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Rare charm decays in the standard model and beyond

Gustavo Burdman
Lawrence Berkeley National Laboratory, Berkeley, California 94720

Eugene Golowich
Physics Department, University of Massachusetts, Amherst, Massachusetts 01003

JoAnne Hewett
Stanford Linear Accelerator Center, Stanford, California 94309

Sandip Pakvasa
Department of Physics and Astronomy, University of Hawaii, Honolulu, Hawaii 96822

~Received 2 January 2002; published 29 July 2002!

We perform a comprehensive study of a number of rare charm decays, incorporating the first evaluation of
the QCD corrections to the short distance contributions, as well as examining the long range effects. For
processes mediated by thec→ul1l 2 transitions, we show that sensitivity to short distance physics exists in
kinematic regions away from the vector meson resonances that dominate the total rate. In particular, we find
that D→p l 1l 2 andD→r l 1l 2 are sensitive to nonuniversal soft-breaking effects in the minimal supersym-
metric standard model withR-parity conservation. We separately study the sensitivity of these modes to
R-parity violating effects and derive new bounds onR-parity violating couplings. We also obtain predictions
for these decays within extensions of the standard model, including extensions of the Higgs, gauge and fermion
sectors, as well as models of dynamical electroweak symmetry breaking.
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I. INTRODUCTION

The remarkable success of the standard model~SM! in
describing all experimental information currently availab
suggests that the quest for deviations from it should be
rected either at higher energy scales or at small effects in
energy observables. To the latter group belong the subper
level precision measurements of electroweak observable
the CERNe1e2 collider LEP and~SLAC! Large Detector
~SLD! as well as the Fermilab-Tevatron experiments@1#.
Tests of the SM through quantum corrections have prove
be a powerful tool for probing the high energy scales po
bly related to electroweak symmetry breaking and the fla
problem. The absence of flavor changing neutral curre
~FCNC! at the tree level in the SM implies that process
involving these currents are a primary test of the quant
structure of the theory. Most of the attention on FCNC h
been focused on processes involvingK andB mesons, such
asK02K̄0 andBd(s)

0 2B̄d(s)
0 mixing and also on rare decay

involving transitions such ass→dl1l 2, s→dnn̄, b→sg,
b→sl1l 2, etc.

The analogous FCNC processes in the charm sector
received considerably less scrutiny. This is perhaps du
the fact that, on general grounds, the SM expectations
very small both forD02D̄0 mixing @2–4# as well as for
FCNC decays@5–7#. For instance, there are no large nond
coupling effects arising from a heavy fermion in the leadi
one-loop contributions. This is in sharp contrast withK and
B FCNC processes, which are affected by the presence o
top quark in loops. In the SM,D meson FCNC transitions
involve the rather light down-quark sector which transla
0556-2821/2002/66~1!/014009~22!/$20.00 66 0140
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into an efficient Glashow-Iliopoulos-Maiani~GIM! cancella-
tion. In many cases, extensions of the SM may upset
suppression and give contributions sometimes orders of m
nitude larger than the SM. In this paper we wish to inves
gate this possibility. As a first step, and in order to estab
the existence of a clean window for the observation of n
physics in a given observable in rare charm processes
must compute the SM contribution to such quantities. This
of particular importance in this case due to the presence
potentially large long-distance contributions which are no
perturbative in essence and therefore non-calculable by
lytical methods. In general the flavor structure of cha
FCNC favors the propagation of light-quark states as in
mediate states which, if dominant, obscure the more inter
ing short distance contributions that are the true test of

SM. This is the situation inD02D̄0 mixing @2–4# and in the
c→ug transition @5#. In the case of mixing, although th
long distance effects seem to dominate over the SM s
distance contributions, it is still possible that there is a w
dow of one or two orders of magnitude between these
the current experimental limit@8#; the predictions of numer-
ous extensions of the SM lie in this window@9#. On the other
hand, charm radiative decays are completely dominated
non-perturbative physics and do not constitute a suitable
of the short distance structure of the SM or its extension

In what follows we investigate the potential of rare cha
decays to constrain extensions of the SM. With the excep
of D0→gg, we shall concentrate on the non-radiative FCN
transitions such asc→ul1l 2, c→unn̄ which enter in de-
cays likeD0→m1m2, D→Xul 1l 2, D→Xunn̄, etc. We ex-
tensively consider supersymmetry by studying the minim
©2002 The American Physical Society09-1
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supersymmetric SM~MSSM! as well as supersymmetric sc
narios allowingR-parity violation. We find that rare charm
decays are potentially good tests of the MSSM and a
serve to constrainR-parity violating couplings in kinematic
regions away from resonances. In charged dilepton mo
this mostly means atlow dilepton mass. In general, we fin
that this kinematic region, corresponding to large hadro
recoil, is the most sensitive for new physics searches.

The D→Vl1l 2 decays were studied in Ref.@10# in the
SM without QCD corrections. More recently theD
→p l 1l 2 decays were examined in Ref.@11# in the SM and
some of its extensions, including the MSSM. We comp
these predictions with ours, and find some discrepancie
the SM calculation of the long distance contributions. W
also emphasize the importance ofD→Vl1l 2 in the MSSM
due to its enhanced sensitivity to the electromagnetic dip
moment operator entering inc→ug.

In the next section we calculate the SM short distan
contributions including QCD corrections and estimate lo
distance effects for various decay modes. In Sec. III we st
possible extensions of the SM that might produce sign
which fall below current experimental limits but above t
SM results of Sec. II. We summarize and conclude in S
IV.

As a final comment, we note the following conventio
and notation used throughout the paper. Many quantities
lating to both SM and also new physics are chiral, involvi
projection operators for left-handed~LH! and right-handed
~RH! massless fermions. We shall employ the notation

GL,R[
16g5

2
, GL,R

m [
gm~16g5!

2
~1!

for scalar projection operatorsGL,R and vector projection op
eratorsGL,R

m . The chiral projections of fermion fieldq are
thus expressed as

qL,R[GL,Rq. ~2!

II. THE STANDARD MODEL CONTRIBUTIONS

In this section we study the standard model contributio
to various charm meson rare decays. At the time of this w
ing, there are no reported events of the type we are con
ering. We group the decay modes by their common sh
distance structure. In each case we address both the pe
bative short distance amplitude and the effects of the n
perturbative long-range propagation of intermediate hadro
states. Due to the non-perturbative nature of the underly
physics, the long distance effects cannot be calculated
controlled uncertainties. Therefore we find it prudent to g
erate estimates by using several distinct approaches, su
vector meson dominance~VMD ! for processes with photon
emission and/or calculable unitarity contributions. In th
way, we hope to obtain a reasonable measure of the un
tainty involved in the calculation, and at the same time,
tain bounds on the magnitude of long-distance contributi
which are not overly model dependent.
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A. Meson lepton-antilepton transitionsD\Xl¿lÀ

As we shall discuss, this mode is likely to be observed
forthcoming B and charm factory/accelerator experimen
We start with the calculation of both short and long distan
contributions to the inclusive rate. We then compute the ra
for various exclusive modes.

1. The short distance contribution to D\Xul¿lÀ

The short distance contribution is induced at one loop
the SM. It is convenient to use an effective description w
the W boson and theb-quark being integrated out as the
thresholds are reached, respectively, in the renormaliza
group evolution@12#,

Heff52
4GF

A2
F (

q5d,s,b
C1

(q)~m!O1
(q)~m!

1C2
(q)~m!O2

(q)~m!1(
i 53

10

Ci~m!Oi~m!G ,

mb,m,MW

Heff52
4GF

A2
F (

q5d,s
C1

(q)~m!O1
(q)~m!

1C2
(q)~m!O2

(q)~m!1(
i 53

10

Ci8~m!Oi8~m!G ,

m,mb , ~3!

with $Oi% being the complete operator basis,$Ci% the corre-
sponding Wilson coefficients andm the renormalization
scale; the primed quantities indicate those where theb-quark
has been eliminated. Note that we must keep all terms
order 1/MW

2 above the scalem5mb in this decay as oppose
to radiative decays. In Eq.~3!, the Wilson coefficients con-
tain the dependence on the Cabibbo-Kobayashi-Mask
~CKM! matrix elementsVqq8 . As was pointed out in Ref
@5#, the CKM structure of these transitions is drastically d
ferent from that of the analogousB meson processes. Th
operatorsO1 andO2 are explicitly split into their CKM com-
ponents

O1
(q)5~ ūL

agmqL
b!~ q̄L

bgmcL
a!,

O2
(q)5~ ūL

agmqL
a!~ q̄L

bgmcL
b!, ~4!

whereq5d,s,b, anda, b are contracted color indices. Th
rest of the operator basis is defined in the standard way.
QCD penguin operators are given by

O35~ ūL
agmcL

a!(
q

~ q̄L
bgmqL

b!,

O45~ ūL
agmcL

b!(
q

~ q̄L
bgmqL

a!,
9-2
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RARE CHARM DECAYS IN THE STANDARD MODEL AND . . . PHYSICAL REVIEW D66, 014009 ~2002!
O55~ ūL
agmcL

a!(
q

~ q̄R
bgmqR

b!,

O65~ ūL
agmcL

b!(
q

~ q̄R
bgmqR

a!, ~5!

the electromagnetic and chromomagnetic dipole opera
are

O75
e

16p2
mc~ ūLsmncR!Fmn,

O85
gs

16p2
mc~ ūLsmnTacR!Ga

mn , ~6!

and finally the four-fermion operators coupling directly
the charged leptons are

O95
e2

16p2
~ ūLgmcL!~ l̄ gml !,

O105
e2

16p2
~ ūLgmcL!~ l̄ gmg5l !. ~7!

The matching conditions atm5MW for the Wilson coeffi-
cients of the operatorsO126 are

C1
q~MW!50, C326~MW!50,

C2
q~MW!52lq , ~8!

with lq5Vcq* Vuq . The corresponding conditions for the c
efficients of the operatorsO7210 are

C7~MW!52
1

2
$lsF2~xs!1lbF2~xb!%,

C8~MW!52
1

2
$lsD~xs!1lbD~xb!%,

C9
(8)~MW!5 (

i 5s,(b)
l iF2@F1~xi !12C̄~xi !#

1
C̄~xi !

2sw
2 G ,

C10
(8)~MW!52 (

i 5s,(b)
l i

C̄~xi !

2sw
2

. ~9!

In Eqs. ~9! we define xi5mi
2/MW

2 , the functionsF1(x),

F2(x), andC̄(x) are those derived in Ref.@13# and the func-
tion D(x) was defined in Ref.@5#.

