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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 tie-ul™|~ 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
thatD—#1*1~ andD—pl "I~ are sensitive to nonuniversal soft-breaking effects in the minimal supersym-
metric standard model witlR-parity conservation. We separately study the sensitivity of these modes to
R-parity violating effects and derive new bounds Riparity 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 into an efficient Glashow-lliopoulos-MaiafGIM) cancella-
tion. In many cases, extensions of the SM may upset this
The remarkable success of the standard mé8#) in suppression and give contributions sometimes orders of mag-
describing all experimental information currently availablenitude larger than the SM. In this paper we wish to investi-
suggests that the quest for deviations from it should be digate this possibility. As a first step, and in order to establish
rected either at higher energy scales or at small effects in lowhe existence of a clean window for the observation of new
energy observables. To the latter group belong the subpercephysics in a given observable in rare charm processes, we
level precision measurements of electroweak observables atust compute the SM contribution to such quantities. This is
the CERNe" e~ collider LEP and(SLAC) Large Detector of particular importance in this case due to the presence of
(SLD) as well as the Fermilab-Tevatron experimefis. potentially large long-distance contributions which are non-
Tests of the SM through quantum corrections have proved tperturbative in essence and therefore non-calculable by ana-
be a powerful tool for probing the high energy scales possilytical methods. In general the flavor structure of charm
bly related to electroweak symmetry breaking and the flavoFCNC favors the propagation of light-quark states as inter-
problem. The absence of flavor changing neutral currentmediate states which, if dominant, obscure the more interest-
(FCNQ at the tree level in the SM implies that processesing short distance contributions that are the true test of the
involving these currents are a primary test of the quantunsm. This is the situation ifD°— D° mixing [2—4] and in the
structure of the theory. Most of the attention on FCNC has;_, y transition[5]. In the case of mixing, although the
been focused on processes involviigand B mesons, such |ong distance effects seem to dominate over the SM short
asK%—K? and Bg(s)—gg(s) mixing and also on rare decays distance contributions, it is still possible that there is a win-
involving transitions such as—d|*1~, s—dvy, b—sy, dow of one or two orders of magnitude between these and
b—sl*l~, etc. the current experimental limf8]; the predictions of numer-
The analogous FCNC processes in the charm sector ha@s extensions of the SM lie in this windd®]. On the other
received considerably less scrutiny. This is perhaps due tBand, charm radiative decays are completely dominated by
the fact that, on general grounds, the SM expectations ar@on-perturbative physics and do not constitute a suitable test
very small both forD®—D° mixing [2—4] as well as for of the short distance structure of the SM or its extensions.
FCNC decay$5-7]. For instance, there are no large nonde- In what follows we investigate the potential of rare charm
coupling effects arising from a heavy fermion in the Ieadingdec"’})yS to constrain extensions of the SM. With t'he: exception
one-loop contributions. This is in sharp contrast witrand ~ ©f D~ — ¥ we shall concentrate on the non-radiative FCNC
B FCNC processes, which are affected by the presence of tHgansitions such as—ul"l~, c—uvv which enter in de-
top quark in loops. In the SMD meson FCNC transitions cays likeD%—u"u™, D—X, 717, D—X,vv, etc. We ex-
involve the rather light down-quark sector which translatesensively consider supersymmetry by studying the minimal
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supersymmetric SMMSSM) as well as supersymmetric sce- A. Meson lepton-antilepton transitions D—X1%1~

narios allowingR-parity violation. We find that rare charm As we shall discuss, this mode is likely to be observed at

decays are potentially good tests of the MSSM and alsythcoming B and charm factory/accelerator experiments.
serve to constraif-parity violating couplings in kinematic - \ye start with the calculation of both short and long distance

regions away from resonances. In charged dilepton modegynripytions to the inclusive rate. We then compute the rates
this mostly means dobw dilepton mass. In general, we find ¢, \arious exclusive modes.

that this kinematic region, corresponding to large hadronic
recoil, is the most sensitive for new physics searches. 1. The short distance contribution to B>X 11~
The D—VI*I~ decays were studied in Rdf10] in the
SM without QCD corrections. More recently th®
—al ™1~ decays were examined in Ré¢l1] in the SM and
some of its extensions, including the MSSM. We compar
these predictions with ours, and find some discrepancies i
the SM calculation of the long distance contributions. We
also emphasize the importance®f-VI*1~ in the MSSM
due to its enhanced sensitivity to the electromagnetic dipole o 4_GF
moment operator entering t—uvy. eff ™ 2
In the next section we calculate the SM short distance

The short distance contribution is induced at one loop in
the SM. It is convenient to use an effective description with
ethe W boson and thé-quark being integrated out as their
Wresholds are reached, respectively, in the renormalization
group evolution12],

2, CP O (w)

contributions including QCD corrections and estimate long @ @ 10
distance effects for various decay modes. In Sec. Ill we study +C3 ()03 (M)+i§3 Ci(w)Oi(p) |,
possible extensions of the SM that might produce signals
which fall below current experimental limits but above the my<u<My
SM results of Sec. Il. We summarize and conclude in Sec.
V.
. . . 4G
As a final comment, we note the following convention Hoi= — —| > CD(u)04D (1)
and notation used throughout the paper. Many quantities re- V2 [q5ds
lating to both SM and also new physics are chiral, involving 10
projection operators for left-handdtlH) and right-handed +CO( )OO L)+ C/(u)O!
(RH) massless fermions. We shall employ the notation 2" (WO (w) 23 )OI .
<my, 3
I R A CE D) W ae @
BRe 2 0 LR 2 with {O;} being the complete operator bagi€;} the corre-

sponding Wilson coefficients ange the renormalization
for scalar projection operatol§ g and vector projection op- scale; the primed quantities indicate those wherebtjeark
eratorsI'{'s. The chiral projections of fermion fieldq are  has been eliminated. Note that we must keep all terms of
thus expressed as order 1M\2N above the scalg=m, in this decay as opposed
to radiative decays. In Eq3), the Wilson coefficients con-
aur=I"r0 (2) tain the dependence on the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elementsV, . As was pointed out in Ref.
[5], the CKM structure of these transitions is drastically dif-
Il. THE STANDARD MODEL CONTRIBUTIONS ferent from that of the analogou® meson processes. The

In this section we study the standard model contributiondPerator; andO, are explicitly split into their CKM com-

to various charm meson rare decays. At the time of this writPonents

ing, there are no reported events of the type we are consid- N N

ering. We group the decay modes by their common short 01" =(uy,ac)(aLy*cp),

distance structure. In each case we address both the pertur- o .

bative short distance amplitude and the effects of the non- O(ZQ)z(ufquﬁ)(qu“cf), (4)

perturbative long-range propagation of intermediate hadronic

states. Due to the non-perturbative nature of the underlyingshereq=d,s,b, anda, B are contracted color indices. The
physics, the long distance effects cannot be calculated witkest of the operator basis is defined in the standard way. The
controlled uncertainties. Therefore we find it prudent to genQCD penguin operators are given by

erate estimates by using several distinct approaches, such as

vector meson dominand®MD) for processes with photon _ _

emission and/or calculable unitarity contributions. In this 03=(uly,ct) 2 (afy af),

way, we hope to obtain a reasonable measure of the uncer- a

tainty involved in the calculation, and at the same time, ob-

tain bounds on the magnitude of long-distance contributions _(a., B “Bouna

which are not overly model dependent. Os (ULY“CL)Eq" (Gry*ai),
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— 5 s tors O(zq) in a loop would give a contribution sometimes
Os=(uf'y,.c) > (aBy“ab), referred to as leading order mixing 6% with Cy. When the
K strong interactions are included, further mixing of the four-
. . quark operators witl®, _ 15 occurs. The effect of these QCD
06=(uﬁ‘yﬂcf3)2 (9By*qR), (5) corrections in the renormalization grogRG) running from
q M down tou=m, is of particular importance iﬁ:?ﬁ(mc),
r@e coefficient determining the—u+y amplitude. As was
shown in Ref[5], the QCD-induced mixing witkD? domi-
natesC?ﬁ(mc). The fact that the main contribution to tloe
e _ —uy amplitude comes from the insertion of four-quark op-
O7=——m(u,o,,Cr)F*", erators inducing light-quark loops signals the presence of
16m large long distance effects. This was confirmed in RBf.
where these non-perturbative contributions were estimated
and found to dominate the rate. Therefore, in the present
calculation we will take into account effects of the strong
interactions inC?ﬁ(mc). On the other hand, as mentioned
and finally the four-fermion operators coupling directly to above, the operatddy mixes with four-quark operators even
the charged leptons are in the absence of QCD correctiof4]. Finally, the RG run-
ning does not affedD, i.e.,Cig(mM;)=C1o(Myy). Thus, in

the electromagnetic and chromomagnetic dipole operato
are

Js — Y
Og=@mc(uLaWTacR)Gg‘ s (6)

B e _ o order to estimate the—ul*l~ amplitude it is a good ap-
Oo= 16W2(UL7MCL)(I 74, proximation to consider the QCD effects only where they are
dominant, i.e., inC?ﬁ(mc), whereas we expect these to be
o2 B less dramatic irCE"(my).
Olozﬁ(uLyﬂcL)(l YHysl). (7) The leading order mixing 0®% with Oq results in
T
The matching conditions at= M,y for the Wilson coeffi- , , 2 2 gz
i c{ef=c{ (M) + N|—sin—+ = =
cients of the operator®,_; are 9 o (Mw) i:;s’(b) 179"m2, 9%
CIMy)=0, Cs_g(My)=0,
1( W) 3 6( W) 1 , 4Zi2 ) 4Zi2 7_( ) (10)
—=| 2+ — - —Nz)]|,
CIMy)=—A\qg, (8 9 s s '

with )\q:V’C*unq. The corresponding conditions for the co-

efficients of the operator®,_,4 are where we have defined

1
Cr(Mw) == S{NFa(Xs) T MpF2(Xp)} » arcta !
472 (for s<4z?)
CB(MW):_E{)\SD(XS)+)\bD(Xb)}a S
T(z)= 47?
, = 1+ \/1-—
CHMw= 2 N ~[F1(x)+2C(x)] :
’ In| ————| —iw (for s>47?),
C(x) 47°
+ (2' : 1-\/1-—
28, s
_ (11
, C(xy)
CUMw == > N—— ) ., e
i=s(b)  2s, and s=s/mg, z;=m;/m,. The logarithmic dependence on

the internal quark massy; in the second term of Eq10)
In Egs. (9) we definex;=m?/M§,, the functionsFy(x),  cancels against a similar term in the Inami-Lim function
F,(x), andC(x) are those derived in Ref13] and the func-  F4(X;) entering inCo(Myy), leaving no spurious divergences
tion D(x) was defined in Ref[5]. in them;—0 limit.
To compute the—ul ™|~ rate at leading order, operators ~ To compute the differential decay rate in terms of the
in addition toO;, Og and 0,5 must contribute. Even in the Wilson coefficients, we use the two-loop QCD corrected
absence of the strong interactions, the insertion of the operaalue of CS"(m,) as obtained in Ref6], computeCS"(m,)
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TABLE I. Examples of theD—PV°—PI*|~ mechanism. branching ratios with existing experimental bounds].
Due to the smallpy—1*1~ and »’—1*1~ branching ratios,

Mode Br (o) Br&® the dominant contributions arise frowf exchange.

