
Analysis of strong decays of the charmed mesonsDJð2580Þ,D�
Jð2650Þ,

DJð2740Þ,D�
Jð2760Þ,DJð3000Þ,D�

Jð3000Þ
Zhi-Gang Wang*

Department of Physics, North China Electric Power University, Baoding 071003, People’s Republic of China
(Received 14 September 2013; published 2 December 2013)

In this article, we tentatively identify the charmed mesons DJð2580Þ, D�
Jð2650Þ, DJð2740Þ, D�

Jð2760Þ,
DJð3000Þ, and D�

Jð3000Þ observed by the LHCb Collaboration according to their spin, parity, and masses.

Then we study their strong decays to the ground state charmed mesons plus light pseudoscalar mesons

with the heavy meson effective theory in the leading order approximation, and we obtain explicit

expressions of the decay widths. The ratios among the decay widths can be used to confirm or reject

the assignments of the newly observed charmed mesons. The strong coupling constants in the decay

widths can be fitted to the experimental data in the future at the LHCb, BESIII, KEK-B, and �PANDA.
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I. INTRODUCTION

Recently, the LHCb Collaboration studied the Dþ��,
D0�þ, and D�þ�� final states is pp collisions at a center-
of-mass energy of 7 TeV; observed the D1ð2420Þ0 in the
D�þ�� final state, the D�

2ð2460Þ in the Dþ��, D0�þ, and
D�þ�� final states; and measured their parameters and
confirmed their spin-parity assignments [1]. The LHCb
Collaboration also observed two natural parity resonances,
D�

Jð2650Þ0 and D�
Jð2760Þ0, and two unnatural parity reso-

nances, DJð2580Þ0 and DJð2740Þ0, in the D�þ�� mass
spectrum, and tentatively identified the DJð2580Þ as the
2 S 0� state, theD�

Jð2650Þ as the 2 S 1� state, theDJð2740Þ
as the 1D2� state, and the D�

Jð2760Þ as the 1D1� state.
The D�

Jð2760Þ0 observed in the D�þ�� and Dþ�� decay
modes have consistent parameters; their charged partner
D�

Jð2760Þþ was observed in the D0�þ final state [1].
Furthermore, the LHCb Collaboration observed one
unnatural parity resonance DJð3000Þ0 in the D�þ�� final
state, and two structures D�

Jð3000Þ0 and D�
Jð3000Þþ in the

Dþ�� and D0�þ mass spectra, respectively [1]. The
revelent parameters are presented in Table I.

In 2010, the BABAR Collaboration observed four excited
charmedmesonsDð2550Þ,Dð2600Þ,Dð2750Þ, andDð2760Þ
in the decays D0ð2550Þ ! D�þ��; D0ð2600Þ ! D�þ��,
Dþ��; D0ð2750Þ ! D�þ��; D0ð2760Þ ! Dþ��;
Dþð2600Þ ! D0�þ; and Dþð2760Þ ! D0�þ, respec-
tively, in the inclusive eþe� ! c �c interactions [2]. The
BABAR Collaboration also analyzed the helicity distribu-
tions to determine the spin-parity, and tentatively identified
the (Dð2550Þ,Dð2600Þ) as the 2 S doublet ð0�; 1�Þ, and the
Dð2750Þ and Dð2760Þ as the D-wave states. The revelent
parameters are presented in Table II, where we also present
the possible correspondences among the particles observed
by the LHCb and BABAR collaborations.

In Ref. [3], we study the strong decays of the charmed
mesonsDð2550Þ,Dð2600Þ,Dð2750Þ, andDð2760Þwith the

heavy meson effective theory in the leading order approxi-
mation, and tentatively identify the (Dð2550Þ, Dð2600Þ) as
the 2 S doublet ð0�; 1�Þ and the (Dð2750Þ,Dð2760Þ) as the
1 D doublet ð2�; 3�Þ, respectively. Other studies lead to
similar or slightly different assignments [4,5]. Now, we
extend our previous work to study the strong decays of the
charmed mesons observed by the LHCb Collaboration
with the heavy meson effective theory in the leading order
approximation.
Let us take a short digression to discuss how to classify

the heavy-light mesons. In the heavy quark limit, the

heavy-light mesons Q �q can be classified in doublets ac-

cording to the total angular momentum of the light anti-

quark ~s‘, ~s‘ ¼ ~s �q þ ~L, where the ~s �q and ~L are the spin and

orbital angular momentum of the light antiquark, respec-

tively [6]. In the case of the radial quantum number n ¼ 1,
the doublet ðP; P�Þ has the spin-parity JPs‘ ¼ ð0�; 1�Þ1

2
for

L ¼ 0; the two doublets ðP�
0; P1Þ and ðP1; P

�
2Þ have the

spin-parity JPs‘ ¼ ð0þ; 1þÞ1
2
and ð1þ; 2þÞ3

2
, respectively,

for L ¼ 1; the two doublets ðP�
1; P2Þ and ðP2; P

�
3Þ have

the spin-parity JPs‘ ¼ ð1�; 2�Þ3
2
and ð2�; 3�Þ5

2
, respectively,

for L ¼ 2; and the two doublets ðP�
2; P3Þ and ðP3; P

�
4Þ have

the spin-parity JPs‘ ¼ ð2þ; 3þÞ5
2
and ð3þ; 4þÞ7

2
, respectively,

for L ¼ 3, where the superscript P denotes the parity. The

n ¼ 2; 3; 4; . . . states are clarified by analogous doublets;

for example, when n ¼ 2, the doublet ðP0; P�0Þ has the

spin-parity JPs‘ ¼ ð0�; 1�Þ1
2
for L ¼ 0.

The helicity distributions from the BABARCollaboration
favor identifying theD0ð2550Þ as the 0� state; theD0ð2600Þ
as the 1�, 2þ, 3� state; and theD0ð2750Þ as the 1þ, 2� state
[2], which are compatible with the tentative assignments of
the LHCb Collaboration [1]; see Table II. The DJð2580Þ0,
DJð2740Þ0, and DJð3000Þ0 have unnatural parity, and their
possible spin-parity assignments are JP ¼ 0�; 1þ; 2�;
3þ; . . . . The D�

Jð2650Þ0 and D�
Jð2760Þ0 have natural parity,

and their possible spin-parity assignments are JP ¼
0þ; 1�; 2þ; 3�; . . . . From the strong decays*zgwang@aliyun.com
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D�
Jð3000Þ0 ! Dþ��; D�

Jð3000Þþ ! D0�þ; (1)

we can conclude that the D�
Jð3000Þ have the possible spin-

parity JP ¼ 0þ; 1�; 2þ; 3�; 4þ; . . . . The six low-lying
states, D, D�, D0ð2400Þ, D1ð2430Þ, D1ð2420Þ, and
D2ð2460Þ are established [7], while the 2 S, 1 D, 1 F, 2 P,
and 3 S states are still absent. The newly observed charmed
mesons DJð2580Þ, D�

Jð2650Þ, DJð2740Þ, D�
Jð2760Þ,

DJð3000Þ, D�
Jð3000Þ can be tentatively identified as the

missing 2 S, 1 D, 1 F, 2 P, and 3 S states.
The mass is a fundamental parameter in describing a

hadron; in Table III, we present the predictions from some
theoretical models, such as the relativized quark model
based on a universal one-gluon exchange plus linear con-
finement potential [8], the relativistic quark model that
includes the leading order 1=Mh corrections [9], and the
QCD-motivated relativistic quark model based on the qua-
sipotential approach [10]. We can identify the DJð2580Þ,
D�

Jð2650Þ, DJð2740Þ, D�
Jð2760Þ, DJð3000Þ, and D�

Jð3000Þ
tentatively according to the masses.

