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Radiative transitions ofD�sJ�2317� andDsJ�2460�
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We study radiative decays of D�sJ�2317� and DsJ�2460� using light-cone QCD sum rules. In particular,
we consider the decay modes D�sJ�2317� ! D�s� and DsJ�2460� ! D���s �; D�sJ�2317�� and evaluate the
hadronic parameters in the transition amplitudes analyzing correlation functions of scalar, pseudoscalar,
vector, and axial-vector �cs currents. In the case of D�sJ�2317� ! D�s� we also consider determinations
based on two different correlation functions in heavy quark effective theory (HQET), in order to estimate
the finite charm-quark mass effects. The mode DsJ�2460� ! Ds� turns out to have the largest decay rate
among the radiative DsJ�2460� channels, as experimentally observed, a result thus favoring the inter-
pretation of DsJ states as ordinary �cs mesons.
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I. INTRODUCTION

The observation of two narrow resonances with charm
and strangeness, D�sJ�2317� in the Ds�

0 invariant mass
distribution [1–7] and DsJ�2460� in the D�s�

0 and Ds�
mass distributions [2–4,7–9], has raised discussions about
the nature of these states and their quark content [10]. The
natural identification consists in considering these states as
the scalar and axial-vector �cs mesons, respectively, de-
noted as Ds0 and D0s1. In the heavy quark limit mc ! 1
such states are expected to be degenerate in mass and to

form a doublet having sP‘ �
1
2

�

, with s‘ the angular mo-
mentum of the light degrees of freedom. In that interpre-
tation the two mesons complete, together with Ds1�2536�
and Ds2�2573�, the set of four states corresponding to the
lowest lying P-wave �cs states of the constituent quark
model. A chiral symmetry between the negative and posi-
tive parity doublets Ds �D

�
s vs Ds0 �D

0
s1, suggested in

Ref. [11,12], would account for the equality of the hyper-
fine splitting in the two doublets.

However, estimates of the masses of these mesons based
on potential quark models generally produce larger values
than the measured ones, implying that the two scalar and
axial-vector �cs Ds0 and D0s1 states should be heavy enough
to decay to DK and D�K and should have a broad width.
Moreover, the rates of B! D�sJ�2317�D and B!
DsJ�2460�D decays, when computed by the factorization
ansatz, do not agree with the experimental measurement
[13]. On this basis, other interpretations for D�sJ�2317� and
DsJ�2460� have been proposed, for example, that of mo-
lecular states [14]. Unitarity effects in the scalar DK
channel have also been considered [15].

Radiative transitions probe the structure of hadrons, and
therefore they are suitable to understand the nature of
D�sJ�2317� and DsJ�2460� distinguishing among different
interpretations [16,17]. Their rates can be predicted by
various methods and the predictions can be compared to
the experimental measurements. In particular, it has been
suggested that, in the molecular picture, the DsJ�2460� !
05=72(7)=074004(11)$23.00 074004
D�sJ�2317�� decay should be driven by the D� ! D�
transition and should occur at a different rate with respect
to the rate for a quark-antiquark meson decay [14]; such a
suggestion has to be supported by explicit calculations in
view of the experimental observations.

The radiative decay widths D�sJ�2317� ! D�s� and
DsJ�2460� ! D���s �; D�sJ�2317�� have been evaluated us-
ing the constituent quark model [11,16] , the vector meson
dominance (VMD) ansatz in the heavy quark limit [10,17]
and using heavy-hadron chiral perturbation theory [18]. In
this paper we use a different method, light-cone QCD sum
rules, an approach exploited to analyze many aspects of the
heavy and light quark system phenomenology [19,20],
including radiative decays [21,22] (for a review and refer-
ences see [23]). We apply the method starting from the
identification of D�sJ�2317� with Ds0 and DsJ�2460� with
D0s1 and we discuss results and related uncertainties. In
particular, in Section II we consider the decay mode
D�sJ�2317� ! D�s� and describe in detail the calculation
of the transition amplitude, the input quantities used in the
analysis, the numerical results, and the sources of uncer-
tainties. In Section III we carry out a calculation of the
same transition amplitude in the infinite heavy quark limit,
discussing the deviation from the case of finite mass which
is sizeable in the case of charm. The radiative modes of
DsJ�2460� are analyzed in Sections IV, V, and VI. In
Section VII we discuss the differences with respect to the
results obtained by other methods, present the experimen-
tal findings, and elaborate about the description of
D�sJ�2317� and DsJ�2460� as �cs states.

II. D�sJ�2317� ! D�s�

The amplitude of the E1 transition Ds0 ! D�s�:

h��q; ��D�s�p; �
0�jDs0�p� q�i

� ed��"� � ~����p � q� � �"� � p��~�� � q�	; (2.1)

with "��� and ~���0� the photon and D�s polarization vec-
tors, respectively, and e the electric charge, involves the
-1 © 2005 The American Physical Society
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hadronic parameter d which has dimension mass�1.
According to the strategy of QCD sum rules, the calcula-
tion of this parameter starts from considering the QCD and
the hadronic expressions of a suitable correlation function
of quark currents.

