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More on higher order decays of the lighter top squark
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We discuss the three-body decayst̃ 1→W1bx̃1
0, t̃ 1→H1bx̃1

0, t̃ 1→b l̃ i
1n l , and t̃ 1→bñ l l

1( l 5e,m,t) of the

lighter top squarkt̃ 1 within the minimal supersymmetric standard model. We give the complete analytical
formulas for the decay widths and present a numerical study in view of an upgraded Fermilab Tevatron, the
CERN LHC, and a future lepton collider demonstrating the importance of these decay modes.
@S0556-2821~99!05809-9#

PACS number~s!: 14.80.Ly, 11.30.Pb, 12.60.Jv
re
on

al

ar
e
-

le
g

d
te

he
m

a

s

o
ca

d

are

ion

pa-
de-
er-
ded
he
lta-
of

ur
cay
M
for
rios
re
he

in
.

a-
hs.
rix
he

are

are

h

n-
and
I. INTRODUCTION

The search for supersymmetry~SUSY! @1,2# plays an im-
portant role in the experimental program at the CERNe1e2

collider LEP2 and Fermilab Tevatron. It will be even mo
important at future colliders, e.g. an upgraded Tevatr
CERN Large Hadron Collider~LHC!, an e1e2 linear col-
lider or am1m2 collider. Therefore many phenomenologic
studies have been carried out in recent years~see e.g.@3–6#
and references therein!.

Within the supersymmetric extensions of the stand
model ~SM! the minimal supersymmetric standard mod
~MSSM! @2,7# is the most investigated one. The MSSM im
plies that every SM fermion has two spin 0 partners cal
sfermionsf̃ L and f̃ R . In general sfermions decay accordin
to f̃ k→ f x̃ i

0 , f 8x̃ j
6 where x̃ i

0 and x̃ j
6 denote neutralinos an

charginos, respectively. Here we assume that the ligh
neutralino is the lightest supersymmetric particle~LSP!.

Owing to large Yukawa couplings the sfermions of t
third generation have a quite different phenomenology co
pared to those of the first two generations~see e.g.@8# and
references therein!. The large Yukawa couplings imply
large mixing betweenf̃ L and f̃ R and large couplings to the
Higgsino components of neutralinos and charginos. This i
particular the case for the lighter top squarkt̃ 1 because of the
large top quark mass@9#. The large top quark mass als
implies the existence of scenarios where all two-body de
modes of t̃ 1 ~e.g. t̃ 1→tx̃ i

0 ,bx̃ j
1 ,tg̃) are kinematically for-

bidden at the tree level. In these scenarios higher order
cays of t̃ 1 become relevant@10,11#:

t̃ 1→cx̃1,2
0 ~1!

t̃ 1→W1bx̃1
0 ~2!

t̃ 1→H1bx̃1
0 ~3!

t̃ 1→b l̃ i
1n l ~4!

*Electronic address: porod@galileo.thp.univie.ac.at
0556-2821/99/59~9!/095009~16!/$15.00 59 0950
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t̃ 1→bñ l l
1, ~5!

wherel denotese,m,t.
In @10# it has been shown that decays into sleptons

dominating over the decays intocx̃1,2
0 if they are kinemati-

cally allowed. However, they have used the approximat
mb50, hb5hl50 (l 5e,m,t), mt̃ 1

!mx̃
1
1!mx̃

2
1. In @11# it

has been shown that for small tanb the decayt̃ 1→W1bx̃1
0

in general dominates overt̃ 1→cx̃1,2
0 whereas for large tanb

their branching ratios can be of comparable size. In this
per we present the complete formulas for the three-body
cays which are so far missing in the literature. We also p
form a numerical analysis for the mass range of an upgra
Tevatron, the LHC, and a future lepton collider including t
possibility that all of the above decay channels are simu
neously open. In particular it turns out that the inclusion
the bottom and tau Yukawa couplingshb and ht is impor-
tant.

This paper is organized as follows: In Sec. II we fix o
notation and give the analytical expressions for the de
amplitudes together with the relevant parts of the MSS
Lagrangian. In Sec. III we present our numerical results
the branching ratios of the three-body decays in scena
accessible either at the Tevatron run II, LHC, or a futu
lepton collider. Our conclusions are drawn in Sec. IV. T
analytical formulas for the squared amplitudes are listed
Appendix A, and Appendix B gives the various couplings

II. FORMULAS FOR THE DECAY WIDTHS

In this section we fix our notation and we give the L
grangian relevant for the calculation of the decay widt
Moreover, we present the analytical formulas for the mat
elements and generic formulas for the decay widths. T
complete formulas for the latter are rather lengthy and
listed in Appendix A.

The parameters relevant for the following discussion
M 8, M , mA0, m, tanb, MD̃i

, MQ̃i
, MŨi

, Adi
, andAui

. M 8

andM are theU(1) andSU(2) gaugino masses, for whic
we assume the grand unified theory~GUT! relation M 8
55/3 tan2uWM . m is the parameter of the Higgs superpote
tial, mA0 the mass of the pseudoscalar Higgs boson,
©1999 The American Physical Society09-1
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tanb5v2 /v1 where v i denotes the vacuum expectatio
value of the Higgs doubletHi . MD̃i

, MQ̃i
andMŨi

are soft

SUSY breaking masses for the squarks,Adi
andAui

are tri-

linear Higgs–squark couplings, andi 51,2,3 is the genera
tion index.

The mass matrix for sfermions in the (f̃ L , f̃ R) basis has
the following form @8#:

M f̃ i

2
5S mf̃ Li

2
af i

mf i

af i
mf i

mf̃ Ri

2 D ~6!

with

mũLi

2
5MQ̃i

2
1mui

2 1mZ
2 cos 2b~ 1

2 2 2
3 sin2uW!,

mũRi

2
5MŨi

2
1mui

2 1 2
3 mZ

2 cos 2b sin2uW ,

md̃Li

2
5MQ̃i

2
1mdi

2 2mZ
2 cos 2b~ 1

2 2 1
3 sin2uW!,

md̃Ri

2
5MD̃i

2
1mdi

2 2 1
3 mZ

2 cos 2b sin2uW ,

ml̃ Li

2
5ML̃i

2
1ml i

22mZ
2 cos 2b~ 1

2 2sin2uW!,

ml̃ Ri

2
5MẼi

2
1ml i

22mZ
2 cos 2b sin2uW , ~7!

and

FIG. 1. Feynman diagrams for the decayt̃ 1→H1bx̃1
0.
09500
aui
mui

5mui
~Aui

2m cotb!,

adi
mdi

5mdi
~Adi

2m tanb!,

al i
ml i

5ml i
~Al i

2m tanb!, ~8!

where i is a generation index (ui5u,c,t;di5d,s,b; l i

5e,n,t) which will be suppressed in the following. Th

mass eigenstatesf̃ 1 and f̃ 2 are related tof̃ L and f̃ R by

S f̃ 1

f̃ 2
D 5S cosu f̃ sinu f̃

2sinu f̃ cosu f̃
D S f̃ L

f̃ R
D 5R f̃S f̃ L

f̃ R
D ~9!

with the eigenvalues

mf̃ 1,2

2
5 1

2 ~mf̃ L

2
1mf̃ R

2
!7 1

2A~mf̃ L

2
2mf̃ R

2
!214af

2mf
2. ~10!

