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Using the effective Lagrangian approach, we examine the recently observed charm states D�
Jð2460Þ,

DJð2560Þ, DJð2740Þ, DJð3000Þ, and their spin partners D�
Jð2680Þ, D�

Jð2760Þ, and D�
Jð3000Þ with JP

states 1P3
2
2þ, 2S1

2
0−, 1D5

2
2−, 2P1

2
1þ, and 2S1

2
1−, 1D5

2
3−, 2P1

2
0þ respectively. We study their two body strong

decays, coupling constants and branching ratios with the emission of light pseudo-scalar mesons ðπ; η; KÞ.
We also analyze the newly observed charm state D�

2ð3000Þ and suggest it to be either 1Fð2þÞ or 2Pð2þÞ
state and justify one of them to be the most favorable assignment forD�

2ð3000Þ. We study the partial and the
total decay width of unobserved states Dð11F3Þ, Dsð11F3Þ and Dsð11F2Þ as the spin and the strange
partners of the D�

2ð3000Þ charmed meson. The branching ratios and the coupling constants gTH , ~gHH , gYH ,
~gSH, and gZH calculated in this work can be confronted with the future experimental data.

DOI: 10.1103/PhysRevD.97.014015

I. INTRODUCTION

The excitation spectrum of ðcq̄Þ heavy-light charmed
mesons have received considerable theoretical and exper-
imental attention, as it provide opportunities to study the
QCD properties within the context of different models.
Recently, LHCb collaboration have used the Dalitz plot
analysis to study the resonant substructures B− →
Dþπ−π− decays in the pp collision at a center-of-mass
energy 7 TeV. The masses and the widths of charm
resonances with spins 1, 2 and 3 at high Dþπ− masses
are determined [1]. The study gives indication that, these
resonances are mainly coming from the contribution of the
D�

2ð2460Þ, D�
1ð2680Þ, D�

3ð2760Þ, and D�
2ð3000Þ charmed

mesons. The measured Breit-Wigner masses and widths of
these charmed mesons are

D�
2ð2460Þ∶M ¼ 2463.7� 0.4� 0.4� 0.6 MeV;

Γ ¼ 47.0� 0.8� 0.9� 0.3 MeV; ð1Þ
D�

1ð2680Þ∶M ¼ 2681.1� 5.6� 4.9� 13.1 MeV;

Γ ¼ 186.7� 8.5� 8.6� 8.2 MeV; ð2Þ
D�

3ð2760Þ∶M ¼ 2775.5� 4.5� 4.5� 4.7 MeV;

Γ ¼ 95.3� 9.6� 7.9� 33.1 MeV; ð3Þ

D�
2ð3000Þ∶M ¼ 3214� 29 ∓ 33 ∓ 36 MeV;

Γ ¼ 186� 38� 34� 63 MeV ð4Þ

In 2010 and 2013, a great achievement have been made
by BABAR and LHCb collaboration. LHCb collaboration
observed two natural parity resonances D�

Jð2650Þ0,
D�

Jð2760Þ0 and two unnatural parity resonances
DJð2580Þ0 and DJð2740Þ0 by studying the Dþπ−, D0πþ,
and D�þπ− invariant mass spectra [2]. Along with these
states, LHCb has also observed DJð3000Þ0 in the D�þπ−

final state andD�
Jð3000Þþ andD�

Jð3000Þ0 in theD0πþ and
Dþπ− mass spectra respectively. BABAR collaboration
in 2010, observed DJð2560Þ0, DJð2600Þ0, DJð2600Þþ,
DJð2750Þ0, D�

Jð2760Þþ, and D�
Jð2760Þ0 in the inclusive

eþe− → cc̄ interaction [3].Masses and thewidths of charm
states predicted by BABAR and LHCb are so close, that
they are considered to be in the same JP state. Masses and
widths of these charm states observed by various collab-
orations are presented in Table I.
It is very crucial to assign a proper JP to the heavy-light

system in a given spectra, as large amount of experimental
information like decay width, branching ratios, and hyperfine
splitting are based on their JP. Various theoretical models
have suggested different JP states to the observed charm
mesons. In this paper, we analyze the available theoretical and
experimental data on the excited charm states and specify
their proper JP. In our analysis, we mentioned D�

2ð2460Þ to
be the well-established state having JP ¼ 2þ in the charm
spectra [4]. The information provided by BABAR (2010) and
LHCb (2013) for the states D�

Jð2680Þ and D�
Jð2760Þ were
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confirmed in 2016 by LHCb, which had provided their J
values as 1 and 3 respectively. Theoretical study of these
two states concluded their JP to be 1− for n ¼ 2 S-wave and
3− for n ¼ 1 D wave respectively [5–9]. States DJð2560Þ0
and DJð2740Þ0 being the spin partners of D�

Jð2680Þ0 and
D�

Jð2760Þ0, are assigned JP ¼ 0− for S-wave (n ¼ 2) and 2−

for D-wave (n ¼ 1) respectively. Higher charm states
D�

Jð3000Þ and DJð3000Þ were studied by various models
like 3P0model, heavy quark effective theory, but their JP

