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We study the flavor changing processesY→B/B̄Xs andJ/c→D/D̄Xu in B factories and tau-charm facto-
ries. In the standard model, these processes are predicted to be unobservable; so they serve as a probe of new
physics. We first perform a model-independent analysis, then examine the predictions of the models, such as
the top-color models, the MSSM withR-parity violation, and the two-Higgs-doublet model, for the branching

ratios of Y→B/B̄Xs and J/c→D/D̄Xu . We find that these branching ratios could be as large as 1026 and
1025 in the presence of new physics.@S0556-2821~99!00513-5#
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I. INTRODUCTION

The possibility of observing largeCP violating asymme-
tries in the decay ofB mesons has motivated the constructi
of high luminosityB factories at several of the world’s hig
energy physics laboratories. TheseB factories will be pro-
ducing roughly about 108 Y ’s. Meanwhile, BES has alread
accumulated 93106 J/c and plans to increase the numb
to 53107 in the near future. An interesting question that w
investigate in this paper is whether the large sample of thY
and J/c can be used to probe flavor changing processe
the decays ofY andJ/c. In particular we look at the flavo
changing processesY→B/B̄Xs andJ/c→D/D̄Xu , from the
underlyingb→s andc→u quark transitions. For the quarko
nium system, these flavor changing processes are expect
be much smaller than in the case of decays of theB or D
meson because of the larger decay widths of the botton
and charmonium systems which decay via the strong in
actions. Indeed the standard model contributions toY

→B/B̄Xs andJ/c→D/D̄Xu are tiny. However, new physic
may enhance the branching ratios for these proces
Whether this enhancement will be sufficient for these p
cesses to be observable in the next round of experimen
the subject of this work. The invisible decays ofY andJ/c
resonances in the standard model and beyond have
studied recently@1#.

Nonleptonic decays of heavy quarkonium systems can
more reliably calculated than nonleptonic decays of he
mesons. A consistent and systematic formalism to han
heavy quarkonium decays is available in nonrelativistic Q
~NRQCD! @2# which is missing for heavy mesons. As in th
meson system@3# it is more fruitful to concentrate on quas
inclusive processes such asY→B/B̄Xs and J/c→D/D̄Xu
because they can be calculated with less theoretical un
tainty and have larger branching ratios than purely exclus
quarkonium nonleptonic decays. The branching ratios of
clusive flavor changing nonleptonic decays ofY andJ/c in
the standard model have been calculated and found to
very small@4#.
0556-2821/99/60~1!/014011~9!/$15.00 60 0140
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We begin with a model-independent description of t

processesY→B/B̄Xs and J/c→D/D̄Xu . In the standard
model these decays can proceed through tree and pen
processes. For new physics contributions to these proce

we concentrate on four-quark operators of the types̄bb̄b and

ūcc̄c. We choose the currents in the four-quark operators
be scalars and so these operators may arise through exch
of a heavy scalar for, e.g., a Higgs boson or a leptoquar
some model of new physics. These four-quark operators

the one-loop level, generate effectives̄b$g,g,Z% and

ūc$g,g,Z% vertices which would effect the flavor changin
decays of theB andD mesons. The effective vertices for a
on-shellg and g vanish and so there is no contribution
b→sg or c→ug. We can, however, put constraints on the
operators by considering the processesb→sl1l 2 and c
→ul1l 2. The constrained operators can then be used to

culate the branching ratios forY→B/B̄Xs and J/c

→D/D̄Xu .
We then consider some models that may generate the

of four-quark operators described above. A few examples
models where these operators can be generated are top
models, minimal supersymmetric standard model~MSSM!
with R-parity violation and a general two-Higgs-doubl
model without any discrete symmetry. In some cases c
straints on the parameters that appear in the prediction for
branching ratios forY→B/B̄Xs and J/c→D/D̄Xu are al-
ready available. In other cases the parameters are
strained, as in our model-independent analysis, from the
cessesb→sl1l 2 andc→ul1l 2.

In the sections which follow, we describe the effecti
Hamiltonian for theY→B/B̄Xs andJ/c→D/D̄Xu . Next we
describe the calculation of the matrix elements and de
rates for these processes. We then discuss the calculatio
the effectives̄b$g,g,Z% and ūc$g,g,Z% vertices and con-
straints from the processesb→sl1l 2 andc→ul1l 2. This is
followed by a description of some models that can gene
the new four-quark operators in the effective Hamiltonian
©1999 The American Physical Society11-1
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Y→B/B̄Xs and J/c→D/D̄Xu . Finally we present our re
sults and conclusions.