D' rtpomtete 18x10°° <52%10°5 This result suggests that the Iong distance qontributions
D o 15x 106 <15%10°5 over\{vhelm thg short distance physics and poss[bly any new
Df —m* o mtete 11x10-5 <2 7% 10°% phyglcs that might be present. However, as we will see below
Di_M# bt 0.9% 105 <1.4x10-% this is not always the case. A more thorough treatment re-

d . :

quires looking at all the kinematically available regions in

D— X, "7, not just the resonance region. In order to do

from Eq. (10), and C,(my)=Cyo(Myy) from Eq. (9). The this, the effect of these states can be thought of as a shift in
C

eff
differential decay rate in the approximation of massless lepth® short distance coefficier€y™ in Eq. (10), since V

tons is given by —1*1~ selects a vector c_ouplmg for the Iep}ons This fol-
lows from Ref.[16], which incorporates in a similar manner
<) G2a?m} - the resonant contﬂbytlons to—ql*l ~ decays via a disper-

= =1p s (1-y9) sion relation forl "I ~—hadrons. This procedure is mani-

ds 768 festly gauge invariant. The new contribution can be written

via the replacemerjtl6]
x| [1C§ % (me)[2+]Cagl?](1+25)

3w my L'y i+
) Co'—Cs+ — P Er— (14)
+12 C&f(my)Rg C§ ef(m,)] o T m —s—imy Ty,

where the sum is over the various relevant resonamogs,

and FVi are the resonance mass and width, and the factor

~(QO(1) is a free parameter adjusted to fit the non-leptonic
where 7y, refers to the lifetime of eitheD ™~ or D°. We esti- decaysD—XV; when theV; are on shell. We obtairk,

: (12

2
+4<l+r)|C$“(mc)|2
S

mate the inclusive branching ratios far,=1.5 GeV, mg ~3.6, k,~0.7 andx,~3.1. The last value comes from as-
=0.15 GeV,m,=4.8 GeV andny=0, sumlngBrD+_m+ ~10°3 , since a direct measurement is not
(sd) 2 available yet.
BrD+_>x+e+ ~=2x10"° As a first example we study thB"—7*e*e™ decay.
The main long-distance contributions come from thep
Br(DSg) Oute =8X107°. (13) ande resonances. Thg and ' effects are negligibly small.
e The dilepton mass distribution for this decay takes the form
It is useful to observe that the dominant contributions to the 242
rates in Eq(13) come from the leading order mixing @q d_F |p 13]f, (s)|2
with the four-quark operator®{¥ , the second term in Eq. ds 192757 "
(10). As noted above, the dominance of light-quark interme- )
diate states in the short distance contributions is a signal of « ( ﬂceﬁ_l_ cefl + Ic |2) (15)
the presence of large long distance effects. However, when mp ' o o)

considering the contributions of various new physics sce-
narios, it should be kept in mind that their magnitudes mustheres=mz, is the squared of the dilepton mass. Here we
be compared to the mixing of these operators. Shifts in théave make use of the heavy quark spin symmetry relations
matching conditions for the Wilson coefficieriy, Cg and  that relate the matrix elements 6, to the “semileptonic”
C10, even when large are not enough to overwhelm the longnatrix elements 0fOg and Oy, [17]. An additional form
distance effects in most extensions of the SM. These considactor is formally still present, but its contribution to the
erations will be helpful when we evaluate what type of newdecay rate is suppressed by,(mp)® and is neglected here.
physics scenarios might be relevant in these decay modesFor the form factorf | (s) we make use of the prediction of
chiral perturbation theory for heavy hadrofis3], which at

2. The long distance contributions to B>X |11~ low recoil gives
As a first estimate of the contributions of long distance
physics we will consider the resonance proc&ss:XV fo(s )_ fo ﬂ (16)
— X117, whereV=¢,p,w. We isolate contributions from = (1— s/MD*)

this particular mechanism by integratind’/dg? over each

resonance peak associated with an exchanged vector or psauhere we use the recent CLEO measureni@®{ gp+p,
doscalar meson. The branching ratios thus obtafnedrefer  =0.59+0.1+0.07, and we také; =200 MeV. In Fig. 1 we

to each such branching ratio #s(°'®)) are in the®(10 °) present this distribution as a function of the dilepton mass.
range. Modes experiencing the largest effects are displayebhe two narrow peaks are thg and thew, which sit on top

in Table |, where we compare our theoretically derivedof the broadep. The total rate results iBBrp+_, ;++e-=2
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FIG. 1. The dilepton mass distribution f&" — 7 +e*e™, nor- FIG. 2. The dilepton mass distribution f@°— p%*e™, nor-

malized tol'p+. The solid line shows the sum of the short and the malized toI'po. The solid line shows the sum of the short and the
long distance SM contributions. The dashed line corresponds to th@ng distance SM contributions. The dashed line corresponds to the
short distance contribution only. The dot-dash line includes the alshort distance contribution only. The dot-dash line includes the al-
lowed R-parity violating contribution from supersymmetisee Sec.  lowed ;?—parity violating contribution from supersymmettsee Sec.
MA2). INA2).

s ) i i ) interference. We expand on this point and consider the pos-
X10"". Although most of this branching ratio arises from sipjjity of large asymmetries from physics beyond the SM in
the intermediater " ¢ state, we can see from Fig. 1 that new Sec. |1l A 2. For both ther and p modes the sensitivity to
physics effects as low as 10 can be observed as long as new physics effects is reserved to lagél) enhancements
such sensitivity is achieved in the regions away fromdhe since the long distance contributions are still important even
and ¢ resonances, both at low and high dilepton massyhen away from the resonances.
squared. We finally compare our results in Figs. 1 and 2 with those

Similarly, we can consider the deca) "—pe"e .  obtained in Refs[10] and[11]. The short distance calcula-
Since there is less data available at the moment orDthe tions in both these papers do not include the tree-level mix-
—VV’ modes, we will take the values of the in Eq.(14)  ing of Og with O,. This effect determines most of the short
from the fits to theD "— 7"V case studied above. For the distance amplitude. Also, as mentioned above, this piece can-
semileptonic form factors we use the extracted values frongels the logarithm in Eg(10), a scheme-dependent term of
the D—K*Iv data[20] and assumingSU(3) symmetry:  no physical significance. If this cancellation did not take
The total integrated branching ratio Brpo_ j0.+e-=1.8  place the logarithm would be the largest contributiorCtp
X107° (i.e., Brp+ . ,rete- =4.5< 10 °). As can be seen in In addition, in Ref.[10] the QCD corrections are not in-
Fig. 2, once again most of this rate comes from the resonanaguded. We also differ in the long distance results, which
contributions. However, there is also a region—in this caselominate these decays. FBr— x|l "1~ the authors of Ref.
confined to low values ain.. due to the kinematics— where [10] make use of the factorization approximation, as well as
sensitive measurements could test the SM short distandgeavy hadron chiral perturbation theory for both pseudosca-
structure of these transitions. In addition, {henodes con- lars and vector mesons. It is far from clear that the use of
tain angular information in the form of a forward-backward both approximations ifd decays is warranted. For the case
asymmetry for the lepton pair. Since this asymmetry arises asf D—pl*|~, the results of Ref.11] show a large enhance-

a consequence of the interference between the vector and thgent at lowg? when compared with Fig. 2. However, ayi/

axial-vector couplings of the leptons, it is negligible in the enhancement can only appear as a result of non-factorizable

SM since the vector couplings due to vector mesons overeontributions. This is clear from Ref§21] and [22]: the

whelm the axial-vector couplings. This is true even awayfactorization amplitude foD — pV, when combined with a

from the resonance region, partly because of the large widtjauge invariant y— V) mixing, leads to a null contribution

of the p and partly since the coefficie@{ *" andC{ " get to D—VI*I~. This is due to the fact that the mixing of the

large enhancements due to mixing wi, and from the operatorO, with O is non-factorizable[22]. A resonant

QCD corrections, wheredd,;;—the axial-vector coupling— contribution toO,, leading to a Xf* behavior, is then pro-

is not affected by any of these. This results in a very smalportional toCS", which is mostly given by th®, mixing. In
addition, when compared with the usual short distance ma-
trix element ofO-, this resonant contribution will be further

1The D— p form factors will be extracted with precision at charm suppressed by the factgy(q?)A™(g?), wheregy(q?) is the
andB factories. In the meantime, we do not believe the assumptiof y— V) mixing form factor, andA™(q?) parametrizes the
of SU(3) symmetry will affect our main conclusions here. non-factorizable amplitude{pV|O;|D), which is of
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O(Aqcp/me) [23]. Thus, even if we take the on-shell values v v 7

for these quantities, the resonant contributiorOtpis likely V°§< .

to be below 10% of the SM short distance contribution. The Z {

actual off-shell values at low? far from the resonances are °* ™ b o+ i
likely to be even smaller. We then conclude that thg®1/

enhancement is mostly given by the short distance contribu- (a) (b)
tion. This is only noticeable at extremely small values of the
dilepton mass, so that it is likely to be beyond the experi- FIG. 3. Some long distance contributions.

