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Rare charm meson decaysD\Pl¿lÀ and c\ul¿lÀ in the standard model
and the minimal supersymmetric standard model
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We study the nine possible rare charm meson decaysD→Pl1l 2 (P5p,K,h,h8) using heavy meson chiral
Lagrangians and find them to be dominated by the long distance contributions. The decayD1→p1l 1l 2, with
a branching ratio;131026, is expected to have the best chances for an early experimental discovery. The
short distance contribution in the five Cabibbo suppressed channels arises via thec→ul1l 2 transition; we find
that this contribution is detectable only in theD→p l 1l 2 decay, where it dominates the differential spectrum
at high-q2. The general minimal supersymmetric standard model can enhance thec→ul1l 2 rate by up to an
order of magnitude; its effect on theD→Pl1l 2 rates is small since thec→ul1l 2 enhancement is sizable in
the low-q2 region, which is inhibited in the hadronic decay.

DOI: 10.1103/PhysRevD.64.114009 PACS number~s!: 13.25.Ft, 12.39.Fe, 12.39.Hg, 12.60.Jv
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I. INTRODUCTION

The flavor-changing neutral processes are rare in the s
dard model~SM! and are of obvious interest in the search
new physics. Processes such asc→ug and c→ul1l 2 are
screened by the long distance contributions in the decay
charm hadrons@1,2#, and one has to look for specific had
ronic observables@3–5# in order to probe possible new phy
ics @6,7#. The long distance contributions are also expecte

dominate over the short distance contributions inD02D̄0

mixing @8#, for which interesting experimental results ha
been reported recently@9#.

The long and short distance contributions to rare cha
meson decaysD→Vl1l 2 with V5r,v,f,K* have been
considered in Ref.@2#. The long distance contributions wer
shown to be largely dominant, and to screen possible eff
of new physics inc→ul1l 2, unless these are very large. Th
experimental upper bounds on their branching ratios
presently in the 1025 range@10#, and are an order of magn
tude larger than the standard model prediction for spec
channels@2#. The decayDs

1→r1l 1l 2 is predicted at the
highest rate;331025 @2#, but there are unfortunately n
experimental data on this particular channel.

In the present paper we consider the weak decaysD
→Pl1l 2 with pseudoscalarP5p,K,h,h8, some of which
receive contributions from thec→ul1l 2 transition. These
channels have not been observed so far, and only experim
tal upper bounds on the various branching ratios in the ra
102621024 exist @11–13#. The recent E791 analysis@11#
considered allD1 andDs

1 decay channels. The most rece
FOCUS analysis@12# provided upper bounds of about
31026 on theD1→p1m1m2 andD1→K1m1m2 branch-
ing ratios, and is not far from our standard model predict
131026 for D1→p1m1m2. The limits on D0 and D1

modes at the level 1026 are expected from CLEO-c and
0556-2821/2001/64~11!/114009~11!/$20.00 64 1140
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factories, while the limits onDs
1 modes are expected to b

an order of magnitude milder@14#.
On the theoretical side, long distance contributions toD

→p l 1l 2 decays have been considered in Ref.@15#. Here we
also consider the long distance weak annihilation contri
tion and confirm it to be small in this channel. Calculatio
for otherD→Pl1l 2 channels are not available in the liter
ture. In the present work we investigate all these chann
including long-distance~LD! and possible short-distanc
~SD! contributions arising from thec→ul1l 2 transition. The
QCD corrections toc→ul1l 2 amplitude have not yet bee
studied in detail and we incorporate only what we believe
be the most important QCD effects. We also explore
sensitivity ofc→ul1l 2 transition to~i! minimal supersym-
metric model with general soft-breaking terms, and~ii ! two
Higgs doublet model with flavor changing neutral Higgs i
teractions.

Thec→ul1l 2 transition in SM, minimal supersymmetri
standard model~MSSM!, and two Higgs doublet model is
studied in Sec. II. The long distance contributions are c
sidered within the heavy meson chiral Lagrangian appro
in Sec. III. Results are compiled in Sec. IV, while concl
sions are given in Sec. V.

II. THE c\ul¿lÀ DECAY

The Lagrangian leading to thec→ul1l 2 transition is~us-
ing notation as in Ref.@16#!

L52
4GF

A2
Vcs* VusFc7O71c78O 781

a

4p
$c9O91c98O 98

1c10O101c108 O 108 %G , ~1!

where
©2001 The American Physical Society09-1
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O75
e

16p2
mcūsmnPRcFmn , O95ūgmPLc l̄gml ,

O105ūgmPLc l̄gmg5l , O 785
e

16p2
mcūsmnPLcFmn , ~2!

