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Combining heavy quark effective theory and the chiral Lagrangian approach we investigate ra-
diative decays of pseudoscalar D mesons. We 6rst reanalyze D' ~ Dp decays within the effective
Lagrangian approach using the heavy quark spin symmetry, the chiral symmetry Lagrangian, but
including also the light vector mesons. We then investigate D ~ Up decays and calculate the
D + K* p and D'+ —+ p+p partial widths and branching ratios.

PACS number(s): 13.40.Hq, 12.39.Fe, 12.39.Hg, 14.40.Lb

I. INTRODUCTION

The list of D meson decay rates is rather long and
further study of their decays would eventually help to
better understand their features. There has not yet
been any experimental evidence for radiative decays of
D mesons, while D* radiative decays are known to be
important. The D* decays [1, 2] can be described in
a model-independent framework which incorporates the
appropriate constraints on the decay amplitudes. The
combination of heavy quark effective theory and chiral
Lagrangians have been extensively studied and applied
to many D meson decays [3—13]. Wise [14] has proposed
an effective Lagrangian to describe, at low momentum,
the interactions of a meson containing a heavy quark
with the light pseudoscalar mesons vr, K, g. Two kinds
of symmetries characterize the effective Lagrangian: the
heavy quark SU(2) spin symmetry and the nonlinearly
realized SU(3)SU(3) chiral symmetry in the light sec-
tor, corresponding to spontaneous symmetry breaking of
the chiral group to the diagonal SU(3)v. Because of the
rather large masses of the D mesons, the inclusion of reso-
nances with masses below the D mesons seems necesssary
[11—13].

In this paper, following the requirements of heavy
quark and chiral symmetry, we develop a framework for
the description of heavy and light pseudoscalar and vec-
tor mesons. In Sec. II we write down the most general
Lagrangian in the limit of exact heavy quark and chiral
symmetries. Section III is devoted to the higher order
odd-parity Lagrangian, which also describes the decay
D* ~ Dp, and we reinvestigate this decay in order to
learn more about the couplings in the chiral Lagrangian.
In Sec. IV we analyze the weak Lagrangian. Finally,
as an example of the use of our model, we calculate the
D ~ Vp radiative decays in Sec. V.

II. THE CHIRAL LAGRANGIAN
TECHNIQUE AND HEAVY QUARK LIMIT

where f 132 MeV is the pion constant and II is the
pseudoscalar meson unitary matrix de6ned as

&~2+ ~s
+ 90

v&
K'

(2)
2 )

mesons is described by theThe octet of light vector
3 x 3 unitary matrix

. g~
pp =~~pl (3)

The strong interaction meson Lagrangian for the light
pseudoscalar octet and heavy pseudoscalar and vector
triplets in the chiral and heavy quark limits was first writ-
ten down by Wise [14] (see also [4]). The electromagnetic
interactions between these mesons was described in [1,2,
6]. The octet of light vector mesons was included in the
Wise Lagrangian [14] later by Casalbuoni, et al. [12] as
the gauge particles associated with the hidden symmetry
group SU(3)H [15]. The next step is to provide a com-
mon description of both the light and heavy pseudoscalar
mesons, which also includes both light and heavy vec-
tor mesons and the electromagnetic interactions. In this
section we present the strong and electromagnetic La-
grangian for the description of both light and heavy pseu-
doscalar and vector mesons.

The light pseudoscalar mesons are described by the
3 x 3 unitary matrix

'n)u=exp
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z„*+)

C„)

where gv ( 5.8/2/a with a = 2 in the case of exact
vector dominance) is the coupling constant of the vec-
tor meson self-interaction [15] and p„ the vector meson
unitary matrix

p +4p~

and light pseudoscalar and vector mesons:

Z~„~„=6i;st ——(O„B~ —0 B„) +iTr(H v„D"H )lg 4 gL l/ 1/ p

+igTr[Hbp„ps(A")b H )

+iPTr[Hbv„(V" —p„)b H ]
2

Tr(HbH H Hb)
2 a

with

F.-(p) =~.p- —~-p. + [p. p-] . (5)

In the following we will also use the gauge Beld tensor
F„„(p),defined as &i' b = ——(t (A A") + t [(V —p~) ])2

2

+ 1 t[F {)F„.(,)]
2gv

(16)

The heavy mesons are Qq ground states, where Q is
a c (or b) quark and qi = u, q2 = d, and qs = s. In the
heavy quark limit they are described by 4 x 4 matrix H
(a = 1, 2, 3) [14]:

H =
2 (1+)) (P'„p" —P ps), (6)

where P' and P annihilate, respectively, a spin-one and
spin-zero ineson Qq of velocity v~. The creation opera-

tors P „and P occur in [14]

H = Ht = {P.*t

Following the analogy in Refs. [15, 12] we introduce
two currents:

V„= ~(u D„u+ uD„u ) (s)

D~u = (0~ + Bp)u (io)

and

while

= (4 + Bl )u

B„=ieB„Q, (i2)

(-', o

Q o i

(o o
(13)

A~ =
2 (u D~u —uD~u )t t

where the covariant derivatives of u and ut are defined
as

This Lagrangian is invariant under the gauge transfor-
mation

H ~ e"Q ( )Hgt(T

H ~ g, (*)H.-* ~'~.)

u -+ go(x)ugo(x),

g() g.()f

V„-+go(~) V„g, (*) + go(~) a,go (~),
A„~go(x) A„g, (*),
pp ~ go(~)pago(~) + »(*)~~go(&)t

B~ ~ go(&)B~go (~) + go(&) ~~go (&)

(17)

B„mB„—O„A{x) .

In Eq. (15) g and P are constants which should be de-
termined from experimental data [1,2, 11—13]. The con-
stant a in (15) and (16) is in principle a free paraineter,
but we shall Bx it by assuming exact vector dominance
[15],for which a = 2. With exact vector dominance there
are no direct vertices between the photon and two pseu-
doscalar mesons, so that the pseudoscalars interact with
the photon only through vector mesons.

The electromagnetic Beld can couple to the mesons also
through the anomalous interaction; i.e., through the odd-
parity Lagrangian. Even with the PPp direct vertices
absent in Z~;zht due to the choice a = 2, direct PVp
vertices are present in the odd-parity Lagrangian. We
write down the two contributions which are significant
for our calculation:

where go(x) = exp[ieQA(x)]. The last transformation
(17) together with (12) and (13) imply, of course, the
usual gauge transformation for the photon field:

and B'~ is the photon Beld. To insure that the vertices
DotDop and D*otD* p, or those with D replaced by
B in the case of the b quark, are absent, we define the
covariant derivative for the heavy meson Beld as

1 sd = —4 E Tr(B~p~O~ppll)

1: sl~ = —4e~2 ~e"" PTr((O„p„, II)QB Bp) . (2o)

D„H = (0„+V„—ieQ'B„)H (14) Equation (19), together with vector dominance couplings

with Q' = 2/3 for c quark (—1/3 for b quark). With
these definitions we can finally write down the even-
parity strong and electromagnetic Lagrangian for heavy

, e
mv Bp p

gv ( 3 3 (21)
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which come from the second term in (16), describe
the electromagnetic interaction assuming vector-meson
dominance, while the direct photon-light vector meson-
pseudoscalar interactions are contained in (20). The con-
tributions to the odd Lagrangian (19) and (20) arise from
Lagrangians of the Wess-Zumino-Witten kind [16, 17].

In the m~ ~ 0 and mg ~ oo limit (m~ and mq are
the masses of the light and heavy quarks, respectively),
the strong and electomagnetic interactions of heavy and
light pseudoscalar and vector mesons are thus described
by the even Lagrangian (15) and (16) and by the odd
Lagrangian (19) and (20). However, the D*Dp vertices
are not included in the above Lagrangian since it is of
the anomalous type. The terms responsible for it are of
higher order 1/mq and they will be introduced in the
next section.

introduces an ambiguity in the resulting coupling con-
stants. The experimental errors in the branching frac-
tions are somewhat large but the masses of the particles
involved are relatively well known. We have used the
standard formulas [18]

f = f(*) + 2~'—f"(*) (26)

~x = ~lf'(*)
I

for f(x) = vx (x = R or R+), where x, f and 0,
0 f are the mean values and standard deviations of the
respective distributions. Using expressions (26) and (27)
instead of their linearized versions is important due to
the large experimental error in B+. From that data we
then find

III. HIGHER ORDER ODD LAGRANGIAN
FOR HEAVY MESONS

In our approach vector-meson dominance describes the
couplings of light quarks and photons through the higher
dimensional invariant operator

—+ ——= (0.863 6 0.075) GeV
A' 2A

g 3 g
(28)

Cr ——iATr[H cr„„F" (p) bHb] . (22)
= (0.089 4 0.178) GeV

g 3 g
(29)

l2 —— A'eTr[H a„F~—(B)H ] . (23)