II. EFFECTIVE HAMILTONIAN

In this section we present the effective Hamiltonian forY
decays. The effective Hamiltonian for charmonium deca
can be written down by making obvious changes. In the s
dard model~SM! the amplitudes for hadronicY decays of
the typebb̄→sb̄1 s̄b are generated by the following effec
tive Hamiltonian@5,6#:

He f f
q 5

GF

A2
FVf bVf q* ~c1O1 f

q 1c2O2 f
q !2(

i 53

10

~VubVuq* ci
u

1VcbVcq* ci
c1VtbVtq* ci

t!Oi
qG1H.c., ~1!

where the superscriptsu,c,t indicate the internal quark,f can
be a u or c quark, andq can be either ad or a s quark
depending on whether the decay is aDS50 or DS521
process. The operatorsOi

q are defined as

O1 f
q 5q̄agmL f b f̄ bgmLba ,

O2 f
q 5q̄gmL f f̄ gmLb,

O3,5
q 5q̄gmLbq̄8gmL~R!q8,

O4,6
q 5q̄agmLbbq̄b8gmL~R!qa8 , ~2!

O7,9
q 5

3

2
q̄gmLbeq8q̄8gmR~L !q8,

O8,10
q 5

3

2
q̄agmLbbeq8q̄b8gmR~L !qa8 ,

whereR(L)516g5, andq8 is summed over all flavors ex
ceptt. O1 f ,2f are the tree level and QCD-corrected operato
O326 are the strong gluon-induced-penguin operators,
the operatorsO7210 are due tog and Z exchange~elec-
troweak penguins! and ‘‘box’’ diagrams at the loop level
The Wilson coefficientsci

f are defined at the scalem'mb

and have been evaluated to next-to-leading order in Q
The ci

t are the regularization scheme independent values
tained in Ref.@7#. We give the nonzeroci

f below for mt

5176 GeV,a s(mZ)50.117, andm5mb55 GeV,
01401
s
n-

.
d

.
b-

c1520.307, c251.147, c3
t 50.017,

c4
t 520.037, c5

t 50.010, c6
t 520.045,

c7
t 521.2431025, c8

t 53.7731024,

c9
t 520.010, c10

t 52.0631023,

c3,5
u,c52c4,6

u,c/Nc5Ps
u,c/Nc , c7,9

u,c5Pe
u,c , c8,10

u,c 50,
~3!

whereNc is the number of colors. The leading contributio

to Ps,e
i are given byPs

i 5(as/8p)c2@ 10
9 1G(mi ,m,q2)# and

Pe
i 5(aem/9p)(Ncc11c2)@ 10

9 1G(mi ,m,q2)#. The function
G(m,m,q2) is given by

G~m,m,q2!54E
0

1

x~12x!ln
m22x~12x!q2

m2 dx. ~4!

All the above coefficients are obtained up to one-loop or
in electroweak interactions. The momentumq is the momen-
tum carried by the virtual gluon in the penguin diagra
When q2.4m2, G(m,m,q2) becomes imaginary. In ou
calculation, we use mu55 MeV, md57 MeV, ms

5200 MeV, andmc51.35 GeV @8,9#. For Y→B̄Xs , the
operatorsO1 f

q andO2 f
q do not contribute and the gluon mo

mentum is fixed atq25MY
2 .

A similar expression for the standard model contributi
to the flavor changing decaysJ/c can be written down.

To the standard model contribution we add high
dimensional four-quark operators generated by physics
yond the standard model. In this paper, we consider the fo
quark operators with two scalar currents:

Lnew5
R1

L2
s̄~12g5!bb̄~11g5!b1

R2

L2
s̄~11g5!bb̄~12g5!b

1H.c. ~5!

The four-quark operators inLnew are the product of two sca
lar currents. In Eq.~5!, L represents the new physics sca
and R1 and R2 are two free parameters which describe t
strength of the contribution of the underlying new physics
the effective operators. In our analysis we will only ke
dimension-6 operators suppressed by 1/L2 and neglect all
higher dimension operators.

Using a Fierz transformation one can express the sca
scalar combination in terms of vector-vector combinatio
For instance we can write

s̄a~12g5!bab̄b~11g5!bb

52
1

2
s̄agm~11g5!bbb̄bgm~12g5!ba

52
1

2Nc
s̄agm~11g5!bab̄bgm~12g5!bb

2 s̄aTab
a gm~12g5!bbb̄b8Tb8a8

a gm~12g5!ba8 , ~6!
1-2
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FLAVOR CHANGING PROCESSES IN QUARKONIUM DECAYS PHYSICAL REVIEW D60 014011
whereTa are the SU(3) color matrices with the normaliz
tion Tr@TaTb#5dab/2 andNc is the number of colors. In the
quarkonium system the leading component in the Fock sp
expansion involves the quark-antiquark pair being in a3S1

state, probed by the operators̄gm(11g5)bb̄gm(12g5)b.
Note the general Fock space expansion of quarkonium
NRQCD is @10#

ucQ&5O~1!uQ̄Q @3S1
(1)#&1O~v !uQ̄Q@3PJ

(8)#g&

1O~v2!uQ̄Q@3S1
(1,8)#gg&1O~v2!uQ̄Q@1S0

(8)#g&

1O~v2!uQ̄Q@3DJ
(1,8)#gg&1•••, ~7!

