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and the minimal supersymmetric standard model

S. Fajfer and S. Prelovsek
Department of Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia
and J. Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

P. Singer
Department of Physics, Technielsrael Institute of Technology, Haifa 32000, Israel
(Received 3 July 2001; published 7 November 2001

We study the nine possible rare charm meson deBay<P|*|~ (P=m,K,#,7’) using heavy meson chiral
Lagrangians and find them to be dominated by the long distance contributions. TheDdeeay 11—, with
a branching ratio~1x 108, is expected to have the best chances for an early experimental discovery. The
short distance contribution in the five Cabibbo suppressed channels arisesa4attél ~ transition; we find
that this contribution is detectable only in tBe— 71 1~ decay, where it dominates the differential spectrum
at highg?. The general minimal supersymmetric standard model can enhance-thé&"| ~ rate by up to an
order of magnitude; its effect on ti2— PI*1~ rates is small since the—ul*|~ enhancement is sizable in
the low-g? region, which is inhibited in the hadronic decay.
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I. INTRODUCTION factories, while the limits oD, modes are expected to be
an order of magnitude mild¢d4].

The flavor-changing neutral processes are rare in the stan- On the theoretical side, long distance contribution®to
dard modelSM) and are of obvious interest in the search for— 1 *1~ decays have been considered in R&E]. Here we
new physics. Processes suchasuy andc—ul®l~ are also consider the long distance weak annihilation contribu-
screened by the long distance contributions in the decays é¢fon and confirm it to be small in this channel. Calculations
charm hadrong$1,2], and one has to look for specific had- for otherD— P11~ channels are not available in the litera-
ronic observab|e§_5] in order to probe possib|e new phys_ ture. In the pl’esent work we investigate all these Channels,
ics[6,7]. The long distance contributions are also expected td'cluding long-distance(LD) and posiitlle short-distance
dominate over the short distance contributionshifi— D° (SD) contributions arising from the—ul ™|~ transition. The

: g .
mixing [8], for which interesting experimental results have QCD corrections tcc—>u|_ | amplitude have not yet _been

studied in detail and we incorporate only what we believe to
been reported recent[@].

. I be the most important QCD effects. We also explore the

The long and shor+t Ehstgnce contnbuuogs to rare Charn%ensitivity ofc—ul™1~ transition to(i) minimal supersym-
meson decayD— VIl with V=p,w,¢ K" have been ouic model with general soft-breaking terms, diigl two
considered in Ref.2]. The_z long distance contrlbutlo_ns Were Higgs doublet model with flavor changing neutral Higgs in-
shown to be largely dominant, and to screen possible effectg,actions.
of new physics irc—ul ™1™, unless these are very large. The  Thec—ul*|~ transition in SM, minimal supersymmetric
experimental upper bounds on their branching ratios argtandard mode(MSSM), and two Higgs doublet model is
presently in the 10° range[10], and are an order of magni- studied in Sec. II. The long distance contributions are con-
tude larger than the standard model prediction for specifigidered within the heavy meson chiral Lagrangian approach
channels[2]. The decayDJ —p*1*1~ is predicted at the in Sec. Ill. Results are compiled in Sec. IV, while conclu-
highest rate~3x 10 ° [2], but there are unfortunately no sions are given in Sec. V.
experimental data on this particular channel.

In the present paper we consider the weak dedays II. THE c—ul*1~ DECAY
—PI171~ with pseudoscalaP= 7K, 7, 7', some of which . ) L o
receive contributions from the—ul*1~ transition. These _ 1he Lagrangian leading to thee~ul ™|~ transition is(us-

channels have not been observed so far, and only experimelfid notation as in Ref.16])

tal upper bounds on the various branching ratios in the range

10 6—10* exist [11-13. The recent E791 analys[d1] P 4GFV*V
considered alD* andD_ decay channels. The most recent N
FOCUS analysig12] provided upper bounds of about 8
x10 %ontheD*— 7 u* ™ andD™—K* " u~ branch-

ing ratios, and is not far from our standard model prediction
1x10° 6 for D*— 7 u*u~. The limits onD°® and D*

modes at the level I¢ are expected from CLEO-c and B where

o
c;07+ 505+ E{Cg@g‘l‘ cgOyg

+ €010+ €O 10}} : 1)
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e - dBr ds
0= 16W2mcua”VPRch, Og=uy*P.cly,l,
2.5x108
2x10°®
— - , e — 1.5x10°°
(910=U)/'“P|_C|7M)/5|, O7=@mcuaﬂ PLCFMV, (2) 1x10°8
5x10°°
Oéza&ﬂpﬂﬂ}dy (9h:a;upRgﬁm7g, 0.2 0.4 0.6 0.8 1 S
with  Pg =(1%=1vs)/2. In Eq. (1) only the Cabibbo- FIG. 1. The differential branching ratBr(c—ul*|~)/ds: the