O 985ūgmPRc l̄gml , O 108 5ūgmPRc l̄gmg5l ,

with PR,L5(16g5)/2. In Eq. ~1! only the Cabibbo-
Kobayashi-Maskawa~CKM! matrix elementVcs* Vus appears,
for reasons explained in Sec. II A@18#. The Wilson coeffi-
cients in various scenarios are given in the following s
tions. The differential branching ratio is given by@16#

dBr~c→ul1l 2!

ds
[

1

G~D0!

dG~c→ul1l 2!

ds

5F GF
2mc

5

192p3G~D0!
G a2

4p2
uVcs* Vusu2~12s!2

3@$~112s!~ uc9u21uc10u2!

14~112/s!uc7u2112Re@c7* c9#%

1$c7,9,10→c7,9,108 %#, ~3!

wheres5mll
2 /mc

2 , mc.1.5 GeV and the mass ofl 5e,m is
neglected. The short-distance part of theD→Pl1l 2 ampli-
tude, which is induced byc→ul1l 2 transition, is given by
Eq. ~A2! in the Appendix.

A. Standard model

Thec→ul1l 2 amplitude is given by theg andZ penguin
diagrams and theW box diagram at one-loop electrowea
order in the standard model, and is dominated by light qua
in the loop. One has@2,17#

c9~mW!.
4

9
ln

ms

md
51.3460.09,

c7,10~mW!}
md,s

2

mW
2

.0,

c7,9,108 ~mW!}
mu

mc
c7,9,10.0 ~4!

for ms /md52164 MeV @13#, where the terms proportiona
to md,s

2 /mW
2 have been neglected. The leading term ln(ms/md)

in c9 arises from the penguin diagram, with a photon emit
from the intermediate quark.

The QCD corrections toc→ul1l 2 amplitude have not
yet been studied in detail. The QCD corrections toc7, which
are extremely small at the one-loop level, have been stu
in Ref. @18# and are found to be large:

c7
e f f~mc!52~0.00710.020i !@160.2#. ~5!
11400
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We expect the QCD corrections toc9 to be rather unimpor-
tant, given thatc9 is already relatively large at the one-loo
level @19#. We assume that the QCD corrections toc10 do not
affect thec→ul1l 2 rate significantly, and therefore use on
the c7 and c9 coefficients. The differential branching ratio
for cases with and without QCD corrections are shown
solid and dashed lines in Fig. 1, respectively. The branch
ratio @661#31029 is small, and arises mainly fromc9; the
contribution fromc7 is small in spite of QCD enhancemen

B. Minimal supersymmetric standard model

New sources of flavor violation are present in the MSS
and these depend crucially on the mechanism of the su
symmetry breaking. The schemes with flavor-universal s
breaking terms lead to contributions proportional
(q5d,s,bVcq* Vuqmq

2 , and have negligible effects on thec
→ul1l 2 rate@20#. Our purpose here is to explore the large
possible enhancement of thec→ul1l 2 rate in general
MSSM with nonuniversal soft breaking terms. Based on
experience from thec→ug decay@6,7#, where the dominant
contribution arises from gluino diagrams with the squa
mass insertion (d12

u )LR , we concentrate only on the gluin
exchange diagrams with single mass insertion.1 Following
the analogous calculation forb→sl1l 2 @16#, we get for the
Wilson coefficients in the MSSM

c7
gluino5

eu

ed

A2

Msq
2 GF

1

3

Nc
221

2Nc

pas

Vcs* Vus
F ~d12

u !LL

1

4
P132~z!

1~d12
u !RLP122~z!

Mgl

mc
G<0.2, ~6!

c9
gluino52

eu

ed

A2

Msq
2 GF

1

3

Nc
221

2Nc

pas

Vcs* Vus

1

3
P042~z!~d12

u !LL

<0.002, ~7!

1We work in the super-CKM basis for squarks, where the squa
quark-gaugino vertex has the same flavor structure as the qu
quark-gauge boson vertex; for a review, see Ref.@21#.

FIG. 1. The differential branching ratiodBr(c→ul1l 2)/ds: the
dashed line denotes the one-loop standard model prediction, w
the solid line also incorporates the QCD corrections toc7 @18#. The
best enhancement of thec→ul1l 2 rate in the general MSSM is
given by the dot-dashed line, where the mass insertions are tak
their maximal values@Eqs. ~9! and ~10!#, and as50.12 andMsq

5Mgl5250 GeV.
9-2
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c10
gluino.0, ~8!

with as5as(mW)50.12, Nc53, z5Mgl
2 /Msq

2 , Pi jk(z)
5*0

1dx*0
1dyyi(12y) j@12y1zxy1z(12x)y#2k, eu52/3,

anded521/3. The numerical bounds in Eqs.~6! and~7! are
obtained by using parameter values discussed below.
expressions forc7,9,108 are obtained by replacingL↔R in the
formulas above. We use gluino massMgl5250 GeV and a
common value for squark masses ofMsq5250 GeV, given
by the lower experimental bounds@13#.

The mass insertions are free parameters in a gen
MSSM. The strongest upper bound on (d12

u )LR is obtained by
requiring that the minima of the scalar potential do not bre
charge or color, and that they are bounded from be
@22,6#, giving

ud12
u uLR , ud12

u uRL<0.0046 for Msq5250 GeV. ~9!