In the following, we list out the possible assignments:

ðDJð2580Þ; D�
Jð2650ÞÞ ¼ ð0�; 1�Þ1

2
with n ¼ 2; L ¼ 0;

(2)

ðD�
Jð2760Þ; DJð2740ÞÞ ¼ ð1�; 2�Þ3

2
with n ¼ 1; L ¼ 2;

(3)

ðDJð2740Þ; D�
Jð2760ÞÞ ¼ ð2�; 3�Þ5

2
with n ¼ 1; L ¼ 2;

(4)

ðD�
Jð3000Þ; DJð3000ÞÞ ¼ ð2þ; 3þÞ5

2
with n ¼ 1; L ¼ 3;

(5)

ðDJð3000Þ; D�
Jð3000ÞÞ ¼ ð3þ; 4þÞ7

2
with n ¼ 1; L ¼ 3;

(6)

ðD�
Jð3000Þ; DJð3000ÞÞ ¼ ð0þ; 1þÞ1

2
with n ¼ 2; L ¼ 1;

(7)

ðDJð3000Þ; D�
Jð3000ÞÞ ¼ ð1þ; 2þÞ3

2
with n ¼ 2; L ¼ 1;

(8)

ðDJð3000Þ; D�
Jð3000ÞÞ ¼ ð0�; 1�Þ1

2
with n ¼ 3; L ¼ 0:

(9)

In this work, we study the strong decays of the charmed
mesons DJð2580Þ, D�

Jð2650Þ, DJð2740Þ, D�
Jð2760Þ,

DJð3000Þ, and D�
Jð3000Þ observed by the LHCb

Collaboration with the heavy meson effective theory in the
leading order approximation, and we make predictions
for the decay widths and the ratios among the decay widths.
The ratios can be confronted with the experimental data in
the future at the LHCb, BESIII, KEK-B, and �PANDA to

TABLE I. The experimental results from the LHCb Collaboration, where the N and U denote the natural parity and unnatural parity,
respectively.

Mass (MeV) Width (MeV) Decay channel Significance

D�
Jð2650Þ0 (N) 2649:2� 3:5� 3:5 140:2� 17:1� 18:6 D�þ�� 24:5�

D�
Jð2760Þ0 (N) 2761:1� 5:1� 6:5 74:4� 3:4� 37:0 D�þ�� 10:2�

DJð2580Þ0 (U) 2579:5� 3:4� 5:5 177:5� 17:8� 46:0 D�þ�� 18:8�
DJð2740Þ0 (U) 2737:0� 3:5� 11:2 73:2� 13:4� 25:0 D�þ�� 7:2�
DJð3000Þ0 (U) 2971:8� 8:7 188:1� 44:8 D�þ�� 9:0�
D�

Jð2760Þ0 (N) 2760:1� 1:1� 3:7 74:4� 3:4� 19:1 Dþ�� 17:3�
D�

Jð3000Þ0 3008:1� 4:0 110:5� 11:5 Dþ�� 21:2�
D�

Jð2760Þþ 2771:7� 1:7� 3:8 66:7� 6:6� 10:5 D0�þ 18:8�
D�

Jð3000Þþ 3008.1 (fixed) 110.5 (fixed) D0�þ 6:6�

TABLE II. The experimental results from the BABAR Collaboration. The particles in the bracket are the possible corresponding ones
observed by the LHCb Collaboration.

Mass (MeV) Width (MeV) Decay channel

D0ð2550Þ [DJð2580Þ0] 2539:4� 4:5� 6:8 130� 12� 13 D�þ��
D0ð2600Þ [D�

Jð2650Þ0] 2608:7� 2:4� 2:5 93� 6� 13 Dþ��, D�þ��
D0ð2750Þ [DJð2740Þ0] 2752:4� 1:7� 2:7 71� 6� 11 D�þ��
D0ð2760Þ [D�

Jð2760Þ0] 2763:3� 2:3� 2:3 60:9� 5:1� 3:6 Dþ��
Dþð2600Þ 2621:3� 3:7� 4:2 93 D0�þ
Dþð2760Þ [D�

Jð2760Þþ] 2769:7� 3:8� 1:5 60.9 D0�þ
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distinguish the different assignments. Furthermore, the
analytical expressions of the decay widths can be used to
determine the strong coupling constants in the heavy me-
sons’ effective Lagrangian in the future. On the other hand,
we can also use the 3P0 model to study those strong decays

following Ref. [11]. There have been several works using the
heavy meson effective theory to identify the charmed me-
sons [3,5,12] and to study the radiative, vector-meson, two-
pion decays of the heavy quarkonium states [13].

The article is arranged as follows: we study the strong
decays of the charmed mesons DJð2580Þ, D�

Jð2650Þ,

DJð2740Þ, D�
Jð2760Þ, DJð3000Þ, and D�

Jð3000Þ observed
by the LHCb Collaboration with the heavy meson effective
theory in Sec. II; in Sec. III, we present the numerical results
and discussions; and Sec. IV is reserved for our conclusions.