Kobayashi-MaskawéCKM) matrix elemenV*.V, . appears, dashed line denotes the one-loop standard model prediction, while
Y &CKM) csVus PP the solid line also incorporates the QCD corrections1¢18]. The

for reasons explained in Sec. II[A8]. The Wilson coeffi- best enhancement of the—ul*l~ rate in the general MSSM is

cients in various scenarios are given in the following sec- . . ; .
. . . : L given by the dot-dashed line, where the mass insertions are taken at
tions. The differential branching ratio is given pi6]

their maximal valuegEqgs. (9) and (10)], and as=0.12 andM,,

B B =M, =250 GeV.
dBr(c—ul™l™) 1 dl(c—ul*l) ’
ds B (D% ds We expect the QCD corrections tg to be rather unimpor-
tant, given that, is already relatively large at the one-loop
GZm; a? level[19]. We assume that the QCD correctionsigdo not
= 7o53r 50 | VesVud 2(1—9)? ffect th 11~ ignifi
19273 (DY) |4 72! "cs'us affect thec—u .rgte S|gn|f|car)tly, anql thereforg use o_nly
the c; andcq coefficients. The differential branching ratios
X[{(1+2s)(|cg|?+]|c1d?) for cases with and without QCD corrections are shown by
solid and dashed lines in Fig. 1, respectively. The branching
+4(1+2/s)|c7|?+ 12Re ¢} col} ratio[6+1]x10"? is small, and arises mainly fromy; the
+{Cr010Chord ], 3) contribution fromc- is small in spite of QCD enhancement.
wheres= mﬁ/mg' m.=1.5 GeV and the mass ofe, u is B. Minimal supersymmetric standard model
neglected. The short-distance part of be+PI1"1~ ampli- New sources of flavor violation are present in the MSSM
tude, which is induced bg—ul*1~ transition, is given by and these depend crucially on the mechanism of the super-
Eq. (A2) in the Appendix. symmetry breaking. The schemes with flavor-universal soft-
breaking terms lead to contributions proportional to
A. Standard model Eq:d,s,bvgqvuqmg, and have negligible effects on the

T . N : —ul™I~ rate[20]. Our purpose here is to explore the largest
Thec—ul"I" amplitude is given by the andZ penguin possible enhancement of the—ul®l~ rate in general

diagrams and th&V box diagram at one-loop electroweak : . .
order in the standard model, and is dominated by light quarkg/ISS'\./I with nonuniversal soft breaking terms. Baseq on the
in the loop. One haf2,17] experience from the—uy decay[6,7], where the dominant

contribution arises from gluino diagrams with the squark-

4 m mass insertion §},), g, we concentrate only on the gluino
Co(My)=7g I+ ~=1.34+0.09, exchange diagrams with single mass insertidfollowing
d the analogous calculation fiwr—s|* |~ [16], we get for the
2 Wilson coefficients in the MSSM
d,s
C7,1d M) < —-=0, 2
My Cglumozﬁ 2 lNc_l s (522)LL1P132(Z)
m €d ngGF 3 2N V:svus 4
C7,0.1d Mw) = #07,9,1020 4 . My
¢ +(012)rLP1242) m <0.2, (6)
C

for mg/my=21+4 MeV [13], where the terms proportional
to m3 /mg, have been neglected. The leading ternmin,) , e, V2 1N2-1 may
in cg arises from the penguin diagram, with a photon emitted cgino=— e vZe 3 2N U §P042(Z)(5L::2)LL
from the intermediate quark. 4 MsGr ¢ VesVus

The QCD corrections t@—ul*I~ amplitude have not <0.002, 7)
yet been studied in detail. The QCD correctiong$pwhich
are extremely small at the one-loop level, have been studieg———
in Ref.[18] and are found to be large:

We work in the super-CKM basis for squarks, where the squark-
off quark-gaugino vertex has the same flavor structure as the quark-
¢z (mg)=—(0.007+0.020)[1+0.2]. (5 quark-gauge boson vertex; for a review, see [R&f].
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TABLE I. The second column represents the standard modet—ul*|~ rate, due to the strong constraint coming from the
prediction forc—ul*1~ branching ratios, which is practically un- experimental upper bound oAmp and due to the small
affected by the QCD correctiorisee the tejt The third column  masses of the leptons and x. Assuming the same—u
represents the biggest possible enhancement of the branching ratiopy coupling f., and massmy=300 GeV for all three
in MSSM, evaluated for mass insertions at their maximal values,atral physical Higgs bosons in the two Higgs doublet
[Egs.(9) and (10)]. model, and saturating the experimental upper bosma},