The insertions (d12
u )LL and (d12

u )RR can be bounded by satu
rating the experimental upper boundDmD,4.5
310214 GeV @9# by the gluino exchange@6,23#; the corre-
sponding constraint on (d12

u )LR is weaker than Eq.~9!. Since
we are interested in exhibiting the largest possible enha
ment of thec→ul1l 2 rate, we saturateDmD by (d12

u )LL ,
obtaining@6,23#

ud12
u uLL<0.03 for Msq5Mgl5250 GeV, ~10!

and we set (d12
u )RR50.

The largest possible enhancement of thec→ul1l 2 rate is
obtained using the mass insertions at their upper bounds,
is shown by the dot-dashed line in Fig. 1. The effect is do
nated by the gluino exchange diagrams induced by (d12

u )LR ,
and can enhance thec→ul1l 2 rate by nearly an order o
magnitude, with the best enhancement displayed in Tabl

The supersymmetric enhancement ofc→ul1l 2 is due to
the increase inc7 @Eq. ~6!#, and is manifested at smallmll
due to the exchange of an almost real photon. This enhan
mechanism is unfortunately not present inD→Pl1l 2 de-
cays @see Eq.~A2!# since the decayD→Pg with the real
photon in the final state is forbidden@see Eq.~13!#.

C. Flavor changing neutral Higgs boson

The tree-level exchange of a flavor changing neu
Higgs boson@24# turns out to have a negligible effect on th

TABLE I. The second column represents the standard mo
prediction forc→ul1l 2 branching ratios, which is practically un
affected by the QCD corrections~see the text!. The third column
represents the biggest possible enhancement of the branching
in MSSM, evaluated for mass insertions at their maximal val
@Eqs.~9! and ~10!#.

BrMSSM

BrSM best enhanc.

c→ue1e2 (661)31029 631028

c→um1m2 (661)31029 231028
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c→ul1l 2 rate, due to the strong constraint coming from t
experimental upper bound onDmD and due to the smal
masses of the leptonse and m. Assuming the samec2u
2H coupling2 f cu and massmH5300 GeV for all three
neutral physical Higgs bosons in the two Higgs doub
model, and saturating the experimental upper boundDmD
<4.5310214 GeV @9#,3

4

3

f cu
2

mH
2

f D
2 mD<~DmD!expt, ~11!

we obtainf cu<231024. This leads to a branching ratio

Br~c→um1m2!H0
5

5mc
5

768p3G~D0! S f cumm

vmH
2 D 2

&7310216.

~12!

Thus, unlike the supersymmetric model, the experimen
upper bound onDmD makes this new contribution negli
gible.

The authors of Ref.@25# studied the constraints on th
parameters of this model imposed by the present data on
semileptonic and leptonicD decays. Since they did not con
sider the constraint coming from theD02D̄0 mixing, they
obtained rather mild constraints.

III. LONG DISTANCE CONTRIBUTIONS

Now we turn to an estimate of the long distance contrib
tions to theD→Pl1l 2 decays. The dominant long distanc
contributions arise via the weak transitionD→Pg* , fol-
lowed by g* → l 1l 2. The general Lorentz structure of th
D→Pg* amplitude, consistent with electromagnetic gau
invariance, is@26#

A@D~p!→P~p8!g* ~q,e!#}A~q2!em* @q2~p1p8!m

2~mD
2 2mP

2 !qm#, ~13!

and this amplitude vanishes for the case of a real photon.
factorq2 in Eq. ~13! cancels the photon propagator 1/q2, and
the general amplitude has the form

A@D~p!→Pg* →Pl1~p1!l 2~p2!#

5 i
GF

A2
e2A~q2!ū~p2!p” v~p1!. ~14!

The long distance contribution is induced by the effect
nonleptonic weak Lagrangian

2The coupling isf cu for c2u2H1,2
0 and f cug5 for c2u2A0.

3The matrix elements of four-fermion operators are evaluated
cording to Ref.@23#.
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L uDcu5152
GF

A2
Vcqj

* Vuqi
@a1ūgm~12g5!qi q̄jgm~12g5!c

1a2q̄ jgm~12g5!qiūgm~12g5!c#, ~15!

accompanied by the emission of the virtual photon. Hereqi , j
denote thed or s quark fields. The coefficientsa151.2 and
a2520.5 have been determined from the experimental d
on nonleptonic charm meson decays in an extensive ana
based on the factorization approximation of Ref.@27#. We
also systematically undertake a factorization approxima
to evaluate the matrix element for the product of the curre
@Eq. ~15!#.

