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Radiative transitions of D;;(2317) and D, ;(2460)

P. Colangelo, F. De Fazio, and A. Ozpineci

Istituto Nazionale di Fisica Nucleare, Sezione di Bari, Italy
(Received 27 May 2005; published 7 October 2005)

We study radiative decays of D7;(2317) and D,;(2460) using light-cone QCD sum rules. In particular,
we consider the decay modes D},(2317) — D;vy and D,;(2460) — DE*)y, D7,(2317)y and evaluate the
hadronic parameters in the transition amplitudes analyzing correlation functions of scalar, pseudoscalar,
vector, and axial-vector ¢s currents. In the case of D?,(2317) — Djy 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 D,;(2460) — D,y turns out to have the largest decay rate
among the radiative D,;(2460) channels, as experimentally observed, a result thus favoring the inter-

pretation of Dy, states as ordinary ¢s mesons.
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I. INTRODUCTION

The observation of two narrow resonances with charm
and strangeness, D¥;(2317) in the D,n° invariant mass
distribution [1-7] and D,;(2460) in the D%z and D,y
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 ¢s mesons, respectively, de-
noted as D, and D/;. In the heavy quark limit m, — o
such states are expected to be degenerate in mass and to

form a doublet having sf = % , with s, the angular mo-

mentum of the light degrees of freedom. In that interpre-
tation the two mesons complete, together with D,;(2536)
and D,(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 D, — Dy vs Dy, — D', 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 ¢s Dy, and D', states should be heavy enough
to decay to DK and D*K and should have a broad width.
Moreover, the rates of B — Dj,(2317)D and B —
D, ;(2460)D decays, when computed by the factorization
ansatz, do not agree with the experimental measurement
[13]. On this basis, other interpretations for D,(2317) and
D, ;(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
D7,(2317) and D,;(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 D,;(2460) —
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D;,(2317)y decay should be driven by the D*— Dy
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},(2317) — Djy and

D,,(2460) — D"y, D*,(2317)y 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},(2317) with Dy, and D,,;(2460) with
D', and we discuss results and related uncertainties. In
particular, in Section II we consider the decay mode
D3,(2317) — Djy 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
D,;(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
D7,(2317) and Dy,;(2460) as ¢s states.

IL. D;;(2317) — Dy
The amplitude of the E1 transition Dy, — D5y:
(y(g. VD5 (p, \)|Dyo(p + q))
=edl(e"-7)p-q — (- p)H"-q)) (21

with £(A) and 7(A’) the photon and D} polarization vec-
tors, respectively, and e the electric charge, involves the
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hadronic parameter d which has dimension mass™!.

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

Fup.g)=i f d*x e (y(g, MITITL DI O110) (2.2)

of the scalar J, = ¢s and the vector J, = ¢y,s quark
currents, and an external photon state of momentum g
and helicity A. The correlation function can be expressed
J

@m?
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in terms of Lorentz-invariant structures:

F.(p,q) = Fol(p-e)q, —(p-q@e,]+... (23)

In order to compute F (or F',,) in QCD, we carry out the
light-cone expansion x> — 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

4 i(p—k)x
Fulp ) = [ G55 [ i (ra, DS, -+ m)s(0)10)

~ | @ar m2 — 12

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 F of the form:

p”(s)

+o00
Fy= ds 2.5)
0 j(mﬁrmc)z (s = pH(s—(p+q?) (
with
1
oP(s) = — 3e; {—ms <S —mi+m; — )\T(s, me, m?))
4 s —m2 + m2 + A(s, m2, m?)
m, — m; 3e, m, + m,
4+ e s 41 2 2 + s c K
s A, i, mS)} 4772 2

2 _ 2
(1 I m") F(sec) (2.6)

« Xa(s, m2, m?)

N

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.