B MSSM <4.5x10 * GeV[9)]}?
BrsM best enhanc. 4 2
— = f2mp<(Amp) (11)
c—uete” (6=1)x10"° 6x10°8 3ma pMp D)expts
c—uptu” (6+1)x107° 2x10°8

we obtainf.,<2X 10 “. This leads to a branching ratio

cfp""=0, 8
+  —\H° 5mg feum, ’ - 16
with ag=ag(my)=0.12, Ng=3, z=Mj/MZ,, Pij(2) Br(c—uu™u™) = 7687°T (DY) | yrr =T7X10 7
= [odx/odyy (1-y) [1—y+zxy+2(1-x)y] " e,=2/3, vTH

andey= — 1/3. The numerical bounds in Eq$) and(7) are (12

obtained by using parameter values discussed below. The . ] )
expressions foc} o ,oare obtained by replacing— R in the Thus, unlike the supersymmetric model, the experimental
formulas above. \We use gluino malgs, =250 GeV and a upper bound omMAmp makes this new contribution negli-

common value for squark massesMf =250 GeV, given gible. _ _
by the lower experimental boundls3]. The authors of Ref[25] studied the constraints on the

The mass insertions are free parameters in a genergprameters of this model imposed by the present data on the

MSSM. The strongest upper bound a#t4), » is obtained by semileptonic and leptoniD decays. Since they did not con-
requiring that the minima of the scalar potential do not breal8ider the constraint coming from tH2°—D° mixing, they
charge or color, and that they are bounded from belowpbtained rather mild constraints.
[22,6], giving
|88l iR, |89]rL=<0.0046 for M,=250 GeV. (9) lll. LONG DISTANCE CONTRIBUTIONS
Now we turn to an estimate of the long distance contribu-
The insertions §3,) . and (61;)rr can be bounded by satu- tions to theD—PI*1~ decays. The dominant long distance
rating the experimental upper boundAmp<4.5  contributions arise via the weak transitidh— Py*, fol-
X107** GeV[9] by the gluino exchangf,23]; the corre-  |owed by y* —1*1~. The general Lorentz structure of the
sponding constraint oné,)  r is weaker than Eq9). Since  D—Py* amplitude, consistent with electromagnetic gauge
we are interested in exhibiting the largest possible enhancénvariance, ig26]
ment of thec—ul™1~ rate, we saturatdmp by (87,)., ,
inin 2 ' '
obtaining[6,23 ALD(p)—P(p')¥*(0,€)1<A(G?) €5[a%(p+p')*

|67, . <0.03 for Mgq=Mg =250 GeV, (10 —(m%—mzp)q“], (13

and we set §},)rg=0. _ _ .
The largest possible enhancement oftheul*1~ rate is and this amplitude vanishes for the case of a real photon. The

obtained using the mass insertions at their upper bounds, aff@ctorg? in Eq. (13) cancels the photon propagatog/and

is shown by the dot-dashed line in Fig. 1. The effect is domi-the general amplitude has the form

nated by the gluino exchange diagrams induced &)(r,

and can enhance the—ul*l~ rate by nearly an order of AD(p)—=Py*—Pl"(p)l " (p_)]

magnitude, with the best enhancement displayed in Table I.
The supersymmetric enhancementcef ul ¥~ is due to

the increase irc; [Eq. (6)], and is manifested at smaih;,

due to the exchange of an almost real photon. This enhancing

mechanism is unfortunately not presentDn—PI1"|~ de- i L i

cays[see Eq.(A2)] since the decayp— Py with the real The Ion'g distance contrl'butlon is induced by the effective

photon in the final state is forbiddéree Eq.(13)]. nonleptonic weak Lagrangian

Ge

_ 2700 q2\11(
I \/Ee A u(p-)pu(p+). (14

. Flavor changing neutral Hi n
C. Flavor changing neutral Higgs boso 2The coupling isf,, for c—u—H‘i2 andf.,ys for c—u—A°.

The tree-level exchange of a flavor changing neutral 3The matrix elements of four-fermion operators are evaluated ac-
Higgs bosor{24] turns out to have a negligible effect on the cording to Ref[23].

114009-3



S. FAJFER, S. PRELOVSEK, AND P. SINGER PHYSICAL REVIEW@2 114009

vector resonances are identified with the gauge bosons of

G — _
L£lad=1— _ —FV’C*q_qui[alu;//‘(l— ¥5)0i0;,(1— ys)C [SU(BN\]iocal [30]. One is free to fix the gauge of
V2 o [SU(3) ]i0cal @nd the two theories, based on the gro@s
— — and G’, are equivalent up to terms with derivatives on the
220 7.(1= vs)Qiuy*(1 = ys)C], 19 Jight vector fields{30].