In order to treat the transition among physical particl
we shall use an effective Lagrangian approach with a he
pseudoscalarD, a heavy vectorD* , and a light pseudoscala
P, and also including light vectorV degrees of freedom. Th
latter are necessary since they play a dynamical role in
photon emission from a meson via vector meson domina
~VMD ! and lead to the resonant spectrum in terms of inv
ant dilepton massmll . We organize various effective inte
actions among the mesonic degrees of freedom following
heavy meson chiral Lagrangian approach@28#, which was
reviewed in Ref.@29# and is most likely the best suite
framework for treating the problem under investigation.
embodies two important global symmetries of QCD: t
heavy quark spin and flavor symmetry SU(2Nf) in the limit
mc→` and chiral symmetry SU(3)L3SU(3)R , spontane-
ously broken to SU(3)V , in the limit mu,d,s→0. The light
vector mesons are introduced by promoting the symm
G5@SU(3)L3SU(3)R#global /@SU(3)V#global to G8
5@SU(3)L3SU(3)R#global3@SU(3)V# local , where the light
11400
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vector resonances are identified with the gauge boson
@SU(3)V# local @30#. One is free to fix the gauge o
@SU(3)V# local and the two theories, based on the groupsG
and G8, are equivalent up to terms with derivatives on t
light vector fields@30#.

Keeping only the kinetic and interaction terms of the lo
est nontrivial order, the Lagrangian has the form@29,32#

L52
f 2

2
$tr@AmA m#1a tr@~Vu2rm!2%

1
1

2g̃V
2

tr@Fmn~r!Fmn~r!#

1 i TrFHbvmH dba]
m2 i

2

3
edbaA

m1V ba
m

2k~V m2rm!baJ H̄aG1 ig Tr@Hbgmg5A ba
m H̄a#,

~16!

with

Am5
1

2
@j†~]m1 ieQAm!j2j~]m1 ieQAm!j†#,

Vm5
1

2
@j†~]m1 ieQAm!j1j~]m1 ieQAm!j†#,

Q5diag(2/3,21/3,21/3) and photon fieldAm . The light
fields are incorporated in
j5exp
i

f S p0

A2
1F h8

A6
1

h0

A3
G p1 K1

p2
2

p0

A2
1F h8

A6
1

h0

A3
G K0

K2 K̄0 F2
2h8

A6
1

h0

A3
G D ,

~17!

rm5 i
g̃V

A2S rm
0 1vm

A2
rm

1 Km*
1

rm
2 2rm

0 1vm

A2
Km*

0

Km*
2 K̄m*

0 fm

D ,
9-4
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TABLE II. The branching ratios for nineD→Pl1l 2 decays in the standard model. The short distan
contributions, induced by thec→ul1l 2 transition, are given in column 2 and are small. The total branch
ratio is therefore dominated by the long distance contribution, and is given in column 3. The experim
upper bounds are given in the last two columns@13,11,12#: the E791 analysis@11# considersD1 and Ds

1

decays, while the new analysis of FOCUS@12# considers onlyD1 decays. The MSSM has insignificant effe
on the total rates ofD→Pl1l 2 decays.

BrSM
SD BrSM.BrLD Brexpt Brexpt

D→Pl1l 2 l 5m,e l5m,e l5e l5m

D0→K̄0l 1l 2 0 4.331027 ,1.131024 ,2.631024

Ds
1→p1l 1l 2 0 6.131026 ,2.731024 ,1.431024

D0→p0l 1l 2 1.931029 2.131027 ,4.531025 ,1.831024

D0→h l 1l 2 2.5310210 4.931028 ,1.131024 ,5.331024

D0→h8l 1l 2 9.7310212 2.4310210 ,1.131024 ,5.331024

D1→p1l 1l 2 9.431029 1.031026 ,5.231025 ,7.831026

Ds
1→K1l 1l 2 9.0310210 4.331028 ,1.631023 ,1.431024

D1→K1l 1l 2 0 7.131029 ,2.031024 ,8.131026

D0→K0l 1l 2 0 1.131029
an

ig
e

.
rk

l

r in
ex-
-

r

an
whereh8 andh0 contribute toh2h8 mixing as in Ref.@13#
with uP522065°. The heavy pseudoscalarDa and vector
Da* fields of flavorcq̄a are incorporated in

Ha5
1

2
~11v” !@2Da

vg51Dam*
vgm#,

H̄a5g0Hag0. ~18!

Above, f 5132 MeV is the pseudoscalar decay const
and g̃V55.8 is theVPP coupling @29,30#. We fix a52 as-
suming the exact vector meson dominance, when the l
pseudoscalars interact with the photon only through the v
tor mesons@29,30,32#. We shall useg50.5960.06, obtained
by CLEO from the measurement of the widthsD* 1

→D0p1 and D* 1→D1p0 @33#. The parameterk will
eventually turn out to be multiplied by a small factormP

2 in
the D→Pl1l 2 amplitudes and its contribution is negligible

The bosonized weak current coming from the light qua
is obtained by gauging Eq.~16!:

q̄agm~12g5!qb.„i f 2j@A m1a~V2r!m#j†
…ba . ~19!
11400
t

ht
c-

s

The weak currentq̄agm(12g5)c transforms under chira
SU(3)L3SU(3)R transformation as (3L̄,1R), and is linear in
the heavy meson fieldsDa andDm*

a @31,32#:

q̄agm~12g5!c.
1

2
i f DAmDTr@gm~12g5!Hbjba

† #

1a1Tr@g5Hb~rm2V m!bcjca
† #

1a2Tr@gmg5Hbva~ra2V a!bcjca
† #1•••.

