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We present a phenomenological study oft sleptonst̃1,2 andt sneutrinosñt in the minimal supersymmetric

standard model with complex parametersAt , m andM1. We analyze the production and decays of thet̃1,2 and

ñt at a futuree1e2 collider. We present numerical predictions for the important decay rates, paying particular

attention to their dependence on the complex parameters. The branching ratios of the fermionic decays oft̃1

and ñt show a significant phase dependence for tanb&10. For tanb*10 the branching ratios for thet̃2

decays into Higgs bosons depend very sensitively on the phases. We show how information on the phasewAt

and the other fundamentalt̃ i parameters can be obtained from measurements of thet̃ i masses, polarized cross
sections and bosonic and fermionic decay branching ratios, for small and large tanb values. We estimate the
expected errors of these parameters. Given favorable conditions, the error ofAt is about 10% to 20%, while the
errors of the remaining stau parameters are in the range of approximately 1% to 3%. We also show that the
induced electric dipole moment of thet lepton is well below the current experimental limit.
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I. INTRODUCTION

So far most phenomenological studies on supersymme
~SUSY! particle searches have been performed within
minimal supersymmetric standard model~MSSM! with real
SUSY parameters. In this paper we study the production
decays oft sleptons andt sneutrinos at ane1e2 linear
collider in the MSSM with complex SUSY parameters.

In the SUSY extension of the standard model~SM! one

introduces scalar leptons,̃L , ,̃R , scalar neutrinosñ, and

scalar quarksq̃L , q̃R as the SUSY partners of the lepton
,L,R , neutrinosn, and quarksqL,R , respectively@1#. For

each definite fermion flavor the statesf̃ L and f̃ R are mixed by

Yukawa terms. The mass eigenstates aref̃ 1 and f̃ 2, with
mf̃ 1

,mf̃ 2
@2#. For the sfermions of the first and second ge

eration f̃ L- f̃ R mixing can be neglected. For the third gene

tion sfermions, however,f̃ L- f̃ R mixing has to be taken into
account due to the larger Yukawa coupling@3,4#.

In the case of thet sleptonst̃L-t̃R mixing is important if
the SUSY parameter tanb is large, tanb*20. The lower
mass eigenvaluemt̃1

can be rather small and thet̃1 could be
the lightest charged SUSY particle. The experimental sea
for the t sleptons and thet sneutrino and the determinatio
of their parameters is, therefore, an important issue at
present and future colliders. Pair production oft sleptons
andt sneutrinos will be particularly interesting at ane1e2

linear collider with a center of mass energyAs50.521.2
TeV. At such a collider and with an integrated luminosity
about 500 fb21 it will be possible to measure masses, cro
sections and decay branching ratios with high precis
0556-2821/2002/66~11!/115009~15!/$20.00 66 1150
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@5,6#. This will allow us to obtain information on the funda
mental soft SUSY breaking parameters of the third gene
tion slepton system.

In the recent phenomenological study of third generat
sfermions in the real MSSM it has been shown how
masses and the mixing angle of the top squark system ca
determined by measurements of the production cross
tions with polarized beams@7#. The results of a simulation o

e1e2→ t̃ 1 t̄̃ 1 with the decay modest̃ 1→x̃1
0c and t̃ 1→x̃1

1b
and including a full SM background in@8# imply that with an
integrated luminosity of 500 fb21 an accuracy of the order o
1% or better may be obtained. The numerical precision to
expected for the determination of the underlying SUSY p
rametersMQ̃ , MŨ and~real! At has also been given. For low
tanb one can expect similar results for the sbottom and s
systems@5–7#.

The assumption of real SUSY parameters has partly b
justified by the very small experimental upper limits on t
electric dipole moments~EDM! of electron and neutron. A
possibile way to avoid the EDM constraints is to assume t
the masses of the first and second generation sfermions
large ~above the TeV scale!, while the masses of the third
generation sfermions are small~below 1 TeV! @9#. Another
possibility is suggested by recent analyses of the EDM
which have shown that strong cancellations between the
ferent SUSY contributions to the EDMs can occur@10#. As a
consequence of these cancellations it has turned out tha
complex phase of the Higgs-Higgsino mass parameterm is
much less restricted than previously assumed, whereas
complex phases of the soft-breaking trilinear scalar coup
parametersAf are practically unconstrained@11,12#. For ex-
ample, in a minimal-supergravity-~MSUGRA-!type model
©2002 The American Physical Society09-1
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with universal parametersM1/2, M0 , tanb and complexA0,
with umu2 being determined by radiative electroweak symm
try breaking, the phase ofm is constrained to uwmu
& 0.1–0.2 for low values of the scalar mass parameter,M0

& 400 GeV, and becomes less constrained for higher va
of M0. The phase ofA0 , wA0

, turns out to be correlated with

wm , but otherwise is not restricted@12,13#. In models with
more general parameter specifications alsowm turns out to be
less constrained@14#. In any case, this means that in a com
plete phenomenological analysis of production and decay
third generation sfermions one has to take into account
the SUSY parametersm andAf may be complex and one ha
to study the implications that follow for the important o
servables.

In our present phenomenological study of third generat
sleptons we use the MSSM as a general framework and
assume that the parametersm, At andM1 are complex@At is

the trilinear scalar coupling parameter of thet̃ i system and
M1 is theU(1) gaugino mass parameter#. We neglect flavor
changingCP violating phases and assume that the sca
mass matrices and trilinear scalar coupling parameters
flavor diagonal. We perform an analysis of production a

decay rates oft̃1 , t̃2 and ñt at ane1e2 linear collider with
a c.m. system~c.m.s.! energyAs50.5–1.2 TeV. We include
also explicitCP violation in the Higgs sector induced by to
squark and sbottom loops with complex parameters a
@15,16# and @17#, using the loop-corrected formulas of@15#.
Our present study is an extension of the corresponding on
the MSSM with real parameters in@7#. Compared to the rea
MSSM, the inclusion of the complex phaseswAt

, wm and

wU(1) of At , m andM1 means that the number of indepe
dent fundamental SUSY parameters is increased. In orde
determine all these parameters one has to measure mo
dependent observables than in the real case.

In principle, the imaginary parts of the complex para
eters involved could most directly and unambiguously
determined by measuring suitableCP violating observables
However, in thet̃ i system this is not straightforward becau
the t̃ i are spinless and their main decay modes are two-b
decays. A possible method has been proposed in@18#, which
is applicable if the mass splitting between the mass eig
statest̃1 and t̃2 is very small. Ifmt̃1

2mt̃2
is of the order of

the decay widths,t̃12 t̃2 oscillations will occur which can
lead to largeCP violating asymmetries ine1e2 annihila-

tion. In Ref. @19# an analysis ofm1m2→ t̃ i t̄̃ j with longitu-
dinally and transversely polarized beams has been given
the observables sensitive toCP violation in thet̃ i sector and
Higgs sector have been classified.

On the other hand, also theCP conserving observable
depend on the phases of the underlying complex parame
because the mass eigenvalues and the couplings involve
functions of these parameters. In particular, the various
cay branching ratios depend in a characteristic way on
complex phases. The main purpose of the present pape
detailed study of the fermionic decay branching ratios oft̃1 ,
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t̃2 andñt , and the bosonic decay branching ratios oft̃2 and
ñt and their dependences on the phaseswAt

, wm andwU(1) .
In @20# we have published first results of our study. In t
present paper we give the analytic expressions for the v
ous decay widths with complex couplings. We presen
more detailed numerical study of the phase dependence
the various branching ratios. We also discuss how th
phase dependences can be qualitatively understood on
basis of the analytic expressions for the decay widths. F
thermore, we give a theoretical estimate of the precision
be expected for the determination of the complex phases
gether with the other fundamental parameters of thet̃ i sys-
tem by measurements of suitable decay branching ratio
well as masses and polarized production cross section
e1e2 annihilation. Finally, we calculate the EDM of thet
lepton induced by thet slepton–neutralino andt sneutrino–
chargino loops with complexAt , m andM1.

In Sec. II we shortly review the mixing of third generatio
sleptons in the presence of complex parameters. In Sec
we give the formulas for the fermionic and bosonic dec
widths of t̃ i andñt . In Sec. IV we present numerical resul
for the phase dependences of their branching ratios. In
V we give an estimate of the errors to be expected for
fundamental parameters and the phases ofAt , m andM1. In
Sec. VI we present our results for the EDM of thet. Section
VII contains a short summary.

