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Flavor changing Z decays from scalar interactions at a giga-Z linear collider
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The flavor changing decayZ→dId̄J is investigated with special emphasis on thebs̄ final state. Various
models for flavor violation are considered: two Higgs doublet models~2HDM’s!, supersymmetry~SUSY! with
flavor violation in the up- and down-type squark mass matrices and SUSY with flavor violation mediated by
R-parity-violating interaction. We find that, within the SUSY scenarios for flavor violation, the branching ratio

for the decayZ→bs̄ can reach 1026 for large tanb values, while the typical size for this branching ratio in the
2HDM’s considered is about two orders of magnitude smaller at best. Thus, flavor changing SUSY signatures

in radiativeZ decays such asZ→bs̄ may be accessible to future ‘‘Z factories’’ such as a giga-Z version of the
DESY TESLA design.
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I. INTRODUCTION

Rare processes involving various particles have alw
been a gold mine for extracting interesting physics@1,2#. For
example, the smallness of flavor changing neutral curre
~FCNC! in the K system prompted the introduction of th
Glashow-Iliopoulos-Maiani~GIM! mechanism and subse
quently the predictionmc'1.5 GeV and the discovery o

J/C and D ’s. BB̄ mixing was a precursor to a heavy to
quark, as confirmed by experiment. FCNC rare top deca
for which there are only weak upper bounds, will hopefu
be discovered in future experiments, thus serving as di
indications for deviations from the standard model~SM!,
since the latter leads to branching ratios which are sma
than 10210.

The situation in rareZ decays, which is the subject of th
paper, bears some similarities to raret decays. In both case
the SM results from the loop induced FCNC decays are v
small, beyond reach, at least fort, in the foreseeable future
Therefore, any significant detection of a rare decay at
level higher than 10210 or 1028 for t or Z, respectively,
would serve as an indisputable proof for physics beyond
the SM. If new physics is ‘‘around the corner,’’ i.e. a
'1 TeV, the Z boson and the top being so close to th
scale, are expected to be the particles most affected by
physics.

In this paper we study the rare decaysZ→dId̄J , where
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I , J indicate the generation index of a charge21/3 quark, in
various models. In the SM, Br(Z→bs̄1b̄s);331028, for
mt5175 GeV andVCKM

ts 50.04@3#; we do not repeat the SM
calculation here. For an approximate analytic expression
the leading contribution toG(Z→bs̄) see@3#. Also, in what
follows, we only consider the new physics contributions
Z→bs̄, without interfering them with the SM diagrams
Such interference terms can effect the results presente
this paper only where the new physics contribution yie
Br(Z→bs̄1b̄s);1028. Three of the models we discus
have already been considered in connection withZ→bs̄,
namely the 2 Higgs doublets model type II~2HDMII ! @4#,
supersymmetry~SUSY! @5# and SUSY withR parity viola-
tion ~RPV! @6#. Therefore we comment, wherever it is re
evant in the coming sections, about differences and simil
ties with previous works. Note that in addition one can fi
in the literature discussion of FCNC hadronicZ decays, in
models not covered by us in the present article@7#.

Experimentally, the attention devoted to FCNC inZ de-
cays at the CERNe1e2 collider LEP and SLAC Large De-
tector~SLD! has been close to nil. The best upper limit is@8#

(
q5d,s

Br~Z→bq̄!<1.831023 at 90% C.L. ~1!

This preliminary result is based on about 3.53106 hadronic
decays, and we used@9# Br(Z→hadrons)50.7. We urge our
experimental colleagues to sift through their LEP data
improve the current, rather loose, limit.

In the future, there will be at least two venues in whichZ
bosons will be produced in much larger quantities than th
number in LEP. In a high luminosity Large Hadron Collid
~LHC! with an integrated luminosity of 100 fb21, one ex-
©2002 The American Physical Society05-1
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pects 5.53109 Z bosons to be produced@10#. A cleaner en-
vironment for the processes at hand, will be provided b
future e1e2 linear collider. In particular, there is a viabl
possibility to lower the DESY TeV Energy Superconducti
Linear Accelerator TESLA center of mass energy down
As5mZ , the so called ‘‘giga-Z’’ option. With integrated lu-
minosity of 30 fb21, it is possible to produce more than 109

Z bosons@11#, about 2 orders of magnitudes larger than
LEP. To grasp the improvement in going from LEP to t
giga-Z option of TESLA, we note that while the sensitivit
of LEP to Z→tm was '1025 @9#, it is expected to be
'1028 in giga-Z TESLA @11#.

Beyond the CERN LHC and thee1e2 linear collider,
there is also considerable interest in the community in a h
energy muon collider@12#. If this ever becomes a reality,
would also afford another very good opportunity for studyi
rare flavor changing decays and interactions@13#.

The paper is organized as follows. In Sec. II we prese
generic calculation of theZdId̄J vertex at the one loop level
This result will assist us to evaluate the branching ratio
the FCNCZ decays in any particular model. In Sec. III, th
results of two variants of the two Higgs doublet mod
~2HDM!, namely the so called type II 2HDM~2HDMII ! and
the top-Higgs two doublets model~T2HDM!, will be re-
ported. In 2HDMII, T2HDM we get the disappointing resul
Br(Z→bs̄1b̄s);10210, 1028, respectively. We then mov
on to Sec. IV, where our results in supersymmetry w
squark mixing are displayed. Again, two options are p
sented, the first one withb̃-s̃ mixing and the second one wit
t̃ -c̃ mixing. In the first case the branching ratio can reac
respectable Br(Z→bs̄1b̄s);1026 while the second cas
yields a branching ratio ofO(1028). In Sec. V we turn to
SUSY withR-parity violation, where the effects ofl8 trilin-
ear coupling terms in the RPV superpotential and ofb terms
(b is the coefficient of the soft breaking RPV bilinear term!
are considered. Two categories of RPV are conside
Those which lead to a branching ratio}(l83l8)2 and those
with a branching ratio}(bl8)2. For the first category we ge
typically branching ratios at the level of 10210, while for the
second type of RPV, we find an encouraging possibility
Br(Z→bs̄1b̄s);1026. In Sec. VI we discuss the exper
mental feasibility of the process at hand. Finally, in Sec. V
we summarize our results.

II. GENERIC SCALAR CALCULATION

In this section we outline the generic framework for c
culating the radiative one-loop flavor changing interact
vertexVdId̄J with IÞJ andV5Z or g. We define the one-
loop amplitude forV→dId̄J in terms of form factors which
are calculated, in the unitary gauge, for the complete se
one-loop diagrams that can potentially contribute toV

→dId̄J in the presence of flavor violating interactions b
tween neutral scalars and fermions as well as nondiag
vertices of charged scalars with fermions of different gene
tions.

The diagrams that modify~at one loop! the VdId̄J cou-
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pling due to charged or neutral scalar exchanges are dep
in Fig. 1.

In what follows, we will denote the internal scalars~S! in
the loops by Greek letters and fermions~ f ! will be given
Latin indicesi , j .

From Fig. 1 it is evident that we have only three types
interaction vertices to consider. These are defined as follo

1. Vm2 f i2 f̄ j interaction

~2!

whereL(R)5@12(1)g5#/2. For the case of the SM cou
plings of a vector bosonV to a pair of fermions, i.e.,f 5u
~up-quark! or f 5d ~down-quark!, there are only diagona
V f f couplings. In this case we have

aL,R(V f)
i j ~ i 5 j ![aL,R(V f) , ~3!

where

aL,R(Z f)52gZ~TL,R
3( f )2sW

2 Qf !, ~4!

aL(g f )5aR(g f )52ggQf , ~5!

with TL
3(u)51/2 andTL

3(d)521/2 for an up and down-quark
respectively, andTR

3( f )50. Also, Qf is the charge off and

gZ5
e

sWcW
, gg5e. ~6!

2. Vm2Sa2Sb interaction

FIG. 1. One-loop diagrams that contribute to the flavor chang

transitionV→dId̄J , due to scalar-fermion exchanges.
5-2
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~7!

whereSa andSb are charged or neutral spin 0 particles w
incoming 4-momentapa andpb , respectively.

3. Sa2 f̄ i2dj interaction

~8!

whered is a down-quark.
The one-loop amplitudesMk (k51,2,3,4 corresponding

to diagrams 1,2,3,4 in Fig. 1, respectively! for the decayV
→dId̄J can be parametrized generically as follows:

M k
IJ[

i

16p2
em

V~q!ūdI
~pI !$g

m~AL,k
IJ L1AR,k

IJ R!

1~BL,k
IJ L1BR,k

IJ R!pI
m%v d̄J

~pJ!, ~9!

where eV(q) is the polarization vector ofV, q is its
4-momenta andūdI

(v d̄J
) is the Dirac spinor of the outgoing

dI with 4-momentapI (d̄J with 4-momentapJ) such thatq
5pI1pJ . Also, AL,k

IJ , AR,k
IJ , BL,k

IJ , BR,k
IJ are momentum de

pendent form factors.
Using the Feynman rules in Eqs.~2!, ~7!, and ~8!, these

form factors can be readily calculated for each diagram.
glecting terms ofO(mb /Aq2) we get

AL,1
IJ 522 (

a,b,i
gV

abbL(a)
i I bL(b)

iJ C24
1 , ~10!

BL,1
IJ 52 (

a,b,i
P̂imf i

gV
abbR(a)

i I bL(b)
iJ ~C0

11C11
1 !, ~11!

AL,2
IJ 522(

a,i , j
bL(a)

i I bL(a)
jJ $aR(V f)

i j @pI•pJ~C23
2 2C22

2 !2C24
2 #

1 P̂i P̂jmf i
mf j

aL(V f)
i j C0

2%, ~12!

BL,2
IJ 522(

a,i , j
bR(a)

i I bL(a)
jJ $P̂imf i

aL(V f)
i j ~C11

2 2C12
2 !

1 P̂jmf j
aR(V f)

i j C12
2 %, ~13!
09300
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where P̂i521 if the internal fermion in the loop is a
charged conjugate state (f i

c) or elseP̂i51.
Combining the contribution of the two self-energy di

grams, i.e.,M31M4[M34, and similarly for the form fac-
tors, e.g.,AL,3

IJ 1AL,4
IJ [AL,34

IJ etc., we have

AL,34
IJ 5aL(Vd)(

a,i
bL(a)

i I bL(a)
iJ B1

3 , ~14!

BL,34
IJ 50. ~15!

The right-handed form factors,AR,k
IJ and BR,k

IJ , are obtained
from the corresponding left handed ones,AL,k

IJ and BL,k
IJ re-

spectively, by interchangingL→R andR→L in all the cou-
plings which appear in Eqs.~10!–~15!.

The three-point one-loop form factorsCx
k with x

P0,11,12,21,22,23,24, and two-point form factorsBx
k with

xP0,1, correspond to the loop integrals of diagramsk51
24 and are given by

Cx
15Cx~mf i

2 ,mSa

2 ,mSb

2 ,mdI

2 ,q2,mdJ

2 !, ~16!

Cx
25Cx~mSa

2 ,mf i

2 ,mf j

2 ,mdJ

2 ,q2,mdI

2 !, ~17!

Bx
35Bx~mf i

2 ,mSa

2 ,mdI

2 !, ~18!

whereBx(m1
2 ,m2

2 ,p2) andCx(m1
2 ,m2

2 ,m3
2 ,p1

2 ,p2
2 ,p3

2) are de-
fined in the Appendix.