0
s are

not yet confirmed. Authors in [10] assignedD�
Jð3000Þ as the

1F5
2
2þ or 1F7

2
4þ state and DJð3000Þ as the 1F7

2
3þ or 2P1

2
1þ

state, but Ref. [11] have suggested various other possibilities
for the JP

0
s of ðD�

Jð3000ÞÞ, ðDJð3000ÞÞ and concluded
2Pð0þ; 1þÞ to be the most favorable nLJP

0
s in the charm

spectra by studying their branching ratio.
Now, the main interest of theorists is on the newly

predicted D�
2ð3000Þ state, whose mass and decay width

is comparable with the former D�
Jð3000Þ state. It is

suggested by Zhi-Gang Wang in Ref. [12], that the energy
gap between D�

2ð3000Þ0 and D�
Jð3000Þ0 is 206 MeV

(MD�
2
ð3000Þ0 −MD�

Jð3000Þ0 ¼ 206 MeV), which indicates
them to be different particles. On the basis of the charm
masses predicted by relativistic quark model [13], Wang
suggested D�

2ð3000Þ to be 1F5
2
2þ state [5,13]. Using the

3P0 model, they also suggested the most plausible assign-
ment of D�

2ð3000Þ to be the 3P3
2
2þ state, but then the other

possibility like 2F5
2
2þ may not be completely excluded

[14]. Thus, the clear picture of the JP of D�
2ð3000Þ is not

yet available. This unclear picture is the motivation for our
present work.
On the basis of masses predicted by various theoretical

models [8,13,15–18], we assume the two most favorable JP

states forD�
2ð3000Þ to be either1Fð2þÞ or 2Pð2þÞ.D�

2ð3000Þ
is observed in the decay channelDþπ− but not inD�þπ−, and
henceD�þπ− decay mode must be suppressed. By analyzing

the branching ratio BR ¼ ΓðD�
2
ð3000Þ→D�πÞ

ΓðD�
2
ð3000Þ→DπÞ with their masses

and strong decaywidths, we further choose one of them as the
best possible JP state for theD�

2ð3000Þ and have determine its
strong coupling constant. We use the HQET model for
studying the decay widths at the leading order approxima-
tions, because the mass and the spin degeneracy of heavy
hadrons appears as approximate internal symmetry of the
Lagrangian. Beside the fact that HQET contains many
unknownphenomenological constants, HQETin conjugation
with the chiral perturbation theory, has been successfully
applied to the strong decays of the heavy hadrons [19,20].
Heavy quark symmetry helps in reducing the parameters by
imposing constraints on these constants, like the range of the
strong coupling constants is constrained to bewith in 0 and 1
by studying the decay widths and branching ratios of ground
state charm mesons [21]. The strong couplings can also be
retrieved by comparing the strong decay widths with the
experimental available decaywidths andmasses. The paper is
arranged as follows: Section II gives the brief review of the
HQET model (For the detailed review refer Refs. [22–25]).
InSec. III,we study the strongdecays and thebranching ratios
of theD�

Jð2460Þ,DJð2560Þ,DJð2740Þ,DJð3000Þ, and their

TABLE I. The experimental results from LHCb(2016) [1], LHCb(2013) [2], and BABAR(2010) [3] of nonstrange charm mesons.
Values corresponding to M: and Γ: represents mass and decay width of the states. All the values are in MeV unit.

Charm State LHCb(2013) [2] BABAR(2010) [3] LHCb(2016) [1] Decay Channel

D�
2ð2460Þ M∶ 2463.7� 0.4� 0.4 D�þπ−

Γ∶ 47.0� 0.8� 0.9
D�

Jð2650Þ0 M∶ 2649.2� 3.5� 3.5 M∶ 2608.7� 2.4� 2.5 M∶ 2681.1� 5.6� 4.9 D�þπ−

Γ∶140.2� 17.1� 18.6 Γ∶ 93� 6� 13 Γ∶ 186.7� 8.5� 8.6
D�

Jð2760Þ0 M∶ 2761.1� 5.1� 6.5 M∶ 2763.3� 2.3� 2.3 M∶ 2775.5� 4.5� 4.5 D�þπ−

Γ∶ 74.4� 3.4� 37.0 Γ∶ 60.9� 5.1� 3.6 Γ∶ 5.3� 9.6� 7.9
DJð2560Þ0 M∶ 2579.5� 3.4� 5.5 M∶ 2539.4� 4.5� 6.8 D�þπ−

Γ∶ 177.4� 17.8� 46.0 Γ∶ 130� 12� 13

DJð2740Þ0 M∶ 2737.0� 3.5� 11.24 M∶ 2752.4� 1.7� 2.7 D�þπ−

Γ∶ 73.2� 13.4� 25.0 Γ∶ 71� 6� 11

DJð3000Þ0 M∶ 2971.8� 8.7 D�þπ−

Γ∶ 188.1� 44.8
D�

Jð2760Þ0 M∶ 2760.1� 1.1� 3.7 Dþπ−

Γ∶ 74.4� 3.4� 19.1
D�

Jð3000Þ0 M∶ 3008.1� 4.0 Dþπ−

Γ∶ 110.5� 11.5
D�

2ð3000Þ M∶ 3214� 29� 33� 36 Dþπ−

Γ∶ 186� 38� 34� 63
D�

Jð2760Þþ M∶ 2771.7� 1.7� 3.8 D0πþ
Γ∶ 66.7� 6.6� 10.5

D�
Jð3000Þþ M:3008.1 D0πþ

Γ∶ 110.5
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spin partners D�
Jð2680Þ, D�

Jð2760Þ, and D�
Jð3000Þ with JP

states 1P3
2
2þ, 2S1

2
0−, 1D5

2
2−, 2P1

2
1þ, and 2S1

2
1−, 1D5

2
3−,

2P1
2
0þ, respectively and discusses their strong coupling

constants involved. We also analyze the newly observed
charm state D�

2ð3000Þ and suggest it to be either 1Fð2þÞ or
2Pð2þÞ state. And by studying the decay behavior and the
branching ratio for both these nLJP’s, we justify one of them
to be themost favorable assignment forD�

2ð3000Þ. In addition
to this, we also study the strong decays for the unobserved
spin and the strange partners of D�

2ð3000Þ i.e., Dð11F3Þ,
Dsð11F3Þ and Dsð11F2Þ in the framework of the HQET,
which are experimentally unobserved but theoretically pre-
dicted. Section IV presents the conclusion of our work.