Ak . ei(p—k)~x ~ ) _ _
]d xzi[k,u«)/(q’ )l)lS(X)S(O)|0> - lka<7(% A)|S(-x)o-,udoz*s‘(o)|O> + mc<7(qr /\)|S(X)'}’,LS(O)|O>],

(2.4)

{
(A 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 F|, 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} and D:

OLIDY) = fremp: 7, (DlJol0) = fp mp,

2.7)
so that F,, can be written as
F _ (DylJolOXyDiIDsoXOIT I DY)
o (mp, — (p + @) mp. — p?)
+ other resonances + continuum, (2.8)

neglecting the widths of D and D,. The sum rule follows
after a double Borel transformation in —p? and —(p + ¢)>
of both the QCD and the hadronic representation of the
correlation function, that involves two Borel parameters,
M? and M3. The transformation allows to suppress the

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 —p? or —(p + ¢)? or depend on it only poly-
nomially. The Borel parameters M3 and M3 are indepen-
dent; we choose M? = M3 since this allows, invoking

global quark-hadron duality between the hadronic and
J

2 2 2
e(m Do T )/2M .

!
meof DSOmef D LS (m.+m,)?

dse /M pP(s) + ece_mz/Mst)(l +
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the QCD expression of the correlation function above
some threshold s, to subtract the continuum in the QCD
side through the substitution e ™¢/M* — g=mi/M* —
e /M 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:

m2  mim?

)
AM?

)+ edgle A — el

2 —ug
XM%¢mm+eﬁ»fﬁm{—§wwa—sgmm(1+%9+]: dv

uy/(1—v) 1
X [ ’ da, Flug — (1 —v)a,, 1 —uy — va,, a,) + / dv
0

(1=ug)/v 2
X [ ’ da, Flug — (1 — v)ag, 1 — uy — vay,, ozg)} - Zesf3ymcem3/M"I’”(uo)},
0

1—uy

(2.9)

where F=S—S—T,+T,— T3+ T, +2v(-S+T; —T,), H,(u) = [8du'H,(«'), H,(u)= [8du'h,(u'), and
M2

W¥(u) = [4du'y¥(u') . All the distribution amplitudes are defined in the Appendix; u, =

4 =1
2 2 .
MM 2

The sum rule (2.9) involves the meson masses, for which we use the experimental data, and the leptonic constants f -
and fp . For the former one, we put - = fp and use the central value of the experimental result f, = 266 * 32 MeV
[24]. As for fp , a sum rule obtained from the analysis of the correlation function

(R — i f d*x 70| T[Jo(0)J1 (x)]/0), 2.10)
(m2, )/M? 5
e Dso 3 s (mc + ms) B
R el I UL O Je-oi
Dy (m,+my) s
—mz/M? 2 3.2 (5 Gs) 3
e _ m:mg m.msg sog,Gs) my
" [m)(zm“ T T e ) 2 W}]f @10
{
allows to obtain ff, = = 225 = 25 MeV, using the parame-  the radiative decay width
ters in the Appendix. I'(D,y — D%y) = (4 — 6) keV. (2.12)

From Eq. (2.9) we can compute d varying the threshold
so and considering the range of the external variable M?
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 s,. Considering the range 5 GeV? = M? =
7 GeV?, where the best stability in M? is found, together
with the wvariation of the threshold s, we get:
—0.35GeV ! =d = —0.28 GeV~!, corresponding to

In (2.12) we have only considered the uncertainty in s,
and M?, 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, y, for which
we use the value determined in Ref. [25]: y = —(3.15 =
0.3) GeV 2. A different value y = —4.4 GeV 2, previ-
ously used in other sum rule analyses, would produce a
40% larger value of |d|.

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
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FIG. 3 (color online). The parameter d in the D,y — Djy
decay amplitude Eq. (2.1) versus the Borel parameter M2. The
curves correspond to the thresholds s, = 2.45% GeV? (continu-
ous line), sy =2.5* GeV? (long-dashed line), and s, =
2.55% GeV? (dashed line).