mental sensitivity in the electron modédue to Dalitz con-

version), whereas in the muon modes it lies beyond the As a simple model of the purely hadronic intermediate
physical region. On the other hand, the factorizable piecestate, we consider in detail the non-leptonic weak process
contribute to the matrix elements @f, just as in Eq(14), D(p)—(p’)V°(q) followed by the conversionv°(q)

and give no enhancement at low valuesyéf —>V|Q<)7|(?)1 cf. Fig. 3a). We determine first thev®
_ — iy (V0= ¢,p° w) vertex, which has the invariant ampli-
B. Neutrino-antineutrino emission D—Pw, v, tude
In the standard model, decays such as
— B 9, V21— .
D*(p)—a"(p)n(k)w(k), Mooy = 2COS¢9W) M_EU(k)FMU(k)
0 1O n' ST

will have branching ratios which are generallyut, as we
shall show, not alwaystoo small to measure. Such decays

thus represent attractive modes for new physics searches. Where Jg is the current coupling quarg to the Z gauge

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

1. The short distance contributioneum; find
These decay modes are induceddpenguin as well as 26
; g . o — _
?:késdgsgr%Tni. The corresponding effective Hamiltonian MvO_wl?l: 5 hVu(k)e{,’T,LLv(k). (21)
GF . . . .M? I+| —
Hoem X () + X (x Using the measured electromagnetic transitidfts—
2 27, |=e,ﬂ,f{ KO T XX X0} (V°=p% w,¢) as input, we find for the couplingy,
- I [
X (ULyuC) (v v vy). (18 ((3/2-282)M?/f,=0.112 GeV (V=¢),
The functions in Eq. (18 are defined by X'(x) (9/8-2s5)M2/f,—3M2/8f,
=D(x;,m;)/2, with the functionD given in Ref.[13]. Al- [hy| =4 ~0.107 GeV (V=p),

though we have explicitly kept the dependence on the

_ —2a2 VM 2 2
charged lepton masses arising from the box diagrams, this is (9/8=25, )M, /T, +3M/8f,

of numerical significance only when considering the strange L =0.008 GeV (V=w),
quark contributions with an internal tau lepton. In any case,
the branching ratios in the SM are unobservably small. For (22)
instance, one has
(sd) —15 where we adopt the numerical valuesfof,f,,f, listed in
Br —=1.2X10 el
DF —Xyrv Ref.[21].
(s.) The corresponding transition amplitude for the non-
Bryoy ~=5.0x10"1¢, (19 leptonicD decay process is then
u
where the contributions of all neutrinos have been included. 0 1
(%0 I G2M?2
D—»PV|V| F

_ Pg?—(My—il'/2)?
2. Long distance contributions to B>Pw,v, a v v

Long-distance contributions to the exclusive transitidn XF(q*)hy(a®)u(k)p’-yT'o(k), (23

—Puwvy, (P is a pseudoscalar mesoran have just hadrons, .

just leptons or both hadrons and leptons in the intermediateshereq=p—p’ =k+k is the four-momentum carried by the
state. Examples of the first two cases are depicted, respevirtual vector meson anB(q?) appears in th® — V°P am-
tively, in Fig. 3@ and Fig. 3b). plitude. We find for theg? distribution
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dlopyy  GEMp [p'|  F2(a®)hi(a?)
dq? 1927° M2 (g2~ M{)2+T{MS
[ u [ u
2p 2
q Mv)
x| (q-p’)°— . 24
(a-p")*=—, (24) (@) (b)
We have used data from non-leptonic decays into FIG. 4. 1PR contributions toc—uvyy.
pseudoscalar-vector_final statd3 -G P+V°_) to serve as in- o
put for D+*>7T+V|V| (po pole), Doﬂkovm (po,w,qS C. Two photon emissionD%— yy
poles) andDJ — 7" v v (w,¢poles). Taking the largest The amplitude for the  transiton D°(p)
contributor in each category, we obtain —v(q1,N1)¥(d2,\2) can be expressed as
Brosniy=5.1x10"1 (V=00 Mpoyy=e€,(1)€}(2)[(4105 —d1- 429"") Cpoy,
Brpo_jo,;7=2.4x10718 (V=) +1€%0q1,025Bp0,,]. (28)
Brp+ .ot y=7.8x10715 (V=4¢), (25)  The invariant amplitudeBpo,,, andCpo,,, areP-conserving
S

and P-violating, respectively, and carry units of inverse en-

where we have summed over the three neutrino flavors. AI€"9Y- They contribute to thB®— yy branching ratio as
though this analysis pertains to just the amplitudes of Fig.
3(a), we believe our results reflect the order of magnitude to
be expected for other hadronic intermediate states as well.
All such processes lead to unmeasurably small branching
ratios. _ , o , The amplitude in Eq.(28) is sometimes written in the
There will also be amplitudes with single lepton interme-gquivalent form
diate states, as in Fig(l®. For electron and muon interme-

diate states, the amplitude f@(p)—P(p’)» (k) (K) is

M gTDO
BrD0—>yy: W[|BDOy7|2+|CDOy7|Z]' (29)

k CDO v ) BDO ~
reducible to Mpo,,= 2”F’l‘ BDOWFZMﬁ'TwFlWFzMw
lept. — = 30
M(Deffp)v o= —2GEV, VEu(k)p- yI'Lw(k) (30
(e.n) " (&)
n @(m(Ze’M))' (26) WhereF#’=i(q“e"—q"e") andF*"= €MV PE L pl2.
These lead to the branching ratios 1. The short distanceontribution cu— yy
B _ _16 Consider the quark level transitioc—uyy. This can
Mot —mty, o =1.8X10"° . . . . . . .
(e.)¥(e) arise via one-particle irreducibl€lPl) processes in which
B s both photons arise from the interaction vertex or one-particle
BngﬂHV(e,,L)V(e,Mz?"BX 107, (27) reducible(1PR processes in which at least one of the pho-
tons is radiated from the initial statequark or final states
which are again too small for detection. quark.

There remains the case in whieti propagates as the To estimate thec—uyy amplitude, we employ an ap-
intermediate state. This differs from the above cases involvproximation which makes use of known results on the related
ing e and u propagation in that for part of the,-v, phase  processc— uvy. According to Ref[6], the two-loopc—uy
space, the intermediate” is on the mass shell. The mode vertex is
DS —7"+v, has been observédwith Bros sy, =(7
+4)% wherea® " — 7" + v, has not(the predicted branch- (s.d)_
ing ratio is Brp+_ ;+., =9.2 10 4. Once the on-shel* Meiy'= 2167
has been produced, its branching ratio to decay into a given

meson can be appreciable, e B, .+, =0.25,Br, ..+, \yhere|A|=0.0047. Keeping in mind that there are additional
=0.11, etc. Such transitions, although involving productiondiagrams which must be accounted for in a complete two-
of a vv pair in the final state, should be measurable & a loop analysis, we shall use this as input to the 1PR graphs
and/or charm factory. depicted in Fig. 4. The dominant contribution to tloe
—Uuyy amplitude involves photon emission from theuark.
To ensure that the effect is indeed “short range,” we follow
2In this experiment, only the leptonic decay made—1vv, was  the locality procedure employed in R¢25]. This yields for
detected 24]. cu— vyvy the amplitude

4Gee ,
=AM, IrF*, (31

014009-7
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Y TABLE Il. VMD amplitudes (108 GeV1).
VO* ’A‘\]\I\,\l
; R e Bk, cs,
D D%—p%y 0.036(1*+0.7) 0.045(10.3)
D% w0y 0.011(1+0.5) 0.012(10.5)
,y D% ¢%y 0.047(1+0.7) 0.036(1:0.4)
FIG. 5. Vector dominancé/MD) contribution.
2e
(vmd)_ == ]
g(s.d) (s.d) me Booy, 2| fV.BVin"
| D0y7| - |C[)Oyy| - 3\/5 M D|A| (32) :
N . . 2e
d
resulting in the branching ratio C(D‘/”‘W)_E f_V_CVi " (36)
I
d. _
Brie™  ~3x107 1, (33)
) where fy, is the coupling for thev®—y conversion ampli-
for the choiceMp—m,=0.3 GeV. tude, the index I” refers to the specific vector meson
, o (p% w° ¢° and 7, is a factor accounting for the VMD ex-
2. Long distance contributions to B-yy trapolation made imy2. We take 7,=1/2 as a reasonable
We shall model long-distance contributions to th€  choice.
— 7y amplitude using the vector meson dominae¢&D) The values in Table Il are somewhat lower than those

mechanism and the unitarity constraint. The latter can onlyhich would be obtained from théy amplitudes in Ref(5].

be done in a limited context since there will be many unitar-The main reason for this is the central value Bimo_, 4,0,

ity contributions. We will consider several one-particle inter-which is a numerically significant input to the VMD calcu-

mediate stategas used inK— yy decay$ as well as the lation cited in the Particle Data Group compilation, has de-

two-particleK "K ~ intermediate state. creased by a factor of about three between 1994 and 2000.
a. Vector meson dominand®ne can view(cf. Fig. 5 the  Using the central values in Table Il and assuming positive

D°%— yy amplitude as the single vector meson dominancdnterference between the various amplitudes to provide the

(VMD) process maximal VMD signal gives the branching ratio

(vmd)  _ 4. ~
DO_, 7+§k: VO* syt g, (34) Bryo-,,=(3.5.59x10°%. (37

b. Single-particle unitarity contributionln this category
of amplituded(cf. Fig. 6 the D mixes with a spinless meson
(either a pseudoscal#, or a scalarS,) and finally decays
into a photon pair,

We have previously used the VMD mechanism to model the

general single-photon emissi@— M + vy (M is some non-

charm meson[5]. It is straightforward to extend our analysis

to the D°—yy mode, as long as care is taken in th8

—yy amplitude to ensure gauge invariance and Bose-

Einstein statistics. The amplitudes used in tB¥(p)

—VO(K) + ¥(q) transition are defined as B(Dm':)y E (P, |H(p°)|D°>WBan
PZ

Moy, = e (kA€ (a,N)[Cy(k,a,—K qg,,)

+tifﬂvaﬁkaq’8]. (35)
Cih = T (SIHRIDY) = Cor
The VMD amplitude that we calculate is therefore of the S
form (38
v Let us consider two distinct kinds of contnbquer'X
,
Do . P (1) If the spmless meson is a ground-state partiet, (7

or '),® we have

3The kaon intermediate state is disfavored due to the skall
FIG. 6. Weak mixing contribution. — 7 branching ratio.

