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Inspired by the present experimental status of charmed-strange mesons, we perform a systematic study
of the charmed-strange meson family in which we calculate the mass spectra of the charmed-strange meson
family by taking a screening effect into account in the Godfrey-Isgur model and investigate the
corresponding strong decays via the quark pair creation model. These phenomenological analyses of
charmed-strange mesons not only shed light on the features of the observed charmed-strange states, but also
provide important information on future experimental search for the missing higher radial and orbital
excitations in the charmed-strange meson family, which will be a valuable task in LHCb, the forthcoming

Belle II, and PANDA.
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I. INTRODUCTION

As experiments have largely progressed in the past
decade, more and more charmed-strange states have been
reported [1]. Facing abundant experimental observations, we
need to provide an answer, as one crucial task, to the
question of whether these states can be identified in the
charmed-strange meson family, which is not only a valuable
research topic relevant to the underlying structure of the
newly observed charmed-strange states, but also helpful in
establishing the charmed-strange meson family step by step.

It is a suitable time to give a systematic study of the
charmed-strange meson family, which includes two main
topics, i.e., the mass spectrum and strong decay behavior.
At present, we have abundant experimental information of
charmed-strange states which can be combined with the
theoretical results to carry out the corresponding phenom-
enological study.

As the first key step of whole study of the charmed-
strange meson family, the investigation of the mass
spectrum of charmed-strange mesons should reflect how
a charm quark interacts with a strange antiquark. Godfrey
and Isgur proposed the so-called Godfrey-Isgur (GI) model
to describe the interaction between ¢ and g quarks inside of
mesons [2] some 30 years ago. Although the GI model has
achieved great success in reproducing/predicting the low
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lying mesons, there exist some difficulties when reproduc-
ing the masses of higher radial and orbital excitations,
which is because the GI model is a typical quenched model.
A typical example of this defect appears in the low mass
puzzle of D%,(2317) [3—6] and Dy, (2460) [4-7], where the
observed masses of D},(2317) and Dy, (2460) are far lower
than the corresponding results calculated using the GI
model. A common feature of higher excitations is that they
are near the thresholds of meson pairs, which can interact
with these higher excitations with the Okubo-Zweig-lizuka
(OZI)-allowed couplings. Hence, it is unsuitable to use the
quenched GI model to describe the mass spectrum of a
higher excited meson and, alternatively, we need to adopt
an unquenched model. Although there have been a couple
of works studying heavy-light systems including charmed-
strange mesons together with their decay modes [8—15], we
would like to modify the GI model in this work such that
the screening effect is introduced to reflect the unquenched
peculiarity. In the following section, we present a detailed
introduction to the modified GI model.

In this work, we revisit the mass spectrum of the
charmed-strange meson to apply the modified GI model
and compare our results with those of the former GI model
and experimental data. We would like to see whether this
treatment improves the description of the charmed-strange
meson spectrum to make the modified GI model reliable.
We try further to obtain information of wave functions of
charmed-strange mesons, which is important as an input in
calculating the decay behavior of the two-body OZI-
allowed decay of charmed-strange mesons.

Together with the study of the mass spectrum of
charmed-strange mesons, it is important to know the
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TABLE I. Experimental information of the observed charmed-strange states.
State Mass (MeV) [1] Width (MeV) [1] First observation Observed decay modes
D, 1968.49 +0.33
D} 2112.34+0.5 <1.9
D¥,(2317) 2317.8 £ 0.6 <3.8 BABAR [3] D" [3]
D, (2460) 2459.6 £ 0.6 <35 CLEO [4] D’ [4]
D,;(2536) 2535.12 +£0.13 0.92 £ 0.05 ITEP, SERP [23] Di*y [23]
D%, (2573) 2571.9 £0.8 1613 +3 [24] CLEO [24] DK [24]
D’,(2632)" 2632.5+ 1.7 5.0 [25] < 17 [25] SELEX [25] DK+ [25]
D?,(2700) 2688 +4 + 3 [26] 112 +7 4+ 36 [26] BABAR [26] DK [26]

2708 £ 975 [27] 108 £ 23759 [27] Belle [27] DK+ [27]

2710 £ 2452 [28] 149 £ 737 [28] BABAR [28] DWK [28]

2709.2 + 1.9 + 4.5 [29] 115.8 £7.3 £ 12.1 [29] LHCb [29] DK [29]

D,(2860) 2856.6 & 1.5 + 5.0 [26] 47 +£7 £ 10 [26] BABAR [26] DK [26]

2862 £ 273 [28] 48 £3 £ 6 [28] BABAR (28] DMK [28]

2866.1 & 1.0 + 6.3 [29] 69.9 £3.2 £ 6.6 [29] LHCb [29] DK [29]

D*;(2860) 2860.5 2.6 +2.5 £ 6.0 [30,31] 53+7+4+6[3031] LHCb [30,31] DK~ [30,31]
D?,(2860) 2859 + 12 +£ 6 + 23 [30,31] 159 +£23 +£27 £ 72 [30,31] LHCb [30,31] DK~ [30,31]
D,;(3040) 3044 + 813 [28] 239 + 3579 [28] BABAR [28] D*K [28]

“Since D},(2632) was only reported by SELEX [25] and not confirmed by other experiments [32], we do not include this state in our

review of this work.

properties of charmed-strange mesons when investigating
their decay behavior. We will adopt the quark pair creation
(QPC) model [16-22] to calculate the two-body OZI-
allowed decay of charmed-strange mesons where the
corresponding partial and total decay widths are calculated.
Through this study, we can further test different possible
assignments to the observed charmed-strange states. In
addition, we can predict the decay behavior of their
partners, which are still missing from experiments. This
information is important for experimenters to search further
for these missing charmed-strange mesons, which will be a
main task of future experiments.

This work 1is organized as follows. After the
Introduction, we will briefly review the research status
of the observed charmed-strange states in Sec. II. In
Sec. III, the GI model is briefly introduced and we give
the detailed illustration of how to modify the GI model by
introducing the screening effect. The mass spectrum of
charmed-strange mesons together with wave functions is
calculated using the modified GI model. Furthermore, the
comparison of our results with experimental data and
results from the former GI model is given here. With these
preparations, in Sec. IV we further study the two-body
OZlI-allowed strong decay behaviors of charmed-strange
mesons through the QPC model and briefly introduce this
model. Next, we perform the phenomenological analysis by
combining our results with the experimental data. The
paper ends with a summary in Sec. V.

II. CONCISE REVIEW OF THE OBSERVED
CHARMED-STRANGE STATES

In this section, we briefly review the experimental and
theoretical status on charmed-strange mesons. First, in

Table I we collect the experimental information of the
observed charmed-strange states, which include resonance
parameters and the corresponding experiments. Since D
and D** have been established to be 1S ¢5 mesons, our
review mainly focuses on possible candidates of higherradial
and orbital excitations in the charmed-strange meson family.

A. D,1(2536) and D7, (2573)

Prior to 2013, there were only two good candidates for
the 1P states in the charmed-strange meson family,
D(2536) and D%, (2573).

As a charmed-strange meson with J© = 17, D,(2536)
was first observed in 1987 by analyzing the DYy invariant
mass spectrum of the DN scattering process [23], where the
measured mass is (2535 +28) MeV. Later, the ARGUS
Collaboration observed this state in the D** K final state,
where its mass and width are M = (2536+0.6 £2.0) MeV
and I'<4.6MeV [33], respectively. Since there does not
exist the Dy;(2536) signal in the D*K° invariant mass
spectrum, D;(2536) has an unnatural spin-parity [33]. In
1993, the CLEO Collaboration measured the ratio of
I'(Dy;(2536) - Diy) toI'(Dy; (2536) - D*K), which is [34]

[(D;1(2536) — Diy)

I(D,,(2536) = D'K) ~ 4% (m

The D,;(2536) has been confirmed by other groups in
different channels [35-43]. The BABAR Collaboration
reported this state in the Dz 7~ invariant mass spectrum
[6]. The Belle Collaboration observed the D,;(2536)—
Dz~ K" decay mode [44], where the ratio B(D/, (2536) —
Dz K*+)/B(D},(2536) — D**K*) = (3.27 + 0.18 &
0.37)% was obtained. In addition, the measurement of
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the angular distribution of the D;;(2536)% — D**K?
indicates that D,;(2536)" — D**KY dominantly occurs
via an S-wave with T[(Dy(2536)" = D" K9)g e/
[(Dy;(2536)" —» D*"KY),o.q = (0.72+0.05 £ 0.01). The
mass value and narrow width of Dy;(2536) are consistent
with the theoretical expectation of the charmed-strange meson
as JP = 11 [45].