We consider the correlation function

F��p; q� � i
Z
d4x eip�xh��q; ��jT�Jy��x�J0�0�	j0i (2.2)

of the scalar J0 � �cs and the vector J� � �c��s quark
currents, and an external photon state of momentum q
and helicity �. The correlation function can be expressed
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FIG. 1. Diagrams involving photon distribution amplitudes.
The dashed lines represent the two currents in the correlation
function (2.2). In (a) two-particle contributions and in (b) three-
particle quark-gluon contributions are shown.
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in terms of Lorentz-invariant structures:

F��p; q� � F0��p � "��q� � �p � q�"��	 � . . . (2.3)

In order to compute F0 (or F�) in QCD, we carry out the
light-cone expansion x2 ! 0 of the product of the two
currents in (2.2). This involves nonlocal matrix elements
of quark operators between the vacuum and the photon
state which can be expressed in terms of operator matrix
elements of increasing twist. For example, contracting the
charm-quark fields in Eq. (2.2) we obtain
F��p; q� �
Z d4k

�2��4
Z
d4x

ei�p�k��x

m2
c � k2 h��q; ��j�s�x����6k�mc�s�0�j0i

�
Z d4k

�2��4
Z
d4x

ei�p�k��x

m2
c � k

2 �k�h��q; ��j�s�x�s�0�j0i � ik
�h��q; ��j�s�x����s�0�j0i �mch��q; ��j�s�x���s�0�j0i	;

(2.4)
the expressions of the photon matrix elements in terms of
distribution amplitudes are collected in the Appendix. This
kind of contributions is depicted in Fig. 1(a). Moreover, the
light-cone expansion involves higher-twist contributions
related to three-particle quark-gluon matrix elements, as
depicted in Fig. 1(b); the expressions of the relevant quark-
gluon matrix elements can also be found in the Appendix.

In addition to the contributions of the photon emission
from the soft s quark, we must consider the perturbative
photon coupling to the strange and charm quarks, Figs. 2(a)
and 2(b). It produces an expression for F0 of the form:

F0 �
Z �1
�ms�mc�

2
ds

�P�s�

�s� p2��s� �p� q�2�
(2.5)

with

�P�s� � �
3es
4�2

�
�ms ln

�
s�m2

c �m2
s � �

1
2�s;m2

c; m2
s�

s�m2
c �m

2
s � �

1
2�s;m2

c; m
2
s�

�

�
mc �ms

s
�

1
2�s;m2

c; m
2
s�

�
�

3es
4�2

mc �ms

2



�

1
2�s;m2

c; m
2
s�

s

�
1�

m2
s �m

2
c

s

�
� �s$ c� (2.6)
(� the triangular function). Furthermore, nonperturbative
effects when the photon is emitted from the heavy quark
give rise to contributions proportional to the strange quark
condensate, corresponding to the diagram in Fig. 2(c).

The result is an expression of the correlation function
(2.2) and of the function F0 in terms of quantities such as
quark masses, condensates, and photon distribution ampli-
tudes. The sum rule for d is obtained by the equality of this
QCD expression with a hadronic expression obtained by a
complete insertion of physical states. The two quark cur-
rents in (2.2) have nonvanishing matrix elements between
the vacuum and D�s and Ds0:

h0jJy�jD�si � fD�smD�s ~��; hDs0jJ0j0i � fDs0
mDs0

(2.7)

so that F� can be written as

F� �
hDs0jJ0j0ih�D�s jDs0ih0jJy�jD�si

�m2
Ds0
� �p� q�2��m2

D�s
� p2�

� other resonances� continuum; (2.8)

neglecting the widths of D�s and Ds0. The sum rule follows
after a double Borel transformation in�p2 and��p� q�2

of both the QCD and the hadronic representation of the
correlation function, that involves two Borel parameters,
M2

1 and M2
2. The transformation allows to suppress the
�
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FIG. 2. Perturbative photon emission by the strange (a) and
charm (b) quark. In (c) the strange quark condensate contribution
is represented.
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contribution of the continuum of states and of higher
resonances, to suppress the higher-twist terms in the
QCD expression of the correlation function and to remove
all terms that are either independent of one of the two
variables �p2 or ��p� q�2 or depend on it only poly-
nomially. The Borel parameters M2

1 and M2
2 are indepen-

dent; we choose M2
1 � M2

2 since this allows, invoking
global quark-hadron duality between the hadronic and
074004
the QCD expression of the correlation function above
some threshold s0, to subtract the continuum in the QCD
side through the substitution e�m

2
c=M2 ���! e�m

2
c=M2
�

e�s0=M2
in the leading twist term [20]. The masses of the

charmed mesons involved in the transitions are close to
each other, therefore the choice of equal Borel parameters
is reasonable. The final expression of the sum rule for d is:
d �
e
�m2