According to quark models the parameter IA'I can be
approximately related to the charm quark magnetic mo-
ment via 1/(6m, ) [1, 2, 5, 6]. In order to reduce the er-
ror in determining the couplings we shall reanalyze the
decays D* ~ D7t and D* ~ Dp. Experimentally one
measures [19] the branching fractions R = I'(D*
D p)/I'(D* ~ D 7r ) = 0.572 + 0.057 + 0.081 and
R+ = I'(D*+ +D+~)/I'(D*-+ ~ D+~') = p.p35 g
0.047 + 0.052. Using our Lagrangian these branching ra-
tios are

I'p', )
R,' = 64~f'c EM I

—+ —— (24)

1A~
'

&J,+l
R+ = 64vr f nEM 'g) &&-)

(25)

To determine A/g and A'/g, the square roots of the left-
hand sides of Eqs. (24) and (25) have to be taken, which

ln this term the interactions of light-vector mesons
with heavy pseudoscalars or heavy vector D mesons are
present. The light-vector meson can then couple to the
photon by the standard vector-meson dominance pre-
scription (21). These terms efFectively describe the light
quark-photon interaction inside the charmed (or 6-quark)
mesons.

The coupling A can be independently determined either
from D* decays into Dvr and Dp [1,2, 5, 6], some ratios of
which have been measured [18, 19] or from semileptonic
decays of D mesons [11—13].

The heavy quark-photon interaction is generated by
the term

The two errors in Eqs. (28) and (29) can in principle
be correlated. The main sources of correlations are the
experimental efficiencies in the detection of the a and

Since the contributions of the efBciencies to the net
errors are small [19],possible correlations were neglected.

In Fig. 1 the full lines [given from Eq. (28)] and the
dashed lines [given from Eq. (29)] enclose the two allowed
regions (shaded) for A/g and A'/g. The result is compat-
ible with IAI = (0.60+0.11) GeV and Igl = 0.57+0.13
[13] as determined from different experiments.

Our approach is different from [1], [2], and [6], since we
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FIG. 1. The experimentally allowed values for A/g and
A'/g (shaded regions) are given by the conditions from the
measured branching fractions R (full line) and R~ (dashed
line) .
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do not use any quark model prediction for the parameter
A' but treat it on an equal footing with the parameter
A, so that both are considered as purely phenomenologi-
cal. Nevertheless we were able to obtain reasonably good
precision in the determination of model parameters. We
have to point out that our method of not fixing A' has
both a distinct advantage and a distinct drawback. The
advantage is related to the fact that we explicitly re-
tain the leading piece (the A terms which are of order—
where m is a light quark mass) in the contribution of the
light-quark current in D* ~ Dp. At the same time the
corrections of the order —are electively absorbed intomc
the parameter A'. This is a drawback, since such a new
A' is now no more equal to the one appearing in Eq. (23).

IV. WEAK LAGRANGIAN FOR LIGHT
AND HEAVY MESONS

In addition to strong and electromagnetic interac-
tions, we must also address the weak decays within these
schemes. We will follow the approach of [12, 14] and use
an e6'ective current between the heavy mesons and the
light mesons. The weak current is Lg" ——q p~(1 —ps)Q
and it transforms as (3L„1R). The lowest dimension op-
erator with the same transformation properties but with
meson degrees of freedom is

gab

gab
(ol Jq~'(0) IV, (., p)) = fv ~™v.„.

Here A, , i = 1, . . . , 8, a, b = 1, 2, 3 are the usual eight
Gell-Mann 3 x 3 matrices, normalized as Tr(A, A~) = 2b,~.
In the chiral limit mq ~ 0 the above decay constants are
related through fp = fv/~a = f for all P, V. Similarly
we can define the heavy meson decay constants by [14]

(OIJq (0)ID (p)) = —ifLib miiv„,

(OIJq (0)ID* (e, p)) =i f~.8 mii*e„. (32)

In the heavy quark limit mg ~ oo we have m~
mLi. ~ oo and f~ = f~. . The constant n in Eq. (30)
can be fixed. in this limit by taking the matrix elements
of J~ between the heavy meson state and the vacuum,
with the result

where the ellipsis denotes terms vanishing in the limit
mq ~ 0, mg ~ oo, or terms with derivatives.

