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FCNC’s in leptonic and semileptonic decays ofD mesons in a general two-Higgs-doublet model
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Large long-distance standard model effects in flavor-changing neutral current~FCNC! semileptonicD de-
cays can make observable these processes in future measurements. Eventual disagreements in this sector and/or
the observation of lepton-family-violating~LFV! D decays would require an explanation beyond the standard
model framework. In this paper we confront present experimental data on leptonic and semileptonic FCNC and
LFV D meson decays with a version of the two-Higgs-doublet model that allows these effects to occur at the
tree level. The stringent bounds on the parameters of the model are obtained fromD0→ l 1l 82 and D
→p l 1l 82 decays. The consistency of the model requires that the branching fractions ofD→Vl1l 82 decays
should be below the 1029 level. @S0556-2821~98!06713-7#

PACS number~s!: 12.15.Mm, 12.60.Fr, 13.20.Fc
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I. INTRODUCTION

Flavor-changing neutral currents~FCNC’s! in leptonic
and semileptonic decays of charmed mesons are highe
der, very suppressed modes in the standard model~SM! of
particle interactions@1–5#. The short-distance contribution
to these processes in the SM are expected to give branc
fractions at the 10219 level for D0→m1m2 and 1029 for
D→p l 1l 2 processes, while long-distance effects can
hance these predictions up to 10215 @4# and 102721026 @5#,
respectively. Present experimental upper limits for these
cays are in the range 102621025 for D0→ l 1l 82 and
102321025 for D→Xl1l 82 @6–10# (X is a pseudoscalar o
vector meson andl ,l 85e,m). On the other hand, lepton
family-violating ~LFV! processes, i.e.,lÞ l 8, are completely
forbidden in the SM scenario with unmixed lepton gene
tions. Thus, FCNC and/or LFV leptonic and semileptonicD
decays can serve to test the mechanisms responsible
long-distance contributions or eventually would require
explanation beyond the SM framework. Yet another~un-
likely! possibility is that nature places FCNC processes w
below the SM expectations. This would force a revision
the estimates of long-distance effects or, again, invoke c
tributions beyond the SM contributions to explain the eve
tual destructive interference with the SM amplitudes.

Recently, the study of FCNC’s in charm quark decays
attracted a renewed interest@2–11#. On the one hand, it ha
been pointed out that these rare decays in models of
physics can be enhanced over the SM predictions by sev
orders of magnitude@4#. On the other hand, the existin
bounds on FCNC and LFVD decays have been improve
recently at Fermilab E791, E771, and E687 experiments@7–
9# and by the CLEO Collaboration@10#. In addition, some
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projects have been proposed with the aim of reconstruc
the order of 109 charm decays during the Fermilab Tevatr
Run II @11#, which would increase the sensitivity to FCN
and LFV processes by almost three orders of magnitude w
respect to present experiments. Therefore, it becomes tim
to explore all possible scenarios of new physics that m
give sizable contributions to these rare decays.

In this paper we consider the constraints imposed
FCNC and LFVD meson decays on a general two-Higg
doublet model that allows these effects to contribute at
tree level@12#. The variant of the model considered here
built in such a way that tree-level FCNC interactions of ne
tral Higgs bosons do not spoil the good agreement betw
the SM predictions and experiment for the down-quark s
tor. The constraints on Yukawa interactions of the charg
Higgs bosons of this model have been studied in previ
works @13#. Here we consider the effects of Yukawa intera
tions of neutral Higgs bosons in FCNC and LFV decays ofD
mesons. To be more specific, we study the effects of
neutral Higgs bosons of this model in theD0→ l 1l 82, D
→Pl1l 82, andD→Vl1l 82 decays@P(V) stands for a pseu
doscalar~vector! light meson andl ,l 85e or m#, which will
provide a rather wide set of constraints on the effect
Yukawa couplings of the model.