~20!

This current is the most general one at the leading orde
the heavy quark and next-to-leading order in the chiral
pansion. The parametersa1 anda2 are determined from ex
perimental data on Br,GL /GT and G1 /G2 of the decay
D1→K̄* 0e1ne @13#. Among the eight sets of solutions fo
three parameters @31#, we use the set a150.14
60.01 GeV1/2 and a250.1060.03 GeV1/2 which agrees
with the measured form factors.

We shall calculate a larger group ofD→Pl1l 2 decays,
rather than only those related toc→ul1l 2 transition. The
list of decays considered is given in Table II. The Feynm
diagrams for the long distance contributions toD→Pl1l 2
n

a

FIG. 2. Long distance contri-
butions toD→Pl1l 2 decays. The
vector mesonV0 denotesr0, v,
or f. The box denotes the actio
of the nonleptonic effective La-
grangian@Eq. ~15!#. The box con-
tains two dots each denoting
weak current in the Lagrangian
@Eq. ~15!#.
9-5
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within our framework are given in Fig. 2. The Lagrangia
~15! contains a product of two left handed quark curren
each denoted by a dot in a box. We organize different d
grams according to the factorization of the nonleptonic
fective Lagrangian~15!.

The long distance penguin contribution@34# in Fig. 2~a! is
induced by@ s̄gms2d̄gmd#ugm(12g5)c.

The long distance weak annihilation in Fig. 2~b! is in-
duced by a product of the weak currents, where one cur
has the flavor of the initialD meson, while the other has th
flavor of the finalP meson. Vector resonances do not enter
intermediate statesR in the weak transitionD→R followed
by R→Pg* or D→Rg* followed by the weak transition
R→P, since parity is conserved inD→Pg* process.

The Lagrangian~16! and the weak currents@Eqs.~19! and
~20!# are invariant under the electromagnetic gauge trans
mation, and automatically lead to the gauge invariant am
tude of the form of Eq.~13!. This is due to the fact that th
vector field rm and the vector currentVm5 ieQAm
1 1

2 (j†]mj1j]mj†) always appear in the gauge invaria
combinationVm2rm and the resonant and nonresonant d
grams in Fig. 2 come in pairs.

We incorporate SU~3! symmetry breaking by using th
physical masses, widths and decay constants, given in Ta
III and IV of the Appendix with the definition

^0u j muP&5 i f Ppm, ^0u j muD&52 i f Dpm,

^0u j muV&5gVem, ^0u j muD* &5 i f D* mD* em ~21!

and properly normalized forj m5q̄1gm(12g5)q2. The as-
sumptions for extrapolating the amplitudes away from wh
the chiral and heavy quark symmetries are good are
cussed in the Appendix. The amplitudes for the diagram
Fig. 2 are given by Eq.~A5!.

IV. RESULTS

The allowed kinematical region for the dilepton massmll
in the D→Pl1l 2 decay ismll 5@2ml ,mD2mP#. The long
distance contribution has a resonant shape with poles amll
5mr0,mv ,mf . There is no pole atmll 50 since the decay
D→Pg is forbidden. The short distance contribution
rather flat. The spectra ofD→Pe1e2 andD→Pm1m2 de-
cays in terms ofmll are practically identical. The differenc
in their rates due to the kinematical regionmll

TABLE III. The values of the meson masses, decay consta
and decay widths@13#. The measured decay constantsf D and f D*
have sizable uncertainties, and the values are taken from la
QCD results@38#.

mH f H mP f P

H ~GeV! ~GeV! P ~GeV! ~GeV!

D 1.87 0.21 p 0.14 0.135
Ds 1.97 0.24 K 0.50 0.16
D* 2.01 0.21 h 0.55 0.13

h8 0.96 0.11
11400
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5@2me,2mm# is small, and we do not consider them sep
rately. The predicted branching ratios for nine decays in
standard model are given in Table II together with the av
able experimental data@11–13#. The short distance contribu
tion, as predicted by the standard model, is given in
second column and is small. The total branching ratio
therefore dominated by the long distance contribution an
given in column 3.

