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Resonant and nonresonant contributions to the weakD˜Vl 1l 2 decays
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The Cabibbo suppressed decaysD→Vl1l 2 (V is light vector meson! present in principle the opportunity to
observe the short distance FCNC transitionc→ul1l 2, which is sensitive to physics beyond the standard
model. We analyze these as well as the Cabibbo allowedD→Vl1l 2 decays within the standard model, where
in addition to the short distance dynamics also the long distance dynamics is present. The long distance
contribution is induced by the effective nonleptonic weak Lagrangian accompanied by the emission of a virtual
photon, which occurs resonantly via conversion from a vector mesonr0, v or f or nonresonantly as direct
emission from aD meson. We calculate the branching ratios for allD→Vl1l 2 decays using the model, which
combines heavy quark symmetry and chiral perturbation theory. The short distance contribution due toc
→ul1l 2 transition, which is present only in the Cabibbo suppressed decays, is found to be three orders of
magnitude smaller than the long distance contribution. The branching ratios well above 1027 for Cabibbo
suppressed decays could signal new physics. The most frequent decays are the Cabibbo allowed decays, which
are expected at the rates, that are not much lower than the present experimental upper limit:Ds

1→r1m1m2 is

expected at the branching ratio of approximately 331025, while D0→K̄* 0m1m2 is expected at 1.731026.
@S0556-2821~98!06121-9#

PACS number~s!: 13.20.Fc, 12.39.Hg, 12.40.Vv, 13.25.Ft
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I. INTRODUCTION

In the charm sector phenomena such asD02D̄0 mixing,
CP violation and rare decay probabilities are small, whi
makes them good candidates as probes for new physics
small background from the standard model@1–3#. In particu-
lar, decays of typeD→Xl1l 2 were singled out@4–6# as a
possible good window to non-standard contributions of
flavor-changing neutral transition~FCNC! c→ul1l 2, at the
1027 level for the branching ratios. This suggestion w
prompted by the smallness of the short-distance~SD! c
→ul1l 2 contribution within the standard model, whic
leads@4,6# to a branching ratio of only 1029 for the inclusive
process. Although QCD corrections to this process have
been calculated in detail yet, these are not expected to a
significantly the size of thec→ul1l 2 amplitude, as ex-
plained in the next section. Accordingly, one expects
hadronic exclusive decays induced by this SD transition
occur with branching ratios of the order of 10210.

Further studies, which have considered the long-dista
~LD! contribution toD→Pl1l 2 transitions (P is light pseu-
doscalar! @6,7# have concluded that these are larger than
ones. The analysis of the LD contributions inD1,0

→p1,0l 1l 2 @7# has shown these modes are expected to l
to branching ratios of the order of 1026 in the resonance
region and a few times 1027 in the nonresonant region, thu
practically invalidating their use for observing thec
→ul1l 2 transition within the standard model.

A similar situation holds in the case ofD→Vg (D
→Pg is forbidden!, where long distance effects@8–10#
cause these modes to have branching ratios in
1027– 1024 range. On the other hand, the SD component
to the magnetic electroweak penguin transitionc→ug is
0556-2821/98/58~9!/094038~14!/$15.00 58 0940
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Glashow-Yliopoulus-Meiani~GIM! suppressed and does n
reach beyond the 1029 range at most, despite being consi
erably enhanced by QCD corrections@8,11#. Thus, here
again the LD effects mask the contribution of the SDc
→ug loop, except for very special circumstances, whi
were pointed out recently@9,12#.

We analyze LD and SD contributions to allD→Vl1l 2

decays within the standard model. The SD contribution d
to c→ul1l 2 is present only in the Cabibbo suppressed
cays D0→r0l 1l 2, D0→v l 1l 2 D0→f l 1l 2, D1

→r1l 1l 2 andDs
1→K* 1l 1l 2. Our results should provide

the appropriate theoretical background against which p
sible signals of new physics are searched for in these dec
Motivated by the experimental searches, we analyze also
Cabibbo allowed decays (D0→K* 0l 1l 2 and Ds

1

→r1l 1l 2), which are the best candidates for their ea
detection, and the doubly Cabibbo suppressed decaysD1

→K* 1l 1l 2 andD0→K* 0l 1l 2). Here the signals from new
physics are not expected from the theoretical models usu
considered.

On the experimental side, so far there are only up
bounds on the branching ratios ofD→Vl1l 2 decays from
E653 Collaboration and CLEO Collaboration@13,14#, in the
range 1023– 1024, but these are expected to improve in t
future.

In Sec. II we present the details of our approach and
define the approximations used. In Sec. III we give the
sults of our calculations and we summarize in Sec. IV.

II. MODEL DESCRIPTION

A. Long distance contributions

In this subsection we present the general framework u
for calculating the long distance amplitudes, while the deta
©1998 The American Physical Society38-1
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of the model employed are given in Sec. II C. The long d
tance contribution inD→Vl1l 2 decays is due to the effec
tive nonleptonic weak Lagrangian, which induces the we
transition between the initial and final hadronic state. T
weak transition has to be accompanied by the emission
virtual photon, which finally decays into a lepton antilept
pair. The effective nonleptonic weak Lagrangian respons
for charm meson decays is

LLD52
GF

&
Vuqi

Vcqj
* @a1~ ūqi !

m~ q̄ jc!m1a2~ ūc!m~ q̄ jqi !
m#,

~1!

where (c̄1c2)m[c̄1gm(12g5)c2 , qi , j represent the fields
of d or s quarks,Vi j are the Cabibbo-Kobayashi-Maskaw
~CKM! matrix elements andGF is the Fermi constant. In ou
calculation we usea151.26 anda2520.55 as found in
@15#, from an extensive application of Eq.~1! to the study of
nonleptonicD decays.

The virtual photon emission from the hadronic states
taken in our approach to proceed through two differ
mechanisms:

~i! In the nonresonant mechanismthe photon is emitted
directly from the initialD state.

~ii ! In the resonant mechanism, apart from the final vector
mesonV, an additional neutral vector mesonV0 is produced,
which converts to a photon through vector meson domina
~VMD !. In this case, a nonleptonic weak decayD→VV0 is
followed by the transitionV0→g*→ l 1l 2, where V0 is a
short-lived vector mesonr0, v or f.