The mixing angleu f is given by

cosu f̃5
2afmf

A~mf̃ L

2
2mf̃ 1

2
!21af

2mf
2

,

sinu f̃5A ~mf̃ L

2
2mf̃ 1

2
!2

~mf̃ L

2
2mf̃ 1

2
!21af

2mf
2
. ~11!

The sneutrino mass is given by

mñ i

2
5ML̃i

2
1 1

2 mZ
2 cos 2b. ~12!

The part of the Lagrangian, which is needed for the c
culation of the three-body decay widths, is given by
9-2
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LI5g (
j 51,2

b̄~k1 j
t̃ PL1 l 1 j

t̃ PR!x̃ j
1 t̃ 11g (

j ,n51,2
f 5e,m,t

n f~kn j
f̃ PL1 l n j

f̃ PR!x̃ j
2 f̃ n1g (

j 51,2
f 5e,m,t

x̃ j
1~ l j

ñ fPL! f ñ f
†

1g (
k51,2
f 5b,t

f̄ ~bk1
f PL1ak1

f PR!x̃1
0 f̃ k2gWm

2 (
j 51,2

2

x̃1
0~Oj 1

L PL1Oj 1
R PR!gmx̃ j

12 igWm
2 (

j 51,2

2

At̃ 1b̃ j

W
b̃j

†]Jm t̃ 12
g

A2
Wm

2b̄gmPLt

2gH2 (
j 51,2

2

x̃1
0~Q1 j

R8PL1Q1i
L8PR!x̃ j

12gH2 (
j 51,2

2

Ct̃ 1b̃ j

H
t̃ 1b̃ j

†1
g

A2mW

H2b̄~mb tanbPL1mt cotbPR!t ~13!

wherePR,L5(16g5)/2. Thevarious couplings are given in Appendix B.
The formula for the decay widthG( t̃ 1→W1bx̃1

0) has already been given in@11#. Therefore, we give only the correspondin
matrix elementM t̃ 1→W1bx̃

1
0:

M t̃ 1→W1bx̃
1
052

g2

A2
(
j 51

2

At̃ 1b̃ j

W
~pt̃1pb̃j

!m

pb̃j

2
2mb̃j

2
2 imb̃j

G b̃ j

ū~pb!@bj 1
b̃ PL1aj 1

b̃ PR#v~px̃
1
0!em~pW!

1g2(
j 51

2

ū~pb!@ l 1 j
t̃ PR1k1 j

t̃ PL#
p” x̃

j
12mx̃

j
1

px̃
j
1

2
2mx̃

j
1

2
2 imx̃

j
1Gx̃

j
1

* @O1 j
L8PL1O1 j

R8PR#gmv~px̃
1
0!em~pW!

2
g2

A2
ū~pb!gmPL

p” t1mt

pt
22mt

22 imtG t

@b11
t̃ PL1a11

t̃ PR#v~px̃
1
0!em~pW!. ~14!

In @11# also the formula forG( t̃ 1→cx̃1
0) @10# has been rewritten in the notation used here.

In Fig. 1 we show the Feynman diagrams for the decayt̃ 1→H1bx̃1
0. The matrix elementM t̃ 1→H1bx̃

1
0 for this decay is given

by

M t̃ 1→H1bx̃
1
052g2(

j 51

2

Ct̃ 1b̃ j

H
ū~pb!@bj 1

b̃ PL1aj 1
b̃ PR#v~px̃

1
0!

pb̃j

2
2mb̃j

2
2 imb̃j

G b̃ j

2g2(
j 51

2 ū~pb!@ l 1 j
t̃ PR1k1 j

t̃ PL#@p” x̃
j
12mx̃

j
1#@Q1 j

L8PL1Q1 j
R8PR#v~px̃

1
0!

px̃
j
1

2
2mx̃

j
1

2
2 imx̃

j
1Gx̃

j
1

1
g2

A2mW

ū~pb!@mb tanbPL1mt cotbPR#@p” t1mt#@b11
t̃ PL1a11

t̃ PR#v~px̃
1
0!

pt
22mt

22 imtG t

. ~15!

The decay width is given by

G~ t̃ 1→H1bx̃1
0!5

a2

16pmt̃ 1

3 sin4uW
E

~mb1mx̃1
0!2

~mt̃ 1
2mH1!2

ds~Gx̃1x̃11Gx̃1t1Gx̃1b̃1Gtt1Gtb̃1Gb̃b̃! ~16!

with Gi j given in Appendix A.
Alternatively t̃ 1 can decay into sleptons:t̃ 1→bñee

1, bñmm1, t̃ 1→bẽL
1ne , bm̃L

1nm , t̃ 1→bñtt
1, and t̃ 1→bt̃1,2

1 nt . These
decays are mediated through virtual charginos. The Feynman graphs are similar to the second one in Fig. 1, where o
replace the Higgs boson by a slepton and the neutralino by the corresponding lepton. Note, that the decays intoẽR andm̃R are
negligible because their couplings to the charginos are proportional tome /mW andmm /mW , respectively. In the case of decay
into sneutrinos and leptons the matrix elementsM t̃ 1→bl1ñ l

have the generic form

M t̃ 1→bl1ñ l
5g2(

j 51

2 ū~pb!@ l 1 j
t̃ PR1k1 j

t̃ PL#@p” x̃
j
12mx̃

j
1#@ l j

ñ lPR1kj
ñ lPL#v~pl !

px̃
j
1

2
2mx̃

j
1

2
2 imx̃

j
1Gx̃

j
1

, ~17!
095009-3
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whereas for the decays into sleptons and neutrinos we get

M t̃ 1→bn l l̃ k
15g2(

j 51

2 ū~pb!@ l 1 j
t̃ PR1k1 j

t̃ PL#@p” x̃
j
12mx̃

j
1#@ l k j

l̃ PL#v~pn l
!

px̃
j
1

2
2mx̃

j
1

2
2 imx̃

j
1Gx̃

j
1

. ~18!

