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Understanding the charmed states recently observed by the LHCb

and BaBar Collaborations in the quark model

Qi-Fang Lü and De-Min Li∗

Department of Physics, Zhengzhou University, Zhengzhou, Henan 450001, China

Comparing the expected spectroscopy in the relativistic quark model and the

predicted strong decays in the 3P0 model employing the realistic wave functions

from the relativistic quark model with the measured properties of the LHCb and

BaBar charmed states, we find that the masses and strong decays of these charmed

states can be reasonably explained in the conventional qq̄ picture, and there-

fore suggest that the D(2550)/DJ (2580), D
∗(2600)/D∗

J (2650), D(2750)/DJ (2740),

D∗(2760)/D∗
J (2760), DJ(3000), and D∗

J(3000) can be identified as the D(21S0),

D(23S1), D
′
2(1D), D(13D3), D(31S0), and D(13F4), respectively.

PACS numbers: 12.39.Ki, 14.40.Lb, 12.38.Lg, 13.25.Ft

I. INTRODUCTION

In 2013, the LHCb Collaboration reported several DJ resonances by studying the Dπ and

D∗π final states in pp collisions[1]. The DJ(2580), D
∗
J(2650), DJ(2740), and DJ(3000) were

observed in the D∗+π− channel, the D∗
J(3000) was observed in the D+π− channel, and the

D∗(2760) was observed in both the D∗+π− and D+π− channels. The helicity-angle distributions

indicate that the DJ(2580), DJ(2740), and DJ(3000) are the unnatural parity resonances [P =

(−1)(J+1)], while the D∗
J(2650) and D∗

J(2760) are the natural parity resonances [P = (−1)J ].

The observation of the D∗
J(3000) in the D+π− channel makes this state should be a natural

parity resonance.

In 2010, the BaBar Collaboration also reported several charmed states by analyzing the

Dπ and D∗π systems in inclusive e+e− → cc̄ interactions[2]. The D(2550) and D(2750) were

observed in the D∗+π− channel, the D∗(2760) was observed in the D+π− channel, and the
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D∗(2600) was observed in both the D∗+π− and D+π− channels. The helicity-angle distributions

indicate that the D(2550) and D(2750) are the unnatural parity resonances, while the D∗(2600)

is the natural parity resonance. The observation of the D∗(2760) in the D+π− channel shows

that it should be a natural parity resonance. The measured masses and widths of these LHCb

and BaBar charmed states mentioned above are listed in Table I. Based on the masses, decay

modes, and helicity-angle distributions, we regard that the BaBar charmed states D(2550),

D∗(2600), D(2750), and D∗(2760) are in fact compatible with the LHCb states DJ(2580),

D∗
J(2650), DJ(2740), and D

∗
J(2760), respectively. The average values of the LHCb and BaBar

measurements are also shown in Table I.

Apart from the ordinary qq̄ states, other exotic states such as glueballs, hybrids, and mul-

tiquark systems are expected to exist in the framework of Quantum Chromodynamics (QCD).

The identification of these exotic states requires to understand well the conventional qq̄ meson

spectroscopy both theoretically and experimentally. To a large extent, our knowledge of meson

spectroscopy is based on some phenomenological QCD motivated models such as quark models

which are widely accepted to offer the most complete description of meson properties and are

probably the most successful phenomenological models of hadron structures[3].

According to the PDG[4], the low-mass charmed mesons D(11S0), D(13S1), D(13P1),

D(11P1), D(13P0), and D(13P2) predicted by quark models are well established experimen-

tally, however, many other higher radial and orbital excitations of D mesons predicted by

quark models have not yet been established. These charmed states recently reported by the

LHCb Collaboration and the BaBar Collaboration are clearly of importance to improve our

understanding of the charmed meson spectroscopy. The possible qq̄ quark-model assignments

for these observed charmed states have been studied in the context of various models such as

the chiral quark model[5–7], the heavy meson effective theory[8–10], and the 3P0 model with

the simple harmonic oscillator wave functions[11–15] or the nonrelativistic quark model wave

functions[16], and other approaches[17–19]. It is also natural and necessary to exhaust the

possible qq̄ descriptions before restoring to more exotic assignments. The theoretical predic-

tions for these states are not completely consistent with the measured properties and there is

not yet a consensus on the assignments of these states. Therefore, in order to deeply under-

stand these newly reported charmed states, further test calculations against the experimental

measurements are still required.

In this work, we shall compare the observed properties of the LHCb and BaBar charmed



3

TABLE I: The neutral charge resonances observed by the LHCb Collaboration[1] and the BaBar

Collaboration[2]. The N and UN stand for the natural parity and unnatural parity, respectively.

State Channel Parity Property (MeV) Average (MeV)