The evaluation of the matrix elements of the product
two currents~1! requires nonperturbative techniques and
are forced to use some approximation. We have underta
to use systematically the factorization approximation, wh
the matrix element of the product of two currents is appro
mated by

^Vgu~ q̄iqj !
m~ q̄kc!muD&5^Vu~ q̄iqj !

mu0&^gu~ q̄kc!muD&

1^gu~ q̄iqj !
mu0&^Vu~ q̄kc!muD&

1^Vgu~ q̄iqj !
mu0&^0u~ q̄kc!muD&.

~2!

The first two terms are the spectator contributions, in
following denoted byASpec,g andASpec,V , respectively, and
the third term is the weak annihilation contribution, denot
by AAnnih . Hereg denotes the virtual photon.

To calculate the matrix elements in Eq.~2! we use the
hybrid model, which combines heavy quark effective theo
~HQET! and chiral Lagrangian@16–18# and has been suc
cessfully employed already forD meson decays in severa
papers@16–26#. A very detailed description of the hybri
model and its previous applications is given in@18#.

The relevant hadronic degrees of freedom for the pres
calculation are heavy pseudoscalar (D) and vector mesons
(D* ) and light pseudoscalar (P) and vector (V) mesons.
Within this approach the diagrams that contribute to the a
plitudesASpec,g , ASpec,V andAAnnih ~2! are shown in Figs.
09403
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1~a!, 1~b! and 1~c!, respectively. Different diagrams in Fig.
are denoted by the roman numbers from I–VIII. Diagram
III and IV in Fig. 1 represent nonresonant contributio
„mechanism~i!…. All the remaining diagrams, which procee
through the intermediate short-lived vector mesonV0 ~r, v
andf!, represent theresonant contribution„mechanism~ii !….
The resonant amplitude is represented in the wholeq2 region
by the Breit-Wigner vector meson propagator. (q is the sum
of lepton and antilepton momenta.! In the regions ofq2 far
away from mV0

2 , the resonant amplitude is given therefo
solely by the tail of the Breit-Wigner vector meson propag
tor. The square in each diagram of Fig. 1 denotes the w
transition due to the effective LagrangianLLD ~1!. This La-
grangian contains a product of two left handed quark c
rents (q̄kql)

m, each denoted by a dot on Fig. 1. The le
handed currents will be expressed in terms of the relev
hadronic degrees of freedom:D, D* , P andV. In our nota-
tion the hadronic currentJ2 in diagram II, for example, cre-
ates aV meson, while the hadronic currentJ1 annihilatesD
and createsV0 at the same time.

In the model we use, there is no contribution ofJ/C or
other c̄c excited states. The contribution that would arise
the exchange of this mesons is effectively described by
gram III of Fig. 1, wherec̄c exchange is ‘‘hidden’’ in the
DD* g coupling. The alternative approach of a directc̄c
exchange would require the knowledge of their couplings
photons over a wide region ofq2, of which one has only
rudimentary knowledge@27#.

B. Short distance contributions due toc˜ul1l2

In addition to long distance dynamics, the Cabibbo su
pressed decaysD0→r0l 1l 2, D0→v l 1l 2, D0→f l 1l 2,

FIG. 1. Skeleton diagrams of variouslong distance contribu-
tions to the decayD→Vl1l 2 resulting from Eq.~2!. The spectator
diagrams of typeASpec,g @see Eq.~2!# are shown in Fig. 1~a!, the
spectator diagrams of typeASpec,V are shown in Fig. 1~b! and the
weak annihilation diagramsAAnnih are shown in Fig. 1~c!. Different
diagrams are denoted by the roman numbers I–VIII. The squar
each diagram denotes the weak transition due to the long dist
LagrangianLLD @Eq. ~1!#. This Lagrangian contains a product o
two weak currents, each denoted by a dot.
8-2
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RESONANT AND NONRESONANT CONTRIBUTIONS TO . . . PHYSICAL REVIEW D 58 094038
D1→r1l 1l 2 andDs
1→K* 1l 1l 2 can also be driven by the

short distancec→ul1l 2 transition. The short distance pa
in D→Vl1l 2 decays will turn out in general to be muc
smaller than the long distance part. However, we shall fi
that in the case ofD0→r0(v) l 1l 2 the short distance part i
of the same order of magnitude as the nonresonant part o
long distance contribution. In this subsection we estimate
size of the short distance amplitudes, which isnonresonant
in its nature.

The effective Lagrangian for FCNC transitionc→ul1l 2

arises fromWW exchange box diagrams andZ andg* pen-
guin operators@4#. It has been obtained using the simil
results fors→dl1l 2 decay@28#

LSD5
GF

&

e2

16p2sin2uW

3 (
i 5d,s,b

Vi@ ūgm~12g5!c~Ai l̄ g
m~12g5!l

1Bi l̄ g
m~11g5!l !

22imcsin2uWF2
i qnūsmn~11g5!c l̄gm~12g5!l #,

~3!

where the Willson coefficientsAi , Bi and F2
i are given in

Appendix A andVi are the CKM coefficients,Vi5Vci* Vui .
The expression~3! does not contain the QCD correction
which have not been studied forc→ul1l 2 decays so far.
When referring to these corrections forc→ul1l 2, one is
reminded that in the case ofc→ug decay there is a hug
QCD enhancement@8,11#, which is due to the following rea
son: The effect of QCD is that the Wilson coefficie
c7(mc), responsible for the magnetic penguin decayc
→ug, obtains the admixture of the other Wilson coefficien
evaluated at the scalemW in the leading orderci(mW), i
51,...,10.Sincec7(mW) is extremely suppressed compar
to some other Wilson coefficientsci(mW), the resulting
c7(mc) is much bigger thanc7(mW) and a huge QCD en
hancement forc→ug occurs. In thec→ul1l 2 decay on the
other hand, the responsible Wilson coefficientsA(mW) and
B(mW), which do not contribute for the real photons, are n
suppressed in the lowest order and one would not ex
large QCD effects on them as one has learned from est
tion of s→dl1l 2 @29#. The coefficient of the magnetic tran
sition F2(mW), which is proportional to Wilson coefficien
c7(mW), indeed acquires large QCD corrections, howeve
is strongly suppressed in the lowest order. Since we are
interested in the rough estimation of the short distance c
tribution in D→Vl1l 2 and the last term in Eq.~3! is much
less important than the other two for such decays@29#, we
neglect the last term altogether, using the approximation
plained in Appendix A.