wherev is the velocity of the constituents in the quarkoniu
and g represents a dynamical gluon, i.e., one whose effe
cannot be incorporated into an instantaneous potential
whose typical momentum ismQv2. The low energy hadroni-
zation of the leading component in the Fock space expan
of the quarkonium takes place atO(v3). As to the other Fock
states notice that theuQ̄Q@3PJ

(8)#g& configuration arises
when the predominant state radiates a soft dynamical glu
Such a process is mediated principally by the electric dip
operator, for which the selection rule isL85L61, S85S,
and which involves a single power of heavy quark thre
momentum. Thus, the coefficient associated with this sta
of orderv. The electric dipole emission of yet another glu
involves a change from theP-wave state to theS- and
D-wave statesuQ̄Q@3S1

(1,8)#gg&, uQ̄Q&,@3DJ
(1,8)#gg& and so

the associated coefficients are of orderv2. Finally, the coef-
ficient of the stateuQ̄Q@1S0

(8)#g& results from fluctuations
into this spin-singlet state from the predominant spin-trip
state with the emission of a soft gluon via a spin flippi
magnetic dipole transition. Such transitions involve t
gluon three-momentum (;mQv2) rather than the heavy
quark three-momentum (;mQv), and therefore the assoc
ated coefficient is of orderv2. The low energy hadronization
of these component in the Fock space expansion of
quarkonium takes place atO(v7). Also for theP wave, an
additional factor ofv comes from the derivative of the wav
function.

Before concluding this section, we point out that in ad
tion to the operator in Eq.~5! there are additional four-quar
operators in the effective Lagrangian@11#, such as those with
vector-vector current structure, which contribute also to
processes we consider. We focus on operators in Eq.~5!
because, as mentioned earlier, they can be generated b
exchanges of the new scalar bosons in models we cons
below in Sec. V.

III. MATRIX ELEMENTS FOR Y˜B̄XS

We proceed to calculate the matrix elements of the fo

^B̄XsuHe f fuY& which represents the processY→B̄Xs and
whereHe f f has been described above. The effective Ham
tonian consists of operators with a current3 current struc-
ture. Pairs of such operators can be expressed in term
color-singlet and color-octet structures. The factorization f
01401
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malism based on NRQCD@2#, which allows a systematic an
consistent probe of the complete quarkonium Fock spa
can then be used to calculate theY decay rate.

The matrix element ofY→B̄Xs decay can be expresse
as

M5
GF

A2
W1^B̄Xsus̄gm~12g5!bu0&^0ub̄gmbuY&

1
GF

A2
W18^B̄Xsus̄gm~11g5!bu0&^0ub̄gmbuY&

1
GF

A2
W8^B̄Xsus̄gm~12g5!Tabu0&^0ub̄gmTabuY&

1
GF

A2
W88^B̄Xsus̄gm~11g5!Tabu0&^0ub̄gmTabuY&

1
GF

A2
U8^B̄Xsus̄gm~12g5!Tabu0&^0ub̄gmg5TabuY&

1
GF

A2
U88^B̄Xsus̄gm~11g5!Tabu0&^0ub̄gmg5TabuY&

1
GF

A2
V8^B̄Xsus̄~11g5!Tabu0&^0ub̄~12g5!TabuY&

1
GF

A2
V88^B̄Xsus̄~12g5!Tabu0&^0ub̄~11g5!TabuY&,

~8!

where

W15W1std1W1new,

W185W1std8 1W1new8 ,

W85W8std1W8new,

W885W8std8 1W8new8 ,

U85U8std1U8new,

U885U8std8 1U8new8 ,

V85V8std1V8new,

V885V8std8 1V8new8 , ~9!

with

W1std5F H A31A42
1

2
~A91A10!J S 11

1

Nc
D1S A51

A6

Nc
D

2
1

2 S A71
A8

Nc
D G ,

W1std8 50,

W8std5@2~A31A41A6!2~A81A91A10!#,
1-3
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W8std8 50,

U8std5@2~2A32A41A6!2~A82A92A10!#,

U8std8 50,

V8std5@24A512A7#,

V8std8 50 ~10!

and

W1new52
1

2Nc

A2

GF

R2

L2
,

W1new8 52
1

2Nc

A2

GF

R1

L2
,

W8new52
A2

GF

R2

L2
,

W8new8 52
A2

GF

R1

L2
,

U8new52
A2

GF

R2

L2
,

U8new8 5
A2

GF

R1

L2
,

V8850. ~11!

