ds1ð2460Þ states observed by
BABAR and CLEO Collaborations [32,33] have rather
lower masses compared with the theoretical predictions
in conventional quark models [1–8].
From the Review of Particle Physics [34], there exist

twelve states in the charmed-strange sector. The Ds and D�
s

are the ground states, andDs1ð2536Þ andD�
s2ð2573Þ can be

well understood as the P − wave states. The D�
s1ð2700Þ,

D�
s1ð2860Þ, and D�

s3ð2860Þ can be assigned as the
Dsð23S1Þ, Dsð13D1Þ, and Dsð13D3Þ states, respectively,
where the 2S − 1D mixing effect may be also significant
for the vector mesons. The canonical interpretations of
D�

s0ð2317Þ andDs1ð2460Þ are problematic in the traditional
quark model, while the X0ð2900Þ and X1ð2900Þ observed
by LHCb Collaboration are undoubtedly exotic [35,36].
Moreover, information on the DsJð3040Þ state is quite
limited, which prevents us to reach a definite conclusion. It
can be seen that the low-lying charmed-strange spectrum is
far from being established.
Recently, the LHCb Collaboration observed a new

excited resonance Ds0ð2590Þþ in the DþKþπ− mass
distribution of the B0 → D−DþKþπ− decay [37]. Its mass,
width, and spin parity are determined to be m¼
2591�6�7MeV, Γ¼ 89� 16� 12 MeV, and JP ¼ 0−,
respectively. Based on these properties, the LHCb
Collaboration suggested that this state is a strong candidate
for the radial excited Dsð21S0Þ state. However, the mea-
sured mass seems relatively lower than the previous
theoretical predictions in the literature [1–8], which leads to
different interpretations on the theoretical side. In Ref. [12],
the authors investigated the mass and width of Ds0ð2590Þþ
by solving the Bethe-Salpeter equation, and concluded that
it can be hardly explained as Dsð21S0Þ state. Within the
semirelativistic potential model and chiral quark model, the
mass and width of Ds0ð2590Þþ are not consistent with that
of the Dsð21S0Þ state [8]. In Ref. [13], the authors employ
the unquenched quark model to describe the mass of
Ds0ð2590Þþ by considering the mixture of the Dsð21S0Þ
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state and D�K component. Also, the authors performed a

coupled-channel calculation including the Dð�ÞKð�Þ, Dð�Þ
s ω

and Dð�Þ
s η channels, and found that the Ds0ð2590Þ can be

regarded as a bare Dsð21S0Þ state plus dominant D�K part
[14]. These theoretical works suggest that the Ds0ð2590Þþ
may be not a pure Dsð21S0Þ state and the D�K component
should be significant.
Based on the SUð3Þ light quark flavor symmetry, the

P − wave charmed-strange mesons is supposed to be
higher than their charmed partners. The violation of
SUð3Þ flavor symmetry for D�

s0ð2317Þ and Ds1ð2460Þ
resonances suggest that they are not pure P − wave cs̄
states and the coupled-channel effects are essential.
Actually, in the literature, the coupled-channel approach,
meson-loop effects, or the unquenched quark model has
been widely discussed in the charmed-strange sector to
reduce the theoretically predicted masses [13–27], which
mainly focused on the D�

s0ð2317Þ and Ds1ð2460Þ reso-
nances. However, the situation of the Ds0ð2590Þþ is better.
The mass gap between D�

s1ð2700Þ and Ds0ð2590Þ is

m½D�
s1ð2700Þ� −m½Ds0ð2590Þ� ¼ 123 MeV; ð1Þ

and the mass gap between two 2S charmed statesD�
1ð2600Þ

and D0ð2550Þ with the latest measurements of LHCb
Collaboration is [38]

m½D�
1ð2600Þ� −m½D0ð2550Þ� ¼ 124 MeV: ð2Þ

The approximately equal mass splittings of charmed and
charmed-strange sectors strongly suggest that the
Ds0ð2590Þ should be the partner of D0ð2550Þ and can
be assigned as the Dsð21S0Þ state as the LHCb
Collaboration suggested.
Instead of the unquenched approaches with higher Fock