The LagrangianLSD ~3! then gives the branching ratio fo
inclusivec→ul1l 2 process
09403
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G~c→ul1l 2!

G~D0!
5

GF
2mc

5

192p3G~D0!
S a

4p sin2uW
D 2

3@ uViAi u21uViBi u2#

52.931029.

To predict the exclusive amplitudes forD→Vl1l 2 induced
by LSD ~3!, we have to evaluate the matrix elements

^Vuūgm~12g5!cuD&. ~4!

We shall do this by again using the hybrid model, which
described in the next subsection. The corresponding Fe
man diagrams within this approach are given in Fig. 2. T
squares in the diagrams denote the weak transition due to
short distance LagrangianLSD ~3!. This Lagrangian contains
a product of a quark and lepton weak currents, each den
by a dot in Fig. 2. We remark, that these diagrams hav
long distance counterpart, given by diagrams V and VI
Fig. 1, which represent the long distancec→ug transition
@9,29#

C. Theoretical framework: Chiral Lagrangians, heavy quark
limit and vector meson dominance

Here we present the model, which we use to evaluate
matrix elements~2! and ~4! needed to predictD→Vl1l 2

amplitudes. The framework we use for our treatment is t
of an effective Lagrangian, which embodies two importa
approximate symmetries of QCD, the infinite heavy quarkQ
mass limit (mQ→`) and the chiral limit for light quarks,
namely (mu ,md ,ms)→0. This approach, which was deve
oped during the last few years~@16–26# and additional ref-
erences quoted in@18#!, has been used with a good measu
of success to treat strong, electromagnetic and weak de
of D andB mesons. Obviously, an effective Lagrangian a
proach has also its weakness, as it involves a numbe
unknown coupling constants. Fortunately, the use of
served processes makes it possible to determine a good
portion of them, as detailed in this and the next subsect
Moreover, the use of form factors alleviates the limitatio
on the range in which the basic assumptions of the mo
hold to a good accuracy. The model and its various appl
tions till now are well exposed in a recent review@18#. In the
present subsection, we describe those parts which are ne
for our calculation. We introduce now the strong and ele

FIG. 2. Skeleton diagrams ofshort distance contributionsto the
decayD→Vl1l 2 due toc→ul1l 2 transition. The squares in th
diagrams denote the weak transition due to the short distance
grangianLSD @Eq. ~3!#. This Lagrangian contains a product of
quark and a lepton weak currents, each denoted by a dot.
8-3
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S. FAJFER, S. PRELOVSˇEK, AND P. SINGER PHYSICAL REVIEW D58 094038
tromagnetic interaction Lagrangians for the heavy~hadrons
containingc quark! and light ~hadrons containing only ligh
u, d ands quarks! sector and the relevant weak currents.
the end of the section we discuss the values of free par
eters, that enter the Lagrangians and currents in our mo
Our strong and electromagnetic Lagrangian@16–18# is in-
variant under heavy quark spin„SU(2)…, chiral „SU(3)L

3SU(3)R…, Lorentz, parity andU(1) gauge transformation
h

n

to

on

09403
t
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el.

@18#. The light vector mesons are incorporated using the h
den symmetry approach@18,30#. We are aware that using
~HQET!, which converges very slowly in the case ofc
quark, presents a rather rough approximation. In spite of t
the HQET approach, which helps to reduce the numbe
free parameters, has been successfully applied in manD
decays~e.g. @18# and references therein!.

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 ~5!

and

rm5S rm
0 1vm

&
rm

1 Km*
1

rm
2 2rm

0 1vm

&
Km*

0

Km*
2 K̄m*

0 fm

D , Fmn~r!5]mrn2]nrm1@rm ,rn# ~6!
l
etic
e-

r
the

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

u5expS iP

f D , ~7!

wheref . f p5132 MeV is the pion pseudoscalar decay co
stant and

r̂m5 i
g̃V

&
rm , ~8!

whereg̃V is fixed in the case of the exact flavor symmetry
be theVPP coupling g̃V55.9 @30#.

The most general strong Lagrangian for the light mes
in the leading order of chiral perturbation theory is@30#

L l ight
1 52

f 2

2
$Tr~AmA m!1a Tr@~Vm2 r̂m!2#%

1
1

2g̃V
2

Tr@Fmn~ r̂ !Fmn~ r̂ !#, ~9!

where we have introduced two currents
ey

-

s

Vm5 1
2 ~u†Dmu1uDmu†! and Am5 1

2 ~u†Dmu2uDmu†!.
~10!

Demanding the Lagrangian~9! to be invariant under the loca
gauge transformation, corresponding to the electro-magn
U(1) transformation in QCD, we define the covariant d
rivatives as

Dmu5~]m1B̂m!u and Dmu†5~]m1B̂m!u†,

with B̂m5 ieBmQ, Q5diag(2/3,21/3,21/3) andBm being
the photon field. The constanta ~15! is in principle a free
parameter. We fix it toa52 @30# assuming the exact vecto
meson dominance, where the pseudoscalars interact with
photon only through vector mesons. With this choice,
photon-vector meson interaction given by the second term
Lagrangian~9! is

LVg52eg̃V f 2BmS r0m1
1

3
vm2

&

3
fmD . ~11!

Instead of using the exactSU(3) symmetry valuesg̃V55.9
and f 5132 MeV, we express theVg couplings in terms of
the measurable quantitiesgr , gv andgf defined by the ma-
trix element of the corresponding vector currentJV

m

8-4
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RESONANT AND NONRESONANT CONTRIBUTIONS TO . . . PHYSICAL REVIEW D 58 094038
^V~eV ,q!uJV
mu0&5gV~q2!e* m~q!. ~12!

In our calculation we use the valuesgV given in Table II,
which have been directly measured in the leptonicV
→ l 1l 2 decays, and we make the assumptiongV(q2)
5gV(mV

2)[gV . The photon-vector meson interaction L
grangian~11! defined through the constantsgV is

LVg52
e

&
S grr0m1

gv

3
vm2

&gf

3
fmDBm . ~13!