II. THE STRONG DECAYS WITH THE HEAVY
MESON EFFECTIVE THEORY

In the heavy meson effective theory, the spin doublets
can be described by the effective superfields Ha, Sa, Ta,
Xa, Ya, Za, and Ra, respectively [14]:

Ha¼1þv

2
fP�

a��
��Pa�5g; Sa¼1þv

2
fP�

1a���5�P�
0ag; T

�
a ¼1þv

2

8<
:P

���
2a ���P1a�

ffiffiffi
3

2

s
�5

�
g�����ð���v�Þ

3

�9=
;;

X�
a ¼1þv

2

8<
:P

��
2a �5���P�

1a�

ffiffiffi
3

2

s �
g�����ð��þv�Þ

3

�9=
;;

Y
��
a ¼1þv

2

8<
:P

����
3a ���P��

2a

ffiffiffi
5

3

s
�5

�
g
�
�g���

g����ð���v�Þ
5

�g
�
���ð���v�Þ

5

�9=
;;

Z
��
a ¼1þv

2

8<
:P

���
3a �5���P���

2a

ffiffiffi
5

3

s �
g
�
�g���

g����ð��þv�Þ
5

�g����ð��þv�Þ
5

�9=
;;

R���
a ¼1þv

2

8<
:P

�����
4a �5���P��	

3a

ffiffiffi
7

4

s �
g��g��g

�
	 �

g��g
�
	��ð���v�Þ

7
�g

�
�g

�
	��ð���v�Þ

7
�g

�
�g���	ð���v�Þ

7

�9=
;; (10)

TABLE III. The masses of the charmed mesons from different quark models compared with experimental data, and the possible
assignments of the newly observed charmed mesons. The N and U denote the natural parity and unnatural parity, respectively.

n L s‘ JP Exp [1,7] GI [1,8] PE [9] EFG [10]

D 1 S 1
2 0� 1867 1864 1868 1871

D� 1 S 1
2 1� 2008 2023 2005 2010

D�
0 1 P 1

2 0þ 2400 2380 2377 2406

D1 1 P 1
2 1þ 2427 2419 2490 2469

D1 1 P 3
2 1þ 2420 2469 2417 2426

D�
2 1 P 3

2 2þ 2460 2479 2460 2460

D�
1 1 D 3

2 1� ? 2760 (N) 2796 2795 2788

D2 1 D 3
2 2� ? 2740 (U) 2801 2833 2850

D2 1 D 5
2 2� ? 2740 (U) 2806 2775 2806

D�
3 1 D 5

2 3� ? 2760 (N) 2806 2799 2863

D�
2 1 F 5

2 2þ ? 3000 (N) 3074 3101 3090

D3 1 F 5
2 3þ ? 3000 (U) 3074 3123 3145

D3 1 F 7
2 3þ ? 3000 (U) 3079 3074 3129

D�
4 1 F 7

2 4þ ? 3000 (N) 3084 3091 3187

D 2 S 1
2 0� ? 2580 (U) 2558 2589 2581

D� 2 S 1
2 1� ? 2650 (N) 2618 2692 2632

D�
0 2 P 1

2 0þ ? 3000 (N) 2949 2919

D1 2 P 1
2 1þ ? 3000 (U) 3045 3021

D1 2 P 3
2 1þ ? 3000 (U) 2995 2932

D�
2 2 P 3

2 2þ ? 3000 (N) 3035 3012

D 3 S 1
2 0� ? 3000 (U) 3141 3062

D� 3 S 1
2 1� ? 3000 (N) 3226 3096
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where the heavy meson fields Pð�Þ contain a factor
ffiffiffiffiffiffiffiffiffiffiffi
MPð�Þ

p
and have dimension of mass 3

2 . The superfields Ha contain the
S-wave mesons; Sa, Ta contain the P-wave mesons; Xa, Ya contain the D-wave mesons; Za and Ra contain the F-wave
mesons. The n ¼ 1; 2; 3; . . . heavy mesons with the same heavy flavor have the same parity, time-reversal, and charge
conjunction properties except for the masses, and can be combined into the superfields: Ha;H

0
a; H

00
a ; . . . ; Sa; S

0
a; S

00
a; . . . ;

Ta; T
0
a; T

00
a ; . . . ; etc, where the superscripts 0, 00, and 000 denote the n ¼ 2; 3; 4; . . . states, respectively. We can replace the

heavy meson fields Pð�Þ with their corresponding radial excited states to obtain the corresponding superfields H0
a; S

0
a; . . . .

The light pseudoscalar mesons are described by the fields 
 ¼ e
iM
f� , where

M ¼

ffiffi
1
2

q
�0 þ

ffiffi
1
6

q
� �þ Kþ

�� �
ffiffi
1
2

q
�0 þ

ffiffi
1
6

q
� K0

K� �K0 �
ffiffi
2
3

q
�

0
BBBBBB@

1
CCCCCCA
;

and f� ¼ 130 MeV.
At the leading order, the heavy meson chiral LagrangiansL0,LH,LS,LT ,LX,LY ,LZ, andLR for the strong decays to

the Dð�Þ�, Dð�Þ�, and Dð�Þ
s K states can be written as

L0 ¼ iTrf �Hav �DabHbg þ iTrf �Sav �DabSbg þ iTrf �T�
a v �DabT�bg þ iTrf �X�

a v �DabX�bg þ iTrf �Y��
a v �DabY��bg

þ iTrf �Z��
a v �DabZ��bg þ iTrf �R���

a v �DabZ���bg � �mS Trf �SaSag � �mT Trf �T�
a T�ag � �mX Trf �X�

a X�ag
� �mY Trf �Y��

a Y��ag � �mZ Trf �Z��
a Z��ag � �mR Trf �R���

a Z���ag;
LH ¼ gH Trf �HaHb���5A

�
bag; LS ¼ gS Trf �HaSb���5A

�
bag þ H:c:;

LT ¼ gT
�

Trf �HaT
�
b ðiD�Aþ iDA�Þba�5g þ H:c:; LX ¼ gX

�
Trf �HaX

�
b ðiD�Aþ iDA�Þba�5g þ H:c:;

LY ¼ 1

�2
Trf �HaY

��
b ½kY1 fD�;D�gA þ kY2 ðD�DA� þD�DA�Þ�ba��5g þ H:c:;

LZ ¼ 1

�2
Trf �HaZ

��
b ½kZ1 fD�;D�gA þ kZ2 ðD�DA� þD�DA�Þ�ba��5g þ H:c:;

LR ¼ 1

�3
Trf �HaR

���
b ½kR1 fD�;D�;D�gA þ kR2 ðfD�;D�gDA� þ fD�;D�gDA�

þ fD�;D�gDA�Þ�ba��5g þ H:c:; (11)

where

D�¼@�þV�; V�¼1

2
ð
y@�
þ
@�


yÞ; A�¼1

2
ð
y@�
�
@�


yÞ; fD�;D�g¼D�D�þD�D�;

fD�;D�;D�g¼D�D�D�þD�D�D�þD�D�D�þD�D�D�þD�D�D�þD�D�D�; (12)

where �mS ¼ mS �mH, �mT ¼ mT �mH, �mX ¼ mX �
mH, �mY ¼ mY �mH, �mZ ¼ mZ �mH, �mR ¼
mR �mH. � is the chiral symmetry-breaking scale and
taken as � ¼ 1 GeV [12]. The strong coupling constants
gH, gS, gT , gX, gY ¼ kY1 þ kY2 , gZ ¼ kZ1 þ kZ2 , and gR ¼
kR1 þ kR2 can be fitted to the experimental data. The heavy
meson chiral Lagrangians LH, LS, LT , LX, and LY are
taken from Ref. [15]; the LZ and LR are constructed
accordingly in this article. The subscript indexes H, S, T,
X, Y, Z, and R denote the interactions between the super-
field H and the super-fields H, S, T, X, Y, Z, and R,
respectively. We smear the superscripts 0; 00; 000; . . . for
simplicity. The notation gH denotes the strong coupling
constants in the vertexes HHA; H0HA; H0H0A;
H00HA; . . . ; the notations gS, gT , gX, gY , gZ, and gR
should be understood in the same way. We can also study

the decays to the light vector mesons V besides the
pseudoscalar mesons P with the replacement V�!
V�þV�, and we introduce additional phenomenological
Lagrangians [16]; therefore, additional unknown coupling
constants, which have to be fitted to the precise experi-
mental data in the future, are beyond the present work.
From the heavy meson chiral Lagrangians LH, LS, LT ,