DJ(2580)
0[1] D∗+π− UN Mass: 2579.5± 3.4± 5.5

Mass: 2559.5± 2.8± 4.4
Width: 177.5± 17.8± 46.0

D(2550)0[2] D∗+π− UN Mass: 2539.4± 4.5± 6.8
Width: 153.8± 10.7± 23.9

Width: 130± 12± 13

D∗

J
(2650)0[1] D∗+π− N Mass: 2649.2± 3.5± 3.5

Mass: 2628.9± 2.1± 2.1
Width: 140.2± 17.1± 18.6

D∗(2600)0[2] D∗+π−, D+π− N Mass: 2608.7± 2.4± 2.5
Width: 116.6± 9.1± 11.3

Width: 93± 6± 13

DJ(2740)
0[1] D∗+π− UN Mass: 2737.0± 3.5± 11.2

Mass: 2744.7± 1.9± 5.8
Width: 73.2± 13.4± 25.0

D(2750)0[2] D∗+π− UN Mass: 2752.4± 1.7± 2.7
Width: 72.1± 7.4± 13.7

Width: 71± 6± 11

D∗

J
(2760)0[1] D∗+π−, D+π− N Mass: 2761.1± 5.1± 6.5

Mass: 2762.2± 2.8± 3.5
Width: 74.4± 3.4± 37.0

D∗(2760)0[2] D+π− N Mass: 2763.3± 2.3± 2.3
Width: 67.6± 3.1± 18.6

Width: 60.9± 5.1± 3.6

DJ(3000)
0[1] D∗+π− UN Mass: 2971.8± 8.7 Mass: 2971.8± 8.7

Width: 188.1± 44.8 Width: 188.1± 44.8

D∗

J
(3000)0[1] D+π− N Mass: 3008.1± 4.0 Mass: 3008.1± 4.0

Width: 110.5± 11.5 Width: 110.5± 11.5

states with the mass predictions of the relativistic quark model and strong decay predictions

of the 3P0 model employing the relativistic quark model wave functions to determine their

spectroscopic assignments.

This work is organized as follows. In Sec. II, we calculate the charmed meson masses in the

Godfrey and Isgur (GI) relativized quark model and give the possible assignments for these

charmed states based on their observed masses and decay modes. In Sec. III, we investigate
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the strong decays of these states for different possible assignments in the 3P0 model using the

realistic wave functions from the GI quark model. The summary is given in the last section.

II. MASSES

To understand the properties of the charmed mesons, we shall discuss their masses in a rel-

ativistic quark model proposed by Godfrey and Isgur[20]. In this model, the total Hamiltonian

is

H̃ = H0 + Ṽ (p, r), (1)

H0 = (p2 +m2
1)

1/2 + (p2 +m2
2)

1/2, (2)

Ṽ (p, r) = H̃conf
12 + H̃cont

12 + H̃ten
12 + H̃so

12, (3)

where H̃conf
12 includes the spin-independent linear confinement and Coulomb-type interactions;

H̃cont
12 , H̃ten

12 , and H̃so
12 are the color contact term, color tensor interaction, and spin-orbit inter-

action, respectively. The details of this model and the explicit form of these interactions can

be found in Appendix A of Ref.[20].

The spin-orbit interaction term H̃so
12 can decompose into symmetric H̃so

(12) and antisymmetric

H̃so
[12]. The antisymmetric H̃so

[12] can cause the the mixing of the charmed mesons with differ-

ent total spins but with the same total angular momentum such as D(n3LL) and D(n1LL).

Consequently, the two physical states DL(nL) and D
′
L(nL) can be described by[20, 21]





DL(nL)

D′
L(nL)



 =





cos θnL sin θnL

− sin θnL cos θnL









D(n1LL)

D(n3LL)



 , (4)

where the θnL is the mixing angle.

The total Hamiltonian H̃ can be divided into the diagonal part H̃diag = H0+ H̃
conf
12 + H̃cont

12 +

(H̃ten
12 )diag + H̃so

(12) and the off-diagonal part H̃off = H̃so
[12] + (H̃ten

12 )off, where (H̃ten
12 )off can cause

3LJ ↔ 3L′
J mixing and is neglected in the present work. We use the Gaussian expansion method

[22] to solve the Hamiltonian (1). To actually perform the calculations, we first diagonalize

H̃diag in the Gaussian function basis to obtain the masses and wave functions for the unmixed

D mesons, then in the basis |n2S+1LJ〉, we diagonalize the off-diagonal part H̃so
[12], which is

treated as the perturbative term, to obtain the masses of the mixed DL and D′
L mesons. In this

procedure, the mixing angle θnL can be obtained. The values of the model parameters used in

our calculations are taken from Ref.[20].
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We apply the GI quark model to calculate the mass spectra of the 1S, 2S, 3S, 1P , 2P ,

3P , 1D, 2D, 3D, 1F , 2F , 3F , 1G, and 2G states. The masses of the 1S, 2S, 1P , 1D, and

1F states in the origin paper of Godfrey and Isgur[20] are well reproduced. Our calculated D

meson masses are listed in Table II. The predictions of some other relativistic quark models[23–

25] are also listed. We do not list the mass predictions of Ref.[13], where the masses of the

DL(nL) and D
′
L(nL) are not calculated due to the H̃so

[12] term being neglected and the unmixed

D meson spectra are almost the same as our present calculations. These predictions from

different relativistic quark models give us a mass range for the corresponding D meson, which

can restrict the possible assignments for the reported charmed states.

The predicted mass ranges from different relativistic quark models and information of the

observed charmed states are depicted in Fig. 1. Clearly, the masses of the D, D∗(2007),

D∗
0(2400), D1(2420), D1(2430), and D

∗
2(2460) as the well-established ground charmed mesons

are well reproduced. The D(2550)/DJ(2580) and D∗(2600)/D∗
J(2650) lie within the D(21S0)

and D(23S1) mass ranges, respectively. The D(2750)/DJ(2740) and D∗(2760)/D∗
J(2760) lie

within the 1D states mass ranges. The DJ(3000) and D
∗
J(3000) lie close to the mass ranges of

the 3S, 2P , and 1F states. We regard the BaBar state D∗(2760) and the LHCb state D∗
J(2760)

as the same state, so the observation of the D∗
J(2760) in the D∗+π channel excludes the D(23P0)

assignment, although the expected D(23P0) mass range is very close to the D∗(2760)/D∗
J(2760)

mass. We don’t consider the possibility of the D∗
J(3000) and DJ(3000) being the the 2D

states, since the predicted 2D mass ranges are at least 130 MeV higher than the D∗
J(3000)

and DJ(3000) masses. Based on the mass and the parity, our tentative assignments for these

newly reported charmed states are listed in Table III. Below, we shall focus on these possible

assignments. It should be noted that the mass information alone is insufficient to classify these

charmed states, so their decay behaviors also need to be compared with model expectations.