As far as the calculation of the amplitudes for the diagra
of Fig. 1 is concerned, the LagrangianLl ight ~15! provides
also theVVV vertex given by the third term in Eq.~9!. The
VVV vertex is present in the diagram VIII of Fig. 1, whic
describes the photon emission from the charged vector
son.

We need also thePVV vertex, which is present in the
diagram VII of Fig. 1. This interaction term can be genera
only in the next-to-leading order of chiral perturbation theo
as @18#

L l ight
2 524

CVVP

f
emnab Tr~]mrn]arbP!, ~14!

whereCVVP is free parameter.
Both the heavy pseudoscalar and the heavy vector me

are incorporated in a 434 matrix

Ha5
11v”

2
~Pam* gm2Pag5!,

H̄a5g0Ha
†g05~Pam*

†gm1Pa
†g5!

11v”
2

,

~15!

wherea51,2,3 is theSU(3)V index of the light flavors and
Pam* , Pa annihilate a spin 1 and spin 0 heavy mesonQq̄a of
velocity v, respectively. The strong and electromagnetic L
grangian in the heavy sector have to provide us with
DDg, DD* g andDD* V vertices. The first vertex describe
the photon emission from the chargedD meson and is gen
erated in the leading order of HQET@invariant under heavy
quark symmetry andU(1) gauge transformation with mini
mal number of derivatives# as @17,18#

L heavy
1 5 i Tr@Havm~]m1Vm2 2

3 ieBm!H̄a#. ~16!

TheDD* g andDD* V vertices can be generated only in th
next-to-leading order of the heavy quark and chiral exp
sion and are described by@17,18#
09403
s
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L heavy
2 52l8 Tr@HasmnFmn~B!H̄a#

1 il Tr@HasmnFmn~ r̂ !abH̄b#. ~17!

The first term contributes to diagram III in Fig. 1, while th
second term contributes to diagrams I and V of Fig. 1 a
diagram I of Fig. 2. Thel andl8 are free parameters.

In addition to the strong and electromagnetic interacti
we have to specify the weak one. The effective weak L
grangian responsible for the long distance contribution
given byLLD ~1! and for the short distance contribution b
LSD ~3!. As we deal with the probabilities for the weak d
cays of hadrons, we rewrite the quark weak currents inLLD
~1! andLSD ~3! in terms of hadronic degrees of freedom. T
weak currentq̄agm(12g5)c containing ac quark and one
light anti-quark q̄a transforms under chiralSU(3)L

3SU(3)R transformation as (3L̄,1R). At the hadronic level
we impose the same chiral transformation and we require
current to be linear in the heavy meson fieldsDa and Dm*

a

@16,26#

Ja
m5 1

2 ia Tr@gm~12g5!Hbuba
† #

1a1 Tr@g5Hb~ r̂m2V m!bcuca
† #

1a2 Tr@gmg5Hbva~ r̂a2V a!bcuca
† #1••• . ~18!

The current~18! is the most general one in the leading 1/mc
order of HQET and next to leading order of chiral perturb
tion theory. The first term is connected to the definition
the heavy meson decay constant^D(p)u(q̄ac)mu0&5
2 i f Dpm, wherea5 f DAmD. The second and third term con
tribute to diagrams II and VI of Fig. 1 and diagram II of Fig
2, whereJa

m ~18! annihilates theD meson and createsV or
V0 meson at the same time. The constantsa1 anda2 are free
parameters.

D. The choice of the parameters

We now turn to the values of the coupling constan
CVVP , l, l8, a1 anda2 , which we need in the evaluation o
the amplitudes of diagrams on Figs. 1 and 2.

The couplingCVVP can be determined in the case of th
exactSU(3) flavor symmetry following the hidden symme
try approach of@30# and is found to beuCVVPu53g̃V

2/32p2

50.33. Experimentally, it can be directly determined fro
the V→PV0→Pg decay rates. In the following we will use
the average value ofCVVP , obtained from the measuremen
of different V→PV0→Pg decaysuCVVPu50.31 @9#, which
is close to its SU~3! limit.

We determine the three parametersl, a1 and a2 using
three values related to the helicity amplitudesBr50.048
60.004, GL /GT51.2360.13 andG1 /G250.1660.04 for
the processD1→K̄* 0l 1n l @16#, taken from the average o
data from different experiments@14#. We get four sets of
8-5
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TABLE I. The branching ratios for the Cabibbo allowed, suppressed and doubly suppressD
→Vm1m2 decays. The last column presents the experimental upper bounds@13,14#, while the other columns
present our theoretical predictions. The total branching ratioBtotal containing long~Fig. 1! and short distance
~Fig. 2! contributions is given in the fifth column. The third column presents only the short distance p
the branching ratioBSD . The fourth column presents only the nonresonant part of the long distance c
butionBLDnonr

. The error bars in the table are due to the uncertainty of the model parameters expressed
possibilitiesl8560.07,60.26 andCVVP560.31. The branching ratios forD→Ve1e2 obtained with the
lower cut offq25(2mm)2 (q2 the invariantm1m2 mass! are almost exactly the same as the branching ra
for D→Vm1m2 given in this table. The second column gives the corresponding Cabibbo factorsf Cab in
terms of the Cabibbo anglec5cosuC ands5sinuC .

D→Vm1m2 f Cab BSD BLDnonr
Btotal Bexpt.

D0→K* 0m1m2 a2c2 0 <1.93 1028 @1.621.9# 1026 ,1.1831023

Ds
1→r1m1m2 a1c2 0 4.03 1026 @3.023.3# 1025

D0→r0m1m2 2a2sc 9.7310210 <4.8310210 @3.524.7# 1027 ,2.3 31024

D0→vm1m2 2a2sc 9.1310210 <3.7310210 @3.324.5# 1027 ,8.3 31024

D0→fm1m2 a2sc 0 <1.13 1029 @6.529.0# 1028 ,4.1 31024

D1→r1m1m2 2a1sc 4.831029 2.73 1027 @1.521.8# 1026 ,5.6 31024

Ds
1→K* 1m1m2 a1sc 1.631029 1.53 1027 @5.027.0# 1027 ,1.4 31023

D1→K* 1m1m2 2a1s2 0 1.03 1028 @3.123.7# 1028 ,8.5 31024

D0→K* 0m1m2 2a2s2 0 <5.0310211 @4.425.1# 1029
h
ay

in

s
al
oo
tl
i
t

n
on
he

ms
ht-
s

t to
er.
ed

r-

-
et

-
re
solutions forl, a1 anda2 @16# and we choose the set, whic
gives the best fit with a number of the nonleptonic dec
D→PV, D→VV and D→PP @20#: l520.3460.07, a1