014009-8
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- v c. Two-particle unitarity contributionln a factorization
¥ approach, th®°— K"K~ amplitude(cf. Fig. 7) is
DO K*+
h GeMj K
K it ~/\/1D0K+K*:Tvcsvzs]c 1_M_2D f+(Mﬁ)
@) (b) Mg
+—f (M3, (44)
FIG. 7. Unitarity contributions(a) K*K ™, (b) K* "K*~, Mp
gond Grasfpa| &4 Mf, 28— &4 where f.. are form factors and is a constant containing
DOyy ™ — 5 M2Z—-M2 + information about QCD corrections and the kaon decay con-
V2m [\2Mp ” 312 stant. A fit to the measured®—K K™~ decay rate yields
M
x > MZ_m2 O |, (39 R . Mg )
k=n7" V'D k flll=—5|f (M) +—=f_(Mg)|=141 MeV.
MD MD
where a,=—0.55, 6=—20°, f,(6)=coso (45

—2y2singcosd and f,,(0)=sirP6+2\2sindcoss. The
above parametrization for the two-photon vertices agreesimilar to theB, system[26], the K*K ™ intermediate state
with the values determined experimentally, contributes via unitarity to only the amplitud®of Eq. (28)
1 0 and is proportional to precisely the same combination of
0.0249 Gev* ()

form factors appearing in E¢45),
Bp ,,= ¢ 0.0275 GeV?® () (40)

0.0334 GeV! (7). - M2
7 ImC(DK();'; )=2aM—4K\/1—4M§/M%MDoK+K7, (46)
D

B%'E,dw is seen to vanish, as it must, in the limit of &Y
flavor symmetry(there (7' |H D% =0 and then?, 7

contributions cancgl From Eq.(29), we obtain the branch- from which we obtain

ing ratio
(KTKT) _ -8
Briy, ~3x1071 (41) Brpo ., ~0.7x10°". (47)
(2) If the intermediate meson is a spinless resondRite d. Summary of B— yy. Considered together, the above

the decay chain becomé’—R%— yy. Since little is yet examples lead us to anticipate a branching ratio in the neigh-
known about meson excitations, both the weak mixing amborhood of 108. Our maximal(i.e., constructive interfer-
plitudes and the two-photon emission amplitudes must bence VMD signal has a central value3r 5" =35

0,
modeled theoretically. ThB-to-resonance weak matrix el- % 10-8. The recent work of Refl27] providesDan iyndepen-
ement will depend upon the flavor structurerd, e.g. dent estimate of th®°— yy transition and obtains a similar

order-of-magnitude result.
(RHGEIDO)

§de/\/§ [R°=(Uu—ad)/\/§] D. Lepton-antilepton emissionD%— ||~
Grayfp — The general form for the amplitude describimf
__ f 0_ o] plitude describimy’(p)
Z | =R (R=s9) 42 ksl (ks ) is

V:dVUSfR (ROZSd), _
Mopo_j+-=U(K-,s_)[Apo+ -+ ysBpoy+|-]

where the flavor content dR? is in parentheses and esti-
mates for resonance decay constdptare given in Ref[3]. Xv(Ky ,84), (48)
The R°— yy mode has been observed for a number of reso-
nances and has typical branching ratioSrgo_,, and the associated decay rate is
=0(107%) for Mg=1—1.3 GeV, decreasing tfrgo
=0(10 %) for Mg=1.5 GeV.

—-YY

2
For a concrete example of the resonance mechanism, we I _ @ /1_4m, A 2
chooseR’= 7(1800) and assumsr ,(1g00) . ,,=10 °. The DO—-I"1" " gy M2 [ e
resultingD®— yy branching ratio is 5
m;
0_ A 12
Brg():;(jgoo)w 10-10 43) +(1 4M2D) |Bpoj+ - } (49

014009-9
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D° D° A

FIG. 8. Unitarity contributions:(a) One-particle. (b) Two-
particle yvy.
1. Short distance contributions cts*1~

The short distanceO(«;) corrected transition amplitude
is given by[14]

gsd) GEM{fom

DO+ —— 77_2 ’

(50

2

. 4+ )
ViiVai 3| 6D

Xj [2%
- + _SXi . ( |n2Xi +
i:d's’b 2 477

with x;=m?/M3,. The amplitudeApo+ - vanishes due to
the equations of motion. The explicit dependence on lepton

PHYSICAL REVIEW D66, 014009 (2002

ing P,,yy vertices described earliérand obtain the overall
P,u"u~ normalization from the measured— u* ™
mode. From this we predict for the’ (960)— u* u~ mode

a branching ratidr ,, ,+,-=5.6X 107, well below the cur-

rent boundBr,?,M+H7<1O*4. The ground state contribution
is then

2
B(gg'(i) o G,:aszBp,qu#f i 2M7T ,
DY \/E \/E MD_MW

26—&g M}
+ 2 2
3\/5 MD_MT]
X (coLO— 2+/2sin6 cosh)

L 26 M?
3V2 Mj-Mm?

X (siP6+2+/2sin6 coso) |, (53

with Bp,,+ ,- =3.47< 10" °. This leads to the branching ratio

Bri%Y . —=25x10718 (54)

mass in the decay amplitude overwhelmingly favors the

uu” final state over that o™ e™. Upon employing the
guark mass valuesny=0.01 GeV, my=0.12 GeV, my
=5.1 GeV, the Wolfenstein CKM parametexs=0.22, A
=0.82, p=0.21, »=0.35 and the decay constarit,

~0.2 GeV, we obtain the branching fractidsr35 . -
=10""2

2. Long distance contributions to B—[*1~

There can also, in principle, be intermediate state contri-
butions from J°=0" neutral resonancefR%. Using the
D%-to-R® mixing amplitude already obtained in E@2) and
again identifying the resonand® as 7(1800), we find

Br 718000 _ 1 gy 10-3 L m1E001 "1
b= M 7 (1800)

In the following, we consider two long distance unitarity
contributions (cf. Fig. 8 which lead toD°—I*1~ transi-
tions. In each case, the decay amplitude is dependent on the
lepton mass, and thus we shall provide numerical branchin

=1.8X10" 3BI’ m(1800)—1+1~+ (55)

ratios only for the cas®®— u* u ™.

a. Single-particle unitarity contribution.The single-
particle “weak-mixing” contribution toD°—1%1~ can be
estimated in a manner like that considered for Bfe— yy

transition[cf. Eq. (38)]. For definiteness, we consider the

DO—I*I~ parity-conserving amplitudeBpo,+,- [see Eq.
(48],

_ 1
B =2 (P HEIDY) = —Bp -, (52

Pn Mp—Mp2

and we writeBUg?,-=B%Y _+BU) _ for the ground

state %, »,7") and resonance contributions.
There is little known regarding theP,utu~ (P,

%pon assuming Brw(lgoo)ﬂﬂleoflz as our default
branching ratio, we obtain

Br 7 (1800)-1+1-

B ~5.0¢ 107
10~ 12

DO+~

(56)

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

b. The two-photon unitarity contributionln the K
—e’e  transition, the two-photon intermediate state is
known to play an important role. Let us therefore consider
the contribution of this intermediate state f&x°—I|"1~,

=m0 7n,7') vertices. In the following, we assume these “This ensures that our expression will vanish in the limit of( U
guantities have the same flavor structure as the correspontlavor symmetry.
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ImMDon— 5’—x~~ﬁ
.
E f day da, . \Jﬁ’z

= — 5 -
21,4, ) 201273 20)(27)° (57 c ' g .
XMDHwM;yM+|*(27T)45(4)(p_Q1_Q2)- (58 FIG. 9. A typical contribution tac— u FCNC transitions in the

) ) o MSSM. The cross denotes one mass insertidh,)(, , with
Upon inserting the general form of ti¥’— yy appearing in MM =LR.

Eq. (30), we obtain
) well motivated theory of physics beyond the SM. We con-
IMATY  — amiBeo In% sider the general case of the unconstrained version of the
Do~ =00y m2 minimal supersymmetric extension of the standard model
where no particular SUSY breaking mechanism is assumed

Mé and investigate the two scenarios whBrparity is conserved
Im B(D%“fl,_ =iam,Cpo,,In—. (59 or violated. Imposing the constraints on the SUSY parameter
m space from current data, we find that in both cases, the su-
We find persymmetric contributions to these decay channels can be

quite large, particularly in the low dilepton mass regiaa.,

Brid) ., =2.7x10"%Brpo_,,. (60) belowmy).

c. Summary of B—u* . The largest of our estimates, 1. Minimal supersymmetric standard model

the two-photon unitarity component, for the long distance The minimal supersymmetric standard mo@dSSM) is

contribution toD%— " 1~ favors a branching ratio some- the simplest supersymmetric extension of the SM and in-
where in excess of I0°. More generally, it scales as 2.7 volves a doubling of the particle spectrum by putting all SM
% 10"° times the branching ratio fab°— yy. With the es-  fermions in chiral supermultiplets, as well as the SM gauge

timateBrpo_, ,.,= 108 arrived at in the previous section, we bosons in vector supermultiplets. In our discussion, we do
therefore anticipate a branching ratio oP—u* ™ of at ~ not assume any particular supersymmetry breaking mecha-
least 3x 1013, nism, but rather use a parametrization of all possible soft
SUSY breaking terms. A large number, of order 100, of new

IIl. POTENTIAL FOR NEW PHYSICS CONTRIBUTIONS parameters is then introduced. The soft supersymmetry

breaking sector generally includes three gaugino masses, as

As discussed in the Introduction, the charm system prowell as trilinear scalar interactions, Higgs boson and sfer-
vides a unique laboratory to probe physics beyond the starmion masses. Supersymmetry contains many potential
dard model as it offers a complementary probe of physics tgources for flavor violation. In particular, if we choose to
that attainable from a study of rare processes in the dowrrotate the squark fields by the same matrices that diagonalize
quark sector. As we found in Sec. Il, short distance SM conthe quark mass matrices, then the squark mass matrices are
tributions to rare charm decays are quite small due to theot diagonal. In this super-CKM basis, squark propagators
effectiveness of the GIM mechanism, and most reactions arean be expanded so that non-diagonal mass terms result in
dominated by long range effects. However, we saw that fomass insertions that change the squark fld28;29. These
some reactions there exists a window for the potential obsemass insertions can be parametrized in a model independent
vation of new short distance effects, in particular for specificfashion via
regions of the invariant dilepton mass spectrum [n

—XI*17. Indeed in some cases it is precisely because the " (Mi‘j)fx,
SM rates are so small that charm provides an untapped op- (5ij)>\)\’:Ta (61)
portunity to discover new effects and offers a detailed test of q

the SM in the up-quark sector. _ L , I
In this section we delineate some new physics possibili—Wherel #] are generation indices, A" denote the chirality,

uy2 H
ties, motivated by supersymmetric, grand-unified, extra di{Mij)” are the off-d~|agonal elements of the up-type squark
mensional, or strongly coupled extensions of the SM, whicH@SS matrix, anvg represents the average squark mass.
give rise to observable effects in rare charm transitions. Ifh€ exchange of squarks in loops thus leads to FCNC

some cases, we find that present experimental limits on thedBrough diagrams such as the one depicted in Fig. 9. This

channels already constrain the model parameter space. ~ SOUTCe of flavor violation can be avoided in specific SUSY
breaking scenarios such as gauge mediation or anomaly me-

diation, but is present in general. It appears, for instance, if
SUSY breaking is mediated by gravity.