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{;(2317) — D;y IN THE HEAVY QUARK
LIMIT

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

F(w,q v)=i f dx =0 (y(g, DITLI (0T5(0)]10)
3.1

and

FP(w,q-v) =i [ d*x @9y (g, DITLIL (x)7,(0)]10).

(3.2)
J
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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 4, of the heavy quark (in our case the charm
quark) with four-velocity v. The effective field %, is related
to the heavy quark field Q in QCD through the relation
h, = e"”’Q’”‘#Q (for a review see [26]). The current

J w= hyy 5 has the quantum numbers of a vector meson.

On the other hand, the currents j() = h,s and fd =
I, (—i)y*D, .8 have both the quantum numbers of a scalar
meson, since D,, = g,,,D% = (g0 — 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 w and o’ = w —
g * v that involve two Borel parameters E|,, choosing
E, = E, = 2F and invoking quark-hadron duality above
some threshold v(. From (3.1) we obtain [28]

4 AL ATt 3 vV
4 = e oA+ )/ZE{ g:js m)dve_”/E
v— (¥ —ml)? (5s)
8 h{’/ + (v? — mz)l/z} * eSTEXd)V(MO)
_ (5s) (A(uy) =

- %\Pv(uo)}. 3.3)

On the other hand, from the correlation function (3.2) we
get:

—e
+ 8

o (2 — )12
4D = % (A+A*)/2E{_ 3m_szef [VU dve V/E m[v (" = m3) j|(ms + )

my

d
' (up)

+ E
4

; 1
% [\I’”(uo) P ) — g

x (1 - e_”O/E<1 + %)) + es<§s>%[li6(A(u0) oA (up)) — Hy(uo)”.

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: (O17#|D}(v, )y = F#i*(A), (OlJo|Dyo(v))y =

v+ (v2 — m2)/?

0= e8) 59 5Lt )+ o)

(3.4)

{
EF*,{01J,Dyo(v))y = F (the subscript H indicates that
the states are normalized as used in HQET; £*) and F}
have dimension mass¥? and mass*?, respectively).
Moreover, A and A* are mass parameters defined as
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FIG. 4 (color online).
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The parameters d® obtained from Eq. (3.3) (left) and d® from Eq. (3.4) (right) versus the Borel parameter E.

The continuous, long-dashed, and dashed lines correspond to the thresholds v, = 1.1, 1.2, and 1.3 GeV, respectively.

A =mp —m., A" =mp_ —m, (in the heavy quark
limit). We use the numerical values: F' = 0.35 GeV?3/2,
F* =045 GeV32, FJ =044 GeV¥?, and A=
0.5 GeV, A" = 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® is independent of the
Borel parameter E: 1.2 GeV = E = 1.6 GeV, and the
variation of the threshold v,, we obtain —0.16 GeV ™! =
d® = —0.13 GeV~!. 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 ™! finite quark
mass effects are large, and enhance the Dy, — D%y 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.

(mé,] -*—mf)x)/2M2

s =+ ‘ )
e ; m(sz ms)U(fo o dse—" pP(s) + ecemz/w(ss>[1 i s e (1 + ’"ﬂ
D./sl D./x] D,J D; me g

1 _ 2
— e (5s)(e M — e_SO/Mz)MzX(b,y(uo) - es<§s>e—m?/M2[— Z(A(uo) — 8Hy(u0))<1 + ZZ)
1—u uy/(1—v)
- ﬁ] )dvﬁo da, Fi(ug— (1 —v)a, 1 —

1 (1—uy)/v
— f dvf ! da, Fi(ug — (1 = v)a,, 1 — uy — va,, ag)} + 2esf3ymce’"3/M2‘If”(uo)},
1—uy 0

IV. D, ;(2460) — D,y

Coming back to the case of finite charm-quark mass, let
us consider three radiative decay modes of D/, the tran-
sitions into a pseudoscalar Dy, a vector D}, and a scalar D,
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 D), — D,y:
(v(g, MD(p)ID}(p + g, A"))
=egile" - n)(p-q) = (" p)n-q] 4.1

with (A”) the D/, polarization vector, involves the had-
ronic parameter g; that can be computed considering the
correlation function

Tu(p.9) = 1 [ dxem (g, VITLERILOT0). @2)
The quark currents are J5 = Ciyss and Jﬁ =CyYuYss Ty
can be expanded in Lorentz-invariant structures:

Tu(p.q) =Tl - p)g, — (p-@e ] +... (43)

The sum rule for g;, obtained from the function 7', reads:

2 2

M2 2M? M?