Keeping only the kinetic and interaction terms of the low-

accompanied by the emission of the virtual photon. Hgre 2 .
pan y 1! virtual b HES est nontrivial order, the Lagrangian has the fdi28,32

denote thed or s quark fields. The coefficients,;=1.2 and

a,=—0.5 have been determined from the experimental data 2

on nonleptonic charm meson decays in an extensive analysis 2
o ' ! =——{tr Kl+atr —

based on the factorization approximation of Rf7]. We £ 2{ [A.A% (V=P

also systematically undertake a factorization approximation

to evaluate the matrix element for the product of the currents 1 Y
(Eq. (15]. ° + =z WF ()P (p)]
In order to treat the transition among physical particles, v

we shall use an effective Lagrangian approach with a heavy
pseudoscalad, a heavy vectob*, and a light pseudoscalar

P, and also including light vectov degrees of freedom. The
latter are necessary since they play a dynamical role in the _ w_ u ; Ty
photon emission from a meson via vector meson dominance K(VE=p")ba 19 T HbY, ysAbaHal,
(VMD) and lead to the resonant spectrum in terms of invari- (16)
ant dilepton massn;; . We organize various effective inter-

actions among the mesonic degrees of freedom following thegyith

heavy meson chiral Lagrangian approd@8], which was

reviewed in Ref.[29] and is most likely the best suited 1

framework for treating the problem unde( investigation. It A= E[g’f(a/ﬁ|eQAM)§—§(ﬁM+|eQAM)§T],
embodies two important global symmetries of QCD: the

heavy quark spin and flavor symmetry SWg@ in the limit

m.—c and chiral symmetry SU(3)X SU(3)gz, spontane- 1 . :

ously broken to SU(3), in the limit my 4 s—0. The light V= 518109, +1eQA,) e+ £(9,TieQA,)¢'],
vector mesons are introduced by promoting the symmetry

G=[SU(3). X SU(3)rlgiobal/[ SU(3N\]1giobal to G’ Q=diag(2/3;-1/3,—1/3) and photon fieldA,. The light
=[SU(3). X SU(3)r]giobaX [SU(3N]iocali,» Where the light fields are incorporated in

+iTr

2
Hbvﬂ( 5ba8“—i §e(()‘baA’U“+ Vga

Ha

770 78 7o +
— | == m K"
V2 [V6 3
i 0 /)
=ex C - —t|=+= K ,
ey N NG
- — 2mg Mo
K KO _the, Mo
{ G \/51
17
p?ﬁTw“ Pu KL
2
p—igv P’ +w
AL . ol
© \/E P, “T“ KZ
[ A
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TABLE Il. The branching ratios for nin®—P1*1~ decays in the standard model. The short distance
contributions, induced by the—ul ™|~ transition, are given in column 2 and are small. The total branching
ratio is therefore dominated by the long distance contribution, and is given in column 3. The experimental
upper bounds are given in the last two colunifi8,11,12: the E791 analysigl1] considersD* andDJ
decays, while the new analysis of FOC[I®] considers onyD* decays. The MSSM has insignificant effect
on the total rates oD —PI*1~ decays.

Bram Brsy=Br-° Brexet Brex®t
D—PI*I™ l=pu,e I=u,e I=e I=u
DO KO *|- 0 4.3x10°7 <1.1x10* <2.6x10*
DI —atI1- 0 6.1x10°°® <2.7x107% <1.4x1074
DO— 70 "1~ 1.9x10°° 2.1x1077 <4.5x10°° <1.8x10°*
DOyl I~ 2.5x10 %0 4.9x10°8 <1.1x107* <5.3x107*
DO /I FI~ 9.7x10 *? 2.4x10°10 <1.1x10* <5.3x10*
DY a1t~ 9.4x10°° 1.0x10°® <5.2x10°° <7.8x10°°©
DS —K*IFI- 9.0x10 %0 4.3x10°8 <1.6x10°3 <1.4x10°4
DY —K*I*I~ 0 7.1x10°° <2.0x10°* <8.1x10°©
DO—KO "I~ 0 1.1x10°°

where g and 7, contribute tor— »’ mixing as in Ref[13]  The weak currentg,y*(1— ys)c transforms under chiral
with gp=—20+5°. The heavy pseudoscaldr, and vector g3y x SU(3), transformation as (31g), and is linear in

DX fields of flavorca, are incorporated in the heavy meson field8® andD*? [31,32:
1 v *v o 5 1 t
Ha:§(1+¢)[_ DaystDZ. 7], Jay*(1—1vy’)c= ElfD\/mDTr['y#(l_ ¥5)Hpépal

+ay T ysHp(p*— V*)petlal

+ T Y ysHpo o(p* = V) peblal + - -
(20

ga: '}’OHa'yO- (18

Above, f=132 MeV is the pseudoscalar decay constant

andg,=5.8 is theVP P coupling[29,30. We fix a=2 as-
suming the exact vector meson dominance, when the lig . . . ; ]
pseudoscalars interact with the photon only through the verc}[- e heavy quark and next-to-leading order in the chiral ex

. pansion. The parametess and a, are determined from ex-
tor meson$29,30,33. We shall usggy=0.59+0.06, obtained .
by CLEOifrom tr?e measuremeg:nt of the widti* * perimental data on Br]' /Tt and ', /T _ of the decay

D% * and D**—D*x0 [33]. The parameterc wil D" —K*%" 1, [13]. Among the eight sets of solutions for

. : three parameters[31l], we use the seta;=0.14

eventually turn out to be multiplied by a small factog in i - o oot

theD— Pl amplitudes and its contribution is negligible. i_0'01 GeV' and a,=0.10-0.03 GeV™ which agrees
with the measured form factors.