II. t̃L –t̃R MIXING

We first give a short account oft̃L-t̃R mixing in the case
where the parametersm andAt are complex. The masses an
couplings of thet sleptons follow from the Hermitian 2
32 mass matrix which in the basis (t̃L ,t̃R) reads@2,21#

LM
t̃ 52~ t̃L* , t̃R* !S M t̃LL

2
e2 iwt̃uM t̃LR

2 u

eiwt̃uM t̃LR

2 u M t̃RR

2 D S t̃L

t̃R
D ,

~1!

with

M t̃LL

2
5ML̃

2
1S 2

1

2
1sin2QWD cos 2bmZ

21mt
2 , ~2!

M t̃RR

2
5MẼ

2
2sin2QWcos 2bmZ

21mt
2 , ~3!

M t̃RL

2
5~M t̃LR

2
!* 5mt~At2m* tanb!, ~4!

wt̃5arg@At2m* tanb#, ~5!

wheremt is the mass of thet lepton,QW is the weak mixing
angle, tanb5v2 /v1 with v1(v2) being the vacuum expecta
tion value of the Higgs fieldH1

0(H2
0), andML̃ , MẼ , At are

the soft SUSY-breaking parameters of thet̃ i system. Thet̃
mass eigenstates are (t̃1 ,t̃2)5( t̃L ,t̃R)R t̃T with
9-2
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R t̃5S eiwt̃cosut̃ sinut̃

2sinut̃ e2 iwt̃cosut̃
D , ~6!

and

cosut̃5

2uM t̃
LR

2 u

AuM t̃
LR

2 u21~mt̃
1

2
2M t̃

LL

2
!2

,

~7!

sinut̃5

M t̃
LL

2
2mt̃

1

2

AuM t̃
LR

2 u21~mt̃
1

2
2M t̃

LL

2
!2

.

The mass eigenvalues are

mt̃1,2

2
5

1

2
@~M t̃LL

2
1M t̃RR

2
!7A~M t̃LL

2
2M t̃RR

2
!214uM t̃LR

2 u2#.

~8!

The ñt appears only in the left state. Its mass is given by

mñt

2
5ML̃

2
1

1

2
mZ

2cos2b. ~9!

Equations~7! and~8! show that the phase dependence of
mixing angleut̃ and the eigenvaluesmt̃1,2

stems from the

termmt
2uAtuumutanb cos(wm1wAt

). The phase dependence

ut̃ is strongest if uAtu'umutanb and at the same time
uM t̃LL

2
2M t̃RR

2 u&uM t̃LR

2 u. The massesmt̃1,2
are in many cases

insensitive to the phaseswm andwAt
becausemt is small.

III. PRODUCTION AND DECAY FORMULAS
OF t̃ I AND ñt

The reactione1e2→ t̃ i t̄̃ j proceeds viag andZ exchange
in the s channel. TheZt̃ i t̃ j couplings are

C~ t̃1* Zt̃1!5
1

2 cosQW
~cos2ut̃22 sin2QW!,

C~ t̃2* Zt̃2!5
1

2 cosQW
~sin2ut̃22 sin2QW!,

~10!

C~ t̃2* Zt̃1!52
1

2 cosQW
e2 iwt̃cosut̃sinut̃

C~ t̃1* Zt̃2!5@C~ t̃2* Zt̃1!#* .

The reactione1e2→ ñtn̄̃ t proceeds via thes-channelZ ex-
change with the coupling

C~ ñt* Zñt!52
1

2 cosQW
. ~11!
11500
e

The cross section ofe1e2→ ñtn̄̃ t at tree level does not de
pend on the phaseswm andwAt

. The tree-level cross section

of the reactionse1e2→ t̃ i t̄̃ j do not explicitly depend on the
phaseswm and wAt

, because the couplingsC( t̃ i* Zt̃ i),i

51,2, are real and ine1e2→ t̃1t̄̃2 only Z exchange contrib-
utes. The cross sections depend only on the mass eigenv
mt̃1,2

and on the mixing angleut̃ . Therefore, they depend

only implicitly on the phases via the cos(wm1wAt
) depen-

dence ofmt̃1,2
and ut̃ , Eqs.~7! and ~8!. This holds even if

one or both beams are polarized~the formulas of the cross
sections, including beam polarizations, are given, e.g.
@22#!. Of course, properly polarizede2 ande1 beams are a
very useful tool to enhance some signals and reduce
background and, therefore, measure some of the observa
with better precision@7,23#. Information about the phaseswm
andwAt

separately can be obtained by studying the bran

ing ratios of thet̃ i and ñt decays into neutralinos, chargino
and Higgs bosons, because some of them depend expli
on the phases. It is expected that Yukawa-type correction
one-loop order to thet̃ i andñt pair production cross section
and decay widths will not change the overall picture obtain
in the tree approximation because they have been show
be of the order of a few percent only@24#.

A. Fermionic decay widths of t̃ i and ñt

The widths for the decayst̃ i→x̃ j
0t(lt), i 51,2, j

51, . . . ,4, where x̃ j
0 is the neutralino andlt56 1

2 is the
helicity of the outgoingt, read

G„t̃ i→x̃ j
0t~lt!…5

g2k~mt̃ i

2 ,mx̃
j
0

2
,mt

2!

16pmt̃ i

3 uMlt
u2 ~12!

with

uMlt
u25

1

4
$Hs

2@ ubi j
t̃ u21uai j

t̃ u212Re~bi j
t̃ * ai j

t̃ !#

1Hp
2@ ubi j

t̃ u21uai j
t̃ u222Re~bi j

t̃ * ai j
t̃ !#

12 ~21!lt1(1/2)HpHs~ uai j
t̃ u22ubi j

t̃ u2!%, ~13!

where g is the weak SU(2) gauge coupling constan
k(x,y,z)5(x21y21z222xy22xz22yz)1/2 and Hs5@mt̃ i

2

2(mx̃
j
01mt)

2#1/2,Hp5@mt̃ i

2
2(mx̃

j
02mt)

2#1/2. The cou-

plings are

ai j
t̃ 5~R in

t̃ !* A jn
t , bi j

t̃ 5~R in
t̃ !* B jn

t ,

, i j
t̃ 5~R in

t̃ !* O jn
t ~n5L,R! ~14!

where
9-3
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A j
t5S f L j

t

hR j
t D , B j

t5S hL j
t

f R j
t D , O j

t5S 2U j 1

YtU j 2
D ~15!

with

hL j
t 5~hR j

t !* 5YtNj 3*

f L j
t 52

1

A2
~ tanQWNj 11Nj 2! ~16!

f R j
t 5A2tanQWNj 1* .

Yt5mt /(A2mWcosb) is the t Yukawa coupling. The mix-
ing matricesU andN are defined by Eqs.~A3! and ~B2! in
Appendixes A and B. Sincemt!mt̃1

, we haveHs'Hp and,

hence, to a good approximation,G„t̃ i→x̃ j
0t(lt)…

}ubi j
t̃ u2(uai j

t̃ u2) for lt51 1
2 (2 1

2 ) @25#.

The width for the decay into the chargino,t̃ i→x̃ j
2nt( i , j

51,2), is obtained by the replacementsai j
t̃ →, i j

t̃ , bi j
t̃ →0,

mx̃
j
0→mx̃

j
2, mt→0 andlt→2 1

2 in Eqs.~12! and~13!, with

the couplings, i j
t̃ also given in Eqs.~14! and~15!. The width

for the t sneutrino decayñt→x̃ j
0nt is obtained by the re-

placementsai j
t̃ →aj

ñ , bi j
t̃ →0, mt̃ i

→mñt
, mt→0 and lt→

2 1
2 in Eqs. ~12! and ~13!, and that for the decayñt

→x̃ j
1t(lt) by the replacementsai j

t̃ →, j
ñ , bi j

t̃ →kj
ñ , mt̃ i

→mñt
andmx̃

j
0→mx̃

j
1. The couplings are now

aj
ñ5

1

A2
~Nj 1tanQW2Nj 2!, kj

ñ5YtU j 2* , , j
ñ52Vj 1 ,

~17!

with the mixing matrixV given by Eq.~A4! in Appendix A.
As can be seen, the widths for the decays oft̃1 and t̃2

into charginos and neutralinos depend on cos(wm1wAt
)

throughmt̃ i
andut̃ , and also onwt̃ , Eq. ~5!. They depend

also on wm (wm and wU(1)) via the chargino~neutralino!
massesmx̃

j
2(mx̃

j
0) and mixing matrixU(N), see Eqs.~A2!–

~A11! @Eqs. ~B1!,~B2!#. The widths for theñt decays into
fermions depend on the phases ofwm andwU(1) .

