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We present a detailed analysis of theD→Vg transitions, using a model which combines heavy quark
effective theory and the chiral Lagrangian approach and includes symmetry breaking. We notice that in
addition to the previously considereds-channel annihilation andt-channelW exchange, there is a long-
distance penguinlikec→ug contribution in thet-channel of Cabibbo-suppressed modes. Its magnitude is
determined by the size of symmetry breaking, which we calculate with a vector dominance approach. Although
smaller in magnitude, the penguinlike contribution would lead to sizable effects in case of cancellations among
the other contributions to the amplitude. Thus, it may invalidate suggested tests for beyond the standard model
effects in these decays. We also indicate the range of expectations for the branching ratios of variousD→Vg
modes.@S0556-2821~97!08019-3#

PACS number~s!: 13.40.Hq, 12.39.Fe, 12.39.Hg, 14.40.Lb

I. INTRODUCTION

The study of weak radiative decays of charmed mesons is
still in its early developing stage. No such events have been
observed so far and there is no published upper limits yet@1#
for weak decays ofD mesons involving emission of real
photons. On the theoretical front, the treatment of these de-
cays faces a different situation than encountered in the amply
studied weak radiative decays ofB and K mesons. In the
former, flavor-changing radiative decays can be interpreted
at the quark level as dominated by the short-distance electro-
magnetic penguin, i.e., theb→sg transition@2#. In K-meson
decays, both short-distance and long-distance contributions
may compete in various transitions@3#. In the weak radiative
decays of charmed particles, the short-distancec→ug pro-
cess has been shown to give a negligible contribution@4,5#;
as a result, these decays present the challenge and opportu-
nity of developing the required theoretical treatment for the
long-distance dynamics involved.

The importance of a reliable description for these long-
distance transitions is enhanced by the observation@6,7# that
these decays provide also the interesting possibility for test-
ing physics beyond the standard model, particularly non-
minimal supersymmetric models.

The first comprehensive phenomenological analysis of all
possibleD→Vg weak decays has been presented only re-
cently @4#; several other papers have considered@7–10# spe-
cific modes, using various models. On the basis of the stan-
dard model weak Hamiltonian with QCD corrections@11#, it
emerges@7,8# that in the quark picture without symmetry
breaking the neutral charmed meson radiative decays can be
viewed as due toW exchange in theu(t) channel, their am-
plitude being proportional to thea2 Wilson coefficient. The
charged decays on the other hand, evolve from annihilation
diagrams, and their amplitude is proportional to thea1 Wil-
son coefficient.

In the present paper we calculate the decay amplitudes for

nineD→Vg transitions, by using a hybrid model which is a
combination of heavy quark effective theory~HQET! and
chiral Lagrangian@8#. We include systematically SU~3!
breaking into the amplitudes derived from it with particular
attention paid to the coupling of vector mesons to photons as
determined from experiment.

An additional contribution to the radiative decays is due
to the long-distancec→ug transition. The similar contribu-
tions involved in the radiative decays ofb ands quarks have
been analyzed recently in several papers. The basic idea is to
consider@12# the long-distance penguinlike quark process
Q→q1V, in which the pairs of quark-antiquark produced in
the weak process materialize into vector mesons. These vec-
tor mesons are then allowed to convert into photons via the
usual vector dominance process. Using this procedure, the
long-distance effects inB→s(d)g have been estimated
@12,13# with improved accuracy, as well as the effect in the
B→Xl1l 2 decays@14#. In Ref. @13# it was shown that the
long-distances→dg transition is likely to be significantly
larger than the short-distance one. It was also pointed out in
this paper that the size of this long-distance contribution,
estimated with vector meson dominance, is determined by
flavor symmetry breaking.

In this paper we consider the effect of the ‘‘long-distance
penguin’’ embodied in thec→ug transition, in theD me-
sons weak radiative decays.~The role of this transition in
charmed baryon decays is discussed in Ref.@15#.! When we
include this contribution which is proportional to thea2 Wil-
son coefficient, with SU~3! symmetry breaking, we find that
this newly considered contribution is present in the Cabibbo-
suppressed weak radiative decays of charm mesons. The in-
clusion of the long-distancec→ug affects certain simple
relations among the decay amplitudes (D0→r0g)/
(D0→K̄* 0g) and (Ds

1→K* 1g)/Ds
1→r1g) which were

noted previously@6,7# and were suggested as possible tests
for new physics. The effect is not present in the amplitudes
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of the Cabibbo-allowed decaysD0→K̄* 0g andDs
1→r1g.

We point out that as a result of the Glashow-Iliopoulos-
Maiani ~GIM! mechanism, the long-distancec→ug contri-
bution will vanish in case of exact SU~3! symmetry.