states, the potential model including screening effects is an
alternate approach to lower the mass spectrum, which has
been extensively employed to study the properties of conven-
tional mesons and achieved significant success. The advan-
tage of the screening potential is that one can bring down the
masses of excited states while avoiding involving higher
Fock components. Hence, we expect that the potential model
including screening effects may relieve the tension between
measured mass and theoretical predictions under the assign-
ment ofDs0ð2590Þ asDsð21S0Þ state. Moreover, it is natural

and necessary to explore the possible conventional descrip-
tions for a newly observed particle before introducing more
complicated and exotic configurations. In this work, we
apply the Godfrey-Isgur’s relativized quark model including
screening effects to revisit themass spectrumof the charmed-
strange mesons, and then adopt the obtained wave functions
to study their strong decay behaviors in the 3P0 model. Our
results show that the calculated mass and width of the
Ds0ð2590Þþ are consistent with the experimental observa-
tions, which suggest that it can be reasonably interpreted as
the Dsð21S0Þ state.
This article is organized as follows. In Sec. II, we briefly

introduce the relativized quark models and 3P0 models. The
results and discussions of charmed-strange mesons are
presented in Sec. III. Finally, a summary is given in the last
section.

II. MODELS

A. The relativized quark model

In this subsection, we will give a brief introduction of the
relativized quark model proposed by Godfrey and Isgur
(GI model) [1]. This model has been extensively adopted
to investigate the properties of conventional hadrons
[1,7,28,39–44] and tetraquarks [45–55], and give a unified
description of different flavor sectors. In particular, for the
low-lying states, the relativized quark model plays an
important role in studying their mass spectra and provides
an effective criterion to distinguish conventional mesons
from exotics.
For a two-body system, the relevant Hamiltonian can be

written as

H ¼ H0 þ Voge þ Vconf ; ð3Þ

where

H0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

1

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

2

q
ð4Þ

is the relativistic kinetic energy, Voge is the one gluon
exchange potential, and Vconf corresponds to the confining
potential. The induced spin-the smearing transformation,
one has the Voge and Vconf .
More explicitly, the potentials Voge and Vconf can be

expressed as

Voge ¼ β1=212 G̃ðrÞβ1=212 þ δ1=2þϵc
12

2S1 · S2
3m1m2

∇2G̃ðrÞδ1=2þϵc
12 þ δ1=2þsoðvÞ

12

ðS1 þ S2Þ · L
m1m2

1

r
∂G̃ðrÞ
∂r δ1=2þsoðvÞ

12

þ δ1=2þsoðvÞ
11

S1 · L
2m2

1

1

r
∂G̃ðrÞ
∂r δ1=2þsoðvÞ

11 þ δ1=2þsoðvÞ
22

S2 · L
2m2

2

1

r
∂G̃ð2Þ
∂r δ1=2þsoðvÞ

22

þ δ1=2þϵt
12

�
S1 · r̂S2 · r̂ − S1 · S2=3

m1m2

��
1

r
∂
∂r −

∂2

∂r2
�
G̃ðrÞδ1=2þϵt

12 ; ð5Þ
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and

Vconf ¼ S̃ðrÞ − δ1=2þsoðsÞ
11

S1 · L
2m2

1

1

r
∂S̃ðrÞ
∂r δ1=2þsoðsÞ

11

− δ1=2þsoðsÞ
22

S2 · L
2m2

2

1

r
∂S̃
∂r δ

1=2þsoðsÞ
22 : ð6Þ

Here, the G̃ðrÞ and S̃ðrÞ are the smeared potentials, and can
be written as

G̃ðrÞ ¼ −
X3
k¼1

4αk
3r

erfðτk12rÞ ð7Þ

and

S̃ðrÞ ¼ br

�
e−σ

2
12
r2ffiffiffi

π
p

σ12r
þ
�
1þ 1

2σ212r
2

�
erfðσ12rÞ

�
þ c ð8Þ

with

1

τ2k12
¼ 1

γ2k
þ 1

σ212
ð9Þ

and

σ212¼ σ20

�
1

2
þ1

2

�
4m1m2

ðm1þm2Þ2
�

4
�
þ s2

�
2m1m2

m1þm2

�
2

: ð10Þ

The definition of δ11, δ12, δ22, and β12 are

δij ¼
mimj

ðp2 þm2
i Þ1=2ðp2 þm2

jÞ1=2
ð11Þ

and

β12 ¼ 1þ p2

ðp2 þm2
1Þ1=2ðp2 þm2

2Þ1=2
: ð12Þ

The p is the magnitude of the relative momentum between
the quark and antiquark. The m1 and m2 are masses of the
quark and antiquark, respectively. The αk, γk, b, c, σ0, s and
ϵi are the parameters introduced in the relativized quark
model.

