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Stimulated by theD�
2ð3000Þ recently observed by LHCb, we study the decay behaviors of the 3P and 2F

charmed mesons. Comparing the masses and decay properties of the 33P2 and 23F2 with the observed
D�

2ð3000Þ, we conclude that the most probable assignment is the 33P2, while the assignment of the 23F2

may not be fully excluded. The results of the unobserved 3P and 2F charmed mesons in this work may
provide some fundamental information when further searching for these charmed mesons in the
experiments by LHCb and the forthcoming Belle II.
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I. INTRODUCTION

Very recently, the LHCb Collaboration reported their
amplitude analysis of B− → Dþπ−π− decays in a data
sample corresponding to 3.0 fb−1 of pp collision data [1].
The angular momenta of the resonances at the high Dþπ−
invariant mass are analyzed, in which the contributions
from theD�

2ð2460Þ,D�
1ð2680Þ, andD�

3ð2760Þ are observed.
Besides these three resonances, a higher one D�

2ð3000Þ is
also reported with the mass and width to be

m ¼ 3214� 29� 33� 36 MeV; ð1Þ

Γ ¼ 186� 38� 34� 63 MeV; ð2Þ

respectively [1]. The JP quantum number of the D�
2ð3000Þ

is measured to be 2þ [1].
Before the observation of the D�

2ð3000Þ, a great achieve-
ment was made in the past decades. A number of the
charmed mesons were observed experimentally [2–9].
These observations not only made the charmed meson
spectrum abundant but also gave theorists motivation to
reveal the nature of the newly observed states from the mass
spectrum and decays [10–18], which could undoubtedly
deepen our understanding of the highly excited charmed
mesons.

Thirty years ago, Godfrey and Isgure (GI) performed a
systematical study of the meson spectra in a semirelativistic
quark model [10], in which a quenched confinement
potential was employed to describe the quark-antiquark
interactions. The low-lying charmed mesons were well
reproduced by the so-called GI model [10]. However, there
exist some difficulties in understanding the recently
observed higher excitations of the charmed mesons, which
are due to a typical quenched model of the GI model. As
proposed in Refs. [19,20], we include the unquenched
peculiarity in the semirelativistic quark model by replacing
the linear confining potential with a screened one, which is
consistent with the unquenched lattice QCD calculation
and some holographic model [21–24]. In this modified GI
model [19,20], the charmed and charmed strange meson
spectra and their decays could be better described than the
GI model.
As for the newly observed D�

2ð3000Þ, it could be a P-
wave or F-wave charmed meson. With the same parameters
as in Ref. [20], the masses of the 23P2, 33P2, 13F2, and
23F2 charmed mesons are calculated and are shown in
Fig. 1. As a comparison, the newly observed D�

2ð3000Þ is
also presented, and the mass differences of the theoretical
calculation and the central value of the observed one are
also marked. The mass of the D�

2ð3000Þ is quite consistent
with the predicted mass of a 33P2 state, which is 3234MeV.
As for the mass of a 23P2 state, the theoretical estimate is
2884 MeV, which is about 330 MeV below the central
value of the D�

2ð3000Þ mass. In addition, the total width of
the 23P2 state was estimated to be 68.89 MeV when taking
its mass as 2884 MeV in Ref. [20], which is much smaller
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than the D�
2ð3000Þ. As for the F-wave charmed meson, the

estimated masses of the 13F2 and 23F2 states are 3053 and
3364 MeV, respectively, and are about 161 MeV below and
150 MeVabove the D�

2ð3000Þ. The total width of the 13F2

was estimated to be 222.02 MeV when taking its mass as
3053 MeV in Ref. [20], which does not conflict with the
D�

2ð3000Þ. Although the observed D�
2ð3000Þ could be a

good candidate of the 33P2 from the spectral point of view,
we cannot fully exclude the other assignments of the
D�

2ð3000Þ such as a 23F2 state considering the uncertainty
of the theoretical predictions.
To further check possibilities of different assignments of

the D�
2ð3000Þ, we study its decay behaviors in different

cases. In the present work, we adopt the quark pair creation
(QPC) model to estimate the Okubo-Zweig-Iizuka (OZI)
allowed decays of the D�

2ð3000Þ, which was first proposed
by Micu [25] and further developed by the Orsay group
[26–30]. The decay behaviors of the 2P and 1F charmed
mesons have been investigated in Ref. [20]. In the present
work, we further study the decays of the 3P and 2F states to
reveal the inner structure of the newly observed D�

2ð3000Þ.
The decay behaviors of the D�

2ð3000Þ could in turn check
our understanding of the charmed meson spectrum pro-
posed in Ref. [20].
This paper is organized as follows. In Sec. II, we will

briefly review the QPC model and present our calculation
of the two-body OZI-allowed decays of the 3P and 2F
charmed mesons. Section III is dedicated to a discussion
and summary.

II. QPC MODEL AND DECAYS OF THE 3P
AND 2F CHARMED MESONS

The QPC model is a phenomenological method to
estimate the OZI allowed strong decays. In the QPC model,

the quark-antiquark pair is created from the vacuum with
JPC ¼ 0þþ. Thus, the QPC model is also named the 3P0

model. In the following, we present a brief review of the
QPC model. Taking the OZI allowed strong decay process
A → BC as an example, the corresponding S− matrix is

hBCjSjAi ¼ I − ið2πÞδðEf − EiÞhBCjTjAi: ð3Þ

In the nonrelativistic limit, the transition operator T is
defined as

T ¼ −3γ
X

m;i

h1m; 1 −mj00i
Z

dp3dp4δ
3ðp3 þ p4Þ

× Y1m

�
p3 − p4

2

�
χ341;−mϕ

34
0 ω34

0 b†3iðp3Þd†4iðp4Þ: ð4Þ

This transition operator is introduced to describe the quark-
antiquark (denoted by indices 3 and 4, respectively) created
from the vacuum. The phenomenological creation strength
γ for qq̄ is taken as γ ¼ 8.7 [20], while the strength for ss̄
satisfies γs ¼ γ=

ffiffiffi
3

p
. YlmðpÞ ¼ jpjlYlmðp̂Þ is the lth solid

harmonic polynomial. χ, ϕ, and ω are the general descrip-
tion of the spin, flavor, and color wave functions of the
quark-antiquark pair, respectively.
With the above transition operator T, the transition

matrix of a process A → BC is given by

hBCjTjAi ¼ δ3ðpB þ pCÞMMJA
MJB

MJc ; ð5Þ

where PB and PC are the momenta of the mesons B and C
in the A rest frame, respectively. jAi, jBi, and jCi denote
mock states corresponding to mesons A, B, and C,
respectively [31]. The mock state jAi is defined as

jAðn2Sþ1LJMJ
ÞðpAÞi

¼
ffiffiffiffiffiffi
2E

p X

MS;ML

hLML; SMSjJMJiχAS;Ms

× ϕAωA

Z
dp1dp2δ

3ðpA − p1 − p2Þ

×ΨA
nLML

ðp1;p2Þjq1ðp1Þq̄2ðp2Þi; ð6Þ

where χA, ϕA, ωA, and ΨA are the spin, flavor, color, and
spatial wave functions of the meson A. In the present work,
we use the spatial wave functions of the charmed and
charmed strange mesons estimated in Refs. [19,20], while
the one for a light meson is calculated from the GI
model [10].
The partial wave amplitudes are related to the helicity

amplitudes by [32]

FIG. 1. A comparison of the masses of the 23P2, 33P2, 13F2,
and 23F2 charmed mesons of the modified GI model [20] and the
experimental measurement of the D�

2ð3000Þ [1]. The light gray
band indicates the error of the D�

2ð3000Þ mass [1].
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MJLðPÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Lþ 1

p

2JA þ 1

X

MJB
MJC

hL0; JMJA jJAMJAi

× hJBMJB ; JCMJC jJAMJAiMMJA
MJB

MJC ; ð7Þ

and the partial width of the A → BC is

ΓA→BC ¼ π2
jPBj
m2

A

X

J;L

jMJLðPÞj2; ð8Þ

where mA is the mass of the initial state A.
The masses of the involved charmed and charmed

strange mesons are listed in Table I. For the low-lying
observed mesons, we adopt the central values of the PDG
average, while for the unobserved higher excited charmed
and charmed strange mesons, we use the theoretical mass
estimate in the modified GI model as an input [19,20]. As
for light mesons, we use the same masses as those
summarized in Table III of Ref. [33].1 Besides the masses
of the involved mesons, in the present calculations, the
masses of the quarks are taken as 1.628, 0.419, and
0.22 MeV for the charmed, strange, up/down quarks,
respectively.

A. Decay behaviors of the 3P charmed mesons

To further test the possibility of the D�
2ð3000Þ as the

33P2 charmed meson, we investigate the decay behav-
iors of the 33P2 charmed meson in the QPC model. The

total and partial widths of the 33P2 state are listed in
Table. II. The total width of the 33P2 charmed meson is
estimated to be 102.4 MeV, which is consistent with the
lower limit of the D�

2ð3000Þ width, 105 MeV. In
addition, the 33P2 charmed meson dominantly decays
into D�π, Dρ, D�ρ, D�

2ð2460Þπ, and Dπ, the corre-
sponding partial decay widths of which are 10.4, 9.94,
8.13, 5.32, and 4.28 MeV, respectively. The 33P2 → Dπ
mode is the fifth dominant decay channel, which is also
consistent with the experimental measurement of the
D�

2ð3000Þ in the Dπ invariant mass spectrum. In
addition, the ratios of the partial widths of the D�π,
Dρ, D�ρ, and D�

2ð2460Þπ modes and the one of the Dπ
channel are

Γ½33P2 → D�π�
Γ½33P2 → Dπ� ¼ 2.42;

Γ½33P2 → Dρ�
Γ½33P2 → Dπ� ¼ 2.22;

Γ½33P2 → D�ρ�
Γ½33P2 → Dπ� ¼ 1.90;

Γ½33P2 → D�
2ð2460Þπ�

Γ½33P2 → Dπ� ¼ 1.24; ð9Þ

respectively, which could be tested by future
experiments.
There exist four 3P charmed mesons; the D�

2ð3000Þ
could be a candidate of the 33P2 charmed meson. The mass
of the 33P0 charmed meson is estimated to be 3219 MeV in
the modified GI model [20]. The total and partial widths of
the 33P0 charmed meson are listed in Table II. The total
width of the 33P0 charmed meson is estimated to be
251 MeV, which indicates that the 33P0 charmed meson
is a broad state. The dominant decay modes of the 33P0

state are Dπð1300Þ, D1ð2420Þπ, Db1ð1235Þ, Dð1D2Þπ,
Dπ, and Dð2550Þπ, the corresponding partial widths of
which are 39.4, 34.4, 33.9, 29.9, 22.6, and 20.7 MeV,
respectively. The branching ratio of the 33P2 → Dπ is
about 9%, which indicates that the 33P0 charmed meson
can be detected by the Dπ mode.
The two 1þ charmed mesons are the mixtures of the 3P1

and 1P1 states, and the mixing scheme for the 3P charmed
meson is

� j3Pð1þÞi
j3P0ð1þÞi

�
¼

�
cosðθ3PÞ sinðθ3PÞ
− sinðθ3PÞ cosðθ3PÞ

�� j31P1i
j33P1i

�
;

ð10Þ

where θ3P is the mixing angle of the j31P1i and j33P1i
states. In the modified GI model, the masses of the j31P1i
and j33P1i states are estimated to be 3230 and 3215 MeV,
respectively [20].

TABLE I. The masses of the charmed and charmed-strange
mesons involved in the present calculation. For the mass of the
Dð�Þ, we use the average of mDð�Þ0 and mDð�Þþ .