We have defined

Ai52 (
q5u,c,t

ci
qVq , ~12!

with

Vq5Vqs* Vqb . ~13!

Similar expressions can be written for the matrix eleme
describing theJ/c decay.

To calculate the decay rate we use the parton mode
write the processY→B̄Xs as Y(P)→b̄(p1)s(p2). The
squared matrix element is then given by

uM u252MZ1F ^YuO1~3S1!uY&~ uW1u21uW18
2u!

1S K YUO8~3S1!12
O8~3P1!

mb
2 UYL D ~ uW8u21uW88

2u!G
16MZ2@^YuO8~1S0!uY&~ uU8u21uU88

2u!#

16MZ3@^YuO8~1S0!uY&~ uV8u21uV88
2u!# ~14!

where
01401
s

to

Z158F p1•p21
2p1•Pp2•P

M2 G ,

Z258F2p1•p21
2p1•Pp2•P

M2 G ,

Z358@p1•p2#, ~15!

with M being the quarkonium mass. The matrix elements
the various color-singlet and color-octet operato
O1((2S11)LJ) and O8((2S11)LJ) encode the nonperturbativ
long distance effects in the evolution ofQ̄Q((2S11)LJ)1,8 to
Y.

Along with the CP violating phases present in the sta
dard model contribution there can be additional phases f
the new contribution. We can then construct theCP violating
rate asymmetry as

aCP5
G~Y→B̄Xs!2G~Y→BX̄s!

G~Y→B̄Xs!1G~Y→BX̄s!
. ~16!

IV. LOW ENERGY CONSTRAINTS

The LagrangianLnew generates, at the one-loop level, th
effective s̄bg* , s̄bg* , s̄bZ vertices as shown in Fig. 1
whereg* and g* indicate an off-shell photon and a gluon
Similar vertices involvingc→u transitions are generated i
the charmonium sector also. These vertices, with ag andZ,
will contribute tob→sl1l 2 andc→ul1l 2. Note that there
is no contribution tob→sg. The vertexb→sg* can give
rise to the processb→sqq̄ which will contribute to nonlep-
tonic B decays. We expect the constraints fromb→sl1l 2 to
be better than from nonleptonicB decays because of th
theoretical uncertainties in calculating nonleptonic deca
The effectives̄bg* , s̄bg* , s̄bZ Lagrangian can be written
as

dLs̄bg* 5
eb

L2
s̄@R1C1

m 1R2C2
m #b, ~17!

where

FIG. 1. Effective s̄bg* , s̄bg* , s̄bZ vertices generated
by Lnew.
1-4
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R15
R11R2

2
,

R25
R12R2

2
,

C15
1

16p2E0

1

dx logS L2

B2 D
3@8qmg•qx~x21!18gmq2x~12x!#,

C25
1

16p2E0

1

dx logS L2

B2 D
3@8qmg•qg5x~x21!18gmg5q2x~12x!#, ~18!

with

B25mb
22q2x~12x!,

whereeb is the b-quark electric charge andq is the photon
momentum. The effectives̄bg* Lagrangian can be obtaine
by replacingeb by gs , the strong coupling constant. Th
effective s̄bZ Lagrangian can be written as

dLs̄bZ5
g

2cwL2
s̄@R1~gLF111gRF21!

1R2~gLF121gRF22!#, ~19!

where

F115
1

16p2E0

1

dx logS L2

B2 D @8qmg•qx~x21!~11g5!

18gmq2x~12x!~11g5!28gmg5mb
2#,

F125
1

16p2E0

1

dx logS L2

B2 D @8qmg•qx~x21!

3~11g5!8gmq2x~12x!~11g5!28gmmb
2#,

F215
1

16p2E0

1

dx logS L2

B2 D @8qmg•qx~x21!

3~12g5!8gmq2x~12x!~12g5!18gmg5mb
2#,

F225
1

16p2E0

1

dx logS L2

B2 D @8qmg•qx~12x!

3~12g5!8gmq2x~x21!~12g5!18gmmb
2#,

~20!

with

gL52
1

2
1

1

3
sw

2 ,
01401
gR5
1

3
sw

2 .