In the next section, we shall discuss the strong decays in the 3P0 model employing the wave

functions from the GI quark model.



6

TABLE II: The D meson masses in MeV from different relativistic quark models. The mixing angles

of DL − D′
L obtained in this work are θ1P = −25.5◦, θ2P = −29.4◦, θ3P = −27.7◦, θ1D = −38.2◦,

θ2D = −37.5◦, θ3D = −36.8◦, θ1F = −39.5◦, θ2F = −39.4◦, θ3F = −39.4◦, θ1G = −40.2◦, and

θ2G = −40.3◦. A dash denotes that the corresponding mass was not calculated in the corresponding

reference.

State This work ZVR[23] DE[24] EFG[25] State This work ZVR[23] DE[24] EFG[25]

D(11S0) 1874 1850 1868 1871 D(23D3) 3227 3190 − 3335

D(13S1) 2038 2020 2005 2010 D(33D1) 3595 − − −

D(21S0) 2583 2500 2589 2581 D2(3D) 3576 − − −

D(23S1) 2645 2620 2692 2632 D′

2(3D) 3610 − − −

D(31S0) 3068 2980 3141 3062 D(33D3) 3591 − − −

D(33S1) 3111 3070 3226 3096 D(13F2) 3132 3000 3101 3090

D(13P0) 2398 2270 2377 2406 D3(1F ) 3109 3010 3074 3129

D1(1P ) 2455 2400 2417 2426 D′

3(1F ) 3144 3030 3123 3145

D′

1(1P ) 2467 2410 2490 2469 D(13F4) 3113 3030 3091 3187

D(13P2) 2501 2460 2460 2460 D(23F2) 3491 3380 − −

D(23P0) 2932 2780 2949 2919 D3(2F ) 3462 3390 − −

D1(2P ) 2925 2890 2995 2932 D′

3(2F ) 3499 3410 − −

D′

1(2P ) 2961 2890 3045 3021 D(23F4) 3466 3410 − 3610

D(23P2) 2957 2940 3035 3012 D(33F2) 3833 − − −

D(33P0) 3344 3200 − 3346 D3(3F ) 3809 − − −

D1(3P ) 3329 3290 − 3365 D′

3(3F ) 3843 − − −

D′

1(3P ) 3362 3300 − 3461 D(33F4) 3816 − − −

D(33P2) 3356 3340 − 3407 D(13G3) 3398 3240 − 3352

D(13D1) 2816 2710 2795 2788 D4(1G) 3365 3240 − 3403

D2(1D) 2816 2740 2775 2806 D′

4(1G) 3400 3260 − 3415

D′

2(1D) 2845 2760 2833 2850 D(13G5) 3362 − − 3473

D(13D3) 2833 2780 2799 2863 D(23G3) 3722 − − −

D(23D1) 3232 3130 − 3228 D4(2G) 3687 − − −

D2(2D) 3212 3160 − 3259 D′

4(2G) 3723 − − −

D′

2(2D) 3249 3170 − 3307 D(23G5) 3685 − − 3860
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FIG. 1: The charmed meson spectrum. The solid lines are the GI quark model predictions and the

shaded regions are the expected mass ranges from some other relativistic quark models[23–25]. The

observed charmed states are also shown. The N and UN denote natural parity and unnatural parity,

respectively.

TABLE III: Possible assignments for the LHCb and BaBar charmed states based on masses and decay

modes

State Possible assignments

D(2550)/DJ(2580) D(21S0)

D∗(2600)/D∗

J
(2650) D(23S1)

D(2750)/DJ(2740) D2(1D), D′

2(1D)

D∗(2760)/D∗

J
(2760) D(13D1), D(13D3)

DJ(3000) D(31S0), D1(2P ), D′

1(2P ), D3(1F ), D′

3(1F )

D∗

J
(3000) D(33S1), D(23P0), D(23P2), D(13F2), D(13F4)
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III. STRONG DECAYS

A. 3P0 model

In this section, we employ the 3P0 model to evaluate the Okubo-Zweig-Iizuka-allowed two-

body strong decays of the initial state. The 3P0 model, also known as the quark pair creation

model, in which meson decay takes place through a quark-antiquark pair with the vacuum

quantum number[26], has been extensively applied to study the strong decay of hadrons. There

exists exhaustive literature on the 3P0 model and some detailed reviews on the 3P0 model can

be found in Refs.[27–30]. Here we give the main ingredients of the 3P0 model. Following the

conventions in Ref.[31], the transition operator T of the decay A → BC in the 3P0 model is

given by

T = −3γ
∑

m

〈1m1−m|00〉
∫

d3p3d
3p4δ

3(p3 + p4)Ym
1

(

p3 − p4

2

)

χ34
1−mφ

34
0 ω

34
0 b

†
3(p3)d

†
4(p4), (5)

where γ is a dimensionless q3q̄4 pair-production strength, and p3 and p4 are the momenta of

the created quark q3 and antiquark q̄4, respectively. φ
34
0 , ω34

0 , and χ34
1,−m are the flavor, color,

and spin wave functions of the q3q̄4, respectively. The solid harmonic polynomial Ym
1 (p) ≡

|p|1Y m
1 (θp, φp) reflects the momentum-space distribution of the q3q̄4 .