In 1994, the CLEO Collaboration observed a charmed-
strange meson D?,(2573) in the DK™ invariant mass
spectrum [24], where the measured resonance parameters
are M = (257377 £0.840.5) MeV and T = (1673+
3) MeV. In addition, an upper limit of the following ratio
was given:

B(D%,(2573)* - D*°K™)
B(D*,(2573)* — D°K™)

<033, (2)

which is from the search for the decay mode
D%, (2573)" - D*K* [24]. At present, D%,(2573) is a
good candidate of a charmed-strange meson with 13P,
since its mass is consistent with the theoretical prediction
[45]. The D?,(2573) had subsequently been confirmed by
some other collaborations in the D°K* invariant mass
spectrum [25,26,38,46,47].

B. D},(2317) and D;;(2460)

In 2003, the BABAR Collaboration observed a new
charmed-strange state near 2.32 MeV in the D z° invariant
mass distribution of the B decay, which is named as
D?,(2317) [3]. Later, the CLEO Collaboration con-
firmed this state in the D} z° channel and reported another
narrow charmed-strange state Dy, (2460) [4]. In addition,
the ratio

B(D%,(2317)* - Di*y)
B(D#,(2317)* - D{z°)

< 0.059 (3)

was obtained in Ref. [4] while the Belle and BABAR
collaborations gave the upper bound of this ratio as 0.18
and 0.16, respectively [5,6]. The D,;(2460) was also
confirmed by the Belle and BABAR collaborations [5-7].

If assigning D?,(2317) and Dy;(2460) as charmed-
strange mesons with quantum numbers J” = 0 and
JP =17, respectively, there exists the low mass puzzle
for D%,(2317) and Dy, (2460), i.e., the theoretical masses of
charmed-strange mesons with 07 and 17 are 2.48 and
2.53 GeV, respectively, predicted by the old but successful
model proposed in Refs. [2,45], whose values are far
larger than the corresponding experimental data. These
peculiarities have also stimulated theorists’ extensive inter-
est in exploring their inner structures and the exotic state
explanations to D%(2317) and Dy, (2460) were especially
proposed in Refs. [48-50].

Since D¥;(2317) and Dy, (2460) are near and below the
thresholds of DK and D*K, respectively, the coupled-
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channel effect, which is an important nonperturbative QCD
effect, should be considered in understanding the low mass
puzzle. This means that D?,(2317) and Dy, (2460) are still
categorized as the conventional charmed-strange meson
family [51-53].

C. D;,(2700)

In 2006, the BABAR Collaboration observed a broad
structure in the DK invariant mass spectrum, which was
named as D% (2700) [26] and the mass and width are
M=(2688+4+3)MeV and I = (112 £ 7 4+ 36) MeV,
respectively. Later, D% (2700) was confirmed by the
Belle Collaboration in the DK invariant mass spectrum
of B - D°{D°K™} process [27]. The angular momentum
and parity of D?,(2700) are determined to be J = 1 and
P = — by the helicity angle distribution and by its decay to
two pseudoscalar mesons, respectively. The BABAR
Collaboration reported the D*K decay mode of
D,;(2700) in Ref. [28] and obtained a ratio of
B(D;,(2710) - D*K) to B(D},(2710) — DK) as [28]

B(D?,(2710) —» D*K)
B(D?,(2710) - DK)

=0914+0.13+£0.12. (4)

In 2012, the LHCb Collaboration also observed D7, (2700)
in the DK mass spectrum [29].

As a vector charmed-strange state, the measured mass of
D?,(2700) is close to the prediction of the 23S, charmed-
strange meson [2]. The strong decay behavior of a c§ state
of 238, is investigated using the QPC model in Ref. [54].
The ratio B(D% (2700) - D*K)/B(D%,(2700) — DK)
evaluated by the effective Lagrangian approach, however,
favors the 2'S, assignment for D%, (2700) [55]. Besides the
decay behavior, the production of D, (2700) from the B
meson decay was calculated by a naive factorization
method, which shows that D% (2700) could be explained
as the first radial excitation of D}(2112) [56].

In Refs. [57,58], D%, (2700) was assigned as a mixing of
the 23S, and 13D, c5 states, and this assignment can be
supported by the study of the decay behavior obtained by
the QPC model. The obtained ratio of B(D%(2710) —
D*K)/B(D%,(2710) — DK) is also consistent with the
experimental measurement [58] from BABAR [28]. In
addition, evaluation by the constituent quark model [59]
and the Regge phenomenology [60] also supports the
assignment of D% (2710) as a mixing of the 23S, and
1°D; c5 states. Other than a standard interpretation of
D?,(2700) as a c5 state, a molecular state explanation
was proposed in Ref. [61], which is based on a poten-
tial model.

D. D},(2860), D;,(2860), and D7;(2860)

The D?,(2860) was first discovered by the BABAR
Collaboration in the DK invariant mass spectrum of the
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inclusive process ete™ — DKX [26]. Its resonance param-
eters are reported as M = (2856.6+1.5+5.0) MeV and

= (48 =7 £+ 10) MeV. This state was confirmed in the
D*K mode by the BABAR Collaboration [28] again and the
ratio B(D?,;(2860)" — D*K)/B(D%,(2860)" — DK) was
measured as

B(D?,(2860)* — D*K)
B(D?,(2860)" — DK)

=1.10+0.15+£0.19. (5)

Very recently, the LHCb Collaboration reported their
new measurement of the structure around 2.86 GeV in the
DK~ invariant mass distribution of B? — D°K~—z*
[30,31]. The amplitude analysis of this decay indicates
that the structure at mpog- = 2.86 GeV contains both
JP =17 and JP =3~ components corresponding to
D*,(2860) and D*;(2860), respectively, where the reso-
nance parameters of D% (2860) and D¥;(2860) are

Ty ose0) = (159 £23 £27 £72) MeV, (7
M, i2560) = (28605 2.6 = 2.5 £ 6.0) MeV.  (8)

I (2860) = =(53+7+4+6) MeV. 9)

Before the measurement by the LHCb Collaboration, the
properties of D?;(2860) have been widely discussed. The
possibility of D7?,(2860) as the first radial excitation of
D*,(2317) has been ruled out due to the observation of
D7,(2860) — D*K [28]. According to the calculation by
the QPC model [54], the Regge phenomenology [60], the
chiral quark model [62], and the flux tube model [63],
D?,(2860) can be assigned to a 13D; charmed-strange
meson. However, different approaches give different
ratios of B(D},(2860) - D*K)/B(D?,;(2860) — DK).
For example, this ratio was estimated to be 0.36 by the
effective Lagrangian method [55] and to be 0.8 by the QPC
model [58]. At present calculation, the J¥ = 3~ assignment
to D¥,(2860) is still possible.

In Ref. [58], the 25-1D mixing was proposed to explain
D?,(2860), where D?,(2860) and D% (2710) are treated as
a mixture of the 23S, and 13D, states in the charmed-
strange meson family. With a proper mixing angle, the
ratios of B(D?,(2860) — D*K)/B(D?,(2860) — DK) and
B(D?,(2700) - D*K)/B(D%,(2700) - DK) can be well
explained simultaneously. In Ref. [59], the authors pro-
posed a two-state scenario for D7,;(2860): one resonance is
likely to be the 13Dj state and the other resonance seems to
be the higher mixing state of 1'D, — 1'D,. Although the
JP = 0" assignment to D?;(2860) has been ruled out by
the experimental measurement of D?,(2860) — D*K, the
authors of Ref. [64] indicated that there exist two reso-
nances around 2.86 GeV with J¥ = 0" and J* = 2%, In the
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DK invariant mass spectrum, the structure near 2.86 GeV
should contain these two resonances while, in the D*K
invariant mass spectrum, only one resonance of J* = 2+
should be included.