LX,LY ,LZ, andLR, we can obtain the widths � for strong

decays to the final states Dð�Þ�, Dð�Þ�, and Dð�Þ
s K,

� ¼ 1

2J þ 1

X pf

8�M2
i

jTj2;

pf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

i � ðMf þmP Þ2ÞðM2
i � ðMf �mP Þ2Þ

q

2Mi

;

(13)
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where T denotes the scattering amplitudes; i and f denote
the initial and final state heavy mesons, respectively; J is
the total angular momentum of the initial heavy meson;

P
denotes the summation of all the polarization vectors of the
total angular momentum j ¼ 1, 2, 3 or 4; and P denotes
the light pseudoscalar mesons.

Now wewrite down the explicit expressions of the decay
widths � in different channels:

(i) ð0�; 1�Þ1
2
! ð0�; 1�Þ1

2
þ P ,

�ð1� ! 1�Þ

¼ CP

g2HMfp
3
f

3�f2�Mi

�
CP

g2HðMi þMfÞ2p3
f

12�f2�MiMf

�
; (14)

�ð1� ! 0�Þ

¼ CP

g2HMfp
3
f

6�f2�Mi

�
CP

g2HðMi þMfÞ2p3
f

24�f2�MiMf

�
; (15)

�ð0� ! 1�Þ

¼ CP

g2HMfp
3
f

2�f2�Mi

�
CP

g2HðMi þMfÞ2p3
f

8�f2�MiMf

�
; (16)

(ii) ð0þ; 1þÞ1
2
! ð0�; 1�Þ1

2
þ P ,

�ð1þ!1�Þ¼CP

g2SMfðp2
fþm2

P Þpf

2�f2�Mi
�
CP

g2SðMi�MfÞ2ðp2
fþm2

P Þpf

8�f2�MiMf

�
;

(17)

�ð0þ ! 0�Þ¼CP

g2SMfðp2
f þm2

P Þpf

2�f2�Mi
�
CP

g2SðMi�MfÞ2ðp2
f þm2

P Þpf

8�f2�MiMf

�
;

(18)

(iii) ð1þ; 2þÞ3
2
! ð0�; 1�Þ1

2
þ P ,

�ð2þ ! 1�Þ

¼CP

2g2TMfp
5
f

5�f2��
2Mi

�
CP

g2TðMiþMfÞ2p5
f

10�f2��
2MiMf

�
; (19)

�ð2þ ! 0�Þ

¼ CP

4g2TMfp
5
f

15�f2��
2Mi

�
CP

g2TðMi þMfÞ2p5
f

15�f2��
2MiMf

�
;

(20)

�ð1þ!1�Þ

¼CP

2g2TMfp
5
f

3�f2��
2Mi

�
CP

g2TðMiþMfÞ2p5
f

6�f2��
2MiMf

�
; (21)

(iv) ð1�; 2�Þ3
2
! ð0�; 1�Þ1

2
þ P ,

�ð2� ! 1�Þ¼CP

2g2XMfðp2
fþm2

P Þp3
f

3�f2��
2Mi

�
CP

g2XðMi�MfÞ2ðp2
fþm2

P Þp3
f

6�f2��
2MiMf

�
;

(22)

�ð1� ! 1�Þ¼CP

2g2XMfðp2
fþm2

P Þp3
f

9�f2��
2Mi

�
CP

g2XðMi�MfÞ2ðp2
fþm2

P Þp3
f

18�f2��
2MiMf

�
;

(23)

�ð1� ! 0�Þ¼CP

4g2XMfðp2
fþm2

P Þp3
f

9�f2��
2Mi

�
CP

g2XðMi�MfÞ2ðp2
fþm2

P Þp3
f

9�f2��
2MiMf

�
;

(24)

(v) ð2�; 3�Þ5
2
! ð0�; 1�Þ1

2
þ P ,

�ð3� ! 1�Þ ¼ CP

16g2YMfp
7
f

105�f2��
4Mi

�
CP

4g2YðMi þMfÞ2p7
f

105�f2��
4MiMf

�
; (25)

�ð3�!0�Þ

¼CP

4g2YMfp
7
f

35�f2��
4Mi

�
CP

g2YðMiþMfÞ2p7
f

35�f2��
4MiMf

�
; (26)

�ð2� ! 1�Þ

¼ CP

4g2YMfp
7
f

15�f2��
4Mi

�
CP

g2YðMi þMfÞ2p7
f

15�f2��
4MiMf

�
;

(27)
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(vi) ð2þ; 3þÞ5
2
! ð0�; 1�Þ1

2
þ P ,

�ð3þ ! 1�Þ¼CP

4g2ZMfðp2
fþm2

P Þp5
f

15�f2��
4Mi

�
CP

g2ZðMi�MfÞ2ðp2
fþm2

P Þp5
f

15�f2��
4MiMf

�
;

(28)

�ð2þ!1�Þ¼CP

8g2ZMfðp2
fþm2

P Þp5
f

75�f2��
4Mi

�
CP

2g2ZðMi�MfÞ2ðp2
fþm2

P Þp5
f

75�f2��
4MiMf

�
;

(29)

�ð2þ!0�Þ¼CP

4g2ZMfðp2
fþm2

P Þp5
f

25�f2��
4Mi

�
CP

g2ZðMi�MfÞ2ðp2
fþm2

P Þp5
f

25�f2��
4MiMf

�
;

(30)

(vii) ð3þ; 4þÞ7
2
! ð0�; 1�Þ1

2
þ P ,

�ð4þ ! 1�Þ

¼ CP

4g2RMfp
9
f

7�f2��
6Mi

�
CP

g2RðMi þMfÞ2p9
f

7�f2��
6MiMf

�
;

(31)

�ð4þ ! 0�Þ ¼ CP

16g2RMfp
9
f

35�f2��
6Mi

�
CP

4g2RðMi þMfÞ2p9
f

35�f2��
6MiMf

�
; (32)