The partial wave amplitude MLS(P ) for A→ BC is expressed as

MLS(P ) =
∑

MJB
,MJC

,

MS ,ML

〈LMLSMS|JAMJA〉〈JBMJBJCMJC |SMS〉

×
∫

dΩY ∗
LML

MMJA
MJB

MJC (P ), (6)

where MMJA
MJB

MJC (P ) is the helicity amplitude and defined by

〈BC|T |A〉 = δ3(P A − P B − P C)MMJA
MJB

MJC (P ). (7)

The |A〉, |B〉, and |C〉 stand for the mock meson states. The mock meson |A〉 is defined by[32]

|A(n2SA+1
A LA JAMJA

)(PA)〉 ≡
√

2EA

∑

MLA
,MSA

〈LAMLA
SAMSA

|JAMJA〉

×
∫

d3pAψnALAMLA
(pA)χ

12
SAMSA

φ12
A ω

12
A

×
∣

∣q1
(

m1
m1+m2

P A + pA

)

q̄2
(

m2
m1+m2

P A − pA

)〉

, (8)
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where m1 and m2 (p1 and p2) are the masses (momenta) of the quark q1 and the antiquark q̄2,

respectively; PA = p1 + p2, pA = m2p1−m1p2

m1+m2
; χ12

SAMSA

, φ12
A , ω12

A , ψnALAMLA
(pA) are the spin,

flavor, color, and space wave functions of the meson A composed of q1q̄2 with total energy EA,

respectively.

Various 3P0 models exist in literature and typically differ in the choice of the pair-production

vertex, the phase space conventions, and the meson wave functions employed. In this work, we

restrict to the simplest vertex as introduced originally by Micu[26] which assumes a spatially

constant pair-production strength γ, adopt the relativistic phase space as Ref.[31], and employ

the realistic meson wave functions from the GI quark model. With the relativistic phase space,

the decay width Γ(A→ BC) in terms of the partial wave amplitude Eq. (6) is given by

Γ(A→ BC) =
πP

4M2
A

∑

LS

|MLS(P )|2, (9)

where P = |P |=
√

[M2
A − (MB +MC)2][M

2
A − (MB −MC)2]/2MA, and MA, MB, and MC are

the masses of the meson A, B, and C, respectively.

In order to determine the phase space and final state momenta, the masses of the ini-

tial state mesons involved in this work are taken to be the average values of Table I, and

the masses of the final state mesons, except for the theoretical candidates of the final state

mesons such as D(21S0), D(23S1), D(13D1), D(13D3), D(1D), and D′(1D), are taken from

the PDG[4]. These theoretical candidates masses are: MD(21S0) = (MD(2550) +MDJ (2580))/2,

MD(23S1) = (MD∗(2600) + MD∗

J
(2650))/2, MD(13D1) ≃ MD(13D3) = (MD∗(2760) + MD∗

J
(2760))/2,

MD2(1D) ≃ MD′

2
(1D) = (MDJ (2740) +MD(2750))/2. The mixing angles θnL are taken from Ta-

ble II, and the mixing angle of Ds1(2460)-Ds1(2536) is solved to be −37.5◦. There is only one

free parameter γ in our calculations. We set γ = 8.9 by fitting to the following 34 two-body

decay modes with specific branching ratios[4]: (1) a2(1320) → ηπ, (2) a2(1320) → KK̄, (3)

f2(1270) → ππ, (4) f2(1270) → KK̄, (5) f ′
2(1525) → KK̄, (6) f ′

2(1525) → ηη, (7) π2(1670) →
f2(1270)π, (8) π2(1670) → ρπ, (9) π2(1670) → KK∗(892) + c.c., (10) π2(1670) → ωρ, (11)

ρ3(1690) → ωπ, (12) ρ3(1690) → ππ, (13) ρ3(1690) → KK̄, (14) f4(2050) → ππ, (15)

K∗(1410) → Kπ, (16) K∗
0 (1430) → Kπ, (17) K∗

2(1430) → Kπ, (18) K∗
2(1430) → K∗(892)π,

(19) K∗
2 (1430) → Kρ, (20) K∗

2(1430) → Kω, (21) K∗(1680) → Kπ, (22) K∗(1680) → Kρ,

(23) K∗(1680) → K∗(892)π, (24) K∗
3(1780) → Kρ, (25) K∗

3 (1780) → K∗(892)π, (26)

K∗
3 (1780) → Kπ, (27) K∗

3(1780) → Kη, (28) K∗
4 (2045) → Kπ, (29) K∗

4(2045) → φK∗(892),

(30) D∗(2010)+ → D0π+, (31) D∗(2010)+ → D+π0, (32) ψ(3770) → DD̄, (33) Υ(4S) →
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TABLE IV: Decay widths of the D(2550)/DJ (2580) as the D(21S0) in MeV.

D∗+π− 85.20

D∗0π0 43.22

D∗

0(2400)
0π0 0.05

D∗

0
(2400)+π− 0.09

D∗η 0.12

Total width 128.69

Experiment 153.8 ± 10.7± 23.9

B+B−, and (34) Υ(4S) → B0B̄0. Here γ denotes the light nonstrange quark pair uū or

dd̄ creation strength and the strange quark pair ss̄ creation strength γss̄ can be related by

γss̄ = γmu

ms
[33], where mu and ms are respectively the u-quark and s-quark masses employed in

the GI quark model. Our value of γ is higher than that used by other groups such as[15, 30] by

a factor of
√
96π due to different field conventions, constant factor in the transition operator

T , etc.

B. D(2550)/DJ (2580)

The decay widths of the D(2550)/DJ(2580) as the D(21S0) compared with the experiment

data are shown in Table IV. Under the D(21S0) assignment, the D(2550)/DJ(2580) is predicted

to have a total width of 128 MeV, which is in good agreement with 153.8 ± 10.7 ± 23.9 MeV,

the average value of the LHCb and BaBar measurements. The dominant decay channel of the

D(21S0) is expected to be the D∗+π−, which naturally explains that the D(2550) and DJ(2580)

were observed in the D∗+π− channel. Therefore, both the masses and decays support that the

D(2550)/DJ(2580) is in fact the resonance D(21S0).