Following the measurement by the LHCb Collaboration
[30,31], the decay behaviors of D?,(2860) and D?;(2860)
were evaluated by the QPC model [65,66], which show that
these states can be good candidates of the 1D states in the
charmed-strange meson family. By using the QCD sum
rule, the masses of the 1D charmed-strange mesons were
calculated in Ref. [67], which also supports the explanation
of the 1D charmed-strange mesons. In addition, another
study of the decay behaviors of theses states were per-
formed in Ref. [68], where the effective Lagrangian
approach was adopted.

Before closing the review of D?,(2860), D%, (2860), and
D*;(2860), we need to comment on the measurement of the
ratio in Eq. (5). Since the new measurement by LHCb
[30,31] is given, this ratio must be changed according to
which state is assigned to D}, in both denomenator and
numerator. Thus, we do not suggest adopting the old data of
this ratio in Eq. (5) when checking the theoretical result. We
also expect a new measurement of this ratio when consid-
ering the LHCb results [30,31], which will be helpful to pin
down the different explanations.

E. D,;(3040)

Besides confirming D¥,(2700) and D?;(2860) in the
D*K invariant mass distribution, the BABAR Collaboration
also observed a new broad structure with mass M =
(3044 £ 873°) MeV and width T = (239 £ 357}%) MeV.
The negative result of a decay D,;(3040) — DK suggests
unnatural parity for D;(3040).

The observed mass of D;(3040) and its unnatural parity
are consistent with the quark model prediction for 23P,
charmed-strange meson [2], which is the first radial
excitation of D,;(2460). The calculations in the QPC
model also support that D;(3040) can be categorized as
alt stateina (0T, 17) spin doublet [69] of the heavy quark
symmetry. In addition, the calculations in the flux tube
model [63], the constitute quark model [59,70], and the
effective approach [71] also indicate that the possibility of a
D,;(3040) as a 1" charmed-strange meson cannot be
ruled out. References [72,73] calculated the decay width
of D;(3040) as an n(J*)=3(1") or n(JF)=4(1")
state which is rather large but still compatible with the
experimental data. Besides the J” = 1 assignment to
D,,;(3040), the possibility of D,;(3040) as a mixture of
the 13D, and 1! D, charmed-strange mesons was discussed
with an effective Lagrangian approach [71].

As can be seen in the above review of the status of the
observed charmed-strange states, we notice that more and
more candidates of higher radial and orbital charmed-
strange mesons were reported in the past decade. It is a
good opportunity to carry out the systematic study of
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charmed-strange mesons now, which will deepen our
understanding of the charmed-strange meson family and
will provide more abundant information for experimenters
to further search for higher radial and orbital charmed-
strange mesons in future experiments.

In the following sections, we start to investigate
charmed-strange mesons on their mass spectrum and
two-body OZI-allowed decay behaviors.

III. MASS SPECTRA

In this work, we employ the modified relativistic quark
model to calculate the mass spectra and wave functions of
charmed-strange mesons because, owing to the peculiarity of
charmed-strange mesons, relativistic effects and unquenched
effects cannot be ignored. In 1985, Godfrey and Isgur
proposed the GI model to describe the meson spectra with
great success, especially for the low lying mesons [2], and
Godfrey and Kokoski later studied P-wave heavy-light
systems [45]. Since a coupled-channel effect becomes more
important for higher radial and orbital excitations, we need to
include this effect in calculating the mass spectrum, which
motivates us to modify the GI model by introducing the
screened potential, which is a partly equivalent description to
the coupled-channel effect [74].

In the following, we first give a brief review of the GI
model and then present how to introduce the screened
potential.

A. Brief review of the Godfrey-Isgur model

The interaction between quark and antiquark in the GI
model [2] is described by the Hamiltonian

H=(p*>+m})"2+ (p* +md)"? + V(p.r). (10)

where Vg (p.r) = H" + H™ 4+ A5 is the effective
potential of the ¢g interaction. V g(p,r) contains two
main ingredients. The first one is a short-distance y* ® 7,
interaction of one-gluon exchange and the second is a long-
distance 1 ® 1 linear confining interaction which is at first
employed by the Cornell group and is suggested by lattice
QCD. This effective potential can be obtained by on-shell
qq scattering amplitudes in the center-of-mass (CM)
frame [2].

In the nonrelativistic limit, V (p, r) is transformed into
the standard nonrelativistic potential V g (r):

Ve(r) = HE 4 Y 4 HSO, (11)
with

ay(r)

HeM" = ¢+ br+

FI'F27 (12)

where H" is the spin-independent potential and con-
tains a constant term, a linear confining potential, and a
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one-gluon exchange potential. The subscripts 1 and 2
denote quark and antiquark, respectively. The second term
of the rhs of Eq. (11) is the color-hyperfine interaction, i.e.,

thp = ——aS(r) |:8—7TS1 . 5253(7')

mym, | 3
1 /38,-rS,-r
+ﬁ<1r722—s1-sz>}Fl.F2. (13)

The third term of the rhs of Eq. (11) is the spin-orbit
interaction,

HSO — HSO(cm) + HSO(tp)' (14)

Here, H5°(™ is the color-magnetic term and H5°() is the
Thomas-precession term, i.e.,

] 1 1 S S
FSO(em) _q_(3r) <_+_> <_1+_2) L(F,-F,),
r ny my my ny
(15)
—19H /§ S
HSOp) — __— 21,220 1
2r Or <m% + m% (16)

In the above expressions, S;/S, denotes the spin of
the quark/antiquark and L is the orbital momentum
between quark and antiquark. F is related to the Gell-
Mann matrix by F; =2,/2 and F, =—-A1;/2. For a
meson, (F; - F,) = —4/3.

The GI model constructed by Godfrey and Isgur is a
relativized quark model, where relativistic effects are
embedded into the model in two main ways.

First, a smearing function pi,(r —#’) is introduced to
incorporate the effects of internal motion inside a hadron
and the nonlocality of interactions between quark and
antiquark. A general form is given by

ﬂﬂ—/fMMF¢MW% (17)

with

3
c
pua(r=r) = =5 exp (—ohr —r')?),

1 1 4mm 4
> 2|t 2 17782
712 =% {2+2<(m1 +m2)2> ]

2 2
+ 52 <m1m2 > , (18)

m1+m2

where 67 = 1.80 GeV and s = 1.55 are the universal
parameters in the GI model and m; and m, are the masses
of the quark and the antiquark, respectively. If m; = m,
and both of them become large, ¢, also becomes large and
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pia(r—r) = &8 (r—r'), and hence this smearing is effec-
tive for a heavy quarkonium because the second term
becomes (sm,)?. If m, > m, 6, reaches its minimum and
is suitable for describing a heavy-light system like the
charmed-strange mesons.

Second, a general formula of the potential should depend
on the CM momentum of the interacting quarks. This effect
is taken into account by introducing momentum-dependent
factors in the interactions and the factors will go to unity in
the nonrelativistic limit. In a semiquantitatively relativistic
treatment, the smeared Coulomb term G(r) and the
smeared hyperfine interactions V; should be modified
according to

G(r) - (1+ P >l/zé<r)<1+ r )1/2,

E\E, E\E,
‘71‘(7) o (M 1/ 2+e; Vi(r) mymy 1/2“"7 (19)
myni, E\E, mymy \ EVE,

where E| and E, are the energies of the quark and the
antiquark in the meson, €;’s are expected to be small
numbers for a different type of hyperfine interactions,
i.e., the contract, tensor, vector spin-orbit, and scalar spin-
orbit potentials, into which V;(r) are classified. The
particular values of ¢; and other parameters are given in
Table II of Ref. [2].

Diagonalizing the Hamiltonian given by Eq. (10) on a
simple harmonic oscillator (SHO) basis and using a
variational method, we get the mass spectrum and wave
function of a meson. More details of the GI model can be
found in the Appendixes of Ref. [2].