B. Bosonic decay widths oft̃2 and ñt

The widths for the decays oft̃2 andñt into gauge bosons
and Higgs bosons are given by

G~t̃2→W2ñt!5
g2k3~mt̃2

2 ,mñt

2 ,mW6
2

!

16pmt̃2

3
mW6

2 uC~ ñt* W1t̃2!u2 ~18!

G~ t̃2→Zt̃1!5
g2k3~mt̃2

2 ,mt̃1

2 ,mZ
2!

16pmt̃2

3
mZ

2
uC~ t̃1* Zt̃2!u2 ~19!
11500
G~t̃2→H2ñt!5
g2k~mt̃2

2 ,mñt

2 ,mH6
2

!

16pmt̃2

3 uC~ ñt* H1t̃2!u2 ~20!

G~ t̃2→Hi t̃1!5
g2k~mt̃2

2 ,mt̃1

2 ,mHi

2 !

16pmt̃2

3 uC~ t̃1* Hi t̃2!u2 ~21!

G~ ñt→W1t̃1!5
g2k3~mñt

2 ,mt̃1

2 ,mW6
2

!

16pmñt

3
mW6

2 uC~ t̃1* W2ñt!u2 ~22!

G~ ñt→H1t̃1!5
g2k~mñt

2 ,mt̃1

2 ,mH6
2

!

16pmñt

3 uC~ t̃1* H2ñt!u2. ~23!

The couplings relevant fort̃2 decays into theZ boson are
given in Eq.~10! and the couplings to theW1 boson are

C~ ñt* W1t̃1,2!5
1

A2
~2e2 iwt̃cosut̃ ,sinut̃!. ~24!

The couplings to the Higgs bosons are more convenie
written in the weak basis (t̃L ,t̃R). The couplings to the
charged Higgs bosonH1 are given by

C~ ñt* H1t̃L,R!5
1

A2mW

@mt
2tanb2mW

2 sin 2b,mt

3~ tanbuAtue2 iwAt1umueiwm!#. ~25!

The couplingsC( ñt* H1t̃1,2) of the mass eigenstatest̃ i

are then obtained by multiplying the couplings above w
R t̃† from the right.

The couplings to the neutral Higgs bosonsHi , i 51,2,3,
are

C~ t̃L* Hi t̃L!52
mt

2

mWcosb
O1i2

mZ

cosQW
S 2

1

2
1sin2QWD

3~cosbO1i2sinbO2i !, ~26!

C~ t̃R* Hi t̃R!52
mt

2

mWcosb
O1i1

mZ

cosQW
sin2QW

3~cosbO1i2sinbO2i !, ~27!

C~ t̃L* Hi t̃R!5
mt

2mWcosb
@ i ~sinbuAtue2 iwAt

1cosbumueiwm!O3i

1~ umueiwmO2i2uAtue2 iwAtO1i !#, ~28!

C~ t̃R* Hi t̃L!5@C~ t̃L* Hi t̃R!#* . ~29!

The couplings of the mass eigenstatest̃ i are obtained by
9-4
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C~ t̃k* Hi t̃ j !5R t̃
•S C~ t̃L* Hi t̃L! C~ t̃L* Hi t̃R!

C~ t̃R* Hi t̃L! C~ t̃R* Hi t̃R!
D •R t̃†.

~30!

Oi j is the real orthogonal mixing matrix in the neutral Hig
sector in the basis (f1 ,f2 ,a)5„A2(ReH1

0

2v1), A2(ReH2
02v2), A2(sinbImH1

01cosbImH2
0)…,

whereH1
0 andH2

0 are the neutral members of the two Hig
doublets with hypercharge21 and 11, respectively.Oi j
diagonalizes the 333 Higgs mass matrix:f i5Oi j H j , i
51,2, a5O3 jH j , O TM H

2 O5diag(mH1

2 ,mH2

2 ,mH3

2 ), with

mH1
<mH2

<mH3
@15#. The neutral Higgs mass eigenstat

Hi ,i 51,2,3, are mixtures of theCP-even andCP-odd
states, because of the explicitCP violation in the Higgs sec-
tor. The phase parameterj also introduced in@15–17# does
not play a role in our analysis. Therefore we putj50.

The widths for t̃2 decays into the neutral Higgs boso
depend onwm , wAt

and wt̃ and in addition on the mixing

matrixOi j . At one-loop levelOi j depends on the phaseswm ,
wAt

andwAb
, with the latter two being the phases of the t

squark and the sbottom trilinear couplingsAt and Ab , re-
spectively.

IV. NUMERICAL RESULTS

In the following we present our numerical results showi
how thet̃1 , t̃2 and ñt decay branching ratios depend on t
complex phases. In order to study the full phase depende
of the observables, we do not take into account the res
tions onwm andwU(1) from the electron and neutron EDMs
We fix thet̃1 , t̃2 andñt masses such that these particles c
be pair produced at ane1e2 linear collider with a c.m.s.
energy in the rangeAs50.5–1.2 TeV. Furthermore, we im
pose the following conditions:

~i! mx̃
1
6.103 GeV, mH1

.110 GeV, mt̃1
.mx̃

1
0

.50 GeV, mt̃1
.80 GeV, and

~ii ! uAtu2,3@ML̃
2
1MẼ

2
1(mH1

2
1mZ

2sin2QW)sin2b21
2mZ

2#
~the approximate necessary condition for tree-level vacu
stability @26#!.

In principle, the experimental data for the rare decayb
→sg lead to strong constraints on the SUSY and Higgs
rameters in the MSSM and, in particular, in the minim
supergravity~MSUGRA! model. We do not impose this con
straint because it strongly depends on the detailed prope
of the squarks, in particular on the mixing between t
squark families, which we do not take into account.

The following parameters are necessary to specify
masses and couplings of the SUSY particlest̃ i , ñt , x̃ i

6 and

x̃ j
0 : ML̃ , MẼ , uAtu, wAt

, umu, wm , tanb, M2 , uM1u, wU(1) .

Equivalently we use the mass eigenvaluesmt̃1
, mt̃2

or the

massesmt̃1
, mñt

as input parameters instead ofML̃ , MẼ .
For the complete determination of the renormalization gro
~RG! improved MSSM Higgs sector at the one-loop level
addition the charged Higgs boson massmH6, the mass pa-
11500
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rameters and the trilinear couplings of the scalar top a
scalar bottom systemsMQ̃ , MŨ , MD̃ , uAtu, wAt

, uAbu, wAb

and the gluino massumg̃u as well as its phasew g̃5arg(mg̃)
have to be specified@15#. Mixing of the CP-even and
CP-odd neutral Higgs bosons at the one-loop level is
duced if Ab,t and/or m are complex. We takemt
51.78 GeV, mt5175 GeV, mb55 GeV, mZ591.2 GeV,
sin2QW50.23, mW5mZcosQW, a(mZ)51/129, and
as(mZ)50.12, wheremt,b are pole masses oft andb quarks.

A. t̃1 decays

In this section we study the dependence of the branch
ratios of t̃1 decays into charginos and neutralinos on t
phaseswAt

, wm andwU(1) . We takemt̃1
5240 GeV. In order

not to vary too many parameters we fixuAtu51000 GeV in
Figs. 1 to 7. We assume the grand unified theory~GUT!
relation uM1u5(5/3)tan2QWM2, although we takeM1 com-
plex. We focus on the decayst̃1→x̃1,2

0 t and t̃1→x̃1
2nt .