C. D∗(2600)/D∗
J (2650)

In Table V, we list the decay widths of the D∗(2600)/D∗
J(2650) as the D(23S1) state. The

predicted total width of the D(23S1) is 122 MeV, in good agreement with the average value of

the LHCb and BaBar widths, 116.6± 9.1± 11.3 MeV. The predicted branching ratio

Γ(D∗(2600) → D+π−)

Γ(D∗(2600) → D∗+π−)
= 0.43 (10)
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TABLE V: Decay widths of the D∗(2600)/D∗
J (2650) as the D(23S1) in MeV.

D0π0 10.82

D+π− 21.66

DsK 3.30

Dη 4.73

D∗0π0 25.20

D∗+π− 49.82

D∗η 3.71

D∗

sK 0.55

D∗

2
(2460)0π0 4.8×10−3

D∗

2
(2460)+π− 5.6×10−3

D1(2430)0π0 0.59

D1(2430)+π− 1.16

D1(2420)0π0 0.27

D1(2420)+π− 0.50

Total width 122.30

Experiment 116.6± 9.1± 11.3

is consistent with the BaBar result of 0.32± 0.02± 0.09[2]. Also, the expected dominant decay

modes of the D(23S1) are D
∗π and Dπ, which is consistent with the observation. So, the masses

and decays support that the D∗(2600)/D∗
J(2650) is the state D(23S1).

D. DJ(2740)/D(2750)

The decay widths of the DJ(2740)/D(2750) as the D2(1D) and D′
2(1D) are listed in Ta-

ble VI. The total width for the D2(1D) with a mass around 2750 MeV is expected to be

about 280 MeV, much larger than the LHCb and BaBar results, which excludes the assign-

ment of the DJ(2740)/D(2750) as the D2(1D) state. With the D′
2(1D) assignment to the

DJ(2740)/D(2750), its total width is predicted to be 109 MeV, which is reasonably close to the

LHCb and BaBar experimental average of 72.1±7.4±13.7 MeV, and consistent with the LHCb

width of 73.2 ± 13.4 ± 25.0 MeV[1]. In other approaches such as the chiral quark model[6, 7]

and the heavy quark effective theory[18], it is also found that under the D′
2(1D) assignment,

the DJ(2740)/D(2750) width can be reasonably accounted for.

It is noted that the mass prediction of the GI quark model for the D′
2(1D) differs by around

100 MeV from the observed mass of the DJ(2740)/D(2750). This discrepancy between the

GI quark model and the experiment maybe result from that the coupled channel effects (also
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called hadron loop effects) were neglected in the GI quark model. The coupled channel effects

can give rise to mass shifts to the bare hadron states. The mass shifts induced by the coupled

channel effects can present a better description of the D, Ds, charmonium, and bottomonium

states[17, 34]. Other approaches such as the nonrelativistic quark model[12], the relativis-

tic quark model[23], and the Blankenbecler-Sugar equation[35] consistently predict that the

D′
2(1D) mass is very close to the DJ(2740)/D(2750) mass, which make the D′

2(1D) assignment

to the DJ(2740)/D(2750) possible based on its mass.

Therefore, identification of the DJ(2740)/D(2750) as the D′
2(1D) state seems favored by the

available experimental data. The conclusion that the DJ(2740)/D(2750) can be explained as

the D′
2(1D) has been suggested by Refs.[6–10, 12, 14, 18].

In the heavy quark effective theory, the D2(1D) and D′
2(1D) can be grouped into the

(1−, 2−)j= 3

2

and (2−, 3−)j= 5

2

doublets, where j is the total angular momentum of the light

quark. In the heavy quark limit, there are two mixing angle[36]: one is −50.8◦ for which the

D′
2(1D) belongs to the j = 5

2
states, and the other is 39.2◦ for which the D2(1D) belongs to the

j = 3
2
states. Among these two 2− charmed mesons, the decay width is expected to be broader

for j = 3
2
than for j = 5

2
.

The total widths of the DJ(2740)/D(2750) as the D2(1D) and D′
2(1D) dependence on the

mixing angle θ1D are also depicted in Fig. 2. It is clear that for the θ1D lying around (−20◦ ∼
−80◦), the D2(1D) is much broader than the D′

2(1D). Our predicted θ1D = −38.2◦ is close to

−50.8◦ while far from 39.2◦, so, with the D′
2(1D) assignment, DJ(2740)/D(2750) corresponds

to the 2− charmed meson belonging to the (2−, 3−)j= 5

2

doublet.

The dominant decay channels of the D′
2(1D) are expected to be D∗π, Dρ, and Dω, while

the dominant decay channels of the D2(1D) are D∗π, D∗η, D∗
2π. The D∗

2π channel is the

most dominant decay mode of the D2(1D), and therefore is the ideal decay channel to further

experimental search for the partner of the DJ(2740)/D(2750).

E. D∗(2760)/D∗
J (2760)

The decay widths of the D∗(2760)/D∗
J(2760) as the D(13D1) and D(13D3) are listed in

Table VII. Our results show the possibility of the D∗(2760)/D∗
J(2760) being the D(13D1) can

be excluded because the theoretical total width is 366 MeV, much larger than the LHCb and

BaBar results. With the D(13D3) assignment, the D∗(2760)/D∗
J(2760) is expected to have a
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TABLE VI: Decay widths of the DJ (2740)/D(2750) as the D2(1D) and D′
2(1D) in MeV.