B. Modified GI model with the screening effect

Although the GI model has achieved great success in
describing the meson spectrum [2], there still exists a
discrepancy between the predictions given by the GI
model and recent experimental observations. A typical
example is that the masses of the observed D) (2317)
[3-6], Dy (2460) [4-7], and X(3872) [75] deviate from the
corresponding values expected by the GI model [2]. Later,
theorists realized that these discrepancies are partly caused
by coupled-channel effects [51-53,76]. Furthermore,
another remedy can be made to adjust the masses by
screening the color charges at distances greater than
about 1 fm [77], which spontaneously creates light
quark-antiquark pairs. The screening effect has been con-
firmed by unquenched lattice QCD and some holographic
models [78-81].

Some progress on the study of the meson mass spectrum
was made through considering the screening effect [82,83].
In Ref. [82], the authors adopted the screened potential to
compute the charmonium spectrum [74]. Mezzoir et al. in
[83] carried out the investigation of highly excited light
unflavored mesons by flattening the linear potential br
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above a certain saturation distance r,. However, the study
of a screening effect for a heavy-light meson system is still
absent at present, which is why we introduce the screening
effect into the GI model in this work.

In order to take into account the screening effect, we
need to make a replacement in Eq. (12) [84,85] as

br — Vscr(l") _ b(l —'ue—ﬂr) ’ (20)

where V'(r) behaves like a linear potential br at short
distances and approaches 2 at long distances. Then, we
further modify V*(r) as the way given in Eq. (17),

b(1 —e™*")

)= [ drpulr-r) (1)

By inserting Eq. (18) into the above expression, the
concrete expression for V*(r) is given by

Vscr(r)

2 2 wt2ro®
:E r+em+yr”+22r(7 1/ 2 e_xzdx_l
ur 20 \/7-7.' 0 2

o —2r6% [ 1 il 1
S o e A (LS RS N 22
B (R )] e

with

10 Grengy = b [ tiur b7+ 200 = g
ror ur? 26%r

Lo L
X (— T e dx—= | 4 e ?
\/EA 2)

Wrr=2r7c’u+pu
X
26°r

)
1 = 2 1 H 2,2
_ —Xd — =  ,=o°r ,
X(\/EA © 2>+ﬁae }
(23)

where V(r) is given in the footnote on this page and ¢ =
o1, 1s given by Eq. (18).

In Fig. 1, we compare the r dependence of our V' (r),
the usual linear potential V(r) =br, and V(r)=
[d&Fpyy(r—r)br.! While behaviors of V*'(r) and
V(r) are similar to each other at small distances, there
exists a difference between V(r) = br and the smeared

"The concrete expression for V(r) is given in Ref. [2] as

2,2
- e 1 2 for
V(r) = br|—— 1+ —=)— dx|.
(r) rL/f_mr—i_ ( + 2(72r2> \/77/0 ¢ x}
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2.0 :
- = -V()=br )

a V() a”
—— V(1) (u=0.02 GeV)
—-—-V5(r) (u=0.05 GeV)

N
[9)]
T

Potential (GeV)
o

0.0 0.5 1.0 1.5 2.0
r (fm)

FIG. 1 (color online). The r dependence of VI (r), V(r) = br,
and V(r) = [d°Fpy(r —r')br'. Here, we take two values y =
0.02 GeV and = 0.05 GeV to show V**(r). Other parameters
involved in V*'(r), V(r) = br, and V(r) are m; = 1.628 GeV,
m. = 0.419 GeV, oy = 1.80 GeV, and s = 1.55 in the expres-
sion of o,. See Table II in [2].

V(r) reflecting the relativistic effect. There is an obvious

difference between V" (r) and V(r) at large distances due
to the screening effect. Comparing a heavy-light system
with a heavy quarkonium, the velocity of a light quark in
the heavy-light meson is much larger than that of a heavy
quark in the quarkonium and, in addition, a radius of the
heavy-light meson is also larger than the heavy quarko-
nium. These facts indicate that we need to consider
the relativistic and screening effects when studying the
mass spectra of higher radial and orbital excitations of
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charmed-strange mesons. Furthermore, adjusting u is to
control the power of the screening effect.

C. Numerical results

In the following, we present numerical results of the
mass spectrum of the charmed-strange meson family. In
Table II, the masses of the charmed-strange mesons are
listed using the GI model [2] and our modified GI model,
where we take several y values in V*'(r) to show the u
dependency of our model. Apart from y, other parameters
appearing in our calculation are taken from Ref. [2], with
which we can, of course, reproduce the masses obtained in
Refs. [2,86]. In Table II, we also give the R = 1/f values
corresponding to charmed-strange mesons, where the R
value can be obtained by the relation

/ USHO (p)2p2dp = / S(p)pdp.  (24)

The rhs of Eq. (24) is the root-mean-square momentum,
which can be directly calculated through the GI model or
the modified GI model. The lhs of Eq. (24) is a definition of
the root-mean-square momentum when adopting the SHO
wave function. Here, in the momentum space, the SHO
wave fuAll6lInction is expressed as

Woiin, (p) = RO (P)Y L, (2p), (25)

with the radial wave function

TABLE II. Mass spectrum of the charmed-strange meson family obtained by our modified GI model and the comparison with those
calculated by the GI model. Here, we take y = 0.01,0.02,0.03, and 0.04 GeV to show the results with the modified GI model. The
values in brackets are the obtained R = 1/ and n denotes the radial quantum number. We emphasize that we do not consider the mixing
among states with the same quantum number when presenting the results in this table. 4 is in units of GeV, while R is in units of GeV~!.

GI model [2,86] Modified GI model

n=1 n=2
n=1 n=2 u=0.01 =002 =003 =004 =001 =002 u=003 u=0.04

n'Sy  1979(1.41) 2673(2.00) 1971 1967(1.41) 1963 1960 2661 2646(2.08) 2632 2618
n3S,  2129(1.69) 2732(2.08) 2120 2115(1.71) 2111 2106 2719 2704(2.17) 2688 2673
n'P, 2550(1.92) 3024(2.17) 2541 2531(1.96) 2522 2512 3001 2979(2.27) 2957 2935
n3P, 2484(1.75) 3005(2.13) 2473 2463(1.79) 2454 2444 2982 2960(2.22) 2937 2914
n*P,  2552(1.89) 3033(2.22) 2542 2532(1.96) 2522 2512 3010 2988(2.27) 2965 2942
n*P,  2592(2.08) 3048(2.27) 2581 2571(2.17) 2561 2551 3026 3004(2.38) 2981 2959
n'D, 2910(2.22) 3307(2.38) 2893 2877(2.27) 2861 2844 3277 3247(2.50) 3216 3186
n’D;  2899(2.08) 3306(2.27) 2882 2865(2.13) 2848 2831 3275 3244(2.44) 3213 3182
n’D, 2916(2.17) 3313(2.38) 2899 2882(2.27) 2865 2848 3283 3252(2.50) 3221 3190
n*Dy  2917(2.33) 3311(2.44) 2900 2883(2.38) 2867 2850 3281 3251(2.56) 3221 3190
n'F;  3199(2.38) 3175 3151(2.50) 3127 3102
n’F, 3208(2.27) 3183 3159(2.38) 3134 3109

n*F;  3205(2.33) 3181 3157(2.44) 3132 3107

n’F, 3190(2.44) 3167 3143(2.56) 3120 3096
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Comparison of the experimental data and theoretical results. Here, we also list the y> values for different models. The

notation L, is introduced to express mixing states of either 'L; or °L;.

n**L, Experimental values [1] GI model [2,86] Modified GI model®

D, 1S, 1968.49 + 0.33 1979 1967
D; 135, 2112.3+0.5 2129 2115
Dy, (2536) 1P, 2535.12 £0.13 2556 2534
D*,(2573) 1°P, 25719+ 0.8 2592 2571
D*,(2700) 238, 2709 + 4 2732 2704
D7, (2860) 1°D, 2859 +£ 12 + 6 + 23 [30,31] 2899 2865
D?;(2860) 13D, 2860.5 +2.6 +£2.5 £ 6.0 [30,31] 2917 2883
D,,(3040) 2P, 3044 £ 8730 28] 3038 2992
;{2 e . 7165 36

*The results listed in the last column are calculated via the modified GI model with x4 = 0.02 GeV.