Ds0
�m2

D�s
�=2M2

mDs0
fDs0

mD�s fD�s

�Z s0

�mc�ms�
2
dse�s=M

2
�P�s� � ece�m

2
c=M2
h�ssi

�
1�

m2
s

4M2 �
m2
sm

2
c

2M4

�
� esh�ssi�e�m

2
c=M2
� e�s0=M2

�


M2	
��u0� � esh �ssie�m
2
c=M2

�
�

1

4
�A�u0� � 8 �H��u0��

�
1�

m2
c

M2

�
�
Z 1�u0

0
dv



Z u0=�1�v�

0
d�gF �u0 � �1� v��g; 1� u0 � v�g; �g� �

Z 1

1�u0

dv



Z �1�u0�=v

0
d�gF �u0 � �1� v��g; 1� u0 � v�g; �g�

�
� 2esf3�mce�m

2
c=M2

�v�u0�

�
; (2.9)

where F � S � ~S � T1 � T4 � T3 � T2 � 2v��S � T3 � T2�, �H��u� �
R
u
0 du

0H��u
0�, H��u� �

R
u
0 du

0h��u
0�, and

�v�u� �
R
u
0 du

0 v�u0� . All the distribution amplitudes are defined in the Appendix; u0 �
M2

1

M2
1�M

2
2
� 1

2 .

The sum rule (2.9) involves the meson masses, for which we use the experimental data, and the leptonic constants fD�s
and fDs0

. For the former one, we put fD�s � fDs
and use the central value of the experimental result fDs

� 266� 32 MeV
[24]. As for fDs0

, a sum rule obtained from the analysis of the correlation function

��p2� � i
Z
d4x eip�xh0jT�J0�0�J

y
0 �x�	j0i; (2.10)

f2
Ds0
�
e�m

2
Ds0
�=M2

m2
Ds0

�
3

8�2

Z s0

�mc�ms�
2
ds�1=2�s;m2

c; m
2
s�

�
1�
�mc �ms�

2

s

�
e�s=M

2

�
e�m

2
c=M2

2

�
h�ssi

�
2mc �ms �

m2
cms

M2 �
m3
cm

2
s

M4

�
�
h �s�gsGsi

2

m3
c

M4

��
(2.11)
allows to obtain fDs0
� 225� 25 MeV, using the parame-

ters in the Appendix.
From Eq. (2.9) we can compute d varying the threshold

s0 and considering the range of the external variable M2

where the result is independent on it (stability region). In
this region a hierarchy in the terms with increasing twist is
observed, so that we can presume that the neglect of
higher-twist contributions induces a small error. On the
other hand, the perturbative term, which depends on both
the light and the heavy quark charges, represents a sizeable
contribution to the sum rule.

In Fig. 3 we plot the curves corresponding to different
values of s0. Considering the range 5 GeV2 � M2 �
7 GeV2, where the best stability in M2 is found, together
with the variation of the threshold s0, we get:
�0:35 GeV�1 � d � �0:28 GeV�1, corresponding to
the radiative decay width

��Ds0 ! D�s�� � �4� 6� keV: (2.12)

In (2.12) we have only considered the uncertainty in s0

and M2, and we have used the central values of the QCD
parameters collected in the Appendix. Actually, such pa-
rameters represent another source of uncertainty. In par-
ticular, an important input parameter is the magnetic
susceptibility of the quark condensate, 	, for which
we use the value determined in Ref. [25]: 	 � ��3:15�
0:3� GeV�2. A different value 	 � �4:4 GeV�2, previ-
ously used in other sum rule analyses, would produce a
40% larger value of jdj.

The result (2.12) shows that the radiative decay occurs at
a typical rate for this kind of transitions (a few keV’s).
However, the rate is larger by a factor of 4–5 than that
-3
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FIG. 3 (color online). The parameter d in the Ds0 ! D�s�
decay amplitude Eq. (2.1) versus the Borel parameter M2. The
curves correspond to the thresholds s0 � 2:452 GeV2 (continu-
ous line), s0 � 2:52 GeV2 (long-dashed line), and s0 �
2:552 GeV2 (dashed line).
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obtained using VMD and the infinite heavy quark limit,
and by a factor of 2–3 larger than the estimates based on
the constituent quark model. It is interesting to investigate
the reason of the numerical differences; aiming at that, we
estimate d by light-cone QCD sum rules in the heavy quark
limit, using an approach based on the heavy quark effective
theory. We discuss such a calculation in the next Section.

III. D�sJ�2317� ! D�s� IN THE HEAVY QUARK
LIMIT

In order to determine the hadronic parameter d in
Eq. (2.1) when mc ! 1, we consider two different corre-
lation functions:

F�S�� �!;q �v� � i
Z
d4xei�!v�q��xh��q;��jT�Ĵy��x�Ĵ0�0�	j0i

(3.1)

and

F�D�� �!;q �v� � i
Z
d4xei�!v�q��xh��q;��jT�Ĵy��x�Ĵd�0�	j0i:

(3.2)
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The currents in (3.1) and (3.2) are effective currents con-
structed in terms of the strange quark field and of the
effective field hv of the heavy quark (in our case the charm
quark) with four-velocity v. The effective field hv is related
to the heavy quark field Q in QCD through the relation
hv � eimQv�x 1�6v

2 Q (for a review see [26]). The current
Ĵ� � �hv��s has the quantum numbers of a vector meson.
On the other hand, the currents Ĵ0 � �hvs and Ĵd �
�hv��i��

� ~Dt�s have both the quantum numbers of a scalar
meson, since Dt� 
 gt��D

� 
 �g�� � v�v��D
�, D

being the covariant derivative. The latter current has been
proposed as better suited for describing scalar heavy-light
quark mesons in the heavy quark limit [27], therefore it is
interesting to investigate how it behaves in sum rules for
radiative decays.