Uy — va, a,)

(4.4)

where F, =S+S—T, - T, + Ty + T, + 2u(—S — T; + T,) and the spectral function p” is:
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2 2 _H1/2 2 2
oP(s) = {2’” ln<s m2 4+ m2 — AV2(s, mc,m )>
872 s —m2+ m?2 + AY2(s, m2, m2)

(’”C_S#)‘I/Z(& m2, mg)}

+ (mc - ms)
4.5
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 f, D, defined by the matrix element

<O|JA|D/1> - fD/ mD/ ﬂlu, (46)

which can be obtained, starting from the two-point corre-
lation function

() =i f dx e OITLIAOAT W0), A7)

from the sum rule:

2, 1/

s 1 S,
2 = 67 —y ’ dSAl/z S m2 m2
fD'sl m3, {872 j;m[vLms)z (s, mg. m3)
s1

X[z_m§+m%+6mcm

: (mZ — mz)z}
me

X e~ sIM?

/M2l /= mcm‘v m

+ emm/M {(ss)(mC ~ar " 2M4>

_ (30g,Gs) m3
4 M“}}'

We get f D, = fp,-

The calculation of g1 produces the curves depicted in
Fig. 5. Considering the range 3 GeV? = M? = 6 GeV?,
together with the variation of the threshold s,, we obtain:
—0.37 GeV™! = g, = —0.29 GeV !, and therefore

(4.8)

I'(D}; — Dyy) = (19 = 29) keV. (4.9)

As for Dy, — D5y, the result of light-cone sum rules for
the width of D!, — D, is larger than previous estimates.
We shall discuss this point later on.

V. D,;(2460) — D}y

The calculation of the dimensionless hadronic parameter
g» appearing in the D!, — Dy transition amplitude:

PHYSICAL REVIEW D 72, 074004 (2005)

-0.2
—~ —0.25 ~__
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€-0.35¢ e
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~0.45

2 3 4 5 6 7
2 (GeV?)

FIG. 5 (color online). The parameter g; in the D, — Djy
decay amplitude, Eq. (4.1), as a function of the Borel parameter
M?. The curves refer to the threshold s, = 2.5 GeV? (continu-
ous), sy = 2.55* GeV? (long-dashed), and s, = 2.6 GeV?
(dashed line).

(y(g, \)D;(p, N)ID.;(p + g, A"))
— i egr8apern PG, 5.1)

with 7(A’) and 1(A”) the polarization vectors of D} and
D',, is based on the analysis of the correlation function

sl
Tup ) = i [ dxeriyiq MITLLWIHON0) (52
expanded in Lorentz-invariant structures

= TAS,UJ/O'TS*(TQT + TBp;LngUrpBS*UqT
+ TC(p + q) Sa,u,a"rpa *a'q +...

T.(p, q)
(5.3)

A sum rule for g, is obtained from T,:

—-0.05
-0.1
-0.15
-0.2
—-0.25

92

2 (GeV?)

FIG. 6 (color online). The parameter g, in the D), — Dy
amplitude Eq. (5.1) versus the Borel parameter M2. The con-
tinuous, long-dashed, and dashed lines refer to sy = 2.52 GeV2,
5o = 2.55% GeV?, and sy = 2.6 GeV?, respectively.
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(m? -%—m?)*)/2M2
sl s

e o, So
= —
mD;lfDi]mD;fD§ (me+m,)?