Channel D2(1D) D′

2
(1D)

D∗0π0 38.21 7.00

D∗+π− 75.98 13.50

D∗η 13.34 0.93

D∗

sK 6.40 0.35

D∗

2(2460)
0π0 48.57 2.36

D∗

2
(2460)+π− 96.17 4.66

D1(2430)0π0 0.03 0.02

D1(2430)+π− 0.05 0.04

D1(2420)0π0 0.10 0.31

D1(2420)+π− 0.19 0.57

D0ρ0 0.23 20.78

D+ρ− 0.39 39.39

Dω 0.18 19.34

D∗

0(2400)
0π0 0.02 0.11

D∗

0
(2400)+π− 0.02 0.07

Total width 279.90 109.43

Experiment 72.1± 7.4± 13.7
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FIG. 2: Total decay width of DJ(2740)/D(2750) as the D2(1D) and D′
2(1D) versus the mixing angle.

The blue dashed line with a green band denotes the LHCb and BaBar experimental average. The

vertical red solid line corresponds to the mixing angle θ1D = −38.2◦ obtained in Sec. II.

width of about 28 MeV, which is somewhat lower than the average value of the LHCb and

BaBar results but roughly consistent with the LHCb width of 74.4 ± 3.4 ± 37.0 MeV[1]. The

discrepancy between the predicted width of the 3P0 model for the D(13D3) and the average

width of the D∗(2760) and D∗
J(2760) could arise from the inherent uncertainty of the 3P0 model

itself. As pointed out by Ref.[29], the 3P0 model is a coarse model of the complicated strong

decay theory and the best it can hope for is to predict a decay width to within a factor of 2.
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Apart from the 3P0 model, other approaches such as the chiral quark model[6, 7] and the heavy

quark effective theory[18] have been used to discuss the possibility of the D∗(2760)/D∗
J(2760)

being the D(13D3). In Refs.[6, 7], the D∗(2760)/D∗
J(2760) as the D(13D3) is expected to have

a width of about 68 MeV, consistent with the experiment. In Ref.[18], the D∗(2760)/D∗
J(2760)

as the D(13D3) is expected to have a width of about 40 MeV, very close to the lower limit of

67.6±3.1±18.6 MeV, the average value of the LHCb and BaBar results. So, the measured widths

in fact strongly prefer the D(13D3) over the D(13D1) assignment to the D∗(2760)/D∗
J(2760).

Similar to the case of theDJ(2740)/D(2750), the observed D∗(2760)/D∗
J(2760) mass is about

70 MeV lower than the GI quark model mass prediction for the D(13D3). As mentioned in

subsection D, the coupled channel effects being neglected in the GI quark model maybe cause

the discrepancy between the experiment and the GI quark model. Other model calculations such

as nonrelativistic quark model[12], coupled channel effects[17], the relativistic quark model[23],

and Regge phenomenology[37] show that the D(13D3) mass is close to the D∗(2760)/D∗
J(2760)

mass, which makes the D(13D3) assignment to the D∗(2760)/D∗
J(2760) plausible based on its

mass.

With the assignment of the D(2750) as the D′
2(1D), the predicted width ratio is

Γ(D∗(2760) → D+π−)

Γ(D(2750) → D∗+π−)
=







0.68, D∗(2760) = D(13D3)

4.09, D∗(2760) = D(13D1)
. (11)

Comparison of the theoretical ratio and the corresponding BaBar experimental ratio of 0.42±
0.05± 0.11[2] also strongly prefers the D(13D3) over the D(13D1) assignment to the D∗(2760).

The suggestion that theD∗(2760)/D∗
J(2760) can be identified as theD(13D3) has been proposed

in Refs.[6–12, 14, 18] based on its mass and width.

The decay behavior of the D(13D1) is remarkably different from those of the D(13D3). The

main decay modes of the D(13D1) are expected to be Dπ, D∗π, D1(2420)π, D1(2430)π, Dρ,

Dη, DsK, and Dω, while the D(13D3) is expected to mainly decay to Dπ and D∗π, consistent

with the observation of the D∗
J(2760) in both the Dπ and D∗π channels. Further experimental

analysis of the D1(2420)π, D1(2430)π, Dρ, Dη, DsK, and Dω systems would be helpful to

search for the candidate for the D(13D1).
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TABLE VII: Decay widths of the D∗(2760)/D∗
J (2760) as the D(13D1) and D(13D3) in MeV.

Channel D(13D1) D(13D3)

D0π0 27.61 4.77

D+π− 55.24 9.29

DsK 9.47 0.22

Dη 13.69 0.77

D∗0π0 13.56 3.81

D∗+π− 26.98 7.28

D∗η 4.95 0.26

D∗

sK 2.54 0.04

D∗

2(2460)
0π0 0.23 0.22

D∗

2(2460)
+π− 0.43 0.40

D1(2430)0π0 13.76 0.13

D1(2430)+π− 27.54 0.24

D1(2420)0π0 46.92 0.01

D1(2420)+π− 93.43 0.02

D0ρ0 7.71 0.24

D+ρ− 14.75 0.42

Dω 7.28 0.20

D(21S0)0π0 0.17 2.1× 10−4

D(21S0)+π− 0.31 3.5× 10−4

Total width 366.58 28.32

Experiment 67.6± 3.1± 18.6

F. DJ (3000)

The decay widths of the DJ(3000) as the D(31S0), D1(2P ), D1(2P ), D3(1F ), and D
′
3(1F )

are listed in Table VIII. It is clear that the most favorable assignment of the DJ(3000) is

the D(31S0), since the predicted D(31S0) total width of 180 MeV agrees quite well with the

experimental data of 188.1 ± 44.8 MeV while the total widths for other assignments are far

from the measurement. The main decay modes of the D(31S0) are expected to be the D∗
2π,

D∗π, D∗ρ, D∗ω, and D(23S1)π.