In terms of the above form factors, the partial width f
the decayZ→dId̄J is

G~Z→dId̄J!5
NC

3 S 1

16p2D 2
MZ

16pF2~ uAL
Tu21uAR

Tu2!

1
MZ

2

4
~ uBL

Tu21uBR
Tu2!G , ~19!

whereNC53 is the color factor and

AP
T[AP,1

IJ 1AP,2
IJ 1AP,34

IJ , ~20!

BP
T[BP,1

IJ 1BP,2
IJ 1BP,34

IJ , ~21!

for P5L andR.

III. TWO HIGGS DOUBLET MODELS

In a 2HDM with flavor diagonal couplings of the neutr
Higgs to down-quarks, the flavor changing decayZ→dId̄J
proceeds through the one-loop diagrams in Fig. 1.

The interaction vertices required for the calculation of t
form factors defined in Eq.~9! in such models are

Vm f i f̄ j→Zmuiūj ,

VmSaSb→ZmH1H2, ~22!

Sa f̄ idj→H1ūidj ,
5-3
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TABLE I. The couplings required for the calculation ofG(Z→dId̄J) in a 2HDMII and a T2HDM. The
couplings follow the notation used in the Feynman rules of Eqs.~2!, ~7! and ~8!. Also, aR(Zu) , aL(Zu) are
given in Eqs.~3!–~6!.

2HDMII T2HDM

scalar (Sa51) H1 H1

fermion (f i) ui , i 51,2,3 ui , i 51,2,3
aL(Z f)

i j aL(Zu) aL(Zu)

aR(Z f)
i j aR(Zu) aR(Zu)

bL(a51)
i j

Yi j 3
1

tan2 b

mui

mt

Yij3FSik
†VCKM

kj

mtVij
S11

1

tan2 b
D 2

mui

mt
G

bR(a51)
i j

Yij3
mdj

mt
Yij3

mdj

mt

gZ
a51b51 2e

122sW
2

2sWcW
2e

122sW
2

2sWcW
s.
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where theZmuiūj coupling is the SM one as given in Eq
~3!–~6!, S15H1 is the only charged Higgs present in th
type of model andf i5ui , i 51,2,3 for the three up-type
quarksu15u, u25c, u35t.

The ZmH1H2 coupling is obtained from the scalar k
netic term (DmF i)

†(DmF i), whereF1,2 are the two SU~2!
Higgs doublets. This coupling is, therefore, generic to a
version of a 2HDM.

The couplingH1ūidj is obtained from the Yukawa poten
tial. The most general Yukawa interaction of a 2HDM can
written as~see e.g.,@14#!

LY52(
i , j

Q̄L
i @~Ui j

1 F̃11Ui j
2 F̃2!uR

j 1~Di j
1 F11Di j

2 F2!dR
j #

1H.c., ~23!

whereQL is the SU~2! left-handed quark doublet,uR anddR
are the right-handed up and down SU~2! singlets, respec-

tively, and F̃1,25 is2F1,2
! . Also, U1,U2,D1,D2 are general

Yukawa 333 matrices in flavor space. The different types
2HDM’s are then categorized according to the choice of
Yukawa matricesU1,U2,D1,D2.

In what follows we will focus on two specific versions o
a 2HDM:

~i! 2HDM of type II ~2HDMII !. The 2HDMII follows
from the choiceU150 andD250 in which case onlyF2
generates the masses of the up-type quarks and onlyF1 is
responsible for the mass generation of the down-type qu
@15#. This version of a 2HDM is realized in the minima
supersymmetric standard model~MSSM!.

~ii ! 2HDM ‘‘for the top-quark’’ ~T2HDM!. In the T2HDM
@16#, the large mass of the top-quark is accommodated
natural fashion by coupling the second Higgs doublet (F2),
which has a much larger vacuum expectation value~VEV!,
only to the top-quark; all other quarks are coupled to the
Higgs doublet (F1). This scenario is, therefore, realized b
setting in Eq.~23!
09300
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Ui j
1 →Gi j 3~d j 11d j 2!,

Ui j
2 →Gi j 3d j 3 , ~24!

Di j
2 →0,

whereG is again an unknown Yukawa 333 matrix in quark
flavor space.

Using the Lagrangian pieces given above, we list
Table I all the couplings required for the calculation
G(Z→dId̄J) in a 2HDMII and in a T2HDM.

In Table I, sW , cW are the sine and cosine of the wea
mixing angleuW , mui

5mu , mc , mt for i 51,2,3, respec-
tively, and

Yi j 52
e

A2sW

mt

MW
tanbVCKM

i j ~25!

with VCKM the Cabibbo-Kobayashi-Maskawa~CKM! matrix
and tanb[tb5v2 /v1 ~we will loosely refer to the ratio
v2 /v1 either as tanb or tb), wherev2(v1) is the VEV of
F2(F1). Also, the matrixS introduced in Table I is com-
posed out of the unitary matrix that diagonalizes the rig
handed up-type quarks and the Yukawa matrixUi j

2 defined in
Eq. ~24!. It, therefore, arises from the specific structure of t
Yukawa interactions in the T2HDM and can be parametriz
as follows @17# ~neglecting the mass of the first generati
up-quark!:

S5S 0 0 0

0 mc«ct
2 uju2 mc«ctj

!

0 mcjA12u«ctju2 mt~12u«ctju2!
D , ~26!

where«ct5mc /mt andj is an unknown parameter~assumed
here to be real! whose ‘‘natural’’ size is ofO(1).

Notice that the specific structure of the T2HDM’s Yukaw
potential does not give rise to tree-level flavor changing c
5-4
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plings between a neutral Higgs and a pair of down-qua
~while allowing for tree-level neutral Higgs-top-charm co
plings!. Therefore, the decayZ→dId̄J is not affected at one
loop by flavor changing neutral Higgs-quark interactions.

A. Z\bs̄ in 2HDMII

The charged Higgs one-loop contribution to the decayZ

→bs̄ in a 2HDMII was examined before in@4#. Here we
wish to recapitulate the salient features of this decay.

On the left side of Fig. 2 we plot BR(Z→bs̄1b̄s) as a
function of tanb for charged Higgs masses of 100, 400, a
600 GeV. As can be seen, BR(Z→bs̄1b̄s) is maximal for
low tanb;O(1) for which it is controlled by the top-quar
Yukawa coupling which is}1/tanb. Thus, in this range the
required flavor transition is mediated byt→s and the
BR(Z→bs̄1b̄s) is, therefore, essentially proportional
(mt /tanb)43(VCKM

tb )2(VCKM
ts )2 which is the square of the

product of thetbH1 and tsH1 Yukawa couplings.
At around tanb;13 there is a ‘‘turning point’’ at which

the BR(Z→bs̄1b̄s) starts to increase with tanb. At this
point the contributions from the top and charm-quark lo
exchanges become comparable, since the charm-quark e
being }ms

2mb
2 tan4 b(VCKM

cs )2(VCKM
cb )2 ~for tanb*13 the

charm-quark exchange is dominated by the Yukawa c

FIG. 2. BR(Z→bs̄1b̄s) as a function of tanb, for mH15100,
400 and 600 GeV, in a 2HDMII~left side! and a T2HDM withj
51 ~right side!.
09300
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plingsbR
22 andbR

23, see Table I! equals that of the top-quark
As tanb is further increased (tanb.13) both the top and
charm-quark loop exchanges are dominated by the rig
handed down-quark Yukawa couplingsbR

i j in Eq. ~8! ~which
is }tanb) and are, therefore, comparable and increas
with tanb.

Note that the curves in Fig. 2 for the 2HDMII scenar
~the left side! pass through unrealistic values in th
tanb-mH1 plane. In particular, the decayb→sg imposes
strong constraints on the tanb-mH1 plane @18#: mH1

*400 GeV independent of tanb. Thus, if tanb51, then the

largest allowed value for the BR(Z→bs̄1b̄s) is ;10210 if
mH1 lies close to its lower bound fromb→sg. For even
smaller values of tanb, say tanb&0.5, theb→sg constraint

requiresmH1*500 GeV for which the BR(Z→bs̄1b̄s) is
again&10210 in the 2HDMII.

B. Z\bs̄ in T2HDM

The main difference between the T2HDM and t
2HDMII charged Higgs sectors lies in the structure of t
cdiH

1 Yukawa interactions (di5d, s, b for i 51, 2, 3 re-
spectively!. In particular, while in both models the to
Yukawa coupling to down-quarks, i.e., thet̄ RdLH1 coupling,
is }mtVCKM

td /tanb, the charm-quark Yukawa couplin
is completely altered by the presence of the matrixS

in Eq. ~26!. Specifically, the c̄RbLH1 coupling is
}mcj

!VCKM
tb tanb and the c̄RsLH1 coupling is

}mcVCKM
cs tanb. Thus, one can show that, for thec-quark

exchange diagrams with a large tanb, the couplings of the
T2HDM are enhanced relative to the 2HDMII roughly by
factor of mc

2/(mbmsVCKM
cb );70.

As can be seen from Fig. 2~the right side!, in the range
tanb&5 the BR(Z→bs̄1b̄s) is practically identical in both
the T2HDM and the 2HDMII; in this range it is dominate
by the top-quark loop and, therefore, by the top-qua
Yukawa couplings to theb ands-quarks which are essentiall
the same in these two versions of a 2HDM. On the ot
hand, for larger values of tanb, in contrast to the case of
2HDMII, in the T2HDM the charm-quark loop starts t
dominate due to the enhancement in thec̄RbLH1 and
c̄RsLH1 Yukawa couplings~see discussion above!. In fact,
the c̄RbLH1 coupling is doubly enhanced in the T2HDM
first by the tanb factor and second by a factor o
VCKM

tb /VCKM
cb , i.e., in this model this coupling does not suff

from the CKM suppression factorVCKM
cb .

It should be emphasized that a large tanb, e.g., tanb
*O(10), is the ‘‘working assumption’’ of the T2HDM. In
particular, the T2HDM loses its attractiveness in the sm
tanb regime, since in this range it fails to explain the lar
top-quark mass—this being the main motivation behind t
version of a 2HDM. At the same time, taking into accou
low-energy experimental data fromK-K̄ mixing, eK and b
→sg, the tanb2mH1 plane is also constrained in th
T2HDM @17,19#, especially in the large tanb region in
which this model differs from the usual 2HDMII. For ex
5-5
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ample, for j51 and taking the SM best fit value for th
Wolfenstein parametersr andh, then theeK constraint im-
plies mH1*500 GeV for tanb;20 andmH1*4 TeV for
tanb;50 @19#. Imposing these bounds we find that BR(Z

→bs̄1b̄s);O(1028) is the best case value in this mod
assuming a large tanb.

IV. SUPERSYMMETRY WITH SQUARK MIXINGS

In SUSY, flavor changing phenomena can emanate fr
mixings of squarks of different generations through the s
breaking Lagrangian terms in the squark sector:

L so f t
squark52Q̃i

†~MQ
2 ! i j Q̃ j2Ũ i

†~MU
2 ! i j Ũ j2D̃ i

†~MD
2 ! i j D̃ j

1Au
i j Q̃iHuŨ j1Ad

i j Q̃iHdD̃ j , ~27!

whereQ̃ is the SU~2! squark doublet andŨ, D̃ are the up-
squark, down-squark SU~2! singlets, respectively. Also,i , j
are generation indices.