�ð3þ ! 1�Þ ¼ CP

36g2RMfp
9
f

35�f2��
6Mi

�
CP

9g2RðMi þMfÞ2p9
f

35�f2��
6MiMf

�
; (33)

where the coefficients C��¼CK�¼CK0¼C �K0¼1,
C�0¼1

2, and C�¼2
3. We obtain the expressions in

the brackets by taking into account the different
four-velocities of the initial and final state heavy
mesons. The on-shell conditions require that
Miv�¼Mfv

0
�þp� with v2¼v02¼1, p2 ¼ m2

P ,

TABLE IV. The strong decay widths of the newly observed charmed mesons with possible assignments.

n L s‘ JP Decay channels Widths (GeV) Decay channels Widths (GeV)

DJð2580Þ 2 S 1
2 0� D�þ�� 0:86744g2H

D�þ
s K� 0

D�0�0 0:44284g2H
D�0� 0:01545g2H

D�
Jð2650Þ 2 S 1

2 1� D�þ�� 0:78436g2H Dþ�� 0:61923g2H
D�þ

s K� 0:03361g2H Dþ
s K

� 0:15626g2H
D�0�0 0:39903g2H D0�0 0:31475g2H
D�0� 0:07934g2H D0� 0:15758g2H

D�
Jð2760Þ 1 D 3

2 1� D�þ�� 0:33541g2X Dþ�� 1:28546g2X
D�þ

s K� 0:06149g2X Dþ
s K

� 0:45974g2X
D�0�0 0:17110g2X D0�0 0:65652g2X
D�0� 0:08867g2X D0� 0:50190g2X

DJð2740Þ 1 D 3
2 2� D�þ�� 0:87560g2X

D�þ
s K� 0:13301g2X

D�0�0 0:44709g2X
D�0� 0:20791g2X

DJð2740Þ 1 D 5
2 2� D�þ�� 0:12739g2Y

D�þ
s K� 0:00193g2Y

D�0�0 0:06597g2Y
D�0� 0:00524g2Y

D�
Jð2760Þ 1 D 5

2 3� D�þ�� 0:08910g2Y Dþ�� 0:17382g2Y
D�þ

s K� 0:00207g2Y Dþ
s K

� 0:01760g2Y
D�0�0 0:04607g2Y D0�0 0:08995g2Y
D�0� 0:00477g2Y D0� 0:02413g2Y
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and v� � v0
�. In some multiplets, the conditions

v� ¼ v0
� and v��v0

� lead to quite different decay

widths but similar ratios among the decay widths.

The ratios among the decay widths can be used to

identify the heavy mesons; we expect that the

expressions in the brackets cannot lead to different

conclusions. In calculations, we take the approxi-

mation A� � i
@�M
f�

and neglect the intermediate

loops of light pseudoscalar mesons. Furthermore,

we neglect the flavor and spin violation corrections

of order Oð1=mQÞ to avoid introducing new

unknown coupling constants, and we expect that

the corrections would not be larger than (or as
large as) the leading order contributions.

III. NUMERICAL RESULTS

The input parameters are taken asM�þ ¼ 139:57 MeV,
M�0 ¼ 134:9766 MeV, MKþ ¼ 493:677 MeV, M�¼
547:853MeV, MDþ¼1869:60MeV, MD0¼1864:83MeV,
MDþ

s
¼ 1968:47 MeV, MD�þ ¼ 2010:25 MeV, MD�0 ¼

2006:96 MeV, MD�þ
s

¼ 2112:3 MeV [7], MDð2420Þ ¼
2419:6 MeV, and MD�

2
ð2460Þ ¼ 2460:4 MeV [1].

The numerical values of the widths of the strong decays
of the charmed mesons DJð2580Þ, D�

Jð2650Þ, DJð2740Þ,
TABLE V. The strong decay widths of the newly observed charmed mesons with possible assignments.

n L sl JP Decay channels Widths (GeV) Decay channels Widths (GeV)

D�
Jð3000Þ 1 F 5

2 2þ D�þ�� 0:35576g2Z Dþ�� 1:03474g2Z
D�þ

s K� 0:09260g2Z Dþ
s K

� 0:38738g2Z
D�0�0 0:18146g2Z D0�0 0:52903g2Z
D�0� 0:11279g2Z D0� 0:40754g2Z

DJð3000Þ 1 F 5
2 3þ D�þ�� 0:71619g2Z

D�þ
s K� 0:16586g2Z

D�0�0 0:36571g2Z
D�0� 0:21080g2Z

DJð3000Þ 1 F 7
2 3þ D�þ�� 1:70315g2R

D�þ
s K� 0:13668g2R

D�0�0 0:87774g2R
D�0� 0:21081g2R

D�
Jð3000Þ 1 F 7

2 4þ D�þ�� 1:25746g2R Dþ�� 2:42276g2R
D�þ

s K� 0:12371g2R Dþ
s K

� 0:43906g2R
D�0�0 0:64701g2R D0�0 1:25012g2R
D�0� 0:17952g2R D0� 0:52012g2R

D�
Jð3000Þ 2 P 1

2 0þ Dþ�� 4:59878g2S
Dþ

s K
� 3:76337g2S

D0�0 2:31591g2S
D0� 2:99368g2S

DJð3000Þ 2 P 1
2 1þ D�þ�� 3:32572g2S

D�þ
s K� 2:41575g2S

D�0�0 1:67433g2S
D�0� 2:06738g2S

DJð3000Þ 2 P 3
2 1þ D�þ�� 2:73390g2T

D�þ
s K� 0:68819g2T

D�0�0 1:38912g2T
D�0� 0:71469g2T

D�
Jð3000Þ 2 P 3

2 2þ D�þ�� 1:91077g2T Dþ�� 2:00996g2T
D�þ

s K� 0:53862g2T Dþ
s K

� 0:79622g2T
D�0�0 0:97002g2T D0�0 1:02155g2T
D�0� 0:54072g2T D0� 0:71319g2T

DJð3000Þ 3 S 1
2 0� D�þ�� 3:22680g2H

D�þ
s K� 1:43857g2H

D�0�0 1:62798g2H
D�0� 1:22589g2H

D�
Jð3000Þ 3 S 1

2 1� D�þ�� 2:34605g2H Dþ�� 1:49813g2H
D�þ

s K� 1:11939g2H Dþ
s K

� 0:87742g2H
D�0�0 1:18299g2H D0�0 0:75568g2H
D�0� 0:93470g2H D0� 0:68341g2H
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D�
Jð2760Þ, DJð3000Þ, and D�

Jð3000Þ observed by the LHCb
Collaboration are presented in Tables IV and V, where we
retain the strong coupling constants gH, gX, gY , gZ, and gR.
The strong coupling constants can be fitted to the experi-
mental data in the future at the LHCb, BESIII, KEK-B, and
�PANDA, and taken as basic input parameters in studying
the interactions among the heavy mesons. The strong
coupling constant gH for n ¼ 1 varies in a large range
gH ¼ 0:1–0:6 from different theoretical approaches; it is
difficult to choose the optimal value [17]. We usually fit the
gH to the decay width �ðD�þ ! D0�þÞ from the CLEO
Collaboration [18,19]. The strong coupling constants gH
(with n ¼ 2, 3), gS (with n ¼ 2), gT (with n ¼ 2), gX, gY ,
gZ, and gR involve the radial excited S-wave and P-wave
heavy mesons and ground state D-wave and F-wave heavy
mesons; it is impossible to determine their values with the
heavy quark (or meson) effective theory itself without
enough experimental data. The existing theoretical works
focus on the strong coupling constants gH, gS, and gT for
the ground state S-wave and P-wave heavy mesons
[16,17,20], while works on other strong coupling constants
are rare [21].

In Tables VI and VII, we present the ratios

�̂ ¼ �

�ðDð�Þ
J !D�þ��Þ of the strong decays of the charmed

mesons DJð2580Þ, D�
Jð2650Þ, DJð2740Þ, D�

Jð2760Þ,
DJð3000Þ, and D�

Jð3000Þ observed by the LHCb
Collaboration, which can be used to identify the charmed
mesons by confronting them with the experimental data in
the future. In a previous work [3], we tentatively identify
the (Dð2550Þ, Dð2600Þ) as the doublet ð0�;1�Þ1

2
with n¼2

and the (Dð2750Þ, Dð2750Þ) as the doublet ð2�; 3�Þ5
2
with

n ¼ 1 via analyzing the ratios of the branching fractions:

TABLE VI. The ratios �̂ ¼ �

�ðDð�Þ
J !D�þ��Þ of the strong

decays of the newly observed charmed mesons with possible

assignments.

n L s‘ JP
Decay

channels �̂
Decay

channels �̂

DJð2580Þ 2 S 1
2 0� D�þ�� 1

D�þ
s K� 0

D�0�0 0.51

D�0� 0.02

D�
Jð2650Þ 2 S 1

2 1� D�þ�� 1 Dþ�� 0.79

D�þ
s K� 0.04 Dþ

s K
� 0.20

D�0�0 0.51 D0�0 0.40

D�0� 0.10 D0� 0.20

D�
Jð2760Þ 1 D 3

2 1� D�þ�� 1 Dþ�� 3.83

D�þ
s K� 0.18 Dþ

s K
� 1.37

D�0�0 0.51 D0�0 1.96

D�0� 0.26 D0� 1.50

DJð2740Þ 1 D 3
2 2� D�þ�� 1

D�þ
s K� 0.15

D�0�0 0.51

D�0� 0.24

DJð2740Þ 1 D 5
2 2� D�þ�� 1

D�þ
s K� 0.02

D�0�0 0.52

D�0� 0.04

D�
Jð2760Þ 1 D 5

2 3� D�þ�� 1 Dþ�� 1.95

D�þ
s K� 0.02 Dþ

s K
� 0.20

D�0�0 0.52 D0�0 1.01

D�0� 0.05 D0� 0.27

TABLE VII. The ratios �̂ ¼ �

�ðDð�Þ
J !D�þ��Þ of the strong decays

of the newly observed charmed mesons with possible assign-

ments. In the decays 0þ1
2

! 0�1
2

þ P , �̂ ¼ �
�ðD�

J!Dþ��Þ .

n L s‘ JP
Decay

channels �̂
Decay

channels �̂

D�
Jð3000Þ 1 F 5

2 2þ D�þ�� 1 Dþ�� 2.91

D�þ
s K� 0.26 Dþ

s K
� 1.09

D�0�0 0.51 D0�0 1.49

D�0� 0.32 D0� 1.15

DJð3000Þ 1 F 5
2 3þ D�þ�� 1

D�þ
s K� 0.23

D�0�0 0.51

D�0� 0.29

DJð3000Þ 1 F 7
2 3þ D�þ�� 1

D�þ
s K� 0.08

D�0�0 0.52

D�0� 0.12

D�
Jð3000Þ 1 F 7

2 4þ D�þ�� 1 Dþ�� 1.93

D�þ
s K� 0.10 Dþ

s K
� 0.35

D�0�0 0.51 D0�0 0.99

D�0� 0.14 D0� 0.41

D�
Jð3000Þ 2 P 1

2 0þ Dþ�� 1

Dþ
s K

� 0.82

D0�0 0.50

D0� 0.65

DJð3000Þ 2 P 1
2 1þ D�þ�� 1

D�þ
s K� 0.73

D�0�0 0.50

D�0� 0.62

DJð3000Þ 2 P 3
2 1þ D�þ�� 1

D�þ
s K� 0.25

D�0�0 0.51

D�0� 0.26

D�
Jð3000Þ 2 P 3

2 2þ D�þ�� 1 Dþ�� 1.05

D�þ
s K� 0.28 Dþ

s K
� 0.42

D�0�0 0.51 D0�0 0.53

D�0� 0.28 D0� 0.37

DJð3000Þ 3 S 1
2 0� D�þ�� 1

D�þ
s K� 0.45

D�0�0 0.50

D�0� 0.38

D�
Jð3000Þ 3 S 1

2 1� D�þ�� 1 Dþ�� 0.64

D�þ
s K� 0.48 Dþ

s K
� 0.37

D�0�0 0.50 D0�0 0.32

D�0� 0.40 D0� 0.29
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BrðD�
2ð2460Þ0 ! Dþ��Þ

BrðD�
2ð2460Þ0 ! D�þ��Þ ;

BrðDð2600Þ0 ! Dþ��Þ
BrðDð2600Þ0 ! D�þ��Þ ;

BrðDð2760Þ0 ! Dþ��Þ
BrðDð2750Þ0 ! D�þ��Þ ; (34)

with the heavy meson effective theory in the leading
order approximation. The measurement of the LHCb
Collaboration also favors the assignment ðDJð2580Þ;
D�

Jð2650ÞÞ¼ð0�;1�Þ1
2

with n ¼ 2 [1]. The helicity

distribution from the BABAR Collaboration disfavors
identifying the Dð2750Þ as the 3� state [2], which is com-
patible with the measurement of the LHCb Collaboration
that the DJð2740Þ has unnatural parity [1]. The measure-
ment of the LHCb Collaboration favors two possible
assignments:

ðD�
Jð2760Þ; DJð2740ÞÞ ¼ ð1�; 2�Þ3

2
with n ¼ 1; L ¼ 2;

(35)

ðDJð2740Þ; D�
Jð2760ÞÞ ¼ ð2�; 3�Þ5

2
with n ¼ 1; L ¼ 2:

(36)

We tentatively identify the DJð2740Þ as the 1 D state with
JP ¼ 2�; however, the assignments 1D 3

2 2
� and 1D 5

2 2
�

lead to quite different ratios among the decay widths. The
D�

Jð2760Þ have natural parity, the assignments 1D 3
2 1

� and

1D 5
2 3

� also lead to quite different ratios among the decay

widths. We can confront the present predictions with
the experimental data in the future to identify the newly
observed charmed mesons.