The light meson decay constants fp v are defined by
the usual relations

The situation is diH'erent and better in the light sector,
where a well-known prescription exists, for deriving the
weak current directly from the strong Lagrangian [20].
Since the quark weak current Lq b

——qbp" (1—ps)q must
transform as (3L„3R) the light meson weak current with
these transformation properties can be obtained from the
Lagrangian (16). Of course, one has to properly define
the covariant derivative for pseudoscalars, enlarging the
gauge group to include the W-boson contributions [21].
The resulting light meson part of the weak current is

J,"= if'u[A" + a(V" —p")]ut . (34)

where V„g, etc. , are the relevant Cabibbo-Kobayashi-
Maskawa (CKM) mixing parameters, while ai and a2 are
the QCD Wilson coefficients, which depend on a scale
p, . One expects the scale to be the heavy quark mass
and we take p 1.5 GeV which gives aq ——1.2 and
a2 ———0.5, with an approximate 20%%uo error. In the fac-
torization model the quark currents are approximated by
the corresponding meson currents defined in Eqs. (30)
and (34):

(&-&)v ~ =&-~"(1—~')q = Jg." (36)

(&b&~)v —x = &» (1 & )&~ = Jqab .

Many heavy meson weak nonleptonic amplitudes [22—25]
have been calculated using the factorization approxima-
tion. It has been shown in [22], however, that for some
of the D meson decays there are rather important final
state interactions and the factorization approximation
can be improved by the inclusion of the SU(3) symmetry-
breaking effects [26].

The authors of Ref. [23) have classified the weak non-
leptonic decays into three classes: decays determined by
ai only (class I), decays determined by a2 only (class II),
and decays where ai and a2 amplitudes interfere (class
III). Factorization can therefore be tested in several ways.
There are the following two categories of decays: "quark
decays, " in which the heavy quark decays while the re-
maining antiquark acts as a spectator, and "annihilation
processes, " in which heavy and light quarks annihilate
and two new quarks are created. For the annihilation
processes the factorization approximation is usually only
a small contribution [23, 24, 22].

We are forced to use this approximation in our calcu-
lations, since there are no better approaches developed
so far for nonleptonic weak decays.

The part of the weak Lagrangian for the pseudoscalar
and vector, light and heavy mesons, which we will use,
can be written as [22—24]

G
Ziv(Ac = As = 1) = — V„gV*.[ai(ud)v ~(sc)v2"

+a2(sd) v ~(uc) v-~, ~] (»

n = fp~mp . (33)
V. D —+ Vp DECAYS

Unfortunately, up to now, neither a theoretical prediction
nor experimental data exist for the other parameter, o.q,
in the current (30).

The simplest radiative decays of D mesons are into a
light meson and a photon. Since the process D ~ Pp (P
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is a light pseudoscalar) is forbidden due to the require-
ment of gauge invariance and chiral symmetry [27], as
well as angular momentum conservation, we will concen-
trate on the D ~ Vp (V is a light vector meson) decays.
Although there are not yet any data on such processes
we can predict the partial widths and branching ratios.
%'e consider the only two processes which are possible at
the tree level and are not Cabibbo suppressed, namely,
D ~ K' p and D'+ ~ p+p. Both processes have con-
tributions from the odd-parity interaction Lagrangian.
The second one has, in addition, a direct emission term,
due to the charged initial and Anal mesons.

Regarding the anomalous term, there are two contri-
butions which are important. The photon can erst be
emitted &om the D (D'+) meson, which becomes a

I

where

A(D'(&~. ) ~ K*'(pIc..) Y(q))

{j-)= e V„d,V,*,a2[C~o~.o s„„p
2

p, ~g ~ Pexq e v s~.o], (38)

D*o (D*'+) and then D*o (D"+) decays weakly into
K' (p+). The other contribution comes from the weak
decay of D (D'+) first into an off-shell Ko (sr+), which
then decays into K* p (p+g). Both contributions are
proportional to a2 (aq) (35). For the description of this
amplitude we need the D'Dp and K*Kp (perp) couplings
and these couplings were obtained in the previous section.

The amplitude for the Do —+ K*o& j

() 1 faofKomDo 8v2m~o2
2 m~ omJC+0

C~o~.o, —— Cvvrr + Cvn. . . + 4(W'+ ,W)fD"—fz.o, 2 -V'mDomD"
~) (m2~, —m~2, ) 3f mD. o

—m

Similarly, the amplitude for D'+ + p+p is

(39)

A(D'+(p~. ) ~ p+(p~)q'(q)) = e V„dV*,aq C~. e„„pq"e"*v e
* +iC~, m~ e* e*—,(40)

where

( ) fD*f mD. 4+2mD.C~. ——— Cvvn + Cvn~ '~,
2

', + 4(A' —sA) fD.*fp, 2,gm~. mD"
g~ (mD~s —~ )

CD.p, = fo. fp .(2)
(42)

In our numerical calculations we used the following nu-
rnerical values Cvvn = 0.423) Cvn~ = —3.26 x 10 [28,
29], gv = 5.8 [12], f f = 132 MeV, and the other de-
cay constants fp v were taken from [25]. It is straightfor-
ward to calculate the decay widths. The result, of course,
depends on which numerical values we take for (A'+24/3)
and (A' —A/3). Computing these decay widths using A

and A' as derived in a previous paragraph, we have to
point out that the —corrections, coming from light-mc
quark current, effectively included into the A' parameter,
are not necessarily the same as in the case D* + Dp de-
cay. Of course, this uncertainty unfortunately increases
the theoretical and experimental uncertainties already
present in the calculation of the D' m Vp. We will
assume that the differences are negligible.