1\ (—;\L | L _?
rpo(p) = LI [ (B
B2 C(n+L+3/2)\p
<L (0 5). (26)
where Lﬁﬂ/ 2( p?/p?) is an associated Laguerre polynomial

with the oscillator parameter f. In the configuration space
the SHO wave function is given by

\I/E?A(/}L (r) = REEO(”) Yim, (), (27)

where the radial wave function is defined as

/ 2n! £
RSHO _ p33/2 L, 57 L5+l/2 2,2)

(28)

The S is the parameter appearing in the SHO radial wave
function given in Eq. (26), which is determined by the
above procedure.

In Table III, we further compare the calculated results
with the experimental data. Illustrating further a suitable u
value introduced in the modified GI model, we also list the
x> values for the GI model and the modified GI model,
where y? is defined as

p oy (Al

Error(i)

where Ay, (i) and Agy, (i) are theoretical and experimental
values. Error() is the experimental error listed in Table IIL.
In Table III, the values of y? are calculated without the
contributions from D,(2317) and D,,;(2460). Comparing
the y? values for different cases, we find that the modified
GI model can well describe the experiments when u =
0.02 GeV and that the description of the observed
charmed-strange spectrum can be obviously improved by
the modified GI model with the screening effect. One can

clearly see the trend of decreasing masses with increasing u
from Table IIL

In Fig. 2, we further list the results obtained by the
modified GI model (u = 0.02 GeV) and make a compari-
son with the GI model and experimental data. As for Dy,
Dj;, Dy(2536), D},(2573), D¥,(2700), and the newly
observed D?,(2860), the mass differences between the
experimental data and our theoretical results are less than
10 MeV. While the theoretical mass of D, (2860) is about
20 MeV lower than the experimental value, we notice that
the experimental masses of D¥,(2317) and Dj;(2460)
cannot be reproduced by the modified GI model. This
discrepancy is caused by the near-threshold effect, which is
ignored in the screening effect [74]. In general, the
comparison of ten samples of experimental data with our
calculated results indicates that the modified GI model is
more suitable to describe the experimental data, especially
to higher charmed-strange mesons.

We should emphasize that the n' P, — n’P, and n'D, —
n®D, mixtures with n = 1,2 are included in the corre-
sponding calculations listed in Table III and Fig. 2, which is
different from the situation in Table II since we need to
compare theoretical results with the experimental data.

IV. TWO-BODY OZI-ALLOWED
STRONG DECAYS

In addition to the mass spectrum, the decay properties are
also crucial features of mesons. The QPC model is
successful to calculate OZI-allowed strong decays of
mesons. Here, we first give a brief introduction to the
QPC model.

A. Brief introduction to the QPC model

The QPC model was proposed by Micu [16] and
developed by the Orsay group [17-22]. It assumes that
meson decay occurs through a flavor-singlet and color-
singlet quark-antiquark pair created from the vacuum. The
transition operator 7' can be expressed as
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3400
3200 — ' B - =
L - D, (3040) - B
3000 |- -
I T = o=
2800 | D, (2860) D,,(2860)
__D. (2700)
L D, (2573
2600 D, 25356 L(2573)
2400 L D, (2460)
r D (2317)
2200 .
— D»‘
2000 D,
T 3 3 3 3 3 3
S, S, P, P P D D, D, F, F, F,

FIG. 2 (color online).

Mass spectrum of charmed-strange mesons (in units of MeV). Here, the blue lines stand for the results obtained

by the GI model [2,86], while the red lines show the modified GI model with y = 0.02 GeV. The black rectangles denote the
experimental data taken from PDG [1]. The corresponding >5*!' L, quantum numbers are listed in the abscissa. In addition, when there
exists a mixture of n'L; and n’L; states, we use another notation L, .

T = —3y2<1m, 1- m|00> / dp3dp453(p3 + p4)
P3 — P4
X ylm( 2 ))(

where p; and p, denote the momenta of quark and
antiquark created from the vacuum, respectively. y is the
parameter which describes the strength of the creation of
the quark-antiquark pair. By comparing the experimental
widths with theoretical ones of 16 famous decay channels,
y = 8.7 is obtained for the uii/dd pair creation [87]. For the
s§ pair creation, we take y = 8.7/v/3 [17]. ¢3* = (uit +
dd +55)//3 is the flavor function, while (@*); =
0ij/ /3 is the color function, where i and j are the color
indices. Vs, (p) = |[p|°Y,,.(p) denotes the solid harmonic
polynomial. Thus, Y, (25®) indicates that the angular
momentum of the quark-antiquark pair is L = 1. The y3*
means that the total spin angular momentum of the quark-
antiquark pair is S = 1. Finally, the quantum number of the
quark-antiquark pair is contained as J©¢ = 0"+ through the
coupling of the angular momentum with the spin angular
momentum.

The transition matrix of meson A decaying into mesons
B and C in the A rest frame is defined as

?fl—m 84<w84>ijb;i(p3)d}(p4>,

(30)

(BC|T|A) = 8°(pp + pc) MMnMmilsc - (31)

pp and p. are the momenta of mesons B and C,
respectively. |A), |B), and |C) denote the mock states
[88]. Taking a meson A as an example, we illustrate the
definition of a mock state, i.e.,

A (n2S+1LJM_, )(Pa))

=V2E Z (LML SMs|TM )y .
Mg M,

X ¢AwA/dp1dp253(pA -p—-p2)

x Uy (1. P2)191(P1)22(P2))s (32)
where 74 ,, , ¢, and w* are the spin, flavor, and color wave
functions, ;espectively. v, M, (p1,p2) is the spacial wave
function of a meson A in the momentum space, which can
be obtained by the modified GI model. The calculated
amplitude MMaMisMic can be converted into the partial
wave amplitude M’" via the Jacob-Wick formula [89], i.e.,

V2L +1

IL(A = BC) = Y22
ME(A = BC) = 57—

Z (LO; M jalJ aM 1)
Mjp.M;c

x (JpM p; JCM]C|]MJA>MMJAMJBMJC'
(33)

Finally, the decay width can be expressed as
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n n

Dy(2317) — D, Dy(2460) ~  D;

FIG. 3 (color online). The D%,(2317) — D,x° (left panel) and
D,;(2460) — D:z° (right panel) decays through the 7 — z°
mixing.

Ps|
=200 | ML, (34)
My 5T

We would like to emphasize the improvement of the
present work compared with the former works in
Refs. [54,65,69]. In Refs. [54,65,69], authors adopted
the SHO wave function to describe a spacial wave function
of charmed and charmed-strange mesons, where the f value
in the SHO wave function is determined by Eq. (24). This
treatment is an approximation for simplifying the calcu-
lation since the SHO wave function W30 (p) is slightly
different from the wave function ®(p) in Eq. (24). In this
work, for the charmed-strange meson A involved in our
calculation, we use the numerical wave function directly
obtained as an eigenfunction of the modified GI model,
which can avoid the uncertainty from the treatment in
Eq. (24). For the mesons B and C in the discussed process,
we still adopt the SHO wave function, where the corre-
sponding  was calculated in Ref. [45].

In the following concrete calculation, the mass is taken
from PDG [1] if there exists the corresponding experi-
mental observation of a charmed-strange meson. If the
discussed charmed-strange meson is still missing, we adopt
the theoretical prediction from the modified GI model (the
results listed in Fig. 2) as the input.

B. Phenomenological analysis of strong decay

In this subsection, we carry out the phenomenological
analysis of the strong decays of charmed-strange mesons
by combining our theoretical results with the corresponding
experimental data.

1. 1P states

If D%,(2317) and D;(2460) are the 1P states in the
charmed-strange meson family, the OZI-allowed strong
decays are forbidden since their masses are below the
DK/D*K thresholds. However, D%,(2317) - D,z and

PHYSICAL REVIEW D 91, 054031 (2015)

D,;(2460) — D:z° can occur via the  — # mixing, which
is shown in Fig. 3 [90].