In both cases the decay width is given by

G~ t̃ 1→b l̃ l 8!5
a2

16pmt̃ 1

3 sin4uW
E

~ml 81ml̃ !
2

~mt̃ 1
2mb!2

dsWl 8 l̃ ~s!(
i 51

3 S (
j 51

5

ci j s
~ j 24!DDi~s!. ~19!
th

tre

to

ha
er

bo

g
n
t

2

n
a
s
n.
a

ly

at

er-

bu-

ys

hile

rent

al

a
as

into
The explicit expressions forWl 8 l̃ , ci j , andDi(s) are given
in Appendix A.

III. NUMERICAL RESULTS

In this section we present our numerical results for
branching ratios of the higher order decays oft̃ 1. Here we
consider scenarios where all two-body decays at the
level are kinematically forbidden.

We have fixed the parameters as in@11# to avoid color
breaking minimas: we have usedmt̃ 1

, cosu t̃ , tanb, andm as
input parameters in the top squark sector. For the sbot
~stau! sector we have fixedMQ̃ , MD̃ and Ab (MẼ ,ML̃ ,
andAt) as input parameters. For simplicity, we assume t
the soft SUSY breaking parameters are equal for all gen
tions. Note, that due toSU(2) invarianceMQ̃ appears in
both up- and down-type squark mass matrices. In the s
tom ~stau! sector the physical quantitiesmb̃1

, mb̃2
, and

cosub̃ (mt̃1
, mt̃2

, and cosut̃) obviously change withm and

tanb.
In Figs. 2~a! and 2~b! we show the branching ratios oft̃ 1

as a function of cosu t̃ . We have restricted the cosu t̃ range
such that uAtu<1 TeV to avoid color/charge breakin
minima. The parameters and physical quantities are give
Table I. The slepton parameters have been chosen such
the sum of the masses of the final state particles are
65 GeV. In Fig. 2~a! we show BR(t̃ 1→bW1x̃1

0), BR( t̃ 1

→cx̃1
0), BR( t̃ 1→be1ñe)1BR( t̃ 1→bneẽL

1), and BR(t̃ 1

→bt1ñt)1BR( t̃ 1→bntt̃1
1)1BR( t̃ 1→bntt̃2

1). Here we

have not included the possibility of the decayt̃ 1→bH1x̃1
0

because with this parameter set there exists no value ofmA0

which simultaneously allows this decay and fulfills the co
dition mh0>71 GeV@12# ~we have used the MSSM formul
for the calculation ofmH1 including 1-loop corrections a
given in @13#!. However, we will discuss this decay later o
We have summed up those branching ratios for the dec
into sleptons that give the same final state, for example:

t̃ 1→bntt̃1
1→bt1ntx̃1

0 , t̃ 1→bt1ñt→bt1ntx̃1
0 .

~20!

Note, that in the above cases the assumptionmt̃ 1
2mb

,mx̃
1
1 implies mx̃

1
1.ml̃ . Therefore, the sleptons can on
09500
e

e

m

t
a-

t-

in
hat
15

-

ys

decay into the corresponding lepton plusx̃1
0 except for a

small parameter region where the decay intox̃2
0 is possible.

However, this decay is negligible due to kinematics in th
region. The branching ratios for decays intom̃L or ñm are
practically the same as those intoẽL or ñe . For this set of
parameters BR(t̃ 1→cx̃1

0) is O(1024) independent of cosu t̃

and therefore negligible. Near cosu t̃520.3BR(t̃ 1

→bW1x̃1
0) is almost 100% because thet̃ 1-x̃1

1-b coupling

l 11
t̃ vanishes. We have found that the decayt̃ 1→bW1x̃1

0 is
dominated by thet-quark exchange. In many cases the int
ference term betweent and x̃1,2

1 is more important than the

x̃1,2
1 exchange. Moreover, we have found that the contri

tion from sbottom exchange is in general negligible.
In Fig. 2~b! the branching ratios for the various deca

into sleptons are shown. For small tanb sleptons couple
mainly to the gaugino components ofx̃1

1 . This leads to

BR( t̃ 1→bneẽL
1).BR( t̃ 1→bntt̃1,2

1 ) because cosut̃.0.68.
The decays into sneutrinos are preferred by kinematics w
the decay intot̃2 is suppressed by the same reason~Table I!.
Moreover, the matrix elements Eqs.~17! and ~18! for the
decays into charged and neutral sleptons have a diffe
structure in the limitmb ,ml→0:

M t̃ 1→bl1ñ l
;mx̃

i
1ū~pb!PRv~pl !, ~21!

M t̃ 1→bn l l̃ k
1;ū~pb!PRp” x̃

i
1v~pn l

!. ~22!

This leads to different decay widths even in the limit of equ
slepton masses.

In Figs. 3~a! and 3~b! we show the branching ratios as
function of tanb for cosu t̃50.6 and the other parameters
above. For small tanb the decay intot̃ 1→bW1x̃1

0 is the
most important one. The branching ratios for the decays
sleptons decrease with increasing tanb except for the decay
into t̃1. This results from~i! for increasing tanb the gaugino
component ofx̃1

1 decreases while its mass increases,~ii ! the
masses of the sleptons increase with increasing tanb, except
mt̃1

which decreases, and~iii ! the t Yukawa coupling in-

creases. These facts lead to the dominance oft̃ 1→bntt̃1 for
large tanb as can be seen in Fig. 3~b!. In addition, the decay
9-4
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TABLE I. Input parameters and resulting quantities used in Figs. 2 and 3.

Input: tanb53 m5530 GeV M5270 GeV
MD̃5370 GeV MQ̃5340 GeV Ab5150 GeV
MẼ5210 GeV ML̃5210 GeV At5150 GeV
mt̃ 1

5250 GeV cosu t̃50.6
Calculated mx̃

1
05130 mx̃

1
15253 mx̃

2
15550

mb̃1
5342 GeV mb̃2

5372 GeV cosub̃50.98
mt̃1

5209 GeV mt̃2
5217 GeV cosut̃50.68

mẽL
5213 GeV mñe

5mñt
5204 GeV
e

: :
into cx̃1
0 gains some importance for large tanb because its

width is proportional to the bottom Yukawa coupling in th
approximation of@10#.