For b→sl1l 2 theqm terms in the equations above do n
contribute if we neglect the lepton masses. Furthermore,
contribution fromZ exchange is suppressed with respect tog
exchange by a factor ofq2/MZ

2 and so we do not include th
Z contribution. The additional contribution to the effectiv
Hamiltonian forb→sl1l 2 can be written as

dHb→sl1 l 252
e2

16p2

eb

L2E0

1

dx8x~12x!logS L2

B2 D
3@R1s̄gmbL l̄ gml 1R2s̄gmbRl̄ gml #, ~21!

which has to be added to the standard model contribution@6#.
Similar results can also be written for the charm sector.

V. MODELS

In this section we look at various models that can g
rise toLnew given in Eq.~5!. As a first example we conside
a recent version of top color models@12#. In such models the
top quark participates in a new strong interaction which
broken at some high energy scaleL. The strong interaction
though not confining, leads to the formation of a top cond
sate^ t̄ LtR& resulting in a large dynamical mass for the to
quark. The scaleL is chosen to be of the order of 1 TeV t
avoid the naturalness problem which implies that the el
troweak symmetry cannot be broken solely by the top c
densate. In the low energy sector of the theory, scalar bo
states are formed that couple strongly to theb quark@13,14#:

Lb5
mt

f p̃A2
b̄L~H1 iA0!bR1H.c., ~22!

where f p̃;50 GeV is the top pion decay constant. On int
grating out the Higgs fieldsH andA0 we have an effective
four-fermion operator

Le f f5
mt

2

f p̃
2
mH

2
b̄LbRb̄RbL . ~23!

Since theb quark in Eq.~22! is in the weak eigenstate,Le f f
in Eq. ~22! will induce flavor changing neutral curren
~FCNC! four-quark operators in Eq.~5! after diagonalizing
the quark mass matrix@14#, with coefficients

R15
1

4

mt
2

f p̃
2
mH

2
uDLbbu2DRbbDRbs* ,

R25
1

4

mt
2

f p̃
2
mH

2
uDRbbu2DLbbDLbs* , ~24!

where DL and DR are the mixing matrices in the left an
right handed down sector. In the charm sector similar int
actions can arise due to the strong couplings of the top qu
to top pions. The effective operators generated by integra
1-5
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out the top pions are similar to Eq.~5! with the replacemen
of b by c ands by u. In top color II models@14,15#, where
there can be strong top pion couplings of the top quark w
the charm quark, we have

R15
1

4

mt
2

f p̃
2
mp̃

2 uULccu2URtcURtu* ,

R25
1

4

mt
2

f p̃
2
mp̃

2 uURtcu2ULcuULcc* . ~25!

In supersymmetric standard models withoutR parity, the
most general superpotential of the MSSM, consistent w
SU(3)3SU(2)3U(1) gauge symmetry and supersymmet
can be written as

W5WR1WR” , ~26!

whereWR is theR-parity conserving part whileWR” violates
the R parity. They are given by

WR5hi j LiH2Ej
c1hi j8 QiH2D j

c1hi j9 QiH1U j
c , ~27!

WR”5l i jkLiL jEk
c1l i jk8 LiQjDk

c1l i jk9 Ui
cD j

cDk
c

1m iL iH2 . ~28!

Here Li(Qi) and Ei(Ui ,Di) are the left-handed lepto
~quark! doublet and lepton~quark! singlet chiral superfields
with i , j ,k being generation indices andc denoting a charge
conjugate field.H1,2 are the chiral superfields representi
the two Higgs doublets. In theR-parity violating superpoten
tial above, thel and l8 couplings violate lepton-numbe
conservation, while thel9 couplings violate baryon-numbe
conservation.l i jk is antisymmetric in the first two indice
andl i jk9 is antisymmetric in the last two indices. While it
theoretically possible to have both baryon-number a
lepton-number violating terms in the Lagrangian, the non
servation of proton decay imposes very stringent conditi
on their simultaneous presence@16#. We therefore assum
the existence of eitherL violating couplings orB violating
couplings, but not the coexistence of both. We calculate
effects of both types of couplings.

In terms of the four-component Dirac notation, the L
grangian involving thel8 andl9 couplings is given by

L l852l i jk8 @ ñL
i d̄R

k dL
j 1d̃L

j d̄R
k nL

i 1~ d̃R
k !* ~ n̄L

i !cdL
j 2ẽL

i d̄R
k uL

j

2ũL
j d̄R

k eL
i 2~ d̃R

k !* ~ ēL
i !cuL

j #1H.c., ~29!

L l952l i jk9 @ d̃R
k ~ ūL

i !cdL
j 1d̃R

j ~ d̄L
k !cuL

i 1ũR
i ~ d̄L

j !cdL
k #1H.c.

~30!