Our most favorable assignment of the DJ(3000) is the D(31S0), which is inconsistent with

the D1(2P ) assignment proposed by Refs.[13, 14] and the D′
3(1F ) assignment proposed by

Ref.[14]. The partial widths of the D(23S1)π, D(13D1)π, D(13D3)π, D2(1D)π, and D′
2(1D)π

are considered in our calculations but neglected in Refs.[13, 14]. Our results show that the

total contributions of these channels are large for the D(31S0), D1(2P ), D
′
1(2P ), and D3(1F )

but tiny for the D′
3(1F ). Without doubt, further experimental studies of the DJ(3000) on the
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FIG. 3: Total widths of the D1(2P ), D′
1(2P ), D3(1F ), and D′

3(1F ) versus the mixing angle. The

vertical red solid line corresponds to the mixing angle obtained in Sec. II: θ2P = −29.4◦ and θ1F =

−39.5◦.

D1(2420)π, D1(2430)π, D2(1D)π, and D′
2(1D)π channels will be useful to check our present

assignment because these decay modes are forbidden for the D(31S0) while allowable for the

D1(2P ), D
′
1(2P ), D3(1F ), and D

′
3(1F ).

The total widths of the D1(2P ), D
′
1(2P ), D3(1F ), and D

′
3(1F ) dependence on the mixing

angles are depicted in Fig. 3, which will be helpful to determine the mixing angles θ2P and θ1F

based on the measured widths.

G. D∗
J(3000)

The decay widths of the D∗
J(3000) as the D(33S1), D(23P0), D(23P2), D(13F2), and D(13F4)

are listed in Table IX. The predicted total widths indicate that the assignments of the D∗
J(3000)

as the D(23P0), D(23P2), and D(13F2) can be ruled out because the corresponding widths are

much larger than the LHCb measurement of 110.5 ± 11.5 MeV[1]. Among the remaining two

possible assignments of theD∗
J(3000), the measured width prefers theD(13F4) over theD(33S1),

since the D(33S1) width is 157 MeV, somewhat larger than the experimental data, while the

D(13F4) width is 103 MeV, in good agreement with the experimental data. The main decay

modes of the D(13F4) are predicted to include the Dπ, D∗π, D∗ρ, D∗ω.

Our most favorable assignment of the D∗
J(3000) is the D(13F4). Ref.[13] suggests that

the D∗
J(3000) can be explained as the D(23P0) and Ref.[14] assigns the D∗

J(3000) as the

D(13F2) or D(13F4). Obviously, the theoretical interpretations on the D∗
J(3000) are not com-

pletely consistent with each other. The partial widths of the D(21S0)π, D(23S1)π, D(13D1)π,

D(13D1)π, D2(1D)π, and D′
2(1D)π are considered in our present calculations while neglected
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in Refs.[13, 14]. Our results indicate that total contributions of these channels are large for

the D(31S0), D(23P0), D(23P2), and D(13F2) while tiny for the D(13F4). Further experimental

information of the D∗
J(3000) in these channels will be helpful to test our present assignment.

IV. SUMMARY

In order to understand the possible quark-model assignments of the BaBar and LHCb

charmed states, we apply the GI quark model to calculate the 1S, 2S, 3S, 1P , 2P , 3P , 1D,

2D, 3D, 1F , 2F , 3F , 1G, and 2G-wave charmed meson spectroscopy. Our mass predictions,

together with the expectations of some other relativistic quark models, present the mass ranges

of the D mesons. From these predicted mass ranges and the parity information, we tentatively

give the possible quark-model assignments for the BaBar and LHCb charmed states.

To clarify these possible assignments, we then evaluate the strong decay behaviors of these

charmed states in the framework of the 3P0 model, where the GI quark model wave functions are

employed. In our calculations, the only one free parameter γ, the quark pair creation strength,

is obtained by fitting to 34 decay modes with specific branching ratios.

We calculate the two-body strong decay properties of the 2S, 3S, 2P , 1D, and 1F -wave

charmed mesons. Comparison of the strong decay predictions and the measured decay prop-

erties, we find that the observed decay properties of these charmed states can be reasonably

explained. Therefore, we tend to conclude that the D(2550)/DJ(2580), D
∗(2600)/D∗

J(2650),

DJ(2740)/D(2750), D∗(2760)/D∗
J(2760), DJ(3000), and D∗

J(3000) can be identified as the

D(21S0), D(23S1), D
′
2(1D), D(13D3), D(31S0), and D(13F4), respectively. Further experimen-

tal information on the spin-parity and branching ratios of these charmed states will provide a

useful consistency check for our present assignments.

Our predictions on the masses and strong decays for the D(33S1), D2(1D), D(13D1),

D(23P0), D(23P2), D1(2P ), D
′
1(2P ), D(13F2), D3(1F ), and D′

3(1F ) will be useful to search

for the corresponding charmed mesons experimentally.
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TABLE VIII: Decay widths of DJ(3000) with several possible assignments in MeV. A dash indicates

that a decay mode is forbidden.