Using a hybrid model@8# and including systematically
SU~3! breaking into amplitudes derived from it, with particu-
lar attention paid to the coupling of vector mesons to photons
as derived from experiment, we calculate all theD→Vg
transitions. The numerical values of these amplitudes are dis-
played in Tables II and III. Since the relative phase of dif-
ferent contributions is unknown, we cannot make firm pre-
dictions for the expected rates. Nevertheless, taking this
uncertainty into account and after fixing some of the con-
stants of the model, we are able to indicate a fairly limited
expected range for branching ratios of certain modes. Thus,
we show that the Cabibbo-allowedDs

1→r1g is expected to
have a branching ratio of (324.5)31024, while the
Cabibbo-suppressed decaysDs

1→K* 1g, D1→r1g are ex-
pected to occur with branching ratios in the (224)31025

range.
In Sec. II we present the theoretical framework for our

calculation. In Sec. III we display the explicit expressions of
all calculated decay amplitudes and in Sec. IV we summarize
and compare with previous calculations.

II. THE THEORETICAL FRAMEWORK

In this section we present in detail the theoretical basis
needed for the calculation of theD→Vg amplitudes, which
evolve from long-distance dynamics. This basis covers the
strong and weak interaction sectors and throughout the pre-
sentation we explain our considerations for the choice of
relevant numerical parameters.

A. Chiral lagrangians, heavy quark limit,
and vector meson dominance

We incorporate in our Lagrangian@16# both the heavy
flavor SU~2! symmetry @17,18# and the SU(3)L3SU(3)R
chiral symmetry, spontaneously broken to the diagonal
SU(3)V @19#, which can be used for the description of heavy
and light pseudoscalar and vector mesons. A similar La-
grangian, but without the light vector octet, was first intro-
duced by Wise@20#, Burdman and Donoghue@21#, and Yan
et al. @22#. It was then generalized with the inclusion of light
vector mesons by Casalbuoniet al. @23#.

The light degrees of freedom are described by the 333
Hermitian matrices

P5S p0

&
1

h8

A6
1

h0

)
p1 K1

p2 2p0

&
1

h8

A6
1

h0

)
K0

K2 K̄0 2
2h8

A6
1

h0

)

D
~1!

and

rm5S rm
0 1vm

&
rm

1 Km*
1

rm
2 2rm

0 1vm

&
Km*

0

Km*
2 K̄m*

0 Fm

D ~2!

for the pseudoscalar and vector mesons, respectively. They
are usually expressed through the combinations

u5expS iP

f D , ~3!

wheref . f p5132 MeV is the pion pseudoscalar decay con-
stant, and

r̂m5 i
g̃V

&
rm , ~4!

whereg̃V55.9 was fixed in the case of exact flavor symme-
try @19#. In the following we will also use gauge field tensor
Fmn( r̂):

Fmn~ r̂ !5]mr̂n2]nr̂m1@ r̂m ,r̂n#. ~5!

It is convenient to introduce two currentsVm5 1
2 (u†Dmu

1uDmu†) andAm5 1
2 (u†Dmu2uDmu†). The covariant de-

rivative of u and u† is defined asDmu5(]m1B̂m)u and
Dmu†5(]m1B̂m)u†, with B̂m5 ieBmQ, Q5diag(2/3,21/3,
21/3), Bm being the photon field.

The light meson part of the strong Lagrangian can be
written as@19#

Llight52
f 2

2
$tr~AmAm!1atr@~Vm2 r̂m!2#%

1
1

2 g̃V
2

tr@Fmn~ r̂ !Fmn~ r̂ !#. ~6!

The constanta in Eq. ~6! is in principle a free parameter. In
the case of exact vector meson dominance~VMD ! a52
@19,24#. However, the photoproduction and decay data indi-
cate@13# that the SU~3! breaking modifies the VMD in

LV2g52eg̃Vf 2BmS r0m1
1

3
vm2

&

3
FmD . ~7!

Instead of the exact SU~3! limit ( g̃V5mV / f ), we shall use
the measured values, defining

^V~eV ,q!uVmu0&5em* ~q!gV~q2!. ~8!

The couplingsgV(mV
2) are obtained from the leptonic decays

of these mesons. In our calculation we usegr(mr
2).gr(0)

50.17 GeV2, gv(mv
2 ).gv(0)50.15 GeV2, and gF(mF

2 )
.gF(0)50.24 GeV2.

Both the heavy pseudoscalar and the heavy vector mesons
are incorporated in a 434 matrix:
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Ha5
1

2
~11v” !~Pam* gm2Pag5!, ~9!

wherea51,2,3 is the SU(3)V index of the light flavors, and
Pam* , Pa , annihilate a spin 1 and spin 0 heavy mesonQq̄a of
velocity v, respectively. They have a mass dimension 3/2
instead of the usual 1, so that the Lagrangian is in the heavy
quark limit mQ→` explicitly mass independent. Defining
moreover

H̄a5g0Ha
†g05~Pam*

†gm1Pa
†g5!