B. Screened potential

For high excited states, it is necessary to introduce the
screening effects to the relativized model, because the
linear confining potential will be screened and softened by
the vacuum polarization effects at a large distance [56–58].
Also, the modified relativized model (MGI model) includ-
ing screen effects turns out to be able to give a better
description of the mass spectra for the radial and orbital
excitations [29,49,59–64].

To incorporate the screen effects in the relativized quark
model, we should replace the confining potential S̃ðrÞ with
a screened potential. The S̃ðrÞ actually arises from the
linear confinement according to the smearing transforma-
tion. For an arbitrary potential fðrÞ, the smeared ones f̃ðrÞ
can be expressed as

f̃ðrÞ ¼
Z

d3r0ρ12ðr − r0Þfðr0Þ ð13Þ

with

ρ12ðr − r0Þ ¼ σ312
π3=2

e−σ
2
12
ðr−r0Þ2 : ð14Þ

It can be noticed that the linear confining potential SðrÞ ¼
brþ c indeed leads to the S̃ðrÞ through the above smearing
transformation. Here, the constant c always attaches to the
confining potential for the same convention as Ref. [1],
which can be fixed by the mass of the ground state.
In the literature, the following replacement is often

employed to modify the linear confining potential in the
quark model [57,58],

SðrÞ ¼ brþ c → VscrðrÞ ¼ bð1 − e−μrÞ
μ

þ c: ð15Þ

If r is small enough, one has VscrðrÞ ¼ VðrÞ. Therefore,
this replacement will minimally affect the ground states,
and reduce the excited states significantly. The parameter μ
is related to the strength of the screening effects, and one
can roughly understand that the screening effects begin to
work from r ∼ 1=μ. With the smearing transformation,
one has

ṼscrðrÞ ¼ b
μr

�
e

μ2

4σ2
12

þμr
�

1ffiffiffi
π

p
Z μþ2rσ2

12
2σ12

0

e−x
2

dx −
1

2

�

×
μþ 2rσ212

2σ212
þ r − e

μ2

4σ2
12

−μr μ − 2rσ212
2σ212

×
�

1ffiffiffi
π

p
Z μ−2rσ2

12
2σ12

0

e−x
2

dx −
1

2

��
þ c: ð16Þ

Finally, by replacing the S̃ðrÞ with Ṽscr in the original
relativized quark model, we obtain the modified relativized
quark model including the screening effects. The mass
spectrum and wave functions of the mesons can be obtained
by solving the relativized Hamiltonian, and the wave
functions are used as inputs to investigate the subsequent
strong decays for mesons.

C. The 3P0 model

In addition to the mass spectrum, the decay widths are
crucial to identify the assignments for mesons. Here, we
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give a brief introduction of the 3P0 model which is
widely used in studying two-body OZI-allowed strong
decays of mesons [6,30,31,44,65–79]. In the 3P0 model, the
strong decay of a meson takes place by producing a quark-
antiquark pair with vacuum quantum number JPC ¼ 0þþ.
The newly created quark-antiquark pair, together with
the qq̄ in the initial meson, regroups into two outgoing
mesons in all possible quark rearrangements. Some
detailed reviews on the 3P0 model can be found in
Refs. [67,68,72–74].
The transition operator T of the decay A → BC in the 3P0

model is given by

T ¼ −3γ
X
m

h1; m; 1;−mj0; 0i
Z

d3p3d3p4δ3ðp3 þ p4Þ

× Ym
1

�
p3 − p4

2

�
χ341−mϕ

34
0 ω34

0 b†3ðp3Þd†4ðp4Þ; ð17Þ

where the γ is a dimensionless parameter denoting the
production strength of the quark-antiquark pair q3q̄4 with
quantum number JPC ¼ 0þþ. p3 and p4 are the momenta of
the created quark q3 and antiquark q̄4, respectively. χ341;−m,
ϕ34
0 , and ω34