To compute thec→ul1l 2 rate at leading order, operato
in addition toO7 , O9 andO10 must contribute. Even in the
absence of the strong interactions, the insertion of the op
01400
rs

a-

tors O2
(q) in a loop would give a contribution sometime

referred to as leading order mixing ofC2 with C9. When the
strong interactions are included, further mixing of the fou
quark operators withO7210 occurs. The effect of these QCD
corrections in the renormalization group~RG! running from
MW down tom5mc is of particular importance inC7

eff(mc),
the coefficient determining thec→ug amplitude. As was
shown in Ref.@5#, the QCD-induced mixing withO2

(q) domi-
natesC7

eff(mc). The fact that the main contribution to thec
→ug amplitude comes from the insertion of four-quark o
erators inducing light-quark loops signals the presence
large long distance effects. This was confirmed in Ref.@5#
where these non-perturbative contributions were estima
and found to dominate the rate. Therefore, in the pres
calculation we will take into account effects of the stro
interactions inC7

eff(mc). On the other hand, as mentione
above, the operatorO9 mixes with four-quark operators eve
in the absence of QCD corrections@14#. Finally, the RG run-
ning does not affectO10, i.e., C10(mc)5C10(MW). Thus, in
order to estimate thec→ul1l 2 amplitude it is a good ap-
proximation to consider the QCD effects only where they
dominant, i.e., inC7

eff(mc), whereas we expect these to b
less dramatic inC9

eff(mc).
The leading order mixing ofO2

(q) with O9 results in

C9
(8)eff5C9

(8)~MW!1 (
i 5d,s,(b)

l iF2
2

9
ln

mi
2

MW
2

1
8

9

zi
2

ŝ

2
1

9 S 21
4zi

2

ŝ
DAU12

4zi
2

ŝ
UT~zi !G , ~10!

where we have defined

T~z!5

¦

2 arctanF 1

A4z2

ŝ
21G ~ for ŝ,4z2!

lnU 11A12
4z2

ŝ

12A12
4z2

ŝ

U2 ip ~ for ŝ.4z2!,

~11!

and ŝ[s/mc
2 , zi[mi /mc . The logarithmic dependence o

the internal quark massmi in the second term of Eq.~10!
cancels against a similar term in the Inami-Lim functio
F1(xi) entering inC9(MW), leaving no spurious divergence
in the mi→0 limit.

To compute the differential decay rate in terms of t
Wilson coefficients, we use the two-loop QCD correct
value ofC7

eff(mc) as obtained in Ref.@6#, computeC9
eff(mc)
9-3
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BURDMAN, GOLOWICH, HEWETT, AND PAKVASA PHYSICAL REVIEW D66, 014009 ~2002!
from Eq. ~10!, and C10(mc)5C10(MW) from Eq. ~9!. The
differential decay rate in the approximation of massless l
tons is given by

dGc→ul1 l 2

dŝ
5tD

GF
2a2mc

6

768p5
~12 ŝ!2

3F @ uC9
(8)eff~mc!u21uC10u2#~112ŝ!

112 C7
eff~mc!Re@C9

(8)eff~mc!#

14S 11
2

ŝ
D uC7

eff~mc!u2G , ~12!

wheretD refers to the lifetime of eitherD6 or D0. We esti-
mate the inclusive branching ratios formc51.5 GeV, ms
50.15 GeV,mb54.8 GeV andmd50,

Br D1→X
u
1e1e2

(sd) .231028,

Br D0→X
u
0e1e2

(sd) .831029. ~13!

It is useful to observe that the dominant contributions to
rates in Eq.~13! come from the leading order mixing ofO9

with the four-quark operatorsO2
(q) , the second term in Eq

~10!. As noted above, the dominance of light-quark interm
diate states in the short distance contributions is a signa
the presence of large long distance effects. However, w
considering the contributions of various new physics s
narios, it should be kept in mind that their magnitudes m
be compared to the mixing of these operators. Shifts in
matching conditions for the Wilson coefficientsC7 , C9 and
C10, even when large are not enough to overwhelm the lo
distance effects in most extensions of the SM. These con
erations will be helpful when we evaluate what type of n
physics scenarios might be relevant in these decay mod

2. The long distance contributions to D\Xul¿lÀ

As a first estimate of the contributions of long distan
physics we will consider the resonance processD→XV
→Xl1l 2, whereV5f,r,v. We isolate contributions from
this particular mechanism by integratingdG/dq2 over each
resonance peak associated with an exchanged vector or
doscalar meson. The branching ratios thus obtained~we refer
to each such branching ratio asBr (pole)) are in theO(1026)
range. Modes experiencing the largest effects are displa
in Table I, where we compare our theoretically deriv

TABLE I. Examples of theD→PV0→Pl1l 2 mechanism.

Mode Br (pole) Br (expt)

D1→p1f→p1e1e2 1.831026 ,5.231025

D1→p1f→p1m1m2 1.531026 ,1.531025

Ds
1→p1f→p1e1e2 1.131025 ,2.731024

Ds
1→p1f→p1m1m2 0.931025 ,1.431024
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branching ratios with existing experimental bounds@15#.
Due to the smallh→ l 1l 2 andh8→ l 1l 2 branching ratios,
the dominant contributions arise fromV0 exchange.

This result suggests that the long distance contributi
overwhelm the short distance physics and possibly any n
physics that might be present. However, as we will see be
this is not always the case. A more thorough treatment
quires looking at all the kinematically available regions
D→Xul 1l 2, not just the resonance region. In order to
this, the effect of these states can be thought of as a shi
the short distance coefficientC9

eff in Eq. ~10!, since V
→ l 1l 2 selects a vector coupling for the leptons. This fo
lows from Ref.@16#, which incorporates in a similar manne
the resonant contributions tob→ql1l 2 decays via a disper
sion relation for l 1l 2→hadrons. This procedure is man
festly gauge invariant. The new contribution can be writt
via the replacement@16#

C9
eff→C9

eff1
3p

a2 (
i

k i

mVi
GVi→ l 1 l 2

mVi

2 2s2 imVi
GVi

, ~14!

where the sum is over the various relevant resonances,mVi

and GVi
are the resonance mass and width, and the fa

k i;O(1) is a free parameter adjusted to fit the non-lepto
decaysD→XVi when theVi are on shell. We obtainkf
.3.6, kr.0.7 andkv.3.1. The last value comes from a
sumingBr D1→p1v51023, since a direct measurement is n
available yet.

As a first example we study theD1→p1e1e2 decay.
The main long-distance contributions come from thef, r
andv resonances. Theh andh8 effects are negligibly small.
The dilepton mass distribution for this decay takes the fo

dG

ds
5

GF
2a2

192p5
upW pu3u f 1~s!u2

3S U2mc

mD
C7

eff1C9
effU2

1uC10u2D , ~15!

wheres5mee
2 is the squared of the dilepton mass. Here

have make use of the heavy quark spin symmetry relati
that relate the matrix elements ofO7 to the ‘‘semileptonic’’
matrix elements ofO9 and O10 @17#. An additional form
factor is formally still present, but its contribution to th
decay rate is suppressed by (ml /mD)2 and is neglected here
For the form factorf 1(s) we make use of the prediction o
chiral perturbation theory for heavy hadrons@18#, which at
low recoil gives

f 1~s!5
f D

f p

gD* Dp

~12s/MD*
2

!
, ~16!

where we use the recent CLEO measurement@19# gD* Dp

50.5960.160.07, and we takef D5200 MeV. In Fig. 1 we
present this distribution as a function of the dilepton ma
The two narrow peaks are thef and thev, which sit on top
of the broaderr. The total rate results inBr D1→p1e1e2.2
9-4
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RARE CHARM DECAYS IN THE STANDARD MODEL AND . . . PHYSICAL REVIEW D66, 014009 ~2002!
31026. Although most of this branching ratio arises fro
the intermediatep1f state, we can see from Fig. 1 that ne
physics effects as low as 1027 can be observed as long a
such sensitivity is achieved in the regions away from thev
and f resonances, both at low and high dilepton ma
squared.

Similarly, we can consider the decayD1→r1e1e2.
Since there is less data available at the moment on thD
→VV8 modes, we will take the values of thek i in Eq. ~14!
from the fits to theD1→p1V case studied above. For th
semileptonic form factors we use the extracted values fr
the D→K* ln data @20# and assumingSU(3) symmetry.1

The total integrated branching ratio isBr D0→r0e1e251.8
31026 ~i.e., Br D1→r1e1e254.531026). As can be seen in
Fig. 2, once again most of this rate comes from the resona
contributions. However, there is also a region—in this c
confined to low values ofmee due to the kinematics— wher
sensitive measurements could test the SM short dista
structure of these transitions. In addition, ther modes con-
tain angular information in the form of a forward-backwa
asymmetry for the lepton pair. Since this asymmetry arise
a consequence of the interference between the vector an
axial-vector couplings of the leptons, it is negligible in th
SM since the vector couplings due to vector mesons o
whelm the axial-vector couplings. This is true even aw
from the resonance region, partly because of the large w

of ther and partly since the coefficientC9
(8)eff andC7

(8)eff get
large enhancements due to mixing withO2 and from the
QCD corrections, whereasC10—the axial-vector coupling—
is not affected by any of these. This results in a very sm

1TheD→r form factors will be extracted with precision at char
andB factories. In the meantime, we do not believe the assump
of SU(3) symmetry will affect our main conclusions here.

FIG. 1. The dilepton mass distribution forD1→p1e1e2, nor-
malized toGD1. The solid line shows the sum of the short and t
long distance SM contributions. The dashed line corresponds to
short distance contribution only. The dot-dash line includes the
lowedR-parity violating contribution from supersymmetry~see Sec.
III A 2 !.
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interference. We expand on this point and consider the p
sibility of large asymmetries from physics beyond the SM
Sec. III A 2. For both thep and r modes the sensitivity to
new physics effects is reserved to largeO(1) enhancements
since the long distance contributions are still important ev
when away from the resonances.

We finally compare our results in Figs. 1 and 2 with tho
obtained in Refs.@10# and @11#. The short distance calcula
tions in both these papers do not include the tree-level m
ing of O9 with O2. This effect determines most of the sho
distance amplitude. Also, as mentioned above, this piece
cels the logarithm in Eq.~10!, a scheme-dependent term
no physical significance. If this cancellation did not ta
place the logarithm would be the largest contribution toC9.
In addition, in Ref.@10# the QCD corrections are not in
cluded. We also differ in the long distance results, wh
dominate these decays. ForD→p l 1l 2 the authors of Ref.
@10# make use of the factorization approximation, as well
heavy hadron chiral perturbation theory for both pseudos
lars and vector mesons. It is far from clear that the use
both approximations inD decays is warranted. For the ca
of D→r l 1l 2, the results of Ref.@11# show a large enhance
ment at lowq2 when compared with Fig. 2. However, a 1/q2

enhancement can only appear as a result of non-factoriz
contributions. This is clear from Refs.@21# and @22#: the
factorization amplitude forD→rV, when combined with a
gauge invariant (g2V) mixing, leads to a null contribution
to D→Vl1l 2. This is due to the fact that the mixing of th
operatorO2 with O7 is non-factorizable@22#. A resonant
contribution toO7, leading to a 1/q2 behavior, is then pro-
portional toC7

eff , which is mostly given by theO2 mixing. In
addition, when compared with the usual short distance m
trix element ofO7, this resonant contribution will be furthe
suppressed by the factorgV(q2)Anf(q2), wheregV(q2) is the
(g2V) mixing form factor, andAnf(q2) parametrizes the
non-factorizable amplitude ^rVuO7uD&, which is of
n

he
l-

FIG. 2. The dilepton mass distribution forD0→r0e1e2, nor-
malized toGD0. The solid line shows the sum of the short and t
long distance SM contributions. The dashed line corresponds to
short distance contribution only. The dot-dash line includes the
lowedR-parity violating contribution from supersymmetry~see Sec.
III A 2 !.
9-5
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BURDMAN, GOLOWICH, HEWETT, AND PAKVASA PHYSICAL REVIEW D66, 014009 ~2002!
O(LQCD/mc) @23#. Thus, even if we take the on-shell valu
for these quantities, the resonant contribution toO7 is likely
to be below 10% of the SM short distance contribution. T
actual off-shell values at lowq2 far from the resonances ar
likely to be even smaller. We then conclude that the 1q2

enhancement is mostly given by the short distance contr
tion. This is only noticeable at extremely small values of t
dilepton mass, so that it is likely to be beyond the expe
mental sensitivity in the electron modes~due to Dalitz con-
version!, whereas in the muon modes it lies beyond t
physical region. On the other hand, the factorizable pie
contribute to the matrix elements ofO9, just as in Eq.~14!,
and give no enhancement at low values ofq2.