1

2
~11v” !, ~10!

we can write the strong Lagrangian as

Leven5Llight1 iTr~HavmDmH̄a!1 igTr@Hbgmg5~Am!baH̄a#

1 ibTr@Hbvm~Vm2 r̂m!baH̄a#

1
b2

4 f 2 Tr~H̄bHaH̄aHb!. ~11!

whereDmH̄a5(]m1Vm2 ieQ8Bm)H̄a , with Q852/3 for c
quark @8#.

It contains two unknown parameters,g andb, which can-
not be determined by symmetry arguments, but must be fit-
ted by experiment. It is the most general even-parity La-
grangian in the leading heavy quark mass (mQ→`) and
chiral symmetry~mq→0 and the minimal number of deriva-
tives! limit.

The electromagnetic field can couple to the mesons also
through the anomalous interaction, i.e., through the odd par-
ity Lagrangian. The contributions to this Lagrangian arise
from terms of the Wess-Zumino-Witten kind, given by@24–
26#

Lodd
~1!524

CVVP

f
emnabTr~]mrn]arbP!. ~12!

The couplingCVVP can be determined in the case of the
exact SU~3! flavor symmetry following the hidden symmetry
approach of @19,24# and it is found to be
CVVP53g̃V

2/32p250.33. In the following we use the VMD
~7!, however we allow for SU~3! symmetry breaking in the
couplings of vector mesons to photon, which is expressed by
the physical values ofgV and mV . The decay width for
V→Pg can be written as

G~V→Pg!5
a

24

~mV
22mP

2 !3

mV
3 ugVPgu2. ~13!

Using Eqs.~12! and~7! modified as explained above, and
taking the experimental value for theK-meson decay cou-
pling f K50.160 GeV we find

gvpg54
gr

mr
2

CVVP

f p
, ~14!

grpg54
gv

3mv
2

CVVP

f p
, ~15!

gK* 1K1g52S gv

3mv
2 1

gr

mr
2 2

2

3

gF

mF
2 D CVVP

f K
, ~16!

gK* 0K0g52S gv

3mv
2 2

gr

mr
2 2

2

3

gF

mF
2 D CVVP

f K
. ~17!

At this point, we have the choice of using the symmetry
value CVVP50.33, or using a best fit by comparing Eqs.
~14!–~17! to the experimental values@1#: G(v→pg)
5(7.2560.5)31024 GeV, G(r1→p1g)5(6.860.6)
31025 GeV, G(r0→p0g)5(1.260.3)31024 GeV,
G(K* 1→K1g)5(5.060.5)31025 GeV, G(K* 0→K0g)
5(1.260.1)31024 GeV. We choose as a best fit the value
CVVP50.31, which reproduces the observed width of
K* 1→K1g and gives G(v→pg)59.831024 GeV,
G(r→pg)57.731025 GeV, G(K* 0→K0g)51.4231024

GeV. Comparing these figures with the experimental results,
it is obvious that the inclusion of VMD with SU~3! breaking
improves the results obtained@24# for exact SU~3!. We re-
mark that the inclusion of SU~3! symmetry breaking effects
for these decays has been suggested often, including its in-
clusion in CVVP @25–27#. Our approach here takes into ac-
count VMD with the observed values ofgV andmV , without
additional symmetry breaking parameters, while the ap-
proaches of@25,26# make fits using available experimental
data onG(V→Pg).

We will also need the odd-parity Lagrangian in the heavy
sector. There are two contributions@8,28# in it, characterized
by coupling strenghtsl andl8. The first is given by

L15 ilTr@HasmnFmn~ r̂ !abH̄b#. ~18!

In this term the interactions of light vector mesons with
heavy pseudoscalar or heavy vector mesons is described. The
light vector meson can then couple to the photon by the
standard VMD prescription. This term is of the order 1/lx

with lx being the chiral perturbation theory scale@29#.
The second term gives the direct heavy quark-photon in-

teraction and is generated by the Lagrangian

L252l8Tr@HasmnFmn~B!H̄a#. ~19!

The parameterl8 can be approximately related to the charm
quark magnetic moment vial8.1/(6mc) @17,22,29,30# and
it should be considered as a higher order term in 1/mQ ex-
pansion@29,30#.

In order to gain information on these couplings we turn to
an analysis ofD* 0→D0g, D* 1→D1g, and Ds*

1→Ds
1g

decays. Experimentally, only the ratios Rg
0

5G(D* 0→D0g)/G(D* 0→D0p0) and Rg
15G(D* 1

→D1g)/G(D* 1→D1p0) are known@1#. Using VMD with
Eqs.~11!, ~18!, ~19! we calculate

Rg
0564pa

f 2

g2 S pg
1

pp
0 D 3Fl81l

g̃V

2&
S gr

mr
2 1

gv

3mv
2 D G 2

~20!

and
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Rg
1564pa

f 2

g2 S pg
1

pp
0 D 3Fl82l

g̃V

2&
S gr

mr
2 2

gv

3mv
2 D G 2

.