We first study thewAt
dependence of thet̃1 decay branch-

ing ratios becausewAt
appears only in thet̃ i sector and it is

the phase dependence that we are particularly intereste
In Fig. 1 we plot the branching ratioB( t̃1→x̃1

0t) as a func-
tion of wAt

for the three valuesmñt
5233 GeV, 238 GeV

and 243 GeV~corresponding toML̃5240 GeV, 245 GeV
and 250 GeV), taking wm5wU(1)50, umu5300 GeV,
tanb53, andM25200 GeV. Note thatB( t̃1→x̃1

0t) is in-
variant underwAt

→2wAt
for wm5$0,6p% and wU(1)5$0,

6p%. As can be seen, thewAt
dependence ofB( t̃1→x̃1

0t) is
quite pronounced. To a large extent it is caused by a r
tively strong variation of the mixing angleut̃ with varying
wAt

. More specifically, when varyingwAt
from 0 top, then

cosut̃ varies from20.1 to 20.9 for mñt
5233 GeV, from

20.06 to 20.6 for mñt
5238 GeV and from20.05 to

20.45 for mñt
5243 GeV. This means that formñt

5238 GeV and 243 GeVt̃1 is mainly t̃R-like, whereas for
mñt

5233 GeV t̃1 is t̃L-like ( t̃R-like! for wAt
*p/3

(&p/3). Such a strong variation of the mixing angleut̃ with

FIG. 1. Branching ratio oft̃1→x̃1
0t as a function ofwAt

for
mt̃1

5240 GeV,mñt
5233 GeV~solid line!, 238 GeV~dashed line!,

243 GeV ~dotted line!, and wm5wU(1)50, umu5300 GeV, uAtu
51000 GeV, tanb53, andM25200 GeV.
9-5
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wAt
can only occur ifML̃'MẼ and uAtu'umutanb, other-

wise this variation is weaker.
In Figs. 2 to 5 we fixmt̃2

5500 GeV instead ofmñt
. We

consider separately the two casesML̃,MẼ and ML̃>MẼ
and determine the values ofML̃ andMẼ correspondingly. In
Fig. 2 we show the tanb dependence ofB( t̃1→x̃1

0t) for
wm50 ~solid line!, wm5p/2 ~dashed line!, wm5p ~dotted
line!, with wAt

5wU(1)50, M25200 GeV, umu5150 GeV,

assumingML̃,MẼ . For wAt
5$0,6p% the branching ratios

are invariant under the simultaneous sign flip (wm ,wU(1))
→(2wm ,2wU(1)). As can be seen,B( t̃1→x̃1

0t) becomes
almost independent ofwm for tanb*15. A similar behavior
is obtained forB( t̃1→x̃2

0t) and B( t̃1→x̃1
2nt). In the case

of the decayt̃1→x̃1
2nt this behavior can be understood b

observing that thewm dependence of the mass eigenvalu
mx̃

i
6 and the mixing matricesUi j and Vi j changes if the

value of tanb is changed. For the widthG( t̃1→x̃1
2nt)

}u,11
t̃ u2 we obtain from Eqs.~6!, ~14!, ~15! and ~A3!

,11
t̃ 52eig1~e2 iwt̃cosut̃cosu12eif1Ytsinut̃sinu1!.

~31!

By inspecting Eqs.~5! and ~A7! one can verify that in the
limit tanb→` we obtain e2 iwt̃→2eiwm and eif1→eiwm,

FIG. 2. Branching ratio oft̃1→x̃1
0t as a function of tanb for

mt̃1
5240 GeV, mt̃2

5500 GeV, wm50 ~solid line!, p/2 ~dashed
line!, p ~dotted line!, with the other parameterswAt

5wU(1)50,
M25200 GeV, umu5150 GeV, anduAtu51000 GeV, assuming
ML̃,MẼ .
11500
s

which means that in this limitu,11
t̃ u becomes independent o

wm . Here note that in this limitut̃ andu1 become indepen-
dent ofwm as can be seen from Eqs.~4!, ~7!, ~8! and~A5!. In
the case of the decay into a neutralino we can see the in
ence of the phaseswm andwU(1) from the approximate for-
mulas

mx̃
1
0.uM1uS 12

mZ
2sin2QWsin 2b cos~wm1wU(1)!

umuuM1u D
~32!

and

mx̃
1
0.umuS 12

mZ
2

2umu H Fsin2QW

uM1u
1

cos2QW

M2
G

1sin 2bFsin2QWcos~wm1wU(1)!

uM1u

1
cos2QWcoswm

M2
G J D , ~33!

which hold for uM26umuu@mZ for the mass of a gaugino
like or a Higgsino-likex1

0, respectively. Similar approxima
tion formulas hold formx̃

2
0 and the mixing matrixNi j . From

these formulas one can see thatwm andwU(1) appear only in
terms multiplied by sin 2b. Therefore, in the approximation
where Eqs.~32! and ~33! hold, mx̃

1,2
0 and Ni j become inde-

pendent ofwm andwU(1) for large tanb. Concerning thewm
dependence in general, it can be shown thatmx̃

i
0 and Ni j

become independent ofwm for tanb→`, because the char
acteristic equation of the neutralino mass eigenvalues
comes independent ofwm in this limit.

In Figs. 3~a! and 3~b! we plot the branching ratioB( t̃1

→x̃1
0t) againstM2 in the range 200 GeV<M2<500 GeV

for wm5p ~solid line!, wm5p/2 ~dashed line!, wm50 ~dot-
ted line! and wm52p/2 ~dash-dotted line!, taking wAt

50,

wU(1)5p/2, umu5150 GeV and tanb53. In Fig. 3~a! we
assumeML̃,MẼ , so thatt̃1. t̃L(cosut̃'21). This means

that the couplings are approximatelyua1 j
t̃ u.u f L j

t u, ub1 j
t̃ u

.uhL j
t u and the decay width is essentially determined
FIG. 3. Branching ratio oft̃1→x̃1
0t as a function ofM2 for wm5p (solid line), p/2 (dashed line), 0 (dotted line),2p/2 ~dash-dotted

line!, wAt
50, wU(1)5p/2, mt̃1

5240 GeV,mt̃2
5500 GeV, umu5150 GeV, tanb53, anduAtu51000 GeV, assuming~a! ML̃,MẼ , ~b!

ML̃>MẼ .
9-6
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FIG. 4. Branching ratio oft̃1→x̃1
0t as a function ofwU(1) for wm5p ~solid line!, p/2 ~dashed line!, 0 ~dotted line!, 2p/2 ~dash-dotted

line!, wAt
50, mt̃1

5240 GeV,mt̃2
5500 GeV,umu5150 GeV, tanb53, anduAtu51000 GeV, assuming~a! ML̃,MẼ , M25280 GeV,~b!

ML̃>MẼ , M25380 GeV.
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G( t̃1→x̃ j
0t)}u f L j

t u21uhL j
t u2. In Fig. 3~b! we consider the

case ML̃>MẼ . In this case we haveua1 j
t̃ u.uhR j

t u, ub1 j
t̃ u

.u f R j
t u and u,1 j

t̃ u.YtuU j 2u. This means that the decayt̃1

→x̃1
2nt is suppressed, because nowt̃1. t̃R (cosut̃'0) and

the t̃1x̃1
2nt coupling is nearly proportional to the sma

Yukawa couplingYt . Therefore,B( t̃1→x̃1
0t) in Fig. 3~b! is

larger than in Fig. 3~a!. In both cases there is a significa
variation with wm . The wm dependence ofB( t̃1→x̃1

0t) in
Figs. 3~a! and 3~b! is caused by an interplay between thewm

dependence of the mass and mixing character of thet̃1 and
that of the x̃1

0. The M2 dependence can be understood
noting that forM2'200 GeV the lightest neutralino has
sizable gaugino content, which decreases for increasingM2.
For our parameter choicex̃1

0 becomes mainly Higgsino-like
for M2 * 300 GeV. NearM2'440 GeV the decays into
gaugino–like neutralinos become kinematically forbidde
which causes the increase ofB( t̃1→x̃1

0t) for M2

* 400 GeV.
We have studied thewm dependence ofB( t̃1→x̃1

0t) also
for other values ofumu and have found that it is less pro
nounced if umu*M2 and that it is stronger ifumu'M2 or
umu&uM1u. As shown in Fig. 2 it is stronger for low tanb.