D(31S0) D1(2P ) D′

1
(2P ) D3(1F ) D′

3
(1F )

D0ρ0 0.13 26.99 1.16 1.38 13.40

D+ρ− 0.36 53.14 1.98 2.60 26.34

Dω 0.20 26.55 0.95 1.28 13.15

D∗

0(2400)
0π0 1.67 1.93 0.94 0.12 0.29

D∗

0
(2400)+π− 4.91 4.06 1.98 0.13 0.29

D∗

0
(2400)η 3.56 0.84 0.40 3.5×10−3 6.4×10−3

D∗

2(2460)
0π0 13.77 40.40 6.98 33.26 1.04

D∗

2
(2460)+π− 27.07 80.53 13.70 66.04 2.07

D∗0π0 8.72 18.79 15.64 16.18 4.76

D∗+π− 16.67 36.92 31.25 32.18 9.20

D∗η 0.55 4.39 6.88 6.59 0.83

D∗η′ 0.07 3.80 0.95 2.0×10−3 5.4×10−5

D∗0ρ0 15.53 29.47 32.84 5.87 5.46

D∗+ρ− 32.13 57.33 62.68 11.07 10.30

D∗ω 16.18 28.70 31.31 5.53 5.14

D∗

sK 5.7×10−3 0.95 4.14 2.88 0.20

DsK∗ 1.41 1.48 10.41 3.4×10−3 0.48

D∗

s0
(2317)K 4.09 1.19 0.74 6.7×10−3 0.02

D1(2430)0π0 − 0.11 0.15 0.02 4.6×10−3

D1(2430)+π− − 0.21 0.29 0.04 9.1×10−3

D1(2420)0π0 − 2.77 11.32 0.29 0.79

D1(2420)+π− − 5.53 22.62 0.56 1.52

D1(2420)η − 7.2×10−3 0.03 4.0×10−8 9.9×10−8

Ds1(2460)K − 2.1×10−4 0.01 1.3×10−8 2.7×10−6

D(23S1)0π0 11.03 20.90 5.93 0.56 0.02

D(23S1)+π− 21.86 42.04 11.84 1.10 0.04

D(13D1)0π0 0.16 0.02 0.02 6.7× 10−5 1.2× 10−5

D(13D1)0π− 0.29 0.32 0.04 1.2× 10−4 2.3× 10−5

D(13D3)0π0 8.1× 10−2 0.23 0.01 27.77 0.77

D(13D3)+π− 0.01 0.41 0.02 54.80 1.53

D2(1D)0π0 − 4.9× 10−3 0.01 3.9× 10−3 2.1× 10−3

D2(1D)+π− − 9.1× 10−3 0.02 7.1× 10−3 3.9× 10−3

D′

2(1D)0π0 − 0.03 0.14 0.01 0.03

D′

2
(1D)+π− − 0.06 0.25 0.02 0.05

Total width 180.39 489.85 277.62 270.33 97.75

Experiment 188.1 ± 44.8
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TABLE IX: Decay widths of the D∗
J (3000) with several possible assignments in MeV. A dash indicates

that a decay mode is forbidden.

D(33S1) D(23P0) D(23P2) D(13F2) D(13F4)

D0π0 4.72 27.98 0.62 9.52 3.37

D+π− 9.29 55.48 1.30 19.03 6.59

Dη 1.39 9.75 0.93 4.72 0.83

D0ρ0 0.17 − 12.79 5.94 1.25

D+ρ− 0.25 − 25.40 11.71 2.40

Dω 0.12 − 12.72 5.85 1.19

Dη′ 6.4×10−3 0.18 0.84 1.53 0.03

D∗

2
(2460)0π0 6.87 − 6.23 4.40 0.86

D∗

2
(2460)+π− 13.60 − 12.36 8.73 1.66

D∗0π0 6.59 − 3.91 7.02 3.21

D∗+π− 12.76 − 7.98 13.99 6.20

D∗η 0.85 − 2.97 3.02 0.57

D∗η′ 0.37 − 0.13 0.06 1.2×10−4

D∗0ρ0 8.93 73.53 19.78 3.99 18.85

D∗+ρ− 19.19 141.85 38.52 7.53 36.15

D∗ω 9.68 70.98 19.29 3.76 18.09

D1(2430)0π0 1.62 19.46 4.91 8.11 0.63

D1(2430)+π− 3.25 39.01 9.81 16.23 1.25

D1(2430)η 1.79 2.01 0.43 0.53 4.8×10−4

D1(2420)0π0 4.32 39.21 3.25 26.52 0.04

D1(2420)+π− 8.58 78.38 6.33 52.82 0.08

D1(2420)η 0.62 3.86 0.03 2.15 1.5×10−6

DsK 0.48 2.52 1.09 2.61 0.21

D∗

sK 0.08 − 2.22 1.41 0.12

DsK∗ 0.74 − 1.21 0.35 6.2×10−3

D∗

sK
∗ 0.09 3.78 6.68 7.6×10−5 4.7×10−4

Ds1(2460)K 2.65 1.77 0.83 0.26 1.6×10−3

D(21S0)0π0 4.44 21.57 2.78 1.23 0.03

D(21S0)+π− 8.90 43.56 5.49 2.43 0.07

D(23S1)0π0 8.02 − 1.93 0.32 0.01

D(23S1)+π− 15.98 − 3.80 0.62 0.02

D(13D1)0π0 0.07 − 6.0× 10−4 1.9× 10−3 1.7× 10−6

D(13D1)0π− 0.12 − 1.1× 10−3 3.5× 10−3 3.1× 10−6

D(13D3)0π0 0.02 − 0.15 0.05 0.05

D(13D3)+π− 0.04 − 0.27 0.09 0.10

D2(1D)0π0 0.32 0.02 0.51 1.59 5.6× 10−5

D2(1D)+π− 0.61 0.03 1.00 3.17 1.2× 10−4

D′

2
(1D)0π0 0.06 1.49 0.09 37.24 5.9× 10−3

D′

2
(1D)+π− 0.11 2.82 0.17 74.35 0.01

Total width 157.69 639.26 218.76 342.87 103.90

Experiment 110.5 ± 11.5
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