520.1460.01, anda2520.8360.4.
In order to gain information onl8 we turn to an analysis

of D* 0→D0g, D* 1→D1g and Ds*
1→Ds

1g decays.
Experimentally, only the ratios Rg

05G(D* 0→D0g)/
G(D* 0→D0p0) and Rg

15G(D* 1→D1g)/G(D* 1

→D1p0) are known@14#. Taking theRg
050.616 andRg

1

50.036@14#, we obtain two sets of solutions forul8/gu and
ul/gu, which gives two solutions forul8/lu. The first is
ul8/lu50.77 and the second isul8/lu50.21 @9#. Taking l
520.34 we get four possibilities forl8560.26,60.071,
which all have to be considered.

III. THE AMPLITUDES AND BRANCHING RATIOS FOR
NINE D˜Vl1l2 DECAYS

A. The amplitudes

In this section we turn to the amplitudes and branch
ratios for the nineD→Vl1l 2 decays. The interaction
Lagrangians~9!, ~13!, ~14!, ~16!, ~17! and the weak current
~12!, ~18! provide us with the vertices in the kinematic
region, where the heavy quark and chiral symmetry are g
~i.e. the velocity of the heavy mesons changes only sligh
in the interaction and the energy of the light mesons
small!. The problem is how to extrapolate the amplitudes
the rest of the kinematical region allowed inD→Vl1l 2 de-
cays. We assume, that the vertices do not change sig
cantly throughout the kinematical region, which is a reas
able assumption inD decays. At the same time we use t
full heavy meson propagators 1/(p22m2) instead of the
HQET propagators 1/(2mv•k). We account for the short life
09403
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time of the intermediate neutral vector mesonV0 by using
the Breit-Wigner form for theV0 propagator

2 i

gmn2
qmqn

mV0

2

q22mV0

2 1 iGV0
mV0

,

whereGV0
is the decay width of theV0 meson andq is its

momentum. Then, using the interaction Lagrangians~1!, ~3!,
~9!, ~13!, ~14!, ~16!, ~17! and the weak currents~12!, ~18!,
the calculation of the amplitudes for long distance diagra
on Fig. 1 and short distance diagrams on Fig. 2 is straig
forward. The calculated amplitudes for different diagram
have in general different Lorentz structure. It is convenien
treat the amplitudes of similar Lorentz structure togeth
Then, the sum of the amplitudes within the model describ
above is given by the expression

A@D~p!→V~e~V! ,p~V!!l
1~p1!l 2~p2!#

52
GF

&
e2f Cab

1

q2 e~V!bū~p2!gnv~p1!

3@emnabqmpaAPC1 iAPV
bn #, ~19!

whereq5p21p1 is the momentum of the intermediate vi
tual photon and the corresponding Cabibbo factorsf Cab are
given in Table I.APC andAPV

bn correspond to parity conserv
ing and parity violating amplitudes, respectively. They g
contributions from different diagrams in Fig. 1~long dis-
tance! and Fig. 2~short distance!. The short distance ampli
tudesAPC and APV

bn for the Cabibbo suppressed decays a
8-6
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given in Appendix A. The long distance amplitudesAPC and
APV

bn for the Cabibbo allowed, suppressed and doubly s
pressed decays are given in Appendix B.

The decay width forD→Vl1l 2 is given by the square o
the amplitude, summed over the polarizations of the th
particles in the final state and integrated over the three b
phase space

G5
1

2mD~2p!5 (
polar

E uA~p~V! ,p1 ,p2!u2
d3p~V!

2p~V!
0

d3p1

2p1
0

3
d3p2

2p2
0 d~p~V!1p11p22p!. ~20!

B. Discussion of the results

Firstly, we present the results for the decays with
muon final stateD→Vm1m2 and we comment on the de
cays D→Ve1e2 in the end. The branching ratios for th
Cabibbo allowed, suppressed and doubly suppresseD
→Vm1m2 decays are presented in Table I. The last colu
presents the experimental upper bounds@13,14#. The other
columns present our theoretical predictions, where the e
bars are due to the uncertainty of the model parametersl8
and CVVP , which can have any of the valuesl8560.07,
60.26 andCVVP560.31. The total branching ratioBtotal
containing long ~Fig. 1! and short distance~Fig. 2!

FIG. 3. The differential branching ratio (1/GD)dG(D0

→K̄* 0m1m2)/dq2 as a function ofq2 (q2 the invariantm1m2

mass!. The full line corresponds to the total branching ratio, wh
the dashed line represents the nonresonant long distance part.
calculation the model parametersl850.26 andCVVP50.31 were
used.
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contributions is given in the fifth column. The third colum
presents the short distance part of the branching ratioBSD
calculated from Eq.~3!, which is present only in the Cabibb
suppressed decays. The fourth column presents only the
resonant part of the long distance contributionBLDnonr

. This

part is bigger for the chargedD meson decays, where it i
mainly due to diagram IV of Fig. 1. For the neutralD meson
decays, diagram IV vanishes and the remaining nonreso
diagram III has a smaller amplitude, which is proportional
l8. The parameterl8560.07,60.26 has large uncertaint
and we are only able to quote the upper limit forBLDnonr

.
Apart from the Cabibbo structure, the branching rat

depend mainly on whether the initial~and final! state
is charged or neutral, with bigger branching ratio
the former case. We present also the distrib
tions (1/GD)dG(D→Vm1m2)/dq2 as a function ofq2 (q2

is invariantm1m2 mass! for the typical representatives o
the Cabibbo allowed (Ds

1→r1m1m2 in Fig. 3 and D0

→K̄*0m1m2 in Fig. 4! and suppressed (D0→r0m1m2 in
Fig. 5 andDs

1→K* 1m1m2 in Fig. 6!, neutral or chargedD
meson decays. The short distance contribution~dot-dashed
line! due to c→ul1l 2 transition is present only in the
Cabibbo suppressed decays and it turns out to be m
smaller than the long distance contribution. Concerning
long distance contribution, the resonant part is bigger th
the nonresonant part~dashed line!, except perhaps in the cas
of chargedD meson decays at the lowq2 ~see Figs. 3–6!.
Note, that the nonresonant LD contribution is genera

the

FIG. 4. The differential branching ratio (1/GD)dG(Ds
1

→r1m1m2)/dq2 as a function ofq2 (q2 the invariantm1m2

mass!. The full line corresponds to the total branching ratio, wh
the dashed line represents the nonresonant long distance part.
calculation the model parametersl850.26 andCVVP50.31 were
used.
8-7
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smaller than the resonant LD contributions even in the
gions well outside the resonance peak atq25mV0