The sum rules for d are obtained from (3.1) and (3.2)
using the same procedure followed in Sec. II, namely,
considering the light-cone expansion and the hadronic
representation of the correlation functions, making a
double Borel transform in the variables ! and !0 � !�
q � v that involve two Borel parameters E1;2, choosing
E1 � E2 � 2E and invoking quark-hadron duality above
some threshold �0. From (3.1) we obtain [28]
d�S� �
4

F̂F̂�
e� ��� ����=2E

�
3mses
8�2

Z �0

ms

d� e��=E


 ln
�
�� ��2 �m2

s�
1=2

�� ��2 �m2
s�

1=2

�
� es

h�ssi
2
E	
��u0�


 �1� e��0=E� � es
h �ssi
4E

�
A�u0�

8
� �H��u0�

�

�
esf3�

2
�v�u0�

�
: (3.3)
On the other hand, from the correlation function (3.2) we
get:
d�D� �
4

F̂F̂�d
e�

��� ����=2E
�
�

3mses
8�2

Z �0

ms

d�e��=E ln
�
�� ��2 �m2

s�
1=2

�� ��2 �m2
s�

1=2

�
�ms � ��

� E
esf3�

2

�
�v�u0� �

1

4
 a�u0� � u0

 0a�u0�

4

�
�1� e��0=E� � esh�ssi

1

2
��E2�	
��u0� � u0	
0��u0��	




�
1� e��0=E

�
1�

�0

E

��
� esh �ssi

1

2

�
1

16
�A�u0� � u0A

0�u0�� � �H��u0�

��
: (3.4)
Notice that in (3.3) and (3.4) only photon emission from
the light quark contributes. In the heavy quark limit
the current-vacuum matrix elements are defined as
follows: h0jĴ�jD�s�v; ��iH � F̂ ~�����, h0jĴ0jDs0�v�iH �
F̂�, h0jĴdjDs0�v�iH � F̂�d (the subscript H indicates that
the states are normalized as used in HQET; F̂��� and F̂�d
have dimension mass3=2 and mass5=2, respectively).
Moreover, �� and ��� are mass parameters defined as
-4
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FIG. 4 (color online). The parameters d�S� obtained from Eq. (3.3) (left) and d�D� from Eq. (3.4) (right) versus the Borel parameter E.
The continuous, long-dashed, and dashed lines correspond to the thresholds �0 � 1:1, 1.2, and 1:3 GeV, respectively.
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�� � mD�s �mc, ��� � mDs0
�mc (in the heavy quark

limit). We use the numerical values: F̂ � 0:35 GeV3=2,
F̂� � 0:45 GeV3=2, F̂�d � 0:44 GeV5=2, and �� �
0:5 GeV, ��� � 0:86 GeV [26,27,29,30]. In Fig. 4 (left)
we depict the result corresponding to Eq. (3.3).
Considering the region where d�S� is independent of the
Borel parameter E: 1:2 GeV � E � 1:6 GeV, and the
variation of the threshold �0, we obtain �0:16 GeV�1 �
d�S� � �0:13 GeV�1. Therefore, we obtain in the heavy
quark limit a value compatible with the value obtained by
VMD in the same limit: d ’ �0:15 GeV�1; finite quark
mass effects are large, and enhance the Ds0 ! D�s� am-
plitude by at least a factor of 2.

From the second sum rule Eq. (3.4), taking into account
the dependence on the Borel parameter E for the contin-
uum subtraction, we obtain a smaller result, see Fig. 4
(right). This is due to a nearly complete cancellation be-
tween two different terms, the perturbative and the leading
twist term, and therefore it critically depends on the input
parameters of the QCD side of the sum rule, making the
numerical result less reliable.
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IV. DsJ�2460� ! Ds�

Coming back to the case of finite charm-quark mass, let
us consider three radiative decay modes of D0s1, the tran-
sitions into a pseudoscalarDs, a vectorD�s , and a scalarDs0
meson with the emission of a photon. The calculation of
the decay amplitudes is analogous to the one carried out in
Section II, therefore we present only the relevant formulae.