The assumption that no two-body decays be allowed
the tree level implies thatmx̃

1
1.mt̃ 1

2mb . Therefore, one

FIG. 2. Branching ratios fort̃ 1 decays as a function of cosu t̃ for
mt̃ 1

5250 GeV, tanb53, m5530 GeV, andM5270 GeV. The
other parameters are given in Table I. The curves in~a! correspond

to the transitions: s, t̃ 1→bW1x̃1
0, n, t̃ 1→cx̃1

0, j, ( t̃ 1

→be1ñe)1( t̃ 1→bneẽL
1), and d, ( t̃ 1→bt1ñt)1( t̃ 1→bntt̃1)

1( t̃ 1→bntt̃2). The curves in~b! correspond to the transitions

s, t̃ 1→bneẽL
1 , h, t̃ 1→bntt̃1 , n, t̃ 1→bntt̃2 , j, t̃ 1

→be1ñe , andd, t̃ 1→bt1ñt .
09500
at

expects an increase of BR(t̃ 1→bW1x̃1
0) if mt̃ 1

increases,

because the decay intobW1x̃1
0 is dominated by thet ex-

change whereas for the decays into sleptonsx̃1
1 exchange

dominates. This is demonstrated in Figs. 4~a! and 4~b! where

FIG. 3. Branching ratios fort̃ 1 decays as a function of tanb for
mt̃ 1

5250 GeV, cosu t̃50.6, m5530 GeV, M5270 GeV. The
other parameters are given in Table I. The curves in~a! correspond

to the transitions: s, t̃ 1→bW1x̃1
0, n, t̃ 1→cx̃1

0, j, ( t̃ 1

→be1ñe)1( t̃ 1→bneẽL
1), and d, ( t̃ 1→bt1ñt)1( t̃ 1→bntt̃1)

1( t̃ 1→bntt̃2). The curves in~b! correspond to the transitions

s, t̃ 1→bneẽL
1 , h, t̃ 1→bntt̃1 , n, t̃ 1→bntt̃2 , j, t̃ 1

→be1ñe , andd, t̃ 1→bt1ñt .
9-5
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we have fixedmt̃ 1
5350 GeV. Here also the decay int

bH1x̃1
0 is possible. However, this channel is in general s

pressed by kinematics. We have not found any case w
mH1<120 GeV whilemh0.75 GeV @12#.

These general features still hold if tanb increases as ca
be seen in Figs. 5~a! and 5~b!. Here we have fixed cosu t̃
50.7. In accordance with the discussion above, the de
into t̃ 1→bntt̃1 gains importance with increasing tanb.
Note, that for large tanbBR( t̃ 1→bH1x̃1

0) decreases sinc
mH1 increases due to radiative corrections. However, th
are scenarios where the decayt̃ 1→bH1x̃1

0 becomes impor-
tant. This can be seen in Fig. 6 where the branching ratios
shown as a function ofMD̃ for mA0590 GeV, tanb530,
and the other parameters as in Table II. At the lower end
the MD̃ range we getmH15114 GeV. Moreover,mb̃1

is

FIG. 4. Branching ratios fort̃ 1 decays as a function of cosu t̃ for
mt̃ 1

5350 GeV, tanb53, m5750 GeV, M5380 GeV, and
mA05110 GeV. The other parameters are given in Table II. T

curves in ~a! correspond to the transitions:s, t̃ 1→bW1x̃1
0,

h, t̃ 1→bH1x̃1
0, n, t̃ 1→cx̃1

0, j, ( t̃ 1→be1ñe)1( t̃ 1→bneẽL
1),

andd, ( t̃ 1→bt1ñt)1( t̃ 1→bntt̃1)1( t̃ 1→bntt̃2). The curves in

~b! correspond to the transitions:s, t̃ 1→bneẽL
1 , h, t̃ 1

→bntt̃1 , n, t̃ 1→bntt̃2 , j, t̃ 1→be1ñe , andd, t̃ 1→bt1ñt .
09500
-
th

ay

re

re

f

approximatelymt̃ 1
2mW leading to an enhancement of th

width. We have found that contrary to the caset̃ 1

→bW1x̃1
0 for the decayst̃ 1→bH1x̃1

0 sbottom exchange ca
be important. This is a consequence of the different s
structure of the corresponding matrix elements@Eqs. ~14!
and~15!# and because of the large bottom Yukawa couplin
The decrease in BR(t̃ 1→bH1x̃1

0) for MD̃>450 GeV is
mainly due to the fact thatmH1 grows with increasingMD̃ .

Finally, we want to discuss a scenario which is within t
reach of an upgraded Tevatron. Here we refer to the
amples of@11#. In general the decays into sleptons clea
dominate when they are kinematically allowed~except the
case when the couplings of the top squark to the ligh
chargino nearly vanishes!. In the casemt̃ 1

5170 GeV,

cosu t̃520.7, MD̃5MQ̃5500 GeV,Ab5At52350 GeV,

e

FIG. 5. Branching ratios fort̃ 1 decays as a function of tanb for
mt̃ 1

5350 GeV, cosu t̃50.7, m5750 GeV, M5380 GeV and
mA05110 GeV. The other parameters are given in Table II. T

curves in ~a! correspond to the transitions:s, t̃ 1→bW1x̃1
0,

h, t̃ 1→bH1x̃1
0, n, t̃ 1→cx̃1

0, j, ( t̃ 1→be1ñe)1( t̃ 1→bneẽL
1),

andd, ( t̃ 1→bt1ñt)1( t̃ 1→bntt̃1)1( t̃ 1→bntt̃2). The curves in

~b! correspond to the transitions:s, t̃ 1→bneẽL
1 , h, t̃ 1

→bntt̃1 , n, t̃ 1→bntt̃2 , j, t̃ 1→be1ñe , andd, t̃ 1→bt1ñt .
9-6
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m521000 GeV, M5165 GeV and tanb52 ~scenario b
of Table I in @11#! we obtain: BR(t̃ 1→bneẽL

1)52.8%,

BR( t̃ 1→bntt̃1)510.5%, BR(t̃ 1→bntt̃2)5231023%,
BR( t̃ 1→be1ñe)528.1%, and BR(t̃ 1→bt1ñt)527.8%.
The order of magnitude is independent ofm and cosu t̃ be-
cause the lighter chargino is mainly gaugino-like in the p
rameter space where the decayt̃ 1→bW1x̃1

0 is possible~see
Fig. 2b of @11#!. For increasing tanb we have found a simi-
lar behavior as in Figs. 3 and 5: dominance of the decayt̃ 1

→bntt̃1
1 , an increase oft̃ 1→cx̃1

0 and a decrease of all othe
decay channels.