The mass matrices in the up-squark and down-squark
tors may then be generically expressed as

MŨ,D̃
2

5S ~mŨ,D̃
2

!LL ~mŨ,D̃
2

!LR

~mŨ,D̃
2

!LR
† ~mŨ,D̃

2
!RR

D ~28!

where (mŨ,D̃
2 )LL , (mŨ,D̃

2 )RR and (mŨ,D̃
2 )LR are 333 matrices

in squark flavor space. In the super CKM basis the squ
fields are rotated ‘‘parallel’’ to their fermionic super-partne
In this basis, and assuming that there is a typical comm
mass scale for the squarks,m0, which is sufficiently heavier
than the electroweak mass scale (m0

2/MZ
2@1), these matrices

are related to the soft breaking bilinear and trilinear terms
Eq. ~27! via @20#:

~mŨ
2

!LL[VL
UMQ

2 VL
U† , ~mD̃

2
!LL[VL

DMQ
2 VL

D† ,

~mŨ
2

!RR[VR
UMU

2TVR
U† , ~mD̃

2
!RR[VR

DMD
2TVR

D† ,

~mŨ
2

!LR[2
v sinb

A2
VL

UAu
!VR

U† , ~29!

~mD̃
2

!LR[
v cosb

A2
VL

DAd
!VR

D† ,

whereVL,R
D andVL,R

U are the rotation matrices that diagona
ize the down and up-quark fermion mass matrices, resp
tively ~the CKM matrix isVCKM5VL

UVL
D†).

Assuming that flavor changing squark mixings are sign
cant only in transitions between the third and second gen
tion squarks, we choose the following textures for the 333
matrices (mŨ,D̃

2 )LL and (mŨ,D̃
2 )RR:

~mŨ,D̃
2

!LL,RR5S 1 0 0

0 1 dLL,RR
U,D(23)

0 dLL,RR
U,D(32) 1

D m0
2 , ~30!
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where dLL
U(23) , dLL

U(32) dRR
U(23) , dRR

U(32) and dLL
D(23) , dLL

D(32)

dRR
D(23) , dRR

D(32) represent flavor mixings in thet̃ -c̃ and b̃-s̃
sectors, respectively. These flavor violating quantities em
nate from nondiagonal entries in the bilinear soft break
terms MQ

2 , MU
2 , and MD

2 in Eq. ~27!. Similarly, dLR
U(23) ,

dLR
U(32) and dLR

D(23) , dLR
D(32) are associated with nondiagon

~flavor changing! entries in the trilinear soft breaking term
Au and Ad defined in Eq.~27!. As in @21# we adopt the
following simplified ansatz:

VL
UAu

!VR
U†5S 0 0 0

0 0 xu

0 yu 1
D A, ~31!

and

VL
DAd

!VR
D†5S 0 0 0

0 0 xd

0 yd 1
D A, ~32!

such thatA is a common trilinear soft breaking parameter f
both up and down-squarks and the parametersxu ,yu and
xd ,yd represent flavor mixing effects in thet̃ -c̃ andb̃-s̃ sec-
tors, respectively. It then follows thatdLR

U(23) , dLR
U(32) and

dLR
D(23) , dLR

D(32) are related toxu , yu andxd , yd via:

dLR
U(23)52xu

sinb

A2
3

vA

m0
2

, dLR
U(32)52yu

sinb

A2
3

vA

m0
2

,

~33!

dLR
D(23)5xd

cosb

A2
3

vA

m0
2

, dLR
D(32)5yd

cosb

A2
3

vA

m0
2

.

~34!

Within this mixing scenario, in which flavor changing effec
in the squark sector are present only in the second and t
generations, the 636 mass matrices in the up and dow
squark sectors reduce to 434 matrices.

For the t̃ -c̃ sector, in the basisFU
0 5( c̃L ,c̃R , t̃ L , t̃ R), we

then have

M̃ ct
2 5S 1 0 dLL

U(23) dLR
U(23)

0 1 dLR
U(32) dRR

U(23)

dLL
U(32) dLR

U(32) 1 2Xt /m0
2

dLR
U(23) dRR

U(32) 2Xt /m0
2 1

D m0
2 ,

~35!

and similarly for the b̃-s̃ sector, in the basisFD
0

5( s̃L , s̃R , b̃L , b̃R), we have
5-6
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M̃ sb
2 5S 1 0 dLL

D(23) dLR
D(23)

0 1 dLR
D(32) dRR

D(23)

dLL
D(32) dLR

D(32) 1 2Xb /m0
2

dLR
D(23) dRR

D(32) 2Xb /m0
2 1

D m0
2 .

~36!

The factorsXt and Xb are responsible for mixings betwee
left and right handed squarks of the same generation and
given by

Xt5
v sinb

A2
A1

mtm

tanb
, ~37!

Xb52
v cosb

A2
A1mb tanbm, ~38!

where m is the usual Higgs mass parameter in the SU
superpotential.

After diagonalization ofM̃ ct
2 andM̃ sb

2 one obtains the new

mass-eigenstates which are nowt̃ -c̃ and b̃-s̃ admixtures, re-
spectively. The diagonalizing matricesRU and RD are de-
fined through

FU,i
0 5RU,ikFU,k , FD,i

0 5RD,ikFD,k , ~39!

where

FU
0 [S c̃L

c̃R

t̃ L

t̃ R

D , FU[S c̃1

c̃2

t̃ 1

t̃ 2

D ,

FD
0 [S s̃L

s̃R

b̃L

b̃R

D , FD[S s̃1

s̃2

b̃1

b̃2

D , ~40!

and ũL,R , d̃L,R (u5c,t and d5s,b) are the SU~2! weak
states, whileũ1,2, d̃1,2 are the corresponding physical stat
~mass-eigenstates!.

Let us now consider separately the cases in which
one-loop flavor changing decayZ→bs̄ is driven either by
the t̃ -c̃ or by theb̃-s̃ mixing phenomena.

A. b̃-s̃ mixing

Here the flavor changing decayZ→bs̄ is generated by
one-loop exchanges of theb̃-s̃ admixture states,FD , and
gluinos, g̃. We thus haveSa5FD,a with a5124, and f

5g̃ in the diagrams of Fig. 1. Note that diagram~2! in Fig. 1,
which requires theV f f coupling, does not contribute sinc
the Z-boson does not couple to gluinos at the tree-level.
09300
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The one-loopb̃-s̃ mixing effect on the decayZ→bs̄ was
considered more than a decade ago in@5#, where it was as-
sumed that flavor violation in the down-squark sector is c
trolled by radiative corrections to the down-squark mass m
trix induced by off-diagonal CKM elements. Instead,
described above, we assume here that the flavor violatio
rooted with nondiagonal entries in the soft SUSY break
sector. The approach taken here is, therefore, fundamen
different from the one suggested in@5#.1

The following interaction vertices are required for the c
culation ofG(Z→bs̄) in the b̃-s̃ mixing scenario:

VmSaSb→ZmFD,a
! FD,b ,

Sa f̄ idj→FD,a
! ḡ̃dj . ~41!

These are derived from@22#,

L~Vmd̃d̃!52 i F2
1

2

e

sW
Am

3 1
1

6

e

cW
BmG d̃L,l

! ]
↔

d̃
md̃L,l

2 i
1

3

e

cW
Bmd̃R,l ]

↔
d̃
mmd̃R,l

! , ~42!

L~ d̃g̃d!5gsA2Taḡ̃~2d̃L,l
! L1d̃R,l

! R!dj1H.c., ~43!

where gs is the SU~3! coupling constant andTa are the
SU~3! group generators.

Using the above interaction Lagrangian terms, the c
plings required for the calculation ofG(Z→bs̄) in the form
defined in Eq.~7! and ~8! are obtained by rotating the wea
states,FD

0 , to the physical states,FD , according to Eq.~39!.
These couplings are given in Table II.

1Note also that the top-quark and squark masses used in@5# were
too light.

TABLE II. The couplings required for the calculation ofG(Z

→bs̄) in the MSSM withb̃-s̃ mixing. These couplings follow the
notation used in the Feynman rules defined by Eqs.~2!, ~7! and~8!.

SUSY with b̃-s̃ mixing

scalar (Sa) FD,a , a51,2,3,4
fermion (f i) g̃

aL(Z f)
i j 0

aR(Z f)
i j 0

bL(a)
i j 2A2gsT

a(RD,3a
! d3 j1RD,1a

! d2 j )
bR(a)

i j 2A2gsT
a(RD,4a

! d3 j1RD,2a
! d2 j )

gZ
ab

2e

2sWcW
~RD,1a

! RD,1b1RD,3a
! RD,3b2

2
3 sW

2 dab!
5-7
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The relevant low-energy SUSY parameter space for
b̃-s̃ mixing scenario is characterized as follows:2

~i! Some of the flavor changing parameters in theb̃-s̃
sector are severely constrained by theb→sg decay@20,23#.
In particular,dLR

D(23) , dLR
D(32)&O(1022) is required in order to

keep BR(b→sg) within its experimental measured value3

On the other hand,dLL
D(23) , dLL

D(32) , dRR
D(23) , and dRR

D(32) of
O(1) are not ruled out byb→sg nor by any other low
energy process that we know of. We will, thus, use theLL

andRR delta’s as the only source forb̃-s̃ mixing. Moreover,
since there is noa priori theoretical reason for the fourLL
andRR delta’s to be significantly different, we will set all o
them to a common value denoted bydD. That is, we fix
dLL

D(23)5dLL
D(32)5dRR

D(23)5dRR
D(32)5dD, and vary dD in the

range 0,dD,1.
~ii ! The SUSY parameter space needed to evaluateG(Z

→bs̄) in this scenario ism0 , m, A, tanb, mg̃ , anddD. The
low-energy values of these six parameters fully determ
the b̃-s̃ scalar spectrum~i.e., masses and mixing matrice!
and the gluino mass (mg̃), from which all the couplings in
Table II are calculated. These six parameters will be var
subject to the requirement that squark masses as well a
gluino mass are heavier than 150 GeV.

In Figs. 3, 5, and 7 we plot BR(Z→bs̄1b̄s) as a function
m, dD, and tanb, respectively, for three values of the com
mon squark mass:m051000, 1600 or 2200 GeV. The rest o
the parameters are varied subject to the above criteria@24#.
In order to better understand the dependence of BR(Z→bs̄

1b̄s) on the physical squark mass spectrum, we accomp
Figs. 3 and 5 by Figs. 4 and 6, respectively, in which
depict the masses of the four physical squarksms̃1,2

andmb̃1,2

that correspond to the same choices of the SUSY param
space as in Figs. 3 and 5.

Let us summarize the results shown in Figs. 3–7:
~a! The branching ratio of the decayZ→bs̄ is enhanced

dramatically with the increase of the mass splittings betw
the four physical squarks. This is due to a GIM-like canc
lation which is operational in the limit of degenerate squa
masses as a result of the unitarity of the rotation matrixRD .4

Thus for example, a typical mass spectrum that can drive
branching ratio to the 1026 level is when the lightest down
squark,b̃1, has a mass below 250 GeV, while the rest of
squarks have masses at the 1–3 TeV range.

2The term ‘‘low-energy’’ refers to the electroweak~or collider
energies! scale and is used in order to distinguish it from the sc
in which the soft breaking couplings are generated~e.g., the GUT
scale!.