The decay amplitude of D0s1 ! Ds�:

h��q; ��Ds�p�jD
0
s1�p� q; �

00�i

� eg1��"� � ���p � q� � �"� � p��� � q�	 (4.1)

with ���00� the D0s1 polarization vector, involves the had-
ronic parameter g1 that can be computed considering the
correlation function

T��p; q� � i
Z
d4x eip�xh��q; ��jT�Jy5 �x�J

A
��0�	j0i: (4.2)

The quark currents are J5 � �ci�5s and JA� � �c���5s; T�
can be expanded in Lorentz-invariant structures:

T��p; q� � T��"� � p�q� � �p � q�"��	 � . . . (4.3)

The sum rule for g1, obtained from the function T, reads:
g1 �
e
�m2

D0
s1

�m2
Ds
�=2M2

�mc �ms�

mD0s1
fD0s1m

2
Ds
fDs

�Z s0

�mc�ms�
2
dse�s=M

2
�P�s� � ece

�m2
c=M2
h�ssi

�
1�

mcms

M2 �
m2
s

2M2

�
1�

m2
c

M2

��

� esh�ssi�e�m
2
c=M2
� e�s0=M2

�M2	
��u0� � esh�ssie�m
2
c=M2

�
�

1

4
�A�u0� � 8 �H��u0��

�
1�

m2
c

M2

�

�
Z 1�u0

0
dv

Z u0=�1�v�

0
d�gF 1�u0 � �1� v��g; 1� u0 � v�g; �g�

�
Z 1

1�u0

dv
Z �1�u0�=v

0
d�gF 1�u0 � �1� v��g; 1� u0 � v�g; �g�

�
� 2esf3�mce

�m2
c=M2

�v�u0�

�
; (4.4)
where F 1 � S � ~S � T1 � T2 � T3 � T4 � 2v��S � T3 � T2� and the spectral function �P is:
-5
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�P�s� � �
3es
8�2

�
2ms ln

�
s�m2

c �m2
s � �1=2�s;m2

c; m2
s�

s�m2
c �m

2
s � �

1=2�s;m2
c; m

2
s�

�

� �mc �ms�
�m2

c �m
2
s � s�

s2 �1=2�s;m2
c; m2

s�

�

� �s$ c�: (4.5)
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FIG. 5 (color online). The parameter g1 in the D0s1 ! D�s�
decay amplitude, Eq. (4.1), as a function of the Borel parameter
Equation (4.4) involves parameters already used in pre-
vious Sections and the photon distribution amplitudes
(DA) collected in the Appendix; it also involves the lep-
tonic constant fD0s1 defined by the matrix element

h0jJA�jD0s1i � fD0s1mD0s1
��; (4.6)
M2. The curves refer to the threshold s0 � 2:52 GeV2 (continu-
ous), s0 � 2:552 GeV2 (long-dashed), and s0 � 2:62 GeV2

(dashed line).
which can be obtained, starting from the two-point corre-
lation function

����p2� � i
Z
d4x eip�xh0jT�JA��0�J

Ay
� �x�	j0i; (4.7)
from the sum rule:

f2
D0s1
�
e
�m2

D0
s1

�=M2

m2
D0s1

�
1

8�2

Z s0

�mc�ms�
2
ds�1=2�s;m2

c; m2
s�




�
2�

m2
c �m2

s � 6mcms

s
�
�m2

c �m2
s�

2

s2

�


 e�s=M
2
� e�m

2
c=M2

�
h �ssi

�
mc �

m2
cms

2M2 �
m3
cm

2
s

2M4

�

�
h �s�gsGsi

4

m3
c

M4

��
: (4.8)
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−0.1
−0.05

0

g
2

We get fD0s1 ’ fDs0
.

The calculation of g1 produces the curves depicted in
Fig. 5. Considering the range 3 GeV2 � M2 � 6 GeV2,
together with the variation of the threshold s0, we obtain:
�0:37 GeV�1 � g1 � �0:29 GeV�1, and therefore

��D0s1 ! Ds�� � �19� 29� keV: (4.9)
2 3 4 5 6 7
M2(GeV2)

−0.25

As for Ds0 ! D�s�, the result of light-cone sum rules for
the width of D0s1 ! Ds� is larger than previous estimates.
We shall discuss this point later on.
FIG. 6 (color online). The parameter g2 in the D0s1 ! D�s�
amplitude Eq. (5.1) versus the Borel parameter M2. The con-
tinuous, long-dashed, and dashed lines refer to s0 � 2:52 GeV2,
s0 � 2:552 GeV2, and s0 � 2:62 GeV2, respectively.
V. DsJ�2460� ! D�s�

The calculation of the dimensionless hadronic parameter
g2 appearing in the D0s1 ! D�s� transition amplitude:
074004
h��q; ��D�s�p; �
0�jD0s1�p� q; �

00�i

� i eg2"���
�� ~���"��q
; (5.1)

with ~���0� and ���00� the polarization vectors of D�s and
D0s1, is based on the analysis of the correlation function

T���p; q� � i
Z
d4x eip�xh��q; ��jT�Jy��x�J

A
� �0�	j0i (5.2)

expanded in Lorentz-invariant structures

T���p; q� � TA"���
"
��q
 � TBp�"���
p

�"��q


� TC�p� q��"���
p
�"��q
 � . . . (5.3)