B. Neutrino-antineutrino emission D\Pn l n̄ l

In the standard model, decays such as

D1~p!→p1~p8!n l~k!n̄ l~ k̄!,

D0~p!→ k̄0~p8!n l~k!n̄ l~ k̄! ~17!

will have branching ratios which are generally~but, as we
shall show, not always! too small to measure. Such deca
thus represent attractive modes for new physics searche

1. The short distance contribution c\un l n̄ l

These decay modes are induced byZ penguin as well as
box diagrams. The corresponding effective Hamilton
takes the form

Heff5
GF

A2

a

2psW
2 (

l 5e,m,t
$lsX

l~xs!1lbXl~xb!%

3~ ūLgmcL!~ n̄L
l gmnL

l !. ~18!

The functions in Eq. ~18! are defined by Xl(xi)
5D̄(xi ,ml)/2, with the functionsD̄ given in Ref.@13#. Al-
though we have explicitly kept the dependence on
charged lepton masses arising from the box diagrams, th
of numerical significance only when considering the stran
quark contributions with an internal tau lepton. In any ca
the branching ratios in the SM are unobservably small.
instance, one has

Br D1→Xunn̄
(s.d.) .1.2310215,

Br D0→Xunn̄
(s.d.) .5.0310216, ~19!

where the contributions of all neutrinos have been includ

2. Long distance contributions to D\Pn l n̄ l

Long-distance contributions to the exclusive transitionD

→Pn l n̄ l (P is a pseudoscalar meson! can have just hadrons
just leptons or both hadrons and leptons in the intermed
state. Examples of the first two cases are depicted, res
tively, in Fig. 3~a! and Fig. 3~b!.
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As a simple model of the purely hadronic intermedia
state, we consider in detail the non-leptonic weak proc
D(p)→p(p8)V0(q) followed by the conversionV0(q)
→n l(k) n̄ l( k̄), cf. Fig. 3~a!. We determine first theV0

→n l n̄ l (V05f,r0,v) vertex, which has the invariant ampl
tude

M V0→n l n̄ l
.S g2

2cosuw
D 2 1

MZ
2ū~k!Gm

L v~ k̄!

3^0u(
q

Jq
muV0&, ~20!

where Jq
m is the current coupling quarkq to the Z gauge

boson. Only the vector part of the current contributes and
find

M V0→n l n̄ l
.

2GF

A2
hVū~k!eV

mGm
L v~ k̄!. ~21!

Using the measured electromagnetic transitionsV0→ l 1l 2

(V05r0,v,f) as input, we find for the couplinghV

uhVu55
~3/222sw

2 !Mf
2 / f f.0.112 GeV2 ~V5f!,

~9/822sw
2 !M r

2/ f r23Mv
2 /8f v

.0.107 GeV2 ~V5r!,

2~9/822sw
2 !Mv

2 / f v13M r
2/8f r

.0.008 GeV2 ~V5v!,

~22!

where we adopt the numerical values off f , f r , f v listed in
Ref. @21#.

The corresponding transition amplitude for the no
leptonicD decay process is then

MD→Pn l n̄ l

(V0)
5GF

2MD
2 1

q22~MV2 iGV/2!2

3F~q2!hV~q2!ū~k!p8•gGLv~ k̄!, ~23!

whereq[p2p85k1 k̄ is the four-momentum carried by th
virtual vector meson andF(q2) appears in theD→V0P am-
plitude. We find for theq2 distribution

FIG. 3. Some long distance contributions.
9-6



nt

t

A
ig
t
e
in

e
-

e
ol

e

-

ive

ion
a

n-

icle
o-

-
ted

al
o-

phs

w

RARE CHARM DECAYS IN THE STANDARD MODEL AND . . . PHYSICAL REVIEW D66, 014009 ~2002!
dGD→Pn l n̄ l

dq2
5

GF
4MD

4

192p3

up8u

MD
2

F2~q2!hV
2~q2!

~q22MV
2 !21GV

2MV
2

3S ~q•p8!22
q2MV

2

4 D . ~24!

We have used data from non-leptonic decays i
pseudoscalar-vector final states (D→P1V0) to serve as in-
put for D1→p1n l n̄ l (r0 pole), D0→ k̄0n l n̄ l (r0,v,f
poles) andDs

1→p1n l n̄ l (v,f poles). Taking the larges
contributor in each category, we obtain

Br D1→p1nn̄.5.1310216 ~V5r0!

Br D0→ k̄0nn̄.2.4310213 ~V5f!

Br D
s
1→p1nn̄.7.8310215 ~V5f!, ~25!

where we have summed over the three neutrino flavors.
though this analysis pertains to just the amplitudes of F
3~a!, we believe our results reflect the order of magnitude
be expected for other hadronic intermediate states as w
All such processes lead to unmeasurably small branch
ratios.

There will also be amplitudes with single lepton interm
diate states, as in Fig. 3~b!. For electron and muon interme
diate states, the amplitude forD(p)→P(p8)n l(k) n̄ l( k̄) is
reducible to

MD→Pn(e,m)n̄(e,m)

( lept.)
522GF

2VudVcd* ū~k!p•gGLv~ k̄!

1O~m(e,m)
2 !. ~26!

These lead to the branching ratios

Br D1→p1n(e,m)n̄(e,m)
.1.8310216,

Br D
s
1→p1n(e,m)n̄(e,m)

.3.8310215, ~27!

which are again too small for detection.
There remains the case in whicht1 propagates as th

intermediate state. This differs from the above cases inv
ing e andm propagation in that for part of thent-n̄t phase
space, the intermediatet1 is on the mass shell. The mod
Ds

1→t11nt has been observed2 with Br D
s
1→t11nt

5(7

64)% whereasD1→t11nt has not~the predicted branch
ing ratio is Br D1→t11nt

.9.2 1024). Once the on-shellt1

has been produced, its branching ratio to decay into a g
meson can be appreciable, e.g.,Br t→r1n̄t

.0.25, Br t→p1n̄t

.0.11, etc. Such transitions, although involving product
of a nn̄ pair in the final state, should be measurable atB
and/or charm factory.

2In this experiment, only the leptonic decay modet1→ ln l n̄t was
detected@24#.
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C. Two photon emissionD0\gg

The amplitude for the transition D0(p)
→g(q1 ,l1)g(q2 ,l2) can be expressed as

M D0gg5em
† ~1!en

†~2!@~q1
nq2

m2q1•q2gmn!CD0gg

1 i emnabq1aq2bBD0gg#. ~28!

The invariant amplitudesBD0gg andCD0gg areP-conserving
and P-violating, respectively, and carry units of inverse e
ergy. They contribute to theD0→gg branching ratio as

Br D0→gg5
MD

3 tD0

64p
@ uBD0ggu21uCD0ggu2#. ~29!

The amplitude in Eq.~28! is sometimes written in the
equivalent form

M D0gg5
CD0gg

2
F1

mnBD0ggF2mn1 i
BD0gg

2
F1mnF̃2mn ,

~30!

whereFmn[ i (qmen2qnem) and F̃mn[emnabFab/2.

1. The short distancecontribution cū\gg

Consider the quark level transitionc→ugg. This can
arise via one-particle irreducible~1PI! processes in which
both photons arise from the interaction vertex or one-part
reducible~1PR! processes in which at least one of the ph
tons is radiated from the initial statec quark or final stateu
quark.

To estimate thec→ugg amplitude, we employ an ap
proximation which makes use of known results on the rela
processc→ug. According to Ref.@6#, the two-loopc→ug
vertex is

M cug
(s.d.)5

4GFe

A216p2
AmcsmnGRFmn, ~31!

whereuAu.0.0047. Keeping in mind that there are addition
diagrams which must be accounted for in a complete tw
loop analysis, we shall use this as input to the 1PR gra
depicted in Fig. 4. The dominant contribution to thec
→ugg amplitude involves photon emission from theu quark.
To ensure that the effect is indeed ‘‘short range,’’ we follo
the locality procedure employed in Ref.@25#. This yields for
cū→gg the amplitude

FIG. 4. 1PR contributions toc→ugg.
9-7
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uBD0gg
(s.d.) u5uCD0gg

(s.d.) u5
GFa

3A2p

mc

MD2mc
f DuAu, ~32!

resulting in the branching ratio

Br D0→gg
(s.d.) .3310211, ~33!

for the choiceMD2mc.0.3 GeV.

2. Long distance contributions to D0\gg

We shall model long-distance contributions to theD0

→gg amplitude using the vector meson dominance~VMD !
mechanism and the unitarity constraint. The latter can o
be done in a limited context since there will be many unit
ity contributions. We will consider several one-particle inte
mediate states~as used inK→gg decays! as well as the
two-particleK1K2 intermediate state.

a. Vector meson dominance.One can view~cf. Fig. 5! the
D0→gg amplitude as the single vector meson dominan
~VMD ! process

D0→g1(
k

Vk
0* →g1g. ~34!

We have previously used the VMD mechanism to model
general single-photon emissionD→M1g (M is some non-
charm meson! @5#. It is straightforward to extend our analys
to the D0→gg mode, as long as care is taken in theD0

→gg amplitude to ensure gauge invariance and Bo
Einstein statistics. The amplitudes used in theD0(p)
→V0(k)1g(q) transition are defined as

MDVg5eV
m†~k,lV!eg

n†~q,lg!@CV~knqm2k•qgmn!

1 iBVemnabkaqb#. ~35!

The VMD amplitude that we calculate is therefore of t
form

FIG. 5. Vector dominance~VMD ! contribution.

FIG. 6. Weak mixing contribution.
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BD0gg
(vmd)

5(
i

2e

f Vi

BVi
h i ,

CD0gg
(vmd)

5(
i

2e

f Vi

CVi
h i , ~36!

where f V is the coupling for theV02g conversion ampli-
tude, the index ‘‘i ’’ refers to the specific vector meso
(r0,v0,f0) andh i is a factor accounting for the VMD ex
trapolation made inq2. We takeh i.1/2 as a reasonabl
choice.