3The bounds on the different delta’s reported in@20,23# were ob-
tained using the mass insertion approximation, while we perform
exact diagonalization of the squark mass matrices. Therefore, in
cases whereO(1) delta’s are allowed~e.g., fordLL

D(32)) these bounds
may only serve as indicative for their expected size, since the m
insertion approximation necessarily assumes small delta’s.

4The unitarity ofRD also ensures that the infinities that appear
the individual diagrams of Fig. 1 cancel.
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~b! As expected, BR(Z→bs̄) drops sharply asdD is de-
creased. Clearly, this is traced to the fact that the mix
among the bottom and strange type scalars diminishes in
limit dD→0, see Figs. 5 and 6.

~c! For a sufficiently large tanb, BR(Z→bs̄) is almost
insensitive to the value of the common trilinear soft break
parameterA as long asm is large enough to drive the desire
mass splittings between the squarks. This behavior is du
the dominance of them term in the quantityXb defined in
Eq. ~38! for large tb ~recall thatXb is responsible for the
mass splitting between the two bottom-type scalars!. On the
other hand, fortb;O(1), theterm }A in Xb @see the right-
hand side of Eq.~38!# becomes important whenA;m. This
feature can be seen in Fig. 7.

~d! For the reason outlined above, BR(Z→bs̄) is symmet-
ric aboutm50 for large tanb, in which case the term}m in
Xb dominates and the effect of theA term is negligible.

~e! For m2/A2@1, BR(Z→bs̄) is increased with tanb.
Again, this is related to the dominance of them term in Xb
for large tanb.

~f! BR(Z→bs̄) drops withmg̃ .
To conclude this section, we have shown that BRZ

→bs̄);O(1026) can be achieved in theb̃-s̃ mixing scenario
provided that the gluino mass and one of the third genera

e

n
he

ss

FIG. 3. BR(Z→bs̄1b̄s) as a function of the Higgs mass pa
rameterm, for combinations ofm051000, 1600, 2200 GeV with
mg̃5200, 600 GeV, fortb550, A51500 GeV and fordD50.5
~left plots! anddD50.9 ~right plots!.
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FLAVOR CHANGING Z DECAYS FROM SCALAR . . . PHYSICAL REVIEW D 66, 093005 ~2002!
down-type scalar masses lie close to the electroweak m
scale, while the rest of the down-type squark masses a
the TeV range, i.e., a large mass splitting between the ligh
and rest of the down-type squarks is needed. Such a m
hierarchy in the squark sector requires a typical ‘‘heav
SUSY mass scale with soft breaking parameters at the l
of a few TeV. This scenario is somewhat motivated by
nonobservability of SUSY particles in past and present h
energy colliders.

B. t̃ -c̃ mixing

In the stop-scharm mixing scenario the flavor chang
decayZ→bs̄ proceeds through one-loop exchanges of
t̃ -c̃ admixture states,FU , and charginos,x. More specifi-
cally, we haveSa5FU,a with a5124, and f i5x i

c with i
51,2 for the two charginos~we find it convenient to calcu
late the exchanges of the charged conjugate chargino s
xc).

Thus, in thet̃ -c̃ mixing scenario the following interaction
vertices are required:

Vm f i f̄ j→Zmx i
cx̄ j

c ,

VmSaSb→ZmFU,a
! FU,b , ~44!

FIG. 4. Physical masses of the second and third genera
down-type squarks as a functionm. The rest of the parameters a
as in Fig. 3.
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Sa f̄ idj→FU,a
! x̄ i

cdj .

These vertices are taken from@22#

L~Vmx i
cx̄ j

c!52
e

2sWcW
x̄ j

cgm~aL(Vxc)
i j L1aR(Vxc)

i j R!x i
cVm ,

~45!

L~Vmũũ!52 i F1

2

e

sW
Am

3 1
1

6

e

cW
BmG ũL,l

! ]
↔

ũ
uũL,l

1 i
2

3

e

cW
BmũR,l ]

↔
ũ
uũR,l

! , ~46!

L~ ũxcd!5ũL,l d̄ j~ f L
L( l i j )L1 f L

R( l i j )R!x i
cVCKM

l j !

1ũR,l d̄ j~ f R
L( l i j )L1 f R

R( l i j )R!x i
cVCKM

l j ! 1H.c.,

~47!

where

aL(Zxc)
i j

5~Z1i
2Z1 j

2!1cos 2uWd i j !, ~48!

aR(Zxc)
i j

5~Z1i
1!Z1 j

1 1cos 2uWd i j !, ~49!

n FIG. 5. BR(Z→bs̄1b̄s) as a function of the flavor mixing pa
rameterdD, for combinations ofm051000, 1600, 2200 GeV with
m521000,22000,23000 GeV, fortb550, A51500 GeV and
for mg̃5200 GeV~left plots! andmg̃5600 GeV~right plots!.
5-9
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f L
L( l i j )5

e

A2sW

mdj

MW cosb
Z2i

2 ,

f L
R( l i j )52

e

sW
Z1i

1! ,

f R
L( l i j )50,

f R
R( l i j )5

e

A2sW

mul

MW sinb
Z2i

1! , ~50!

andZ6 are the chargino mixing matrices given in@22#. Also,
A3 andB are the SU~2! and U~1! gauge fields, respectively
and ũL,R are the SU~2! weak states of the up-type scalars

Here also, the couplings needed for the calculation
G(Z→bs̄) in the form defined in Eqs.~2!, ~7! and ~8! are
obtained from the Lagrangian terms in Eqs.~45!–~50! by
rotating the weak states,FU

0 , to the physical states,FU ,
according to Eq.~39!. These couplings are summarized
Table III.

The contribution of thet̃ -c̃ mixed states to the one-loo
diagrams in Fig. 1 are characterized as follows.

FIG. 6. Physical masses of the second and third genera
down-type squarks, as a function ofdD, for m051000, 1600, 2200
GeV with m521000 GeV~left plots! andm523000 GeV~right
plots!. The rest of the parameters are as in Fig. 5.
09300
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~i! The quantities that mediate the flavor changing tran

tion b→s in the t̃ -c̃ mixed scenario aredLL
U(23) , dLL

U(32) ,
dRR

U(23) , dRR
U(32) , dLR

U(23) anddLR
U(32) . Recall that theLL andRR

delta’s originate from the bilinear soft terms in Eq.~27!,
while the LR delta’s are associated with the trilinear so
breaking SUSY terms. Thus, we will separate these t
types of flavor violating sources in our numerical analysis.
particular, we definedM

U 5dLL
U(23)5dLL

U(32)5dRR
U(23)5dRR

U(32)

anddA
U5dLR

U(23)5dLR
U(32) and we vary eitherdM

U or dA
U in the

range@0,1#. Note that anO(1) value for eitherdM
U or dA

U is
consistent with all experimental data@20,23#.

~ii ! The required SUSY parameter space ism0 , m, A,
tanb, m2 anddM

U , dA
U , wherem2 is the SU~2! gaugino mass

parameter. The low-energy values of these six parameter
the t̃ -c̃ scalar spectrum~i.e., masses and mixing matrice!
and the chargino masses and mixing matrices from which
couplings in Table III are derived. As in theb̃-s̃ mixing case,
these parameters will be varied subject to the requirem
that the squark masses are heavier than 150 GeV and
addition, that the charginos are heavier than 100 GeV@24#.

Taking maximal flavor violation in thet̃ -c̃ mixing sce-
nario, i.e.,dM

U ;O(1) or dA
U;O(1), andvarying the rest of

the SUSY parameters involved subject to the above crite

n
FIG. 7. BR(Z→bs̄1b̄s) as a function of tanb, for combina-

tions of m051000, 1600, 2200 GeV withm521000, 22000,
23000 GeV, for mg̃5200 GeV, dD50.9 GeV and for A
51000 GeV~left plots! andA53000 GeV~right plots!.
5-10
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TABLE III. The couplings required for the calculation ofG(Z→bs̄) in the t̃ -c̃ mixing scenario. The
couplings follow the notation in Eqs.~2!, ~7! and ~8!. Also, aL(Zxc)

i j andaR(Zxc)
i j are given in Eqs.~48! and

~49!, f L
R(a i j ) , f R

R(a i j ) and f L
L(a i j ) are defined in Eq.~50!. RU is the rotation matrix defined in Eq.~39!.

SUSY with t̃ -c̃ mixing

scalar (Sa) FU,a , a51,2,3,4
fermion (f i) x i

c , i 51,2

aL(Z f)
i j

2
e

2sWcW
aL(Zxc)

ij

aR(Z f)
i j

2
e

2sWcW
aR(Zxc)

ij

bL(a)
i j f L

R(a i j )!(RU,1a
! VCKM

2 j 1RU,3a
! VCKM

3 j )

1
f R

R(aij )!

mua

~mcRU,2a
! VCKM

2 j 1mt RU,4a
! VCKM

3 j !

bR(a)
i j f L

L(a i j )!(RU,1a
! VCKM

2 j 1RU,3a
! VCKM

3 j )

gZ
ab

e

2sWcW
~RU,1a

! RU,1b1RU,3a
! RU,3b2

4
3 sW

2 dab!
rk
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we find that BR(Z→bs̄1b̄s) can reach few31028 at best.
Here also, the BR(Z→bs̄1b̄s) is significantly enhanced
when large mass splittings between the four up-type squa
mc̃1,2

and mt̃ 1,2
are present. Such a hierarchy in the up-ty

squark mass spectrum makes the GIM-like cancellation m
tioned earlier less effective.

Indeed a two orders of magnitude difference between
t̃ -c̃ and b̃-s̃ mixing cases is expected due to an (as /a)2

enhancement factor in theb̃-s̃ scenario~compared to thet̃ -c̃
mixing case! which arises from the gluino QCD coupling.

In Fig. 8 we plot BR(Z→bs̄1b̄s) as a function of tanb,
for combinations ofm051000,1600 and 2200 GeV with
m25200,600 and 1000 GeV and for either$dM

U 50.9, dA
U

50% or $dM
U 50, dA

U50.9%.5 For illustration we setA
51000 GeV andm522000 GeV. In Fig. 9 we depict the
masses of the four physical up-type squarksmc̃1,2

and mt̃ 1,2

and the masses of the two chargino states as a functio
tanb, for the same SUSY parameter choices as in Fig
@24#.

V. SUSY WITH RP VIOLATING INTERACTIONS

If RP is violated in the SUSY superpotential, then flav
changing transitions can emerge from interactions of squ
or sleptons with fermions. In particular, there are two typ
of RPV terms that are allowed in the superpotential if t

5Note that the physical up-squark masses have the same de
dence ondM

U or dA
U when one of the two delta’s is set to zero. Thu

for examplemũi
(dM

U 50.9,dA
U50)5mũi

(dM
U 50,dA

U50.9), i 51,2,3
and 4.
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FIG. 8. BR(Z→bs̄1b̄s) as a function of tanb, for combina-
tions ofm051000, 1600, 2200 GeV withm25200, 600, 1000 GeV,
for A51000 GeV,m522000 GeV and fordM

U 50.9, dA
U50 ~left

plots! anddM
U 50, dA

U50.9 ~right plots!.
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ATWOOD, BAR-SHALOM, EILAM, AND SONI PHYSICAL REVIEW D 66, 093005 ~2002!
discreteRP symmetry is not imposed. These are the R
trilinear Yukawa-like~RPVT! operators and bilinear~RPVB!
operators.