+ eym(5s)(e M — eTMM2 b (o) + esmc<§s)e_m%/M2[

x (1 %’"2)} + ey fay MW eso/W)[ (1 = () = () ~ w1+

dse /M pP(s) + ecmcefmg/”ﬂ(is}[l
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M2 (1 _Jnt;ﬂ

1 m?
4 M?

Auo) — H,, (uo)(1 — uo) — H,,(ug)

2m
)

1—u uy/(1—v)
+(1— uo)lpv(uo)} + mces<§s>e—m3/M2[f 0 dv[ ’ da,Frlug— (1 —v)a,, 1 —uy — va,, a,)
0 0

1 (1=uo) /v
+ f dvf da,Frlug — (1 —v)a,, 1 —
1—ug

[

with F, =S+S+T7T,-T, - T3+T4andf3 A +

V. The perturbative spectral function p? reads:

e s — m2 + m2 — AN/2(s, m2, m2)
(s) = —mym.In

s —m2+ m2 + AN/2(s, m2, m?)

+ (s — ). (5.5)

The result is reported in Fig. 6. Considering the range
4 GeV? = M? = 6 GeV? and the variation of the thresh-
old sy, we get —0.18 = g, = —0.13, i.e.

(D!, — D*y) = (0.6 — 1.1) keV. (5.6)

The small value of g, 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 g, as less accurate than the results for the
other channels.

VL. D,;(2460) — D ,(2317)y

The last radiative decay mode we consider for D, ;(2460)
is the M1 transition D, — D7y which is governed by the

— a,, ag, a, [da

—va,, a,)] = e, f3, M2 (e /M — om/M)
fg(l Ug, g, Uy — ag)”, (5.4)
amplitude
(y(g, )Dy(p)IDy(p + ¢, "))
=ieg38,p,:8 NP P7q". (6.1)

The parameter g5 can be evaluated starting from the cor-
relation function

W, (p,q) =i [ d*x 7 y(g, VITLIE @)IA©O)]I0) (6.2)

written as

W, =it a0 P7q" W (6.3)

We work out the sum rule for g;:

o O O
O N B> O

92

I
o o
SN

2 3 4 5 6 7
2 (GeV?)

FIG. 7 (color online). Contributions to the sum rule (5.4) for
g». The continuous line corresponds to the perturbative contri-
bution in Figs. 2(a) and 2(b), the long-dashed line to the term
proportional to the magnetic susceptibility of the quark conden-
sate y, 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 sy =
2.55% GeV2.
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e(mnél +mDS0)/2M
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mDsOfDSOmD,/yIfD./Yl (me+m,)?

83 =

dse /M pP(s) + ecef’”%/Mz(Es)(l +
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mem,  m2m>

2M? sM*

) + e (5s)

2

2 2 1 c c —
X (e~m:/M* — e_SO/M“)MZ)(d)y(uO) + e_mf/MzesGs)[— ZA(I@)(] + )} -2 e f3, " (ug)e me/M

M) 2

1- /(1—v)
+ e’”z/Mzes<§s)|:f “ dv [uo ’ da, Falug — (1 —v)a,, 1 —ug — va,, a,)
0 0

| (1—ug)/v
+ f dv] da,Falug — (1 —v)a,, 1 —
1—ug 0

Wlthf4=S+§+T1+T4—T2—T3+2U(—§+T3—T4)and

) = 2 {(mc + my)

4% s

Considering the range 4 GeV? = M? < 6 GeV? and vary-
ing the threshold s, we get (see Fig. 8): —0.35 GeV ™! =
g3 = —0.27 GeV ™!, corresponding to

I'(D}; = Dyyy) = (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 1. Radiative decay widths (in keV) of D},;(2317) and
D,;(2460) obtained by light-cone sum rules. Vector meson
dominance and constituent quark model (QM) results are also
reported.