II. FRAMEWORK

In the heavy quark limit mQ ≫ ΛQCD ≫ mq, Compton
wave-length of the heavy quark λQ ≃ 1=mQ is much
smaller than the hadronic distance 1 fm. The strong
interactions of such a heavy quark with light quarks and
gluons can be described by an effective theory, which is
invariant with flavor and the spin of the heavy quark. This
effective theory involves the corrections at the order of
1=mQ order. The theoretical framework for such analysis is
provided by the so-called heavy quark effective theory.
Also, the mass and spin degeneracy of the heavy hadrons
appears as approximate internal symmetries of the
Lagrangian. It is an effective QCD theory for Nf heavy
quarks Q with their four velocity fixed. In this theory, spin
and parity of the heavy quark decouples from the light
degrees of freedom as they interact through the exchange of
soft gluons. Heavy mesons are classified in doublets, in
relation to the total conserved angular momentum, i.e.,
sl ¼ sq̄ þ l, where sq̄ and l are the spin and orbital angular
momentum of the light degree of freedom respectively. For
l ¼ 0 (S-wave), the doublet is represented by ðP; P�Þ with
JPsl ¼ ð0−; 1−Þ1

2
, which for l ¼ 1 (P-wave), there are two

doublets represented by ðP�
0; P

0
1Þ and ðP1; P�

2Þ with JPsl ¼
ð0þ; 1þÞ1

2
and ð1þ; 2þÞ3

2
respectively. Two doublets of l ¼ 2

(D-wave) are represented by ðP�
1; P2Þ and ðP0

2; P
�
3Þ belong-

ing to JPsl ¼ ð1−; 2−Þ3
2
and ð2−; 3−Þ5

2
respectively. And the

doublets of l ¼ 3 (F-wave) are represented by ðP�
2; P3Þ and

ðP0
3; P

�
4Þ for JPsl ¼ ð2þ; 3þÞ5

2
and ð3þ; 4þÞ7

2
respectively.

These doublets are described by the effective superfield
Ha, Sa, Ta, Xa, Ya, and Za [26,27].

Ha ¼
1þ =v
2

fP�
aμγ

μ − Paγ5g ð5Þ

Sa ¼
1þ =v
2

fPμ
1aγμγ5 − P�

0ag ð6Þ

Tμ
a ¼ 1þ=v

2

�
P�μν
2a γν−P1aν

ffiffiffi
3

2

r
γ5

�
gμν−

γνðγμ−υμÞ
3

��
ð7Þ

Yμν
a ¼ 1þ =v

2

�
P�μνσ
3a γσ − Pαβ

2a

ffiffiffi
5

3

r
γ5

×

�
gμαgνβ −

gνβγαðγμ − vμÞ
5

−
gμαγβðγν − vνÞ

5

��
ð8Þ

Zμν
a ¼ 1þ =v

2

�
Pμνσ
3a γ5γσ − P�αβ

2a

ffiffiffi
5

3

r

×

�
gμαgνβ −

gνβγαðγμ þ vμÞ
5

−
gμαγβðγν þ vνÞ

5

��
ð9Þ

Here the field Ha describe the ðP;P�Þ doublet, i.e.,
S-wave, Sa and Ta fields represents the P-wave doublets
ð0þ; 1þÞ1

2
and ð1þ; 2þÞ3

2
respectively. The mentioned indi-

ces a or b in the subsequent fields and Lagrangian are
SUð3Þ flavor index (u, d or s). P and P� in field Ha

represents D0, Dþ, Dþ
s and D�0, D�þ, D�þ

s , respectively.
The heavy meson field Pð�Þ contain a factor ffiffiffiffiffiffiffimQ

p with
mass dimension of 1

2
. For the radially excited states with

radial quantum number n ¼ 2, these states are replaced by
~P, ~P� and so on. The properties of the hadrons are invariant
under SUð2NfÞ transformations, hence heavy quark spin
and flavor symmetries provide a clear picture for the study
of the heavy-light mesons in heavy quark physics. The light

pseudoscalar mesons are described by the fields ξ ¼ exp
iM
fπ ,

where M is defined as

M ¼

0
BBBB@

1ffiffi
2

p π0 þ 1ffiffi
6

p η πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η K0

K− K̄0 −
ffiffi
2
3

q
η

1
CCCCA ð10Þ

The pion octet is introduced by the vector and axial vector
combinations Vμ¼1

2
ðξ∂μξ†þξ†∂μξÞ and Aμ¼1

2
ðξ∂μξ† −

ξ†∂μξÞ. We choose fπ ¼ 130 MeV. Here, all traces are
taken over Dirac spinor indices, light quark SUð3ÞV flavor
indices a ¼ u, d, s and heavy quark flavor indices Q ¼ c, b.
The Dirac structure of the chiral Lagrangian is given by the
velocity vector v/c. At the leading order approximation,
the heavy meson chiral Lagrangians LHH, LSH, LTH, LYH,
LZH for the two-body strong interactions through light
pseudoscalar mesons are written as:

LHH ¼ gHHTrfHaHbγμγ5A
μ
bag ð11Þ

LSH ¼ gSHTrfHaSbγμγ5A
μ
bag þ H:c: ð12Þ

LTH ¼ gTH
Λ

TrfHaT
μ
bðiDμ=Aþ i=DAμÞbaγ5g þ H:c: ð13Þ

LYH ¼ 1

Λ2
TrfHaY

μν
b ½kY1fDμ; DνgAλ

þ kY2 ðDμDλAν þDνDλAμÞ�baγλγ5g þ H:c: ð14Þ
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LZH ¼ 1

Λ2
TrfHaZ

μν
b ½kZ1fDμ; DνgAλ

þ kZ2 ðDμDλAν þDνDλAμÞ�baγλγ5g þ H:c: ð15Þ

In these equationsDμ¼∂μþVμ, fDμ;Dνg¼DμDνþDνDμ

and fDμ; DνDρg ¼ DμDνDρ þ DμDρDν þ DνDμDρ þ
DνDρDμ þ DρDμDν þ DρDνDμ. Λ is the chiral symmetry
breaking scale taken as 1 GeV. gHH, gSH, gTH, gYH ¼
kY1 þ kY2 and gZH ¼ kZ1 þ kZ2 are the strong coupling
constants involved. The above equations describe the
interactions of higher excited charm states to the ground
state positive and negative parity charm mesons along with
the emission of light pseudo-scalar mesons ðπ; η; KÞ. Using
the Lagrangians LHH; LSH; LTH; LYH; LZH, the two body
strong decays of Qq̄ heavy-light charm mesons are given
as ð0−; 1−Þ → ð0−; 1−Þ þM

Γð1− → 1−Þ ¼ CM
g2HHMfp3

M

3πf2πMi
ð16Þ

Γð1− → 0−Þ ¼ CM
g2HHMfp3

M

6πf2πMi
ð17Þ

Γð0− → 1−Þ ¼ CM
g2HHMfp3

M

2πf2πMi
ð18Þ

ð0þ; 1þÞ → ð0−; 1−Þ þM

Γð1þ → 1−Þ ¼ CM
g2SHMfðp2

M þm2
MÞpM

2πf2πMi
ð19Þ

Γð0þ → 0−Þ ¼ CM
g2SHMfðp2

M þm2
MÞpM

2πf2πMi
ð20Þ

ð1þ; 2þÞ → ð0−; 1−Þ þM

Γð2þ → 1−Þ ¼ CM
2g2THMfp5

M

5πf2πΛ2Mi
ð21Þ

Γð2þ → 0−Þ ¼ CM
4g2THMfp5

M

15πf2πΛ2Mi
ð22Þ

Γð1þ → 1−Þ ¼ CM
2g2THMfp5

M

3πf2πΛ2Mi
ð23Þ

ð2−; 3−Þ → ð0−; 1−Þ þM

Γð2− → 1−Þ ¼ CM
4g2YH

15πf2πΛ4

Mf

Mi
½p7

M� ð24Þ

Γð3− → 0−Þ ¼ CM
4g2YH

35πf2πΛ4

Mf

Mi
½p7

M� ð25Þ

Γð3− → 1−Þ ¼ CM
16g2YH

105πf2πΛ4

Mf

Mi
½p7

M� ð26Þ

ð2þ; 3þÞ → ð0−; 1−Þ þM

Γð2þ → 1−Þ ¼ CM
8g2ZH

75πf2πΛ4

Mf

Mi
½p5

Mðm2
M þ p2

MÞ� ð27Þ

Γð2þ → 0−Þ ¼ CM
4g2ZH

25πf2πΛ4

Mf

Mi
½p5

Mðm2
M þ p2

MÞ� ð28Þ

Γð3þ → 1−Þ ¼ CM
4g2ZH

25πf2πΛ4

Mf

Mi
½p5

Mðm2
M þ p2

MÞ� ð29Þ

In the above decay widths, Mi and Mf stands for initial
and final meson mass, pM and mM are the final momentum
and mass of the light pseudoscalar meson respectively. The
coefficient Cπ� ; CK� ; CK0 ; CK̄0 ¼ 1, Cπ0 ¼ 1

2
, and Cη ¼ 2

3
or

1
6
. Different values of Cη corresponds to the initial state
being cū, cd̄, or cs̄ respectively. All hadronic coupling
constants depends on the radial quantum number. For the
decay within n ¼ 1 they are notated as gHH, gSH etc, and
the decay from n ¼ 2 to n ¼ 1 they are represented by ~g2HH,
~g2SH, Higher order corrections for spin and flavor violation
of order 1

mQ
are excluded to avoid new unknown coupling

constants. Equations (16)–(29) shows that the decay width
of any state depends on the initial and final meson masses,
their strong coupling constants, pion decay constant,
energy scale Λ, mass and momentum of light pseudo-
scalar mesons. Unknown coupling constants in these
widths, can either be theoretically predicted or can be
determined indirectly from the known experimental values
of the decay widths. Theoretically, lattice QCD [28], QCD
sum rules [29] have successfully predicted some of these
coupling constants. The numerical masses of various
mesons used in the calculation are listed in Table II.