The values in Table II are somewhat lower than tho
which would be obtained from theVg amplitudes in Ref.@5#.
The main reason for this is the central value forBr D0→fr0,
which is a numerically significant input to the VMD calcu
lation cited in the Particle Data Group compilation, has d
creased by a factor of about three between 1994 and 2
Using the central values in Table II and assuming posit
interference between the various amplitudes to provide
maximal VMD signal gives the branching ratio

Br D0→gg
(vmd)

5~3.522.6
14.0!31028. ~37!

b. Single-particle unitarity contribution.In this category
of amplitudes~cf. Fig. 6! theD0 mixes with a spinless meso
~either a pseudoscalarPn or a scalarSn) and finally decays
into a photon pair,

BD0gg
(mix)

5(
Pn

^PnuH wk
(p.c.)uD0&

1

MD
2 2M P

n
2
BPngg

CD0gg
(mix)

5(
Sn

^SnuH wk
(p.v.)uD0&

1

MD
2 2MS

n
2
CSngg .

~38!

Let us consider two distinct kinds of contributions,BD0gg
mix

5BD0gg
(gnd)

1BD0gg
(res) :

~1! If the spinless meson is a ground-state particle (p0, h
or h8),3 we have

3The kaon intermediate state is disfavored due to the smaK
→gg branching ratio.

TABLE II. VMD amplitudes (1028 GeV21).

D0→V0g BD0gg
vmd CD0gg

vmd

D0→r0g 0.036(160.7) 0.045(160.3)
D0→v0g 0.011(160.5) 0.012(160.5)
D0→f0g 0.047(160.7) 0.036(160.4)
9-8
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BD0gg
gnd

52
GFa2f Da

A2p
F jd

A2

Mp
2

MD
2 2Mp

2 1
2js2jd

3A2

3 (
k5h,h8

Mk
2

MD
2 2Mk

2 f k~u!G , ~39!

where a2.20.55, u.220°, f h(u)[cos2u
22A2sinu cosu and f h8(u)[sin2u12A2sinu cosu. The
above parametrization for the two-photon vertices agr
with the values determined experimentally,

BPngg5H 0.0249 GeV21 ~p0!

0.0275 GeV21 ~h!

0.0334 GeV21 ~h8!.

~40!

BD0gg
gnd is seen to vanish, as it must, in the limit of SU~3!

flavor symmetry~there ^h8uH wk
(p.c.)uD0&50 and thep0, h

contributions cancel!. From Eq.~29!, we obtain the branch
ing ratio

Br D0→gg
gnd .3310211. ~41!

~2! If the intermediate meson is a spinless resonanceR0,
the decay chain becomesD0→R0→gg. Since little is yet
known about meson excitations, both the weak mixing a
plitudes and the two-photon emission amplitudes must
modeled theoretically. TheD0-to-resonance weak matrix e
ement will depend upon the flavor structure ofR0, e.g.

^R0uH wk
(p.c.)uD0&

52
GFa2f D

A2 H jdf R /A2 @R05~ ūu2d̄d!/A2#

jsf R ~R05 s̄s!

Vcd* Vusf R ~R05 s̄d!,

~42!

where the flavor content ofR0 is in parentheses and est
mates for resonance decay constantsf R are given in Ref.@3#.
TheR0→gg mode has been observed for a number of re
nances and has typical branching ratiosBr R0→gg
5O(1025) for MR.1→1.3 GeV, decreasing toBr R0→gg
5O(1026) for MR>1.5 GeV.

For a concrete example of the resonance mechanism
chooseR05p(1800) and assumeBr p(1800)→gg.1026. The
resultingD0→gg branching ratio is

Br D0→gg
R05p(1800);10210. ~43!

FIG. 7. Unitarity contributions:~a! K1K2, ~b! K* 1K* 2.
01400
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c. Two-particle unitarity contribution.In a factorization
approach, theD0→K1K2 amplitude~cf. Fig. 7! is

M D0K1K25
GFMD

2

A2
VcsVus* f F S 12

MK
2

MD
2 D f 1~MK

2 !

1
MK

2

MD
2 f 2~MK

2 !G , ~44!

where f 6 are form factors andf is a constant containing
information about QCD corrections and the kaon decay c
stant. A fit to the measuredD0→K1K2 decay rate yields

f F S 12
MK

2

MD
2 D f 1~MK

2 !1
MK

2

MD
2 f 2~MK

2 !G5141 MeV.

~45!

Similar to theBs system@26#, the K1K2 intermediate state
contributes via unitarity to only the amplitudeC of Eq. ~28!
and is proportional to precisely the same combination
form factors appearing in Eq.~45!,

Im CD0gg
(K1K2)

52a
MK

2

MD
4 A124MK

2 /MD
2 M D0K1K2, ~46!

from which we obtain

Br D0→gg
(K1K2);0.731028. ~47!

d. Summary of D0→gg. Considered together, the abov
examples lead us to anticipate a branching ratio in the ne
borhood of 1028. Our maximal~i.e., constructive interfer-
ence! VMD signal has a central valueBr D0→gg

(vmd) .3.5
31028. The recent work of Ref.@27# provides an indepen
dent estimate of theD0→gg transition and obtains a simila
order-of-magnitude result.

D. Lepton-antilepton emissionD0\ l¿lÀ

The general form for the amplitude describingD0(p)
→ l 1(k1 ,s1) l 2(k2 ,s2) is

M D0→ l 1 l 25ū~k2 ,s2!@AD0l 1 l 21g5BD0l 1 l 2#

3v~k1 ,s1!, ~48!

and the associated decay rate is

GD0→ l 1 l 25
MD

8p
A124

ml
2

MD
2 F uAD0l 1 l 2u2

1S 124
ml

2

MD
2 D uBD0l 1 l 2u2G . ~49!
9-9
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1. Short distance contributions cu\̄ l¿lÀ

The short distance@O(as) corrected# transition amplitude
is given by@14#

BD0l 1 l 2
(s.d.) .

GF
2MW

2 f Dml

p2 F, ~50!

where

F5 (
i 5d,s,b

VuiVci* Fxi

2
1

as

4p
xi•S ln2xi1

41p2

3 D G , ~51!

with xi5mi
2/MW

2 . The amplitudeAD0l 1 l 2 vanishes due to
the equations of motion. The explicit dependence on lep
mass in the decay amplitude overwhelmingly favors
m1m2 final state over that ofe1e2. Upon employing the
quark mass valuesmd.0.01 GeV, ms.0.12 GeV, mb
.5.1 GeV, the Wolfenstein CKM parametersl.0.22, A
.0.82, r.0.21, h.0.35 and the decay constantf D

.0.2 GeV, we obtain the branching fractionBr D0→m1m2
s.d.

.10218.

2. Long distance contributions to D0\ l¿lÀ

In the following, we consider two long distance unitari
contributions~cf. Fig. 8! which lead toD0→ l 1l 2 transi-
tions. In each case, the decay amplitude is dependent on
lepton mass, and thus we shall provide numerical branch
ratios only for the caseD0→m1m2.

a. Single-particle unitarity contribution.The single-
particle ‘‘weak-mixing’’ contribution toD0→ l 1l 2 can be
estimated in a manner like that considered for theD0→gg
transition @cf. Eq. ~38!#. For definiteness, we consider th
D0→ l 1l 2 parity-conserving amplitudeBD0l 1 l 2 @see Eq.
~48!#,

BD0l 1 l 2
(mix)

5(
Pn

^PnuH wk
(p.c.)uD0&

1

MD
2 2M P

n
2
BPnl 1 l 2, ~52!

and we write BD0l 1 l 2
(mix)

5BD0l 1 l 2
(gnd)

1BD0l 1 l 2
(res) for the ground

state (p0,h,h8) and resonance contributions.
There is little known regarding thePnm1m2 (Pn

5p0,h,h8) vertices. In the following, we assume the
quantities have the same flavor structure as the corresp

FIG. 8. Unitarity contributions:~a! One-particle. ~b! Two-
particlegg.
01400
n
e

the
g

d-

ing Pngg vertices described earlier,4 and obtain the overal
Pnm1m2 normalization from the measuredh→m1m2

mode. From this we predict for theh8(960)→m1m2 mode
a branching ratioBr h8m1m2.5.631027, well below the cur-
rent boundBr h8m1m2,1024. The ground state contribution
is then

BD0l 1 l 2
(gnd)

52
GFa2f DBPm1m2

A2
F jd

A2

Mp
2

MD
2 2Mp

2

1
2js2jd

3A2

Mh
2

MD
2 2Mh

2

3~cos2u22A2sinu cosu!

1
2js2jd

3A2

Mh8
2

MD
2 2Mh8

2

3~sin2u12A2sinu cosu!G , ~53!

with BPm1m253.4731025. This leads to the branching rati

Br D0→ l 1 l 2
(gnd) .2.5310218. ~54!

There can also, in principle, be intermediate state con
butions from JP506 neutral resonances$R0%. Using the
D0-to-R0 mixing amplitude already obtained in Eq.~42! and
again identifying the resonanceR0 asp(1800), we find

Br D0→ l 1 l 2
„p(1800)… .1.831023

Gp(1800)l 1 l 2

Mp(1800)

51.831023Br p(1800)→ l 1 l 2. ~55!

Upon assuming Br p(1800)→ l 1 l 2510212 as our default
branching ratio, we obtain

Br D0→ l 1 l 2
(p(1800)).5.0310217

Br p(1800)→ l 1 l 2

10212
. ~56!

Although possibly enhanced relative to the light-meson p
contributions, the result is still unmeasureably small.

b. The two-photon unitarity contribution.In the KL
→e1e2 transition, the two-photon intermediate state
known to play an important role. Let us therefore consid
the contribution of this intermediate state forD0→ l 1l 2,

4This ensures that our expression will vanish in the limit of SU~3!
flavor symmetry.
9-10
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RARE CHARM DECAYS IN THE STANDARD MODEL AND . . . PHYSICAL REVIEW D66, 014009 ~2002!
Im M D0→ l 1 l 2

5
1

2! (
l1 ,l2

E d3q1

2v1~2p!3

d3q2

2v2~2p!3 ~57!

3MD→ggMgg→ l 1 l 2* ~2p!4d (4)~p2q12q2!. ~58!

Upon inserting the general form of theD0→gg appearing in
Eq. ~30!, we obtain

Im AD0l 1 l 2
(gg)

5amlBD0ggln
MD

2

ml
2 ,

Im BD0l 1 l 2
(gg)

5 iamlCD0ggln
MD

2

ml
2 . ~59!

We find

Br D0→m1m2
(gg) .2.731025Br D0→gg . ~60!

c. Summary of D0→m1m2. The largest of our estimates
the two-photon unitarity component, for the long distan
contribution toD0→m1m2 favors a branching ratio some
where in excess of 10213. More generally, it scales as 2.
31025 times the branching ratio forD0→gg. With the es-
timateBr D0→gg>1028 arrived at in the previous section, w
therefore anticipate a branching ratio forD0→m1m2 of at
least 3310213.