State Mass (MeV) State Mass (MeV)

D 1867 [34] Dð1D2Þ 2761 [20]
D� 2009 [34] Dð1D0

2Þ 2791 [20]
D�

0ð2400Þ 2318 [34] Ds 1968 [34]
D1ð2420Þ 2421 [34] D�

s 2112 [34]
D1ð2430Þ 2427 [34] D�

s0ð2317Þ 2318 [34]
D�

2ð2460Þ 2463 [34] Ds1ð2460Þ 2460 [34]
Dð2550Þ 2539 [34] Ds1ð2536Þ 2535 [34]
D�ð2600Þ 2612 [34] D�

s2ð2573Þ 2572 [34]
Dð13D1Þ 2762 [20] Dsð21S0Þ 2644 [19]
Dð13D3Þ 2779 [20] D�

s1ð2700Þ 2709 [34]

1In our treatment of charmed and charmed strange mesons, we
consider the screening effect since we are discussing higher
excited states in charmed and charmed strange meson families,
where coupled-channel effects become important. Different from
the case of charmed and charmed strange mesons, we use the
spatial wave function with the unscreening effect for the light
mesons involved in the discussed decay modes since coupled-
channel effects on the light mesons that are ground states are not
obvious. Thus, we adopt this approximation to deal with light
mesons.
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The θ3P dependence of the total and partial widths of
the 3Pð1þÞ charmed mesons is presented in Fig. 2. In
the heavy quark limit, the mixing angle of the 3P
charmed mesons is θ3P ¼ − arcsinð ffiffiffiffiffiffiffiffi

2=3
p Þ ¼ −54.7°

[35–37]. With this mixing angle, we find the total
width of the 3Pð1þÞ charmed meson is 144 MeV.
Our present calculations indicate that Da2ð1320Þ and
D�π are the dominant decay channels of the 3Pð1þÞ
charmed meson, the corresponding partial widths of
which are 20.4 and 21.5 MeV, respectively. In addition,
the decay modes Df2ð1270Þ and D�ð2600Þπ are also

important since the corresponding partial widths are
estimated to be about 10 MeV. The θ3P dependence of
the total and partial widths of the 3P0ð1þÞ is presented
in Fig. 3. With the mixing angle in the heavy quark
limit, the total width of the 3P0ð1þÞ is predicted to be
185 MeV, which is a bit larger than the one of the
3Pð1þÞ charmed meson. The dominant decay modes of
the 3P0ð1þÞ charmed meson are D�

2ð2460Þπ and
Dð13D3Þπ, the corresponding partial widths of which
are 30.9 and 27.4 MeV, respectively. The partial widths
of the D�π, Dρ, and D�ð2600Þπ are all about 15 MeV,

TABLE II. The partial and total widths of 33P0, 33P2, 23F2, and 23F4 charmed mesons in units of MeV.

33P0 33P2 23F2 23F4 33P0 33P2 23F2 23F4

Channels 3219 MeV 3234 MeV 3364 MeV 3345 MeV Channels 3219 MeV 3234 MeV 3364 MeV 3345 MeV

Dπ 22.6 4.28 14.2 2.81 D1ð2420Þω 2.02 0.592 3.81 0.566
Dη 2.35 0.994 2.58 0.216 D1ð2430Þπ 2.17 2.05 6.24 1.26
Dρ � � � 9.94 4.44 0.688 D1ð2430Þη 0.339 0.0466 0.975 0.405
Dω � � � 3.22 1.44 0.241 D1ð2430Þσ � � � 0.0248 0.0654 0.000664
Dη0 0.0155 0.318 0.757 1.15 × 10−5 D1ð2430Þρ 0.689 3.75 2.57 2.04
Dh1ð1170Þ 6.69 1.12 2.98 1.84 D1ð2430Þω 0.0833 0.895 0.830 0.612
Db1ð1235Þ 33.9 2.84 3.86 4.58 D�

2ð2460Þπ � � � 5.32 5.25 2.29
Da1ð1260Þ 0.0220 2.6 0.642 2.39 D�

2ð2460Þη � � � 0.422 0.886 0.352
Df2ð1270Þ � � � 1.47 1.69 2.44 D�

2ð2460Þσ 3.35 1.76 0.255 1.06
Df1ð1285Þ 0.0757 0.623 0.0238 0.370 D�

2ð2460Þρ � � � � � � 4.97 21.4
Dηð1295Þ 7.08 0.752 3.30 0.325 D�

2ð2460Þω � � � � � � 1.58 7.45
Dπð1300Þ 39.4 3.35 16.3 1.49 Dð2550Þπ 20.7 0.637 2.65 4.12
Da2ð1320Þ � � � 3.49 4.46 4.72 Dð2550Þη 0.0246 0.503 1.92 0.243
Df1ð1420Þ � � � � � � 0.493 0.00684 Dð2550Þρ � � � � � � 1.88 0.00202
D�π � � � 10.4 8.76 1.47 Dð2550Þω � � � � � � 0.461 0.000212
D�η � � � 1.81 1.36 0.0414 D�ð2600Þπ � � � 3.70 3.81 4.78
D�σ 2.17 0.427 1.01 1.40 D�ð2600Þη � � � 0.360 1.36 0.126
D�ρ 6.12 8.13 25.4 18.9 D�ð2600Þσ 0.116 0.170 0.648 0.00522
D�ω 1.96 2.65 8.44 6.12 Dð13D1Þπ � � � 0.717 0.653 0.115
D�η0 � � � 0.131 0.138 0.0284 Dð13D1Þη � � � � � � 0.0100 7.19 × 10−6

D�f0ð980Þ 0.342 0.225 1.95 0.424 Dð13D1Þσ � � � � � � 0.00360 � � �
D�a0ð980Þ 2.75 1.75 14.1 3.01 Dð13D3Þπ � � � 3.69 6.49 3.02
D�h1ð1170Þ 0.365 1.8 1.97 1.54 Dð13D3Þη � � � � � � 0.0567 0.00577
D�b1ð1235Þ � � � � � � 9.59 1.77 Dð1D2Þπ 29.9 1.49 38.4 0.694
D�a1ð1260Þ � � � � � � 11.4 0.978 Dð1D2Þη � � � � � � 2.62 4.03 × 10−5

D�f2ð1270Þ � � � � � � 2.35 15.8 Dð1D2Þσ � � � � � � 0.00479 � � �
D�f1ð1285Þ � � � � � � 1.52 0.0344 Dð1D0

2Þπ 6.64 3.16 2.57 4.65
D�ηð1295Þ � � � � � � 0.574 0.00248 Dð1D0

2Þη � � � � � � 0.195 0.000516
D�πð1300Þ � � � � � � 2.46 0.00741 DsK 0.128 0.455 0.911 0.00192
D�a2ð1320Þ � � � � � � 3.82 18.0 DsK� � � � 0.0771 0.00440 0.0792
D�

0ð2400Þσ 1.13 0.228 0.523 0.0168 D�
sK � � � 0.576 0.352 0.0162

D�
0ð2400Þρ 6.70 2.72 3.94 1.91 D�

sK� 1.70 1.90 0.782 0.115
D�

0ð2400Þω 2.28 0.953 1.28 0.617 D�
s0ð2317ÞK� 0.0478 0.109 0.166 0.0492

D�
0ð2400Þf0ð980Þ � � � � � � 0.170 2.75 × 10−5 Ds1ð2460ÞK 0.0923 0.193 1.24 0.0631

D�
0ð2400Þa0ð980Þ � � � � � � 1.08 0.000130 Ds1ð2460ÞK� � � � � � � 0.0858 � � �

D1ð2420Þπ 34.4 0.323 31.1 2.92 Ds1ð2536ÞK 0.796 0.0401 0.322 0.187
D1ð2420Þη 0.550 0.311 2.84 0.188 D�

s2ð2573ÞK � � � 0.0735 0.292 0.124
D1ð2420Þσ � � � 0.479 0.763 0.00653 Dsð21S0ÞK 1.82 0.103 1.15 0.0279
D1ð2420Þρ 9.61 2.20 11.5 1.89 D�

s1ð2700ÞK � � � 0.0161 0.583 0.0112
Total 251.1 102.4 302.2 155.0
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which are also important decay modes of the 3P0ð1þÞ
charmed meson.

