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Top squarks and bottom squarks in the minimal supersymmetric standard model
with complex parameters
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We present a phenomenological study of top squarks (t̃ 1,2) and bottom squarks (b̃1,2) in the minimal
supersymmetric standard model~MSSM! with complex parametersAt , Ab , m, andM1. In particular we focus

on the CP phase dependence of the branching ratios oft̃ 1,2 and b̃1,2 decays. We give the formulas of the

two-body decay widths and present numerical results. We find that the effect of the phases on thet̃ 1,2 andb̃1,2

decays can be quite significant in a large region of the MSSM parameter space. This could have important

implications for t̃ 1,2 and b̃1,2 searches and the MSSM parameter determination in future collider experiments.

We have also estimated the accuracy expected in the determination of the parameters oft̃ i and b̃i by a global
fit of the measured masses, decay branching ratios, and production cross sections ate1e2 linear colliders with
polarized beams. Analyzing two scenarios, we find that the fundamental parameters apart fromAt andAb can
be determined with errors of 1% to 2%, assuming an integrated luminosity of 1 ab21 and a sufficiently large

center of mass system~c.m.s.! energy to produce also the heaviert̃ 2 and b̃2 states. The parameterAt can be
determined with an error of 2–3%, whereas the error onAb is likely to be of the order of 50%.

DOI: 10.1103/PhysRevD.70.035003 PACS number~s!: 14.80.Ly, 12.60.Jv
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I. INTRODUCTION

Supersymmetry~SUSY! is one of the most attractive an
best studied extensions of the standard model~SM! @1#. With
SUSY the hierarchy problem can be solved and the mas
the Higgs boson can be stabilized against radiative cor
tions. While this is certainly the main motivation, SUS
gives us the additional benefit of introducing potential n
sources ofCP violation @2,3#. As the tiny amount ofCP
violation in the SM is not sufficient to explain the baryo
asymmetry of the Universe@4#, the systematic study of al
implications of the complex SUSY parameters becomes
solutely necessary.

In the present paper we study the effects of comp
SUSY parameters on the phenomenology of the scalar
quark and scalar bottom quark system. Analyzing the pr
erties of 3rd generation sfermions is particularly interesti
because of the effects of the large Yukawa couplings. Th
lighter mass eigenstates may be among the light SUSY
ticles and they could be investigated at the Tevatron an
e1e2 linear colliders@5–12#. At the CERN Large Hadron
Collider ~LHC! these states can be produced directly or
cascade decays of heavier SUSY particles@13–16#. Analyses
of the decays of the 3rd generation sfermionst̃ 1,2, b̃1,2, t̃1,2,
and ñt in the minimal supersymmetric standard mod
~MSSM! with real parameters have been performed in Re
@17–19#. Phenomenological studies of production and dec
of the 3rd generation sfermions at futuree1e2 linear collid-
ers, again in the real MSSM, have been made in Refs.@6–9#.

In the MSSM several SUSY breaking parameters and
Higgsino mass parameterm can be complex. In a complet
phenomenological analysis of production and decays of t
generation sfermions one has to take into account that
1550-7998/2004/70~3!/035003~18!/$22.50 70 0350
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SUSY parametersAf , m, andMi ( i 51,2,3) are complex in
general, whereAf is the trilinear scalar coupling paramet

of the sfermionf̃ i , and theM1 , M2, andM3 are the U~1!,
SU~2!, and SU~3! gaugino mass parameters, respective
This means that one has to study the effects of the phase
the parameters on all observables.

An unambiguous signal for theCP phases would be pro
vided by a measurement of aCP-odd observable. For ex
ample, in the case of sfermion decays a rate asymmetry@20#
and triple product correlations@21,22# have been proposed a
such observables. However, since it may be difficult to m
sure theseCP-odd observables of the sfermions,CP-even
observables like decay branching ratios may also be suit
for obtaining information about the SUSYCP phases. For
example, the decay branching ratios of the Higgs bos
depend strongly on the complex phases of thet̃ andb̃ sectors
@23–25#, while those of the staust̃1,2 andt-sneutrinoñt can
be quite sensitive to the phases of the stau and gaug
Higgsino sectors@26#. Also the Yukawa couplings of the
third generation sfermions are sensitive to the SUSY pha
at one-loop level@27#. Furthermore, explicitCP violation in
the Higgs sector can be induced byt̃ and b̃ loops if the
parametersAt , Ab , and m are complex@23,28–30#. It is
found @23,25,28,31# that theseCP phase effects could sig
nificantly influence the phenomenology of the Higgs bos
sector.