III. POTENTIAL FOR NEW PHYSICS CONTRIBUTIONS

As discussed in the Introduction, the charm system p
vides a unique laboratory to probe physics beyond the s
dard model as it offers a complementary probe of physic
that attainable from a study of rare processes in the do
quark sector. As we found in Sec. II, short distance SM c
tributions to rare charm decays are quite small due to
effectiveness of the GIM mechanism, and most reactions
dominated by long range effects. However, we saw that
some reactions there exists a window for the potential ob
vation of new short distance effects, in particular for spec
regions of the invariant dilepton mass spectrum inD
→Xl1l 2. Indeed in some cases it is precisely because
SM rates are so small that charm provides an untapped
portunity to discover new effects and offers a detailed tes
the SM in the up-quark sector.

In this section we delineate some new physics possib
ties, motivated by supersymmetric, grand-unified, extra
mensional, or strongly coupled extensions of the SM, wh
give rise to observable effects in rare charm transitions
some cases, we find that present experimental limits on th
channels already constrain the model parameter space.

A. Supersymmetry and rare charm decays

We first examine the effects of supersymmetry~SUSY! in
rare charm decays, concentrating on the exclusive modeD
→p l 1l 2 and D→r l 1l 2. Weak scale supersymmetry is
possible solution to the hierarchy problem and as such
01400
e

-
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well motivated theory of physics beyond the SM. We co
sider the general case of the unconstrained version of
minimal supersymmetric extension of the standard mo
where no particular SUSY breaking mechanism is assum
and investigate the two scenarios whereR parity is conserved
or violated. Imposing the constraints on the SUSY parame
space from current data, we find that in both cases, the
persymmetric contributions to these decay channels can
quite large, particularly in the low dilepton mass region~i.e.,
below mr!.

1. Minimal supersymmetric standard model

The minimal supersymmetric standard model~MSSM! is
the simplest supersymmetric extension of the SM and
volves a doubling of the particle spectrum by putting all S
fermions in chiral supermultiplets, as well as the SM gau
bosons in vector supermultiplets. In our discussion, we
not assume any particular supersymmetry breaking me
nism, but rather use a parametrization of all possible s
SUSY breaking terms. A large number, of order 100, of n
parameters is then introduced. The soft supersymm
breaking sector generally includes three gaugino masse
well as trilinear scalar interactions, Higgs boson and s
mion masses. Supersymmetry contains many poten
sources for flavor violation. In particular, if we choose
rotate the squark fields by the same matrices that diagona
the quark mass matrices, then the squark mass matrice
not diagonal. In this super-CKM basis, squark propagat
can be expanded so that non-diagonal mass terms resu
mass insertions that change the squark flavor@28,29#. These
mass insertions can be parametrized in a model indepen
fashion via

~d i j
u !ll85

~Mi j
u !ll8

2

Mq̃
2 , ~61!

whereiÞ j are generation indices,l,l8 denote the chirality,
(Mi j

u )2 are the off-diagonal elements of the up-type squ
mass matrix, andMq̃ represents the average squark ma
The exchange of squarks in loops thus leads to FC
through diagrams such as the one depicted in Fig. 9. T
source of flavor violation can be avoided in specific SUS
breaking scenarios such as gauge mediation or anomaly
diation, but is present in general. It appears, for instance
SUSY breaking is mediated by gravity.

The MSSM contributions to loop mediated processes
addition to those of the SM are gluino-squark exchan
chargino or neutralino-squark exchange and charged Hig
quark exchange. This last contribution carries the same C

FIG. 9. A typical contribution toc→u FCNC transitions in the
MSSM. The cross denotes one mass insertion (d12

u )ll8 , with
l,l85L,R.
9-11
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structure as in the SM loop diagram and is proportiona
the internal and external quark masses; it thus leads to s
effects in rare charm transitions and we neglect it here.
gluino-squark contribution proceeds via flavor diagonal v
tices proportional to the strong coupling constant and in p
ciple dominates the CKM suppressed, weak-scale stre
chargino or neutralino-squark contributions. We thus o
consider the case of gluino-squark exchange here as an
mate of the potential size of supersymmetric effects in r
charm decays. We note that the analogous gluino contr
tions to rareK and B transitions have led to strong unive
sality constraints on the chargedQ521/3 squark sector
@30#. Here, we examine the level at which the correspond
constraints can be obtained in the chargedQ512/3 squark
sector once data accumulates atB and charm factories.

Within the context of the mass insertion approximati
the effects are included in the Wilson coefficients cor
sponding to the decayD→Xl1l 2 via

Ci5Ci
SM1Ci

g̃ , ~62!

for i 57,9,10. Allowing for only one insertion, the explic
contributions from the gluino-squark diagrams are@31,32#

C7
g̃52

8

9

A2

GFMq̃
2 pas H ~d12

u !LL

P132~u!

4

1~d12
u !LRP122~u!

Mg̃

mc
J , ~63!

and

C9
g̃52

8

27

A2

GFMq̃
2 pas ~d12

u !LLP042~u!, ~64!

with the contribution toC10 vanishing at this order due to th
helicity structure. If we allow for two mass insertions, the
is a contribution toC9,10 given by

C10
g̃ 52

1

9

as

a
~d22

u !LR~d12
u !LRP032~u!

52
C9

g̃

124sin2uW
. ~65!

Here,u5Mg̃
2/Mq̃

2 and the functionsPi jk(u) are defined as

Pi jk~u![E
0

1

dx
xi~12x! j

~12x1ux!k
. ~66!

In addition, the operator basis can be extended by
‘‘wrong chirality’’ operatorsÔ7 , Ô9 and Ô10, obtained by
switching the quark chiralities in Eqs.~6! and ~7!. The
gluino-squark contributions to the corresponding Wilson
efficients are
01400
o
all
e
-
-
th

y
sti-
e
u-

g

-

e

-

Ĉ7
g̃52

8

9

A2

GFMq̃
2 pas H ~d12

u !RR

P132~u!

4

1~d12
u !LRP122~u!

Mg̃

mc
J , ~67!

Ĉ9
g̃52

8

27

A2

GFMq̃
2 pas ~d12

u !RRP042~u!

2~124sin2uW!Ĉ10
g̃ ,

Ĉ10
g̃ 52

1

9

as

a
~d22

u !LR~d12
u !LRP032~u!,

where the expression forĈ10
g̃ is again obtained with a doubl

insertion.

As was noted in Refs.@31,32#, in bothC7
g̃ andĈ7

g̃ the term
in which the squark chirality labels are mixed introduces
enhancement factorMg̃ /mc . In the SM the chirality flip
which appears inO7 occurs by a flip of one external quar
line, resulting in a factor ofmc included in the operator’s
definition.5 However, in the gluino-squark diagram, the i
sertion of (d12

u )RL forces the chirality flip to take place in th
gluino line, thus introducing aMg̃ factor instead ofmc . This
yields a significant enhancement in the short distance co
butions to the processD→Xug @32#, which is unfortunately
obscured by the large long range effects.

The most stringent bounds that apply to the non-unive
soft breaking terms (d12

u )ll8 come from the experimenta

searches forD02D̄0 mixing.6 The current CLEO limit@8#
implies @32#

1

2 H S DmD

GD0
D 2

cosd1S DGD

2GD0
D 2

sindJ ,0.04%, ~68!

where d is a strong relative phase between the Cabib
allowed and the doubly Cabibbo-suppressedD0→Kp de-

5The mu term, proportional to the (12g5) in the operator, is
neglected.

6Limits obtained from charge and color breaking~CCB! and
bounding the potential from below~UFB! @33# apply to the trilinear
terms but not to the squark mass terms. Thus, unless the sq
mass matrices are kept diagonal, CCB and UFB arguments ca
be used to constrain the non-universal mass insertions.

TABLE III. Bounds on (d12
u )LL , (d12

u )LR from D02D̄0 mixing
@32# ~neglecting the strong phase!. All constraints should be multi-
plied by (Mq̃/500 GeV).

Mg̃
2/Mq̃

2 (d12
u )LL (d12

u )LR

0.3 0.03 0.04
1.0 0.06 0.02
4.0 0.14 0.02
9-12
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cays. Neglecting this phase results in the constraints obta
in Ref. @32#, which we collect in Table III. These bound
were obtained assuming that (d12

u )RR50 and (d12
u )LR

5(d12
u )RL ; these assumptions are found to be numerica

unimportant.
In order to estimate the effects inc→um1m2 transitions

from the gluino contributions, we need to specifyMg̃ and
Mq̃ . We consider four sample cases:~I! Mg̃5Mq̃
5250 GeV; ~II ! Mg̃52 Mq̃5500 GeV; ~III ! Mg̃5Mq̃
51000 GeV and~IV ! Mg̃5(1/2) Mq̃5250 GeV. We first
examineD1→p1e1e2. In Fig. 10 we show the dilepton
mass distribution as a function of the dilepton mass.
though the net effect is relatively small in the integrated r
~an increase.20% or smaller!, the enhancement due to th

FIG. 10. The dilepton mass distribution forD1→p1e1e2

~normalized toGD1) in the MSSM with non-universal soft breakin
effects. The solid line is the SM;~I! Mg̃5Mq̃5250 GeV;~II ! Mg̃

52 Mq̃5500 GeV; ~III ! Mg̃5Mq̃51000 GeV and ~IV ! Mg̃

5(1/2) Mq̃5250 GeV.

FIG. 11. The dilepton mass distribution forD→r0e1e2 ~nor-
malized toGD0) in the MSSM with non-universal soft breakin
effects. The solid line is the SM;~I! Mg̃5Mq̃5250 GeV;~II ! Mg̃

52 Mq̃5500 GeV; ~III ! Mg̃5Mq̃51000 GeV and ~IV ! Mg̃

5(1/2) Mq̃5250 GeV.
01400
ed

y

-
e

SUSY contributions is most conspicuous away from the v
tor resonances, particularly for low dilepton masses. Exp
ments sensitive to the dilepton mass distribution at the le
of 1027– 1028 can detect these SUSY contributions. How
ever, the decays to a vector meson, such asD→re1e2, are
more sensitive to the gluino exchange, as can be seen
Fig. 11. The effect is quite pronounced and almost entir
lies in the lowmee region. This is mostly due to the contr
butions of (d12

u )RL to C7 andĈ7 in Eqs.~63! and~67!, which
contain theMg̃ /mc enhancement as discussed above. T
effect is intensified at lowq25mee

2 due to the photon propa
gator @see, for instance, Eq.~12! for the inclusive decays#.
This low q2 enhancement of theO7 contribution is present in
exclusive modes with vector mesons such asD→r l 1l 2, but
not in modes with pseudoscalars, such asD→p l 1l 2, since
gauge invariance forces a cancellation of the 1/q2 factor in
the latter case@e.g., see Eq.~15!#. This is apparent from a
comparison of the low dilepton mass regions in Figs. 10 a
11.

We conclude that theD→r l 1l 2 decays are considerabl
sensitive to non-universal soft breaking in the MSSM. T
largest effect is obtained in case~IV ! ~dashed line in Fig. 11!
and yieldsBr D0→r0e1e2.1.331025, which is roughly a fac-
tor of five times larger than the SM prediction given in Se
II A 2. The current experimental bound on this channel
@34# Br D0→r0e1e2

exp
,1.231024. For muon final states, the

somewhat more stringent constraintBr D0→r0m1m2
exp

,2.2
31025 should be compared toBr D0→r0m1m2.1.331026

obtained in case~IV !. Thus, searches for rare charm deca
with sensitivities of 1026 and better will soon constrain th
MSSM parameter space or observe an effect.