2 . It is in-

teresting to remark, that the short distance and nonreso
long distance contributions are comparable for Cabibbo s
pressed neutralD meson decaysD0→r0l 1l 2 and D0

→v l 1l 2.
In the decays with the electron final stateD→Ve1e2 the

lowest kinematically allowedq2 is qmin
2 5(2me)

2, which is
smaller thanqmin

2 5(2mm)2 in the D→Vm1m2 case. In the
regionq2.(2mm)2 the electron rates are practically equal
the muon rates. In the regionq2,(2mm)2, however, the
rates forD→Ve1e2 are extremely enhanced due to the ph
ton propagator 1/q2. However, the region down toqmin

2

5(2me)
2 requires a more accurate treatment of theq2 de-

pendence whenq2 approaches to 0, which is beyond o
scope here. We have calculated theD→Ve1e2 branching
ratios with the lower cut offq25(2mm)2 and have obtained
values which are very close to theD→Vm1m2 branching
ratios ~the D→Vm1m2 branching ratios are obtained inte
grating over the wholeq25@(2mm)2,(mD2mV)2# region!.

The Cabibbo allowed decaysD0→K̄* 0m1m2 and Ds
1

→r1m1m2 with the predicted branching ratios of the ord
1026 and 1025, respectively, have the best probability f
their early detection. Note that their branching ratios are
far below the present experimental upper bound.

In the Cabibbo suppressed decays, the short distance
tribution due to FCNC transitionc→ul1l 2 has branching
ratio of orderBSD;10210 and is therefore well masked b

FIG. 5. The differential branching ratio (1/GD)dG(D0

→r0m1m2)/dq2 as a function ofq2 (q2 the invariant m1m2

mass!. The full line represents the total branching ratio, the d
dashed line represents the short distance part, while the dashe
represents the nonresonant long distance part. In the calculatio
model parametersl850.26 andCVVP50.31 were used.
09403
-

nt
p-

-

t

on-

the long distance branching ratios of order 1027. Obviously,
to observe the FCNC transitionc→u within the standard
model, one must most likely look for other possibilities. Sti
new physics could enhance the SD part to be of the sa
order as the LD part or bigger@2,5,6#. In this case the
branching ratios well above 1027 for Cabibbo suppresse
decays D→Vm1m2 would signal new physics. As the
present experimental upper bound is much higher, these
cays still contain a large discovery window.

IV. SUMMARY

We have calculated the long and short distance contr
tions for nineD→Vl1l 2 decays within the standard mode
The short distance contribution is present only in t
Cabibbo suppressed decays and is due to the flavor chan
neutral transitionc→ul1l 2. The long distance contribution
is composed of the resonant part, which arises from the
termediate light vector mesonV0 exchange (D→VV0→Vg
→Vl1l 2), and the nonresonant part, which arises from
direct photon emission (D→Vg→Vl1l 2). The branching
ratios are calculated using an effective Lagrangian, wh
combines heavy quark symmetry and chiral perturbat
theory, and are given in Table I. The most frequent dec
are the Cabibbo allowed decays, which are expected at
rates, that are not much lower than the present experime
upper limit: Ds

1→r1m1m2 is expected at the branchin

ratio of approximately 331025, while D0→K̄* 0m1m2 is
expected at 1.731026. The Cabibbo suppressed decays

-
line
the

FIG. 6. The differential branching ratio (1/GD)dG(Ds
1

→K* 1m1m2)/dq2 as a function ofq2 (q2 the invariantm1m2

mass!. The full line represents the total branching ratio, the d
dashed line represents the short distance part, while the dashe
represents the nonresonant long distance part. In the calculatio
model parametersl850.26 andCVVP50.31 were used.
8-8
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the other hand, are typically expected at@3–7# 1027 range
for D0→r0(v)m1m2 andDs

1→K* 1m1m2 decays and in
the 1026 range for D1→r1m1m2 decay. Accordingly,
branching ratios well above 1027 for Cabibbo suppresse
decays could signal new physics. In all the Cabibbo s
pressed decays the short distance contribution is well ma
in the standard model by the resonant long distance co
bution. In the case ofD0→r0(v) l 1l 2 decays, however, the
short distance contribution is of comparable size as the n
resonant long distance part.
09403
-
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APPENDIX A: THE SHORT DISTANCE AMPLITUDES

In this appendix we list the values of the Willson coefficientsAi , Bi andF2
i in the short distance LagrangianLSD ~3! and

give the resulting short distance amplitudesAPC andAPV
bn from Eq. ~19!.

The coefficientsAi , Bi andF2
i have been obtained in the leading order by Inami and Lim@28# and following the notation

of @4# one has

Ai5Ci
box1Ci

Z2sin2uW~F1
i 1Ci

Z!,

Bi52sin2uW~F1
i 1Ci

Z!, ~A1!

whereCi
box , Ci

Z , F1
i andF2

i are kinematic factors, which depend on thei th-quark mass throughxi5mi
2/mW

2

Ci
box5

3

8 F2
1

xi21
1

xi ln xi

~xi21!2G2g~j,xi ! ~A2!

Ci
Z5

xi

4
2

3

8

1

xi21
1

3

8

2xi
22xi

~xi21!2 ln xi1g~j,xi !

F1
i 5QX F 1

12

1

xi21
1

13

12

1

~xi21!2 2
1

2

1

~xi21!3Gxi1F2

3

1

xi21
1S 2

3

1

~xi21!2 2
5

6

1

~xi21!3 1
1

2

1

~xi21!4D xi G ln xiC
2F7

3

1

xi21
1

13

12

1

~xi21!2 2
1

2

1

~xi21!3Gxi2F1

6

1

xi21
2

35

12

1

~xi21!2 2
5

6

1

~xi21!3 1
1

2

1

~xi21!4Gxi ln xi22g~j,xi !