Theb ized k t ing f the light k
© Nosonized veak current coming from the Iight quarks We shall calculate a larger group Bf— P11~ decays,

is obtained b ing Eq16):

's obtained by gauging Eq16) rather than only those related to—ul™*|~ transition. The
. list of decays considered is given in Table Il. The Feynman
Qay“(1— vy5)qp=(if 2 A*+a(V—p)*1eNpa. (19  diagrams for the long distance contributionsDe-P1¥1~

his current is the most general one at the leading order in

i+ I

It A
7[- S X vor B ;) = FIG. 2. Long distance contri-
D~ A D~ D~ e D~ butions toD—P1*1~ decays. The
< < 0 0
~ ~ S S. vector mesonV® denotesp®, o,
P p P P or ¢. The box denotes the action

of the nonleptonic effective La-
I+ grangian[Eg. (15)]. The box con-

I+ I+ It It
_ tains two dots each denoting a
X - - - - { - -
J_/O,"Kl I ak VO,‘J\Z - = - VO,(Y\I - 0}1 weak current in the Lagrangian
D \ \\ﬂ - =~ \w %‘./
N AY N

P [Eq. (15)].
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TABLE Ill. The values of the meson masses, decay constants, TABLE IV. The masses, widths, and decay constants of ground
and decay width$13]. The measured decay constafgsand f o« [13] and excited 35,36] vector mesons.
have sizable uncertainties, and the values are taken from lattice

QCD result§38]. p w ¢  p1 w1 P11 p2 @y ¢
my f me fo m (GeV) 0.77 0.78 1.0 145 1.46 1.69 1.66 1.66 1.88
H GeV)  (GeV) p GeV)  (GeV) I' (GeV) 0.15 0.0084 0.0044 0.31 0.24 03 04 0.1 03
gy (GeV®) 0.17 0.15 0.24 0.11 0.11 0.23 0.07 0.07 0.12
D 1.87 0.21 T 0.14 0.135
Dy 1.97 0.24 K 0.50 0.16
D* 2.01 0.21 ’7/ 8'32 g'ﬁ =[2m,,2m,,] is small, and we do not consider them sepa-
n . .

rately. The predicted branching ratios for nine decays in the
standard model are given in Table Il together with the avail-

L . B .__able experimental dafd1-13. The short distance contribu-
within our framework are given in Fig. 2. The Lagrangian tion, as predicted by the standard model, is given in the

(15) contains a product of two left handed quark currents, . . L
each denoted by a dot in a box. We organize different digS€cond column and is small. The total branching ratio is
grams according to the factorization of the nonleptonic ef_therefore dominated by the long distance contribution and is

: ; i i lumn 3.
fective Lagrangian(15). given in co . . . .
The Ion% disgtance penguin contributif®] in Fig. 2(a) is The differential branching ratidBr/dm for the Cabibbo

. allowed decayD; — 1717, which arises only via the
induced by sy,s—dvy,d]uy*(1— ys)c. PSS - )
The Ior¥g[1 giustancguw]eajlé ;nnir?i?;tion in Figb2 is in- weak annihilation, is presented in FigiaB In Fig. 3b), we

. PR ,
duced by a product of the weak currents, where one currerﬂ:esent the Cabibbo suppressed deay w1l “1 -, in which

. . H ax
has the flavor of the initiaD meson, while the other has the the kinematical upper bound on the dilepton mas3

flavor of the finalP meson. Vector resonances do not enter asg Mp— n;P ils the h(ijghr(]ast. ;’_he dashed an? r(]jot—das.he?] lines
intermediate stateR in the weak transitio® — R followed enote the long and short distance parts of the rate in the SM,

by R—Py* or D—Ry* followed by the weak transition respectively, while the solid lines denote the total rate. The
R—P, since parity is conserved i — Py* process long distance contribution decreases in the kinematical re-

The Lagrangiari16) and the weak currenf&gs.(19) and gion above the resonanegeand the short distance contribu-
: i i 0 +,0p+1—
(20)] are invariant under the electromagnetic gauge transfmﬂpnhbecomgsr]domlnant. Thus the decys -7 -l bat h
mation, and automatically lead to the gauge invariant amplil'9" Mi Might present a unique opportunity to probe the
tude of the form of Eq(13). This is due to the fact that the flavor changing neutral transitiar—ul "1~ in the future. As
vector field p, and the vector currenty,=ieQA the pion is the lightest hadron state, this interesting kinemati-
I H g ion i i -
+3(£79,6+¢£0,¢") always appear in the gauge invariant cal region is not present in oth@r—>+XI I +d+ec_ays_. _
combination),—p,, and the resonant and nonresonant dia-_. The (_Jl|ff_erent|al d|str|but|qn fO".D - given in
grams in Fig. 2 come in pairs. Fig. 3, indicates that the high dilepton mass region might
We incorporate S(B) symmetry breaking by using the give an opportunity for detecting—ul*|~. Before making

physical masses, widths and decay constants, given in Tabl@sd€finite statement on such a possibility, we should examine
Il and IV of the Appendix with the definition this kinematical region of high dilepton mass D
—al*1~ decays more closely. For instance, in this region