0 are the spin, flavor, and color wave functions
of q3q̄4, respectively. The solid harmonic polynomial
Ym

1 ðpÞ≡ jpj1Ym
1 ðθp;ϕpÞ reflects the momentum-space dis-

tribution of the q3q4.
The S matrix of the process A → BC is defined by

hBCjSjAi ¼ I − 2πiδðEA − EB − ECÞhBCjTjAi; ð18Þ

where jAi (jBi,jCi) is the mock meson defined by [80]

jAðn2SAþ1
A LAJAMJA

ÞðpAÞi
≡ ffiffiffiffiffiffiffiffi

2EA

p X
MLA

;MSA

hLAMLA
SAMSA jJAMJAi

×
Z

d3pAψnALAMLA
ðpAÞχ12SAMSA

ϕ12
A ω12

A

×

����q1
�

m1

m1þm2

pAþpA

�
q̄2

�
m2

m1þm2

pA−pA

��
: ð19Þ

Here, m1 and m2 (p1 and p2) are the masses (momenta) of
the quark q1 and the antiquark q̄2, respectively; pA ¼
p1 þ p2, pA ¼ m2p1−m1p2

m1þm2
; χ12SAMSA

, ϕ12
A , ω12

A , and

ψnALAMLA
ðpAÞ are the spin, flavor, color, and space wave

functions of the meson A composed of q1q̄2 with total
energy EA, respectively. nA is the radial quantum number of
the meson A. SA ¼ sq1 þ sq̄2 , JA ¼ LA þ SA, sq1ðsq̄2Þ is the
spin of q1ðq̄2Þ, and LA is the relative orbital angular
momentum between q1 and q̄2.
The transition matrix element hBCjTjAi can be written as

hBCjTjAi ¼ δ3ðpA − pB − pCÞMMJA
MJB

MJC ðpÞ; ð20Þ

where the helicity amplitude MMJA
MJB

MJC ðpÞ is

MMJA
MJB

MJC ðpÞ ¼ γ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8EAEBEC

p X
MLA

;MSA

X
MLB

;MSB

X
MLC

;MSC

X
m

hLAMLA
SAMSA jJAMJAi

× hLBMLB
SBMSB jJBMJBihLCMLC

SCMSC jJCMJCi
× h1m1 −mj00ihχ14SBMSB

χ32SCMSC
jχ12SAMSA

χ341−mi
× ½f1Iðp; m1; m2; m3Þ þ ð−1Þ1þSAþSBþSCf2Ið−p; m2; m1; m3Þ� ð21Þ

with f1 ¼ hϕ14
B ϕ32

C jϕ12
A ϕ34

0 i and f2 ¼ hϕ32
B ϕ14

C jϕ12
A ϕ34

0 i, and

Iðp; m1; m2; m3Þ ¼
Z

d3pψ�
nBLBMLB

�
m3

m1 þm3

pB þ p

�

× ψ�
nCLCMLC

�
m3

m2 þm3

pB þ p

�

× ψnALAMLA
ðpB þ pÞYm

1 ðpÞ; ð22Þ

where p ¼ pB ¼ −pC, p ¼ p3,m3 is the mass of the created
quark q3. Also, the helicity amplitude can be transformed
into the partial wave amplitude MLSðpÞ [81],

MLSðpÞ ¼
X

MJB
;MJC

;

MS;ML

hLMLSMSjJAMJAi

× hJBMJBJCMJC jSMSi

×
Z

dΩY�
LML

MMJA
MJB

MJC ðpÞ: ð23Þ

Various 3P0 models exist in literature and typically differ
in the choices of the pair-production vertex, the phase space
conventions, and the meson wave functions employed. In
this work, we restrict to the simplest vertex as introduced
originally by Micu [82] which assumes a spatially constant
pair creation strength γ for the uū and dd̄ pairs. For the ss̄
pair, the creation strength is multiplied by a factor mu=ms.
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The wave functions can be obtained from the modified
relativized quark model including the screening effects.
With the relativistic phase space, the decay width ΓðA →
BCÞ can be expressed in terms of the partial wave
amplitude

ΓðA → BCÞ ¼ πjpj
4M2

A

X
LS

jMLSðpÞj2; ð24Þ

where jpj¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½M2

A−ðMBþMCÞ2�½M2
A−ðMB−MCÞ2�

p
=2MA,

and MA, MB, and MC are the masses of the mesons A, B,
and C, respectively.