AV2(s, m2, m2) + m, ln(

~vay, ag)}} (6.4)
—m2 4+ m?2—\/2 Z m;

Ky mg my (S, m¢, ms))} _ (S «— C). (65)

s — m2 + m2 + A2(s, m2, m2)

L\llows to understand the role of QCD parameters like the
magnetic susceptibility y. 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 D;(2460) — D}y,
the rates of all the modes are larger than obtained by other
approaches. In particular, I'(D,;(2460) — D,7) turns out
to be considerably wider. The peculiarity in D;(2460) —
D,y 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 D;(2460) — D7y is the
only radiative mode observed so far, as shown in Table II;
the experimental upper bounds of the other two modes
indicate that I'(D,;(2460) — D}vy) = I'(D,;(2460) —
D) and I'(D;(2460) — D},(2317)y) = I'(D,,(2460) —
D,v), a hierarchy in the D,;(2460) radiative decay rates
reproduced in our LCSR calculation based on a ¢s descrip-
tion of the new states.

In order to quantitatively understand the data in Table II

Initial Final VMD M M . . . ..
e ma Q Q one should precisely know the widths of the isospin violat-
state state LCSR  [10,17] [16] [11] ) .. 0 ) .0
ing transitions Dy — Dy7° and D{; — D7 In the de-
Dy,(2317) Dyy 4-6 0.85 1.9 1.74 scription of these transitions based on the mechanism of
D,,(2460) D i” 19-29 33 6.2 5.08 n — 7° mixing [14,16,17,31] one should accurately deter-
Diy 06-1.1 15 3.5 466 mine the strong couplings D,yD,n and D’ D%z for finite
D*,(2317)y  0.5-0.8 0012 274 S0 078 .
sJ - : i heavy quark mass and including SU(3) corrections.
Considering the results in Tables I and II, these couplings
TABLE II. Measurements and 90% C.L. upper limits of ratios of D7,(2317) and D,;(2460) decay widths.
Belle BABAR CLEO [2]
T(D.,(2317)=D}7)
m <0.18 [3] <0.059
T(D,(2460)=D, )
WM 0.55 £0.13 = 0.08 [3] 0.375 = 0.054 = 0.057 [9] <0.49
( ) ) 0.38 = 0.11 £ 0.04 [4] 0.274 = 0.045 = 0.020 [7]
T(D,,(2460)—D}
Py <0.31 [3] <0.16
I'(D,;(2460)—D%,(2317)y) <0.23 [9] <0.58

[(D,;(2460)—D’7°)
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0
__-0.1
L 0.2
Q
© -0.3
o —0.4

-0.5
2

M? (GeV?)

FIG. 8 (color online). The parameter g; in the D, — Dy
amplitude, Eq. (6.1), versus the Borel parameter M>. The curves
correspond to the same thresholds as in Figs. 5 and 6.

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 of D, — D,y with
respect to other radiative modes of D', in agreement with
the experimental observation, is thus consistent with the
interpretation of D},(2317) and D,;(2460) as ordinary ¢s
mesons, an interpretation that would have been excluded if,

for example, we would have obtained I'(D); — D;y) <
|

PHYSICAL REVIEW D 72, 074004 (2005)

I'(D§y — Diy) or I'(D}y — Dyy) <T'(Dj; — Dyy). 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 D, and D’,. 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 &(A) is the
photon polarization vector and &, = &), — g, % uv =
Suv — ﬁ(qﬂxp + q,x,); the variable & is defined as it =
1 —u; G, is the dual field G, = 1e,,,sG*F. We ne-
glect quark mass corrections, that have not been worked
out for all matrix elements.