For calculating these decays, we need the Lagrangian
including the 7 — z° mixing, which can be expressed as
[91]

_ myf? o £
p-n0 = mTr(ém(fs +¢& mqé: )v (35)

L
where m,, is a light quark mass matrix, £ = exp(iz/f,), and
7 is a light meson octet.

Taking D?,(2317) — D,z° as an example, we illustrate
the concrete calculation. The decay amplitude of
D?(2317) - D,z° reads as

MIL(D*(2317) - D,a°) = M?L(D?,(2317) — Dyn)

iv3
X T(s”()”, (36)

where the decay amplitude M’L(D*,(2317) — D) can
be calculated by the QPC model. The isospin-violating
factor 6,0, is due to the n — 7z mixing, i.e., [92]

S0 — my —m, 1
1 = (my, +myg)/2 437"

(37)

Adopting a similar treatment, we can derive the formula of
D,;(2460) — D:x°. Here, D,;(2460) with J* = 17 is the
mixture between the 1! P, and 13 P, states, which satisfies

the relation
Sinelp ) <|11P1>>
COSG]p |13P1> ’

(38)

(- (2

where the mixing angle 8,p = —54.7° is obtained in the
heavy quark limit [45,93,94].

The obtained partial widths of D?,(2317) — D,z° and
D,,(2460) — D:z° are listed in Table IV. We also compare
our results with other theoretical predictions from different
groups [10,14,49,90,95-99]. In particular, we notice that
our results are consistent with the corresponding values
given in Ref. [96]. The equality of these two decay widths
predicted in Ref. [14] in the heavy quark limit is well
satisfied in our case, t0o.

TABLE 1V. Partial widths of D?;(2317) — D,z and Dy, (2460) — Diz° (in the unit of keV). Here, we list the width of
D,;(2460) — Dz’ with a mixing angle 0,p = —54.7° = —arcsin(4/2/3) in the heavy quark limit.

This work Ref. [90] Ref. [10] Ref. [95] Ref. [96] Ref. [97] Ref. [98] Ref. [49] Ref. [99] Ref. [14]

(D% (2317) - Dyx) 117 32 215 16
['(D,,(2460) — Diz) 119 35 215 32

~10 3444 ~6
~10  35-51 ~6

10-100 155 +70 3.8

155 +£70 39
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FIG. 4 (color online). The mixing angle #,p dependence of a
decay width Dy, (2536) —» D*K.

D,,(2536) with J© = 1% is the orthogonal partner of
D,1(2460), as shown in Eq. (38). The D*K channel is its
only OZlI-allowed decay mode. In Fig. 4, we present the
dependence of the partial decay width of Dy (2536) —
D*K on 0, p, which covers the typical value 6,p = —54.7°
given in the heavy quark limit [45,93,94]. We notice that
our result is consistent with the experimental data I" =
0.92 £0.05 MeV [42] and T'=0.75+£0.23 MeV [43],
when the mixing angle is around 6, = —52.3° and
01 = —53.1°, respectively, which are close to 0, p =
—54.7° of the heavy quark limit. In the heavy quark limit,
the decay of Dy;(2536) into D*K can occur only via a D

PHYSICAL REVIEW D 91, 054031 (2015)

wave because of the conservation of a light degree of
freedom, and hence the decay width is expected to be small,
as shown in Fig. 4. That is because the experimental mixing
angle is very close to the one of the heavy quark limit; itis a
model independent result that D, (2536) and D*K almost
exactly decouple with each other, which has been discussed
in Refs. [45,100].

As a good candidate of the charmed-strange meson with
1°P,, Dy, (2573) decays into DK, D*K, and D5, with the
partial decay widths 5.42, 0.57, and 0.04 MeV, respectively.
The total decay width of D,(2573) can reach up to
6.03 MeV, which is comparable with the experimental
values 1675 +3 [24], 10.4 +£8.3 +£3.0 [47], and 12.1 +
4.5+ 1.6 MeV [46] given by the ARGUS Collaboration
and the LHCb Collaboration, respectively. In addition, the
branching ratio

B(D,(2573) —» DOK™)

0.33
B(D,(2573) — DK™

(39)

is also measured by the CLEO Collaboration [24]. In this
work, we obtain B(D*K*)/B(D°K") = 0.106, consistent
with the present experimental measurement [24]. This
value is also close to the one, 0.076, predicted in Ref. [14].

2. 28 and 1D states

Since there is no candidate for the 2!, charmed-strange
meson observed in the experiment, we adopt the theoretical
value calculated by the modified GI model as an input, i.e.,
2646 MeV. As shown in Table V, D (2'S,) only decays

TABLE V. Calculated partial decay widths of the OZI-allowed strong decays of the 2S5, 1D, 3§, and 2P charmed-strange mesons.

Units are in MeV. Here, forbidden decay channels are marked by -

discussed in consideration of the mixing angle dependence.

- - and channels marked by [] are the OZI-allowed modes, which are

Dy D}, Dy, D(1D(27)) D, Dy Dy Dy Dy Dy D,
Channels (2'Sy) (2700) (2860) D, (1D'(27)) (2860) (2°P,) (2P(17)) (2P'(11)) (23P,) (3'Sy) (335))
DK X O | X 746  60.86 e 2,99 x 1074 23.30
D*K 76.06 | | O 5.98 e 62.43 20.72 5.30 38.11 36.54
Dn x O O e 0.15 2.07 xx e 0.02 2.19
D,y e e e e 0.08 .. e 0.001 0.40
Din O O O 0.06 xE 1.61 1.02 0.18 2.56 2.72
Dy 0.07
DK* O O 0.37 XX 39.32 6.50 13.46 3.33 14.92
D*K* XX X 63.66 48.97 39.60 48.32 18.54 3.30 x 1073
D¢ e 1.45 8.05 0.003 0.03 0.07
D¢ 997 x 1074
Dj(2400)K O 14.42 31.13 38.14 e
D, (2317)n O e 1.06 241 .- 5.38 e
D, (2430)K .. 3.32 14.31 8.11 14.31 .. 17.02
D, (2420)K 36.16 19.43 10.43 0.75 5.50
D, (2460)n e 0.25 0.16 X 3.43
D,1(2536)n . e e e 0.02
D3 (2460)K 82.85 3.15 3.90 5.89 9.16
D%, (2573)y - -- 0.002
Total 76.06 14.02 166.15 285.83 131.28 86.25 111.98 115.35
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into D*K, where the decay width of D(2'S;) - D*K is
76.06 MeV.

In the following, we shall discuss the two observed,
D?,(2700) and D?,(2860), to be an admixture of D,(2°S5))
and D,(1°D,) which satisfies the relation

(o) = (ot nto (B0,
(40)

where g, denotes a mixing angle describing an admixture
of Dy(238,) and D,(1°D,).

The O, dependence of the total and partial decay widths
of D},(2700) is shown in the Fig. 5. Its main decay modes
are DK and D*K, both of which were observed in the
experiments. To compare our results with the experimental
data, we take BABAR’s measurement in Ref. [28] since the
widthT" = (149 & 712)) MeV together with the ratio listed
in Eq. (4) was given [28]. As shown in Fig. 5, there exists
the common 6O, range, 6.8°-11.2° in which both the
calculated width and the ratio of D (2700) [28] can
overlap with the experimental data. This small €, value
is consistent with the estimate of fg; in Ref. [2].

As for the D?(2860) with J” = 1~ recently observed
by the LHCb Collaboration [30,31], which is considered
to be a partner of D% (2700), the 65, dependence of the
decay behavior is deplcted in Fig. 6. If taking 6.8°-11.2° for
the range of Oy, obtained in the study of D}, (2700), we
find that the obtained total decay width of D?,(2860) can
reach up to ~300 MeV, which is comparable with the
LHCb data [30,31] and the ratio is B(D?(2860) —

K)/B(D?(2860) - DK) = 0.6 ~ 0.8, which can be
tested in future experiments. Our study also shows

200

Total

Width (MeV)
= I
=] (=]

[

I'(DKyTDK)

50 0
0, (degree)

FIG. 5 (color online). The 6gp dependence of the calculated
partial and total decay widths and ratio I'(D*K)/T'(DK). The
vertical band corresponds to the common range of €, where our
results can be matched with the experimental widths and
ratio [28].
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FIG. 6 (color online). The 8y, dependence of the decay widths
and ratio I'(D*K)/T'(DK) of D¥ (2860). The vertical band
corresponds to the common range of gp, where our results
can be matched with the experimental width and ratio of
D%,(2700) [28].

that the main decay channels of D% (2860) are
DK(~140 MeV), D (~95 MeV) and DK*(~50 MeV).