III. CALCULATION AND RESULTS

A. Mass spectrum

The relevant parameters used in the original relativized
quark model are listed in Table I [1]. When the screening
effects are included, and extra parameter μ is introduced,
which reflects the strength of screening effects. In the
present work, we can get the parameter μ by reproducing
the experimental data of low-lying states. As mentioned
in the Introduction, seven states, Ds, D�

s , Ds1ð2536Þ,
D�

s2ð2573Þ, D�
s1ð2700Þ, D�

s1ð2860Þ, and D�
s3ð2860Þ, can

be reasonably classified in the conventional charmed-
strange mesons. Since the Ds1ð2536Þ is a mixture of the
Dsð11P1Þ and Dsð13P1Þ states, we do not include it when
determining the parameter μ. Also, the overall constant c is
readjusted by fixing the mass of Dsð11S0Þ to 1968 MeV
when the μ varies.

The mass spectrum of the charmed-strange meson with μ
from 0.04 to 0.05 GeV is listed in Table II. For comparison,
the experiment data and predictions of the original rela-
tivized quark model are also presented. It can be seen that
the measured masses of the low-lying states can be well
reproduced and the predicted spectrum in the screened
potential is improved significantly. Moreover, we can
estimate the corresponding χ2 and present them in
Table II. Here the χ2 can be defined as

χ2 ¼
X
i

�
AThðiÞ −AExpðiÞ

ErrorðiÞ
�

2

; ð25Þ

where AThðiÞ, AExpðiÞ, and ErrorðiÞ are theoretical values,
experimental values, and experimental errors, respectively.
With the reasonable range of μ, the χ2 of screened potential
is significantly smaller than that of original relativized
quark model.
It should be mentioned that the χ2 is not the only criterion

of the performances for different predictions in quarkmodels.
FromEq. (25), if the experimental accuracies of several states
are high enough, the model with the smallest χ2 may only
reproduce these few states and fail to describe thewholemass
spectrum. Phenomenologically, we also expect the absolute
value jAThðiÞ −AExpðiÞj for each state is not too large, such
that these states can be interpreted in the conventional cs̄
picture. In the range of μ ¼ 0.04–0.05 GeV, the results meet
the above requirements.
Hence, we prefer to choose μ ¼ 0.045 GeV to calculate

the mass spectrum of charmed-strange mesons, and take
the masses with μ ¼ 0.04 and 0.05 GeV as the theoretical
uncertainties. With μ ¼ 0.045 GeV, one can obtain the
constant c equals to −0.243. The theoretical predictions
together with experimental data are shown in Fig. 1. It
can be seen that the Ds0ð2590Þþ can be assigned as the
Dsð21S0Þ state according to its mass. Moreover, we
compare the predictions of different models in
Table III, and find that they give rather different

TABLE I. Parameters in the Godfrey-Isgur’s relativized quark
model [1].

Parameter Value Parameter Value Parameter Value

mu (GeV) 0.22 b (GeV2) 0.18 ϵc −0.168
md (GeV) 0.22 c (GeV) −0.253 ϵt þ0.025
ms (GeV) 0.419 σ0 (GeV) 1.8 ϵsoðvÞ −0.035
mc (GeV) 1.628 s 1.55 ϵsoðsÞ þ0.055

TABLE II. Comparison of the experimental data and theoretical results with different μ. We take μ ¼ 0.04, 0.045,
0.05 GeV to show the results with the modified relativized quark model with screened potential. We also list the χ2

values for different models.

Modified GI model

n2Sþ1LJ Experimental values GI model μ ¼ 0.04 μ ¼ 0.045 μ ¼ 0.05

D�
s 11S0 1968.34� 0.07 1979 1968 1968 1968

D��
s 13S1 2112.2� 0.4 2129 2114 2114 2113

D�
s2ð2573Þ 13P2 2569.1� 0.8 2592 2559 2556 2553

D�
s1ð2700Þ� 23S1 2708þ4.0

−3.4 2732 2681 2675 2670
D�

s1ð2860Þ� 13D1 2859� 12� 24 2899 2839 2833 2827
D�

s3ð2860Þ� 13D3 2860.5� 2.6� 6.5 2917 2858 2852 2846
χ2 666 55.17 86.23 119.39
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predictions for the higher states. Also, the screening
effects become increasingly important as the masses go
up. The information on highly excited states is crucial to
distinguish these different models and test our screened
potential.