II. MODEL

The variant of the two-Higgs-doublet model needed in o
work has been described elsewhere@13#. The general form of
the Yukawa interactions that allows tree-level FCNC p
cesses is given by@12#
© 1998 The American Physical Society03-1
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G. LÓPEZ CASTRO, R. MARTI´NEZ, AND J. H. MUÑOZ PHYSICAL REVIEW D 58 033003
LY5QL
0̄~FF̃11jF8F̃2!UR

01QL
0̄~GF21jG8F1!DR

0

1CL
0̄~KF21jK8F1!l R

01H.c., ~1!

where F, F8, G, G8, K, and K8 are dimensionless 333

matrices,QL
0̄5(UL

0̄,DL
0̄) with UL

0 (DL
0) the triplet of left-

handed up~down! quarks, andCL
0̄5(nL

0̄,l L
0̄) has a similar

definition in terms of leptonic fields.j parametrizes the sma
breaking of the discrete symmetry that forbids FCNC’s at
tree level. The superscript 0 in fermion fields stands for we
eigenstates.

Since we are interested in having FCNC contributio
only in the up-quark sector, we shall drop the term prop
tional toG8 in Eq. ~1! @13#. Notice that the Yukawa interac
tions for leptons are built to allow FCNC’s in the charg
leptons and keep massless neutrinos. After spontaneous
metry breaking, with ^F1&

T5(0,v1 /A2) and ^F2&
T

5(0,v2e2 ia8/A2), the model contains five physical Higg
bosons; the mass matrices for quarks and charged lep
become

MU5
1

A2
~Fv11jF8v2e2 ia8!, ~2!

MD5
1

A2
Gv2 , ~3!

Ml5
1

A2
~Kv21jK8v1e2 ia8!. ~4!

For simplicity we choose to work in a basis whereMU
and Ml are diagonal. Notice that, unlike the case wherej
50, F and F8 ~respectively,K and K8) are not diagonal
matrices and can allow for~unsuppressed by fermio
masses! FCNC interactions in the up-quark sector.

The Yukawa interactions between mass eigenstate
neutral Higgs scalars (H0 and h0), the Higgs pseudoscala
(A0) and fermions@U5(u,c,t) and l 5(e,m,t)# are given
by ~we do not write the interactions of down quarks beca
we are interested in FCNC’s in the up sector!

LN5
1

A2
Ū$~F cosa1jF8 sin a!H0

1~2F sin a1jF8cosa!h0

1 i ~F sin b2jF8cosb!A0g5%U

1
1

A2
l̄ $~K sin a1jK8cosa!H0

1~K cosa2jK8sin a!h0

1 i ~K cosb2jK8sin b!A0g5% l . ~5!
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In these expressions,a is the angle that appears in th
diagonalization of the neutral scalar Higgs bosons a
tan b[v2 /v1 .

Because of the low energy scales involved in charm m
son decays, it becomes convenient to write out an effec
four-fermion interaction Hamiltonian to describe the tre
level processes of our interest. The form of this Hamilton
is

He f f5
GF

A2
$ŪLH0

U• l̄ LH0
l 1ŪLh0

U• l̄ Lh0
l

1ŪLA0
g5U• l̄ LA0

g5l %. ~6!

Using Eqs.~2! and~4!, the effective couplingsL i andLi
can be written as

LH0
5

2mW

gmH0

jF8~sin a2tan b cosae2 ia8!, ~7!

Lh0
5

2mW

gmh0

jF8~cosa1tan b sin ae2 ia8!,

~8!

LA0
52

2mW

gmA0

jF8~cosb1tan b sin be2 ia8!,

~9!

LH0
5

A2Ml

mH0

sin a

sin b

1
2mW

gmH0

jK8~cosa2cot b sin ae2 ia8!, ~10!

Lh0
5

A2Ml

mh0

cosa

sin b

2
2mW

gmh0

jK8~sin a1cot b cosae2 ia8!, ~11!

LA0
5

A2Ml

mA0

cot b

2
2mW

gmA0

jK8~sin b1cot b cosbe2 ia8!. ~12!

As already anticipated, the leptonic couplings contain
~diagonal! piece proportional to fermion masses1 and another
~nondiagonal! piece which is nota priori suppressed by fer
mion masses and will induce FCNC interactions.