2. R-parity violation

The assumption ofR-parity conservation in the MSSM
prohibits baryon and lepton number violating terms in t
super-potential. However, other symmetries can be invo
to prohibit rapid proton decay, such as baryon parity or le
ton parity @35#, and hence allow forR-parity violation. The
R-parity violating super-potential can be written as7

WRp
5eabH 1

2
l i jkLi

aL j
bĒk1l i jk8 Li

aQj
bD̄k

1
1

2
eabgl i jk9 Ū i

aD̄ j
bD̄k

gJ , ~69!

whereL, Q, Ē, Ū and D̄ are the chiral super-fields in th
MSSM. The SU(3) color indices are denoted bya,b,g
51,2,3, theSU(2)L indices bya,b51,2 and the generation
indices arei , j ,k51,2,3. The fields in Eq.~69! are in the
weak basis. Thel i jk8 term is the one which is relevant for th
rare charm decays we consider here as it can give ris
tree-level contributions through the exchange of squarks
decay channels such asD→Xl1l 2, D→ l 1l 2, as well as the

7We ignore bilinear terms which are not relevant to our discuss
of FCNC effects.
9-13
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lepton-flavor violatingD→Xm1e2 and D→m1e2 modes.
Before considering the FCNC effects inD decays, we need
to rotate the fields to the mass basis. This leads to

WRp
5l̃ i jk8 @NiVjl Dl2EiU j #D̄k1••• ~70!

whereV is the CKM matrix and we define

l̃ i jk8 [l irs8 U r j
L D sk*

R . ~71!

Here, U L and D R are the matrices used to rotate the le
handed up- and right-handed down-quark fields to the m
basis. Written in terms of component fields, this interact
now reads

Wl85l̃ i jk8 $Vjl @ ñL
i d̄R

k dL
l 1d̃L

l d̄R
k nL

i 1~ d̃R
k !* ~ n̄L

i !cdL
l #2ẽL

i d̄R
k uL

j

2ũL
j d̄R

k eL
i 2~ d̃R

k !* ~ ēL
i !cuL

j %. ~72!

The last term in Eq.~72! can give rise to the processesc

→ull (8) at tree level via the exchange of a down squa
This leads to effects that are proportional tol̃ i2k8 l̃ i1k8 with i
51,2 ~due to kinematical restrictions!.

Constraints on these coefficients have been derived in
literature@36#. For instance, tight bounds are obtained in R
@37# from K1→p1nn̄ by assuming that only oneR-parity
violating coupling satisfiesl̃ i jk8 Þ0. We update this bound b
using the latest experimental result@38# Br K1→p1nn̄

5(1.5720.82
11.75)310210, which yields l̃ i jk8 ,0.005. However,

this bound can be avoided in the single coupling sche
@37#, where only oneR-parity violating coupling is taken to
be non-zero in the weak basis. In this case, it is possible
flavor rotations may restrict theR-parity breaking induced
flavor violation to be present in either the charge21/3 or
12/3 quark sectors, but not both. Then large effects are p
sible in the up sector for observables such asD0-D̄0 mixing
and rare decays without affecting the down-quark sector
Ref. @37# a rather loose constraint on theR-parity breaking
couplings is obtained fromD0 mixing, which could result in
large effects inc→ull (8) decays. Here, we will take a con
servative approach and make use of more model-indepen
bounds. The constraints on theR-parity breaking couplings
for the processes of interest here are collected in Table
from Ref. @36#. The charged current universality bounds a
sume three generations. Thep decay constraint is given b
the quantityRp5Gp→en /Gp→mn . The limits obtained from
D→Kln were first obtained in Ref.@39#.

TABLE IV. Most stringent (2s) bounds for theR-parity viola-
tion couplings entering in rareD decays, from~a! charged current
universality,~b! Rp and ~c! D→Kln. See Ref.@36# for details. All
numbers should be multiplied by (md̃

R
k /100 GeV).

l̃11k8 l̃12k8 l̃21k8 l̃22k8

0.02(a) 0.04(a) 0.06(b) 0.21(c)
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We first consider the contributions toc→ul1l 2. The tree
level exchange of down squarks results in the effective in
action

dHeff52
l̃ i2k8 l̃ i1k8

md̃
R
k

2 ~ l L!ccL ūL~ l L!c, ~73!

which after Fierz rearranging gives

dHeff52
l̃ i2k8 l̃ i1k8

2md̃
R
k

2 ~ ūLgmcL!~ l̄ Lgml L!. ~74!

This corresponds to contributions to the Wilson coefficie
C9 andC10 at the high energy scale given by

dC952dC105
sin2uW

2a2 S MW

md̃
R
k
D 2

l̃ i2k8 l̃ i1k8 . ~75!

If we now specifyl 5e and use the bounds from Table IV w
arrive at the constraint

dC9
e52dC10

e <1.10S l̃12k8

0.04
D S l̃11k8

0.02
D . ~76!

Notice that these are independent of the squark mass, w
cancels. Taking this upper limit on the Wilson coefficien
results in the dot-dashed lines of Figs. 1 and 2 correspond
to D1→p1e1e2 and D0→r0e1e2, respectively. The ef-
fect in these rates is small, of order 10% at most, whereas
experimental bounds are a factor of 20 above this level in
best case~given by the pion mode!.

On the other hand, forl 5m we obtain

FIG. 12. The dilepton mass distribution forD1→p1m1m2

normalized toGD1. The solid line shows the sum of the short an
the long distance SM contributions. The dashed line includes
allowed R-parity violating contribution from supersymmetry~see
text for details!.
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dC9
m52dC10

m <17.4S l̃22k8

0.21
D S l̃21k8

0.06
D . ~77!

These upper limits already saturate the experimental bou
of Br D1→p1m1m2

exp
,1.531025 and Br D0→r0m1m2

exp
,2.2

31025 from Refs.@34,40# Thus we derive the following new
constraint on the product ofR-parity violating couplings:

l̃22k8 l̃21k8 ,0.004, ~78!

which arises from theD1→p1m1m2 mode. This allows for
potentially large effects in both ther and p channels as is
illustrated in Figs. 12 and 13.

In Fig. 12 we display the dimuon mass distribution as
function of the dimuon mass forD1→p1m1m2. The solid
line, corresponding to the SM prediction and including bo
the short and long distance pieces, is clearly dominated
the latter through the presence of the vector meson r
nances as discussed above. The dashed line includes the
tribution of R-parity violation, taking theR-parity violating
coefficients to saturate the above bound in Eq.~78!. It can be
seen thataway from the resonancesthere is an importan
window for the discovery of R parity violation in SUSY
theories. The situation is similar in theD0→r0m1m2 distri-
bution, shown in Fig. 13. Here, the dashed line is again
tained by making use of the bound in Eq.~78!. This results in
an upper bound for theR-parity violating effect given by

Br
D0→r0m1m2

RP” , 8.731026, which is still below the experi-

mental limit @40# Br D0→r0m1m2
exp

, 2.231025.
In addition to the dilepton mass distribution, this dec

mode also contains angular information as discussed in
III A 1. For instance, we can define the forward-backwa
asymmetry for leptons as

FIG. 13. The dilepton mass distribution forD0→r0m1m2 nor-
malized toGD0. The solid line shows the sum of the short and t
long distance SM contributions. The dashed line includes the
lowedR-parity violating contribution from supersymmetry~see text
for details!.
01400
ds

a

y
o-
on-
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c.

AFB~q2!5

E
0

1 d2G

dxdq2
dx2E

21

0 d2G

dxdq2
dx

dG

dq2

, ~79!

wherex[cosu, with u being the angle between thel 1 and
the decayingD meson in thel 1l 2 rest frame. Expression
for the angular distributiondG/dxdq2 can be found in Ref.
@41# for the inclusive case and in Ref.@42,43# for the exclu-
sive modes. In the SM,AFB(q2) in D0→r0l 1l 2 is negligi-
bly small throughout the kinematic region. The reason
this can be seen by inspecting the numerator of the asym
try @42#

AFB~q2!;4mDkC10H C9
effg f1

mc

q2
C7

eff~ f G2gF!J ,

~80!

wherek is the vector meson three-momentum in theD rest
frame, andf, g, F andG are various form factors. Since th
SM amplitude is dominated by the long distance vector
termediate states, we haveC9

eff@C10. New physics contribu-
tions that makeC10.C9

eff will hence generate a sizabl
asymmetry. This is illustrated in the case at hand ofR-parity
violating supersymmetry. For instance, again setting the c
pling to the values given in Eq.~78!, we present the forward
backward asymmetry forD0→r0m1m2 in Fig. 14. In order
to compute the asymmetry, we make use ofD0→K* ln form
factors, together withSU(3) symmetry and heavy quarkspin
symmetry.8 This gives a bound on the integrated asymme
of I FB

mm.0.15. ForD0→r0e1e2, we get I FB
ee .0.08. Super-

symmetry could thus produce very sizable asymmetries
general, any non-zero value ofAFB(q2) that is measured
should be interpreted as arising from new physics. The
fective interactions of Eq.~73! also lead to a contribution to

8See the first reference cited in Ref.@42#.

l-

FIG. 14. The lepton forward-backward asymmetry forD0

→r0m1m2 for the bound of Eq.~78! ~see text for details!.
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TABLE V. Comparison of various decay modes between the SM and R parity violation. The third co
shows how large the R parity violating effect can be. The experimental limits are from Refs.@15,34,40#.

Decay mode SM R” p Expt. limit

D1→p1e1e2 2.031026 2.331026 5.231025

D0→r0e1e2 1.831026 5.131026 1.031024

D1→p1m1m2 1.931026 1.531025 1.531025

D0→r0m1m2 1.831026 8.731026 2.331024

D0→m1m2 3.0310213 3.531026 4.131026

D0→e1e2 10223 1.0310210 6.231026

D0→m1e2 0 1.031026 8.131026

D1→p1m1e2 0 3.031025 3.431025

D0→r0m1e2 0 1.431025 4.931025
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the two-body decayD0→m1m2. TheR-parity violating con-
tribution to the branching ratio then reads

Br
D0→m1m2

R” p 5tD0f D
2 mm

2 mDA12
4mm

2

mD
2

~ l̃22k8 l̃21k8 !2

64pmd̃k

4 .

~81!

Applying the bound in Eq.~78! gives the constraint

Br
D0→m1m2

R” p ,3.531026S l̃12k8

0.04
D 2S l̃11k8

0.02
D 2

. ~82!

The current experimental limit@34# Br D0→m1m2,5.2
31026 is just above this value, implying that future me
surements of this decay mode will constrain the produc
theseR-parity violating couplings.