The differential branching ratiodBr/dmll
2 for the Cabibbo

allowed decayDs
1→p1l 1l 2, which arises only via the

weak annihilation, is presented in Fig. 3~a!. In Fig. 3~b!, we
present the Cabibbo suppressed decayD→p l 1l 2, in which
the kinematical upper bound on the dilepton massmll

max

5mD2mP is the highest. The dashed and dot-dashed li
denote the long and short distance parts of the rate in the
respectively, while the solid lines denote the total rate. T
long distance contribution decreases in the kinematical
gion above the resonancef and the short distance contribu
tion becomes dominant. Thus the decaysD1,0→p1,0l 1l 2 at
high mll might present a unique opportunity to probe t
flavor changing neutral transitionc→ul1l 2 in the future. As
the pion is the lightest hadron state, this interesting kinem
cal region is not present in otherD→Xl1l 2 decays.

The differential distribution forD1→p1l 1l 2, given in
Fig. 3, indicates that the high dilepton mass region mi
give an opportunity for detectingc→ul1l 2. Before making
a definite statement on such a possibility, we should exam
this kinematical region of high dilepton mass inD
→p l 1l 2 decays more closely. For instance, in this regi
the excited states of the vector mesonsr, v, and f may
become important. We attempt a rough estimate of the a
tional long distance contribution arising from the first rad
excited statesr1 , v1, andf1 (3S1) and first orbital excited
statesr2 , v2, andf2 (3D1). The knowledge of their masse
decay widths, and couplings to other particles is poor
present. We use the measured masses and widths, taken
Refs. @13,35# and compiled in Table IV. Due to the lack o
experimental data on the leptonic decay widths@35#, we use
the magnitudes of the decay constantsgV as predicted by the
quark model in Ref.@36#4 and compiled in Table IV. At the
same time, we assume that the excited vector mesons co
to the charmed mesons with the same couplings as the
responding ground state vector mesonsr, v, andf. In this
case, the corresponding amplitudes@Eqs.~A5!# are obtained

4The decay constantf V , defined in Ref.@36#, is related togV ,
defined in Eq.~21!, by: f r→A2mr f r , f v→3A2mv f v , and f f

→23mf f f .

TABLE IV. The masses, widths, and decay constants of grou
@13# and excited@35,36# vector mesons.

r v f r1 v1 f1 r2 v2 f2

m ~GeV! 0.77 0.78 1.0 1.45 1.46 1.69 1.66 1.66 1.8
G ~GeV! 0.15 0.0084 0.0044 0.31 0.24 0.3 0.4 0.1 0
gV (GeV2) 0.17 0.15 0.24 0.11 0.11 0.23 0.07 0.07 0.

s,

ce
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FIG. 3. The differential branching ratiosdBr/dmll
2 as a function of the invariant dilepton massmll

2 for the Cabibbo allowed decay
Ds

1→p1l 1l 2 ~a! and Cabibbo suppressed decayD1→p1l 1l 2 ~b!. The dashed line denotes the long distance contribution, the dot-da
line denotes thec→ul1l 2 induced short distance contribution, and the solid line denotes the total standard model prediction. TDs

1

→p1l 1l 2 arises only via the long distance contribution.
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by replacing the coefficientsN1 and M1 by the expressions
given in Eq. ~A7!. The differential branching ratios forD
→pm1m2 decays are given in Fig. 4. The thick and th
dashed lines denote the long distance contributions with
without excited vector mesons, respectively. The short
tance contribution, denoted by the dot-dashed line, is
dominant in the kinematical region of highmll in spite of the
excited vector resonances.

The possible enhancement within the general MSSM,
cussed in Sec. II, is presented in Fig. 5 and is probably
small to be observed in anyD→Pl1l 2 decay. The solid
lines represent the standard model prediction for theD
→p l 1l 2 branching ratios. The dot-dashed lines repres
the best enhancement in the general MSSM, and indicate
theD→Pl1l 2 rates are rather insensitive to the large sup
symmetric enhancement ofc7. The value ofc7 is manifested
in c→ul1l 2 at smallmll @see Eq.~3! and Fig. 1#, while its
effect is suppressed inD→Pl1l 2 decays due to the facto
q2 in the general expression for theD→Pg* amplitude@Eq.
~13!#.
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V. CONCLUSIONS

We have presented the first predictions for rare cha
meson decaysD→Pl1l 2 with P5p,K,h,h8 in all nine
possible channels; a previous analysis@15# has considered
only theD→p l 1l 2 channel. The long distance contribution
are found to dominate over the short distance contributio
which are induced byc→ul1l 2 in the Cabibbo-suppresse
decays. We have used the theoretical framework of he
meson chiral Lagrangian with the recently determined va
of the strong couplingg from the measurement ofD*
→Dp width. Our predictions are compiled in Table II. Th
decayDs

1→p1l 1l 2 is predicted at the highest branchin
ratio of 631026. The best chances of the experimental d
covery are expected forD1→p1l 1l 2, which is predicted at
131026 and has the upper bound 831026 @12# at present.
The limits onD0 and D1 modes at the level 1026 are ex-
pected from CLEO-c and B factories, while the limits onDs