~21!

Numerically, the inclusion of SU~3! breaking changes
ul81 2

3 lu in Rg
0 to becomeul810.77lu andul82 1

3 lu in Rg
1 ,

becomes ul820.427lu. Taking the Rg
050.616 and

Rg
150.036 @1#, we obtain two sets of solutions forul8/gu

and ul/gu. The first is ul/gu50.533 GeV21, ul8/gu
50.411 GeV21 and the second isul/gu50.839 GeV21,
ul8/gu50.175 GeV21. In our calculation we have the com-
binations ul810.77lu50.821ugu GeV21 and ul820.427lu
50.183ugu GeV21. For Ds

1* Ds
1g one derives the coupling

ul82lg̃V /&gF/3mF
2 u5ul820.32lu. Unfortunately,Rg

1 is
poorly known, essentially within a factor of 3@1#, which
could induce rather large errors in our determination of these
constants. On the other hand, one should mention that the
values we use forRg

1 ,Rg
0 fit well the theoretical expectations

for these ratios, as determined in rather different models
@28–31#.

In addition to strong and electromagnetic interaction, we
have to specify the weak one. The nonleptonic weak La-
grangian on the quark level can be written as usual@11#:

LSD
eff ~Dc5Ds51!52

GF

&
Vuqi

Vcqj
* @a1~ ūqi !V2A

m ~ q̄ jc!V2A,m

1a2~ ūc!V2A,m~ q̄ jqi !V2A
m #, ~22!

whereVi j are the Cabibbo-Kaboyashi-Maskowa~CKM! ma-
trix elements, GF is the Fermi constant and (C̄1C2)m

[C̄1gm(12g5)C2 . In our calculation we usea151.26 and
a2520.55 as found in@11#.

At the hadronic level, the weak current transforms as
(3̄L,1R) under chiral SU(3)L3SU(3)R being linear in the
heavy meson fieldsDa andDm*

a and is taken as@16#

JQa
m5 1

2 iaTr@gm~12g5!Hbuba
† #

1a1Tr@g5Hb~ r̂m2Vm!bcuca
† #

1a2Tr@gmg5Hbva~ r̂a2Va!bcuca
† #1••• , ~23!

where a5 f HAmH @20#, a1 was first introduced by Casal-
buoni et al. @23,32#, while a2 was introduced in@16#. It has
to be included, since it is of the same order in the 1/mQ and
chiral expansion as the term proportional toa1 @16#.

B. The c˜ug long distance contribution

In addition to the photon interaction discussed in the pre-
vious subsection it was noticed@12,13# that the SU~3! break-
ing causes a long-distance penguinlike contribution propor-
tional to the a2 Wilson coefficient as shown in Fig. 1.
Knowing thatVudVcd* 52VusVcs* and using factorization one
derives@12–15# the effective Hamiltonian forc→ur(v,F)
transition

H@c→ur~v,F!#5
GF

&
a2VudVcd* ūgm~12g5!c

3F2em
r

1

&
S 1

&
em

v ,2em
FD G . ~24!

This equation is not in a gauge invariant form as necessary
for replacement ofV by g using VMD in order to calculate
thec→ug from c→uV. We employ a procedure which was
advanced by Deshpande, Trampetic´, and He @12# and by
Golowich and Pakvasa@33# in treating the similarb→sg via
J/C ~see also@34#!. Thus, one applies the Gordon identity
@12# to extract the transverse part needed in theV→g tran-
sition

mcūgm~12g5!c5~2Pm2qm!ū~11g5!c

2 i ūsmnqn~11g5!c, ~25!

where the term proportional tomu has been neglected.Pm is
the c quark momentum andqm is the V momentum. Ifc
quark is at rest, then the (2Pm2qm)eTm

V 50, giving the fol-
lowing transverse part of thec→uV amplitude:

A@c→ur~v,F!#T5
GF

&
a2VudVcd*

ūsmn~11g5!c

mc
qn

1

2

3$2gr~mr
2!em*

r@gv~mv
2 !

3em*
v ,2&gF~mF

2 !em*
F#%. ~26!

For the calculation of long-distance penguin contribution
to D→Vg decay amplitude, one can to use theD→VV8
decay amplitudes allowing then the transitionV8→g. The
simplest prescription for the gauge invariant VMD was given
by Sakurai@35#, extending the standard VMD Lagrangian in
Eq. ~7!