In Table VIII, we present the experimental data on the

ratio
�ðD�

2
ð2460Þ!Dþ��Þ

�ðD�
2
ð2460Þ!D�þ��Þ for the well-established meson

D�
2ð2460Þ from the BABAR [2], CLEO [22,23], ARGUS

[24], and ZEUS [25] collaborations; the present prediction

2.29, based on the heavy meson effective theory in the

leading order approximation, is in excellent agreement

with the average experimental value 2.35. The heavy

meson effective theory in the leading order approximation

works well.
If we saturate the total widths of the doublet (DJð2580Þ,

D�
Jð2650Þ) or (Dð2550Þ, Dð2600Þ) with the two-body

decays to the ground states ðD;D�Þ1
2
þ P and the total

widths �DJð2580Þ � 1:3g2H GeV, �D�
Jð2650Þ � 2:5g2H GeV,

�Dð2550Þ � 1:7g2H GeV, �Dð2600Þ � 2:0g2H GeV, then the

ratio
�DJ ð2580Þ
�D�

J
ð2650Þ

� 0:52 is smaller than the experimental data

�DJ ð2580Þ
�D�

J
ð2650Þ

� 1:27 from the LHCb Collaboration [1], and the

ratio
�Dð2550Þ
�Dð2600Þ

� 0:85 is also smaller than the experimental

data
�Dð2550Þ
�Dð2600Þ

� 1:40 from the BABAR Collaboration [2]. The

2 S states (DJð2580Þ, D�
Jð2650Þ) or (Dð2550Þ, Dð2600Þ)

can decay to the P-wave states ð0þ; 1þÞ1
2
þ P and

ð1þ; 2þÞ3
2
þ P , which also contribute to the total decay

widths. The decays to the P-wave states ð0þ;1þÞ1
2
þV

are kinematically forbidden, where the V denotes the
light vector mesons �, K�, and !. If those contribu-
tions are taken into account properly, the discrepancy

may be smeared. The ratio
�D1ð2420Þ
�D�

2
ð2460Þ

� 0:31 from the

heavy meson effective theory in the leading order
approximation is also smaller than the experimental
data 0.81 [1]. For the charmed mesons, the flavor
and spin violation corrections of order Oð1=mQÞ may

be sizable, and we may have to introduce new un-
known coupling constants. The discrepancy may be
smeared with the optimal parameters [26]; furthermore,
more precise measurements are needed to make a
reliable comparison.

IV. CONCLUSION

In this article, we tentatively identify the charmed me-
sons DJð2580Þ, D�

Jð2650Þ, DJð2740Þ, D�
Jð2760Þ, DJð3000Þ,

and D�
Jð3000Þ observed by the LHCb Collaboration ac-

cording to their spin, parity, and masses. Then we study
their strong decays to the ground state charmed mesons
plus light pseudoscalar mesons with the heavy meson
effective theory in the leading order approximation, and
we obtain explicit expressions of the decay widths. The
strong coupling constants gH, gS, gT , gX, gY , gZ, and gR in
the heavy meson chiral Lagrangians can be fitted to the
experimental data in the future at the LHCb, BESIII, KEK-B,
and �PANDA, and can be taken as basic input parameters in
studying the interactions among the heavy mesons. Also,
the ratios among the decay widths can be used to confirm
or reject the assignments of the newly observed charmed
mesons.
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TABLE VIII. The experimental values of the ratio
�ðD�

2
ð2460Þ0!Dþ��Þ

�ðD�
2
ð2460Þ0!D�þ��Þ compared to the prediction of the leading order heavy meson

effective theory.

BABAR CLEO CLEO ARGUS ZEUS This work

1:47� 0:03� 0:16 2:2� 0:7� 0:6 2:3� 0:8 3:0� 1:1� 1:5 2:8� 0:8þ0:5
�0:6 2.29

ANALYSIS OF STRONG DECAYS OF THE CHARMED . . . PHYSICAL REVIEW D 88, 114003 (2013)

114003-9



[1] R. Aaij et al., J. High Energy Phys. 09 (2013) 145.
[2] P. del Amo Sanchez et al., Phys. Rev. D 82, 111101

(2010).
[3] Z. G. Wang, Phys. Rev. D 83, 014009 (2011).
[4] Z. F. Sun, J. S. Yu, X. Liu, and T. Matsuki, Phys. Rev. D

82, 111501 (2010); X.H. Zhong, Phys. Rev. D 82, 114014
(2010); D.M. Li, P. F. Ji, and B. Ma, Eur. Phys. J. C 71,
1582 (2011); B. Chen, L. Yuan, and A. Zhang, Phys. Rev.
D 83, 114025 (2011); D. Mohler and R.M. Woloshyn,
Phys. Rev. D 84, 054505 (2011); A.M. Badalian and
B. L. G. Bakker, Phys. Rev. D 84, 034006 (2011); Z. Y.
Zhou and Z. Xiao, Phys. Rev. D 84, 034023 (2011).

[5] P. Colangelo, F. De Fazio, F. Giannuzzi, and S. Nicotri,
Phys. Rev. D 86, 054024 (2012).

[6] A. V. Manohar and M.B. Wise, Cambridge Monogr. Part.
Phys., Nucl. Phys., Cosmol. 10, 1 (2000); M. Neubert,
Phys. Rep. 245, 259 (1994).

[7] J. Beringer et al., Phys. Rev. D 86, 010001 (2012).
[8] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189

(1985).
[9] M. Di Pierro and E. Eichten, Phys. Rev. D 64, 114004

(2001).
[10] D. Ebert, R. N. Faustov, and V.O. Galkin, Eur. Phys. J. C

66, 197 (2010).
[11] B. Zhang, X. Liu, W. Z. Deng, and S. L. Zhu, Eur. Phys. J.

C 50, 617 (2007).
[12] P. Colangelo, F. De Fazio, and R. Ferrandes, Phys. Lett. B

634, 235 (2006); P. Colangelo, F. De Fazio, and S. Nicotri,
Phys. Lett. B 642, 48 (2006); P. Colangelo, F. De Fazio, S.
Nicotri, and M. Rizzi, Phys. Rev. D 77, 014012 (2008); P.
Colangelo and F. De Fazio, Phys. Rev. D 81, 094001
(2010).