B. Strong decays

Besides the mass spectrum, the strong decay behaviors
are essential to clarify the internal structure of a new
resonance. In this work, the 3P0 model is adopted to
investigate the strong decays of the Ds0ð2590Þ. While we
calculate the mass spectrum, the corresponding wave
functions of mesons are also obtained. Then, only one
parameter γ in the 3P0 model needs to determine. We can
assume that the charmed-strange mesons share the same γ,
and fit this parameter from the known states. Among the
seven reasonably classified states, Ds only decays though
weak processes, D�

s has no OZI-allowed strong decay, and
the strong decays ofDs1ð2536Þ depend on the mixing angle
sensitively. Hence, we adopt the remaining resonances,
D�

s2ð2573Þ, D�
s1ð2700Þ, D�

s1ð2860Þ, and D�
s3ð2860Þ, to fit

the parameter γ.

According to the fitting process, the γ ¼ 9.32 is
obtained, and the strong decay behaviors of the
D�

s2ð2573Þ, D�
s1ð2700Þ, D�

s1ð2860Þ, and D�
s3ð2860Þ are

listed in Table IV. It can be seen that the calculated widths
of D�

s2ð2573Þ and D�
s3ð2860Þ are consistent with the

experimental data within errors, and the theoretical width
of D�

s1ð2700Þ and D�
s1ð2860Þ seems a little bit larger.

These differences may arise from the theoretical uncer-
tainties of the 3P0 model or the possible complicated
S −D mixing mechanism for the D�

s1ð2700Þ and
D�

s1ð2860Þ states. Hence, with the γ ¼ 9.32, the strong
decay behaviors of these four states are fairly described.
We employ this value to investigate the strong decays
of Ds0ð2590Þ.
The results of Ds0ð2590Þ as the Dsð21S0Þ state are listed

in Table V. The calculated width is about 75 MeV, which
agrees well with the experimental data 89� 16� 12 MeV.
Also, the dependence on the mass of initial state is shown in
Fig. 2. When the mass of initial Dsð21S0Þ state varies from
2570 to 2610 MeV, the total width lies in the range of 51 to
98 MeV. Our results indicate that the Ds0ð2590Þþ observed
by LHC Collaboration can be interpreted as the conven-
tional Dsð21S0Þ state.

FIG. 1. Mass spectrum of the charmed-strange mesons in units of MeV. The black lines show the MGI model with μ ¼ 0.045 GeV and
the shaded regions stand for the theoretical uncertainties with μ ¼ 0.04–0.05 GeV. The dark blue dots denote the experimental data [83]
and the vertical lines represent the errors.
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TABLE III. Our predicted masses of charmed-strange mesons compared with the experimental data and other quark model
predictions. The mixing angles of Ds–D0

s obtained in this work are θ1P ¼ −42.7°, θ2P ¼ −31.4°, θ1D ¼ −39.4°, θ2D ¼ −38.4°,
θ1F ¼ −39.9°. Horizontal lines indicate that the corresponding masses are not calculated in the references. The units are in MeV.

State JP Ours GI [1,7] ZVR [2] LNR [3] DE [4] EFG [5] LJM [6] NLZ [8] Exp [83]

Dsð11S0Þ 0− 1968 1979 1940 1975 1965 1969 1969 1969 1968.34� 0.07
Dsð13S1Þ 1− 2114 2129 2130 2180 2113 2111 2107 2112 2112.2� 0.4
Dsð21S0Þ 0− 2620 2673 2610 2659 2700 2688 2640 2649 2591� 6� 7

Dsð23S1Þ 1− 2675 2732 2730 2722 2806 2731 2714 2737 2708þ4.0
−3.4

Dsð31S0Þ 0− 3072 3154 3090 3044 3259 3219 … 3126 …
Dsð33S1Þ 1− 3036 3193 3190 3087 3345 3242 … 3196 …