In Figs. 4~a! and 4~b! we show thewU(1) dependence o
B( t̃1→x̃1

0t) for umu5150 GeV, tanb53 and wAt
50, for

wm5p ~solid line!, wm5p/2 ~dashed line!, wm50 ~dotted

FIG. 5. Branching ratios oft̃1→x̃1,2,3
0 t and t̃1→x̃1

2nt as a
function of wm for wU(1)5wAt

50, mt̃1
5240 GeV,mt̃2

5500 GeV,
M25280 GeV,umu5150 GeV, tanb53, anduAtu51000 GeV, as-
sumingML̃,MẼ .
11500
,

line! and wm52p/2 ~dashed-dotted line!. In Fig. 4~a! we
take ML̃,MẼ and M25280 GeV. Figure 4~b! is for ML̃
>MẼ and M25380 GeV. Although thewU(1) dependence
of B( t̃1→x̃1

0t) stems only from thewU(1) dependence of the

x̃1,2
0 parameters, it is quite pronounced. It is essentially

plained by thewU(1) dependences ofN11 and N12, which
enter in the couplingsf L1

t and f R1
t @see Eqs.~14!–~16!#. For

example, the minimum ofB( t̃1→x̃1
0t) in Fig. 4~b! at

wU(1)'3p/4 (23p/4) for wm5p/2 (2p/2) is caused by a
corresponding minimum ofuN11u.

We have also studied how the branching ratiosB( t̃1

→x̃2,3
0 t) andB( t̃1→x̃1

2nt) vary as functions of the phase
As an example we show in Fig. 5 these branching ratios
functions of wm for wU(1)5wAt

50, M25280 GeV, umu
5150 GeV and tanb53, assumingML̃,MẼ . For this set
of parameters all branching ratios shown have a signific
wm dependence. Their behavior can be understood in
following way: If we first considerB( t̃1→x̃1

2nt)}uU11u2,
the wm dependence ofuU11u follows from

uU11u25cos2u15
1

2 S 11
umu22M2

212mW
2 cos 2b

mx̃
2
1

2
2mx̃

1
1

2 D ,

~34!

whereu1 is the mixing angle of the chargino mixing matri
Ui j defined in Eq.~A5!. The mass squared differencemx̃

2
1

2

2mx̃
1
1

2
decreases forwm→p, which can be seen from Eq

~A11!, therefore, alsouU11u decreases. The behavior o
B( t̃1→x̃1,2,3

0 t) can be understood by noting thatx̃1,2,3
0 have

large Higgsino components. Varyingwm from 0 to p essen-
tially interchanges theH̃1

0 andH̃2
0 components ofx̃1,2,3

0 . This

causes the variation in the branching ratios, becauset̃1

couples to theH̃1
0 component ofx̃ i

0 but not to theH̃2
0 com-

ponent.
It is expected thatwm and wU(1) will be determined by

measuring suitable observables of the chargino and n
tralino sectors@27#. The wm and wU(1) dependences of the
varioust̃1 decay branching ratios, however, will give usef
additional information for the precise determination ofwm
9-7
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FIG. 6. Longitudinalt polarization, defined in Eq.~35!, for ~a! t̃1→x̃1
0t and ~b! t̃1→x̃2

0t as a function ofwAt
. The parameters are

mt̃1
5240 GeV, mñt

5233 GeV (solid line), 238 GeV (dashed line), 243 GeV (dotted line),wm5wU(1)50, M25200 GeV, umu
5300 GeV, tanb53, anduAtu51000 GeV.
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and wU(1) and thereby provide further tests of the MSS
with complex parameters. This may also be helpful for
solving the ambiguities encountered in the studies about
parameter determination of the chargino and neutralino
tors @27#.

An additional observable which is very sensitive to t
SUSY parameters of thet̃ i and x̃k

0 systems is the longitudi

nal polarization of the outgoingt lepton in the decayst̃ i

→x̃ j
0t @25#. For thet̃1 decays into neutralinos it is defined a

Pt5
B~ x̃ j

0tR!2B~ x̃ j
0tL!

B~ x̃ j
0tR!1B~ x̃ j

0tL!
5

ub1 j
t̃ u22ua1 j

t̃ u2

ub1 j
t̃ u21ua1 j

t̃ u2
~35!

where the last equation holds in the limitmt→0. R,L denote
lt51 1

2 ,2 1
2 , respectively.

We show in Figs. 6~a! and 6~b! the longitudinal polariza-
tion of the t in the decayst̃1→x̃1

0t and t̃1→x̃2
0t, respec-

tively, as a function ofwAt
for mñt

5233 GeV ~solid line!,

238 GeV ~dashed line! and 243 GeV~dotted line!, which
correspond toML̃5240 GeV, 245 GeV and 250 GeV, re
spectively. The other parameters areM25200 GeV, umu
5300 GeV, tanb53, wm5wU(1)50. The behavior of
Pt(x̃1

0t) in Fig. 6~a! follows from the change of the mixing
angleut̃ with varying wAt

, as described in the discussion

Fig. 1. The behavior ofPt(x̃2
0t) in Fig. 6~b! can be under-

stood by noting that in this casex̃2
0 is mainly aW̃3 which

couples only to thet̃L component oft̃1 and that this com-
ponent strongly increases forwAt

→p as can be seen from
Eqs.~6! and ~7!.

In Fig. 7 we show the longitudinalt polarization in the
decayst̃1→x̃1

0t and t̃1→x̃2
0t as a function ofwm . Here we

have takenmt̃2
5500 GeV and the other parametersM2

5350 GeV, umu5150 GeV, tanb53, wU(1)5wAt
50. As

we have chosenML̃,MẼ , t̃1 is mainly at̃L andPt is nega-
tive for wm*3p/10 due to the very smallt Yukawa cou-
pling. For wm→0, the t̃LtLx̃1,2

0 couplings u f L1
t u and u f L2

t u
decrease monotonically, becausex̃1,2

0 are mainly Higgsino-
like and changing the phasewm from p to 0 implies essen-
tially a decrease of their gaugino components as well as
11500
-
e
c-

x-

changing theH̃1
0 component with theH̃2

0 component. This
leads to a change of the sign ofPt . u f L2

t u has a maximum at
wm'3p/4, which is clearly seen in the minimum o
Pt(x̃2

0t)'20.6 for this value ofwm .

B. t̃2 decays

As we have seen in Sec. IV A, the branching ratios for
fermionic t̃1 decays depend on the phasewAt

only via the

cos(wAt
1wm) dependence of the massmt̃1

and the mixing

angleut̃ . We consider now the bosonict̃2 decays where the
couplings to the Higgs bosons explicitely depend on
phaseswAt

andwm @see Eqs.~25! to ~30!#. The decay widths

into W6, Z and Higgs bosons are enhanced by choosingumu
and/oruAtu large @28#.

As already mentioned, the RG improved Higgs secto
determined by the parametersmH6, tanb, umu, uAtu, uAbu,
wm , wAt

, wAb
, MQ̃ , MŨ , MD̃ , umg̃u, w g̃ , uM1u, wU(1) and

M2 @15#. We fix MQ̃5MŨ5MD̃5MSUSY. The amount of
theCP violating scalar-pseudoscalar transition in the neu
Higgs mass matrix is proportional to the parameter

hCP5
g2mf

4uAf uumu

128p2mW
2 MSUSY

2
sin~wm1wAf

!, ~36!

FIG. 7. Longitudinalt polarization, defined in Eq.~35!, for t̃1

→x̃1
0t and t̃1→x̃2

0t as a function ofwm . The parameters are
wU(1)5wAt

50, mt̃1
5240 GeV, mt̃2

5500 GeV, M25350 GeV,
umu5150 GeV, tanb53, and uAtu51000 GeV, assumingML̃

,MẼ .
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FIG. 8. Branching ratios oft̃2→H1,2,3t̃1 , t̃2→Zt̃1 , t̃2→x̃1,2
0 t andt̃2→x̃1

2nt as a function ofwAt
for ~a! wm50 and~b! wm5p/2, with

the other parametersmt̃1
5240 GeV, mt̃2

5500 GeV, mH65160 GeV, umu5600 GeV, M25450 GeV, wU(1)50, tanb530, and uAtu
5900 GeV, assumingML̃.MẼ .
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wheref 5t,b @15,16#. This means that significantCP violat-
ing effects in the Higgs sector can be expected ifumu,uAf u
.MSUSYandusin(wm1wAf

)u'1. As we focus on thewAt
and

the wm dependence of the observables, we fix the pha
wAt

5w g̃50, wAb
5p and we takeuAtu5uAbu5800 GeV,

MSUSY5600 GeV, umg̃u5@as(umg̃u)/a2#M2 „with as(Q)
512p/@(3322nf)ln(Q2/Lnf

2 )#, nf being the number of quark

flavors…. For this choice of parameters mixing between t
CP-even andCP-odd Higgs bosons at one loop level occu
only if wmÞ$0,6p%. Therefore, we can control the influenc
of explicit CP violation in the Higgs sector with the param
eterwm . With this choice of parameters the constraint fro
the r parameter on thet̃ and b̃ masses and mixings,dr( t̃

2b̃),0.0012, is always fulfilled@29#.
For large tanb the allowed range ofumu is restricted by

the two-loop contributions to the EDMs of electron and ne
tron @30#. For example, for tanb540, wm5p/2, mH6

&200 GeV and the other parameters as fixed above
EDMs give the restrictionumu&600 GeV. Therefore, we
also fix umu5600 GeV.