(0]j#|P)y=ifpp*, (O|j#|D)=—ifpp*, the excited states of the vector mesgnsw, and ¢ may
become important. We attempt a rough estimate of the addi-
(0]j#|V)=gyve*, (0]j#|D*)=ifpsmpse* (21)  tional long distance contribution arising from the first radial
o excited statep;, w;, and ¢, (3S;) and first orbital excited
and properly normalized foj*=q;y“(1— ys)q,. The as- statesp,, w,, ande, (°Dy). The knowledge of their masses,
sumptions for extrapolating the amplitudes away from wheredecay widths, and couplings to other particles is poor at
the chiral and heavy quark symmetries are good are digpresent. We use the measured masses and widths, taken from
cussed in the Appendix. The amplitudes for the diagrams ifRefs.[13,35 and compiled in Table IV. Due to the lack of

Fig. 2 are given by Eq(A5). experimental data on the leptonic decay widiB5], we use
the magnitudes of the decay constamjsas predicted by the
IV. RESULTS quark model in Ref[36]* and compiled in Table IV. At the

same time, we assume that the excited vector mesons couple
The allowed kinematical region for the dilepton mass  to the charmed mesons with the same couplings as the cor-
in the D—PI"1~ decay ism;=[2m;,mp—mp]. The long  responding ground state vector mespnsy, and ¢. In this
distance contribution has a resonant shape with poleg,at case, the corresponding amplitud&s)s. (A5)] are obtained
=m,o,m,,m,. There is no pole am; =0 since the decay
D—Pvy is forbidden. The short distance contribution is

rather flat. The spectra @ —Pe"e” andD—Pu"u~ de- “The decay constarft,, defined in Ref[36], is related tog,,
cays in terms ofn, are practically identical. The difference defined in Eq.(21), by: f,—\2m,f,, f,—3\2m,f,, andf,
in their rates due to the kinematical regiom; ——=3myf,.

114009-6



RARE CHARM MESON DECAYSD—PI"1~ AND c—ul®l™ ... PHYSICAL REVIEW D 64 114009

107 l P, 10°
[
5
10 n .

EA [RY " 10
NE-' 107 /N >
=B 107 SN £ 10’
= -~
— g [e= N — "
= 10 S 310
/g\ 9 \\\ +=-

.

K ~. % 10°

D 10 ~, ]

10 ~ +
a N 010
@ | N =
© \ m1 11

10" 1 © 10

]
00 05 1.0 15 20 25 30 35 0.0 10 , 20 3.0

() m’ [GeV] m°, (Gev?)
a (b)

FIG. 3. The differential branching raticni;Br/dmﬁ as a function of the invariant dilepton masﬁ for the Cabibbo allowed decay
DI —#*1"1~ (a) and Cabibbo suppressed de@y— =*1*1~ (b). The dashed line denotes the long distance contribution, the dot-dashed
line denotes the—ul™*l~ induced short distance contribution, and the solid line denotes the total standard model predictiﬁ)ﬁ;’. The

— 1%~ arises only via the long distance contribution.

by replacing the coefficients; and M, by the expressions V. CONCLUSIONS
given in Eq.(A7). The differential branching ratios fdp

- . - i .
—au” u- decays are given in Fig. 4. The thick and thin |aneson decay®—PI*1~ with P=,K,7,7" in all nine

dashed lines denote the long distance contributions with an ossible channels: a previous analykis] has considered
without excited vector mesons, respectively. The short disp - ap

o . o
tance contribution, denoted by the dot-dashed line, is stiIPnly theD =l | . channel. The long dlgtance contnpun(_)ns

. . ) : : . : . are found to dominate over the short distance contributions,
dominant in the kinematical region of highy, in spite of the

. which are induced bg—ul*l~ in the Cabibbo-suppressed
excited vector resonances.