2
(y(g DGR g0y = —iee Gg)ehqy — £3q,0) ]0 ' du emw(m(u) + f—6/-\<u>)

— iee _<c_]q> (x,8
4 ogx " VER

1 -
- )cﬂé,,)‘/0 du e h.,(u),

(g, MGy g0} = ee,fs,5, ]0 du g (),

1 1 .
V0, V107, V5010 = 5 eef1y€npe™a"s® [ dueerye)

(v(q, M|g(x)g,G ., (vx)q(0)[0) = —iee (Gq)e}q, — €,4,) ] Da;ei@tvedaS(a,),

(y(q, Mg(x)g,G ., (vx)iysq(0)|0) = —iee (Gq) (el q, — €5q,) [ Dae' @it vada=S(ay),

<’Y(q, /\)|é(x)gsG~/Lv(vx)7a75q(0)|0> = eeqf3yqa(SZQV - SZQ,U,) / Daiei(aqﬁ-vag)q'xﬂ(ai)’

<7(qr A)|q<x)gsG;Lv(Ux)l7aCI(0)|0> = eeqf3yQa(8>;qV - squz,) f Daiei(aq+vag)q~xy(ai)

<7(61, /\)|C_1(x)0-aﬁgst.v(Ux)Q(O)|0> = eeq(éQ%[éwéaVQ,B - éﬂgﬁan - (1”’ A V)]fDaiei(aéJrvag)q.le(ai)

+ [éag,u,,BQV - éozguﬁqp, - (a - ﬁ)] f Daiei(anrvag)q-xTz(ai)

x, — q,x,)€hqs — €hq, .
+(q“ q ,u)( 4qp ﬁq )fDaiel(aq+vag)q‘xT3(ai)

q-x
+ (qO(xB - qﬂxa)(squl -

q-x

Suq,u) jDaiei(aq+vag)4'XT4(ai)}, (AD)

074004-9



P. COLANGELDO, F. DE FAZIO, AND A. OZPINECI PHYSICAL REVIEW D 72, 074004 (2005)

a; ={a, az a},and [ D(a,) = [{da, [{da; [{da,8(1 — a, — a; — a,). The photon distribution amplitudes have
the following expressions:

by () = 6ui(l + 9,3 (2u — 1)),
A(u) = 40uii® Bk — k* + 1) + 8(& — 34 [wit(2 + 13uit) + 2u*(10 — 15u + 6u?) Inu
+ 2i3(10 — 15i + 6@?) Inii],
hy(u) = —10(1 + 2k*)CY*(2u — 1),

3
PP(u) =5036Qu —1)>—1) + @(15w¥ - Swﬁ‘/)(3 —302u — 1) + 35Q2u — 1)%),
P = (1— Qu— 16— 12— D21+~ ¥ — o
2 67 16 7)
V(aq, ag a,) = 540w¥(aq — aq—)aqaqaf,,
1
Ala, az, a,) = 360aqaqa§,[l + w’f}i(%vg - 3)}
Slay, ag a,) =30a2[(k + k7)1 — a,) + (& + A = ) = 2a,) + H[3(a; — ay)? — a,(1 — a,)]],
S(a, ag ) = =3022[(k — kP)(1 — a,) + (& — &1 — a )1 = 2a) + L3y — a,)? — a (1 — a,)]]
T(a, ag ay) = —120B3% + Ha; — a)a,0a,,
To(ay, ag a,) =30ag(a; — a )k — k%) + (4 — {1 = 2a,) + HG — 4ay)],
T3(aq, az a,) = —12034 — &) a; — ay)a,aza,,
T ), az a,) =30a2(a; — a )k +k7) + (& + {1 = 2a,) + HB — 4ay)] (A2)
The parameters in the distribution amplitudes are: f3, = —(0.0039 = 0.0020) GeV?, w¥ =38 * 1.8, w/; =-21=*1.0
[25]; k= 0.2, {, =04, {, = 0.3, ¢, = k* = {7 = {7 = 0 (at the renormalization scale u = 1 GeV) [21]. The other
parameters in the QCD sides of the sum rules, at the same renormalization scale, are: m,. = 1.35 GeV, m,; = 0.125 GeV

[32], (5s) = 0.8{3q) (¢ = u, d), {(Gq) = (—0.245 GeV)?, and (GgoGq) = m3{(gGq) with m3 = 0.8 GeV>. Finally, for the
magnetic susceptibility of the quark condensate y we use the value y = —(3.15 = 0.3) GeV 2 obtained in [25].
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