In the following we give some numerical examples whi
show the dependence of the branching ratios fort̃2

→ t̃1Hi , i 51,2,3, onwAt
, tanb and mH6. We take uAtu

5900 GeV, M25450 GeV andwU(1)50. We consider the
caseML̃.MẼ , wheret̃2 is mainly t̃L-like and t̃1 is mainly
t̃R-like. In this case the decayst̃2→W2ñt and t̃2→H2ñt
are kinematically forbidden.

In Figs. 8~a! and 8~b! we show the branching ratios fo
various fermionic and bosonict̃2 decays as a function ofwAt

for wm50 and p/2, taking tanb530, mH65160 GeV,
mt̃1

5240 GeV,mt̃2
5500 GeV and the other parameters

specified above. As can be seen, the branching ratios o
decayst̃2→H1,2,3t̃1 show a pronounced (wAt

, wm) depen-
dence. The behavior of these branching ratios can be un
stood by examining the approximate formula for the co
pling squared fort̃2→ t̃1Hi ,

uC~ t̃2* Hi t̃1!u2.uC~ t̃L* Hi t̃R!u2
†122sin2ut̃cos2ut̃„1

1cos 2$arg@C~ t̃L* Hi t̃R!#1wt̃%…‡ ~37!
11500
es

e
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e

he

er-
-

with

uC~ t̃L* Hi t̃R!u2.
1

2
Yt

2$~ umu22uAtu2!O 2i
2 1uAtu2

22umuuAtuO2i@O1icos~wAt
1wm!

2O3isin~wAt
1wm!#%, ~38!

which follows from Eqs.~28! and ~30!. Here we have omit-
ted terms proportional to@C( t̃L* Hi t̃L)2C( t̃R* Hi t̃R)# and
cosb. Equations~37! and ~38! show that a significant phas
dependence of thet̃2→ t̃1Hi branching ratios can be ex
pected for large tanb. Moreover, also thewm dependence of
the Higgs mixing matrix elementsOi j influences in a signifi-
cant way the behavior ofB( t̃2→ t̃1Hi). For wm50, for ex-
ample, we obtainO11'20.262, O21'20.965, O315O12
5O2250, O3251, O13'0.965, O23'20.262, O3350,
mH1

5115.74 GeV,mH2
5138.48 GeV,mH3

5139.14 GeV.

The wAt
dependence ofB( t̃2→H1t̃1) follows essentially

from the cos(wAt
1wm) term and the first two terms of Eq

~38!. The minimum ofB( t̃2→H1t̃1) at wAt
50 @Fig. 8~a!#

follows from a partial cancellation of the terms in Eq.~38!
@or, equivalently, from a partial cancellation of the last tw
terms of Eq.~28!, see also Fig. 9#. The cos(wAt

1wm) term

FIG. 9. Branching ratio oft̃2→H1t̃1 as a function ofmH6 for
wAt

50 (solid line), p/2 (dashed line), p (dotted line), wm

5wU(1)50, mt̃1
5240 GeV, mt̃2

5500 GeV, umu5600 GeV, uAtu
5900 GeV, tanb530, andM25450 GeV, assumingML̃.MẼ .
In the grey area the conditionmH1

.110 GeV is not fulfilled.
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FIG. 10. Branching ratios ofñt→x̃1,2
0 nt and ñt→x̃1

1t as a function of~a! wm for wU(1)50 and ~b! wU(1) for wm50. The other
parameters aremt̃1

5240 GeV, mt̃2
5500 GeV, M25500 GeV, umu5150 GeV, tanb53, uAtu51000 GeV andwAt

50, assumingML̃

,MẼ .
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and the first two terms of Eq.~38! determine also thewAt

behavior of B( t̃2→H3t̃1). The wAt
dependence ofB( t̃2

→H2t̃1) follows from the last factor of Eq.~37! and the first
term of Eq.~28!. As for Fig. 8~b!, for wm5p/2 we obtain
O11'20.106, O21'20.992, O31'0.066, O12'20.230,
O22'20.040, O32'20.972, O13'0.967, O23'20.118,
O33'20.224, mH1

5117.09 GeV,mH2
5138.48 GeV,mH3

5139.14 GeV. ThewAt
dependence ofB( t̃2→Hi t̃1) is now

different from that in Fig. 8~a!. In the case ofB( t̃2

→H1t̃1) the cos(wAt
1wm) term becomes2sinwAt

and it is
multiplied by a much smaller factor, which explains the re
tively flat wAt

dependence. The behavior ofB( t̃2→H2t̃1)

andB( t̃2→H3t̃1) can be explained in an analogous way. F
comparison we also plotted the branching ratios oft̃2

→Zt̃1 and of some of the decays into charginos and neutr
nos. ThewAt

dependence oft̃2→Zt̃1 essentially drops ou
@see Eq.~10!# and that of the fermionic decays disappea
due to the large value of tanb for which ut̃ is insensitive to
wAt

.

We also studied the tanb dependence and themH6 de-
pendence of thet̃2 decay branching ratios into neutral Higg
particles. For tanb→0 these branching ratios vanis
~} tanb!, whereas for tanb.10 they depend only weakly o
tanb. The mH6 dependence of the branching ratioB( t̃2

→H1t̃1) is shown in Fig. 9 forwAt
50,p/2,p. At mH6

5150 GeV andwAt
50 this branching ratio practically van

ishes. The reason is that the couplingC( t̃L* H1t̃R) practically
vanishes for this set of parameters due to a cancellatio
the last two terms in Eq.~28!. At this point also a level
crossing ofH1 and H2 occurs. We see that this branchin
ratio is sensitive towAt

for mH6&250 GeV.

C. ñt decays

The decay widths forñt decays into charginos and ne
tralinos are independent ofwAt

. The decay widths forñt

→x̃k
1t depend onwm , those forñt→x̃k

0nt depend also on
wU(1) . We first assumeML̃,MẼ , which leads to a sneutrino
11500
-

r

li-

s

of

mass mñt
.229 GeV for mt̃1

5240 GeV, mt̃2
5500 GeV

and tanb53. In this case the decaysñt→W1t̃1 and ñt

→H1t̃1 are kinematically forbidden.
We show in Figs. 10~a! and 10~b! the branching ratios for

the decays intox̃1
0nt , x̃2

0nt andx̃1
1t as functions ofwm and

wU(1) , respectively, for M25500 GeV, umu5150 GeV,
tanb53, and uAtu51000 GeV. In Fig. 10~a! we take
wU(1)50 and in Fig. 10~b! we takewm50. As can be seen
the branching ratio forñt→x̃1

0nt decreases forwm→p,

whereas those forñt→x̃2
0nt and ñt→x̃1

1t increase. The de-

cay widths G( ñt→x̃1
0nt) and G( ñt→x̃2

0nt) decrease for
wm→p, because the matrix elementsuN12u and uN22u de-
crease forwm→p. The matrix elementuV11u entering the
decay widthG( ñt→x̃1

1t) also decreases, see Eqs.~A4! and

~A6!. However, asG( ñt→x̃1
1t) andG( ñt→x̃2

0nt) decrease
more slowly than the total decay width, the correspond
branching ratios increase forwm→p. In Fig. 10~b! the
branching ratioB( ñt→x̃1

0nt) decreases forwU(1)→p and

B( ñt→x̃1
1t) increases. The reason is thatuN11tanQW

2N12u and hence the widthG( ñt→x̃1
0nt) rapidly decreases

for wU(1)→p. B( ñt→x̃1
1t) increases due to the decrease

the total decay width.
In the caseML̃2MẼ*mW ,mH1 also the bosonic decay

ñt→W1t̃1 ,H1t̃1 are kinematically allowed. Consequentl
the branching ratios of the fermionic decays are reduced
turns out that in most cases the bosonic decay widths
almost independent of the phases; only in the regionumu
!mñt