In the usual convention, the RPVT are proportional to
dimensionless couplingsl, l8 and l9, see e.g.,@25#. Here
we will assume thatl9!l8 and investigate the one-loo
effects of thel8 type operator on our flavor changing dec
Z→dId̄J :6

WRPVT.eabl i jk8 L̂ i
aQ̂j

bD̂k
c , ~51!

whereQ̂ and L̂ are SU~2! doublet quark and lepton supe
multiplets, respectively, andD̂ is the SU~2! singlet down-
type quark supermultiplet. Also,i , j ,k51, 2 or 3 are genera
tion indices anda,b are SU~2! indices.

The RPVB operator is

WRPVB52eabm i L̂ i
aĤu

b , ~52!

6Note that at the one-loop level thel type couplings do not con

tribute to the decayZ→dId̄J .

FIG. 9. Physical masses of the second and third generation
type squarks~left plots! and of the charginos~right plots!, as a
function of tanb. Squark masses are shown form051000, 1600
and 2200 GeV and fordM

U 50.9, dA
U50 ~equivalent to the case

dM
U 50, dA

U50.9, see text! and chargino masses are given form2

5200, 600 and 1000 GeV. The rest of the parameters are as in
8.
09300
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whereĤu is the up-type Higgs supermultiplet andi 51, 2 or
3 labels the lepton generation.

In addition, if one does not imposeRP , then the usual se
of RP conserving~RPC! soft SUSY breaking terms is ex
tended by new trilinear and bilinear soft terms which cor
spond to the RPV terms of the superpotential, i.e., to the o
in Eqs. ~51! and ~52!. For our purpose, only the following
soft SUSY breaking bilinear term is relevant@26–28#:

VRPVB5eabbi L̃ i
aHu

b , ~53!

where L̃ and Hu are the scalar components ofL̂ and Ĥu ,
respectively.

The RPVT operator (}l8) in Eq. ~51! gives rise to the
following scalar-fermion-fermion RPV interactions:

L5l 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., ~54!

whered(u) is a down~up! -quark,e(n) is a charged-lepton
~neutrino! and scalars are denoted with a tilde.

The RPVB operator (}m i) in Eq. ~52! gives rise to mix-
ings among charged leptons and charginos as well as
tween neutrinos and neutralinos. However, low energy fla
changing processes@29#, flavor changing leptonicZ decays
@30# and neutrino masses@26,30–32# suggest that them i are
expected to be vanishingly small. We will, therefore, negl
its contribution to the decayZ→dId̄J .7 On the other hand,
the soft breaking RPVB term (}bi) in Eq. ~53! gives rise to
mixings between sleptons and Higgs-bosons which may
exchanged in the loops of the diagrams shown in Fig. 1.

Let us now categorize the different types of RPV intera
tions that contribute at one-loop to the flavor changing de
of Z→dId̄J . Since the decayZ→dId̄J conservesRP , there
should be two insertions of RPV vertices in the one-lo
diagrams of Fig. 1. We can thus divide the various types
RPV one-loop exchanges into two categories, type A a
type B, according to the pair of RPV couplings involved:

Type A: The RPV contributions that are proportional
the productl8l8, i.e., G(Z→dId̄J)}(l8l8)2, wherel8 is
defined in Eq.~51!.

Type B: The RPV contributions that are proportional
the productbl8, i.e., G(Z→dId̄J)}(bl8)2, whereb is the
soft breaking RPV bilinear coupling defined in Eq.~53!.

A. Type A RPV effect

The type A RPV contribution toZ→dId̄J emanates from
the first five RPV Yukawa-like interaction vertices in E
~54!. In this case we assume thatbi→0 such that mixing
effects between sleptons and the Higgs fields are absen

7The one-loop exchanges of possible lepton-chargino

neutrino-neutralino admixture states inZ→dId̄J will be controlled
by the square of the RPV couplings productm i3l8.

p-

ig.
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TABLE IV. The couplings required for the calculation ofG(Z→dId̄J) in the type A RPV scenario. The
couplings follow the notation in Eqs.~2!–~8!.

type A1 type A2 type A3

scalar (Sa) ẽL,a , a51,2,3 d̃L,a , a51,2,3 d̃R,a , a51,2,3
fermion (f i) ui , i 51,2,3 n i , i 51,2,3 n i

c , i 51,2,3
aL(Z f)

i j aL(Zu) aL(Zn) 2aR(Zn)

aR(Z f)
i j aR(Zu) aR(Zn) 2aL(Zn)

bL(a)
i j 0 0 l i j a8

bR(a)
i j 2la i j8! l ia j8! 0

gZ
ab

2e
cW

2 2sW
2

2sWcW
dab 2

e

2sWcW
~12

2
3sW

2 !dab
1
3e

sW

cW
dab

type A4 type A5 type A6

scalar (Sa) ñL,a , a51,2,3 ñL,a
! , a51,2,3 ũL,a , a51,2,3

fermion (f i) di , i 51,2,3 di , i 51,2,3 ei , i 51,2,3
aL(Z f)

i j aL(Zd) aL(Zd) aL(Ze)

aR(Z f)
i j aR(Zd) aR(Zd) aR(Ze)

bL(a)
i j la j i8 0 0

bR(a)
i j 0 la i j8! 2l ia j8!

gZ
ab

2
e

2sWcW
dab

e

2sWcW
dab

e

2sWcW
~12

4
3sW

2 !dab
6

e

-
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We can further sub-divide the type A contributions into
types according to the type of scalar~S! and type of fermion
~ f ! that are being exchanged in the loops:

type A1: Sa5ẽL,a , f i5ui

type A2: Sa5d̃L,a , f i5n i

type A3: Sa5d̃R,a , f i5n i
c

type A4: Sa5 ñL,a , f i5di

type A5: Sa5 ñL,a
! , f i5di

type A6: Sa5ũL,a , f i5ei , ~55!

wherea51,2,3 andi 51,2,3.
For each of the type A RPV exchanges above, the gen

couplings defined in Eqs.~2!, ~7! and~8! are summarized in
Table IV. In particular, for a givenf, the Z f f couplings of
Eq. ~2! are given by Eqs.~3!–~6!. The Sd f couplings are
taken from the Yukawa-like interactions in Eq.~54!, while
the ZSScouplings are extracted fromL(Vmũũ) in Eq. ~46!,
from L(Vmd̃d̃) in Eq. ~42! and from theVL̃L̃ interaction
Lagrangian:

L~VmL̃L̃ !52 i
1

2
L̃ l

!F e

sW
t3Am

3 2
e

cW
BmG] L̃

m↔
L̃ l , ~56!

whereA3 andB are the SU~2! and U~1! gauge fields, respec

tively, L̃5(
ẽL

ñL) andt35(0 21
1 0).

Given the couplings in Table IV and the structure of t
form factors in Eqs.~10!–~15! it is evident that there are onl
09300
ric

two types of l8l8 product combinations which enter th
type A RPV contribution to the decayZ→dId̄J :

~i! The productlmnI8 lmnJ8! . Types A1, A2, A5 and A6 are
proportional to this couplings product.

~ii ! The productlmIn8! lmJn8 . Types A3 and A4 are propor
tional to this couplings product.

Furthermore, since none of the scalars have both a
and a right handed RPVT coupling to fermions in the type
scenario, i.e., in the notation of Eq.~8! either bL(a)

i j 50 or
bR(a)

i j 50 ~see Table IV!, the form factorsBL,k
IJ and BR,k

IJ in
the amplitude~9! ~which requires a nonzero value for bo
the left and the right handed scalar-fermion-down quark c
plings! vanish. Also, sincebL(a)

i j 50 for the RPV contribu-
tions of types A1, A2, A5 and A6, they contribute only to th
right-handed vector-like form factorAR,k

IJ . Similarly, the
RPV contributions of types A3 and A4 havebR(a)

i j 50, there-
fore contributing only toAL,k

IJ .
It should be noted that for any one of the type A RP

exchanges, if the scalars of different flavors that are be
exchanged in the loops are degenerate and upon negle
all fermion masses except for the top-quark, then there
main only three distinct types of contributions of thel8
products in the type A RPV scenario. That is, under t
assumption BR(Z→dId̄J) can have only three different val
ues which we denote by BR1IJ, BR2IJ and BR3IJ as fol-
lows:

BR1IJ5BR~Z→dId̄J!

when ~l i j I8 3l i jJ8 !2Þ0; j Þ3, i 51,2,3 ~57!
5-13
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TABLE V. Results for the three types of branching ratios BR132, BR232, BR332 as defined in Eqs.
~57!–~59!, each scaled by its appropriatel8l8 coupling product. Results are given for two sets of squark
slepton masses as indicated.

BR132

~l i j 38 3l i j 28 !2
, j Þ3

BR232

~l i338 3l i328 !2

BR332

~l i3 j8 3l i2 j8 !2

mq̃5500 GeV,ml̃ 5200 GeV 4.231027 2.431026 3.431026

mq̃51000 GeV,ml̃ 5500 GeV 3.931027 6.431028 3.031026
.
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BR2IJ5BR~Z→dId̄J!

when ~l i3I8 3l i3J8 !2Þ0; i 51,2,3 ~58!

BR3IJ5BR~Z→dId̄J!

when ~l i I j8 3l iJ j8 !2Þ0; i , j 51,2,3, ~59!

such that BR(Z→bs̄)5BR132, BR232 or BR332 depending
on which of the threel8l8 product combinations is nonzero

In Table V we give a sample of our numerical results
the three BR’s in Eqs.~57!–~59! scaled by the square of th
appropriatel8l8 product. The results presented in Table
correspond to the case of a single nonzerol8l8 product~one
index combination! contributing to each of the BR’s BR132,
BR232 and BR332. In addition, the masses of the squark a
slepton being exchanged in the loop~for a given index com-
bination of the correspondingl8l8 product! are set to either
mq̃5500 GeV withml̃ 5200 GeV ormq̃51000 GeV with
ml̃ 5500 GeV.

The existing limits on thel8 coupling products in Eqs
~57!–~59! seem to indicate that the typical allowed values
l83l8 for any of the index combinations in Eqs.~57!2~59!
are at the level of;few31022 @33#. It should be noted,
however, that the limits reported in@33# assume 100 GeV
scalar masses. These limits scale with the scalar ma
~typically as@ms̃/100 GeV#2, wherems̃ is the scalar mass!
and are, therefore, relaxed as the scalars become heavi8

Using l83l8;O(1022) in conjunction with the results
presented in Table V, we see that the expected branc
ratio for Z→bs̄ in the type A RPV scenario investigated
this section lies in the range BR(Z→dId̄J);10211210210.

This type A RPV one-loop effect in BR(Z→dId̄J) was
also investigated in@6#. Although@6# evaluated some distinc
limiting cases of the type A RPV contributions, our resu
agree with the highlights of their analysis, i.e., that the ty
cal BR(Z→dId̄J) is expected to be at the level of 10211

210210 if l83l8;O(1022).
Thus, the type A RPV scenario is expected to yield a

smaller even than the SM one. We, therefore, proceed be
to the second RPV type B scenario which seems to giv

8Note thatb→sg, which is proportional tol83l8 products with

the same index combinations as inZ→bs̄, allows some of the
abovel83l8 coupling products to be at the 1021 level @34#.
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much larger BR(Z→bs̄) within the experimentally allowed
range of values for its relevant RPV parameter space.

