
Understanding the branching ratios of �c1 ! ��,!!,!� observed at BES-III

Dian-Yong Chen (陈殿勇),1,3 Jun He (何军),1,3 Xue-Qian Li (李学潜),4 and Xiang Liu (刘翔)1,2,*
1Research Center for Hadron and CSR Physics, Lanzhou University and Institute of Modern Physics of CAS, Lanzhou 730000, China

2School of Physical Science and Technology, Lanzhou University, Lanzhou 730000, China
3Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China

4Physics department, Nankai University, Tianjin 300071, China
(Received 26 December 2009; published 9 April 2010)

In this work, we discuss the contribution of the mesonic loops to the decay rates of �c1 ! ��, !!,

which are suppressed by the helicity selection rules and �c1 ! �!, which is a double-Okubo-Zweig-

Iizuka forbidden process. We find that the mesonic loop effects naturally explain the clear signals of

�c1 ! ��, !! decay modes observed by the BES Collaboration. Moreover, we investigate the effects of

the !�� mixing, which may result in the order of magnitude of the branching ratio BRð�c1 ! !�Þ
being 10�7. Thus, we are waiting for the accurate measurements of the BRð�c1 ! !!Þ, BRð�c1 ! ��Þ,
and BRð�c1 ! !�Þ, which may be very helpful for testing the long-distant contribution and the !��

mixing in �c1 ! ��, !!, !� decays.
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I. INTRODUCTION

Charm physics is an active field full of chances and
challenges [1]. Decays of charmonia may provide an ideal
laboratory to study perturbative as well as nonperturbative
QCD. Until now, most of hadronic decays of P-wave
charmonium states �cJ (J ¼ 0, 1, 2) have not been well
understood compared to J=c decays, so they have become
of great interest to experimentalists and theorists to further
explore the decay behavior of �cJ.

In the Hadron 2009 conference, the BES-III
Collaboration announced its observations of �cJ (J ¼ 0,
1, 2) decaying into light vector mesons, where the data of
�cJ are taken from 110� 106 radiative-decay events of
c ð2SÞ collected by the BES-III. Among those decay
modes of �cJ decaying into light vector mesons, �c1 !
��, !! processes were measured for the first time, and
the doubly Okubo-Zweig-Iizuka (OZI) suppressed process
�cJ ! �! had not been measured before the BES-III
observation [2].

Generally, the decays of �c1 into two light vector me-
sons are suppressed compared to the corresponding decays
of �c0 and �c2 due to the helicity selection rule [3].
Besides, �c1 ! !� suffers from the double-OZI suppres-
sion [4–7]. Thus, in this sense, the branching ratios of the
channels �1 ! ��, !!, �! should be small, and it
would be difficult to observe them in experiments, espe-
cially �c1 ! �!. However, the observation of �c1 ! ��,
!!, �! seems to be surprising and compel us to recon-
sider what mechanism plays the dominant role in those
decays. It would be definitely different from that respon-
sible for �c1 ! ��, !!, �! decays. To understand the
governing mechanism that results in sizable ratios for
�c1 ! ��, !!, �!, two questions must be answered:

(1) what is the source to alleviate the helicity selection rule
for �c1; (2) why the double-OZI suppression is violated for
�c1 ! �! decay.
The conventional decay mechanism depicting �cJ into

two light vector mesons is that c and �c annihilate into a pair
of gluons, which then transit into quark-antiquark pairs to
form the light vector mesons in the final state. The helicity
selection rule manifests in the �cJ decays, and results in the
suppression of �c1 decaying into two light mesons. In �c1

decays, the nonperturbative QCD effect plays a crucial
role. As an important nonperturbative effect, the hadronic
loop contributions, which were introduced in Refs. [8,9]
and applied to study charmonium decay [10–12] and open-
charm and hidden charm decays of charmoniumlike states
X, Y, Z [13–15] extensively, would change the whole
scenario from the conventional decay mechanism of
charmonium.
For �c1 into two light vector mesons, a quark level

description of the hadronic loop contribution is presented
in Fig. 1. Here, the red fermion line denotes charm quark,
and the blue and green lines represent the light quarks. �c1

first dissolves into two virtual charmed mesons, then by
exchanging an appropriate hadron (i.e. it possesses appro-
priate charge, flavor, spin, and isospin) they turn into two
on-shell real light hadrons, which can be caught by a
detector [9]. The matrix element of �c1 into two light
vector mesons via hadronic loop effect can be described as