,uM1,2u a significant dependence on the phases is p

sible. For small tanb the phase dependence of the wid
G( ñt→H1t̃1) tends to be suppressed, because of the sm
Yukawa coupling, see Eq.~25!. For large tanb the term
mt At* tanb in Eq. ~25! dominates andG( ñt→H1t̃1)}

usinut̃C(ñt*H1t̃R)u2}usinut̃mtAt* tanbu2 becomes essentially
independent of the phases. Note here thatut̃ is hardly sensi-
tive to the phases becauseML̃

2
2MẼ

2
@mtuAt2m* tanbu in

these scenarios. The phase dependence of the widthG( ñt

→W1t̃1) is caused only by the phase dependence of cout̃
@see Eq.~24!# and is again weak by the same reasoning
above.
9-10
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TABLE I. Calculated masses and their assumed errors~in GeV!.

tanb53 tanb530

mt̃1
5155.060.7 mt̃2

5352.661.2 mt̃1
5150.662.1 mt̃2

5355.763.6
mx̃

1
05125.660.17 mx̃

2
05205.660.11 mx̃

1
05133.260.56 mx̃

2
05214.360.35

mx̃
3
05253.560.24 mx̃

4
05343.160.51 mx̃

3
05258.060.73 mx̃

4
05331.461.4

mx̃
1
15194.060.06 mx̃

2
15340.960.25 mx̃

1
15210.060.19 mx̃

2
15331.660.72
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V. PARAMETER DETERMINATION

We now study the extent to which one can extract
underlying parameters from measured masses, branchin
tios and cross sections. In the following we assume tha
integrated luminosity of 2ab21 is available. At a high lumi-
nosity collider like such as the DESY TeV Energy Superco
ducting Linear Accelerator~TESLA! one can expect that thi
amount of integrated luminosity will be accumulated in fo
years of running@6#. Our strategy is as follows:

~1! Take a specific set of values of the MSSM paramete
~2! Calculate the masses oft̃ i , x̃ j

0 , x̃k
6 , the production

cross sections fore1e2→ t̃ i t̄̃ j and branching ratios of thet̃ i
decays.

~3! Regard these calculated values as real experime
data with definite errors.

~4! Determine the underlying MSSM parameters and th
errors from the ‘‘experimental data’’ by a fit.

We have checked that inclusion of the data on the m
production and decays ofñt does not further improve the
accuracy of the underlying parameters to be determined.
reason is that the expected relative errors of the data in
sneutrino sector are larger than those in the stau se
@31,32#.

We have taken the following input parameters for the c
culation of these observables:MẼ5150 GeV, ML̃
5350 GeV, At52800i GeV, M25280 GeV, m
5250 GeV andwU(1)50. We have considered the cas
tanb53 and 30. The Higgs sector has been fixed w
mH15170 GeV ~160!, mA05151.4 GeV ~138.5!, mh0

5113.3 GeV ~115.7!, mH05155.6 GeV ~139.1! and sina
50.432~20.26! in case of tanb53 ~30!. Hereh0, H0, A0,
a are the lighterCP-even Higgs boson, the heavierCP-even
Higgs boson, theCP-odd Higgs boson and the mixing ang
of the CP-even Higgs bosons, respectively. Here we foc
on the determination of the phasewAt

of At ; therefore, we

neglect mixing of theCP-even andCP-odd Higgs states. We
have taken the relative errors of stau masses, chargino
neutralino masses from@6,33#, which we rescale according t
our scenario; in case of tanb530 we have taken into ac
11500
e
ra-
n

-

s.

tal

ir

s,

he
he
tor

l-

s

nd

count an additional factor of 3 for the errors~relatively to
tanb53) due to the reduced efficiency in case of multiplet
final states as indicated by the studies in@34#. We take the
errors of the Higgs mass parameters asDmh0550 MeV,
DmH05DmA05DmH151.5 GeV @6# for tanb53 and 30.
For the branching ratios and the production cross sections
have taken the statistical errors only. We give the values
the calculated masses and assumed errors in Table I

those of the calculated branching ratios oft̃2 decays in Table

II. t̃1 decays only intotx̃1
0 for both values of tanb, because

this is the only channel open.
For the determination of the stau parameters we have u

the information obtained from the measurement of the s

masses at threshold and the production cross sections oft̃ i t̃ j
¯

pairs atAs5800 GeV for two different (e2,e1) beam po-
larizations (P2 ,P1)5(0.8,20.6) and (P2 ,P1)5
(20.8,0.6). Here we have assumed that a total effective
minosity of 250 fb21 is avaible for each choice of polariza
tion. The cross section measurements are important for
determination ofucosut̃u2 as can be seen from Eq.~10! and
the formulas for the cross sections in@7#. In addition we have
used the information from all branching ratios in Table
~with corresponding statistical errors!. These branching ra
tios together with the masses and cross sections form
over-constraining system of observables for the parame
ML̃ , MẼ , ReAt , ImAt , Rem, Imm, tanb, ReM1 ,
ImM1 , M2. We have determined these parameters and t
errors from the ‘‘experimental data’’ on these observables
a least-square fit. The results obtained are shown in Table
As one can see, all parameters can be determined rather
cisely. tanb can be determined with an accuracy of abo
2% in the case of tanb530 and about 1% in the case o
tanb53. The relative error of the remaining parameters e
cept At is about 1%. For At we obtain the errors
DImAt /uAtu'9%, DReAt /uAtu'22% in the case tanb
53, andDImAt /uAtu'3%, DReAt /uAtu'7% in the case
tanb530. At first glance it might be surprising that the e
rors of the stau parameters are relatively small in case
large tanb, despite the fact that the assumed errors of
01
TABLE II. Branching ratios of t̃2 decays calculated forMẼ5150 GeV, ML̃5350 GeV, At5
2800i GeV, M25280 GeV,m5250 GeV andwU(1)50. We show only branching ratios larger than 1023.

tanb tx̃1
0 tx̃2

0 tx̃3
0 tx̃4

0 ntx̃1
2 ntx̃2

2 Zt̃1 A0t̃1 h0t̃1 H0t̃1

3 0.116 0.423 0.001 0.002 0.438 0.008 0.002 0.008 0.003 0
30 0.107 0.195 0.036 0.008 0.135 0.019 0.044 0.393 0.062 0.0
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TABLE III. Extracted parameters from the ‘‘experimental data’’ of the masses, production cross se

and decay branching ratios oft̃ i . The original parameter point is specified byMẼ5150 GeV, ML̃

5350 GeV,At52800i GeV, M25280 GeV,m5250 GeV andwU(1)50.

tanb 3 30

MẼ
2 (GeV2) 2.25310462.23102 2.25310466.03102

ML̃
2 (GeV2) 1.225310564.33102 1.229310567.03102

Re(At)(GeV) 28.06180 8.0655
Im(At)(GeV) 2800670 2800621
Re(m)(GeV) 249.960.26 249.960.6
Im(m)(GeV) 2.461.7 20.263.8
tanb 2.99962.731022 29.960.70
Re(M1)(GeV) 140.960.21 140.660.63
Im(M1)(GeV) 20.763.4 0.1661.0
M2 (GeV) 28060.29 28061.0
f
s
n

e
po
e

fo
-

o-

t
a
r-

he
ut

bl
ca
o
th

ge
th

ea
ox
re
d

st

t
um
e
th

n to
n
n
at of

ted

of
the
ether
ely
one
n of
ve

cale
at a
tion
ale

os-

lino

e

5–6
it:

ps

ec-

een
masses are larger for large tanb. The error ofAt even de-
creases. The reason for this is the large branching ratio
t̃2→A0t̃1 in the case tanb530 and the input parameter
chosen~see Table II!, which gives a strong constraint o
uAtu. For the determination ofAt it is important that thet̃2
decays into neutral Higgs bosons are kinematically allow
because their couplings to the staus are practically pro
tional to Attanb. Otherwise one would have to include th
decays of the heavier Higgs bosons to get additional in
mation onAt from their decays into staus. This will be dis
cussed in a forthcoming paper@35#. Additional information
could also be obtained at am2m1 collider. In case of sizable

CP violating phasest̃1t̄̃1 pairs can be produced at the res
nances of both heavier neutral Higgs statesH2,3 @19# whereas

in case of theCP conservationt̃1t̄̃1 pairs can only be pro-
duced at theH0 resonance but not at theA0 resonance@36#.