Finally, we consider the products ofR-parity violating
couplings that lead to lepton flavor violation. For instan
the productsl̃11k8 l̃22k8 and l̃21k8 l̃12k8 will give rise to D1

→p1m1e2. This leads to

dC9
me52dC10

me

54.63H S l̃11k8

0.02
D S l̃22k8

0.21
D 1S l̃21k8

0.06
D S l̃12k8

0.04
D J , ~83!

which results inBr
D1→p1m1e2

R” p ,331025, to be contrasted

with @34# Br D1→p1m1e2
exp

,3.431025. Here again, experi-
ment is on the verge of being sensitive toR-parity violating
effects in supersymmetry. Similarly, for the correspond
two-body decay we have

Br
D0→m1e2

R” p ,0.5310263H S l̃11k8

0.02
D S l̃22k8

0.21
D

1S l̃21k8

0.06
D S l̃12k8

0.04
D J , ~84!

whereas the current bound is@34# Br D0→m1e2
exp

,8.131026.
We summarize the results of this section in Table V.
01400
f

,

Finally, we point out that similar effects to those consi
ered in this section are generated by leptoquarks. Their
change lead in general to effective interactions similar to
l8 terms in Eq.~69!.

B. Extensions of standard model with extra Higgs bosons,
gauge bosons, fermions, or dimensions

In this section we summarize the results from classes
models which have additional Higgs scalar doublets, or fa
ily gauge symmetry or extra leptons. All of these give rise
flavor changing couplings at tree level and hence yield
tentially large rates for rare decay modes of D mesons
addition we briefly discuss the effects of extra dimensio
physics on rare charm transitions.

1. Multiple Higgs doublets

Many extensions of the standard model contain more t
one Higgs scalar doublet. As is well known, this leads
general to tree level FCNC couplings and thus decays s
as D0→m1m2,e1e2,m6e7, etc. may proceed at rate
larger than SM expectations. In the down quark sector, th
are severe constraints on such couplings from kaon de
modes@45#. This does not necessarily lead to equally stro
constraints on the up-quark sector. For example, as
shown long ago@44#, it is possible that simple symmetrie
forbid DS51 FCNC without affecting theDC51 sector.

Let us write the general effectiveDC51 interaction as

b
GF

A2
ūg5c l̄ 1~a1bg5!l 2 , ~85!

whereb is a model-dependent dimensionless number,a and
b refer to generic scalar and pseudoscalar couplings, res
tively, and l 1 ,l 2 refer to the pairs (m,m), (e,e) or (m,e).
Comparing to the modeD1→m1nm , one can write

Br D0→ l 1 l̄ 2
>

b2

uUcdu2

mD
2

mcmm

a21b2

2

tD
1

tD
0 Br D1→m1n

>11.35b2
a21b2

2
. ~86!
9-16
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The corresponding branching ratio for the three-body mo
c→uli l j is given by 0.343b2(a21b2)/2.

We have evaluated the parametersb, a and b in several
models with multiple Higgs scalar doublets@44,46# and com-
puted the branching ratios for rare decay modes of theD0.
We find that the branching ratios for these modes can b
large as

Br D0→m1m2;8310210,

Br D0→e1e2;4310214,

Br D0→m6e7;7310210, ~87!

with the corresponding three-body modes having branch
ratios smaller than these by about a factor of 30. While s
small, these values are greatly enhanced over those in
SM.

2. FCNC in horizontal gauge models

The gauge sector in the standard model has a large gl
symmetry which is broken by the Higgs interaction. By e
larging the Higgs sector, some subgroup of this symme
can be imposed on the full SM Lagrangian and break
symmetry spontaneously. This family symmetry can be g
bal as well as gauged@47#. If the new gauge couplings ar
very weak or the gauge boson masses are large, the d
ence between a gauged or global symmetry is rather diffi
to distinguish in practice. In general there would be FCN
effects from both the gauge and scalar sectors. Here we
sider the gauge contributions.

Let us construct a simple toy model as an example. C
sider a family symmetrySU(2)H under which the left-
handed quarks~where the superscripts denote the weak
vor eigenstates!

S u0

d0D
L

S c0

s0D
L

,

and the corresponding left-handed leptons

S ne
0

e0D
L

S nm
0

m0D
L

,

transform as members of anI H51/2 family doublet. The
third family is assumed to haveI H50. TheSU(2)H symme-
try in this model can be thought of as a remnant of
SU(3)H family symmetry which has been broken
SU(2)3U(1). If $Gm

i % are the gauge fields corresponding

the SU(2)H and we denotecd
L
05(

d0

s0)L , cu
L
05(

u0

c0)L , etc.,

then the gauge interactions are

g@c̄d
L
0 gmt•Gmcd

L
01~d0→u0!1~d0→ l 0!#. ~88!

After the symmetry is broken, the mass eigenstate bas
given by
01400
s

as

g
ll
he
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e
-
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-

n

is

S d

sD
L

5UdS d0

s0 D
L

, S u

cD
L

5UuS u0

c0D
L

,

S e

m D
L

5Ul S e0

m0D
L

. ~89!

The matricesUu ,Ud andUl each contain one angle,u f , and
three phases. After the symmetry is broken, the three ga
bosons acquire different masses,mi . If the phases are ig-
nored, the matrix elements for the processes of interest

M D0→m1m25
1

2
g2f D mmF sin 2uucosue

m3
2

2
cos 2uusin 2ue

m1
2 G m̄~11g5!m,

M D0→e2m15
1

4
g2f D mmF cos 2uucos 2ue

m1
2

1
1

m2
2

1
sin 2uusin 2ue

m3
2 G m̄~11g5!e. ~90!

Corresponding expressions exist forK0 decay modes, with
ud replacinguu . To proceed further, let us make the simp
fying assumption thatm1'm2!m3 and that the mixing
angles are small. Then, using the constraints from the k
system, namely the bounds onKL→em and the known rate
for KL→mm̄, we find that the branching ratios for char
decay modes can be as large as

Br D0→m1m2;3310210 and Br D0→m6e7;2310213,

~91!

which are enhanced over the SM expectations.

3. Extra fermions

Additional fermions beyond those in the three families
the SM can contribute to a variety of rare charm decays
can serve to remove the effective GIM cancellation inher
to these transitions in the SM. Let us first consider the eff
of an SU(2) singlet down-typeQ521/3 quark of the kind
that occurs inE6 models@48#. This b8 quark will contribute
in the loop diagrams@49# which mediate decays such a
D0→m1m2. For a massmb8.250 GeV, the mixing withu
and c quarks given bylb85Vub8Vcb8

* is constrained by the
b8 contribution to DmD . With the current bound onxD

FIG. 15. Box diagram mediatingD0→mē.
9-17
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(xD[DmD /GD) of about 3% @8#, lb8 has to satisfylb8
,0.003. Theb8 contribution toD0→m1m2 can then be of
order

Br D0→m1m2~b8!'10211, ~92!

which is two orders of magnitude above the SM value. Th
will be similar enhancements for modes such asD

→p l l̄ ,D→r l l̄ which would be experimentally detectabl
We note that an additional fourth family down-type qua
belonging to aSU(2)L doublet would have an identical e
fect.

When the SM is extended by adding extra lepton doub
or extra neutral singlets, the decay modeD0→mē can be
generated~in a similar fashion asKL→mē) only if there are
non-degenerate neutrinos and nonzero neutrino mixings@50#.
We display the relevant box diagram in Fig. 15. The asso
ated matrix element can be written as

M D0→mē5
GF

2MW
2

2p2 f DmmB ūGRv, ~93!

whereB is given by@13#

B[(
a,k

Uam* UaeVck* VukxaxkF2
1

~12xa!~12xk!

1
1

xa2xk
S ln xk

~12xk!
2 2

ln xa

~12xa!2D G . ~94!

In the above, the greek and latin indices run, respectiv
over the neutral leptons and negatively charged quarks,Uab
andVjk are, respectively, mixing-matrix elements for lepto
and quarks, andxk[mk

2/MW
2 . In the excellent approximation

thatxa.0 for a5ne ,nm ,nt andxi50 for i 5d, the expres-
sion for B becomes@51#

B5UmNUaN* FVcs* VsuS xsxN

12xN
2 ln xs1

ln xN

~12xN!2D
1Vcb* VbuS xbxN

12xN
2 ln xb1

ln xN

~12xN!2D G
.4.231025 UNe* UNm ~95!

for a fourth generation neutral lepton mass ofmN
.50 GeV. This result varies rather slowly asmN increases
to larger values up to and beyondMW . The decay rate for
D0→mē is then given by

GD0→mē5FGF
2MW

2 f DmmB

4p2 G2 MD

4p
~UNeUNm!2. ~96!

The mixing (UNeUNm)2 for mN.50 GeV is constrained by
the limit on Br m→eg to be @52,15# less than 5.631028 and
hence we infer

GD0→mē5H ,8.62310227 GeV,

<1.331020 sec21.
~97!
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The branching ratio forD0→mē is thus bounded by

Br D0→m2e1<5.2310215 or

Br D0→m2e11m1e2<1.0310214. ~98!

If the heavy neutral leptonN0 is anSU(2) singlet rather than
a member of a doublet, the same result is obtained, e
though the GIM suppression is absent@51,53#. Hence any
observation ofD0→mē with Br D0→mē.10214 cannot be ex-
plained by mixing with a heavy neutrino.

4. Extra dimensions

Attempts to address the hierarchy problem by exploit
the geometry of space-time have led to extra-dimensio
theories which have verifiable consequences at the T
scale. These theories make use of the idea that our univ
lies on a (311)-dimensional brane which is embedded in
higherD-dimensional space-time,D[(1131d), known as
the bulk. The size and geometry of the bulk, as well as
field content which is allowed to propagate in the bulk var
between different scenarios. Upon compactification of
additional dimensions, all bulk fields expand into a Kaluz
Klein ~KK ! tower of states on the (311)-brane, where the
masses of the KK states correspond to thed-dimensional
kinetic motion of the bulk field. The direct observation
indirect effects of the KK states signals the existence of ex
dimensions.

There are various potential contributions to rare dec
within these scenarios:

~i! In the case of large flat toroidal extra dimensions@54#,
gravity alone propagates in the bulk and the resultant b
graviton KK tower states,Gn , couple with inverse Planck
scale strength and have very fine mass splittings of the o
of a few eV to MeV, depending on the size of the addition
dimensions. They may be radiated in rare decays suchc
→u1Gn and subsequently appear as missing energy.
bulk graviton KK states couple to the conserved stre
energy tensor, which yields a rate for this processes only
order of the charm rest mass.

~ii ! If the extra dimensions are of size TeV21, then the
standard model gauge fields may propagate in the bulk
hence expand into KK towers@55#. The KK tower states of
theg,Z,W, and gluon may participate in rare transitions in
variety of ways. However, precision electroweak data c
strains the mass of the first gauge KK excitation to be
excess of 4 TeV@56#, and hence their contributions to rar
decays are small@57#.

~iii ! If the standard model fermions are localized@58# at
specific points within a TeV21-sized extra dimension, the
they obtain narrow Gaussian-like wave functions in the ex
dimension with a width much smaller than the compactific
tion radius. In this case, the fermion mass hierarchy may
explained and FCNC are suppressed by the small overla
the wave functions for the different flavors.