LV2g
ext 5e

gV

mV
2 F2

1

2
FmnVmn2Jm

VBmG , ~27!

where Jm
V is a conserved electromagnetic current given by

Eq. ~7!, Vmn is the vector meson field strength tensorVmn

5]mVn2]nVm, andgV is defined in Eq.~8!. This approach
has been used by@4,33,34#. Here we follow their procedure
and we derive the VMD amplitude forc→ug to be given by

FIG. 1. The long-distance penguinlikec→ug transition.
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A~c→ug!5
GF

&
a2VudVcd*

ūsmn~11g5!c

mc

3qnem*
gF2

1

2

gr
2~0!

mr
2 1

1

6

gv
2 ~0!

mv
2 1

1

3

gF
2 ~0!

mF
2 G .

~28!

This expression~28! is now in a gauge invariant form. In the
case of exact SU~3! symmetry the expression in square
brackets vanishes as a result of GIM cancellations. This ef-
fect was found to be significantly larger than the short dis-
tance one in thes→dg @13# andc→ug @15# cases. Then the
long distance penguin contribution inD→Vg amplitude is
given by

ALD~D→Vg!5
GF

&
a2VudVcd* F2

1

2

gr
2~0!

mr
2 1

1

6

gv
2 ~0!

mv
2

1
1

3

gF
2 ~0!

mF
2 G H 2

2V~0!

mD1mV
emnabem*

gen*
V

3papVb1 i ~mD1mV!A1~0!Fe* g
•e* V

2e* g
•pVe* V

•q
1

pV•qG J . ~29!

where the relevant form factors are defined in the matrix
element ^V(pV ,eV)u(V2A)muD(p)&, parametrized usually
in D→Vln l semileptonic decay as@4,11,34,16,36#

^V~pV ,eV!u~V2A!muD~p!&5
2V~q2!

mD1mV
emnabeVn* papVb

1 i eV* •q
2mV

q2 qm@A3~q2!2A0~q2!#1 i ~mD1mV!

3FeV
m* A1~q2!2

eV* •q

~mD1mV!2 ~p1pV!mA2~q2!G , ~30!

where q5p2pV . In order that these matrix elements be
finite at q250, the form factors satisfy the relation@11#

A3~q2!2
mD1mV

2mV
A1~q2!1

mD2mV

2mV
A2~q2!50, ~31!

andA3(0)5A0(0).
Now, in order to obtainV(0), A1(0) appearing in Eq.

~29! we rely on the knowledge of form factorsuVDV(0)u and
uA1

DV(0)u, determined in the semileptonic decays. Experi-
mentally these form factors were extracted from the
D1→K̄0* ln l andDs

1→F ln l decays, assuming the pole be-
havior @1#. The hybrid model of@23,32#, described in the
previous section, works well for small recoil momentum in
semileptonic decays, or equivalently in the case ofqmax

2 . We

follow their approach, since the experimental extrapolation
of form factors atq250 assumes their pole behavior. They
have found@32#

VDV~qmax
2 !52

g̃V

&
l f D8*

mD1mV

v•qmax1mD8* 2mD
, ~32!

where mD8* denotes the mass of the corresponding vector
meson pole. The monopole assumption leads to

VDV~0!52
g̃V

&
l f D8*

~mD1mV!~mD8* 1mD2mV!

mD8*
2 .

~33!

For theA1 form factor the authors of@32# found

A1
DV~qmax

2 !52
g̃V

&
2a1

AmD

mD1mV
, ~34!

and atq250

A1
DV~0!52g̃V&a1

AmD

mD1mV
F12

~mD2mV!2

mD112 G , ~35!

wheremD11 is the mass of theq̄c JP511 bound state.~We

use the masses ofs̄c andd̄c bound states to be 2.53 GeV and
2.42 GeV as in@32#.! In @1# there are listed data on form
factors atq250 obtained fromD1→K̄* 0ln l andDs

1→F ln l

decays. FromD1→K̄* 0ln l decay the form factors are

uVDK* (0)u51.060.2, uA1
DK* (0)u50.5560.03 and

uA2
DK* (0)u50.4060.08. FromDs

1→F ln l decay data it was
extracted@1# uVDsF(0)u50.960.3, uA1

DsF(0)u50.6260.06

anduA2
DsF(0)u51.060.3. Using the valuesuV(0)u from both

decays and taking the average of the two values derived from
Eq. ~33! for ulu, we obtain ulu50.479 GeV21. This gives
ugu50.58, found from ul/gu50.839 GeV21. The value
ul/gu50.533 GeV21 leads to somewhat higher value ofg
than expected@1#.

Using again the average of two experimentalA1(0) val-
ues, we obtainua1u50.171 GeV1/2.

III. THE DECAY AMPLITUDES

The amplitudes forD→Vg can be written in the gauge-
invariant form

A@D~p!→V~eV ,pV!g~eg ,q!#

5e
GF

&
Vuqi

Vcqj
* $emnabqmeg*

npaeV*
bAPC

1 i ~eV* •qeg* •pV2pV•qeV* •eg* !APV%. ~36!