In the procedure described above we have determined
errors of the fundamental parameters assuming an integr
luminosity of 2ab21, taking the expected experimental e
rors of the masses from the Monte Carlo studies in@6,33#
and rescaling them to our scenario. It is clear that furt
detailed Monte Carlo studies, including experimental c
and detector simulation, are necessary to determine more
curately the expected experimental errors of the observa
for our scenario, in particular the errors of the stau de
branching ratios. Such a study is, however, beyond the sc
of this paper. Instead we have studied how our results for
errors of the fundamental parameters are changed when
experimental errors of the various observables are chan
we have redone the procedure doubling the errors of
masses and/or branching ratios and/or cross sections. Cl
we have found that the errors of all parameters are appr
mately doubled if all experimental errors are doubled. Mo
over, in this way we can see to which observables an in
vidual parameter is most sensitive. Concentrating on the
sector we find that the precision ofMẼ

2 andML̃
2 is sensitive to

the stau mass determination at the threshold as well as to
measurement of the total cross sections in the continu
The accuracy ofAt is most sensitive to precise measur
ments of the branching ratios, especially to those for
11500
or
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decays into Higgs bosons. The precision ofm is more sensi-
tive to the errors of chargino and neutralino masses tha
the errors of the stau observables. In the case of large tab,
the precision of tanb depends significantly on the precisio
of the stau cross sections and to a lesser extent also on th
the stau decay branching ratios.

In our procedure we have also determined the expec
errors ofRem, Imm, tanb, ReM1 , ImM1 , M2 using also
the information obtainable from mass measurements
charginos and neutralinos. As one can see in Table III,
results are quite satisfactory. Once these parameters tog
with the Higgs mass and mixing parameters are precis
determined in the chargino, neutralino and Higgs sectors,
can then include them as input values in the determinatio
the parameters of the stau sector. This will in turn impro
the accuracy in the determination ofRe(At) and Im(At).
Note that this accuracy of the paramters at the weak s
allows also a rather precise determination of parameters
high scale, e.g. the GUT scale, and hence the reconstruc
of the parameters of an underlying theory at this high sc
@37#.

VI. ELECTRIC DIPOLE MOMENT OF THE t LEPTON

The MSSM with complex parameters implies also a p
sible electric dipole moment~EDM! of thet lepton, which is
induced by chargino-sneutrino as well as stau-neutra
loops. For the calculation of thet EDM we use the corre-
sponding formulas given in@12# for the electron EDM by
replacingme by mt . It turns out that the natural range for th
t EDM is O(10222)2O(10221)e cm. This is demonstrated
in Fig. 11 where we show thet EDM dt corresponding to
some of the scenarios discussed above. This is about
orders of magnitude below the current experimental lim
udt

expu,3.1310216 e cm @38#.
The dominant contribution stems from the chargino loo

as in case of electrons. However, for thet EDM the neu-
tralino loop is much more important than in case of the el
tron due to the fact thatmt@me . Its modulus can reach
about 10% of the chargino-loop contributions as can be s
9-12
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FIG. 11. dt ~in 10221e cm) corresponding to~a! Fig. 1, ~b! Fig. 5, ~c! Fig. 4~a! with wm50, ~d! Fig. 4~b! with wm50, ~e! Fig. 8~a!, and
~f! Fig. 8~b!. The lines in~a! correspond tomñt

5233 GeV (solid line), 238 GeV (dashed line), and 243 GeV (dotted line). The lines in~b!

and ~f! correspond to the following: totalt EDM ~solid line!, the chargino-loop contribution~dashed line! and the neutralino-loop contri
bution ~dotted line!.
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nt
in Figs. 11~b! and 11~f!. The solid line shows the totalt
EDM, the dashed line the chargino-loop contributions a
the dotted line the neutralino-loop contributions. In the oth
plots of Fig. 11 thet EDM is identical to the neutralino-loop
contributions, because in these scenarioswm50 and hence
the chargino-loop contribution vanishes.

VII. SUMMARY

In this paper we have presented a phenomenological s
of t sleptonst̃ i and t sneutrinosñt in the minimal super-
symmetric standard model with complex parametersAt , m
andM1. We have taken into account explicitCP violation in
the Higgs sector induced byt̃ i andb̃i loops with complexm
and complex trilinear coupling parametersAt and Ab . We
have analyzed production and decays of thet̃ i and ñt at a
future e1e2 linear collider. We have presented numeric
predictions for the fermionic and bosonic decays oft̃1 , t̃2

and ñt . We have analyzed their SUSY parameter dep
dence, paying particular attention to their dependence on
phaseswAt

, wm andwU(1) . For tanb&10 the phase depen
11500
d
r

dy

l

-
he

dence of the branching ratios of the fermionic decays oft̃1

andñt is significant whereas it becomes less pronounced
tanb.10. The branching ratios of thet̃2 decays into Higgs
bosons depend very sensitively on the phases if tanb*10.
Quite generally one can say that the decay pattern of tht̃ i

andñt becomes even more involved if the parametersAt , m
and M1 are complex and if mixing of theCP-even and
CP-odd Higgs bosons is taken into account.

We have also given an estimate of the expected accu
in the determination of the MSSM parameters of thet̃ i sector
by measurements of the masses, branching ratios and c
sections. We have considered the cases tanb53 and tanb
530. We have found that on favorable conditions the ac
racy of the parameterAt can be expected to be of the ord
of 10% and that of the remaining stau parameters in
range of approximately 1% to 3%, assuming an integra
luminosity of 2ab21. In addition we have considered th
electric dipole moment of thet lepton induced by the com
plex parameters in the stau sector as well as the chargino
neutralino sectors. We find that it is well below the curre
experimental limit.
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APPENDIX A: CHARGINO MASSES AND MIXING

The chargino mass matrix in the weak basis is given
@1,21#

MC5S M2 A2mWsb

A2mWcb umueiwm
D . ~A1!

M2 is the SU(2) gaugino mass parameter.cb and sb are
shorthand notations for cosb and sinb, respectively. This
complex 232 matrix is diagonalized by the unitary 232
matricesU andV:

U* M CV†5diag~mx̃
1
6,mx̃

2
6!, 0<mx̃

1
6<mx̃

2
6. ~A2!

The unitary matricesU and V can be parametrized in th
following way:

U5S eig1 0

0 eig2
D S cosu1 eif1sinu1

2e2 if1sinu1 cosu1
D ~A3!

V5S cosu2 e2 if2sinu2

2eif2sinu2 cosu2
D ~A4!

with

tan2u15
2A2mW@M2

2cb
21umu2sb

21M2umusin 2bcoswm#1/2

M2
22umu222mW

2 cos 2b
~A5!
11500
ery
s
.

.
y
an
s

ng
s

y

tan 2u25
2A2mW@M2

2sb
21umu2cb

21M2umusin 2bcoswm#1/2

M2
22umu212mW

2 cos 2b
~A6!

tanf15sinwmS coswm1
M2cotb

umu D 21

~A7!

tanf252sinwmS coswm1
M2tanb

umu D 21

~A8!

tang152sinwmS coswm1

M2~mx̃
1
6

2
2umu2!

umumW
2 sin 2b

D 21

~A9!

tang25sinwmS coswm1
M2mW

2 sin 2b

umu~mx̃
2
6

2
2M2

2!D 21

~A10!

where2p/2<u1,2<0. The mass eigenvalues squared are

mx̃
1,2
1

2
5

1

2
$M2

21umu212mW
2 7@~M2

22umu2!214mW
4 cos22b

14mW
2 ~M2

21umu212M2umusin 2b coswm!#1/2%.

~A11!

APPENDIX B: NEUTRALINO MASSES AND MIXING

The neutralino mass matrix in the weak bas
(B̃,W̃3,H̃1

0 ,H̃2
0) is given as@1,21#

MN

5SuM1ueiwU(1) 0 2mZsWcb mZsWsb

0 M2 mZcWcb 2mZcWsb

2mZsWcb mZcWcb 0 2umueiwm

mZsWsb 2mZcWsb 2umueiwm 0

D ,

~B1!

whereM1 is U(1) gaugino mass parameter, withwU(1) being
the phase ofM1 ; cW and sW are shorthand notations fo
cosQW and sinQW, respectively. This symmetric comple
mass matrix is diagonalized by the unitary 434 matrix N:

N* M NN†5diag~mx̃
1
0, . . . ,mx̃

4
0!, 0<mx̃

1
0<¯<mx̃

4
0.

~B2!
-
:
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