B. Type B RPV effect

The type B RPV effect arises when a Higgs particle tha
being exchanged in the loops mixes with a slepton throu
the RPVB operator in Eq.~53! and then couples to the ex
ternal down quark via al8 type coupling.

For simplicity we will assume thatbiÞ0 only for i 53 in
Eq. ~53!, thus, considering only the mixing between the th
generation sleptons (L̃3) and the Higgs scalar fields (Hd and
Hu).9 It should be noted thatb3Þ0 leads in general to a
nonvanishing tau-sneutrino VEV,v3. However, since lepton
number is not a conserved quantum number in this scena
the Ĥd and L̂3 superfields lose their identity and can be r
tated to a particular basis (Ĥd8 ,L̂38) in which eitherm3 or v3

are set to zero@26,28,32,35#. In what follows, we find it
convenient to choose the ‘‘no VEV’’ basis,v350, which
simplifies our analysis below.

Let us define the SU~2! components of the up-type Higg
boson, down-type Higgs boson andL̃3 scalar doublet fields
~settingv350):

Hu[S hu
1

~ju
01vu1 ifu

0!/A2
D ,

Hd[S ~jd
01vd1 ifd

0!/A2

hd
2 D , ~60!

L̃3[S ~ ñ1
0 1 i ñ2

0 !/A2

ẽ3
2 D ,

where ñ1
0 , ñ2

0 and ẽ3
2 are the SU~2! CP-even, CP-odd

t-sneutrino and left handed stau fields, respectively.

9The consequences ofb1Þ0 and/orb2Þ0 are to introduce addi-
tional mixings among sleptons of different generations and mixi
between the selectron and/or smuon scalar doublets with the H
fields. These extra mixing effects are not crucial for the main o
come of this section.
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Whenb3Þ0 the 3rd generation slepton SU~2! fields in Eq.~60! mix with the Higgs fields. In particular, in the basisFC
0

5(hu
1 ,hd

1 ,ẽ3
1), the squared mass matrix in the charged scalar sector becomes10

MC
2 5S cb

2@~mA
0 !21mW

2 # sbcb@~mA
0 !21mW

2 # b3

sbcb@~mA
0 !21mW

2 # sb
2@~mA

0 !21mW
2 # b3tb

b3 b3tb ~msn
0 !22mW

2 cos 2b
D , ~61!

wheremA
0 and msn

0 are the pseudo-scalar Higgs boson mass and the tau-sneutrino mass, respectively, in the RPCb3

→0.
Similarly, in the basisFE

05(jd
0 ,ju

0 ,ñ1
0 ), theCP-even neutral scalar squared mass matrix becomes~at tree-level!:11

ME
25S ~mA

0 !2sb
21mZ

2cb
2 2@~mA

0 !21mZ
2#sbcb b3tb

2@~mA
0 !21mZ

2#sbcb ~mA
0 !2cb

21mZ
2sb

2 2b3

b3tb 2b3 ~msn
0 !2

D . ~62!
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Finally, in theCP-odd neutral scalar sector and in the ba
FO

0 5(fd
0 ,fu

0 ,ñ2
0 ) one obtains

MO
2 5S ~mA

0 !2cb
2 ~mA

0 !2cbsb b3tb

~mA
0 !2cbsb ~mA

0 !2sb
2 b3

b3tb b3 ~msn
0 !2

D . ~63!

The new charged scalar andCP-even andCP-odd neutral
scalar mass-eigenstates~i.e., the physical states! are then de-
rived by diagonalizingMC

2 , ME
2 and MO

2 , respectively. Let
us denote the physical states by

FC5S H1

G1

t̃1
D , FE5S H

h

ñ1
t
D , FO5S A

G

ñ2
t
D , ~64!

such that, for a small RPVB in the scalar potential, the n
physical states in Eq.~64! are the states dominated by wh
would be the corresponding physical states in the RPC lim
b350, for which the Higgs sector decouples from the sle
ton sector in Eqs.~61!, ~62! and ~63!. In particular, if b3
→0, thenH, h, A andH1 become the usual RPC MSSM
CP-even heavy Higgs boson,CP-even light Higgs boson
CP-odd pseudo-scalar Higgs and charged Higgs states
spectively. Similarly, in this limitñ1

t andñ2
t become the two

mass-degenerateCP-even andCP-odd sneutrino states with
a common massmñ

1
t 5mñ

2
t [msn

0 , while t̃1 is the usual

pure left handed stau field with a massmt̃1

5A(msn
0 )22mW

2 cos 2b. Note also thatG and G1 are the

10We neglect the mixing between the right-handed SU~2! stau
singlet and the charged Higgs fields which is proportional to the
mass.

11The one-loop corrections to the 232 Higgs block inME
2 can

cause a significant deviation to the tree-level mass of the l
Higgs. This effect will be discussed below.
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neutral and charged Goldstone bosons that are absorbe
theZ andW-bosons and are, therefore, the states with a z
eigenvalue inMO

2 andMC
2 , respectively.

The physical statesFC, , FE and FO are related to the
weak statesFC

0 , FE
0 andFO

0 via:

FC,i
0 5RC,ikFC,k ,

FE,i
0 5RE,ikFE,k , ~65!

FO,i
0 5RO,ikFO,k ,

whereRC , RE andRO are the rotation matrices that diago
nalizeMC

2 , ME
2 andMO

2 , respectively.
Notice that the mass matricesMC

2 , ME
2 and MO

2 depend
only on four SUSY parameters:mA

0 , msn
0 ,b3 and tanb.

These parameters, therefore, completely fix the rotation
tricesRC , RO andRE from which theCP-even andCP-odd
neutral scalar spectrum as well as the charged scalar s
trum is completely determined.

Clearly then, the type B RPV contributions involve th
3rd generation sleptons that can mix with the Higgs fie
through ab3 bilinear RPV coupling which enters the slepto
Higgs mixed mass matrices in Eqs.~61!–~63!. Here also, we
can further sub-divide the type B RPV effects according
the type of scalar~S! and type of fermion~ f ! that are being
exchanged in the loops:

type B1: Sa5FC,a ; f i5ui , ~66!

with a51,3, i 51,2,3 and

type B2: Sa5FE,a and FO,b ; f i5di , ~67!

with a51,2,3, b51,3, i 51,2,3.

u

t
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Note that we have omitted virtual exchanges of the t
Goldstone bosonsG andG1 since the one-loop amplitude
are being calculated in the unitary gauge.

The two RPV effects, of types B1 and B2 above, a
driven by the Higgs-slepton scalar admixturesFC , FE , FO
which couple to quarks through a combination ofl8 and
Higgs-Yukawa coupling. Hence, the Higgs-like compone
in FC , FE andFO will couple through the Higgs-Yukawa
terms, while the slepton-like component interact with t
quarks via thel8-type RPV couplings in Eq.~54!.

For the type B1 RPV contribution in Eq.~66! the form
factors defined in Eq.~9! are calculated following the pre
scription described in Sec. II. The generic couplings defin
in Eqs. ~2!, ~7! and ~8! are summarized in Table VI for th
type B1 RPV exchanges. In particular, theSd f couplings~for
S5FC and f 5u) are a combination of the Yukawa-like tr
linear RPV interactions in Eq.~54! ~those with the third gen-
eration slepton indices! and the charged Higgs-Yukawa co
plings which are the same as in the 2HDM of type II~given
in Sec. III!.

The ZSScouplings~for S5FC) in Table VI are derived
from L(VmL̃3L̃3) in Eq. ~56! and from the following
L(VmHdHd) andL(VmHuHu) pieces@22#:

L~VmHdHd!52 i
1

2
Hd

!F e

sW
t3Am

3 2
e

cW
BmG ]

↔
H̃
mHd , ~68!

L~VmHuHu!52 i
1

2
Hu

!F e

sW
t3Am

3 1
e

cW
BmG ]

↔
H̃
mHu , ~69!

where the SU~2! scalar doublet fieldsL̃3 , Hd and Hu are
defined in Eq.~60!.

For the type B2 RPV case@see Eq.~67!# there are 10
one-loop diagrams that can potentially contribute to the
cay Z→dId̄J . These diagrams are depicted in Fig. 10. T
first eight diagrams in Fig. 10 have the same topology as
generic diagrams of Fig. 1, while diagrams 9 and 10 invo
virtual exchanges of aZ-boson through theZZFE interac-
tion.

TABLE VI. The couplings required for the calculation ofG(Z

→dId̄J) in the type B1 RPV scenario. The couplings follow th
notation in Eqs.~2!, ~7! and~8!. The couplingsaL,R(Zu) are given in
Eqs.~3!–~6!.

type B1

scalar (Sa) FC,a , a51,3
fermion (f i) ui , i 51,2,3

aL(Z f)
i j aL(Zu)

aR(Z f)
i j aR(Zu)

bL(a)
i j e

A2sW

mui

mWsb
RC

1aVi j

bR(a)
i j e

A2sW

mdj

mWcb
RC

2aVi j 2l3i j8! RC
3a

gZ
ab 2e cot 2uWdab
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Using our generic notation for the one-loop amplitude
Eq. ~9!, we calculate the form factorsAL,k

IJ , AR,k
IJ andBL,k

IJ ,
BR,k

IJ with k51210, which emerge from diagrams 1–10
Fig. 10 ~taking mdi

50, for d, s andb-quarks!:

AL,1
IJ 522 (

a,b,i
gZ

abbL(a)
(E) i I bL(b)

(O) iJC24
1 , ~70!

AL,2
IJ 52 (

a,b,i
gZ

babL(a)
(O) i I bL(b)

(E) iJC24
2 , ~71!

AL,3
IJ 5aR(Zd) (

a,i , j
bL(a)

(E) i I bL(a)
(E) jJ@2C24

3 2mZ
2~C23

3 2C22
3 !#,

~72!

AL,4
IJ 5aR(Zd) (

a,i , j
bL(a)

(O) i I bL(a)
(O) jJ@2C24

4 2mZ
2~C23

4 2C22
4 !#,

~73!

AL,56
IJ 5aL(Zd)(

a,i
bL(a)

(E) i I bL(a)
(E) iJB1

5 , ~74!

AL,78
IJ 5aL(Zd)(

a,i
bL(a)

(O) i I bL(a)
(O) iJB1

7 , ~75!

AL,9
IJ 5AL,10

IJ 50, ~76!

where we have combined the contribution of the self-ene
diagrams 516 and 718: M51M6[M56 and M71M8

[M78, which leads accordingly toAL,5
IJ 1AL,6

IJ [AL,56
IJ and

AL,7
IJ 1AL,8

IJ [AL,78
IJ . Also,

BL,k
IJ 50 for k5128 ~77!

BL,9
IJ 5aL(Zd)(

a
gZZFE

a bL(a)
(E)IJF2~C12

9 2C11
9 !

1
1

mZ
2 ~C̃0

91C̃11
9 !G , ~78!

BL,10
IJ 5aR(Zd)(

a
gZZFE

a bL(a)
(E)IJF2~C12

102C11
10!

1
1

mZ
2 ~C̃0

101C̃11
10!G . ~79!

Here also the right-handed form factors,AR,k
IJ andBR,k

IJ , are
obtained from the corresponding left handed ones by in
changingL→R andR→L in all the couplings in Eqs.~70!–
~79!.