A sum rule for g2 is obtained from TA:
-6



RADIATIVE TRANSITIONS OF D�sJ�2317� AND . . . PHYSICAL REVIEW D 72, 074004 (2005)
g2 �
e
�m2

D0
s1

�m2
D�s
�=2M2

mD0s1
fD0s1mD�s fD�s

�Z s0

�mc�ms�
2
dse�s=M

2
�P�s� � ecmce

�m2
c=M2
h�ssi

�
1�

m2
s

M2

�
1�

m2
c

M2

��

� esmch�ssi�e�m
2
c=M2
� e�s0=M2

�M2	
��u0� � esmch�ssie�m
2
c=M2

�
�

1

4

m2
c

M2 A�u0� �H��u0��1� u0� � �H��u0�




�
1�

2m2
c

M2

��
� esf3�M

2�e�m
2
c=M2
� e�s0=M2

�

�
1

4
�1� u0� 

0a�u0� �
1

4
 a�u0� ��v�u0�

�
1�

2m2
c

M2

�

� �1� u0� v�u0�

�
�mcesh�ssie�m

2
c=M2

�Z 1�u0

0
dv

Z u0=�1�v�

0
d�gF 2�u0 � �1� v��g; 1� u0 � v�g; �g�

�
Z 1

1�u0

dv
Z �1�u0�=v

0
d�gF 2�u0 � �1� v��g; 1� u0 � v�g; �g�	 � esf3�M2�e�m

2
c=M2
� e�s0=M2

�




�Z u0

0
d� �q

Z 1�� �q

u0�� �q

d�g
�2
g
F 3�1� � �q � �g; � �q; �g� �

Z u0

0
d� �q

1

u0 � � �q
F 3�1� u0; � �q; u0 � � �q�

��
; (5.4)
with F 2 � S � ~S � T1 � T2 � T3 � T4 and F 3 �A�
V . The perturbative spectral function �P reads:
�P�s� �
3es
4�2 msmc ln

�
s�m2

c �m2
s � �1=2�s;m2

c; m2
s�

s�m2
c �m

2
s � �

1=2�s;m2
c; m

2
s�

�

� �s$ c�: (5.5)
The result is reported in Fig. 6. Considering the range
4 GeV2 � M2 � 6 GeV2 and the variation of the thresh-
old s0, we get �0:18 � g2 � �0:13, i.e.
0.4
0.6
0.8
��D0s1 ! D�s�� � �0:6� 1:1� keV: (5.6)
2 3 4 5 6 7
M2(GeV2)

−0.6
−0.4
−0.2

0
0.2

g
2

FIG. 7 (color online). Contributions to the sum rule (5.4) for
g2. The continuous line corresponds to the perturbative contri-
bution in Figs. 2(a) and 2(b), the long-dashed line to the term
The small value of g2 is due to large cancellations between
the various contributions to the sum rule (5.4): perturbative,
twist two, and higher-twist contributions, as shown in
Fig. 7. In particular, the contribution proportional to f3�
turns out to be 50% of the contribution proportional to the
magnetic susceptibility of the quark condensate. In the
cancellation the detailed shapes of the distribution ampli-
tudes and the numerical values of the parameters are of
critical importance; this sensitivity induces us to consider
the result for g2 as less accurate than the results for the
other channels.
proportional to the magnetic susceptibility of the quark conden-
sate 	, the long-short dashed line to the contribution propor-
tional to f3�, and the dashed line to the contribution
corresponding to Fig. 2(c). The threshold is fixed to s0 �
2:552 GeV2.
VI. DsJ�2460� ! D�sJ�2317��

The last radiative decay mode we consider forDsJ�2460�
is the M1 transition D0s1 ! Ds0� which is governed by the
074004
amplitude

h��q; ��Ds0�p�jD
0
s1�p� q; �

00�i

� i e g3"���
"����p�q
: (6.1)

The parameter g3 can be evaluated starting from the cor-
relation function

W��p; q� � i
Z
d4x eip�xh��q; ��jT�Jy0 �x�J

A
��0�	j0i (6.2)

written as

W� � i"���
"
��p�q
 W0: (6.3)

We work out the sum rule for g3:
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g3 �
e
�m2

D0
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�m2
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�=2M2

mDs0
fDs0

mD0s1
fD0s1

�Z s0

�mc�ms�
2
dse�s=M

2
�P�s� � ece

�m2
c=M2
h �ssi

�
1�

msmc

2M2 �
m2
sm2

c

8M4

�
� esh �ssi


 �e�m
2
c=M2
� e�s0=M2

�M2	
��u0� � e�m
2
c=M2

esh �ssi
�
�

1

4
A�u0�

�
1�

m2
c

M2

��
�
mc

2
esf3� a�u0�e�m

2
c=M2

� e�m
2
c=M2

esh�ssi
�Z 1�u0

0
dv

Z u0=�1�v�

0
d�gF 4�u0 � �1� v��g; 1� u0 � v�g; �g�

�
Z 1

1�u0

dv
Z �1�u0�=v

0
d�gF 4�u0 � �1� v��g; 1� u0 � v�g; �g�

��
(6.4)

with F 4 � S � ~S � T1 � T4 � T2 � T3 � 2v��~S � T3 � T4� and

�P�s� �
3es
4�2

�
�mc �ms�

s
�1=2�s;m2

c; m2
s� �ms ln

�
s�m2

c �m
2
s � �

1=2�s;m2
c; m

2
s�

s�m2
c �m2

s � �1=2�s;m2
c; m2

s�

��
� �s$ c�: (6.5)
Considering the range 4 GeV2 � M2 � 6 GeV2 and vary-
ing the threshold s0 we get (see Fig. 8): �0:35 GeV�1 �
g3 � �0:27 GeV�1, corresponding to