The terms proportional tol are not relevant to our presen
discussion and will not be considered here. The exchang
sneutrinos with thel8 coupling will generateLnew for Y

→B̄Xs with

R15
1

4
S i

l i328 l i338*

mñ i

2 ,
01401
h

h
,

d
-
s

e

-

of

R25
1

4
S i

l i238* l i338

mñ i

2 . ~31!

For the case ofJ/c→DXu the operators inLnew cannot be
generated at the tree level.

Another model of interest is an extension of the SM w
additional scalar SU~2! doublets; the simplest of these wou
be the two-Higgs-doublet model~2HDM!. In general, when
the quarks couple to more than one scalar doublet, there
inevitably FCNC couplings to the neutral scalars. When
up-type quarks and down-type quarks are allowed simu
neously to couple to more than one scalar doublet, the dia
nalization of the up-type and down-type mass matrices d
not automatically ensure the diagonalization of the couplin
with each single scalar doublet. Frequently, as in the We
berg model for CP violation @17# or in supersymmetry
~SUSY!, the 2HDM scalar potential and Yukawa Lagrangi
are constrained by anad hocdiscrete symmetry@18#, whose
only role is to protect the model from FCNC at the tree lev
Let us consider a Yukawa Lagrangian of the form

L Y
(A)5h i j

UQ̄i ,Lf̃1U j ,R1h i j
DQ̄i ,Lf1D j ,R1j i j

UQ̄i ,Lf̃2U j ,R

1j i j
DQ̄i ,Lf2D j ,R1H.c., ~32!

where f i , for i 51,2, are the two scalar doublets of
2HDM, while h i j

U,D andj i j
U,D are the nondiagonal matrices o

the Yukawa couplings.
When no discrete symmetry is imposed, then both up-t

and down-type quarks can have FC couplings@19#. Such
models were called class A in@20#, to be contrasted with
models with a forced absence of FCNC, called class B.

In the notation and basis of Ref.@21# the flavor changing
part of the Lagrangian can be written as

LY,FC
(III ) 5 ĵ i j

UQ̄i ,Lf̃2U j ,R1 ĵ i j
DQ̄i ,Lf2D j ,R1H.c., ~33!

where Qi ,L , U j ,R , and D j ,R denote now the quark mas
eigenstates andĵ i j

U,D are the rotated couplings, in general n
diagonal. If we defineVL,R

U,D to be the rotation matrices actin
on the up- and down-type quarks, with left or right chiralit
respectively, then the neutral FC couplings will be

ĵneutral
U,D 5~VL

U,D!21
•jU,D

•VR
U,D . ~34!

On the other hand, for the charged FC couplings we w
have

ĵcharged
U 5 ĵneutral

U
•VCKM ,

ĵcharged
D 5VCKM• ĵneutral

D , ~35!

whereVCKM denotes the Cabibbo-Kobayashi-Maskawa m
trix.

The phenomenology for the 2HDM, for the quarkoniu
processes under study, is not very different from the ot
two models considered above and so we will concentr
mainly on the top color models and supersymmetry mod
with R-parity violation.
1-6
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VI. RESULTS AND DISCUSSION OF THEORETICAL
UNCERTAINTIES

In this section we discuss the results of our calculatio
First let us look at theY decays. The inputs to our calcula
tion are the various well-known NRQCD matrix elemen
given in Table I@22,23#. The standard model contribution t
the branching ratio is 5.2310211 from the penguin-induced
b→s transition. The processY→B̄Xs can also have a con
tribution in the standard model from tree level process
The effective Hamiltonian, suppressing the Dirac structure
the currents,

HW5
GF

A2
VubVus* @a1~ ūb!~ s̄u!1a2~ s̄b!~ ūu!#, ~36!

wherea1 anda2 are the QCD coefficients can generate t
processY→B1K2. We can estimate the branching ratio f
this process as

B@Y→B1K2#'UVub

Vcb
U2

B@Y→Bc
1K2#.

Using B@Y→Bc
1K2# calculated in Ref.@4# one obtains

B@Y→B1K2#;1.5310214. For a rough estimate ofB@Y
→B1Xs# we can scaleB@Y→B1K2# by the factorB@B
→D0X#/B@B→Dp#. The measured value ofB@B→D0X#
@9# includesD0 coming from the decay ofD0* and D1* .
From the spin phase factorsB@B→D* X#;3B@B→DX#.
Hence B@B→D0X#/B@B→Dp#;20, leading to B@Y
→B1Xs#;3310213.