III. NUMERICAL ANALYSIS

Assigning a proper JP
0
s to the experimentally available

states are essential, as it helps in retrieving many properties

TABLE II. Numerical value of the meson masses used in this work [4].

States D0 D� D�þ D�0 Dþ
S D�þ

S

Masses(MeV) 1864.86 1869.62 2010.28 2006.98 1968.49 2112.30
States π� π0 η Kþ K0

Masses(MeV) 139.57 134.97 547.85 493.67 497.61
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TABLE III. Strong decay width of newly observed charm mesons D�
2ð2460Þ, D0ð2560Þ, D2ð2740Þ, D�

1ð2680Þ, D�
3ð2760Þ, D1ð3000Þ,

and D�
0ð3000Þ. Ratio in 5th column represents the Γ̂ ¼ Γ

ΓðD�
J→D�þπ−Þ for the mesons. Fraction gives the percentage of the partial decay

width with respect to the total decay width.

State nLslJP Decay channel Decay Width(MeV) Ratio Fraction Experimental value(MeV)

D�
2ð2460Þ 1P3=22

þ D�þπ− 56.55g2TH 1 20.05

D�þπ0 29.76g2TH 0.52 10.55
D�þη - - 0
Dþπ− 128.40g2TH 2.27 45.52

Dþπ0 67.06g2TH 1.18 23.77
Dþη 0.26g2TH 0 0
Total 282.04g2TH 47.00� 0.80 [1]

D0ð2560Þ 2S1=20− D�þπ− 867.32~g2HH 1 65.99

D�þπ0 443.03~g2HH 0.51 33.71
D�þη 3.858~g2HH 0 0.29
Total 1314.22~g2HH 177.40� 17.80 [2]

D�
1ð2680Þ 2S1=21− D�þπ− 889.34~g2HH 1 32.41

D�þπ0 4451.87~g2HH 0.50 16.56
D�þη 31.07~g2HH 0.03 1.13
D�þ

s K− 78.40~g2HH 0.08 2.87
Dþπ− 682.53~g2HH 0.76 25.01

Dþπ0 346.56~g2HH 0.38 12.70
Dþη 48.05~g2HH 0.05 1.76
Dþ

s K− 200.49~g2HH 0.22 7.34
Total 2728.35~g2HH 186.70� 8.50 [1]

D2ð2740Þ 1D5=22
− D�þπ− 127.35g2YH 1 64.79

D�þπ0 65.96g2YH 0.51 33.55
D�þη 1.30g2YH 0.01 0.97
D�þ

s K− 1.92g2YH 0.01 0.97
Total 196.55g2YH 73.20� 13.40 [2]

D�
3ð2760Þ 1D5=23

− D�þπ− 100.15g2YH 1 21.10

D�þπ0 51.73g2YH 0.51 10.90
D�þη 1.53g2YH 0.01 0.32
D�þ

s K− 2.88g2YH 0.02 0.60
Dþπ− 191.14g2YH 1.90 40.28

Dþπ0 98.82g2YH 0.98 20.82
Dþη 7.05g2YH 0.07 1.48
Dþ

s K− 21.14g2YH 0.21 4.45
Total 474.47g2YH 95.30� 9.60 [1]

D1ð3000Þ 2P1=21
þ D�þπ− 3325.52~g2SH 1 41.96

D�þπ0 1674.26~g2SH 0.50 21.12

D�þη 516.82~g2SH 0.15 6.52

D�þ
s K− 2408.76~g2SH 0.72 30.39

Total 7925.36~g2SH 188.10� 44.60 [2]

D�
0ð3000Þ 2P1=20

þ Dþπ− 2315.81~g2SH 0.50 20.26

Dþπ0 4598.65~g2SH 1 40.24

Dþη 748.382~g2SH 0.16 6.54

Dþ
s K− 3763.23~g2SH 0.81 32.93

Total 11426.10~g2SH 110.50� 11.50 [2]
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like decay width, strong coupling constant, branching
ratios, etc. of these states. In this paper, we reanalyze
the previously available theoretical and experimental data
on the charm states D�

Jð2460Þ, DJð2560Þ, DJð2740Þ,
D�

Jð2680Þ, D�
Jð2760Þ, DJð3000Þ, and D�

Jð3000Þ. This
analysis is based on the available information on J values
taken fromLHCb in 2016. Hencewe identify these states as:

D�
Jð2460Þ ¼ ð2þÞ3

2
with n ¼ 1; L ¼ 1; ð30Þ

ðDJð2560Þ;D�
Jð2680ÞÞ¼ ð0−;1−Þ1

2
with n¼ 2;L¼ 0;

ð31Þ
ðDJð2740Þ; D�

Jð2760ÞÞ ¼ ð2−; 3−Þ5
2

with n ¼ 1; L ¼ 2;

ð32Þ
D�

Jð3000ÞÞ; ðDJð3000Þ ¼ ð0þ; 1þÞ1
2

with n ¼ 2; L ¼ 1:

ð33Þ
The numerical value of the partial decay widths and the
ratios for the charm statesD�

2ð2460Þ,D0ð2560Þ,D2ð2740Þ,

D�
1ð2680Þ, D�

3ð2760Þ, D1ð3000Þ, and D�
0ð3000Þ are listed

in Table III. We equate the calculated decay widths with
the experimental data in Table III to obtain the coupling
constants which are listed in Table IV. The couplings ~gHH,
~gSH are obtained by averaging the values obtained from
(D0ð2560Þ, D�

1ð2680Þ) and (D1ð3000Þ, D�
0ð3000Þ) respec-

tively. We have neglected the small value of the coupling
gYH ¼ 0.10, in comparison with its other theoretically
predicted values [26]. The range in the coupling constant,
comes from the error-bar in the experimentalmass and decay
width values.
On the basis of the theoretically predicted masses

[8,13,15–18], D�
2ð3000Þ is assumed to belong to either

1F5
2
ð2þÞ or 2P3

2
ð2þÞ state. The partial and the total decay

widths for both these states are shown in Table V. To clear
out the JP state forD�

2ð3000Þ between 1Fð2þÞ and 2Pð2þÞ,
we have observed the BR ¼ ΓðD�

2
ð3000Þ→D�πÞ

ΓðD�
2
ð3000Þ→DπÞ for both these

states with their masses. The graph for the BR with the
masses for the two JP states are shown in Fig. 1. The graph
1(a) shows, the value of BR for 2P3

2
ð2þÞ is equal to 1.06

corresponding to the mass 3214 MeV, predicting D�π to be
dominant mode as compared to Dπ. And the graph 1(b)
depicts the value of BR for 1F5

2
ð2þÞ state to be 0.40 for

mass 3214 MeV, predicting Dπ to be the dominant mode.
Since the D�π decay channel for D�

2ð3000Þ is experimen-
tally suppressed, therefore 1Fð2þÞ is considered to be the
most favorable JP for D�

2ð3000Þ.
Along with the decay channels mentioned in Table V,

D�
2ð3000Þ being 1Fð2þÞ also decays to 1Pð1þÞ, 1P0ð1þÞ,

1Dð2−Þ and 1D0ð2−Þ states along with pseudoscalar

TABLE IV. Value of various coupling constants obtained in the
literature.

Coupling
constant Our calculation Work in [26] Work in [9]

gTH 0.40� 0.01 0.43� 0.05 0.43� 0.01
~gHH 0.31� 0.05 0.14� 0.03 0.28� 0.01
gYH 0.61� 0.05 0.53� 0.13 0.42� 0.02
~gSH 0.12� 0.03 � � � � � �

TABLE V. Strong decay width of D�
2ð3000Þ with the JP assignment as 1F5

2
ð2þÞ and 2P3

2
ð2þÞ. Ratio represents Γ̂ ¼ Γ

ΓðD�
2
ð3000Þ→D�þπ−Þ

for D�
2ð3000Þ. Fraction gives the percentage of the particular decay width with respect to the total decay width.

nLslJP Decay channel Decay Width(MeV) Ratio Fraction Experimental Value(MeV)

1F5=2ð2þÞ D�þπ− 1046.53g2ZH 1 13.60
D�þπ0 531.26g2ZH 0.50 6.90
D�þη 109.14g2ZH 0.10 1.41
D�þ

s K− 422.87g2ZH 0.40 5.49
Dþπ− 2630.35g2ZH 2.51 34.20
Dþπ0 1338.14g2ZH 1.27 17.39
Dþη 307.35g2ZH 0.29 3.99
Dþ

s K− 1304.87g2ZH 1.24 16.96

Total 186� 38
2P3=2ð2þÞ D�þπ− 4075.15~g2TH 1 24.69

D�þπ0 2060.89~g2TH 0.50 12.48
D�þη 387.99~g2TH 0.09 2.35
D�þ

s K− 1754.17~g2TH 0.43 10.62
Dþπ− 1952.32~g2TH 0.94 23.36
Dþπ0 3856.13~g2TH 0.47 11.83
Dþη 413.76~g2TH 0.10 2.50
Dþ

s K− 2002.65~g2TH 0.49 12.13
Total 186� 38
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mesons ðπ; η; KÞ. Since these decays occur via relative
F-wave and D-wave, the contribution of their phase space
to the decay widths are negligible. And therefore, these
channels are suppressed. Considering the decay channels
mentioned in Table V to be the only dominant decay
modes, the total decay width of D�

2ð3000Þ comes out to be
7690.53g2ZH. Along with the partial decay widths, Table V
shows the ratio Γ̂ ¼ Γ

ΓðD�
2
ð3000Þ→D�þπ−Þ and the branching

fraction for the decay channels of D�
2ð3000Þ state. The

results in Table V reveal that, forD�
2ð3000Þ state Dþπ− and

D0π0 are the main decay modes as compared to the D�þπ−
mode. The decay width obtained in this work is finally
compared with the experimental result, and the coupling
constant gZH is obtained as

gZH ¼ 0.15� 0.02: ð34Þ

The information on the value of coupling gZH is very
limited in the literature, so extracting its value will be useful
for the theory, in finding partial and the total decay widths
of unobserved charm states Dð11F3Þ, Dsð11F3Þ, and
Dsð13F2Þ. Until now, the experimental information on
the strong decay widths of Dð11F3Þ, Dsð11F3Þ, and
Dsð13F2Þ states is unavailable, so the prediction of their
partial and total decay widths will be a motivation for future
experiments. Mass of Dð11F3Þ is predicted to be 3099�
25 MeV Refs. [13,16–18]. OZI allowed decay channels of
Dð11F3Þ are listed in the Table VI. Column 4 of the
Table VI gives the ratio of the partial decay widths for
Dð11F3Þ with respect to its partial decay width D�þπ−.
Apart from the decay channels listed in Table VI, Dð11F3Þ
also decays to P-wave charm meson states through the light
pseudoscalar meson, the decay occurs via. F-wave, and due
to small phase space, these modes are suppressed and not
considered in the present work. From the listed decay
channels,D�þπ− comes out to be the dominant decay mode
for Dð11F3Þ with branching fraction 51.84%. Hence, the
decay channelD�þπ− is suitable for the experimental search
for the missing charm state Dð11F3Þ in future. Using the
value of the coupling constant gZH obtained from Eq. (34),