The possible enhancement within the general MSSM, OIiSgiecays. We have used the theoretical framework of heavy

cussed in Sec. I, is presented in Fig. 5 and is probably tooneson chiral Lagrangian with the recently determined value

small to be observed in anp —PI1"1~ decay. The solid of the ;trong couplin_gg. from the me.asur.ement oD
lines represent the standard model prediction for Ehe D W|+dth' ?u+r Ere_dlctlons are complle(_j in Table II. T_he
—al*1~ branching ratios. The dot-dashed lines represen?Iecast —m |1 is predicted at the highest branching

: - i x 107, i is-
the best enhancement in the general MSSM, and indicate thé%t\ll(z)ar?/faere %a())(pec-{:: fz:ff:inﬁ? Ojv;?c(?h(ai)s(pptargg}gg glac:|s

. . L
theD—PI™|™ rates are rather insensitive to the large SUPery « 1076 and has the upper bound<8L0"® [12] at present.

symmetric enhancement of. The value ofc; is manifested The limits onD° and D+ modes at the level 16 are ex-
) o . L
in c—ul”l™ at smallm; [see Eq(3) and Fig. 1, while its  poeq from CLEO-c and B factories, while the limits Bg

effect is suppressed iB— P11~ decays due to the factor modes are expected to be an order of magnitude mildgr
g2 in the general expression for tle— Py* amplitude[Eq. e - PSR
Y The only possibility to look foc—ul ™|~ transition is rep-

We have presented the first predictions for rare charm

(13)]- resented byD— "1~ decays in the kinematical region
10 107 .
\=5 ¢
10 10°
10° .
10 i
. 2107 L2 - long distance
£ -8 = 107
2 10 IE short distance
! 9 3
310 =10 /
+ +, -
32 | So=e-
°/|;\> 107 +§ 10°° \\\ \\\\\ ~
I 0™ ) N ~
b a1 S A
=10 = SN0
o [0 - AN
T o™ T 10 \ j
\
1 1 1 1 1 1 L \
0.0 05 1.0 15 2.0 25 3.0 0.0 1.0 2.0 3.0
m’, [GeV’] m’,, [GeV’]

FIG. 4. The differential branching ratio f@ — 7+~ decays. The thick dashed lines present the long distance contribution incorpo-
rating the ground state and the excited vector mesons. The thin dashed lines present the long distance contributions due only to the ground
vector mesons. The short distance contribution, denoted by the dot-dashed line, is dominant in the kinematical region,af inigipite
of the excited vector resonances.
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FIG. 5. The largest possible enhancemenDef: 7t u~ rates within the general MSSM, discussed in Sec. Il A, is denoted by the

dot-dashed lines. The solid lines represent the standard model predictions. The effect of supersymmetry is screened by the uncertainties
present in the determination of the long distance contributions, and is probably too small to be observed.

of m;, above the resonancag, where the long distance con-

Lo e . ASPD(p)—P(p—aq)I *17]
tribution is reducedsee Fig. 4.

We have explored the sensitivity of tlee-ul ™|~ within Gr L, cs+cy 5
two scenarios of physics beyond the SM. The effect due to =1 Ee VesVus — Tmcs(q )
the exchange of the flavor changing Higgs boson in the two
Higgs doublet model is found to be negligible. The general Co .
minimal supersymmetric standard model can enhance the - —2f+(q2) u(p-)pv(p+), (A2)
—uu™ u” rate by up to a factor of thresee Table)l This am

effect is due to the large supersymmetric enhancemeaot of
and is sizable at smath, in c—ul™l~, but it is unfortu-
nately very small in the hadronic proce®s—PI"|~ as the
decayD— Py is forbidden(see Fig. 5. heavy quark limit, the form factos can be expressed in
The kinematics of the process&—VI*I~ would be terms of the form factor. at zero recoil[39],°> and we
more favorable to probe the possible supersymmetric erassume the relation to be valid for ajf:
hancement at smaith;; , but the long distance contributions
in these channels are even more disturbiy The large
supersymmetric enhancement of the Wilson coefficeens
manifested inc—uy decay, and can enhance the standard
model rate~10" 8 by up to two orders of magnitude,7]. , ) ) )
Such an enhancement could be probed by observation dgi'® Semileptonic form factors. in the heavy meson chiral
B.—B*y [3] or by measuring the relative difference Lagra}nglan approach, extended by assuming a polar shape,
0 "oy d are given by[28,29°
Br(D"—p"y) —Br(D"—wy) [4].

where we neglected the nearly vanishiag,, cg and ciq
coefficients in SM[Eq. (4)] and MSSM[Eg. (8)]. In the

1
s(q2)=2—%[f+(q2)—f_(q2)]. (A3)

fi(@®)=—f_(9?

APPENDIX )
2
The short distance part of tHe—P1*|~ amplitude, in- fo Mp— Mp o'+ dmax
duced by the transition—ul ™|, contains the form factors = _Kopj g 2 ,
mp"l‘mD'*_mD m , —q2
D *
(P(p)]ay,.(1=ys)c|D(p))=(p+p") . f+(a) (A%)

+(p—p"),f-(0?),

(P(p")]qa (1= ys)c|D(p))=is(a®)[(p+p’) .4,
—d.(p+p'),
iié,uv)xo’(p_l— p,))\qa]

(A1)

defined using operators in E(l). The short distance ampli-
tude is then given by

with Kpp given in Table V.