If we assume a specific ansatz for the Yukawa couplin
F8 andK8, we can use the experimental data onD decays to

1Since we are interested inc→u transitions, we do not write a
corresponding diagonal mass term in the quark couplings.
3-2
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get bounds on the remaining parameters of the model.
stead, in the following we choose to use the available dat
constrain the effective couplings given in Eqs.~6!–~12!.

III. CONSTRAINTS FROM LEPTONIC
AND SEMILEPTONIC D DECAYS

The relevant hadronic matrix elements of theūc and

ūg5c currents can be computed from the divergence of
c→d vector and axial vector charged currents and us
isospin symmetry. Thus, we obtain

^0uūg5cuD0~p!&5 i f D

mD
2

mc1mu
, ~13!

^p1~p8!uūcuD1~p!&5A2^p0~p8!uūcuD0~p!&,
~14!

5S mD
2 2mp

2

mc2mu
DF0

D0→p2

~q2!,

~15!

^V~p8,«* !uūcuD~p!&50, ~16!

^r1~p8,«* !uūg5cuD1~p!&5A2^r0~p8,«* !uūg5cuD0~p!&,
~17!

52
2imr

mc1mu
q•«* A0

D0→p2

~q2!,

~18!

whereq5p2p8 is the momentum transfer to the lepton pa
and«* is the polarization four-vector of the outgoing vect
meson. In Eq.~16!, V is a vector meson. Notice that th
matrix elements for theD→P andD→V transitions depend
on only one form factor at a time. This happens because o
the relative wavesl 50 and l 51 of the P-Higgs and
V-Higgs systems contribute to these transitions, respectiv

For the D meson decay constant we take the valuef D
5217 MeV which is obtained from the relationf D / f Ds

'0.9

@14# and f Ds
5241 MeV from @15#. The q2 dependences o

the scalar and pseudoscalar form factors appearing in
~14!–~18! are chosen to be monopolar:

F0~q2!5
F0~0!

12q2/m01
2 , A0~q2!5

A0~0!

12q2/m02
2 , ~19!

wherem01 andm02 are the masses of the scalar and ps
doscalar neutralD mesons, respectively. The normalizatio
of these form factors atq250 are taken from the relativistic
quark model of Wirbel, Stech, and Bauer@16#.

The other hadronic matrix elements needed in our ca

lation are fixed either by identifying theūu content of final
state isosinglet mesons: namely,
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^huūcuD0&5
1

A3
^p0uūcuD0&~cosuP2A2 sin uP!,

~20!

^vuūg5cuD0&5^r0uūg5cuD0& ~21!

or, using SU~3! flavor symmetry,

^K1uūcuDs
1&5^p1uūcuD1&, ~22!

^K* 1uūg5cuDs
1&5^r1uūg5cuD1&. ~23!

Notice that we assume idealv-f mixing and we useuP5
220° in Eqs.~20! and ~21!.

The information on the experimental data about t
FCNC and LFVD decays is taken from the 1997 update
Ref. @6#, which already incorporates some recent results
Refs.@7–10#.

In Table I we show the upper bounds for the products
couplings constants that can be constrained from the exp
mental data considered. We have introduced in Table
short notation for coupling constants. First, we express
bounds from leptonicD0 decays andD→Vl1l 82 decays in

terms ofa l l 8[LA0

ucLA0

l l 8. Since both neutral Higgs scalars co

tribute toD→Pl1l 82 we have expressed the upper boun

in terms of the quantitys l l 8[LH0

ucLH0

l l 81Lh0

ucLh0

l l 8.

Despite the fact that all the upper limits on branchi
ratios are at the 102421025 level, the different bounds on

TABLE I. Bounds on Yukawa couplings from FCNC and LF
D meson decays.