M ð�c1 ! VVÞ ¼ X
i

hVVjH ð2ÞjiihijH ð1Þj�c1i: (1)

The depiction at the hadron level corresponding to the
quark level diagrams are presented in Fig. 1. Here, the
suitable intermediated charmed mesons for the decay of
�c1 into two light vector mesons should beDðsÞ �D�

ðsÞ þ H:c:,

which interact with �c1 via the S wave. The exchanged
mesons include pseudoscalar and vector charmed mesons.*xiangliu@lzu.edu.cn
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Thus, by the hadronic loop mechanism, the transition of
�c1 into two light vector mesons would not be suppressed
by the helicity selection rule.

Another important motivation is how �c1 ! �! evades
the double-OZI suppression, assuming ! and � mesons

are ideal mixtures of the flavor SUð3Þ octet !8 ¼ ðu �uþ
d �d� 2s�sÞ= ffiffiffi

6
p

and the singlet �0 ¼ ðu �uþ d �dþ s�sÞ= ffiffiffi
3

p
.

In terms of the hadronic loop mechanism, such �c1 ! �!
decay is fully forbidden. In reality ! and � are not ideal
mixtures of the flavor SUð3Þ octet and singlet [16–21],
which would provide a source that violates the double-
OZI suppression rule for �c1 ! �!.

In this work, we will be combining the hadronic loop
effect with the !�� mixing to study �c1 ! ��, !!,
�!. The paper is organized as follows: After the introduc-
tion, we present the formula of hadronic loop contribution
to �c1 ! ��, !!, �! with the mixing schemes for !�
�. Then, the numerical results about �c1 ! !!, ��, �!
are given in Sec. 1. Finally, the paper ends with a discus-
sion and a short summary.

II. HADRONIC LOOP EFFECT ON �c1 ! VV
DECAYS UNDER TWO DIFFERENT MIXING

SCHEMES OF !��

First, we present the mixing scheme for !�� used in
this work

j�pi
j!pi

� �
¼ cos� sin�

� sin� cos�

� � j�Ii
j!Ii

� �
; (2)

where j�pi (j!pi), and j�Ii (j!Ii) are the physical and
ideally mixing states, respectively. The flavor wave func-

tions for the ideally mixing states j!Ii and j�Ii are !I ¼
ðu �uþ d �dÞ= ffiffiffi

2
p

and �I ¼ �s�s. Taking mixing angle � ¼
0� corresponds to the ideal mixing. According to the
analysis in Refs. [16,17,22], the mixing angle � should
be ð3:4� 0:2Þ� in the mixing scheme in Eq. (2).

The effective Lagrangians, which are responsible for the
decay amplitudes for the diagrams in Fig. 1, are listed
below [23–28]

L �c1DD� ¼ ig�c1DD��c1 �D�y
i Di þ H:c:; (3)

L H �H ¼ ihHbv
�D�ba

�Hai þ ighHb���5A
�
ba

�Hai
þ i�hHbv

�ðV� � ��Þba �Hai
þ i�hHb	

�
F�
ð�Þba �Hai; (4)

where Eq. (4) is constructed under the chiral and heavy

quark limits. The superfield H is given by H ¼ 1þv6
2 �

ðD���� � i�5DÞ and �H ¼ �0Hy�0. ðV�Þba and ðA�Þba
denote the matrix elements for vector and axial currents,
respectively. The expansion in Eq. (4), which is related to
the hadronic loop calculation, includes

LDð�ÞDð�ÞV ¼ �igDDVDy
i @
$
�D

jðV�Þij
� 2fD�DV ��
��ð@�V 
ÞijðDy

i @
$�

D��j

�D��y
i @

$�
DjÞ

þ igD�D�VD�
y
i @

$
�D

�j

 ðV�Þij

þ 4ifD�D�VD�y
i�ð@�V 
 � @
V�ÞijD�j


 ;