The two-point and three-point loop form factorsB1
k with

k55,7, Cx
k with xP11,12,21,22,23,24 andk51,2,3,4,9,10

and C̃x
k with xP0,11,12, andk59,10 which appear in Eqs

~70!–~79! are given by

B1
55B1~mdi

2 ,mFE,a

2 ,mdI

2 !, ~80!
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FIG. 10. One-loop diagrams
that contribute to the flavor chang

ing decaysZ→dId̄J in the type
B2 RPV scenario.
B1
75B1~mdi

2 ,mFO,a

2 ,mdI

2 !, ~81!

and

Cx
15Cx~mdi

2 ,mFE,a

2 ,mFO,b

2 ,mdI

2 ,q2,mdJ

2 !, ~82!

Cx
25Cx~mdi

2 ,mFO,a

2 ,mFE,b

2 ,mdI

2 ,q2,mdJ

2 !, ~83!
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Cx
35Cx~mFE,a

2 ,mdi

2 ,mdj

2 ,mdJ

2 ,q2,mdI

2 !, ~84!

Cx
45Cx~mFO,a

2 ,mdi

2 ,mdj

2 ,mdJ

2 ,q2,mdI

2 !, ~85!

Cx
9 ; C̃x

95Cx ; C̃x~mdJ

2 ,mZ
2 ,mFE,a

2 ,mdJ

2 ,q2,mdI

2 !, ~86!
5-17



rs

ro

ea
a

-

B
res
the

e-

he

V

.

u-

the
ee
al
nd

pe

rio
ce

se

e-

f

w

ATWOOD, BAR-SHALOM, EILAM, AND SONI PHYSICAL REVIEW D 66, 093005 ~2002!
Cx
10; C̃x

105Cx ; C̃x~mdI

2 ,mZ
2 ,mFE,a

2 ,mdI

2 ,q2,mdJ

2 !, ~87!

where B1(m1
2 ,m2

2 ,p2), Cx(m1
2 ,m2

2 ,m3
2 ,p1

2 ,p2
2 ,p3

2) and

C̃x(m1
2 ,m2

2 ,m3
2 ,p1

2 ,p2
2 ,p3

2) are defined in the Appendix.
The couplings aL(Zd) , aR(Zd) , bL(a)

(E) i j , bR(a)
(E) i j , bL(a)

(O) i j ,
bR(a)

(O) i j , gZ
ab andgZZFE

a needed for evaluating the form facto

above are given in Table VII. In particular,aL,R(Zd) are the
SM left and right-handed couplings of theZ boson to a pair
of down quarks as given in Eqs.~3!–~6!. The rest are ob-
tained from the relevant interaction Lagrangian terms by
tating the SU~2! weak statesFC,E,O

0 to the physical states

FC,E,O according to Eq.~65!. In particular, theFEd̄idj cou-
plings bL,R(a)

(E) i j and FOd̄idj couplingsbL,R(a)
(O) i j follow the no-

tation of the genericSd f vertex in Eq.~8!; for S5FE or FO
and f 5d,

L~FE,ad̄idj !5 i ~bL(a)
(E) i j L1bR(a)

(E) i j R!, ~88!

L~FOad̄idj !5 i ~bL(a)
(O) i j L1bR(a)

(O) i j R!. ~89!

These couplings emanate from both the Yukawa-like trilin
RPV interactions in Eq.~54! and the neutral Higgs-Yukaw
vertices of a 2HDM of type II as given in Eq.~23!.

TABLE VII. The couplings required for the calculation o

G(Z→dId̄J) in the type B2 RPV scenario. The couplings follo
from the Feynman rules in Eqs.~2!, ~7!, ~88!, ~89! and ~90!. The
couplingsaL,R(Zd) are given in Eqs.~3!–~6!.

type B2

scalar (Sa) FE,a , a51,2,3 andFO,a , a51,3
fermion (f i) di , i 51,2,3

aL(Z f)
i j aL(Zd)

aR(Z f)
i j aR(Zd)

bL(a)
(E) i j

2
e

2sW

mdi

mWcb
RE

1adij1
1

A2
l3 j i8 RE

3a

bR(a)
(E) i j

2
e

2sW

mdi

mWcb
RE

1adij1
1

A2
l3i j8! RE

3a

bL(a)
(O) i j

2i
e

2sW

mdi

mWcb
RO

1adij1
i

A2
l3 j i8 RO

3a

bR(a)
(O) i j

i
e

2sW

mdi

mWcb
RO

1adij1
i

A2
l3i j8! RO

3a

gZ
ab i

e

sin2uW
~RE

1aRO
1b2RE

2aRO
2b1RE

3aRO
3b!

gZZFE

a
e

sWcW
mZ~cbRE

1a1sbRE
2a!
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The couplinggZ
ab of a Z boson to aFE,aFO,b pair follow

our generic definition of theVSS vertex in Eq. ~7!. It is
derived from the Lagrangian terms in Eqs.~56!, ~68! and
~69!.

The couplinggZZFE

a of FE,a to a pair ofZ-bosons is de-

fined as

L~ZmZnFE,a!5 igZZFE

a gmn , ~90!

and is obtained from the followingZZjd
0 andZZju

0 interac-
tion terms@recall thatjd,u

0 are theCP-even SU~2! compo-
nents ofHd,u as defined in Eq.~60!# @22#:

L~ZZjd,u
0 !5

e2

~2sWcW!2
ZmZm~vdjd

01vuju
0!, ~91!

wherevd and vu are the VEV’s of the down-type and up
type Higgs doublets, respectively.

Before presenting our numerical results for the type
RPV contribution let us discuss some of its salient featu
and outline the main assumptions and notations regarding
relevant parameter space involved:

~i! The pseudo-scalar ‘‘bare’’ mass~i.e., its mass in the
RPC limit of b3→0) can be approximated from the tre
level relation which, fortb

2@1, gives (mA
0)2;b0tb , where

b0 is the usual RPC soft-breaking bilinear Higgs term in t
scalar potential, i.e.,VRPC.b0HdHu . Thus, without loss of
generality, we trade the bilinear couplingb3 with a dimen-
sionless RPV parameter,«, as follows:

b3[«~mA
0 !2cotb, ~92!

such that«;b3 /b0 parametrizes the relative amount of RP
in the scalar potential. In particular,«!1 for small bilinear
RPV and«;1 if RPV/RPC;1 in the SUSY scalar sector

The existing experimental limits on« come from the fol-
lowing: ~a! a nonvanishingb3 can generate a radiative~one-
loop! tau-neutrino mass. The laboratory limit on the ta
neutrino mass allows, however, the quantityb3 /b0;« to be
of ;O(1) @28#. ~b! The parameterb3, or equivalently the
quantity«;b3 /b0, can have important consequences on
CP-even andCP-odd Higgs-like scalar mass spectrum, s
@36,37#. In particular,« can drive the mass of the physic
CP-even light Higgs below its present LEP2 lower bou
which, for mA*200 GeV, is roughlymh*110 GeV irre-
spective of tanb @38#.12 Also, a nonzero« can give rise to
negative eigenvalues~i.e., to the physical square masses! for
theCP-even andCP-odd mass matricesME

2 andMO
2 in Eqs.

~62! and~63!, depending on the values of the rest of the ty
B parameter space, i.e., onmA

0 , msn
0 and tb . Therefore, in

12This bound is applicable in the maximal stop mixing scena
with typical SUSY squark masses of 1 TeV. Note also that sin
b3Þ0 thehZZ coupling is smaller than its value in the RPC ca
leading to a smallere1e2→Zh production rate. Thus, the limits
reported in@38# should be slightly relaxed in the type B RPV sc
nario.
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what follows, we will vary the parameters$mA
0 ,msn

0 ,tb ,«%
subject to the existing LEP2 lower bound on the light Hig
mass and to the requirement thatmñ

1
t , mñ

2
t and mt̃1 are

.150 GeV. Since the light Higgs mass is very sensitive
higher order corrections to the 232 Higgs block inME

2 , as
in @36,37#, in order to derive realistic exclusion regions f
the parameter space$mA

0 ,msn
0 ,tb ,«% through the require-

mentmh*110 GeV, we include the dominant higher ord
corrections~coming from thet- t̃ sector! to the (jd

0 ,ju
0) block

in ME
2 , following the approximate formulas given in@39#

and taking the maximal mixing scenario with a typic
squark mass ofmq̃51 TeV. ~c! a nonvanishing« can also
alter the cross-section forZZ and WW pair production
through s-channel exchanges of theCP-even scalarsFE
@36,37#. The measuredZZ andWW cross-sections in LEP2
can thus be used to place limits on« as a function of
$mA

0 ,msn
0 ,tb%. These limits, however, can be evaded if t

ñ6
t e2e1 trilinear RPV coupling l131 is assumed smal

enough~see@36,37#!. We will, therefore, not consider suc
limits below.

~ii ! Sinceb3 is not a flavor changing parameter, the tra
sition between down-quarks of different generations, i.e.,
tween the external down-quarksdI→dJ , is necessarily
driven by al8 coupling with the appropriate nondiagon
indices~disregarding flavor changing transitions due to sm
nondiagonal CKM elements!. Thus, the type B RPV one
loop effect inZ→dId̄J is necessarily proportional to eithe
b3l3IJ8 or b3l3JI8 . In particular, forZ→bs̄ we find that the
dominant contribution is attributed to the type B1 exchan
of the charged scalars and it arises whenl3328 Þ0. The only

other possible index combination forZ→bs̄, which is l3238
Þ0, yields a much smaller branching ratio. This enhan
ment for the~332! index combination can be traced to th
fact that, for this particular combination, the charged sca
amplitude involves also a top-quark exchange, thus gainin
factor of mt /mc compared to thel3238 Þ0 case~which in-
volves a charm-quark exchange in the loops!.

~iii ! In the limit «→0 the type B2 effect vanishes. How
ever, since«→0 causes the charged Higgs sector to
couple from the stau sector and since the RPC MSSM Hi
sector is similar to the 2HDM of type II, the type B1 contr
bution approaches that of the type II 2HDM in this lim
Thus, for«→0, the type B1 RPV effect will be proportiona
to the off-diagonal CKM elements as in the case of the ty
II 2HDM discussed in Sec. III.

~iv! In the numerical analysis below we will setl3328 51,
while all other lambda’s with different index combination
are set to zero. The experimental limit on this coupling,
rived fromRl5G(Z→hadrons)/G(Z→ l l̄ ) @40#, is ~at the 2s
level! l3328 50.45 for squark masses of;100 GeV, while
l3328 51 is allowed for squark masses*650 GeV. The per-
turbativity bound on this coupling isl3328 51.04 @41#. Thus,
we will assume that the squarks are heavy enough to a
l3328 to lie near its perturbativity limit~recall that no squarks

are involved in the type B RPV contribution toZ→bs̄).
In Fig. 11 we show BR(Z→bs̄1b̄s) as a function of the
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‘‘bare’’ tau-sneutrino massmsn
0 ~i.e., what would be its mass

in the RPC limit!, for various possible values ofmA
0 , « and

for tb53 ~left side! and tb550 ~right side! @24#. Evidently,

BR(Z→bs̄1b̄s) is much larger in the high tanb scenario
and it drops withmsn

0 .
The masses of the heavyCP-even Higgs,CP-odd Higgs

boson and charged Higgs boson as well as theCP-even,
CP-odd tau-sneutrino and the stau particles are depicte
Fig. 12, for tb550 and for the same combinations of« and
mA

0 that are used in Fig. 11. We note that in the lim
(mA

0)2@mZ
2 ~applicable to the values ofmA

0 in Figs. 11 and
12! one hasmH;mA;mH1 and if in addition (msn

0 )2@mZ
2 ,

then also theCP-even,CP-odd tau-sneutrinos and the sta
are roughly degenerate. Thus, only two curves are show
each plot in Fig. 12, which are sufficient to approximate
describe all these six scalar masses.