the total decay width of the charm stateDð11F3Þ is obtained
as 55.40 MeV. The partial decay widths predicted in this
paper are comparable with the values predicted in Ref. [8].
We have also studied the decay behavior of strange

partners of D�
2ð3000Þ and D3ð3099Þ charm states, i.e.,

ðD�
s2; Ds3Þ ¼ ð2þ; 3þÞ5

2
with n ¼ 1 and L ¼ 3. Masses for

these strange charm states are taken as 3220.66� 9 MeV
and 3232.50� 33 MeV from the theoretical work
[13,16–18]. OZI allowed two body strong decay channels
of these two states are also listed in Table VI. ForD�

s2 state,
we observe, D0K− to be the dominant decay mode with
branching fraction 25.94% and for Ds3 state, D�0K− to be

2600 2800 3000 3200 3400
Mass

0.2
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0.6

0.8

1.0

1.2
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Branching Ratio

2400 2600 2800 3000 3200 3400
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0.2
0.4
0.6
0.8
1.0
1.2
1.4

Branching Ratio

(a) (b)

FIG. 1. Branching ratio ΓðD�
2ð3000ÞÞ → D�π

Dπ for two possible JP’s for D�
2ð3000Þ state.

TABLE VI. Strong decay width of Dð11F3Þ, Dsð11F3Þ, and
Dsð13F2Þ charm mesons being the spin and strange partners of
1Fð2þÞ. Ratio depicts the value Γ̂ ¼ Γ

ΓðD�
J→D�þπ−Þ for Dð11F3Þ and

Γ̂ ¼ Γ
ΓðD�

sJ→D�0KþÞ for Dsð11F3Þ and Dsð13F2Þ. Last column gives

the branching fraction for these states.

nLslJP
Decay
channel

Decay
Width(MeV) Ratio

Branching
Fraction

1F5=2ð3þÞ D�þπ− 29.03 1 51.84
D�þπ0 14.78 0.50 26.38
D�þη 2.57 0.09 4.75
D�þ

s K− 9.00 0.32 17.01
Total 55.40 � � � 100

1Fs5=2ð3þÞ D�þK0 42.41 0.97 35.15
D�0Kþ 43.38 1 35.95
D�þη 14.81 0.34 12.27
D�þ

s π0 20.04 0.46 16.61
Total 120.66 � � � 100

1Fs5=2ð2þÞ D�þK0 16.61 0.97 9.29
D�0Kþ 17.00 1 9.50
D�þη 5.78 0.34 3.23
D�þ

s π0 7.86 0.46 4.39
DþK0 45.30 2.66 25.33
D0Kþ 46.37 2.72 25.94
Dþη 19.37 1.08 10.29
Dþ

s π
0 21.47 1.26 12.01

Total 178.79 � � � 100
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the dominant mode with branching fraction 35.95%. These
strange states also decays to P-wave charmmeson states, but
due to small phase space, these modes are suppressed in our
study. Using above gZH, the total decay width forD�

s2 comes
out to be 178.79 MeVand for Ds3 it is 120.66 MeV. Taking
sum of the partial decay widths to be the total decay width for
these strange states,D�

s2 state is observed to be a broader state
as compared to its spin partner Ds3.

IV. CONCLUSION

In the present article, we have examined the charm states
D�

Jð2460Þ, DJð2560Þ, D�
Jð2680Þ, DJð2740Þ, D�

Jð2760Þ,
DJð3000Þ, and D�

Jð3000Þ with JP states 1P3
2
2þ, 2S1

2
0−,

2S1
2
1−, 1D5

2
2−, 1D5

2
3−, 2P1

2
1þ, and 2P1

2
0þ respectively. Here

we have used the HQET Lagrangian at the leading order
approximation, and studied their two body strong decay
behavior with the emission of light pseudoscalar mesons
ðπ; η; KÞ. We have computed the branching ratios and the
coupling constants gTH, ~gHH, gYH, ~gSH for the above states,

that can be useful for the future experimental data to
compare with.
Along with this, we have also tentatively identified the

JP for D�
2ð3000Þ charm meson which is recently observed

by the LHCb in 2016 [1]. We studied the branching ratio
for this state and concluded its JP to be 1F5

2
2þ, and

correspondingly obtained the coupling constant
gZH ≃ 0.15. The obtained coupling constant helps in
calculating the strong decay channels for the experimen-
tally missing Dð11F3Þ, DSð11F3Þ, and DSð13F2Þ states.
Thus, the observation of D�

2ð3000Þ as 1F5
2
2þ has opened a

window to investigate the higher excitations of charm
mesons at the LHCb, BABAR, BESIII.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the financial support
by the Department of Science and Technology (SB/FTP/
PS-037/2014), New Delhi.