We first examine the effects of supersymmd®WSY) in The MSSM contributions to loop mediated processes in
rare charm decays, concentrating on the exclusive mbdes addition to those of the SM are gluino-squark exchange,
—al™l” andD—pl*1~. Weak scale supersymmetry is a chargino or neutralino-squark exchange and charged Higgs-
possible solution to the hierarchy problem and as such is guark exchange. This last contribution carries the same CKM

A. Supersymmetry and rare charm decays
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structure as in the SM loop diagram and is proportional to  TABLE Iil. Bounds on (8%,),, , (8%,) & from D°—D® mixing
the internal and external quark masses; it thus leads to smdB2] (neglecting the strong phasdll constraints should be multi-
effects in rare charm transitions and we neglect it here. Thelied by (M3/500 GeV).

gluino-squark contribution proceeds via flavor diagonal ver

tices proportional to the strong coupling constant and in prin- MS/Mﬁ (811L (611r
ciple dominates the CKM suppressed, weak-scale strength
chargino or neutralino-squark contributions. We thus only 03 0.03 0.04
consider the case of gluino-squark exchange here as an esti- 1.0 0.06 0.02
mate of the potential size of supersymmetric effects in rare 4.0 0.14 0.02
charm decays. We note that the analogous gluino contribu-
tions to rareK and B transitions have led to strong univer-
sality constraints on the charged=—1/3 squark sector C;i__g V2 5% P13u)
[30]. Here, we examine the level at which the corresponding 9 FMZWQS (O12)rR
constraints can be obtained in the charged + 2/3 squark
sector once data accumulatesBaand charm factories. y Mg
Within the context of the mass insertion approximation +(612)LRP12AU) =1 (67)
the effects are included in the Wilson coefficients corre- ¢
sponding to the deca —XI"1~ via . 8 2
- Cg=—2—7mwas(5l{2)RRPO42(u)
ci=CM+cC9, (62) F¥g
_(1—4si ~g
for i=7,9,10. Allowing for only one insertion, the explicit (1 4SIrFeW)C10'
contributions from the gluino-squark diagrams E3é,32 G la
Clo=— g — (3LR(S1)LRPosd L),
z 8 2 ( PisAu)
Cl=-3 2T s (61 2)|_L— =
9 GeM; where the expression f@$, is again obtained with a double
M insertion. ~ _
+ (8 LrRP12A W) —} (63 As was noted in Ref$31,37, in bothC% andCY the term
Me in which the squark chirality labels are mixed introduces the
enhancement factokMg/m.. In the SM the chirality flip
and which appears ifD; occurs by a flip of one external quark
s 3 line, resulting in a factor ofm,; included in the operator’s
Cl=— = Y% (81 Posd V), (64) definition® However, in the gluino-squark diagram, the in

27G M=

. sertion of (57,) g, forces the chirality flip to take place in the

gluino line, thus introducing 87 factor instead ofn, . This
yields a significant enhancement in the short distance contri-
butions to the procedd — X, ¥ [32], which is unfortunately
obscured by the large long range effects.

The most stringent bounds that apply to the non-universal
soft breaking terms &,),,» come from the experimental

q

with the contribution taC 4 vanishing at this order due to the
helicity structure. If we allow for two mass insertions, there
is a contribution taCq ;¢ given by

- 1 _
Clo=— 5 %S(agz)m( 842 rRPosAU) searches foD°—D° mixing® The current CLEO limit[8]
implies [32]
CEJ 2 2
K - 1 [ Amg o)
1—4sirf 6y cosd+ sind| <0.04%, (68)
2 FDO FDO

Here,u= MglMé and the function®;;,(u) are defined as

Pij(u)= f dx

In addition, the operator basis can be extended by the

where § is a strong relative phase between the Cabibbo-
allowed and the doubly Cabibbo-suppress2¥—Km de-
x(1—x)]

(1- x+ux)k (68

5The m, term, proportional to the (% ys) in the operator, is
neglected.
€6Limits obtained from charge and color breakit@CB) and

“wrong chirality” operatorsO,, Oy and O,,, obtained by
switching the quark chiralities in Eqg6) and (7). The

bounding the potential from belo@FB) [33] apply to the trilinear
terms but not to the squark mass terms. Thus, unless the squark

gluino-squark contributions to the corresponding Wilson co-mass matrices are kept diagonal, CCB and UFB arguments cannot

efficients are

be used to constrain the non-universal mass insertions.
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D> e e SUSY contributions is most conspicuous away from the vec-

7 UL D N A tor resonances, particularly for low dilepton masses. Experi-
ments sensitive to the dilepton mass distribution at the level
of 1077—10 8 can detect these SUSY contributions. How-
ever, the decays to a vector meson, suchaspe*e, are
more sensitive to the gluino exchange, as can be seen from
Fig. 11. The effect is quite pronounced and almost entirely
lies in the lowm,, region. This is mostly due to the contri-
butions of (8%,)r. to C; andC- in Egs.(63) and(67), which
contain theMg/m, enhancement as discussed above. This
effect is intensified at lovg?= mie due to the photon propa-
gator[see, for instance, Eq12) for the inclusive decays
This low g? enhancement of th®-, contribution is present in
exclusive modes with vector mesons suctbas pl “1 ~, but
0.5 1.0 1.5 not in modes with pseudoscalars, suchDas 71 "1, since

Mee [GoV] gauge invariance forces a cancellation of thg®factor in

FIG. 10. The dilepton mass distribution f@ " —n*e"e” the Iattgr cas¢e.g., see.Eq(15)]. This is _appgrenF from a
(normalized td"p+) in the MSSM with non-universal soft breaking comparison of the low dilepton mass regions in Figs. 10 and

Drs =" 11.

effects. The solid line is the SM]) Mg=M3=250 GeV;(ll) Mg b .

=2M5=500 GeV; (Ill) M;=Mz=1000 GeV and(IV) Mg W_e_conclude tha_t thE)Tpr Ib delf_ays_arehco,(]/lssldsel\;lakzpr/]

=(1/2)M3=250 GeV. sensitive to non-universal soft breaking in the MSSM. The
largest effect is obtained in cad¥/) (dashed line in Fig. 11

cays. Neglecting this phase results in the constraints obtaine@nd yieldsBr po_. ,o¢+e-=1.3X 10" °, which is roughly a fac-

in Ref. [32], which we collect in Table Ill. These bounds tor of five times larger than the SM prediction given in Sec.

1074 — ——ssM ]
- - (DD

2 g
oo [GEV ]
)

(o))

{1/ dr/dm

10-10

were obtained assuming thaté')rr=0 and ). r A2 The current experimental bound on this channel is
—(8Y)nL; these assumptions are found to be numericallyl34] Brpc., oe+e-<1.2x10* For muon final states, the
unimportant. somewhat more stringent constrairr ¢’ o+, <2.2

In order to estimate the effects @—uu™ u~ transitions  x10°° should be compared tBrpo_ 0, +,-=1.3X 10°°
from the gluino contributions, we need to spechy and  obtained in casélV). Thus, searches for rare charm decays
M3. We consider four sample casei) Mj=Mj7  with sensitivities of 10° and better will soon constrain the
=250 GeV; (II) Mg=2M5=500 GeV; (1) M3=Mg MSSM parameter space or observe an effect.
=1000 GeV andV) Mgy=(1/2)M3=250 GeV. We first
examineD"—7*e*e . In Fig. 10 we show the dilepton 2. R-parity violation

mass distribution as a func_tion of the_ diIepFon mass. Al-  The assumption oR-parity conservation in the MSSM
though the net effect is relatively small in the integrated rateprohibits baryon and lepton number violating terms in the
(an increase=20% or smalley, the enhancement due to the g 5er.potential. However, other symmetries can be invoked
to prohibit rapid proton decay, such as baryon parity or lep-

D%->p% e e’ ton parity[35], and hence allow foR-parity violation. The

L P R-parity violating super-potential can be writterf as

1074 I =-=- (D,ID — 1
~ F WRp:eab[E)\ijkL?LFEk+)\i’jkL?Q?Dk
:E,',, w0 E : _E 1 " T1eNBR Y
g“’ ] + Eéaﬁy)\”kul DJ Dk , (69)
s L ]
2 108 — _ _
< : wherel, Q, E, U andD are the chiral super-fields in the

MSSM. The SU(3) color indices are denoted by,B,y
=1,2,3, theSU(2), indices bya,b=1,2 and the generation
indices arei,j,k=1,2,3. The fields in Eq(69) are in the
weak basis. Thaj;, term is the one which is relevant for the
rare charm decays we consider here as it can give rise to
tree-level contributions through the exchange of squarks to
FIG. 11. The dilepton mass distribution fér— p%e*e~ (nor- decay channels such Bs—XI"17, D—1"1", as well as the
malized toI'o) in the MSSM with non-universal soft breaking
effects. The solid line is the SM]) M3=M3=250 GeV;(ll) Mj
=2M3=500 GeV; (lll) Mz=M3z=1000 GeV and(IV) Mg "We ignore bilinear terms which are not relevant to our discussion
=(1/2)Mz=250 GeV. of FCNC effects.
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TABLE IV. Most stringent (2r) bounds for theR-parity viola- [BAEPY METITY
tion couplings entering in rar® decays, from(@ charged current — T T T T —
universality,(b) R, and(c) D—KIlv. See Ref[36] for details. All 1074
numbers should be multiplied byrt,g/loo GeV).