F2
i 52QS F2

1

4

1

xi21
1

3

4

1

~xi21!2 1
3

2

1

~xi21!3Gxi2
3

2

xi
2 ln xi

~xi21!4D 1F1

2

1

xi21
1

9

4

1

~xi21!2 1
3

2

1

~xi21!3Gxi2
3

2

xi
3 ln xi

~xi21!4 .

~A3!

The summationi in LSD ~3! runs over down-like quarks (d, s and b) to which charm can couple, whileQ521/3 is the
corresponding charge of the intermediate quarks~we note thatF1 andF2 have been calculated in@4# using the wrong charge
Q52/3). The gauge dependent termg(j,xi) @28# cancels out in the combinationsAi , Bi andF2

i ~A1!. Since the ratiosxd , xs

andxb are of orders 1028, 1026 and 1023 respectively, the terms proportional to the powers ofxi can be safely neglected i
~A2!. With this approximationCi

box5Ci
Z523/8, F1

i 522 ln xi /(9xi29) andF2
i vanishes. In this limit the GIM cancelatio

occurs and we obtain

( ViAi5( ViBi[ASD520.065 . ~A4!

Consequently, the short distance Lagrangian~3! effectively contains only the vector lepton currentl̄ gml but not the axial
vector l̄ gmg5l one.

The short distancec→ul1l 2 transition contributes only to the Cabibbo suppressed decays. Here we give the short d
contributions for the parity conservingAPC and parity violatingAPV

bn amplitudes, which are needed to calculate the Cabi
suppressed amplitudesA@D(p)→V(e (V) ,p(V)) l

1(p1) l 2(p2)#, Eq. ~19!. Within the model used, these amplitudes are giv
by the diagrams in Fig. 2:
8-9
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APC~D0→r0l 1l 2!5APC~D0→v l 1l 2!5APC~D1→r1l 1l 2!/&

5APC~Ds
1→K* 1l 1l 2!/&54

f D* lg̃V

f Cab

AmD*
mD

mD*
q22mD*

2

ASDq2

16p2 sin2 uW

,

APV
bn ~D0→r0l 1l 2!5APV

bn ~D0→v l 1l 2!5APV
bn ~D1→r1l 1l 2!/&

5APV
bn ~Ds

1→K* 1l 1l 2!/&522
g̃VAmD

f Cab
Fa1gbn2a2

qbpn

mD
2 G ASDq2

16p2 sin2 uW

,

APC
bn ~D0→f0l 1l 2!5APV

bn ~D0→f l 1l 2!50. ~A5!

The last equation is a result of Eq.~4! and the quark content of thef meson. The relevant constants are presented in Appe
B.

APPENDIX B: THE LONG DISTANCE AMPLITUDES

In this appendix we give the expressions for the parity conservingAPC and parity violating amplitudesAPV
bn , which are

needed to calculate the amplitudesA@D(p)→V(e (V) ,p(V)) l
1(p1) l 2(p2)# Eq. ~19!, for nineD→Vl1l 2 decays. The follow-

ing amplitudesAPC andAPV
bn contain the long distance resonant and nonresonant contributions coming from the diagra

Fig. 1. The coefficients and constants needed for the evaluation of the amplitudes will be given below:

APC~D0→K̄* 0l 1l 2!54JD0
gK* f D*

AmD*
mD

mD*
mK*

2 2mD*
2 22KK̄* 0

CVVP f DmD
2 ,

APV
bn ~D0→K̄* 0l 1l 2!5MD0

gK*
AmD Fa1gbn2S a12a2

q•p

mD
2 D qbqn

mV0

2 2a2

qbpn

mD
2 G ,

APC~Ds
1→r1l 1l 2!54JDs

1

gr f Ds*AmDs*
mDs

mDs*

mr
22mDs*

2 22Kr1
CVVP f Ds

mDs

2 ,

APV
bn ~Ds

1→r1l 1l 2!52 f Ds
grF qbpn

mDs

2 2mr
2 2Lr1 gbn

2
~q22mr

2!G
1MDs

1

grAmDs Fa1gbn2S a12a2

q•p

mDs

2 D qbqn

mV0

2 2a2

qbpn

mDs

2 G ,

APC~D0→r0l 1l 2!524
JD0

&
gr f D*AmD*

mD

mD*
mr

22mD*
2 22Kr0

CVVP f DmD
2

2N fD* lg̃V

a2 sin uC cosuC

f Cab
AmD*

mD

mD*
q22mD*

2 ,

APV
bn ~D0→r0l 1l 2!5MD0

grAmD Fa1gbn2S a12a2

q•p

mD
2 D qbqn

mV0

2 2a2

qbpn

mD
2 G

1
N

2
g̃VAmD

a2 sin uC cosuC

f Cab
Fa1gbn2a2

qbpn

mD
2 G ,
094038-10
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APC~D0→v l 1l 2!54
JD0