1

modes are expected to be an order of magnitude milder@14#.
The only possibility to look forc→ul1l 2 transition is rep-
resented byD→p l 1l 2 decays in the kinematical regio
orpo-
the ground
FIG. 4. The differential branching ratio forD→pm1m2 decays. The thick dashed lines present the long distance contribution inc
rating the ground state and the excited vector mesons. The thin dashed lines present the long distance contributions due only to
vector mesons. The short distance contribution, denoted by the dot-dashed line, is dominant in the kinematical region of highmll , in spite
of the excited vector resonances.
9-7



the
certainties

S. FAJFER, S. PRELOVSEK, AND P. SINGER PHYSICAL REVIEW D64 114009
FIG. 5. The largest possible enhancement ofD→pm1m2 rates within the general MSSM, discussed in Sec. II A, is denoted by
dot-dashed lines. The solid lines represent the standard model predictions. The effect of supersymmetry is screened by the un
present in the determination of the long distance contributions, and is probably too small to be observed.
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of mll above the resonancef, where the long distance con
tribution is reduced~see Fig. 4!.

We have explored the sensitivity of thec→ul1l 2 within
two scenarios of physics beyond the SM. The effect due
the exchange of the flavor changing Higgs boson in the
Higgs doublet model is found to be negligible. The gene
minimal supersymmetric standard model can enhance thc
→um1m2 rate by up to a factor of three~see Table I!. This
effect is due to the large supersymmetric enhancement oc7
and is sizable at smallmll in c→ul1l 2, but it is unfortu-
nately very small in the hadronic processD→Pl1l 2 as the
decayD→Pg is forbidden~see Fig. 5!.

The kinematics of the processesD→Vl1l 2 would be
more favorable to probe the possible supersymmetric
hancement at smallmll , but the long distance contribution
in these channels are even more disturbing@2#. The large
supersymmetric enhancement of the Wilson coefficientc7 is
manifested inc→ug decay, and can enhance the stand
model rate;1028 by up to two orders of magnitude@6,7#.
Such an enhancement could be probed by observatio
Bc→Bu* g @3# or by measuring the relative differenc
Br(D0→r0g)2Br(D0→vg) @4#.

APPENDIX

The short distance part of theD→Pl1l 2 amplitude, in-
duced by the transitionc→ul1l 2, contains the form factors

^P~p8!uq̄gm~12g5!cuD~p!&5~p1p8!m f 1~q2!

1~p2p8!m f 2~q2!,

^P~p8!uq̄smn~16g5!cuD~p!&5 is~q2!@~p1p8!mqn

2qm~p1p8!n

6 i emnls~p1p8!lqs#

~A1!

defined using operators in Eq.~1!. The short distance ampli
tude is then given by
11400
to
o
l

n-

d

of

A SD@D~p!→P~p2q!l 1l 2#

5 i
GF

A2
e2Vcs* VusF2

c71c78

2p2
mcs~q2!

2
c9

4p2
f 1~q2!G ū~p2!p” v~p1!, ~A2!

where we neglected the nearly vanishingc10, c98 and c108
coefficients in SM@Eq. ~4!# and MSSM @Eq. ~8!#. In the
heavy quark limit, the form factors can be expressed in
terms of the form factorsf 6 at zero recoil@39#,5 and we
assume the relation to be valid for allq2:

s~q2!5
1

2mD
@ f 1~q2!2 f 2~q2!#. ~A3!

The semileptonic form factorsf 6 in the heavy meson chira
Lagrangian approach, extended by assuming a polar sh
are given by@28,29#6

f 1~q2!52 f 2~q2!

52KDP

f D

2 Fg
mD2mP

mP1mD8*2mD
Gm

D8*

2
2qmax

2

m
D8*

2
2q2

,

~A4!

with KDP given in Table V.
The long distance amplitude is given by the diagrams

Fig. 2. The long distance penguin diagrams in Fig. 2~a! are
expressed in terms of the form factorf 1 @Eq. ~A4!#. The

5This relation was not written correctly in Ref.@39#, and was
corrected in Ref.@29#.

6Different form factorsf 6 were used together withg.0.27 in
Ref. @32#. These form factors would overproduce the semilepto
decay rates for the valueg.0.59 recently measured by CLEO@33#.
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RARE CHARM MESON DECAYSD→Pl1l 2 AND c→ul1l 2 . . . PHYSICAL REVIEW D 64 114009
weak annihilation contribution in Fig. 2~b! is determined by
assuming that the vertices do not change significantly a
from the kinematical region, where the heavy quark and c
ral symmetries are good. We expect this to be a reason
approximation inD meson decays. At the same time we u
the full heavy meson propagators 1/(pD

2 2m2) instead of the
heavy quark effective theory propagators 1/(2mvk) @31#. In
the limit mP!mD , the bremsstrahlung-like diagrams in Fi
2~b! cancel exactly, as explained in detail in the Secs. 3
and 5.5.1 of Ref.@32#. Only the non-bremsstrahlung wea
annihilation diagrams in Fig. 2~a! render the nonvanishing
contribution. The long distance amplitude is given by@32#

A LD@D~p!→P~p2q!l 1~p1!l 2~p2!#

5 i
GF

A2
e2ALD~q2!ū~p2!p” v~p1!,

ALD~q2!5Apeng.
LD ~q2!1A annih.

bremsstrahlung

LD
~q2!