The long distance amplitude is given by the diagrams in
Fig. 2. The long distance penguin diagrams in Fig) 2re
expressed in terms of the form factbr [Eq. (A4)]. The

5This relation was not written correctly in Reff39], and was
corrected in Ref[29].

®Different form factorsf. were used together with=0.27 in
Ref. [32]. These form factors would overproduce the semileptonic
decay rates for the valuge=0.59 recently measured by CLEG3].
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TABLE V. The Cabibbo factor§{),,, the coefficientx ) and
the functionsM{" for nine D— P1*1~ amplitudes in Eq(A5).

i D—PI*I™ O 00 m® KS,
1 DOSKYFI™ @VygVis M’ 0
DI—aTI717  a;VygVi M?; 0
- 1 o 1
3 DAt —aVv gVt ——_MP —
udVed \/E 1 \/Efﬂ
_ Ccosfp SinBp
4 D%yl aVuaVeq —\/%M?OCOSGP W*W
R sinfp cosé,
5 DO—yl"17  aVuVla  —\2M%’sing, % A
1
6 D+—>7T+I+I7 _alvudV:d M?+ f_
+ - * Dt 1
7 DS — KT alvudVCd M s —
1 fi
DY =K IFI™ —a, VoV, MP" 0
9 DOKOTIT  —a,V, Vi, M’ 0

weak annihilation contribution in Fig.(B) is determined by

PHYSICAL REVIEW D 64 114009

2
LD a1 P
A annin (9% =5 MY () fp| —for———
non—brem q p— Mp
2 2 2 ~
mg+ms—q Ov
—Jmp| - —— o | 2
D| @1 2m2 2 2

with Cabibbo factorg (), and the coefficient#!;(q?) and
K{) as given in Table V. The coefficieM; is equal to

X 9> g’
Nl(q ): 2 2 . - 2 2 .
q—m,+il',m,  3(q°—mg+il',m,)

2 2 2 2
20y N 9, Yo 29y,

2
p

while the coefficientdv () are given in terms o2, M2,
+
andMPs in Table V:

assuming that the vertices do not change significantly away
from the kinematical region, where the heavy quark and chi-

ral symmetries are good. We expect this to be a reasonable MDO_ 9 + Yo + 9
approximation inD meson decays. At the same time we use
the full heavy meson propagators lﬁ)(— m?) instead of the

heavy quark effective theory propagators bigk) [31]. In

the limit mp<<mp, the bremsstrahlung-like diagrams in Fig.
2(b) cancel exactly, as explained in detail in the Secs. 3.3.3
and 5.5.1 of Ref[32]. Only the non-bremsstrahlung weak
annihilation diagrams in Fig.(3) render the nonvanishing

contribution. The long distance amplitude is given[BgZ]

AP[D(p)—=P(p—a)I *(p)1~(p-)]

=i%e2ALD<q2>Rp>¢v<p+),

(q2)+ALD annih. (q2)

bremsstrahlung

A (G?) = AL,

+ALDannih. (qz),

non—brem

(A5)

1
A;Engm?)=azv:svu3¥f+(q2>Nl(q2>,

ALD annih. (q2)20,

bremsstrahlung

2

Yog?-m+il,m, 3(qP-mi+il,m,) m?

2 1
3m;,

M?+:_ gp + gw
2, 2 .
Q*—m2+il,m, 3(g*-m;+il,m,)
9p Jo
-+ , (AB)
m;  3m}
M Dy _ _ 294 29,

! 3(q2—m§5+i1“¢m¢)_3m§)'

Note thatN,(0)=M4(0)=0 for I'(0)=0 and there is no
pole arising from the photon propagatorcgt=0. The rela-
tive sign of the short and long distance penguin amplitudes
agrees with Ref[37], which is based on assumption of
quark-hadron duality.

In order to account for the contributions of the excited
vector mesong; ,, wy», ande, ,, as described in the main
text, the coefficient®l; andM, are replaced in the EQA5)
and (A6) by
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2 2 2 2
gpk g“’k + + ng
N;—Np+ > 5 - 5 M? —M? — .
E1g?-m? +ir,m,  3(q’~mZ +il,m,) E1g?-m? +il,m,
2 2 2 2
. 299, I Yo 29,
2 2 H 2 2 !
3(q —m¢k+|1“¢km¢k) me, 3mwk 3m¢k N Yoy _%4_ Yo, |
3(q2—mf,k+il“mkmﬂ,k) mik Smik
2
0 0 gpk
M? —>|\/|? +2 5 >
k=1q°—m +il, m,
2
Jo g Jo + zgd) ng)
2_ 2 k- +% ; ' (A7) M?SﬁMD;_kZlIi 2_m? +%F _3 zk'
3(q°—mg, +il',m, ) mp  3mg =1 3(q7—my, +ilgmy ) 3mg,
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