(5)

where Dð�Þy ¼ ð �Dð�Þ0; Dð�Þ�; Dð�Þ�
s Þ. The coupling con-

stants relevant to the calculation include gDDV ¼
gD�D�V ¼ �gV=

ffiffiffi
2

p
, fD�DV ¼ fD�D�V =mD� ¼

�m�=ð
ffiffiffi
2

p
f
Þ with � ¼ 0:9, � ¼ 0:56 GeV�1 and f
 ¼

132 MeV [23–26]. g�c1DD� ¼ 21:4 GeV for the D meson

and g�c1DD� ¼ 22:6 GeV for theDs meson are determined

in Ref. [28]. Introducing the mixing scheme of !�� as
shown in Eq. (2), one defines the 3� 3 matrix of the nonet
vector mesons V as

V ¼
�0ffiffi
2

p þ�!pþ��p �þ K�þ

�� ��0ffiffi
2

p þ�!pþ��p K�0

K�� �K�0 �!pþ	�p

0
BB@

1
CCA:

If we pre-assume that the mixing parameters in the matrix
are not independent, but related to each other by a single
variable �, the coefficients �, � , �, 	 are written as

� ¼ 1ffiffiffi
2

p cos�; � ¼ 1ffiffiffi
2

p sin�;

� ¼ � sin�; 	 ¼ cos�:

(6)

FIG. 1 (color online). The diagrams of hadronic loop contributions to �c1 ! vectorþ vector mesons depicted at the quark level and
hadron level. Here, ‘‘Vector’’ means the light vector meson and ‘‘ellipsis’’ denotes other diagrams at the hadron level, which can be

obtained by performing a charge conjugation Dð�Þ
ðsÞ Ð �Dð�Þ

ðsÞ .
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Thus, the decay amplitudes of �c1 ! !!, ��, �! due to the hadronic loop effect are written as

M ½�c1 !!!� ¼ 2
�2 �2 �2

0 0 0
0 0 0

0
B@

1
CA �

MðPÞ½D�;D�þ;D�;!;!�
MðPÞ½ �D0;D�0; �D0;!;!�
MðPÞ½D�

s ;D
�þ
s ;D�

s ;!;!�

0
B@

1
CAþ 2

�2 �2 �2

0 0 0
0 0 0

0
B@

1
CA �

MðVÞ½D�;D�þ;D��;!;!�
MðVÞ½ �D0;D�0; �D�0;!;!�
MðVÞ½D�

s ;D
�þ
s ;D��

s ;!;!�

0
B@

1
CA;
(7)

M ½�c1 !��� ¼ 2
0 0 0
�2 �2 	2

0 0 0

0
@

1
A �

MðPÞ½D�;D�þ;D�;�;��
MðPÞ½ �D0;D�0; �D0;�;��
MðPÞ½D�

s ;D
�þ
s ;D�

s ;�;��

0
B@

1
CAþ 2

0 0 0
�2 �2 	2

0 0 0

0
@

1
A �

MðVÞ½D�;D�þ;D��;�;��
MðVÞ½ �D0;D�0; �D�0;�;��
MðVÞ½D�

s ;D
�þ
s ;D��

s ;�;��

0
B@

1
CA;
(8)

M½�c1 ! �!� ¼ 2

0 0 0

0 0 0

�� �� �	

0
BB@

1
CCA �

MðPÞ½D�; D�þ; D�; !;��
MðPÞ½ �D0; D�0; �D0; !;��
MðPÞ½D�

s ; D
�þ
s ; D�

s ; !;��

0
BB@

1
CCAþ 2

0 0 0

0 0 0

�� �� �	

0
BB@

1
CCA

�
MðPÞ½D�; D�þ; D�; �;!�
MðPÞ½ �D0; D�0; �D0; �;!�
MðPÞ½D�

s ; D
�þ
s ; D�

s ; �;!�

0
BB@

1
CCAþ 2

0 0 0

0 0 0

�� �� �	

0
BB@

1
CCA �

MðVÞ½D�; D�þ; D��; !;��
MðVÞ½ �D0; D�0; �D�0; !;��
MðVÞ½D�

s ; D
�þ
s ; D��

s ; !;��

0
BB@

1
CCA

þ 2

0 0 0

0 0 0

�� �� �	

0
BB@

1
CCA �

MðVÞ½D�; D�þ; D��; �;!�
MðVÞ½ �D0; D�0; �D�0; �;!�
MðVÞ½D�

s ; D
�þ
s ; D��

s ; �;!�

0
BB@

1
CCA; (9)

where the factor 2 is from the charge conjugation transformation. In the above expressions, MðPÞ½?; � � � ; ?� and