’X ’ ')‘\' ’ 'X ’ 'X ’ N
11k 1% 21k 2% 3 100
0.02% 0.04® 0.06" 0.219 2
g
. . _ _ £ 108
lepton-flavor violatingD—Xu*te™ andD—u*e” modes. £

Before considering the FCNC effects h decays, we need

to rotate the fields to the mass basis. This leads to
10710

WRp:Xi,jk[NiVjIDI_Ein]5k+'" (70)

0.5 1.0 1.5
m,, [GeV]

whereV is the CKM matrix and we define
FIG. 12. The dilepton mass distribution f@ " — 7" utu”™
No=N U D*R (71) normalized tol'p+. The solid line shows the sum of the short and
ke st the long distance SM contributions. The dashed line includes the

. Il R-pari iolati ibution fi
Here, 4" and DR are the matrices used to rotate the left- ;;V\flgrd defaai{;ty violating contribution from supersymmetrgee

handed up- and right-handed down-quark fields to the mass

basis. Written in terms of component fields, this interaction We first consider the contributions - ul*1~. The tree

now reads level exchange of down squarks results in the effective inter-
~ _ - S — - . action
W =N V[ v did] +dy diwl + (df)* (v])°d] ]1—el diul
=ikl Tk & (AT Gy NN, ——
uLdReL (dR)*(eL)cuL}' (72) éVHef'f: _ ':rk}g i1k (IL)CCL UL(IL)Ci (73)
dk

The last term in Eq(72) can give rise to the processes R

—ull() at tree level via the exchange of a down squark.hich after Fierz rearranging gives
This leads to effects that are proportional\g, X/, with i

=1,2 (due to kinematical restrictions Niogh i1k — _
Constraints on these coefficients have been derived in the OHefi= — 5— (UL y o)Ly ). (74
literature[36]. For instance, tight bounds are obtained in Ref. 2mk

- R

[37] from K" — 7" vy by assuming that only onB-parity

violating coupling satisﬁe'gi'jk;eo, We update this bound by This corresponds to contributions to the Wilson coefficients
using the latest experimental resul88] Bry:_..:,, CoandCyoat the high energy scale given by
=(1.57" 49 < 107, which yields X/;, <0.005. However,

this bound can be avoided in the single coupling scheme SCoz — SC :sin26W
[37], where o_nly oneR-parity yiolating coupling_ is take_n to 9 07 5,2
be non-zero in the weak basis. In this case, it is possible that

flavor rotations may restrict thR-parity breaking induced )

flavor violation to be present in either the chargel/3 or  |f we now specifyl =e and use the bounds from Table IV we
+2/3 quark sectors, but not both. Then large effects are pod(ive at the constraint

sible in the up sector for observables suctD&sD® mixing - -
and rare decays without affecting the down-quark sector. In Nk | [ M 76

Ref. [37] a rather loose constraint on teparity breaking 0.04/ \0.02° (76
couplings is obtained fror®° mixing, which could result in

large effects inc—ull(") decays. Here, we will take a con- Notice that these are independent of the squark mass, which
servative approach and make use of more model-independetancels. Taking this upper limit on the Wilson coefficients
bounds. The constraints on tleparity breaking couplings results in the dot-dashed lines of Figs. 1 and 2 corresponding
for the processes of interest here are collected in Table Mo DY —x*e"e” and D°—p%e*e™, respectively. The ef-
from Ref.[36]. The charged current universality bounds as-fect in these rates is small, of order 10% at most, whereas the
sume three generations. Thedecay constraint is given by experimental bounds are a factor of 20 above this level in the
the quantityR,=I",_,/I",_,,. The limits obtained from best caségiven by the pion mode

D—Klv were first obtained in Ref39]. On the other hand, fdr= x we obtain

My’

N5k
dR

i2kN 1k - (75

>

SCE=— 5CS,=1.10
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FIG. 14. The lepton forward-backward asymmetry fb°
FIG. 13. The dilepton mass distribution fo°— p°u* ™ nor-  —p°u™u™~ for the bound of Eq(78) (see text for details
malized tol'po. The solid line shows the sum of the short and the

long distance SM contributions. The dashed line includes the al- 1 d2r o d2r
lowed R-parity violating contribution from supersymmetfsee text f X— J dx
for details. ) odxdcf ~1dxddf
Ars(q9) = ' (79)
dr
Noac| [ Mo do?
E— _ SCH e ==
0CH=—0Clp= 17.4( 0.21) (0.06) . (77

wherex=cos#, with 6 being the angle between thé and

_ . he decayingd meson in thd “|~ rest frame. Expressions

These upper limits already saturate the experimental bouNGg; he angular distributionlI’/dxdcf can be found in Ref.
of Brp:  ,+,+, <1.5X10 and Brpo_, 0,+,-<2-2  [41] for the inclusive case and in Rd#2,43 for the exclu-
X 10”° from Refs[34,40 Thus we derive the following new  sjve modes. In the SMAg(g?) in D p° 1~ is negligi-

constraint on the product é¥-parity violating couplings: bly small throughout the kinematic region. The reason for
this can be seen by inspecting the numerator of the asymme-
Mgk by < 0.004, 79 W42

m
2 ff C ~eff
which arises from th® " — 7" " = mode. This allows for Are(q°)~4mpkCyg) Co'gf+ ¥C$ (fG—gF)],
potentially large effects in both the and = channels as is (80)
illustrated in Figs. 12 and 13.

In Fig. 12 we display the dimuon mass distribution as ayherek is the vector meson three-momentum in Deest
function of the dimuon mass f@ " — 7" u"u . The solid  frame, and;, g, F and G are various form factors. Since the
line, corresponding to the SM prediction and including bothgn amplitude is dominated by the long distance vector in-
the short and long distance pieces, is clearly dominated by, mediate states, we ha@§“>0m. New physics contribu-
the latter through the presence of the vector meson reSQions that makeC..~cCe" will hence generate a sizable
nances as discussed above. The dashed line includes the C%@ymmetry This isl(i)llustgrated in the case at handRgfarity

t“bl#.'oln C;f I?—parltty Vt'0|taht'°”btakmbg thflj?_-p%rltgl K'OIat'rt‘)g violating supersymmetry. For instance, again setting the cou-
coe 'i'hentas 0 S? ura teh € above ggn n 8. . cant et pling to the values given in E¢78), we present the forward-
seen thalaway 1rom né resonancesere IS an Important ., 1 \vard asymmetry fab®— p®u* 1~ in Fig. 14. In order

)[Arlllggr(i)(\e/\:ls ?L;hseit:;i%%\/ii Zir?:;laRr iﬁ?{&%l'oéat'f’n_'n distt:-SY to compute the asymmetry, we make us®8f—K* | v form
bution s:hown in Fig. 13. Here, the dashgdlfing is again Obfactors, togetherwitls U(3) symmetry a_nd heavy quasioin
Y . L o . . symmetny’ This gives a bound on the integrated asymmetry
tained by making use of the bound in E@8). This results in f14£~015 ForD®— plete t18€~0.08. S )
an upper bound for th&-parity violating effect given by Of Tpg=0.1o. FOrb-—p € ‘€, We getlpg=0.90. Super
s A 7 symmetry could thus produce very sizable asymmetries. In
Broo_ ,0,+,~ < 8.7x10°7 which is still below the experi-  goneral “any non-zero value @:5(g?) that is measured
mental limit[40] Brie . o,+,- <2.2x10°°. should be interpreted as arising from new physics. The ef-
In addition to the dilepton mass distribution, this decayfective interactions of Eq.73) also lead to a contribution to
mode also contains angular information as discussed in Sec.
A 1. For instance, we can define the forward-backward
asymmetry for leptons as 8see the first reference cited in R§42).

014009-15



BURDMAN, GOLOWICH, HEWETT, AND PAKVASA PHYSICAL REVIEW D66, 014009 (2002

TABLE V. Comparison of various decay modes between the SM and R parity violation. The third column
shows how large the R parity violating effect can be. The experimental limits are from[R&f34,4Q.

Decay mode SM R, Expt. limit

D'—zwtete” 2.0x10°® 2.3x10°® 5.2x10°°

D%—pY%te” 1.8x10°° 5.1x10 © 1.0x10°4

Df—m utu” 1.9x10°6 1.5x10°° 1.5x10°°

Do p%ut ™ 1.8x10°® 8.7x10 © 2.3x10°*

Do—put ™ 3.0x10 %8 3.5x10°° 4.1x10°°

D%—e*e” 1028 1.0x 10 % 6.2x10°°

D'—pute” 0 1.0x10°© 8.1x10°®

DY —a ute” 0 3.0x10°° 3.4x10°°

D%—pute” 0 1.4x10°° 4.9x10°5
the two-body decafp®— u* ™. TheR-parity violating con- Finally, we point out that similar effects to those consid-
tribution to the branching ratio then reads ered in this section are generated by leptoquarks. Their ex-

change lead in general to effective interactions similar to the

4 N\’ terms in Eq.(69).
rD‘(’)_)Mm,:rDoszmimD 1-

2/ S
4my, (Ao o5)?
2 4
Mp 647Tmak B. Extensions of standard model with extra Higgs bosons,

(81 gauge bosons, fermions, or dimensions

In this section we summarize the results from classes of
models which have additional Higgs scalar doublets, or fam-
~, )2(~, )z ily gauge symmetry or extra leptons. All of these give rise to

(82

Applying the bound in Eq(78) gives the constraint

Bré% . _<35x 10—6(& 1k fIavqr changing couplings at tree level and hence yield po-
Di=pin 0.02 tentially large rates for rare decay modes of D mesons. In

0.04
addition we briefly discuss the effects of extra dimensional
The current experimental limit[34] Brpo_,+,-<5.2  physics on rare charm transitions.