��D0s1 ! Ds0�� � �0:5� 0:8� keV: (6.6)

VII. DISCUSSION AND CONCLUSIONS

As seen in the previous Sections, the radiative decay
amplitudes of the charmed mesons considered here, when
evaluated by light-cone QCD sum rules, are determined by
two main contributions, the perturbative photon emission
from the heavy and light quarks, and the contribution of the
photon emission from the soft light quark. Other terms
represent small corrections. In general, these two terms
have different signs, and produce large cancellations; this
TABLE I. Radiative decay widths (in keV) of D�sJ�2317� and
DsJ�2460� obtained by light-cone sum rules. Vector meson
dominance and constituent quark model (QM) results are also
reported.

Initial
state

Final
state LCSR

VMD
[10,17]

QM
[16]

QM
[11]

D�sJ�2317� D�s� 4–6 0.85 1.9 1.74
DsJ�2460� Ds� 19–29 3.3 6.2 5.08

D�s� 0.6–1.1 1.5 5.5 4.66
D�sJ�2317�� 0.5–0.8 � � � 0.012 2.74

TABLE II. Measurements and 90% C.L. upper limits

Belle
��D�sJ�2317�!D�s��
��D�sJ�2317�!Ds�0�

<0:18 [3]
��DsJ�2460�!Ds��

��DsJ�2460�!D�s�
0�

0:55� 0:13� 0:08 [3]
0:38� 0:11� 0:04 [4]

��DsJ�2460�!D�s��
��DsJ�2460�!D�s�0�

<0:31 [3]
��DsJ�2460�!D�sJ�2317���

��DsJ�2460�!D�s�
0�

� � �

074004
allows to understand the role of QCD parameters like the
magnetic susceptibility 	. The delicate balancing of the
two contributions determines the difference between the
radiative widths of charged and neutral mesons.

In Table I we collect the light-cone sum rules (LCSR)
results together with the results of other methods
[10,11,16,17]. With the exception of DsJ�2460� ! D�s�,
the rates of all the modes are larger than obtained by other
approaches. In particular, ��DsJ�2460� ! Ds�� turns out
to be considerably wider. The peculiarity in DsJ�2460� !
Ds� is that the perturbative contribution to the sum rule is
the largest term, while in the other cases the leading twist
term is the largest one in the theoretical side of the sum
rules. It should be noticed that DsJ�2460� ! Ds� is the
only radiative mode observed so far, as shown in Table II;
the experimental upper bounds of the other two modes
indicate that ��DsJ�2460� ! D�s�� � ��DsJ�2460� !
Ds�� and ��Ds1�2460� ! D�sJ�2317��� � ��DsJ�2460� !
Ds��, a hierarchy in the DsJ�2460� radiative decay rates
reproduced in our LCSR calculation based on a �cs descrip-
tion of the new states.

In order to quantitatively understand the data in Table II
one should precisely know the widths of the isospin violat-
ing transitions Ds0 ! Ds�

0 and D0s1 ! D�s�
0. In the de-

scription of these transitions based on the mechanism of
�� �0 mixing [14,16,17,31] one should accurately deter-
mine the strong couplings Ds0Ds� and D0s0D

�
s� for finite

heavy quark mass and including SU�3� corrections.
Considering the results in Tables I and II, these couplings
of ratios of D�sJ�2317� and DsJ�2460� decay widths.

BABAR CLEO [2]

� � � <0:059

0:375� 0:054� 0:057 [9] <0:49
0:274� 0:045� 0:020 [7]

� � � <0:16

<0:23 [9] <0:58
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FIG. 8 (color online). The parameter g3 in the D0s1 ! Ds0�
amplitude, Eq. (6.1), versus the Borel parameter M2. The curves
correspond to the same thresholds as in Figs. 5 and 6.
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should be larger than obtained in the heavy quark and
SU�3� limit, an issue which deserves further detailed
investigation.

We can conclude that the dominance ofD0s1 ! Ds�with
respect to other radiative modes of D0s1, in agreement with
the experimental observation, is thus consistent with the
interpretation of D�sJ�2317� and DsJ�2460� as ordinary �cs
mesons, an interpretation that would have been excluded if,
for example, we would have obtained ��D0s1 ! Ds��<
074004
��D0s1 ! D�s�� or ��D0s1 ! Ds��< ��D0s1 ! Ds0��. The
observation of all the radiative decay modes with the
predicted relative rates would of course reinforce this
conclusion.
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APPENDIX: PHOTON DISTRIBUTION
AMPLITUDES

For completeness, we collect in this Appendix the light-
cone expansions of the photon matrix elements relevant for
the calculation of the radiative decays of Ds0 and D0s1. We
also collect the expressions of the photon distribution
amplitudes and the numerical values of the related parame-
ters, as reported in [25]. In all the expressions "��� is the
photon polarization vector and ~"� � "�� � q�

"��x
q�x , ~g�� �

g�� �
1
q�x �q�x� � q�x��; the variable �u is defined as �u �

1� u; ~G�� is the dual field ~G�� �
1
2"����G

��. We ne-
glect quark mass corrections, that have not been worked
out for all matrix elements.
h��q; ��j �q�x����q�0�j0i � �ieeqh �qqi�"��q� � "��q��
Z 1