1A annih.
non2brem.

LD
~q2!, ~A5!

Apeng.
LD ~q2!5a2Vcs* Vus

1

q2
f 1~q2!N1~q2!,

A annih.
bremsstrahlung

LD
~q2!.0,

TABLE V. The Cabibbo factorsf Cabb
( i ) , the coefficientsKDP

( i ) and
the functionsM1

( i ) for nine D→Pl1l 2 amplitudes in Eq.~A5!.

i D→Pl1l 2 f Cabb
( i ) M ( i ) KDP

( i )

1 D0→K̄0l 1l 2 a2VudVcs* M1
D0 0

2 Ds
1→p1l 1l 2 a1VudVcs* M1

Ds
1 0

3 D0→p0l 1l 2 2a2VudVcd* 2
1

A2
M1

D0 1

A2 f p

4 D0→h l 1l 2 a2VudVcd* 2A 3
2 M1

D0
cosuP

cosuP

A6 f
2

sinuP

A3 f

5 D0→h8l 1l 2 a2VudVcd* 2A 3
2 M1

D0
sinuP

sinuP

A6 f
1

cosuP

A3 f

6 D1→p1l 1l 2 2a1VudVcd* M1
D1 1

fp

7 Ds
1→K1l 1l 2 a1VudVcd* M1

Ds
1 1

fK

8 D1→K1l 1l 2 2a1VusVcd* M1
D1

0

9 D0→K0l 1l 2 2a2VusVud* M1
D0

0

11400
y
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A annih.
non2brem.

LD
~q2!5 f Cabb

( i ) 1

q2
M1

( i )~q2! f PF2 f Dk
mP

2

mD
2 2mP

2

2AmDS a12
mD

2 1mP
2 2q2

2mD
2

a2D G g̃V

A2
,

with Cabibbo factorsf Cabb
( i ) and the coefficientsM1(q2) and

KDP
( i ) as given in Table V. The coefficientN1 is equal to

N1~q2!5
gr

2

q22mr
21 iGrmr

2
gv

2

3~q22mv
2 1 iGvmv!

2
2gf

2

3~q22mf
2 1 iGfmf!

1
gr

2

mr
2

2
gv

2

3mv
2

2
2gf

2

3mf
2

,

while the coefficientsM1
( i ) are given in terms ofM1

D0
, M1

D1
,

andMDs
1

in Table V:

M1
D0

5
gr

q22mr
21 iGrmr

1
gv

3~q22mv
2 1 iGvmv!

1
gr

mr
2

1
gv

3mv
2

,

M1
D1

52
gr

q22mr
21 iGrmr

1
gv

3~q22mv
2 1 iGvmv!

2
gr

mr
2

1
gv

3mv
2

, ~A6!

M
1
Ds

1

52
2gf

3~q22mf
2 1 iGfmf!

2
2gf

3mf
2

.

Note thatN1(0)5M1(0)50 for G(0)50 and there is no
pole arising from the photon propagator atq250. The rela-
tive sign of the short and long distance penguin amplitu
agrees with Ref.@37#, which is based on assumption o
quark-hadron duality.

In order to account for the contributions of the excit
vector mesonsr1,2, v1,2, andf1,2, as described in the main
text, the coefficientsN1 andM1 are replaced in the Eqs.~A5!
and ~A6! by
9-9



S. FAJFER, S. PRELOVSEK, AND P. SINGER PHYSICAL REVIEW D64 114009
N1→N11(
k51

2 grk

2

q22mrk

2 1 iGrk
mr i

2
gvk

2

3~q22mvk

2 1 iGvk
mvk

!

2
2gfk

2

3~q22mfk

2 1 iGfk
mfk

!
1

grk

2

mrk

2
2

gvk

2

3mvk

2
2

2gfk

2

3mfk

2
,

M1
D0→M1

D0
1 (

k51

2 grk

q22mrk

2 1 iGrk
mrk

1
gvk

3~q22mvk

2 1 iGvk
mvk

!
1

grk

mrk

2
1

gvk

3mvk

2
, ~A7!
y

,

t.

,

.

n-
99

3

11400
M1
D1→M1

D1
2 (

k51

2 grk

q22mrk

2 1 iGrk
mrk

1
gvk

3~q22mvk

2 1 iGvk
mvk

!
2

grk

mrk

2
1

gvk

3mvk

2
,

M
1
Ds

1

→MDs
1

2 (
k51

2 2gfk

3~q22mfk

2 1 iGfk
mfk

!
2

2gfk

3mfk

2
.
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