—utp
%10 8 is just above this value, implying that future mea-
surements of this decay mode will constrain the product of 1. Multiple Higgs doublets

theseR-parity violating couplings. Many extensions of the standard model contain more than

F|r|1_ally, tvr\1,et <I:on§|<£1er| thte p;loducts_(FI{-'EJ_arltyFwol_atl?g one Higgs scalar doublet. As is well known, this leads in
couplings "i,ef, 0 ep~o,n ~?vor yloa.|on._ orns ?nce'general to tree level FCNC couplings and thus decays such
the productsh iy oz and Aoy iy Will give rise to D as D°—pu*u~,ete,u*e”, etc. may proceed at rates

—m u"e . This leads to larger than SM expectations. In the down quark sector, there
are severe constraints on such couplings from kaon decay
8C§°=—Clg modes[45]. This does not necessarily lead to equally strong
~, ~, ~, ~, constraints on the up-quark sector. For example, as was
=4 6><[ M—lk) ()‘ﬂl) ()‘le) ("ﬂ)] 83) shown long agd44], it is possible that simple symmetries
' 0.02/10.2 0.06/ \0.04/ |’ forbid AS=1 FCNC without affecting théC=1 sector.

Let us write the general effectivC=1 interaction as
. . R _
which results insr DF’+_>7T+M+e,<3>< 10°°, to be contrasted

i . . G — —
with [34] Brg? . .. <3.4x10°. Here again, experi- B—= UysCly(a+bys)l,, (85)
ment is on the verge of being sensitiveReparity violating \/E

effects in supersymmetry. Similarly, for the corresponding ) ) )
two-body decay we have where g is a model-dependent dimensionless numaemd

b refer to generic scalar and pseudoscalar couplings, respec-

X X! tively, andlq,l, refer to the pairs £&,u), (e,e) or (u,e).
B <0.5x10 6x{ | 1k || 22X Comparing to the mod®*— v, , one can write
DO—pter =7 0.02/10.21 "
~ ~ 2 2 2,42
! ! +b° T
Aowc| [ M Br B Mp_a D
= == DO, 1,= oDlMp+ . uty
+(0.06 <0.04 ' (84) Y2 Ugg? MM, 2 7p a
exp -6 a’+b?
whereas the current bound [i84] Brjg_  +,-<8.1X10°. ~11.3532 (86)

We summarize the results of this section in Table V.
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The corresponding branching ratio for the three-body modes w+ g
c—ulil; is given by 0.34B%(a?+b?)/2. ¢
We have evaluated the paramet@sa andb in several D° @ Va
models with multiple Higgs scalar doublé#4,46) and com- a
puted the branching ratios for rare decay modes ofDfie w- B
We find that the branching ratios for these modes can be as _
large as FIG. 15. Box diagram mediatinB°— p.e.
Brpo .+, ~8x101, d d° u u®
s) ~Yalgo) + |¢g) TYul o
14 L L L L
Brpo_g+e-~4X10" %,
10 e e’
Brpo_ ,xex~7X10 (87) =U| , (89)

with the corresponding three-body modes having branching . _
ratios smaller than these by about a factor of 30. While stillThe matricedJ,,U4 andU, each contain one anglé;, and

small, these values are greatly enhanced over those in tfiBree phases. After the symmetry is broken, the three gauge
SM. bosons acquire different masses,. If the phases are ig-
nored, the matrix elements for the processes of interest are
2. FCNC in horizontal gauge models
Sin 26,,c0s6,

The gauge sector in the standard model has a large global Moo = %g fom,

symmetry which is broken by the Higgs interaction. By en- m%

larging the Higgs sector, some subgroup of this symmetry

can be imposed on the full SM Lagrangian and break the COs 20,;Sin 26, | —
symmetry spontaneously. This family symmetry can be glo- N m% p(1+ys)u,

bal as well as gauge@t7]. If the new gauge couplings are
very weak or the gauge boson masses are large, the differ-

ence between a gauged or global symmetry is rather difficult cos 20,05 e 1

Mpo_e—p+= Zg fom,

to distinguish in practice. In general there would be FCNC m3 m3
effects from both the gauge and scalar sectors. Here we con-
sider the gauge contributions. sin 26,,sin 20, | —

Let us construct a simple toy model as an example. Con- + m—g pw(ltyse. (90

sider a family symmetrySU(2)y under which the left-
handed quarkéwhere the superscripts denote the weak ﬂa‘Corresponding expressions exist 6P decay modes, with

vor eigenstates 64 replacingé, . To proceed further, let us make the simpli-
0 0 fying assumption thaim;~m,<m; and that the mixing
(u ) (C ) angles are small. Then, using the constraints from the kaon
d°f  \s%) " system, namely the bounds &7 —eu and the known rate

for KL—>,u;, we find that the branching ratios for charm
and the corresponding left-handed leptons decay modes can be as large as

0
0
€ L

transform as members of dp=1/2 family doublet. The which are enhanced over the SM expectations.
third family is assumed to havg,=0. TheSU(2)y symme-

try in this model can be thought of as a remnant of an 3. Extra fermions

SU(3)y family symmetry which has been broken to

i ; ) Additional fermions beyond those in the three families of
SU(2)xU(1). If{G,} are the gauge fields correospondmg 0 the SM can contribute to a variety of rare charm decays and

d° u can serve to remove the effective GIM cancellation inherent
the SU(2)u and we denOIGﬂdE_(SO)L' ¢”E_(CO)L' ete.. to these transitions in the SM. Let us first consider the effect
then the gauge interactions are of anSU(2) singlet down-typeQ = — 1/3 quark of the kind
. that occurs inEg models[48]. Thisb’ quark will contribute
g[zpdg yﬂrG”¢d3+(d°—>u°)+(d°—>lo)]. (89 in the loop diagramg49] which mediate decays such as
D% u*u”. For a massn, =250 GeV, the mixing wittu
After the symmetry is broken, the mass eigenstate basis @&ndc quarks given by\, =V, V5, is constrained by the
given by b’ contribution to Amp. With the current bound omxp

0
Vi

0
M

Brpo ~~3x101 and Brpo_,zes~2X10"",

—ptp
,

L (91
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(xo=Amp/I'p) of about 3%][8], Ny has to satisfy\,,  The branching ratio foD°— ue is thus bounded by
<0.003. Theb’ contribution toD°— "~ can then be of
order Brpo_,-e+<5.2x10"" or

Brpo_,+,-(b')~10"1, (92 Brpo et ipte <1.0x1071 (98)

which is two orders of magnitude above the SM value. Theref the heavy neutral leptoN® is anSU(2) singlet rather than
will be similar enhancements for modes such Bs a member of a doublet, the same result is obtained, even
—ll,D—pll which would be experimentally detectable. though the GIM suppression is absdbt,53. Hence any
We note that an additional fourth family down-type quark observation oD% we with Brpo_,,,o>10" 24 cannot be ex-
belonging to aSU(2), doublet would have an identical ef- plained by mixing with a heavy neutrino.
fect.

When the SM is extended by adding extra lepton doublets 4. Extra dimensions

or extra neutral singlets, the decay modé— ue can be Attempts to address the hierarchy problem by exploiting
generatedin a similar fashion a&; — we) only if there are  the geometry of space-time have led to extra-dimensional
non-degenerate neutrinos and nonzero neutrino miXB@s  theories which have verifiable consequences at the TeV
We display the relevant box diagram in Fig. 15. The associscale. These theories make use of the idea that our universe
ated matrix element can be written as lies on a (3t 1)-dimensional brane which is embedded in a
higherD-dimensional space-tim&=(1+ 3+ §), known as
the bulk. The size and geometry of the bulk, as well as the
field content which is allowed to propagate in the bulk varies
between different scenarios. Upon compactification of the
whereB is given by[13] additional dimensions, all bulk fields expand into a Kaluza-
Klein (KK) tower of states on the (81)-brane, where the
_ 1 masses of the KK states correspond to thdimensional
(1=Xa)(1=%) kinetic motion of the bulk field. The direct observation or

indirect effects of the KK states signals the existence of extra

_ (94) dimensions.
There are various potential contributions to rare decays

L _within these scenarios:
In the above, the greek and latin .|nd|ces run, respectively, (i) In the case of large flat toroidal extra dimensi§&4],
over the neutral leptons and negatively charged qualks,  gravity alone propagates in the bulk and the resultant bulk
andVj, are, respecuv;aly, 2m|xmg-matr|x elements fqr 'ePtO”Sgraviton KK tower statesG,, couple with inverse Planck
and quarks, an,=mj/Myy . In the excellent approximation scale strength and have very fine mass splittings of the order
thatx,=0 for a=wve,v,,v; andx;=0 fori=d, the expres-  of a few eV to MeV, depending on the size of the additional

GZM3,

WfDmMBUFRv, (93)

M [N I-Lg:

B= Ek U ZMU eV ekVuiXaXi

1 In X, Inx,
Xa= X\ (1=X)% (1=X,)°

sion for B becomeg51] dimensions. They may be radiated in rare decays such as
| —u+G, and subsequently appear as missing energy. The
= * |\/* XN _ XN bulk graviton KK states couple to the conserved stress-
B U;/,NUaN VCSVSU InXS+ 2 . . .

1- (1—Xn) energy tensor, which yields a rate for this processes only of

- Inx order of the charm rest mass.

+V:b\/bu<ﬂ_|n X+ _’\'2) (ii) If the extra dimensions are of size TeY, then the

1=Xn (1=xn) standard model gauge fields may propagate in the bulk and

. hence expand into KK towell$5]. The KK tower states of
=4.2}X10 " UReUny 95 they,z,W, and gluon may participate in rare transitions in a
variety of ways. However, precision electroweak data con-
. . ; strains the mass of the first gauge KK excitation to be in
=50 GeV. This result varies rather slowly &g, increases o, .oss of 4 Te\[56], and hence their contributions to rare
to Iarg(i values up to and beyomd,. The decay rate for decays are smalb7].

D%— ue is then given by (ii ) If the standard model fermions are localiZ&i8] at
2 specific points within a TeV!-sized extra dimension, then
@(U Un,)? (96) they obtain narrow Gaussian-like wave functions in the extra
4qr T NETNu dimension with a width much smaller than the compactifica-
tion radius. In this case, the fermion mass hierarchy may be
The mixing UneUp,,)* for my>50 GeV is constrained by explained and FCNC are suppressed by the small overlap of
the limit on Br , ., to be[52,15 less than 5.810 ° and  the wave functions for the different flavors.
hence we infer (iv) The last possibility is the Randall-Sundrum model of
_ localized gravity{59], based on a non-factorizable geometry
o —= <8.62¢10 %" GeV, 97) in 5-dimensional anti—de Sitter space. In this case, the stan-
DT=me™ | <1.3x10%° sec’t. dard model gauge and matter fields, as well as gravity, are

for a fourth generation neutral lepton mass afiy

GEMGfom,B

oo e 47°

*)/_Le:
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allowed to propagate in the warped extra dimension. The firsthanging vertices in Eq(100 induce contributions tac
bulk graviton KK excitation mass is of order a TeV and —ul®l~. These appear mostly as a shift in the Wilson coef-
hence does not participate in rare decays. However, the firsicient C,o(My),

gauge and fermion KK excitations are lighter and may have

interesting consequences in rare transitipd®. In models LM Sir? Oy

of this type, it is possibl¢61] to generate tree-level FCNC 6C10=Ucumy
which may produce observable effects in rare charm decays.