As an admixture of the 1' D, and 13D, states, the states
1D(27) and 1D’(27) in the charmed-strange meson family

satisfy the following relation:
( |1D(2‘)>) B ( cos O sin91D>(|11D2)>
1D'(27)) )  \=sin6p cosp/\|1°D,) )’
(41)

where 0, is a mixing angle. In the heavy quark limit, we
can fix the mixing angle 6,, = —50.8° = —arcsin(4/3/5)
[45,86,93]. Adopting the theoretical prediction of the
masses of D (1D(27)) and D,(1D’(27)) as input, we list
their allowed decay channels in Table V. The 0,, depend-
ence of the partial and total decay widths of D (1D(27))

and D(1D’(27)) is given in Fig. 7. When taking the limit
1D(2) 300 1D'(2)
200
100 DK 100 W
< 120 * 0
3 120 DK 120 .
s %0 DK
= 60
£ 40 o o
%08 0 ;
: 0.16
0.04 D;(2400)K 0.08 D,(2400)K
000 ———50 0 700 00050 0 100
0, (degree) 0, (degree)

FIG. 7 (color online). The 8, dependence of the partial decay
widths and the total decay width of D (1D(27)) (left panel) and

D,(1D'(27)) (right panel). The vertical dashed lines correspond
to the mixing angle 0,, = —50.8°
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value 6,5, = —50.8° [45,86,93], we conclude that the main
decay modes of D (1D(27)) and D (1D'(27)) are D*K
and DK*. In the heavy quark limit, D (1D(27)) couples
with D*K via a P wave, while it couples with DK* only via
an F' wave due to the conservation of a light degree of
freedom. As for D (1D’(27)), the situation is the opposite
of Dy(1D(27)): D,(1D'(27)) strongly couples with DK*
via a P wave. Our present calculations are consistent with
the conclusion of the heavy quark limit [101,102], and the
results are model independent in the heavy quark limit. In
addition, the total decay widths of D (1D(27)) and
D,(1D'(27)) can reach up to 240 and 147 MeV, respec-
tively. The above study also shows that the D*K and DK*
modes are the key channels when distinguishing the
D(1D(27)) and D,(1D'(27)) states.

Besides D?,(2860), the LHCb Collaboration also
observed D¥;(2860). In this work, we test to see whether
D?%,(2860) can be a good candidate of D,(1°Ds). The
partial and total decay widths of D?;(2860) as D(1°D3)
are listed in Table V, in which we find that our calculated
total width is about one-fourth of the experimental data
[30,31]. The main decay modes of D(13D;) are DK and
D*K, where the ratio

B(D,(1°D;) - D*K)
B(D,(1°D3) - D°K)

= 0.802 (42)

is obtained. We suggest doing a more precise mea-
surement of the resonance parameters and the ratio
B(D*°K)/B(D"K) of D?;(2860), which will finally lead
to a definite conclusion as to whether D¥;(2860) is a
D,(13D3) state.

3. 2P states

There are four 2P states. Among these, D,(2°P)
and D,(23P,) are still missing from experiments, while
there exist possible candidates for D (2P(1")) and
D,(2P'(17)).

The partial and total decay widths of D (23P,) are
shown in Table V, where the mass of D (23P,) is fixed as
2960 MeV (see Table II). The total decay width of
D,(23Py) is 166.15 MeV and there exist three main decay
modes, DK, D*K*, and D(2420)K (see Table V).

As for the D(23P,) state with the predicted mass
3004 MeV, the main decay modes are D*K*, D*K, and
D, (2430)K, with the total decay width 86.25 MeV. The
ratio is predicted as B(D,(2°P,) = D*K)/B(Ds(2°P,) -
DK*) = 0.39.

We notice that there is an evidence of the structure
around 2960 MeV in the D°K~ invariant mass spectrum
given by LHCb [30,31] except for the observed D, (2860)
and D?;(2860). If this evidence will be confirmed by future
experiments, this structure around 2960 MeV must be
either D(23P,) or D(23P,) since there are no other
candidates for natural states from 2800 to 3100 MeV, as
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shown in Fig. 2. According to the calculated decay
behaviors of D (2°Py) and D,(23P,), we can exclude
the possibility of the D, (2°P,) assignment to this
structure since the decay width of D, (2°P,) — DK is
quite small.

In the following, we discuss the possibilities of the
observed D?,(3040) as D (2P(17")) or D;(2P'(1%)), where
D;(2P(1%)) or Dy(2P'(17)) satisfy

[2P(1%)) cosbrp  sinbyp\ [ [2'P)) 53
<|2P’(1+)>) (—sin@zp cos6’2p> <|23P1)>’ (43)
with a mixing angle 6,p. If taking 6,p = 6,p = —54.7°
[45,93] to estimate the decay behaviors of D (2P(1%)) or
D,(2P'(17)), we obtain the numerical results listed in
Table V.

If assigning D?,(3040) to D (2P(17)), the calculated
total decay width is 285.83 MeV, which is consistent
with the experimental width [28]. The main decay modes
are D*K, DK*, D*K*, and Dj;(2460)K, which can
explain why D?,(3040) was first observed by experiment
in the D*K channel [28]. Additionally, we predict the
ratio

B(D;(2P(1")) - D*K)
B(D;(2P(1")) - DK*)

=1.59, (44)

which can be tested by future experiments. The above
study shows that D?,(3040) is a good candidate for
D,(2P(17)), which is the first radial excitation of
Dy, (2460).

We need to discuss another possible assignment of
D%,(3040) to D(2P'(1%)) if considering study of only
the mass spectrum shown in Fig. 2 because the mass
of D%,(3040) is very close to the predicted mass of
D,(2P'(17)). Moreover, the total decay width of
D,(2P'(17)) is 131.28 MeV, which is comparable to the
lower limit of experimental width of D?,(3040) [28]. The
predicted ratio is, however,

B(D,(2P'(1")) - D*K)
B(D,(2P'(1")) - DK*)

=3.19, (45)

which is quite different from that given in Eq. (44).
Thus, we suggest to carry out the measurement of the
ratio B(D%,(3040) — D*K)/B(D%,;(3040) —» DK*), which
will be helpful to finally identify the inner structure
of D%,(3040).

4. 3S states

In this subsection, we predict the decay behaviors of two
3S states in the charmed-strange meson family, which are
still missing from experiments. As shown in Table V, the
partial and total decay widths of D,(3'S,) and D(33S,) are
calculated.
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As for Dy(3'S,), the total decay width is about
111.98 MeV and the main decay channels are D*K,
D*K*, and D};(2400)K. As for D(33S)), the total decay
width is 115.35 MeV and the main decay channels are DK,
D*K, DK*, and D{(2430)K. This information is valuable
for experimental search for these two missing D (3'S,) and
D,(33S,) mesons.

As the unnatural state, the predicted mass (3092 MeV) of
D, (3'S,) is very close to the mass of D?,(3040) reported
by the BABAR Collaboration [28]. Thus, we again check to
see whether D*;(3040) is explained by D,(3'S,). Since
D7,(3040) was observed in the D*K channel, which is one
of the main decay channels of D(3'S,), this fact cannot
exclude the possibility. However, the obtained total decay
width of D(3'S)) is a little bit smaller than the lower limit
of the experimental width of D?,(3040). Although the
predicted D,(3'S,) cannot fit all of the experimental
features of D7,(3040), there exists a small possibility of
D*,(3040) as D,(3'S,), if considering the large exper-
imental error of D},;(3040). Thus, a crucial task in future
experiments is the precise measurement of the resonance
parameters of D7,(3040), which can help us to come to a
definite conclusion about the properties of D?,(3040).