Figure 12 shows that at some instances, the Higgs-
and slepton-like scalar masses exhibit a discontinuous ju
at which point they ‘‘switch’’ identities. This phenomenon
caused by the particular dependence of the physical sc
masses on the ‘‘bare’’ massesmA

0 andmsn
0 in the presence of

«Þ0. In particular, the corrections to the ‘‘bare’’ scala
masses due to a nonvanishingb3 term are proportional to
factors of @(mA

0)2(msn
0 )#21 ~for more details see@36,37#!,

FIG. 11. BR(Z→bs̄1b̄s) as a function of the ‘‘bare’’ sneutrino
mass parametermsn

0 ~see text!, for some combinations of values o
mA

0 and« ~as indicated in the figure! and for tb53 ~left plots! and
tb550 ~right plots!. l3328 51 is used and« is defined in Eq.~92!.
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thereby changing sign at the turning points. Moreover,
off-diagonal elements of the rotation matricesRE , RO and
RC , which are responsible for the slepton-Higgs mixing
are also inversely proportional to factors of@(mA

0)2(msn
0 )#,

therefore enhancing the type B RPV effect asmA
0 approaches

msn
0 as can be seen in Fig. 11.
To summarize this section, with a large tanb, a BR(Z

→bs̄1b̄s);O(1026) is possible within the type B scenario
e.g., for 40% lepton number violation in the SUSY sca
potential («50.4) and if the sleptons masses lie arou
;200 GeV. For a heavier slepton spectrum a larger« is
required in order to push the branching ratio to the 1026

level.
It should also be emphasized that since BR(Z→bs̄1b̄s)

is dominated byl3328 , the decayZ→bs̄ is an efficient probe
of this specific flavor changing trilinear RPV coupling.

VI. EXPERIMENTAL FEASIBILITY

In this section we will very briefly comment about th
feasibility of observing~or achieving a limit! a signal ofZ
→bs̄ with a branching ratio of order 1026, at a Linear Col-
lider producing 109 Z bosons.

FIG. 12. Physical masses of the heavyCP-even Higgs (mH),
CP-odd Higgs (mA), charged Higgs (mH1), CP-even tau-sneutrino
(msn

1 ), CP-odd tau-sneutrino (msn
2 ) and the stau (mst), as a func-

tion of the ‘‘bare’’ tau-sneutrino mass (msn
0 ), for tb550, for mA

0

5300, 600 or 900 GeV and for«50.4 ~left figures! and «50.9
~right figures!. « is defined in Eq.~92!.
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Such a signal should appear in the detector as an e
with one b-jet and one light-jet~assuming no distinction is
made between light5d,u or s-quarks!. In the spirit of the
analysis made with the 1992–1995 LEP data onZ→bs̄ @8#,
one defineseq

B andeq
L to be the efficiencies that a quark~or

anti-quark! of flavor q is tagged as ab-jet ~B! and light-jet
(L), respectively. Thus, the key efficiency parameters for
detection ofZ→bs̄ are eb

B , e light
L and eb

L , where the latter
represent the probability that ab-jet is identified as a light-jet
and is important for controlling the dominant background~to
theZ→B1L signal! coming fromZ→bb̄. Note, that due to
the expected smallness of the ‘‘purity’’ parameterse light

B ,ec
B

andec
L ~see@8#!, the background toZ→B1L caused by the

SM Z→dd̄, ss̄, uū, cc̄ decays will be sub-dominant.
With 109 Z bosons, the expected number of events co

ing from Z→bs̄ ~i.e., from new physics! and identified as
Z→B1L, is

S;1093eb
Be light

L BR~Z→bs̄!. ~93!

Similarly, the expected number of backgroundZ→B1L

events coming from the SM decayZ→bb̄ is

B;1093eb
Beb

LBR~Z→bb̄!. ~94!

Using Eqs.~93! and ~94!, the expected statistical signifi
cance, S/AB, of the new physics signalZ→bs̄, with a
branching ratio of order 1026, can reach beyond the 3-sigm
level for eb

B;0.620.8, e light
L ;0.320.5 andeb

L;O(1024).
These values require an improvement to the 1992–1
analysis@8#, by a factor of 2–3 foreb

B and e light
L and by an

order of magnitude foreb
L . With the expected advanceme

in the jet-tagging methods, in particular, for two-body deca
of the Z boson, these required values for the efficiency p
rameters above should be well within the reach of the fut
Linear Collider.

We can also get a clue about how low one can go in
value ~or limit! of BR(Z→bs̄) with 109 Z bosons, from the
fact that the LEP preliminary results@8# achieved BR(Z
→bs̄),O(1023) with O(106) Z bosons. Scaling this limit,
especially with the expected advance in b-tagging and id
tification of non-b jets methods, anO(1026) branching ratio
should be attainable at a giga-Z factory.

VII. SUMMARY

We have re-examined the flavor changing radiative dec
of a Z boson to a pair of down-quarks,Z→dId̄J , with I
ÞJ. TheseZ-decay channels may prove useful in search
for new flavor physics beyond the SM at the TESLA collide
or any other future collider, which may be designed to run
the Z pole with high luminosities, thus accumulating mo
than 109 on-shell Z bosons. With advances in technolog
e.g., improvedb-tagging efficiencies, the flavor changing d
cay Z→bs̄—most likely the easiest to detect among the fl
vor changing hadronicZ decays—may be accessible to
5-20
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TABLE VIII. The best case values for the branching ratio ofZ→bs̄1b̄s for each of the six models
considered in this paper upon imposing the available experimental limits on the relevant parameter s
each of them. The SM prediction is also given~see Footnote 13!.

Model scalars in the loops BR(Z→bs̄1b̄s)

SM W-boson~no scalars! 331028

2HDMII charged Higgs 10210

T2HDM charged Higgs 1028

SUSY with t̃ -c̃ mixing t̃ -c̃ admixtures 1028

SUSY with b̃-s̃ mixing b̃-s̃ admixtures 1026

SUSY with trilinearRP-violation squarks and sleptons 10210

SUSY with bilinearRP-violation slepton-Higgs admixtures 1026
(
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giga-Z option even for branching ratios as small as BRZ

→bs̄);102721026.
The dI→dJ transition was assumed to be generated

one-loop through flavor violation in interactions betwe
scalars and fermions.

A complete analytical derivation of the widthG(Z
→dId̄J) is presented using the form factor approach for
ZdId̄J interaction vertex. These form factors are evalua
for the complete set of scalar-fermion one-loop exchan
with generic scalar-fermion flavor-violating couplings.

This prescription is then applied to the decayZ→bs̄ in
six beyond the SM model scenarios for flavor-violation
the scalar sector:

~i! Two Higgs doublet models with nonstandard charg
Higgs couplings to quarks:~a! A two Higgs doublet model of
type II ~2HDMII !; ~b! a two Higgs doublet model ‘‘for the
top-quark’’ ~T2HDM!.

~ii ! Supersymmetry with flavor-violation in the squa
sector:~a! Supersymmetry with stop-scharm mixing;~b! su-
persymmetry with sbottom-sstrange mixing.

~iii ! Supersymmetry with flavor-violation fromR-parity
violating interactions: ~a! Supersymmetry with trilinear
R-parity violation; ~b! Supersymmetry with trilinear and bi
linear R-parity violation.

Folding in the existing experimental limits on the releva
parameter space of each of these models, we calculate
branching ratio for the decayZ→bs̄.13 The highlights of our
results are summarized in Table VIII. In particular, we fi
that the 2HDMII with flavor violation originating from
charged scalar interactions with fermions are expected
yield an extremely small BR(Z→bs̄), smaller than the SM
prediction and smaller than the reach of a giga-Z l1l 2 col-
lider. Thus, a signal ofZ→bs̄ (>1027) in TESLA will be
inconsistent with the underlying mechanisms for flavor v

13Note that in the cases where the new physics yields BRZ
→bs̄1b̄s);1028 ~e.g., in the T2HDM!, the total BR(Z→bs̄
1b̄s) may reach;1027 due to the possibility of constructive in
terferences with the SM contributions. Clearly, if the new phys
gives BR(Z→bs̄1b̄s)!1028, then the total width intobs̄ will be
dominated by the SM value.
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lation in the popular 2HDMII and will, therefore, rule ou
these options.

The same conclusions can be drawn in the stop-sch
mixing and the trilinearR-parity violation SUSY scenarios
On the other hand, SUSY with mixings between the bott
and strange-type squarks and/or mixings between slep
and Higgs fields~bilinear R-parity violation!, both of which
may originate from the soft SUSY breaking sector, can dr
the BR(Z→bs̄) to the 1026 level for large tanb values. This
enhancement is typical to these two flavor-violating SUS
scenarios if there are large mass-splittings between the
lars exchanged in the loops due to a GIM-like cancellat
which is operational in the scalar mass-matrices and is, th
fore, less effective as the scalar masses depart from de
eracy.

A Z→bs̄ signal in a giga-Z TESLA or any other collider
may, therefore, be a good indication for the underlying d
namics of these two flavor-violating SUSY scenarios and
interpreted in that way, will provide evidence of a hierarch
cal structure in the mass spectrum of the SUSY scalar se

Note added in proof.The BR(Z→bs̄1b̄s) was also cal-
culated in a 2HDM of type III in@44#. Using the current
constraints, one can get BR(Z→bs̄1b̄s);1028 in this
model @45#.
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APPENDIX: ONE-LOOP FORM FACTORS

In this appendix we give the two-point and three-po
one-loop form factors which are defined by the one-loop m
mentum integrals as follows@42#:

C0 ; Cm ; Cmn~m1
2 ,m2

2 ,m3
2 ,p1

2 ,p2
2 ,p3

2!

[E d4q

ip2

1; qm ; qmqn

@q22m1
2#@~q1p1!22m2

2#@~q2p3!22m3
2#

,

~A1!

s
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C̃0 ; C̃m~m1
2 ,m2

2 ,m3
2 ,p1

2 ,p2
2 ,p3

2!

[E d4q

ip2

q2; q2qm

@q22m1
2#@~q1p1!22m2

2#@~q2p3!22m3
2#

,

~A2!

where( i pi50 is to be understood above,

B0 ; Bm~m1
2 ,m2

2 ,p2![E d4q

ip2

1; qm

@q22m1
2#@~q1p!22m2

2#
.

~A3!

The coefficients Bx with xP0,1, Cx with x

P0,11,12,21,22,23,24, andC̃x with xP0,11,12 are then de
fined through the following relations@43#:
.

at
.G

,
s.
,

rgy

om

ur

-

09300
Bm5pmB1 , ~A4!

Cm5p1mC111p2mC12, ~A5!

C̃m5p1mC̃111p2mC̃12, ~A6!

and

Cmn5p1mp1nC211p2mp2nC221$p1p2%mnC231gmnC24,

~A7!

where$ab%mn[ambn1anbm .
ni,

cl.

cl.
i,
f
ure
3,

ys.
.

h

l.
,
.

the
sed
ical

a,

c
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