&
gv f D*AmD*

mD

mD*
mv

2 2mD*
2 22KvCVVP f DmD

2

2N fD* lg̃V

a2sin uC cosuC

f Cab
AmD*

mD

mD*
q22mD*

2 ,

APV
bn ~D0→v l 1l 2!5MD0

gvAmD Fa1gbn2S a12a2

q•p

mD
2 D qbqn

mV0

2 2a2

qbpn

mD
2 G

1
N

2
g̃VAmD

a2sin uC cosuC

f Cab
Fa1gbn2a2

qbpn

mD
2 G ,

APC~D0→f l 1l 2!54JD0
gf f D*

AmD*
mD

mD*
mf

2 2mD*
2 22KfCVVP f DmD

2 ,

APV
bn ~D0→f l 1l 2!5MD0

gfAmD Fa1gbn2S a12a2

q•p

mD
2 D qbqn

mV0

2 2a2

qbpn

mD
2 G ,

APC~D1→r1l 1l 2!54JD1
gr f D*AmD*

mD

mD*
mr

22mD*
2 22Kr1

CVVP f DmD
2

2&N fD* lg̃V

a2sin uC cosuC

f Cab
AmD*

mD

mD*
q22mD*

2 ,

APV
bn ~D1→r1l 1l 2!52 f DgrF qbpn

mD
2 2mr

2 2Lr1 gbn

2
~q22mr

2!G
1MD1

grAmDFa1gbn2S a12a2

q•p

mD
2 D qbqn

mV0

2 2a2

qbpn

mD
2 G

1
N

&
g̃VAmD

a2sin uC cosuC

f Cab
Fa1gbn2a2

qbpn

mD
2 G ,

APC~Ds
1→K* 1l 1l 2!54JDs

1

gK* f Ds*AmDs*
mDs

mDs*

mK*
2 2mDs*

2 22KK* 1
CVVP f Ds

mDs

2

2&N fD* lg̃V

a2sin uC cosuC

f Cab
AmD*

mDs

mD*
q22mD*

2 ,

APV
bn ~Ds

1→K* 1l 1l 2!52 f Ds
gK* F qbpn

mDs

2 2mK*
2 2LK* 1 gbn

2
~q22mK*

2 !G
1MDs

1

gK*AmDs Fa1gbn2S a12a2

q•p

mDs

2 D qbqn

mV0

2 2a2

qbpn

mDs

2 G
1

N

&
g̃VAmDs

a2sin uC cosuC

f Cab
Fa1gbn2a2

qbpn

mDs

2 G ,

APC~D1→K* 1l 1l 2!54JD1
gK* f D*

AmD*
mD

mD*
mK*

2 2mD*
2 22KK* 1

CVVP f DmD
2 ,
094038-11



S. FAJFER, S. PRELOVSˇEK, AND P. SINGER PHYSICAL REVIEW D58 094038
APV
bn ~D1→K* 1l 1l 2!52 f DgK* F qbpn

mD
2 2mK*

2 2LK* 1 gbn

2
~q22mK*

2 !G
1MD1

gK*
AmD Fa1gbn2S a12a2

q•p

mD
2 D qbqn

mV0

2 2a2

qbpn

mD
2 G ,

APC~D0→K* 0l 1l 2!54JD0
gK* f D*

AmD*
mD

mD*
mK*

2 2mD*
2 22KK̄* 0

CVVP f DmD
2 ,

APV
bn ~D0→K* 0l 1l 2!5MD0

gK*
AmD Fa1gbn2S a12a2

q•p

mD
2 D qbqn

mV0

2 2a2

qbpn

mD
2 G . ~B1!

Hereq5p21p1 andmV0
can be approximately taken as the average of thef, v andr masses. The coefficientsJD, KV, LV,

MD andN are expressed as

JD0
5l82

lg̃V

2&
F gr

q22mr
21 iGrmr

1
gv

3~q22mv
2 1 iGvmv!

G , ~B2!

JD1
5l82

lg̃V

2&
F2

gr

q22mr
21 iGrmr

1
gv

3~q22mv
2 1 iGvmv!

G ,

JDs
1

5l81
lg̃V

2&

2gf

3~q22mf
2 1 iGfmf!

,

KK̄* 0
5F gr

q22mr
21 iGrmr

2
gv

3~q22mv
2 1 iGvmv!

1
2gf

3~q22mf
2 1 iGfmf!

G 1

mD
2 2mK

2 ,

KK* 1
5F2

gr

q22mr
21 iGrmr

2
gv

3~q22mv
2 1 iGvmv!

1
2gf

3~q22mf
2 1 iGfmf!

G 1

mD
2 2mK

2 ,

Kr1
52

2gv

3~q22mv
2 1 iGvmv!

1

mD
2 2mp

2 ,

Kr0
522&

gr

q22mr
21 iGrmr

F f 1mix~ f 1mix2 f 2mix!

mD
2 2mh2

1
f 1mix8 ~ f 1mix8 2 f 2mix8 !

mD
2 2mh8

G1
&

3

gv

~q22mv
2 1 iGvmv!

1

mD
2 2mp

2 ,

Kv522&
gv

q22mv
2 1 iGvmv

F f 1mix~ f 1mix2 f 2mix!

mD
2 2mh2

1
f 1mix8 ~ f 1mix8 2 f 2mix8 !

mD
2 2mh8

G1&
gr

q22mr
21 iGrmr

1

mD
2 2mp

2 ,

Kf5
4

3

gf

~q22mf
2 1 iGfmf!

F f 1mix~ f 1mix2 f 2mix!

mD
2 2mh2

1
f 1mix8 ~ f 1mix8 2 f 2mix8 !

mD
2 2mh8

G ,

Lr1
5

1

q22mr
21 iGrmr

,
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LK* 1
5

1

2gK1
S gr

q22mr
21 iGrmr

1
gv

3~q22mv
2 1 iGvmv!

1
2gf

3~q22mf
2 1 iGfmf!

D ,

MD0
5

gr

q22mr
21 iGrmr

1
gv

3~q22mv
2 1 iGvmv!

,

MD1
52

gr

q22mr
21 iGrmr

1
gv

3~q22mv
2 1 iGvmv!

,

MDs
1

52
2gf

3~q22mf
2 1 iGfmf!

,

and

N5
gr

2

q22mr
21 iGrmr

2
gv

2

3~q22mv
2 1 iGvmv!

2
2gf

2

3~q22mf
2 1 iGfmf!

. ~B3!

The functionsf 1mix , f 1mix8 , f 2mix and f 2mix8 are defined by

f 1mix5
f h

A8
F11c2

f h

1
sc

f h8
G ,

f 1mix8 5
f h8

A8
Fsc

f h
1

11s2

f h8
G ,

f 2mix5
f h

A8
F125c2

f h

2
5sc

f h8
G and f 2mix8 5

f h8

A8
F25sc

f h

1
125s2

f h8
G , ~B4!

wheres5sinuP , c5cosuP and uP;200 is the h2h8 mixing angle. The values of the masses, decay constants and d
widths used are given in Table II.

TABLE II. The pole massesm, decay constantsf and decay widthsG in GeV; the constantsgV in GeV2.

H mH f H P mP f P V mV gV GV

D 1.87 0.2160.04 p 0.14 0.13 r 0.77 0.17 0.15
Ds 1.97 0.2460.04 K 0.50 / K* 0.89 0.19 /
D* 2.01 0.2160.04 h 0.55 0.1360.008 v 0.78 0.15 0.0084
Ds* 2.11 0.2460.04 h8 0.96 0.1160.007 f 1.02 0.24 0.0044
. B
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