Channel Expt. branching ratio Upper bound

D0→e1e2 ,1.331025 aee,4.031023

D0→m1m2 ,4.231026 amm,2.331023

D0→m6e7 ,1.931025 ame,4.931023

D0→p0e1e2 ,4.531025 see,4.231022

D0→p0m1m2 ,1.831024 smm,8.631022

D0→p0m6e7 ,8.631025 sme,5.831022

D0→he1e2 ,1.131024 see,0.16
D0→hm1m2 ,5.331024 smm,0.38
D0→hm6e7 ,1.031024 sme,0.16
D1→p1e1e2 ,6.631025 see,2.231022

D1→p1m1m2 ,1.831025 smm,1.231022

D1→p1m2e1 ,1.131024 sme,2.931022

Ds
1→K1m1m2 ,5.931024 smm,0.15

D0→r0e1e2 ,1.031024 aee,0.35
D0→r0m1m2 ,2.331024 amm,0.57
D0→r0m6e7 ,4.931025 ame,0.25
D0→ve1e2 ,1.831024 aee,0.48
D0→vm1m2 ,8.331024 amm,1.14
D0→vm6e7 ,1.231024 ame,0.40
D1→r1m1m2 ,5.631024 amm,0.39
Ds

1→K* 1m1m2 ,1.431023 amm,0.96
3-3
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the effective couplings spread over two orders of magnitu
From Table I we conclude that the stronger bounds on
a l l 8 couplings come from purely leptonicD0 decays, while
the same bounds fromD→Vl1l 82 decays are rather weak
Therefore, in the context of the present model, the lepto
D0 decays imply that branching ratios of three-body dec
of D ’s involving vector mesons should be below the 1029

level. On the other hand, the best constraints on thes l l 8

couplings are obtained from theD→p l 1l 82 mainly because
of the phase space suppression in the decays involving thh
meson. Finally, since theV-Higgs system inD→Vl1l 82

decays is in al 51 relative wave, this gives a further pha
space suppression and the absolute numerical bounds o
a l l 8’s become weaker than the limits on thes l l 8’s ~obtained
from D→P transitions!.

In order to draw any information on the Yukawa co
plings of our interest let us make some considerations.
start, let us neglect the first term2 in Eqs.~10!–~12! and set
a850. In this case we obtain the following expressions
a l l 8 ands l l 8:

a l l 85
1

A2GFmA0

2

~jF8!uc~jK8! l l 8

sin b cosb
, ~24!

s l l 852
1

A2GF

~jF8!uc~jK8! l l 8

sin b cosb

3H sin2~a2b!

mH0

2
1

cos2~a2b!

mh0

2 J , ~25!

or the relationship

s l l 8<2mA0

2 H 1

mH0

2
1

1

mh0

2 J a l l 8. ~26!

2Notice that this approximation is not necessary in the case
LFV decays.
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In the absence of information regarding the parameter
this model we will assume tanb'1, mh0

5130 GeV, and

mH0
5mA0

5300 GeV. From Eq.~24! and the bounds ona l l 8

obtained from leptonicD0 decays~see Table I! we derive

~jF8!uc~jK8!ee<2.931023, ~27!

~jF8!uc~jK8!mm<1.731023, ~28!

~jF8!uc~jK8!me<3.631023. ~29!

Therefore, one may conclude that present experimental
on FCNC and LFVD decays only mildly constrain the
strength of products of the relevant Yukawa couplings of t
model. Since the~diagonal! terms proportional to fermion
masses in Eqs.~10!–~12! are of O(1024) for the D
→Xm1m2 modes, the approximation done to derive Eq
~24! and~25! is justified in view of the present experiment
upper limits.

Note that if a specific ansatz is assumed for these Yuka
couplings@17#, then Eq.~24! can furnish the allowed region
for mA0

as a function ofb. Let us notice, however, that Eq
~25! does not provide additional constraints on the Yuka
couplings unless, in addition, some information on the m
ing anglea is introduced by hand.

In summary, in this work we have studied the constrai
imposed by FCNC and LFV leptonic and semileptonicD
decays on a version of the two-Higgs-doublet model t
contains these effects at the tree level. The stringent bou
on the relevant Yukawa couplings are obtained from tw
body leptonicD0 decays which are mediated by the pseud
scalar Higgs boson of the model. The best constraints on
Higgs scalar interactions are obtained fromD→p l 1l 82 de-
cays. The three-bodyD decays involving vector mesons pro
vide only very weak bounds and their measurements wo
have to be improved by five orders of magnitude in order
furnish similar constraints on the model as obtained fr
purely leptonic decays.
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