So far we have not consideredR1 andR2 in Lnew. In our
model-independent analysis we varyR1 /L2, R2 /L2 one at
a time and then use the constraint from measurementsb
→se1e2 and b→sm1m2. We identify L with the masses
of the exchange particles which we take to be between
and 200 GeV. We also take the cutoff for the integral
Eqs. ~17!–~20! as 200 GeV. The allowed values o
R1 /L2, R2 /L2 are then used to calculateY→B̄Xs . The
constraint fromb→sl1l 2 gives

uR1,2u/L2^~629!31026~1/GeV!2.

Using the upper bounds onuR1,2u/L2 we find the branching
ratio for the processY(1S)→B̄Xs to be in the range (1
22)31026. Branching ratios of similar order are also o
tained forY(2S) andY(3S). ForY(4S) the branching ratio

TABLE I. Input parameters used in our calculations.

NRQCD matrix elements Value

^O1
c(3S1)&'3^cuO1(3S1)uc& 0.73 GeV3

^YuO1(3S1)uY& 2.3 GeV3

^O8
c(3S1)& 0.014 GeV3

^O8
c(1S0)&'^O8

c(3P0)&/mc
2 1022 GeV3

^YuO8(3S1)uY& 531024 GeV3

^O8
Y(1S0)&'^O8

Y(3P0)&/mb
2 731023 GeV3
01401
s.

s.
f

0

is smaller by a factor of 100 because of the larger width
Y(4S) which decays predominantly to twoB mesons.

Turning now to models, we find that for the top colo
model from Eq.~24! we can write

DRbs* 54
R1

L2

f p̃
2
mH

2

mt
2uDLbbu2DRbb

. ~37!

We can identify L5mH and use the constraint fromb
→se1e2 for a typical value of uR1u/L2;6
31026(1/GeV)2 . Assuming uDLbbu'uDRbbu'1, and f p̃

550 GeV we obtainuDRbsu;2mH
2 31026. With typical val-

ues ofmH;100–200 GeV we getuDRbsu;0.02–0.08. Simi-
lar values have been obtained foruDRbsu in Ref. @14# by
considering the contributions of the charged Higgs bos
and top pion tob→sg. A similar exercise can be carried ou
with uDLbsu. Note thatBs mixing probes the combination
DLbs* DRbbDRbs* DLbb and so by either choosingR1;0 or R2

;0 we can satisfy the constraint onBs mixing by choosing
the appropriate mixing elements to be small. Note that in
color models we can have operatorss̄(12g5)bd̄(11g5)d
and s̄(11g5)bd̄(12g5)d that can contribute toY→B̄sd̄

→B̄Xs after Fierz reordering. However, these operators w
be suppressed by form factor effects and also from mix
effects. We have checked that the contribution toY→B̄Xs
from these operators is much suppressed relative to the
tribution of the operators inLnew. We will therefore not
consider the above operators in our analysis.

Turning to R-parity violating SUSY we first collect the
constraints on the relevant couplings. The upper limits of
L violating couplings for the squark mass of 100 GeV a
given by

ulki j8 u,0.012 ~k, j 51,2,3;i 51,2!, ~38!

ul13j8 u,0.16 ~ j 51,2!, ~39!

ul1338 u,0.001, ~40!

ul23j8 u,0.16 ~ j 51,2,3!, ~41!

ul33j8 u,0.26 ~ j 51,2,3!. ~42!

The first set of constraints in Eq.~38! comes from the decay
K→pnn with FCNC processes in the down quark sec
@24#. The set of constraints in Eq.~39! and Eq.~41! is ob-
tained from the semileptonic decays ofB mesons@25#. The
constraint on the couplingl1338 in Eq. ~40! is obtained from
the Majorana mass that the coupling can generate for
electron-type neutrino@26#. The last set of limits in Eq.~42!
is derived from the leptonic decay modes of theZ @27#. As-
suming all the couplings to be positive we find the branch
ratio for Y→B̄Xs to be around 231026 for mñ5100 GeV.

Turning next toJ/c→D̄Xu , we first make an estimate fo
this process in the standard model. Since the penguinc→u
transition is small in the standard model, we neglect its c
tribution. As in the case for theY system, for a rough esti
mate, can write
1-7
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B@J/c→D0Xu#

;B@J/c→D0p0#B@D0→K2X#/B@D0→K2p1#.

We obtainB@J/c→D0p0# from @4# and keeping in mind
thatB@D0→K2X# contains contributions from states deca
ing to K2 we obtainB@J/c→D0Xu#;10210 . A similar ex-
ercise givesB@J/c→D1Xu#;1029.

Considering new physics effects we can constrainR1 and
R2 from c→ul1l 2. We get an estimate of the constraint o
c→ue1e2 by adding up the exclusive modes:

B@D→ue1e2#>B@D→~p01h1r01v!e1e2#.