B. Decay behaviors of the 2F charmed mesons

The 2F charmed mesons have not been observed, and
the predicted mass of the 23F2 state is about 150 MeV
above the central value of the mass of the newly
observed D�

2ð3000Þ [1]. In the present work, we also
consider the possibility of the D�

2ð3000Þ as the 23F2

charmed meson. The total and partial widths of the 23F2

charmed meson are listed in Table II. The total width of
the 23F2 charmed meson is predicted to be 302.2 MeV,
which is about 35 MeV above the upper limit of the
observed value of the D�

2ð3000Þ. The partial width of the
Dπ channel is 14.2 MeV, and the corresponding branch-
ing ratio is 4.7%, which is almost the same as that of
33P2 → Dπ. The Dð1D2Þπ, D1ð2420Þπ, D�ρ, Dπð1300Þ,
and D�a0ð980Þ are also dominant decay channels of the
23F2 charmed meson, and the corresponding partial
widths are 38.4, 31.1, 25.4, 16.3, and 14.1 MeV,
respectively. As for other 2F states, including the
23F4, 2F3, and 2F0

3 states, their decay behaviors are

also investigated in the present work. The mass of the
23F4 charmed meson is calculated to be 3345 MeV in
the modified GI model [20]. The total and partial widths
of the 23F4 charmed meson are also listed in Table II.
The total width of 23F4 charmed meson is 155 MeV,
which is about half of that of the 23F2 charmed meson.
The main decay channels of the 23F4 charmed meson
are D�

2ð2460Þρ, D�ρ, D�a2ð1320Þ, and D�f2ð1270Þ, and
the corresponding partial widths are 21.4, 18.9, 18.0,
and 15.8 MeV, respectively.
The F-wave mixing states 2Fð3þÞ and 2F0ð3þÞ are the

mixtures of the 23F3 and 21F3 states, and the mixing
scheme is

� j2Fð3þÞi
j2F0ð3þÞi

�
¼

�
cosðθ2FÞ sinðθ2FÞ
− sinðθ2FÞ cosðθ2FÞ

�� j21F3i
j23F3i

�
:

ð11Þ

In the heavy quark limit, the mixing angle is θ2F ¼
− arcsinð2= ffiffiffi

7
p Þ ¼ −49.1° [35,36]. In the modified GI

model, the masses of the 21F3 and 23F3 state are 3353
and 3359 MeV, respectively. The θ2F dependence of the
total and partial widths of 2Fð3þÞ and 2F0ð3þÞ are shown
in Figs. 4 and 5, respectively. The total width of 2Fð3þÞ
charmed meson is 165 MeV with the mixing angle in the
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FIG. 2. Mixing angle θ3P dependence of the total and partial
widths of the 3Pð1þÞ charmed meson. The vertical dashed line
indicates the mixing angle θ3P in the heavy quark limit, which
is −54.7°.
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FIG. 3. The same as Fig. 2 but for the 3P0ð1þÞ charmed meson.
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heavy quark limit. The dominant decay channels are
D�

2ð2460Þρ, D�ρ, Dρ, and D�
2ð2460Þπ, and the correspond-

ing widths are 14.5, 14, 13.8, and 8.7 MeV, respectively. In
addition, we find the partial width of the 2Fð3þÞ → D�ρ is
weakly dependent on the mixing angle θ2F. The
D�a2ð1320Þ, D�b1ð1235Þ, D1ð2430Þρ, and D�a0ð980Þ
are also important decay channels of the 2Fð3þÞ charmed
meson, the partial widths of which are all about 5 MeV. As
for the 2F0ð3þÞ charmed meson, the total width is
248 MeV. Our calculations indicate that the main decay
channels of 2F0ð3þÞ charmed meson are Dð13D3Þπ,
D�

2ð2460Þπ, and D�π, and the corresponding widths are
39.8, 37.1, and 23.7 MeV, respectively. The partial widths
of D�a2ð1320Þ, D�b1ð1235Þ, and D�ρ are all about
15 MeV, and D�f2ð1270Þ is about 10 MeV, which also
has a considerable contribution to the total width.

III. DISCUSSION AND SUMMARY

In the present work, we have studied the masses and
decay behaviors of the 3P and 2F charmed mesons and
have compared our results of the 33P2 and 23F2 states
with the observation of the D�

2ð3000Þ, which was

reported very recently by the LHCb Collaboration [1].
The modified GI model has predicted masses of the
33P2 and 23F2 states, which are 3234 and 3364 MeV,
respectively [19]. On the other hand, the observed mass
of the D�

2ð3000Þ is 3214� 29� 33� 36 MeV, which is
quite consistent with that of the 33P2 charmed meson
and about 150 MeV below the mass of the 23F2

charmed meson.
To further test the possibilities of the D�

2ð3000Þ as a
33P2 or 23F2 charmed meson, we have estimated the
decay behaviors of the 33P2 and 23F2 charmed mesons
via the QPC model, in which the wave functions of the
charmed and charmed strange mesons are evaluated by
the modified GI model [19,20]. The total width of the
33P2 charmed meson is estimated to be 102.4 MeV,
which is consistent with the lower limit of the width of
the D�

2ð3000Þ. As for the 23F2 charmed meson, the total
width is predicted to be 302.2 MeV, which is about
35 MeV above the upper limit of the width of the
D�

2ð3000Þ. In addition, our calculated branching ratios
for the Dπ channel of the 33P2 and 23F2 charmed
mesons are 4.18% and 4.70%, respectively, which
indicates the Dπ channel is an important channel both
for 33P2 and 23F2 charmed mesons. In Table III, we
summarize our calculations of the masses and decay
behaviors of the 33P2 and 23F2 charmed mesons and
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FIG. 5. The same as Fig. 4 but for j2F0ð3þÞi charmed meson.
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compare them with the experimental measurement of the
D�

2ð3000Þ. From the calculation in the present work, we
find the most possible assignment of the D�

2ð3000Þ is the
33P2 charmed meson, but the other possibility, such as
the 23F2 charmed meson, may not be completely
excluded. The predicted decay behaviors of the 33P2

and 23F2 charmed mesons could be tested by future
experiments in LHCb and the forthcoming Belle II,
which would help us reveal the nature of the D�

2ð3000Þ.
Besides the 33P2 and 23F2 charmed mesons, the decay

behaviors of the other six 3P and 2F charmed mesons have
been also studied in the present work. The total width of the
33P0 charmed mesons is predicted to be 251.1 MeV, while
the widths of the 3Pð1þÞ and 3P0ð1þÞ charmed mesons are
144 and 185 MeV, respectively, with the heavy quark limit
mixing angle. The most dominant decay channels of the
33P0, 3Pð1þÞ, and 3P0ð1þÞ are Dπð1300Þ, Da2ð1320Þ,
and D�

2ð2460Þπ, respectively. As for the 2F charmed
mesons, the total widths of the 2Fð3þÞ, 2F0ð3þÞ, and
23F4 are 165, 248, and 155 MeV, respectively. The

estimates of the masses and decay behaviors of these
unobserved states in the present work are also listed in
Table. III, which could provide some fundamental infor-
mation for searching for these charmed mesons in future
experiments.
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Note added.—During the preparation of this work, we
noticed a new theoretical work related to D�

2ð3000Þ, in
which the D�

2ð3000Þ is assigned as a 13F2 state [38].
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