MðVÞ½?; � � � ; ?� denote the amplitudes corresponding to pseudoscalar and vector charmed meson exchanges. The general
expressions of the amplitudes are

MðPÞ½Aðp1Þ;Bðp2Þ;CðqÞ;Dðp3Þ;Eðp4Þ� ¼
Z d4q

ð2
Þ4 ½ig�c1DD��	�½�igDDV ðp1þqÞ ��3�½2ifD�DV"�
��p
�
4 �



4ðq��p�

2 Þ�

� i

p2
1�m2

D

i

p2
2�m2

D�

�
�g	�þp	

2 p
�
2

m2
D�

�
i

q2�m2
D

F2
Nðq2;m2

DÞ; (10)

MðVÞ½Aðp1Þ;Bðp2Þ;CðqÞ;Dðp3Þ;Eðp4Þ� ¼
Z d4q

ð2
Þ4 ½ig�c1DD��	�½2ifD�DV"�
��p
�
3 �



3ðp�

1 þ q�Þ�½igD�D�V ðq�p2Þ

� �4g�� � 4ifD�D�V ðp4��4� �p4��4�Þ� i

p2
1 �m2

D

i

p2
2 �m2

D�

�
�g	� þp	

2 p
�
2

m2
D�

�

� i

q2 �m2
D�

�
�g�� þ q�q�

m2
D�

�
F2

Nðq2;m2
D� Þ; (11)

which correspond to pseudoscalar and vector charmed
meson exchanges, respectively. Here, A and B denote the
intermediated charmed mesons. C is the exchanged
charmed meson. D and E mean the light vector mesons
in the final states. We adopt the form factor with the pole
form

F Nðq2; m2Þ ¼
�
�2 �m2

�2 � q2

�
N
; (12)

which depicts the inner structure of the effective vertex of
the exchanged charmed meson and intermediated states.

Meanwhile, the form factor with pole form also plays the
role to make the ultraviolet divergence disappear, in analog
to the cutoffs in the Pauli-Villas renormalization scheme.
Here, the cutoff � can be parameterized as � ¼
mþ ��QCD with �QCD ¼ 220 MeV and m is the mass
of the exchanged meson [29].

III. NUMERICAL RESULTS

As a free parameter,� is introduced by the cutoff�. The
value is usually dependent on the particular process and
taken to be of the order of unity. The BES-II Collaboration
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reported the branching ratio of �c1 ! K�0ð892Þ �K�0ð892Þ
as BR½�c1 ! K�0 �K�0� ¼ ð1:67� 0:32� 0:31Þ � 10�3

[30], which can be applied to determine � assuming that
the hadronic loop effect is dominant in the process �c1 !
K�0 �K�0. The formula of hadronic loop contribution to
�c1 ! K�0 �K�0 is similar to that for �c1 ! !!, ��, �!
decays, where the exchanged charmed meson matching to
intermediated states Dþ �D�� þ H:c: and Dþ

s
�D��
s þ H:c:

are Dð�Þþ
s and Dð�Þ, respectively. Our study indicates that

the dipole form factor, i.e. taking N ¼ 2 in Eq. (12), can
well reproduce the branching ratio of �c1 ! K�0 �K�0 with
� ¼ 1:14� 1:28, which seems to be reasonable.1

In Fig. 2 we show the dependence of the ratios of
BRð�c1 ! !�Þ=BRð�c1 ! ��Þ and BRð�c1 !
!�Þ=BRð�c1 ! !!Þ on � considering the!��mixing.
In our calculations, we find these two ratios weakly depend
on the parameter �. In the figure a typical value of � ¼
1:20 is employed. For the ideal mixing, i.e. � ¼ 0�, the
coefficients � and � are zero, thus, the mesonic loop
contribution to the decay �c1 ! !� vanishes. Even
though considering the deviation from the ideal mixing,
the ratios of BRð�c1 ! !�Þ=BRð�c1 ! ��Þ and

BRð�c1 ! !�Þ=BRð�c1 ! !!Þ are still rather small. In
the region � ¼ ð3:4� 0:2Þ�, the branching ratio of �c1 !
!� is three orders smaller than those of �c1 ! !! and
�c1!��. In Fig. 3, we present the � and � dependence of
the branching ratios of �c1!!!, �c1!��, and �c1!
!�. The corresponding ranges of BRð�c1 ! !!Þ,

FIG. 2 (color online). The � dependence of BRð�c1 !
!�Þ=BRð�c1 ! !!Þ and BRð�c1 ! !�Þ=BRð�c1 ! ��Þ
without SUð3Þf flavor symmetry breaking effect on !��

mixing.