5. 2D states

There are four 2D states, all of which are absent from
experiments. In Table VI, we predict their decay properties.
As for the D (2°D,) state, the predicted mass by the
modified GI model is 3244 MeV and the total width
obtained in the QPC model is 165.20 MeV. Its main decay

TABLE VI. Decay behaviors of four 2D charmed-strange
mesons (in units of MeV).

D, D, D, D,
Channels (2°D,)  (2D(27)) (2D'(27))  (2°Dy)
DK 65.02 e e 5.25
Dy 4.13 e e 0.23
D/ 0.87 e e 0.02
DK 20.32 76.78 0.03 0.96
Din 0.93 4.12 0.006 0.04
Din/ 0.04 0.29 0.002  3.0x 1077
DK* 5.03 4.73 30.67 0.69
D¢ 0.06 0.12 0.04 0.04
D*K* 3.2 x 107 1.31 3.11 19.64
D¢ 0.37 0.42 0.47 0.36
Dj(2400)K e 6.82 8.00 e
D, (2317)n e 0.36 0.37 e
D{(2400)K* 0.54 0.16 0.53 0.63
D, (2430)K 14.25 8.14 5.64 11.50
D, (2420)K 39.90 2.80 1.71 1.26
Dy, (2460)n 0.59 0.32 0.24 0.43
Dy, (2536)n 0.19 0.07 0.06 0.007
D3 (2460)K 12.77 34.22 1.46 3.74
D%, (2573)n 0.19 0.83 0.06 0.05
Total 165.20 141.49 52.40 44.85
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channels are DK, D*K, and D,(2420)K, and the typical
decay ratio is given by

B(D,(2°D,)) — D*K)
B(D,(2°D,)) — DK)

=031. (46)

As an admixture of the 2'D, and 23D, states,
Dy(2D(27)) and Dy (2D'(27)) satisfy the following

relation:
( 12D(27)) ) B < cosbyp  sinbyp ) <|2‘D2)>
2D'(27)) )  \=sinbp cosbp /) \[2°D,) )’
(47)
where the mixing angle can be fixed as 8,, = —50.8° in the

heavy quark limit [45,86,93] when discussing their decay
behaviors.

The Dy(2D(27)) with the predicted mass 3238 MeV
has the total width 141.49 MeV and its main decay
channels are D*K and D?*,(2460)K, which contribute
to almost 80% of the total decay width. As the partner
of Dy(2D(27)), Ds(2D'(27)) has the predicted mass
of 3260 MeV and is a narrow state compared with
D(2D(27)) because the total decay width is 52.4 MeV.
Its main decay mode is DK*, with a partial decay width
of 30.67 MeV. The difference of the total decay widths of
D,(2D(27)) and D,(2D’(27)) can be understood since
the decays of D((2D(27)) and D,(2D'(27)) into D*K
occur via P-wave and F-wave in the heavy quark limit
[86], respectively.

As for the D (2°Ds) with mass 3251 MeV, the total
decay width is 44.85 MeV and the main decay channels are
D*K* and D;(2430)K. Here, the ratio

B(D,(2°D;)) — D*K)
B(D,(2°D;)) — DK)

=0.18 (48)

is predicted via the QPC model.

6. 1F states

Similar to the experimental situation of the 2D
states in the charmed-strange meson family, four 1F
charmed-strange mesons are still missing from experi-
ments. Thus, in the following we predict their decay
behaviors.

The mass of D (1°F,) is 3159 MeV predicted by the
modified GI model. The OZI-allowed two-body strong
decay channels are listed in Table VII. Our calculation
shows that its main decay modes are DK, D*K, DK*,
and D,(2420)K. The D,(13F,) is a broad state with
the total decay width 415.97 MeV, where the predicted
ratio is
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TABLE VII. Decay behaviors of four 1F charmed-strange
mesons (in units of MeV).

D D, D D,
Channels (13F,)  (1F(3%))  (1F'(3%))  (13Fy)
DK 57.82 . . 5.30
D 3.16 0.11
D, 0.41 e e 0.002
D*K 43.12 98.10 14.86 6.88
Din 2.19 4.98 0.28 0.11
Dy 0.06 0.08 43x10™* 55x%x107°
DK* 41.12 9.34 102.32 435
D¢ 0.85 0.04 2.36 0.08
D*K* 16.68 51.12 66.16 130.87
Dig 0.01 0.002 0.09 0.01
D} (2400)K e 0.50 3.32

D*,(2317)n e 0.02 0.16 .
D,(2430)K 0.49 0.22 0.68 1.24
D,(2420)K  220.10 1.40 2.14 0.42
D, (2460)n 0.007 0.003 0.02 0.02
D,;(2536)n 535 68x107* 0.004 3.0x10™*
D3(2460)K 2434 205.68 0.95 1.40
D%, (2573)n 0.26 0.99 7.9x10™  6.5x 1073
Total 415.97 372.48 193.34 150.79

B(D,(2°F,)) = D*K)
B(D,(2*F,)) — DK)

=0.75. (49)

The D (1F(3")) and D,(1F'(3")) satisfy

(e B G (A
(50)

where 6, is the mixing angle, which can be determined
as 6,p = —49.1° = —arcsin(2/+/7) in the heavy quark
limit [45,93]. In Table VII, we collect the calculated
decay widths of D(1F(3")) and D,(1F'(3")), where we
take 3139 and 3169 MeV as their mass inputs, respec-
tively. The main decay channels of D (1F(3%)) are D*K,
D*K*, and D}(2460)K, and the total decay width can
reach up to 372.48 MeV. Thus, D (1F(3")) has a very
broad width. As for D,(1F'(3")), DK* and D*K* are its
main decay modes and the total width of D (1F'(3%)) is
193.34 MeV.

The D,(1°F,) with the mass 3143 MeV dominantly
decays into D*K* and the total decay width of D(1°F)
is 150.79 MeV. In addition, we predict the following
ratios:

B(D,(2°Fy)) — DK)
B(D,(2°F,)) — D'K)

=0.77 (51)

and
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B(D,(2°F.)) - DK")
B(D,(Z’F,)) — DK)

= 0.82, (52)
which can be tested in future experiments.

V. SUMMARY

In the past decade, more and more charmed-strange
states have been reported in different experiments which
are collected in Table I. The present status of these observed
charmed-strange states has stimulated us to revisit the
charmed-strange meson family and to systemically carry
out the study of their mass spectra and two-body OZI-
allowed strong decays.

In this work, we have adopted the modified GI model to
get the mass spectra of the charmed-strange meson family,
where the screening effect partly reflecting the unquenched
effect is considered in our calculations. Comparing the
theoretical results with the experimental data, we can
roughly obtain the properties of the observed charmed-
strange mesons. In addition, we have also predicted the
masses of the higher radial and orbital excitations in the
charmed-strange meson family. This information is impor-
tant in searching for these missing higher charmed-strange
mesons in future experiments. Besides the mass informa-
tion, in our calculation we have obtained the numerical
results of the spatial wave functions of the discussed
charmed-strange mesons, which are applied to calculate
their two-body OZI-allowed strong decays.

To obtain the decay behaviors of the discussed charmed-
strange mesons, we have adopted the QPC model in this
work, where the 1P, 2P, 1D, 28, 2D, 35, and 1F states in
the charmed-strange meson family are involved. The study
of their strong decay behaviors further tests the possible
assignments to the observed states, where a phenomeno-
logical analysis is performed. As for the higher charmed-
strange mesons absent from the experiment, we have
predicted their partial and total decay widths, and some
typical decay ratios, which is valuable for the experimental
study of these states.

Since 2003, the BABAR, Belle, CLEOc, and LHCb
experiments have made much progress on the search for
charmed-strange mesons. In the next ten years, we
believe that more candidates for charmed-strange mesons
will be reported, with the running of the LHC experiment
at 14 TeV collision energy and the forthcoming Belle II
and PANDA experiments. The study presented in this
work is helpful in identifying these observed charmed-
strange states and carrying out a search for higher radial
and orbital excitations in the charmed-strange meson
family.
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Note added.—Recently, we noticed a work [103] in which
the authors also studied the mass spectrum and strong
decays of charmed-strange mesons and obtained results
similar to those in the present work.
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