IV. CONCLUSIONS

We have calculated the three-body decayst̃ 1→bH1x̃1
0,

t̃ 1→bn l l̃ i
1 , and t̃ 1→bl1ñ l ( l 5e,m,t) including all terms

proportional tomb , mt , and all Yukawa couplings. We hav
compared these decays witht̃ 1→cx̃1

0 @10# and t̃ 1→bW1x̃1
0

@11#. These decays are competitive in that part of the par
eter space — accessible at an upgraded Tevatron, the LH

FIG. 6. Branching ratios fort̃ 1 decays as a function ofMD̃ for
mt̃ 1

5350 GeV, cosu t̃50.7, tanb530, m5750 GeV, andmA0

590 GeV. The other input parameters are the same as in Tab

The curves correspond to the transitions:s, t̃ 1→bW1x̃1
0,

h, t̃ 1→bH1x̃1
0, n, t̃ 1→cx̃1

0, j, ( t̃ 1→be1ñe)1( t̃ 1→bneẽL
1),

andd, ( t̃ 1→bt1ñt)1( t̃ 1→bntt̃1)1( t̃ 1→bntt̃2).
09500
-

-
or

a future lepton collider — where the tree level two-bo
decayst̃ 1→bx̃ i

1 and t̃ 1→tx̃ j
0 are kinematically forbidden.

We have found that formt̃ 1
<200 GeV the decays into slep

tons dominate due to kinematics. In the range 200 G
<mt̃ 1

<300 GeV all the decays mentioned above comp
with each other. The branching ratios depend crucially on
coupling of t̃ 1 to x̃1

1 , implying that one can get information
on the mixing angle of the top squarks, once the charg
properties are known. For heavier top squark masses the
cay intobW1x̃1

0, mainly proceeding via a virtualt quark, is
in general the most important one.

In addition, we have found that for small tanb the decays
into sneutrinos are more important than the decays
charged sleptons. This is a result of the different spin str
tures of the corresponding matrix elements. For large tab
the decay into the lighter stau becomes important due to
large tau Yukawa coupling~implying also a smaller stau
mass!.

The decay intobH1x̃1
0 is kinematically suppressed be

cause the existing mass bounds on the neutral Higgs bo
also imply a lower bound onmH1. However, in scenarios
where radiative corrections decreasemH1 and where at the
same timemt̃ 1

.mb̃1
we have found branching ratios of th

order of 30%.
The large variety of possible three-body decay modes

plies the chance to determine the properties oft̃ 1 also when
higher order decays are dominant. Clearly, a detailed Mo
Carlo study will be necessary to see how the different ch
nels can be separated.
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APPENDIX A: FORMULAS FOR THE THREE-BODY
DECAY WIDTHS

In the subsequent sections the formulas for the de
widths are listed which have been omitted in Sec. II.

II.
TABLE II. Input parameters and resulting quantities used in Figs. 4 and 5.

Input: tanb53 m5750 GeV M5380 GeV
MD̃5550 GeV MQ̃5500 GeV Ab5400 GeV
MẼ5275 GeV ML̃5275 GeV At5400 GeV
mt̃ 1

5350 GeV cosu t̃50.7 mA05110 GeV
Calculated mx̃

1
05186 mx̃

1
15368 mx̃

2
15764

mb̃1
5502 GeV mb̃2

5551 GeV cosub̃50.99
mt̃1

5274 GeV mt̃2
5281 GeV cosut̃50.69

mẽL
5278 GeV mñe

5mñt
5270 GeV mH15136 GeV
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1. The width G„ t̃ 1˜H 1bx̃1
0
…

The decay width is given by
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t̃ l 11
t̃ Q11

R8mx̃
1
1mtmx̃

1
0 cotb1a11

t̃ l 11
t̃ Q11

R8mb
2mx̃

1
1 tanb

1a11
t̃ k11

t̃ Q11
R8mb@~mb

21mx̃
1
0

2
1mH1

2
1mt̃ 1

2
!tanb2mt

2 cotb#%, ~A22!

b145
A2

mW
~b11

t̃ l 11
t̃ Q11

L8mt cotb1a11
t̃ k11

t̃ Q11
R8mb tanb!, ~A23!

c11152Ct̃ 1b̃1

H
@~b11

b̃ l 11
t̃ Q11

L81a11
b̃ k11

t̃ Q11
R8!mb~mb

21mt̃ 1

2
12mx̃

1
0

2
!1~a11

b̃ l 11
t̃ Q11

L81b11
b̃ k11

t̃ Q11
R8!mx̃

1
0~mx̃

1
0

2
1mH1

2
12mb

2!

1~b11
b̃ k11

t̃ Q11
L81a11

b̃ l 11
t̃ Q11

R8!mx̃
1
1~mb

21mx̃
1
0

2
!1~a11

b̃ k11
t̃ Q11

L81b11
b̃ l 11

t̃ Q11
R8!2mbmx̃

1
0mx̃

1
1#, ~A24!

c112522Ct̃ 1b̃1

H
@~b11

b̃ l 11
t̃ Q11

L81a11
b̃ k11

t̃ Q11
R8!mb1~a11

b̃ l 11
t̃ Q11

L81b11
b̃ k11

t̃ Q11
R8!mx̃

1
01~b11

b̃ k11
t̃ Q11

L81a11
b̃ l 11

t̃ Q11
R8!mx̃

1
1#, ~A25!

c113522Ct̃ 1b̃1

H
@~b11

b̃ l 11
t̃ Q11

L81a11
b̃ k11

t̃ Q11
R8!mb1~a11

b̃ l 11
t̃ Q11

L81b11
b̃ k11

t̃ Q11
R8!mx̃

1
0#, ~A26!

d15
1

2mW
2 @2„~a11

t̃ !2mt
2 cot2b1~b11

t̃ !2mb
2 tan2 b…mt

2~mb
21mx̃

1
0

2
!1„~a11

t̃ !2mb
2 tan2 b1~b11

t̃ !2mt
2 cot2 b…~mx̃

1
0

2
2mt̃ 1

2
!~mH1

2
2mb

2!

12a11
t̃ b11

t̃ mtmx̃
1
0@~mH1

2
2mb

2!~mb
2 tan2 b1mt

2 cot2 b!22mb
2mt

2#12„~a11
t̃ !21~b11

t̃ !2
…mb

2mt
2~mt̃ 1

2
2mx̃

1
0

2
!#, ~A27!
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d25
mt

2

2mW
2
„~a11

t̃ !2mt
2 cot2 b1~b11

t̃ !2mb
2 tan2 b…, ~A28!

d35
21

2mW
2 @2„~a11

t̃ !21~b11
t̃ !2

…mb
2mt

212a11
t̃ b11

t̃ mtmx̃
1
0„mb

2~21tan2 b!1mt
2 cot2 b…

2„~a11
t̃ !2mb

2 tan2 b1~b11
t̃ !2mt

2 cot2 b…~mH1
2

1mt̃ 1

2
!#, ~A29!

d452
~a11

t̃ !2mb
2 tan2 b1~b11

t̃ !2mt
2 cot2 b

2mW
2

, ~A30!