FIG. 3 (color online). The contour plot for the dependence of
BRð�c1 ! !!Þ, BRð�c1 ! ��Þ and BRð�c1 ! !�Þ on � and
�. Here, the range sandwiched between two vertical solid lines is
allowed by the 1-sigma standard deviation of the mixing angle �.

1In our calculation, we also tried to fit the measured Bð�c1 !
K�0 �K�0Þ by adopting the monopole form factor [setting N ¼ 1 in
Eq. (12)]. Although we can also describe the �c1 ! K�0 �K�0
data, the obtained value of � is far away from order of unity.
Thus it is more reasonable not to take the monopole form factor
in our calculation. Then, we choose the dipole form factor
instead. In Ref. [29], Cheng et al. preferred the N ¼ 1monopole
form factor, whereas, in our work we adopt N ¼ 2. The differ-
ence between Ref. [29] and this work is due to that the inter-
mediate states of the hadronic loop for the processes discussed in
Ref. [29] can be on shell, while the intermediate states in this
work are off shell.
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BRð�c1 ! ��Þ, BRð�c1 ! !!Þ with � ¼ 1:14� 1:28
and � ¼ ð3:4� 0:2Þ� are listed in the second column of
Table I. In the table, one can notice, the branching ratio of
�c1 ! !� is at most of the order 10�7.

We need to emphasize that the ratios of BRð�c1 !
��Þ=BRð�c1 ! !!Þ, BRð�c1 ! !�Þ=BRð�c1 ! !!Þ,
and BRð�c1 ! !�Þ=BRð�c1 ! ��Þ are not sensitive to
the parameter � corresponding to the !�� mixing.
Furthermore, these two ratios should be independent of
the coupling constants, thus the measurement on their
values may provide an ideal opportunity to test the !�
� mixing.

IV. DISCUSSION AND SUMMARY

To summarize, in this work, we study the mesonic loop
contributions and the !�� mixing effect to the branch-
ing ratios of �c1 ! !!, �� and !�. From the results,
one can note that the !�� mixing plays an important
role in the understanding of the clear signal for �c1 ! !�
observed in experiments. Our results also indicate that
accurate measurements on the ratios BRð�c1 !
!�Þ=BRð�c1 ! !!Þ and BRð�c1 ! !�Þ=BRð�c1 !
��Þ are very helpful for checking mesonic loop contribu-
tions and the !�� mixing effect.

It is noted from the figures we presented in the text that
the uncertainties in the theoretical computations originate
from the errors of the data; therefore, more accurate mea-
surements are necessary for further studies. Fortunately, a
large database on such rare decay modes will be available
at BES-III, which will help to drawmore solid conclusions.
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Notes added.—Very recently, a similar work [31] ap-

peared in the arXiv submitted by X.H. Liu and Q. Zhao
when this manuscript was close to completion. In Ref. [31],
the authors calculated �c1 ! VV and �c2 ! VP processes
by taking hadronic loop effect into account. Then, the
branching ratios of �c1 ! ��, !!, �� are obtained. In
our work, we mainly focused on �c1 ! !!, ��, !�
channels, where we also consider the hadronic loop effect.
Our discussion is based on the recent preliminary results of
�cJ ! VV presented by the BES Collaboration at the
Hadron 2009 conference, especially the first observation
of �c1 ! !� [2]. Furthermore, we proposed that the !�
� mixing can be tested via �c1 ! ��, !!, !� decays,
which is different from the idea in Ref. [31] to some extent.

[1] X. Q. Li, X. Liu, and Z. T. Wei, Front. Phys. China 4, 49
(2009).

[2] J. Zhang et al. (BES-III Collaboration), in Hadron 2009
Conference, Florida State University.

[3] V. L. Chernyak and A. R. Zhitnitsky, Nucl. Phys. B201,
492 (1982); B214, 547(E) (1983).

[4] S. Okubo, Phys. Lett. 5, 165 (1963).