=0.02, (101

where we make the assumptidi,=\=0.22 (i.e., one
C. Strong dynamics power of the Cabibbo angleand we takem.=1.4 GeV.
The possibility that new strong interactions are responf\lthough this represents a very large enhancement with re-
sible for electroweak symmetry breakitBWSB) and/or fer-  SPect to the SM value dE;,(Myy), it does not translate into
mion masses has important consequences for flavor physic./arge deviation in the branching ratio. As mentioned previ-
The SM with one Higgs doublet already requires the presOUsly, these are dominated by the mixing of the operatpr
ence of new dynamics at a scalein order to avoid triviality ~ With Og, leading to a very large value @3 . The contribu-
bounds. The physics above the cutoff scale gives rise to th#on in Eq.(101) represents only a few percent effect in the
scalar sector via bound states and is connected in some fadifanching ratio with respect to the SM. On the other hand,
ion to the the generation of flavor. For instance, technicolothe interaction in Eq(100) can also mediat®®— u* u .
theories require extended technicolor, whereas the generatidrhe corresponding amplitude is
of the (large top quark mass may require a top-condensation

mechanism. In general the generation of fermion mass tex- m. Gg
tures leads, in one way or another, to FCNC. Here we exam- ADO’L“—M_:UI(;UZWU sinzewamM, (102
ine some of the potential effects in rare charm decays and V2

their relation to other phenomenological constraints. ) ) )
which should be compared to E(0). This results in the

1. Extended technicolor branching ratioBrSEi#w_zO.Gx 100 which although
In standard technicolor theories both fermions and techniStill sSmall, is not only several orders of magnitude larger than
fermions transform under the new gauge interaction of exthe SM short distance contribution but also more than two
tended technicolor(ETC). The condensation of techni- orders of magnitude larger than the long distance estimates.

fermions leading to EWSB leads to fermion mass terms of Finally, the FCNC vertices of the Z boson in EG.00
the form also give large contributions — uvv. The enhancement is
considerable and results in the branching ratio

2
2%x10°°. (103

2

9etc — L

M= ——(TT)erc. (99 BEC 4 Yeu
METC rD*—»qu f 0.2

The ETC interactions connect ordinary fermions with techni- The second class of contributions from technicolor mod-

fermions, as well as fermions and techni-fermions among|s comes from the diagonal ETC gauge bosons. These gen-

themselves. The relevant sources of FCNC in technicolograte four-quark interactions which refer to a mass scale con-
models divide into two classes: those associated with thei gined by DO.DO mixing to be approximately M

technicolor sector and those where the diagonal ETC gauge 1 TeV[62], thus making such effects very small in rare

bosons acting on ordinary fermions give rise to FCNCcharm decays.’

through dimension-six operators.
The first case gives rise to operators mediated by ETC

gauge bosons. These in turn have been shié#hto give _ _
rise to FCNC involving theZ boson, Top-condensation models postulate a new gauge interac-

tion that is strong enough to break the top-quark chiral sym-
metry and give rise to the large top mass. The various real-

2. Top-condensation models

m. e

&2 i UIEuZ'u(UL'Y,uCL) and izations of this basic idea have one common feature: flavor
8mv sin 26y violation. Since the new interaction must be non-universal, it
m, o mediates FCNC at tree level. This arises because the mass
&8 sna U Ui Z#(uy,CL), (100  matrix generated between the topcondensate and the other
W

flavor physics gives rise to the lighter fermion maséeg.
ETC in top-color-assisted technicold@5]) and is not aligned
whereU" is the unitary matrix rotating left-handed up-type with the weak basis. Diagonalization of this mass matrix will
quark fields into their mass basis afits a model-dependent then leave FCNC vertices of the so-called “top-color inter-
quantity of O(1). Theinduced flavor-conserving coupling  actions” since they couple preferentially to the third genera-
was first studied in Ref62] and flavor-changing effects B tion. The exchange of top gluons and top-color gauge bosons
decays have been examined in Rgf83,64. The flavor-  will generate four-fermion couplings of the form
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TABLE VI. Standard model predictions for the branching fractions due to short and long distance con-
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tributions for various rar® meson decays. Also shown are the current experimental I[it#84,4Q.

Decay mode Experimental limit Brsp. Brip.
D*—Xje'e” 2x10°8
D*—nwtete” <45x10°° 2x10°°
DYf—mtutu” <1.5x10°° 1.9x10°°
D*—ptrete” <1.0x10°* 4.5x107°
D%—X%"e" 0.8x10°8
D% 7% e” <6.6x10°° 0.8x10°®
D% plete” <5.8x10°* 1.8x10°8
Do p%ut <2.3x10°4 1.8x10°°
DY =X vy 1.2x10°1°
D —atvr 5x10 1
DK%y 2.4x10°16
D—n" v 8x10° 1
D= yy 3x10 ! few x10°8
Do—put ™ <3.3x10°° 10718 few x10713
D—ete” <1.3x10°° (2.3-4.7)x10°%
D pu*e <8.1x107° 0 0
Df—amtu~e” <3.4x107° 0 0
D%—pu*e® <4.9x10°° 0 0

4 acotd? However, once it is satisfied, the bound of E£05) implies

UUy (uy, T2 (ty#Tc) that all effects in rare charm decays are negligible. Similarly,

M? this also applies to the top cold’ arising from the strongly
. , coupledU(1)y.
magtand — _
vz JeulUrTio)(cy T o) (104 IV. CONCLUSIONS
We have extensively evaluated the potential of rare charm
A decays to probe physics beyond the SM. In Sec. Il we com-

ag — —

W Ucu(uy, To)(£4#T78), puted the SM rates for a variety of decay modes; incorporat-

ing the first evaluation of the QCD corrections to the short

where £T=(tb), U, =U-+UR and M is the mass of the distance contributions, as well as a comprehensive study of
SR dong range effects. This extends our earlier work in R8f,

exchanged color-octet gauge boson. The first term com h trated solel diative d We h
from rotating two top-quark fields via the strongly coupledW ere we concentrated solely on radialive decays. Ve have
shown that although, just as in the radiative modes, it is still

top gluon, with the strong interaction being reflected in the

factor coff=22. The second term corresponds to a top gluontrue that long distance contributions dominate the rates, there
; ion<e decay channels where it is possible to access the short

- - ; . distance physics. This is particularly true for the casdof
In the third term, which gives the largest contribution, the to ~ -
9 g p—>XUI+I decay modes such a®—axl"I~ and D

gluon couples strongly to the third generation quark current ""u, ~ L X
b K he do) - . | lik —pl ™17, away from the resonance contributions in the low

ut V\ll.ea YI_;Ot € (IIC) cu_rrenti[_glvm? trflfe fFO ta 9 3?”' 'theddilepton mass region. This is illustrated in Figs. 1 and 2,
coupiing. 1he one-loop Insertion of the Tirst and/or third, pare \ye see that for low dilepton invariant mass the sum of
terms in Eq.(104) would result in contributions to the opera-

q | 5 q long and short distance effects leaves a large window where
tors Og and Oyo. However, a term analogous to tsecond v qjcs heyond the SM can be observed. Although the un-

term in Eq.(104) but with thec, quark rotated to a_would  certainties in our calculation of the long distance contribu-
contribute toD%-D® mixing. The current experimental bound tions to this mode are still sizablegoughly of O(1)] it is

on Amp taken from Eq(68) implies that clear that at low dilepton masses new physics effects that are
an order of magnitude or more larger than the short distance
SM signal can be detected. This is not the case in the reso-
nance region(see also Ref[67]) where the¢, w andp
contributions take the rates to values just below current ex-
In standard top-color-assisted technicolor models, this conperimental bounds, in a situation analogous with radiative
straint is not binding on the top-gluon mass since the updecays such a®— py. We compile our predictions for the
sector rotation matrices are taken to be nearly diag@@!  SM rates in Table VI.

—>140 TeV. 10
ReUL,] (109
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In Sec. lll we explored the potential of these decays to We also considered the effects of other non-
constrain new physics. In the case of the MSSM, we examsupersymmetric extensions of the SM including multi-Higgs
ined the sensitivity of rare charm decays to non-universamodels, horizontal gauge models, a fourth generation, extra
soft breaking in the squark mass matrices. We found thagimensions, as well as models with strong dynamics such as
large effects are possible — =11~ and particularly in  extended technicolor and top color. These scenarios give siz-
D—>p| * ~,as can be seen from FlgS 10 and 11. The EffeCéb|e enhancements in some of the modes.
in the vector mode is amplified by the heightened sensitivity \we conclude that these rare charm decay modes are most
of this decay channel to the photonic penguin, which carriegensitive to the effects of non-universal supersymmetry
a large enhancement since the gluino helicity flip replaceg,eaking as well as t&-parity violating couplings. It is then
the usual charm quark mass insertion. This effect, unfortul—mportant to push for increased sensitivity of the experi-

nately, is obscured in radiative decays suciDaspy due to ments, preferably to below 16 in order to highly constrain

the overwhelming Iong range effects. It can therefore, Onlythese effects. This is in stark contrast with the situation in the
be observed by examination of the full dilepton mass spec-

. . . . _6
trum in D—XI71~. We conclude that an important fraction radiative modes, where sensitivity below £6-10"° may

of parameter space in the MSSM with non-universal softnOt iluminate short distance .p_h.ysics. Hi (_jilepton ques
breaking can be explored if sensitivities of the order of 40 shou_Iq .be pursued by all facilities to the highest possible
to 10 7 in the kinematic region of interest are reached. sensitivity.

We also considered the effects Rfparity violating cou-
plings in supersymmetry. We found that the current upper
limit on the decayD — 7w * 1~ yields the best constraint on ACKNOWLEDGMENTS
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