0
du ei �uq�x

�
	
��u� �

x2

16
A�u�

�

� ieeq
h �qqi
2qx
�x�~"� � x�~"��

Z 1

0
du ei �uq�xh��u�;

h��q; ��j �q�x���q�0�j0i � eeqf3�~"�
Z 1

0
du ei �uq�x v�u�;

h��q; ��j �q�x����5q�0�j0i � �
1

4
eeqf3������"

��q�x�
Z 1

0
du ei �uq�x a�u�;

h��q; ��j �q�x�gsG���vx�q�0�j0i � �ieeqh �qqi�"
�
�q� � "

�
�q��

Z
D�ie

i�� �q�v�g�q�xS��i�;

h��q; ��j �q�x�gsG���vx�i�5q�0�j0i � �ieeqh �qqi�"��q� � "��q��
Z

D�iei�� �q�v�g�q�x~S��i�;

h��q; ��j �q�x�gs ~G���vx����5q�0�j0i � eeqf3�q��"
�
�q� � "

�
�q��

Z
D�ie

i�� �q�v�g�q�xA��i�;

h��q; ��j �q�x�gsG���vx�i��q�0�j0i � eeqf3�q��"
�
�q� � "

�
�q��

Z
D�ie

i�� �q�v�g�q�xV ��i�

h��q; ��j �q�x����gsG���vx�q�0�j0i � eeqh �qqi
�
�~"�~g��q� � ~"�~g��q� � ��$ ��	

Z
D�iei�� �q�v�g�q�xT 1��i�

� �~"�~g��q� � ~"�~g��q� � ��$ ��	
Z

D�ie
i�� �q�v�g�q�xT 2��i�

�
�q�x� � q�x���"��q� � "��q��

q � x

Z
D�ie

i�� �q�v�g�q�xT 3��i�

�
�q�x� � q�x���"��q� � "��q��

q � x

Z
D�iei�� �q�v�g�q�xT 4��i�

�
; (A1)
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�i � f�q; � �q; �gg, and
R
D��i� 


R
1
0 d�q

R
1
0 d� �q

R
1
0 d�g��1� �q � � �q � �g�. The photon distribution amplitudes have

the following expressions:


��u� � 6u �u�1� ’2C
3=2
2 �2u� 1��;

A�u� � 40u2 �u2�3k� k� � 1� � 8���2 � 3�2��u �u�2� 13u �u� � 2u3�10� 15u� 6u2� lnu

� 2 �u3�10� 15 �u� 6 �u2� ln �u	;

h��u� � �10�1� 2k��C1=2
2 �2u� 1�;

 v�u� � 5�3�2u� 1�2 � 1� �
3

64
�15!V

� � 5!A
���3� 30�2u� 1�2 � 35�2u� 1�4�;

 a�u� � �1� �2u� 1�2��5�2u� 1�2 � 1�
5

2

�
1�

9

16
!V
� �

3

16
!A
�

�
;

V ��q; � �q; �g� � 540!V
���q � � �q��q� �q�

2
g;

A��q; � �q; �g� � 360�q� �q�2
g

�
1�!A

�
1

2
�7�g � 3�

�

S��q; � �q; �g� � 30�2
g��k� k

���1� �g� � ��1 � �
�
1 ��1� �g��1� 2�g� � �2�3�� �q � �q�

2 � �g�1� �g�		;

~S��q; � �q; �g� � �30�2
g��k� k

���1� �g� � ��1 � �
�
1 ��1� �g��1� 2�g� � �2�3�� �q � �q�

2 � �g�1� �g�		;

T 1��q; � �q; �g� � �120�3�2 � ��2 ��� �q � �q��q� �q�g;

T 2��q; � �q; �g� � 30�2
g�� �q � �q���k� k

�� � ��1 � �
�
1 ��1� 2�g� � �2�3� 4�g�	;

T 3��q; � �q; �g� � �120�3�2 � ��2 ��� �q � �q��q� �q�g;

T 4��q; � �q; �g� � 30�2
g�� �q � �q���k� k

�� � ��1 � �
�
1 ��1� 2�g� � �2�3� 4�g�	: (A2)

The parameters in the distribution amplitudes are: f3� � ��0:0039� 0:0020� GeV2, !V
� � 3:8� 1:8, !A

� � �2:1� 1:0
[25]; k � 0:2, �1 � 0:4, �2 � 0:3, ’2 � k� � ��1 � ��2 � 0 (at the renormalization scale � � 1 GeV) [21]. The other
parameters in the QCD sides of the sum rules, at the same renormalization scale, are: mc � 1:35 GeV, ms � 0:125 GeV
[32], h�ssi � 0:8h �qqi (q � u; d), h �qqi � ��0:245 GeV�3, and h �qg�Gqi � m2

0h �qqi with m2
0 � 0:8 GeV2. Finally, for the

magnetic susceptibility of the quark condensate 	 we use the value 	 � ��3:15� 0:3� GeV�2 obtained in [25].
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