The APC and APV denote the parity conserving and parity
violating parts of the amplitude@4#. The different contribu-
tions to the decay amplitude arising in our model are dis-
played in schematic form in Fig. 2. The photon can be first
emitted from theD meson which becomesD* , which then
weakly decays into vector mesonV. Their vertices are pro-
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portional to a combination ofl8 and l, calculated in the
analysis ofD*→Dg decay amplitudes. We denote this part
of amplitude asAPC

(I ) . When calculating these decay ampli-
tudes, we have to remark that the 1/mc corrections coming
from light-quark current, effectively included into thel8 pa-
rameter, are not necessarily the same as in the case of
D*→Dg. This uncertainty unfortunately increases present
theoretical and experimental uncertainty already present in
the calculation ofD→Vg. The second contribution comes
from the weak decay ofD meson, firstly into off-shell light
pseudoscalar, which then decays intoVg. We denote this
part of amplitudes asAPC

(II ) .
The charged charm meson can radiate a real photon from

the term2evmBm Tr@Ha(Q22/3)abH̄b# given in Eq.~11!,
while the charged light vector meson can radiate through the
last term of Eq.~6!. Both contributions are present inAPV .
The SU~3! breaking effects are accounted inf D , f Ds

, gK*
andgr @we takegK* 5(mK* /mr)gr].

The long distance penguinlike contribution is present in
the Cabibbo-suppressed charm meson decays. It contributes
to both the parity-conserving and the parity-violating parts of
the decay amplitude. We denote its contribution asAPC

(III ) and
APV

(III ) .
The Cabibbo-allowed decay amplitudes are proportional

to the productuVudVcs* u.

APC~D0→K̄* 0g!54a2Ul81l
g̃V

2&
S gr

mr
2 1

gv

3mv
2 DU

3
f DgK* mD*

mD*
2

2mK*
2 AmD*

mD
12a2uCVVPu

3S gv

3mv
2 2

gr

mr
2 2

2

3

gF

mF
2 D f DmD

2

mD
2 2mK

2 ,

~37!

APV~D0→K̄* 0g!50, ~38!

APC~Ds
1→r1g!54a1Ul82l

g̃V

3&

gF

mF
2 U

3
f Ds

grmD
s*

mD
s*

2
2mr

2 AmD
s*

mDs

14a1uCVVPu
gv

3mv
2

f Ds
mDs

2

mDs

2 2mp
2 , ~39!

APV~Ds
1→r1g!52a1

f Ds
gr

mDs

2 2mr
2 . ~40!

The long-distance contribution of the penguinlike operators
appears in the Cabibbo-suppressed (VudVcd* ) decay ampli-
tudes and has thea2 Wilson constant as coefficent:

APC~D1→r1g!54a1Ul82l
g̃V

2&
S gr

mr
2 2

gv

3mv
2 DU

3
f DgrmD*

mD*
2

2mr
2 AmD*

mD
14a1uCVVPu

3S gv

3mv
2 D f DmD

2

mD
2 2mp

2 12a2

uVDr~0!u
mD1mr

3 F2
1

2

gr
2

mr
2 1

1

6

gv
2

mv
2 1

1

3

gF
2

mF
2 G , ~41!

APV~D1→r1g!52a1

f Dgr

mDs

2 2mr
2 12a2

1

mD2mr
uA1

Dr~0!u

3F2
1

2

gr
2

mr
2 1

1

6

gv
2

mv
2 1

1

3

gF
2

mF
2 G , ~42!

APC~Ds
1→K* 1g!54a1Ul82l

g̃V

3&

gF

mF
2 U f Ds

gK* mD
s*

mD
s*

2
2mK*

2

3AmD
s*

mDs

12a1uCVVPu

3S gv

3mv
2 1

gr

mr
2 2

2

3

gF

mF
2 D f Ds

mDs

2

mDs

2 2mK
2

12a2

uVDsK* ~0!u
mDs

1mK*

3F2
1

2

gr
2

mr
2 1

1

6

gv
2

mv
2 1

1

3

gF
2

mF
2 G , ~43!

FIG. 2. Skeleton graphs for the various contributions to the de-
cay amplitudesD→Vg. Graph~1! contributes toAPC

(I ) , graph~2! to
APC

(II ) part and graphs~3a!, ~3b! to APV in Table II.
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APV~Ds
1→K* 1g!52a1

f Ds
gK*

mDs

2 2mK*
2 12a2F2

1

2

gr
2

mr
2

1
1

6

gv
2

mv
2 1

1

3

gF
2

mF
2 G

3
uA1

DsK*
~0!u

mDs
2mK*

. ~44!