~iv! The last possibility is the Randall-Sundrum model
localized gravity@59#, based on a non-factorizable geomet
in 5-dimensional anti–de Sitter space. In this case, the s
dard model gauge and matter fields, as well as gravity,
9-18
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allowed to propagate in the warped extra dimension. The
bulk graviton KK excitation mass is of order a TeV an
hence does not participate in rare decays. However, the
gauge and fermion KK excitations are lighter and may ha
interesting consequences in rare transitions@60#. In models
of this type, it is possible@61# to generate tree-level FCNC
which may produce observable effects in rare charm dec

C. Strong dynamics

The possibility that new strong interactions are resp
sible for electroweak symmetry breaking~EWSB! and/or fer-
mion masses has important consequences for flavor phy
The SM with one Higgs doublet already requires the pr
ence of new dynamics at a scaleL in order to avoid triviality
bounds. The physics above the cutoff scale gives rise to
scalar sector via bound states and is connected in some
ion to the the generation of flavor. For instance, technico
theories require extended technicolor, whereas the gener
of the ~large! top quark mass may require a top-condensat
mechanism. In general the generation of fermion mass
tures leads, in one way or another, to FCNC. Here we ex
ine some of the potential effects in rare charm decays
their relation to other phenomenological constraints.

1. Extended technicolor

In standard technicolor theories both fermions and tech
fermions transform under the new gauge interaction of
tended technicolor~ETC!. The condensation of techn
fermions leading to EWSB leads to fermion mass terms
the form

mq.
gETC

2

METC
2 ^T̄T&ETC. ~99!

The ETC interactions connect ordinary fermions with tech
fermions, as well as fermions and techni-fermions amo
themselves. The relevant sources of FCNC in technico
models divide into two classes: those associated with
technicolor sector and those where the diagonal ETC ga
bosons acting on ordinary fermions give rise to FCN
through dimension-six operators.

The first case gives rise to operators mediated by E
gauge bosons. These in turn have been shown@62# to give
rise to FCNC involving theZ boson,

j2
mc

8pv
e

sin 2uW
Ucu

L Zm~ ūLgmcL! and

j2
mt

8pv
e

sin 2uW
Utu

L Utc
L* Zm~ ūLgmcL!, ~100!

whereUL is the unitary matrix rotating left-handed up-typ
quark fields into their mass basis andj is a model-dependen
quantity ofO(1). Theinduced flavor-conservingZ coupling
was first studied in Ref.@62# and flavor-changing effects inB
decays have been examined in Refs.@63,64#. The flavor-
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changing vertices in Eq.~100! induce contributions toc
→ul1l 2. These appear mostly as a shift in the Wilson co
ficient C10(MW),

dC10.Ucu
L mc

2v
sin2uW

a
.0.02, ~101!

where we make the assumptionUcu
L .l.0.22 ~i.e., one

power of the Cabibbo angle! and we takemc51.4 GeV.
Although this represents a very large enhancement with
spect to the SM value ofC10(MW), it does not translate into
a large deviation in the branching ratio. As mentioned pre
ously, these are dominated by the mixing of the operatorO2

with O9, leading to a very large value ofC9
eff . The contribu-

tion in Eq. ~101! represents only a few percent effect in th
branching ratio with respect to the SM. On the other ha
the interaction in Eq.~100! can also mediateD̄0→m1m2.
The corresponding amplitude is

A D0m1m2.Ucu
L mc

2pv
GF

A2
sin2uWf Dmm , ~102!

which should be compared to Eq.~50!. This results in the
branching ratioBr D0→m1m2

ETC .0.6310210, which although
still small, is not only several orders of magnitude larger th
the SM short distance contribution but also more than t
orders of magnitude larger than the long distance estima

Finally, the FCNC vertices of the Z boson in Eq.~100!
also give large contributions toc→unn̄. The enhancement is
considerable and results in the branching ratio

Br D1→Xunn̄
ETC .j4S Ucu

L

0.2D 2

231029. ~103!

The second class of contributions from technicolor mo
els comes from the diagonal ETC gauge bosons. These
erate four-quark interactions which refer to a mass scale c
strained by D0-D̄0 mixing to be approximately M
.100 TeV@62#, thus making such effects very small in ra
charm decays.

2. Top-condensation models

Top-condensation models postulate a new gauge inte
tion that is strong enough to break the top-quark chiral sy
metry and give rise to the large top mass. The various r
izations of this basic idea have one common feature: fla
violation. Since the new interaction must be non-universa
mediates FCNC at tree level. This arises because the m
matrix generated between the topcondensate and the o
flavor physics gives rise to the lighter fermion masses~e.g.
ETC in top-color-assisted technicolor@65#! and is not aligned
with the weak basis. Diagonalization of this mass matrix w
then leave FCNC vertices of the so-called ‘‘top-color inte
actions’’ since they couple preferentially to the third gene
tion. The exchange of top gluons and top-color gauge bos
will generate four-fermion couplings of the form
9-19
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TABLE VI. Standard model predictions for the branching fractions due to short and long distance
tributions for various rareD meson decays. Also shown are the current experimental limits@15,34,40#.

Decay mode Experimental limit Br S.D. Br L.D.

D1→Xu
1e1e2 231028

D1→p1e1e2 ,4.531025 231026

D1→p1m1m2 ,1.531025 1.931026

D1→r1e1e2 ,1.031024 4.531026

D0→Xu
0e1e2 0.831028

D0→p0e1e2 ,6.631025 0.831026

D0→r0e1e2 ,5.831024 1.831026

D0→r0m1m2 ,2.331024 1.831026

D1→Xu
1nn̄ 1.2310215

D1→p1nn̄ 5310216

D0→K̄0nn̄ 2.4310216

Ds→p1nn̄ 8310215

D0→gg 3310211 few 31028

D0→m1m2 ,3.331026 10218 few 310213

D0→e1e2 ,1.331025 (2.324.7)310224

D0→m6e7 ,8.131026 0 0
D1→p1m6e7 ,3.431025 0 0
D0→r0m6e7 ,4.931025 0 0
m
ed
h
o
n
op
en

rd
-

d

o
up

rly,

rm
m-

rat-
ort
y of

ave
till
ere
hort

w
2,
of

ere
un-
u-

are
nce
so-

ex-
ive
4pascotu2

M2
Utc* Utu ~ ūgmTat !~ t̄gmTac!

4pastanu2

M2
Ucu~ ūgmTac!~ c̄gmTac! ~104!

4pas

M2
Ucu ~ ūgmTac!~ j̄gmTaj!,

where jT[(tb), Ui j 5Ui j
L 1Ui j

R and M is the mass of the
exchanged color-octet gauge boson. The first term co
from rotating two top-quark fields via the strongly coupl
top gluon, with the strong interaction being reflected in t
factor cot2u.22. The second term corresponds to a top glu
which is weakly coupled to the first and second generatio
In the third term, which gives the largest contribution, the t
gluon couples strongly to the third generation quark curr
but weakly to the (uc̄) current, giving rise to a gluon-like
coupling. The one-loop insertion of the first and/or thi
terms in Eq.~104! would result in contributions to the opera
tors O9 andO10. However, a term analogous to thesecond

term in Eq.~104! but with thec̄L quark rotated to aūL would
contribute toD0-D̄0 mixing. The current experimental boun
on DmD taken from Eq.~68! implies that

M

Re@Ucu#
.140 TeV. ~105!

In standard top-color-assisted technicolor models, this c
straint is not binding on the top-gluon mass since the
sector rotation matrices are taken to be nearly diagonal@66#.
01400
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However, once it is satisfied, the bound of Eq.~105! implies
that all effects in rare charm decays are negligible. Simila
this also applies to the top colorZ8 arising from the strongly
coupledU(1)Y .

IV. CONCLUSIONS

We have extensively evaluated the potential of rare cha
decays to probe physics beyond the SM. In Sec. II we co
puted the SM rates for a variety of decay modes; incorpo
ing the first evaluation of the QCD corrections to the sh
distance contributions, as well as a comprehensive stud
long range effects. This extends our earlier work in Ref.@5#,
where we concentrated solely on radiative decays. We h
shown that although, just as in the radiative modes, it is s
true that long distance contributions dominate the rates, th
are decay channels where it is possible to access the s
distance physics. This is particularly true for the case ofD
→Xul 1l 2 decay modes such asD→p l 1l 2 and D
→r l 1l 2, away from the resonance contributions in the lo
dilepton mass region. This is illustrated in Figs. 1 and
where we see that for low dilepton invariant mass the sum
long and short distance effects leaves a large window wh
physics beyond the SM can be observed. Although the
certainties in our calculation of the long distance contrib
tions to this mode are still sizable@roughly of O(1)# it is
clear that at low dilepton masses new physics effects that
an order of magnitude or more larger than the short dista
SM signal can be detected. This is not the case in the re
nance region~see also Ref.@67#! where thef, v and r
contributions take the rates to values just below current
perimental bounds, in a situation analogous with radiat
decays such asD→rg. We compile our predictions for the
SM rates in Table VI.
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In Sec. III we explored the potential of these decays
constrain new physics. In the case of the MSSM, we exa
ined the sensitivity of rare charm decays to non-univer
soft breaking in the squark mass matrices. We found
large effects are possible inD→p l 1l 2 and particularly in
D→r l 1l 2, as can be seen from Figs. 10 and 11. The eff
in the vector mode is amplified by the heightened sensitiv
of this decay channel to the photonic penguin, which car
a large enhancement since the gluino helicity flip repla
the usual charm quark mass insertion. This effect, unfo
nately, is obscured in radiative decays such asD→rg due to
the overwhelming long range effects. It can therefore, o
be observed by examination of the full dilepton mass sp
trum in D→Xl1l 2. We conclude that an important fractio
of parameter space in the MSSM with non-universal s
breaking can be explored if sensitivities of the order of 1026

to 1027 in the kinematic region of interest are reached.
We also considered the effects ofR-parity violating cou-

plings in supersymmetry. We found that the current up
limit on the decayD→pm1m2 yields the best constraint o
the productl̃22k8 l̃21k8 @see Eq.~78!#. Thus rare charm decay
already constrainR-parity violating effects Our results ar
summarized in Table V for the predictions withR-parity vio-
lation effects, assuming the couplings saturate their cur
bounds. We have also shown that the forward-backw
asymmetry for leptonsAFB in D0→r0l 1l 2 is quite sensitive
to these effects~cf. Fig. 14!. More generally,AFB is negligi-
bly small in the SM due to the fact that the vector coupli
of leptons is enormously enhanced with respect to the ax
vector coupling by the presence of vector mesons. Thus,
observation ofAFB would point to the presence of new phy
ics.
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We also considered the effects of other no
supersymmetric extensions of the SM including multi-Hig
models, horizontal gauge models, a fourth generation, e
dimensions, as well as models with strong dynamics suc
extended technicolor and top color. These scenarios give
able enhancements in some of the modes.

We conclude that these rare charm decay modes are
sensitive to the effects of non-universal supersymme
breaking as well as toR-parity violating couplings. It is then
important to push for increased sensitivity of the expe
ments, preferably to below 1026 in order to highly constrain
these effects. This is in stark contrast with the situation in
radiative modes, where sensitivity below 1025–1026 may
not illuminate short distance physics. The dilepton mod
should be pursued by all facilities to the highest possi
sensitivity.
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