e1152

A2Ct̃ 1b̃1

H

mW
$a11

b̃ b11
t̃ mtmx̃

1
0@~mH1

2
2mb

2!cotb22mb
2 tanb#1b11

b̃ b11
t̃ mbmt@~mt̃ 1

2
2mx̃

1
0

2
!cotb2~mb

21mx̃
1
0

2
!tanb#

2a11
b̃ a11

t̃ @mt
2~mb

21mx̃
1
0

2
!cotb1mb

2~mx̃
1
0

2
2mt̃ 1

2
!tanb#2b11

b̃ a11
t̃ mbmx̃

1
0@2mt

2 cotb1~mb
22mH1

2
!tanb#%, ~A31!

e1252

A2Ct̃ 1b̃1

H

mW
~a11

b̃ a11
t̃ mt

2 cotb1b11
b̃ b11

t̃ mbmt tanb!, ~A32!

e135

A2Ct̃ 1b̃1

H

mW
~a11

b̃ b11
t̃ mtmx̃

1
0 cotb1b11

b̃ b11
t̃ mbmt cotb1a11

b̃ a11
t̃ mb

2 tanb1b11
b̃ a11

t̃ mbmx̃
1
0 tanb!, ~A33!

f 1152~Ct̃ 1b̃1

H
!2@„~a11

b̃ !21~b11
b̃ !2

…~mb
21mx̃

1
0

2
!14a11

b̃ b11
b̃ mbmx̃

1
0#, ~A34!

f 125~Ct̃ 1b̃1

H
!2
„~a11

b̃ !21~b11
b̃ !2

…, ~A35!

f 31522Ct̃ 1b̃1

H
Ct̃ 1b̃2

H
@~a11

b̃ a12
b̃ 1b11

b̃ b12
b̃ !~mb

21mx̃
1
0

2
!12~a11

b̃ b12
b̃ 1b11

b̃ a12
b̃ !mbmx̃

1
0#, ~A36!

f 3252Ct̃ 1b̃1

H
Ct̃ 1b̃2

H
~a11

b̃ a12
b̃ 1b11

b̃ b12
b̃ !. ~A37!

One gets the remaining coefficients by replacements

a1i→a2i : l 11
t̃ → l 12

t̃ ,k11
t̃ →k12

t̃ ,Q11
L8→Q12

L8 ,Q11
R8→Q12

R8 ,mx̃
1
1→mx̃

2
1

b1i→b2i : l 11
t̃ → l 12

t̃ ,k11
t̃ →k12

t̃ ,Q11
L8→Q12

L8 ,Q11
R8→Q12

R8 ,mx̃
1
1→mx̃

2
1

c11i→c12i : l 11
t̃ → l 12

t̃ ,k11
t̃ →k12

t̃ ,Q11
L8→Q12

L8 ,Q11
R8→Q12

R8 ,mx̃
1
1→mx̃

2
1

c11i→c21i : a11
b̃ →a12

b̃ ,b11
b̃ →b12

b̃ ,mb̃1
→mb̃2

,Ct̃ 1b̃1

H →Ct̃ 1b̃2

H

c11i→c22i : l 11
t̃ → l 12

t̃ ,k11
t̃ →k12

t̃ ,Q11
L8→Q12

L8 ,Q11
R8→Q12

R8 ,mx̃
1
1→mx̃

2
1,a11

b̃ →a12
b̃ ,b11

b̃ →b12
b̃ ,mb̃1

→mb̃2
,Ct̃ 1b̃1

H →Ct̃ 1b̃2

H

e1i→e2i : a11
b̃ →a12

b̃ ,b11
b̃ →b12

b̃ ,mb̃1
→mb̃2

,Ct̃ 1b̃1

H →Ct̃ 1b̃2

H

f 1i→ f 2i : a11
b̃ →a12

b̃ ,b11
b̃ →b12

b̃ ,mb̃1
→mb̃2

,Ct̃ 1b̃1

H →Ct̃ 1b̃2

H .
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2. The widths G„ t̃ 1˜b l̃ l 8…

Here the decay width is given by

G~ t̃ 1→b l̃ l 8!5
a2

16pmt̃ 1

3 sin4uW
E

~ml 81ml̃ !
2

~mt̃ 1
2mb!2

ds Wl 8 l̃ ~s!(
i 51

3 S (
j 51

5

ci j s
~ j 24!DDi~s! ~A38!

with

D1,2~s!5
1

~s2mx̃
1,2
1

2
!21mx̃

1,2
1

2
Gx̃

1,2
1

2 , ~A39!

D3~s!5ReS 1

~s2mx̃
1
1

2
1 imx̃

1
1Gx̃

1
1!~s2mx̃

2
1

2
2 imx̃

2
1Gx̃

2
1!D . ~A40!

In the case oft̃ 1→bñee
1 one finds in the limitme→0 that

Weñe
~s!5l1/2~s,mt̃ 1

2 ,mb
2!~s2mñe

2
!, ~A41!

c115
1

2
~k11

t̃ !2V11
2 mx̃

1
1

2
mñe

2
~mb

22mt̃ 1

2
!, ~A42!

c125V11
2 F1

2
~ l 11

t̃ !2mñe

2
~mb

22mt̃ 1

2
!1

1

2
~k11

t̃ !2mx̃
1
1

2
~mt̃ 1

2
1mñe

2
2mb

2!12k11
t̃ l 11

t̃ mbmx̃
1
1mñe

2 G , ~A43!

c135V11
2 F1

2
~ l 11

t̃ !2~mt̃ 1

2
1mñe

2
2mb

2!22k11
t̃ l 11

t̃ mbmx̃
1
12

1

2
~k11

t̃ !2mx̃
1
1

2 G , ~A44!

c1452
~ l 11

t̃ !2V11
2

2
, ~A45!

c315k11
t̃ k12

t̃ V11V12mx̃
1
1mx̃

2
1~mb

22mt̃ 1

2
!mñe

2 , ~A46!

c325V11V12@ l 11
t̃ l 12

t̃ mñe

2
~mb

22mt̃ 1

2
!1k11

t̃ k12
t̃ mx̃

1
1mx̃

2
1~mt̃ 1

2
1mñe

2
2mb

2!12k11
t̃ l 12

t̃ mbmx̃
1
1mñe

2
12k12

t̃ l 11
t̃ mbmx̃

2
1mñe

2
#,

~A47!

c335V11V12@ l 11
t̃ l 12

t̃ ~mt̃ 1

2
1mñe

2
2mb

2!22k11
t̃ l 12

t̃ mbmx̃
1
122k12

t̃ l 11
t̃ mbmx̃

2
12k11

t̃ k12
t̃ mx̃

1
1mx̃

2
1#, ~A48!

c3452 l 11
t̃ l 12

t̃ V11V12, ~A49!

c155c255c3550. ~A50!