The Cabibbo-suppressed decays ofD0 meson involve the
contribution from theh-h8 mixing and we take the mixing
angle u5220° @1#. We present the decay amplitudes for
D0→V0g (V05r,v,F) as

APC~D0→V0g!54a2bV
0Ul81l

g̃V

2&
S gr

mr
2 1

gv

3mv
2 DU

3
f DgVmD*

mD*
2

2mV
2 AmD*

mD
14a2uCVVPu

3 f DmD
2 bV12a2F2

1

2

gr
2

mr
2 1

1

6

gv
2

mv
2

1
1

3

gF
2

mF
2 G uVDV0

~0!u
mD1mV

, ~45!

wherebr
0521/&, bv

0 51/&, and bF
0 51. The coefficients

bV are obtained

bV5(
i 51

3
BVPi

mD
2 2mPi

2 , ~46!

wherePi is p for r andv andK for F. The coefficientsBVPi

are given in the Table I.

APV~D0→r0/vg!52a2

uA1
Dr~0!u

mD2mr
F2

1

2

gr
2

mr
2 1

1

6

gv
2

mv
2

1
1

3

gF
2

mF
2 G . ~47!

For completeness, we give also the decay amplitudes of
doubly suppressed decaysD1→K* 1g, D0→K* 0g in
which case the amplitudes are proportional touVusVcd* u:

APC~D1→K* 1g!

54a1Ul82l
g̃V

2&
S gr

mr
2 2

gv

3mv
2 DU f DgK* mD*

mD*
2

2mK*
2

3AmD*
mD

12a1uCVVPuS gv

3mv
2 1

gr

mr
2 2

2

3

gF

mF
2 D

3
f DmD

2

mD
2 2mK

2 , ~48!

APV~D1→K* 1g!52a1

f DgK*

mD
2 2mK*

2 , ~49!

APC~D0→K* 0g!

54a2Ul81l
g̃V

2&
S gr

mr
2 1

gv

3mv
2 DU f DgK* mD*

mD*
2

2mK*
2 AmD*

mD

12a2uCVVPuS gv

3mv
2 2
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2 2

2

3
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mF
2 D f DmD

2

mD
2 2mK

2 ,

~50!

APV~D0→K* 0g!50. ~51!

We present numerical results for the parity conserving
and parity violating amplitudes in Table II for the Cabibbo-
allowed decays and for the Cabibbo-suppressed decays in
Table III, where we denoteAPC5eGF /&Vuqi

Vcqj
* APC and

APV5eGF /&Vuqi
Vcqj

* APV . In our numerical calculation

we use f Ds
50.240 GeV @1#, f D50.2 GeV, and we take

ul820.32lu50.052 GeV21, since we take l
50.479 GeV21 andg50.58. We use alsouCVVPu50.31. In
our estimation we did not analyze the errors arising from the
experimental data. In the case ofD*→Dg decays they can

TABLE I. The BVPi coefficients defined in relation~19!, where
s5sinu, c5cosu, andu is theh-h8 mixing angle.

BVPi p h h8

r0 1

3&

gv

mv
2 2

1

&
c~c2&s!

gr

mr
2 2

1

&
s~&c1s!

gr

mr
2

v
1

&

gr

mr
2 2

1

3&
c~c2&s!

gv

mv
2 2

1

3&
s~&c1s!

gv

mv
2

F 0 2
&

3
c(&c1s)

gF

mF
2 2

&

3
s(&c2s)

gF

mF
2

TABLE II. The parity conserving and parity violating ampli-
tudes for Cabibbo-allowed charm meson decays in units
1028 GeV21.

D→Vg uAPC
I u uAPC

II u uAPVu

D0→K̄* 0g 6.4 6.2 0

Ds
1→r1g 1.4 7.3 7.4

TABLE III. The parity conserving and parity violating ampli-
tudes for Cabibbo-suppressed charm meson decays in units
1029 GeV21. The last two decays are doubly Cabibbo-suppressed.

D→Vg uAPC
I u uAPC

II u uAPC
III u uAPVu uAPV

III u

D0→r0g 8.2 10.7 0.2 0 0.3
D0→vg 7.3 10.7 0.2 0 0.3
D0→Fg 18.8 13.4 0 0 0
D1→r1g 5.9 13.9 0.2 15.9 0.3
Ds

1→K* 1g 4.1 23.2 0.2 20.8 0.4

D1→K* 1g 1.6 4.2 0 4.3 0
D0→K* 0g 3.3 3.2 0 0 0
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be as large as 100%@1#. An additional uncertainty is coming
from the couplings taken rather far from their mass-shell
values, although inD→Vg decays we expect that these de-
viations are still quite small. Unfortunately, the sign ofl8, l,
CVVP , andgV , cannot be determined from the present ex-
perimental data and therefore, we are not able to make con-
crete predictions for the decay rates. However, we notice that
the penguinlike long-distance contribution (III ) is quite
small when compared to the dominant contributions and it
amounts to a few percent to the decay amplitudes. Neverthe-
less, in the case of neutral charm meson decays it can be
rather important due to possible cancellation of the contribu-
tions I and II . This contribution is the only source of parity
violating amplitudes forD0→r0(v)g decay.