Dsð13P0Þ 0þ 2450 2484 2380 2455 2487 2509 2344 2409 2317.8� 0.5
Dsð1PÞ 1þ 2515 2549 2510 2502 2535 2536 2488 2528 …
Dsð1P0Þ 1þ 2519 2556 2520 2522 2605 2574 2510 2545 …
Dsð13P2Þ 2þ 2556 2592 2580 2586 2581 2571 2559 2575 2569.1� 0.8
Dsð23P0Þ 0þ 2913 3005 2900 2901 3067 3054 2830 2940 …
Dsð2PÞ 1þ 2930 3018 3000 2928 3114 3067 2958 3002 …
Dsð2P0Þ 1þ 2944 3038 3010 2942 3165 3154 2995 3026 …
Dsð23P2Þ 2þ 2957 3048 3060 2988 3157 3142 3040 3053 …

Dsð13D1Þ 1− 2833 2899 2820 2845 2913 2913 2804 2843 2859� 12� 24

Dsð1DÞ 2− 2837 2900 2860 2838 2900 2931 2788 2851 …
Dsð1D0Þ 2− 2859 2926 2880 2856 2953 2961 2849 2911 …
Dsð13D3Þ 3− 2852 2917 2900 2857 2925 2971 2811 2882 2860.5� 2.6� 6.5
Dsð23D1Þ 1− 3176 3306 3250 3172 … 3383 3217 3233 …
Dsð2DÞ 2− 3173 3298 3280 3144 … 3403 3217 3267 …
Dsð2D0Þ 2− 3192 3323 3290 3167 … 3456 3260 3306 …
Dsð23D3Þ 3– 3185 3311 3310 3157 … 3469 3240 3299 …

Dsð13F2Þ 2þ 3107 3208 3120 … 3224 3230 … 3176 …
Dsð1FÞ 3þ 3078 3186 3130 … … 3254 … 3123 …
Dsð1F0Þ 3þ 3104 3218 3150 … … 3266 … 3205 …
Dsð13F4Þ 4þ 3094 3190 3160 … 3220 3300 … 3134 …

TABLE IV. Decay widths of D�
s2ð2573Þ, D�

s1ð2700Þþ,
D�

s1ð2860Þþ and D�
s3ð2860Þþ with fitted γ ¼ 9.32 (in MeV).

Mode D�
s2ð2573Þ D�

s1ð2700Þþ D�
s1ð2860Þþ D�

s3ð2860Þþ
DK 12.07 61.13 150.72 25.65
D�K 1.27 116.05 76.36 17.27
DK� 0.03 3.69 45.22 1.32
Dsη … 1.61 10.78 0.52
D�

sη … … 3.72 0.16
Total width 13.37 182.48 286.80 44.92
Experiment 16.9� 0.7 122� 10 159� 23� 77 53� 7� 7

TABLE V. Decay widths of Ds0ð2590Þþ as the Dsð21S0Þ state
with fitted γ ¼ 9.32 (in MeV).

Mode Ds0ð2590Þþ
D�þK0 35.52
D�0Kþ 39.38
Total width 74.90
Experiment 89� 16� 12

FIG. 2. The dependence of the total width of Dsð21S0Þ on the
initial state mass.
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IV. SUMMARY AND CONCLUSION

In this work, we investigate the mass spectrum of
charmed-strange mesons with the modified relativized
quark model including the screening effects. With reason-
able strength of screening effects, the calculated mass
spectrum can explain the Ds0ð2590Þþ as well as other
known charmed-strange mesons. The information on
highly excited states is crucial to distinguish various
predictions and test our results with screened potential.
Besides the mass spectrum, the strong decays of

Ds0ð2590Þþ as Dsð21S0Þ state are also investigated in
the 3P0 model with the obtained relativistic wave functions.
The calculated width is about 75 MeV, which agrees well
with the experimental data 89� 16� 12 MeV. Our results
indicate that the Ds0ð2590Þþ can be interpreted as the
conventional Dsð21S0Þ state.
Certainly, it is a tempting thought that describes the

whole meson spectroscopy within one consistent set of
parameters. As estimations, we also find that these
parameters are suitable for the low-lying bottom and

bottom-strange mesons owing to the heavy quark sym-
metry. However, to know accurately whether these param-
eters are suitable for other mesons, one should do
systematic and tedious studies. Future investigations are
needed to clarify this question.
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