[13] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto,
F. Feruglio, and G. Nardulli, Phys. Lett. B 302, 95 (1993);
F. De Fazio, Phys. Rev. D 79, 054015 (2009); Z. G. Wang,
Eur. Phys. J. A 47, 94 (2011); Z. G. He, X. R. Lu, J. Soto,
and Y. Zheng, Phys. Rev. D 83, 054028 (2011); Z. G.
Wang, Int. J. Theor. Phys. 51, 1518 (2012); Mod. Phys.
Lett. A 27, 1250197 (2012); Commun. Theor. Phys. 57, 93
(2012).

[14] A. F. Falk, Nucl. Phys. B378, 79 (1992); A. F. Falk and
M. E. Luke, Phys. Lett. B 292, 119 (1992).

[15] M. B. Wise, Phys. Rev. D 45, R2188 (1992); G. Burdman
and J. F. Donoghue, Phys. Lett. B 280, 287 (1992); P. Cho,
Phys. Lett. B 285, 145 (1992); U. Kilian, J. G. Korner, and
D. Pirjol, Phys. Lett. B 288, 360 (1992).

[16] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, F.
Feruglio, R. Gatto, and G. Nardulli, Phys. Rep. 281, 145
(1997).

[17] Z. G. Wang, Nucl. Phys. A796, 61 (2007).
[18] S. Ahmed et al., Phys. Rev. Lett. 87, 251801 (2001).
[19] A. Anastassov et al., Phys. Rev. D 65, 032003 (2002).
[20] P. Colangelo, F. De Fazio, G. Nardulli, N. Di Bartolomeo,

and R. Gatto, Phys. Rev. D 52, 6422 (1995); Z. G. Wang
and S. L. Wan, Phys. Rev. D 74, 014017 (2006).

[21] P. Z. Huang, L. Zhang, and S. L. Zhu, Phys. Rev. D 81,
094025 (2010).

[22] P. Avery et al., Phys. Lett. B 331, 236 (1994).
[23] P. Avery et al., Phys. Rev. D 41, 774 (1990).
[24] H. Albrecht et al., Phys. Lett. B 232, 398 (1989).
[25] S. Chekanov et al., Eur. Phys. J. C 60, 25 (2009).
[26] A. F. Falk and T. Mehen, Phys. Rev. D 53, 231 (1996);

C. G. Boyd and B. Grinstein, Nucl. Phys. B442, 205
(1995).

ZHI-GANG WANG PHYSICAL REVIEW D 88, 114003 (2013)

114003-10

http://dx.doi.org/10.1007/JHEP09(2013)145
http://dx.doi.org/10.1103/PhysRevD.82.111101
http://dx.doi.org/10.1103/PhysRevD.82.111101
http://dx.doi.org/10.1103/PhysRevD.83.014009
http://dx.doi.org/10.1103/PhysRevD.82.111501
http://dx.doi.org/10.1103/PhysRevD.82.111501
http://dx.doi.org/10.1103/PhysRevD.82.114014
http://dx.doi.org/10.1103/PhysRevD.82.114014
http://dx.doi.org/10.1140/epjc/s10052-011-1582-9
http://dx.doi.org/10.1140/epjc/s10052-011-1582-9
http://dx.doi.org/10.1103/PhysRevD.83.114025
http://dx.doi.org/10.1103/PhysRevD.83.114025
http://dx.doi.org/10.1103/PhysRevD.84.054505
http://dx.doi.org/10.1103/PhysRevD.84.034006
http://dx.doi.org/10.1103/PhysRevD.84.034023
http://dx.doi.org/10.1103/PhysRevD.86.054024
http://dx.doi.org/10.1016/0370-1573(94)90091-4
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.32.189
http://dx.doi.org/10.1103/PhysRevD.32.189
http://dx.doi.org/10.1103/PhysRevD.64.114004
http://dx.doi.org/10.1103/PhysRevD.64.114004
http://dx.doi.org/10.1140/epjc/s10052-010-1233-6
http://dx.doi.org/10.1140/epjc/s10052-010-1233-6
http://dx.doi.org/10.1140/epjc/s10052-007-0221-y
http://dx.doi.org/10.1140/epjc/s10052-007-0221-y
http://dx.doi.org/10.1016/j.physletb.2006.01.021
http://dx.doi.org/10.1016/j.physletb.2006.01.021
http://dx.doi.org/10.1016/j.physletb.2006.09.018
http://dx.doi.org/10.1103/PhysRevD.77.014012
http://dx.doi.org/10.1103/PhysRevD.81.094001
http://dx.doi.org/10.1103/PhysRevD.81.094001
http://dx.doi.org/10.1016/0370-2693(93)90641-T
http://dx.doi.org/10.1103/PhysRevD.79.054015
http://dx.doi.org/10.1140/epja/i2011-11094-3
http://dx.doi.org/10.1103/PhysRevD.83.054028
http://dx.doi.org/10.1007/s10773-011-1028-z
http://dx.doi.org/10.1142/S0217732312501970
http://dx.doi.org/10.1142/S0217732312501970
http://dx.doi.org/10.1088/0253-6102/57/1/15
http://dx.doi.org/10.1088/0253-6102/57/1/15
http://dx.doi.org/10.1016/0550-3213(92)90004-U
http://dx.doi.org/10.1016/0370-2693(92)90618-E
http://dx.doi.org/10.1103/PhysRevD.45.R2188
http://dx.doi.org/10.1016/0370-2693(92)90068-F
http://dx.doi.org/10.1016/0370-2693(92)91314-Y
http://dx.doi.org/10.1016/0370-2693(92)91115-P
http://dx.doi.org/10.1016/S0370-1573(96)00027-0
http://dx.doi.org/10.1016/S0370-1573(96)00027-0
http://dx.doi.org/10.1016/j.nuclphysa.2007.09.004
http://dx.doi.org/10.1103/PhysRevLett.87.251801
http://dx.doi.org/10.1103/PhysRevD.65.032003
http://dx.doi.org/10.1103/PhysRevD.52.6422
http://dx.doi.org/10.1103/PhysRevD.74.014017
http://dx.doi.org/10.1103/PhysRevD.81.094025
http://dx.doi.org/10.1103/PhysRevD.81.094025
http://dx.doi.org/10.1016/0370-2693(94)90968-7
http://dx.doi.org/10.1103/PhysRevD.41.774
http://dx.doi.org/10.1016/0370-2693(89)90764-8
http://dx.doi.org/10.1140/epjc/s10052-009-0881-x
http://dx.doi.org/10.1103/PhysRevD.53.231
http://dx.doi.org/10.1016/S0550-3213(95)00005-4
http://dx.doi.org/10.1016/S0550-3213(95)00005-4