We note that the long-distancec→ug contribution has a
coefficient

CV52
1

2

gr
2~0!

mr
2 1

1

6

gv
2 ~0!

mv
2 1

1

3

gF
2 ~0!

mF
2 , ~52!

which we calculate assuming there is noq2 dependence in
thegVi

values betweenmVi

2 and 0. Should such a dependence

occur, it would obviously affect the value ofCV in view of
sensitive GIM cancellation involved.

We come now to the relevance of thisc→ug contribution
with respect to possible tests for new physics in D decays.

The ratio of decay widths RK5G(Ds
1→K* 1g)/

G(Ds
1→r1g) was suggested recently to be used as a test of

the physics beyond the standard model@7#. It was noticed
that in the case of exact SU~3! symmetryRK5tan2 uc @up to
the phase space factor (qK* /qr)3#. In addition to SU~3!
breaking effects coming from different masses and cou-
plings, we notice that the presence of the penguinlike contri-
bution modifies the ratioRK . If there is no cancellation
among the other contributions to the amplitudes, the modifi-
cation may be several percent only, in the same range or
even smaller than SU~3! breaking. However, before we gain
enough knowledge from experiment on the size of the am-
plitudes, it is rather difficult to expect that the sign of new
physics can be seen from the deviations from this ratio. In
any case, it is instructive to note here that a typical figure for
the amount of SU~3! breaking can be obtained, e.g., by com-
paring the calculated ratio APV(Ds

1→K* 1g)/
APV(Ds

1→r1g)5@gK* (mDs

2 2mr
2)#/@gr(mDs

2 2mK*
2 )#tanuc

51.24 tanuc , to the symmetry value of tanuc . The ratio
Rr5G(D0→r0g)/G(D0→K̄* 0g) offers the same possibil-
ity @6# to look for a deviation fromRr5 1

2 tan2 uc . We point
out that the same conclusion is valid forRr as forRK .

IV. SUMMARY

We have reinvestigated charm meson weak radiative de-
cays into light vector mesons, systematically including
SU~3! symmetry breaking effects using a VMD approxima-
tion. The coupling of charm vector, charm pseudoscalar me-
sons and photons are changed due to this symmetry break-
ing, as well as Wess-Zumino-Witten couplings in the light
sector.

In addition to these known contributions, we have found
that the long-distance penguinlike contribution, proportional
to a2 Wilson coefficient appears in the charm meson radia-
tive weak Cabibbo-suppressed decays. The parity conserving
and parity violating decay amplitudes obtain typically a few
percent contribution of thec→ug long distance penguin op-
erator.

Although this effect is not very large, in the case of neu-
tral charm meson decay it might play an important role, due
to possible cancellation of the dominant contributions.

At this point, we would like to select and summarize
those of our results which have smaller uncertainties and to
compare them with previous calculations. Among the
Cabibbo-allowed decays,Ds

1→r1g is less affected by in-
terference and we expect it to occur with the significant
branching ratioB(Ds

1→r1g)5(325)31024. Among the
Cabibbo-suppressed decays, those involving less uncertain-
ties areD1→r1g and Ds

1→K* 1g and we expect their
occurrence with B(D1→r1g)5(1.824.1)31025 and
B(Ds

1→K* 1g)5(2.123.2)31025. These results are fairly
close to those of Ref.@4#, but of a more precise range and
present an interesting challenge for experiment. We remark
that the prediction of Ref.@9# is one order of magnitude
smaller.

Concerning the other decays we calculate, our range of
predictions is considerably weaker. Thus,D0→K̄* 0g could
have a branching ratio as high as 331024, but it also might
be orders of magnitude smaller as a result of interference
betweenAPC

I andAPC
II . Its measurement is therefore of great

interest. Likewise, the decaysD0→(r0,v0,F0)g could have
branching ratios as large as 231025, though in case of large
negative interference among various contributions the
branching ratio may be reduced by two orders of magnitude.

A main difference between our results and those of Ref.
@4# is the amount of parity-violation in various decays. These
authors treatD→Vg as driven byD→VV8→Vg @33#. How-
ever, theD-meson nonleptonic decays are rather difficult for
any theoretical description@4# and the experimental errors on
D→VV8 are rather large@1#. In any case, this issue will be
clarified by the awaited experiments.

Finally, we note that the suggestion that the ratiosRK

5G(Ds
1→K* 1g)/G(Ds

1→r1g) @7# or Rr5G(D0→r0g)/
G(D0→K̄0g) @6# might be useful in a search of a signal for
physics beyond the standard model, could be invalidated by
the presence of long-distance penguinlikec→ug contribu-
tions in case of large cancellations among various contribu-
tions to the amplitudes. This effect would affect more theRr

ratio.
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