The coefficientsc2i are obtained fromc1i by the replacementsk11
t̃ →k12

t̃ , l 11
t̃ → l 12

t̃ , V11→V12 andmx̃
1
1→mx̃

2
1. In the case of

t̃ 1→bñtt
1 one finds that

Wtñt
~s!5l1/2~s,mt̃ 1

2 ,mb
2!l1/2~s,mñt

2 ,mt
2!, ~A51!

c115
1

2
„~k1

ñt!2~ l 11
t̃ !21~ l 1

ñt!2~k11
t̃ !2

…mx̃
1
1

2
~mb

22mt̃ 1

2
!~mñt

2
2mt

2!, ~A52!
095009-12
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c125
1

2
„~k1

ñt!2~k11
t̃ !21~ l 1

ñt!2~ l 11
t̃ !2

…~mt̃ 1

2
2mb

2!~mt
22mñt

2
!1

1

2
„~k1

ñt!2~ l 11
t̃ !21~ l 1

ñt!2~k11
t̃ !2

…mx̃
1
1

2
~mt̃ 1

2
1mñt

2
2mb

22mt
2 !

12k1
ñtl 1

ñt
„~k11

t̃ !21~ l 11
t̃ !2

…mtmx̃
1
1~mt̃ 1

2
2mb

2!12k11
t̃ l 11

t̃
„~k1

ñt!21~ l 1
ñt!2

…mbmx̃
1
1~mñt

2
2mt

2!24k1
ñtl 1

ñtk11
t̃ l 11

t̃ mbmtmx̃
1
1

2
,

~A53!

c135
1

2
„~k1

ñt!2~k11
t̃ !21~ l 1

ñt!2~ l 11
t̃ !2

…~mt̃ 1

2
1mñt

2
2mb

22mt
2!22k11

t̃ l 11
t̃
„~k1

ñt!21~ l 1
ñt!2

…mbmx̃
1
1

2
1

2
„~k1

ñt!2~ l 11
t̃ !21~ l 1

ñt!2~k11
t̃ !2

…mx̃
1
1

2
24k1

ñtl 1
ñtk11

t̃ l 11
t̃ mbmt22k1

ñtl 1
ñt
„~k11

t̃ !21~ l 11
t̃ !2

…mtmx̃
1
1, ~A54!

c1452
1

2
„~k1

ñt!2~k11
t̃ !21~ l 1

ñt!2~ l 11
t̃ !2

…, ~A55!

c315~k1
ñtk2

ñtl 11
t̃ l 12

t̃ 1k11
t̃ k12

t̃ l 1
ñtl 2

ñt!mx̃
1
1mx̃

2
1~mb

22mt̃ 1

2
!~mñt

2
2mt

2!, ~A56!

c325~k1
ñtk2

ñtk11
t̃ k12

t̃ 1 l 1
ñtl 2

ñtl 11
t̃ l 12

t̃ !~mt̃ 1

2
2mb

2!~mt
22mñt

2
!1~k1

ñtk2
ñtl 11

t̃ l 12
t̃ 1k11

t̃ k12
t̃ l 1

ñtl 2
ñt!mx̃

1
1mx̃

2
1~mt̃ 1

2
1mñt

2
2mb

22mt
2!

12~k1
ñtl 2

ñtl 11
t̃ l 12

t̃ 1k2
ñtk11

t̃ k12
t̃ l 1

ñt!mtmx̃
1
1~mt̃ 1

2
2mb

2!12~k1
ñtk11

t̃ k12
t̃ l 2

ñt1k2
ñtl 1

ñtl 11
t̃ l 12

t̃ !mtmx̃
2
1~mt̃ 1

2
2mb

2!

12~k1
ñtk2

ñtk12
t̃ l 11

t̃ 1k11
t̃ l 1

ñtl 2
ñtl 12

t̃ !mbmx̃
1
1~mñt

2
2mt

2!12~k1
ñtk2

ñtk11
t̃ l 12

t̃ 1k12
t̃ l 1

ñtl 2
ñtl 11

t̃ !mbmx̃
2
1~mñt

2
2mt

2!

24~k1
ñtk12

t̃ l 2
ñtl 11

t̃ 1k2
ñtk11

t̃ l 1
ñtl 12

t̃ !mbmtmx̃
1
1mx̃

2
1, ~A57!

c335~k1
ñtk2

ñtk11
t̃ k12

t̃ 1 l 1
ñtl 2

ñtl 11
t̃ l 12

t̃ !~mt̃ 1

2
1mñt

2
2mb

22mt
2!22~k1

ñtk2
ñtk12

t̃ l 11
t̃ 1k11

t̃ l 1
ñtl 2

ñtl 12
t̃ !mbmx̃

1
1

22~k1
ñtk2

ñtk11
t̃ l 12

t̃ 1k12
t̃ l 1

ñtl 2
ñtl 11

t̃ !mbmx̃
2
12~k1

ñtk2
ñtl 11

t̃ l 12
t̃ 1k11

t̃ k12
t̃ l 1

ñtl 2
ñt!mx̃

1
1mx̃

2
124~k1

ñtk11
t̃ l 2

ñtl 12
t̃ 1k2

ñtk12
t̃ l 1

ñtl 11
t̃ !mbmt

22~k1
ñtl 2

ñtl 11
t̃ l 12

t̃ 1k2
ñtk11

t̃ k12
t̃ l 1

ñt!mtmx̃
1
122~k1

ñtk11
t̃ k12

t̃ l 2
ñt1k2

ñtl 1
ñtl 11

t̃ l 12
t̃ !mtmx̃

2
1 ~A58!

c3452~k1
ñtk2

ñtk11
t̃ k12

t̃ 1 l 1
ñtl 2

ñtl 11
t̃ l 12

t̃ !, ~A59!

c155c255c3550. ~A60!