[1] R. Aaij et al., Phys. Rev. D 94, 072001 (2016).
[2] R. Aaij et al., J. High Energy Phys. 09 (2013) 145.
[3] P. del Amo Sanchez et al., Phys. Rev. D 82, 111101 (2010).
[4] K. A. Olive et al., Chin. Phys. C 38, 090001 (2014).
[5] G. L. Yu, Z. G. Wang, and Z. Y. Li, Phys. Rev. D 94, 074024

(2016).
[6] A. M. Badalian and B. L. G. Bakker, Phys. Rev. D 84,

034006 (2011).
[7] P. Colangelo, F. De Fazio, F. Giannuzzi, and S. Nicotri,

Phys. Rev. D 86, 054024 (2012).
[8] Q. T. Song, D. Y. Chen, X. Liu, and T. Matsuki, Phys. Rev.

D 92, 074011 (2015).
[9] Z. G. Wang, Phys. Rev. D 88, 114003 (2013).

[10] G. L. Yu, Z.-G. Wang, Z.-Y. Li, and G.-Q. Meng, Chin.
Phys. C 39, 063101 (2015).

[11] M. Batra and A. Upadhyay, Eur. Phys. J. C 75, 319 (2015).
[12] Z. G. Wang, Commun. Theor. Phys. 66, 671 (2016).
[13] S. Godfrey and K. Moats, Phys. Rev. D 93, 034035 (2016).
[14] J.-Z. Wang, D.-Y. Chen, Q.-T. Song, X. Liu, and T. Matsuki,

Phys. Rev. D 94, 094044 (2016).
[15] D.-M. Li, B. Ma, and Y.-H. liu, Eur. Phys. J. C 51, 359

(2007).

[16] D. Ebert, R. N. Faustov, and V. O. Galkin, Eur. Phys. J. C
66, 197 (2010).

[17] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985).
[18] M. Di Pierro and E. Eichten, Phys. Rev. D 64, 114004

(2001).
[19] J. L. Goity and W. Roberts, Phys. Rev. D 51, 3459

(1995).
[20] A. Falk and T. Mehen, Phys. Rev. D 53, 231 (1996).
[21] I. W. Stewart, Nucl. Phys. B529, 62 (1998).
[22] M. Neubert, Phys. Rep. 245, 259 (1994).
[23] N. Isgur and M. B. Wise, Phys. Lett. B 237, 527 (1990).
[24] N. Isgur and M. B. Wise, Phys. Rev. Lett. 66, 1130

(1991).
[25] M. Lu, M. B. Wise, and N. Isgur, Phys. Rev. D 45, 1217

(1992); A. V. Manohar and M. B. Wise, Cambridge Monogr.
Part. Phys., Nucl. Phys., Cosmol. 10, 1 (2000).

[26] Z. G. Wang, Eur. Phys. J. Plus 129, 186 (2014).
[27] A. F. Falk, and M. Luke, Phys. Lett. B 292, 119 (1992).
[28] D.Becirevic, E.Chang, andA. L.Yaouanc, arXiv:1203.0167.
[29] P. Colangelo, F. De Fazio, G. Nardulli, N. Di Bartolomeo,

and R. Gatto, Phys. Rev. D 52, 6422 (1995); P. Colangelo
and F. De Fazio, Eur. Phys. J. C 4, 503 (1998).

PALLAVI GUPTA and A. UPADHYAY PHYS. REV. D 97, 014015 (2018)

014015-8

https://doi.org/10.1103/PhysRevD.94.072001
https://doi.org/10.1007/JHEP09(2013)145
https://doi.org/10.1103/PhysRevD.82.111101
https://doi.org/10.1088/1674-1137/38/9/090001
https://doi.org/10.1103/PhysRevD.94.074024
https://doi.org/10.1103/PhysRevD.94.074024
https://doi.org/10.1103/PhysRevD.84.034006
https://doi.org/10.1103/PhysRevD.84.034006
https://doi.org/10.1103/PhysRevD.86.054024
https://doi.org/10.1103/PhysRevD.92.074011
https://doi.org/10.1103/PhysRevD.92.074011
https://doi.org/10.1103/PhysRevD.88.114003
https://doi.org/10.1088/1674-1137/39/6/063101
https://doi.org/10.1088/1674-1137/39/6/063101
https://doi.org/10.1140/epjc/s10052-015-3516-4
https://doi.org/10.1088/0253-6102/66/6/671
https://doi.org/10.1103/PhysRevD.93.034035
https://doi.org/10.1103/PhysRevD.94.094044
https://doi.org/10.1140/epjc/s10052-007-0286-7
https://doi.org/10.1140/epjc/s10052-007-0286-7
https://doi.org/10.1140/epjc/s10052-010-1233-6
https://doi.org/10.1140/epjc/s10052-010-1233-6
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.64.114004
https://doi.org/10.1103/PhysRevD.64.114004
https://doi.org/10.1103/PhysRevD.51.3459
https://doi.org/10.1103/PhysRevD.51.3459
https://doi.org/10.1103/PhysRevD.53.231
https://doi.org/10.1016/S0550-3213(98)00374-5
https://doi.org/10.1016/0370-1573(94)90091-4
https://doi.org/10.1016/0370-2693(90)91219-2
https://doi.org/10.1103/PhysRevLett.66.1130
https://doi.org/10.1103/PhysRevLett.66.1130
https://doi.org/10.1103/PhysRevD.45.1217
https://doi.org/10.1103/PhysRevD.45.1217
https://doi.org/10.1140/epjp/i2014-14186-y
https://doi.org/10.1016/0370-2693(92)90618-E
http://arXiv.org/abs/1203.0167
https://doi.org/10.1103/PhysRevD.52.6422
https://doi.org/10.1007/s100529800787