From c→ul1l 2 one obtains

uR1,2u/L2<3.731024~1/GeV!2.

We find that the branching fraction for the processJ/c
→D̄Xu using the constraint fromc→ul1l 2 can be (3 –4)
31025.

In top color models takingR1 andR2 one at a time, one
obtains

2.13103

mp̃
4 uuULccu2URtcURtu* u2

or

2.13103

mp̃
4 uuURtcu2ULccULcu* u2

as the branching fraction forJ/c→D̄Xu . For mp̃ between
100 and 200 GeV this rate can be in the range (0.1–2
31025 if all the mixing angles are;1°. It has been shown
in Ref. @28# that our choices forf p̃ and mp̃ give unaccept-
ably large corrections toZ→bb̄ from one-loop contributions
of the top pions. However, in a strongly coupled theo
higher loop terms can have significant contributions. No
theless, if we changef p̃ to ;100 GeV for better agreemen
with Z→bb̄ data, then the effect inJ/c→D̄Xu is reduced by
a factor of 16. As in the case of theY system we can satisfy
the constraint fromD mixing by choosingR1;0 or R2;0.

For R-parity violating SUSY, the contribution toJ/c
→D̄Xu can only occur at the loop level, with bothl8 or l9
contributing, through the box diagram, and so is suppres
However, in the general 2HDM, from Eq.~33!, the operator
ūcc̄c can be generated by the tree level exchange of the
f2. The contribution toJ/c→D̄Xu will be proportional to
the combination of couplingsR25 ĵ12

U ĵ22
U* andR15 ĵ21

U* ĵ22
U .

Note theD0-D̄0 mixing probesĵ12
U ĵ21

U* . So we can satisfy

the constraint onD0-D̄0 mixing by choosing eitherR1;0 or
R2;0. One then obtains

14

mH
4

u ĵ12
U ĵ22

U* u2

or
01401
)

-

d.

ld

14

mH
4

u ĵ21
U* ĵ22

U u2

as the branching ratio forJ/c→D̄Xu . For mH between 100
and 200 GeV this rate can be in the range (0.1–1.4)31027 if
all the couplings are;1. In a strongly interacting theory
these couplings can be.1 as in the example of top colo
models discussed above.

We note in passing that the four-quark operators we h
considered can also give rise to mixing operators that
1/L4 suppressed. Taking one operator at a time one can
erate the following operators that contribute to mixing:

O152
3R1

2

2p2L2

mb
2

L2
logS L2

mb
2D s̄~12g5!bs̄~12g5!b,

O252
3R2

2

2p2L2

mb
2

L2
logS L2

mb
2D s̄~11g5!bs̄~11g5!b.

~43!

We then have, forBs mixing,

DBs5
5

3
f Bs

2hBMBs
d, ~44!

whereh is the QCD correction factor andB and d are de-
fined through

^Bs
0us̄~12g5!bs̄~12g5!uB̄s

0&52
5

3
f Bs

2BMBs

2

and

d52
3Ri

2

2p2L2

mb
2

L2
logS L2

mb
2D ,

wherei 51,2. A similar result can be written forD mixing.
For theY system, if we include the constraint fromBs

mixing generated by only the operatorsO1,2, then we obtain
uR1,2u/L2.1 –231026(1/GeV)2. This is of the same orde
as the constraint obtained fromb→sl1l 2. In the case of
J/c, if we include the constraint from theD mixing gener-
ated by only the operatorsO1,2, then we obtainuR1,2u/L2

;1026(1/GeV)2. This will lower the branching fraction for
J/c→D̄Xu to ;1029. However, to evaluate consistently th
effects of these operators at order of (1/L2)2 would require
the addition of other operators with dimension<8. As noted
earlier we restrict our analysis to only dimension-6 operat
in the effective Lagrangian; thus the conservative result
J/c→D̄Xu is of order of 1025, which, as we shown above
lies also in the region predicted by the top color model a
2HDM.

Direct CP violation is possible in these decays throu
the interference of the standard model and new physics c
tributions. TheCP conserving phase is generated at t
quark level from the penguin diagrams. However, the st
1-8
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dard model contribution is small and so theCP asymmetry
aCP is also small with a typical value of 0.1% forY
→B̄Xs .

In summary we have calculated branching ratios for
flavor changing processesY→B̄Xs and J/c→D̄Xu . In a
model-independent description of new physics@29#, con-
strained by low energy data fromb→sl1l 2 andc→ul1l 2,
we found branching fractions for these processes can
;1026 and;1025 for Y andJ/c decays, respectively. W
also discussed several models of new physics that can a
,

.

01401
e

be

w

these processes to occur with branching ratios that may
measurable in the next round of experiments.
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