In Figs. 2 and 3 the decay widths for D -+ K* p and
D'+ ~ p+p are shown as functions of the combinations
A'+ 2A/3 and A' —A/3, respectively. The full (dashed)
lines denote the values for these combinations, which
are allowed (forbidden) by experimental constraints [Eqs.
(28) and (29)], together with [g] = 0.57 + 0.13 [13].

An interesting feature can be seen &om Fig. 2: a not
very precise measurement of the D + K* p decay width
is sufrj. cient to differentiate between positive or negative
solutions for A' + 2A/3, which are predicted to be of one

order of magnitude different. This is because the fjrst and
second terms in Eq. (39) have equal (opposite) sign for
positive (negative) values of A'+ 2A/3, and thus interfere
constructively (destructively) Given. the total D decay
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FIG. 2. The decay width for D ~ K p as function of
the combination A'+ 2A/3. The full (dashed) lines denote the
experimentally allowed (forbidden) values for this combina-
tion.
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FIG. 3. The decay width for D' ~ pp as function of the
combination A' —A/3. The full (dashed) line denotes the ex-
perimentally allowed (forbidden) values for this combination.

width I'& t(D ) 0.0016 eV [18], the branching ratio is
constrained by 2.1 x 10 & B ( 4.3 x 10 for positive
and B ( 0.27 x 10 for negative values of A'+ 2A/3.

A less dramatic situation is obtained for the decay
D'+ —+ p+p in Fig. 3, where a not precise determination
of the partial width is not enough to further constrain
the combination A' —A/3. From I't t(D'+) = 0.0014 eV
[18] we see that the branching ratio for this decay is in
the range 2.2 x 10 4 ( B' ( 7.2 x 10

Unfortunately, due to the much larger branching ratio
for the weak decay D ~ K* m and the difBculty in dif-
ferentiating the photon from the m' in this energy range,
the decay D —+ K*p has not been seen by the ARGUS
Collaboration [30]. The situation is similar for the de-
tection of D'+ + p+p by the ARGUS Collaboration:
because of the very small branching ratio, low detector's
acceptance (3p events have to be measured) and poor
mass resolution, the ARGUS data are not likely to find
this decay. But, hopefully, some experimental signals for
these radiative decays will come from the CLEO data.
The experimental measurement of this branching ratio
will determine the relative sign between the erst and the

second contributions, giving in such a way new informa-
tion on the parameters A, A', and g.

In conclusion, we used both chiral symmetry and heavy
quark symmetry to obtain an efFective strong, EM and
weak Lagrangian for the description of both light and
heavy pseudoscalar and vector mesons. In this &ame-
work we reanalyzed the D' strong and. radiative decays,
obtaining without any reference to quark models, a good
determination of some of the parameters in the efFective
Lagrangian. Within the same &amework and with these
values for the parameters we calculated the D —+ Vp de-
cay widths, providing numerical predictions. These re-
sults can be used to test the validity of the approxima-
tions that were made in the context of the heavy quark
e8'ective theory. At the least, our numerical results are
reasonable estimates and provide some guidance. In the
framework developed here, other D meson radiative non-
leptonic decays (D ~ VPp or PPp) can also be calcu-
lated [31], giving estimates for future experiments and
further tests of the applicability of heavy quark effective
theory (HABET).

Note added. After completion of this work the paper by
P. Jain, A. Momen, and J. Schechter (hep-ph/9406338),
where some of these results have been independently ob-
tained, came to our attention. Their approach is quite
similar to ours in Sec. III, but they fix the parameter A'

to be proportional to 1/m„while we leave it free. Also
we noticed a paper by H.Y. Cheng, C.Y. Cheung, G.L.
Lin, Y.C. Lin, T.M. Yan, and H.L. Yu (hep-ph/9407303).
In this paper, the D ~ K'p decay rate was estimated
using an effective electromagnetic and weak Lagrangian
developed from quark diagrams for bd ~ t"up. They then
made the replacement 6 ~ t- and c ~ 8. Their result is
comparable with ours in Fig. 2 for negative values of
A'+ 2A/3.
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