[5] G. Zweig, CERN Report No. 8419/TH-412.
[6] G. Zweig, CERN Report No. TH-401.
[7] J. Iizuka, Prog. Theor. Phys. Suppl. 37, 21 (1966).
[8] H. J. Lipkin, Phys. Lett. B 179, 278 (1986).
[9] X. Liu, X.Q. Zeng, and X.Q. Li, Phys. Rev. D 74, 074003

(2006).
[10] X. Liu, B. Zhang, and X.Q. Li, Phys. Lett. B 675, 441

TABLE I. The ranges of the branching ratios of �c1 ! !!, ��, !�. Here, the experimental
data of �c1 ! K�0 �K�0 provide the central value with an error tolerance. The range in the �c1 !
K�0 �K�0 is determined by the error existing in the experimental data. The experimental error also
results in the range of �, i.e. � ¼ 1:14� 1:28. By this determined range of � and considering
the range of mixing angle [� ¼ ð3:4� 0:2Þ�], we give the possible range of the branching ratios
of �c1 ! !!, ��, !�.

Channel �c1 ! Branching ratio Experimental value

K?0 �K?0 ð10:83� 23:25Þ � 10�4 ð16:7� 3:2� 3:1Þ � 10�4

!! ð4:822� 10:366Þ � 10�4 -

�� ð1:465� 3:238Þ � 10�4 -

!� ð2:542� 6:893Þ � 10�7 -

UNDERSTANDING THE BRANCHING RATIOS OF . . . PHYSICAL REVIEW D 81, 074006 (2010)

074006-5



(2009).
[11] Y. J. Zhang, G. Li, and Q. Zhao, Phys. Rev. Lett. 102,

172001 (2009).
[12] F. K. Guo, C. Hanhart, and Ulf-G. Meissner, Phys. Rev.

Lett. 103, 082003 (2009).
[13] X. Liu, B. Zhang, and S. L. Zhu, Phys. Lett. B 645, 185

(2007).
[14] X. Liu, B. Zhang, and S. L. Zhu, Phys. Rev. D 77, 114021

(2008).
[15] X. Liu, Phys. Lett. B 680, 137 (2009).
[16] M. Benayoun, L. DelBuono, S. Eidelman, V. N.

Ivanchenko, and H. B. O’Connell, Phys. Rev. D 59,
114027 (1999).

[17] A. Kucukarslan and U.G. Meissner, Mod. Phys. Lett. A
21, 1423 (2006).

[18] M. Benayoun, L. DelBuono, and H. B. O’Connell, Eur.
Phys. J. C 17, 593 (2000).

[19] M. Benayoun, L. DelBuono, P. Leruste, and H. B.
O’Connell, Eur. Phys. J. C 17, 303 (2000).

[20] M. Benayoun and H. B. O’Connell, Eur. Phys. J. C 22, 503
(2001).

[21] M. Benayoun, P. David, L. DelBuono, O. Leitner, and
H. B. O’Connell, Eur. Phys. J. C 55, 199 (2008).

[22] S. I. Dolinsky et al., Phys. Rep. 202, 99 (1991).
[23] H. Y. Cheng, C. Y. Cheung, G. L. Lin, Y. C. Lin, T.M. Yan,

and H. L. Yu, Phys. Rev. D 47, 1030 (1993).
[24] T.M. Yan, H. Y. Cheng, C.Y. Cheung, G. L. Lin, Y. C. Lin,

and H. L. Yu, Phys. Rev. D 46, 1148 (1992); 55, 5851(E)
(1997).

[25] M. B. Wise, Phys. Rev. D 45, R2188 (1992).
[26] G. Burdman and J. F. Donoghue, Phys. Lett. B 280, 287

(1992).
[27] R. Casalbuoni, A. Deandrea, N. Di Bartolomeo, R. Gatto,

F. Feruglio, and G. Nardulli, Phys. Rep. 281, 145 (1997).
[28] P. Colangelo, F. De Fazio, and T. N. Pham, Phys. Rev. D

69, 054023 (2004).
[29] H. Y. Cheng, C. K. Chua, and A. Soni, Phys. Rev. D 71,

014030 (2005).
[30] M. Ablikim et al. (BES Collaboration), Phys. Rev. D 70,

092003 (2004).
[31] X. H. Liu and Q. Zhao, Phys. Rev. D 81, 014017 (2010).

DIAN-YONG CHEN et al. PHYSICAL REVIEW D 81, 074006 (2010)

074006-6