The coefficientsc2i are obtained fromc1i by the replacementsk11
t̃ →k12

t̃ ,l 11
t̃ → l 12

t̃ ,k1
ñt→k2

ñt ,l 1
ñt→ l 2

ñt andmx̃
1
1→mx̃

2
1. In the

case oft̃ 1→bt̃1
1nt one finds

Wntt̃1
~s!5l1/2~s,mt̃ 1

2 ,mb
2!, ~A61!

c115
1

2
~ l 11

t̃ !2~ l 11
t̃ !2mx̃

1
1

2
mt̃1

4
~mt̃ 1

2
2mb

2!, ~A62!

c125~ l 11
t̃ !2F ~ l 11

t̃ !2mt̃1

2
mx̃

1
1

2 S mb
22mt̃ 1

2
2

1

2
mt̃1

2 D1
1

2
~k11

t̃ !2mt̃1

4
~mt̃ 1

2
2mb

2!22k11
t̃ l 11

t̃ mbmx̃
1
1mt̃1

4 G , ~A63!

c135~ l 11
t̃ !2F1

2
~ l 11

t̃ !2mx̃
1
1

2
~mt̃ 1

2
12mt̃1

2
2mb

2!14k11
t̃ l 11

t̃ mbmx̃
1
1mt̃1

2
1~k11

t̃ !2mt̃1

2 S mb
22mt̃ 1

2
2

1

2
mt̃1

2 D G , ~A64!

c145~ l 11
t̃ !2F1

2
~k11

t̃ !2~2mt̃1

2
1mt̃ 1

2
2mb

2!2
1

2
~ l 11

t̃ !2mx̃
1
1

2
22k11

t̃ l 11
t̃ mbmx̃

1
1G , ~A65!
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c1552
1

2
~ l 11

t̃ !2~k11
t̃ !2, ~A66!

c315 l 11
t̃ l 12

t̃ l 11
t̃ l 12

t̃ mx̃
1
1mx̃

2
1mt̃1

4
~mt̃ 1

2
2mb

2!, ~A67!

c325 l 11
t̃ l 12

t̃ Fk11
t̃ k12

t̃ mt̃1

4
~mt̃ 1

2
2mb

2!12l 11
t̃ l 12

t̃ mx̃
1
1mx̃

2
1mt̃1

2 S mb
22

1

2
mt̃1

2
2mt̃ 1

2 D22l 11
t̃ k12

t̃ mbmx̃
1
1mt̃1

4
22l 12

t̃ k11
t̃ mbmx̃

2
1mt̃1

4 G ,
~A68!

c335 l 11
t̃ l 12

t̃ F l 11
t̃ l 12

t̃ mx̃
1
1mx̃

2
1~2mt̃1

2
1mt̃ 1

2
2mb

2!14l 11
t̃ k12

t̃ mbmx̃
1
1mt̃1

2
14l 12

t̃ k11
t̃ mbmx̃

2
1mt̃1

2
22k11

t̃ k12
t̃ mt̃1

2 Smt̃ 1

2
1

1

2
mt̃1

2
2mb

2D G ,
~A69!

c345 l 11
t̃ l 12

t̃ @k11
t̃ k12

t̃ ~2mt̃1

2
1mt̃ 1

2
2mb

2!22l 11
t̃ k12

t̃ mbmx̃
1
122l 12

t̃ k11
t̃ mbmx̃

2
12 l 11

t̃ l 12
t̃ mx̃

1
1mx̃

2
1#, ~A70!

c3552 l 11
t̃ l 12

t̃ k11
t̃ k12

t̃ . ~A71!

The coefficientsc2i are obtained fromc1i by the replacementsk11
t̃ →k12

t̃ , l 11
t̃ → l 12

t̃ , l 11
t̃ → l 12

t̃ and mx̃
1
1→mx̃

2
1. To get the

coefficients fort̃ 1→bt̃2nt one has to make the replacementsl 1i
t̃ → l 2i

t̃ andmt̃1
→mt̃2

. For t̃ 1→bẽL
1ne one gets the correspond

ing coefficients by the replacementsl 1i
t̃ →2U1i andmt̃1

→mẽL
.

APPENDIX B: COUPLINGS

Here we give the couplings that were used in Eq.~13!. The Yukawa couplings of the sfermions are given by

Yt5
mt

A2mW cosb
, Yb5

mb

A2mW cosb
, Yt5

mt

A2mW sinb
. ~B1!

The q̃i-q8-x̃ j
6 couplings read then

l i j
q̃ 5R in

q̃ O jn
q , ki j

q̃ 5R i1
q̃ O j 2

q8 ~B2!

with

O j
t5S 2Vj 1

YtVj 2
D , O j

b5S 2U j 1

YbU j 2
D . ~B3!

whereUi j andVi j are the mixing matrices of the charginos@14#. In case of sleptons we have

l i j
t̃ 5R in

t̃ O jn
t , ki j

t̃ 50, l j
ñ52Vj 1 , kj

ñ5YtU j 2 , ~B4!

with

O j
t5S 2U j 1

YtU j 2
D . ~B5!

The q̃i-q-x̃k
0 couplings are given by

aik
q̃ 5R in

q̃ A kn
f , bik

q̃ 5R in
q̃ B kn

f ~B6!

with

A k
f 5S f Lk

f

hRk
f D , B k

f 5S hLk
f

f Rk
f D , ~B7!

and
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hLk
t 5Yt~sinbNk32cosbNk4!

f Lk
t 5

22A2

3
sinuWNk12A2S 1

2
2

2

3
sinuWqD Nk2

cosuW

hRk
t 5Yt~sinbNk32cosbNk4!

f Rk
t 5

22A2

3
sinuW~ tanuWNk22Nk1! ~B8!

hLk
b 52Yb~cosbNk31sinbNk4!

f Lk
b 5

A2

3
sinuWNk11A2S 1

2
2

1

3
sinuWqD Nk2

cosuW

hRk
b 52Yb~cosbNk31sinbNk4!

f Rk
b 5

A2

3
sinuW~ tanuWNk22Nk1! ~B9!

whereNi j is the mixing matrix of the neutralinos@15#. The couplingstD i-b̃ j -W
1 read

At̃ i b̃j

W
5~Ab̃i t̃ j

W
!T5

1

A2
S cosu b̃ cosu t̃ 2sinu b̃ cosu t̃

2cosu b̃ sinu t̃ sinu b̃ sinu t̃
D . ~B10!

The couplingstD i-b̃ j -H
1 are given by

Ct̃ i b̃j

H
5~Cb̃i t̃ j

H
!T5

1

A2mW

R t̃ S mb
2 tanb1mt

2 cotb2mW
2 sin~2b! mb~Ab tanb1m!

mt~At cotb1m! 2mbmt /sin~2b!
D ~R b̃!†. ~B11!

The W1-x̃ j
2-x̃k

0 couplings read

Ok j
L85

Vj 2

A2
~sinbNk32cosbNk4!1Vj 1~sinuWNk11cosuWNk2!, ~B12!

Ok j
R85

U j 2

A2
~cosbNk31sinbNk4!1U j 1~sinuWNk11cosuWNk2!. ~B13!

The H1-x̃ j
2-x̃k

0 couplings are given by

Qk j
L85cosbFVj 1~cosbNk42sinbNk3!1

Vj 2

A2
„2 sinuWNk11~cosuW2sinuW tanuW!Nk2…G , ~B14!

Qk j
R85sinbFU j 1~cosbNk31sinbNk4!2

U j 2

A2
„2 sinuWNk11~cosuW2sinuW tanuW!Nk2…G . ~B15!
a

s.
.
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