The experimental upper bounds on the electric dipole m
ments ~EDM’s! of electrons, neutrons, and the199Hg and
205Tl atoms may impose constraints on the size of the SU
CP phases@32,33#. However, these constraints are high
model dependent. This means that the various SUSYCP
phases need not necessarily be small. For instance, if
adopt the MSSM and assume a cancellation mechanism@34#,
©2004 The American Physical Society03-1
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it turns out that the phase ofm is restricted asuwmu&p/10
while the phaseswAf

of the Af parameters are not con

strained. On the other hand, the size ofuwmu is not con-
strained by the EDM’s in a model where the masses of
first and second generation sfermions are large~above the
TeV scale! while the masses of the third generation sferm
ons are small~below 1 TeV! @35#. The restrictions onwm due
to the electron EDM can also be circumvented if lepton fl
vor violating terms are present in the slepton sector@36#.
Less restrictive constraints on the phases appear at the
loop level where 3rd generation sfermion loops can cont
ute to the EDM’s@37#.

In this article we focus on the influence of theCP violat-
ing SUSY phases on the fermionic and bosonic two-bo
decay branching ratios of 3rd generation squarkst̃ 1,2 and
b̃1,2. We use the MSSM as a general framework and
assume that the parametersAt , Ab , m, andM1 are complex
with phaseswAt

, wAb
, wm , andwU(1) , respectively~taking

M2,3 real!. We neglect flavor changingCP phases and as
sume that the squark mass matrices and trilinear scalar
pling parameters are flavor diagonal. We take into acco
the explicit CP violation in the Higgs sector. If the top
squark and bottom squark decay branching ratios show
appreciable phase dependence, this would also affect
analyses of the various gluino cascade decays such as
in Ref. @15#. In Ref. @38# we have published the first resul
of our study. In the present paper we give the analytic
pressions for the various decay widths for the complex
rameters and study in detail the phase dependences o
branching ratios. We take into account the restrictions on
MSSM parameters from the experimental data on the
decayb→sg @39#. Furthermore, we give a theoretical es
mate of the precision expected for the determination of
complex top squark and bottom squark parameters by m
suring suitable observables including the decay branch
ratios in typical future collider experiments.

In Sec. II we give the formulas necessary to calculate
t̃ i and b̃i two-body decay widths in the presence ofCP
phases. In Sec. III we present our numerical results. In S
IV we give a theoretical estimate how precisely the comp
top squark and bottom squark parameters can be determ
at future collider experiments. We present our conclusion
Sec. V.

II. SQUARK MASSES, MIXING, AND DECAY WIDTHS

A. Masses and mixing in squark sector

The left-right mixing of the top squarks and botto
squarks is described by a Hermitian 232 mass matrix,
which in the basis (q̃L ,q̃R) reads

L M
q̃ 52~ q̃L

† ,q̃R
† !S Mq̃LL

2
Mq̃LR

2

Mq̃RL

2
Mq̃RR

2 D (q̃Lq̃R), ~1!

with
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Mq̃LL

2
5MQ̃

2
1~ I 3L

q 2eqsin2uW!cos 2bmZ
21mq

2 , ~2!

Mq̃RR

2
5M

Q8̃

2
1eqsin2uWcos 2bmZ

21mq
2 , ~3!

Mq̃RL

2
5~Mq̃LR

2
!* 5mq@Aq2m* ~ tanb!22I 3L

q
#, ~4!

where mq , eq , and I 3L
q are the mass, electric charge, a

weak isospin of the quarkq5b,t. uW denotes the weak mix
ing angle, tanb5v2 /v1 with v1 (v2) being the vacuum ex-
pectation value of the Higgs fieldH1

0 (H2
0), andMQ8̃5MD̃

(MŨ) for q5b (t). MQ̃ , MD̃ , MŨ , Ab , andAt are the soft
SUSY-breaking parameters of the top squark and bot
squark system. In the case of complex parametersm andAq

the off-diagonal elementsMq̃RL

2
5(Mq̃LR

2 )* are also complex

with the phase

w q̃5arg@Mq̃RL

2
#5arg@Aq2m* ~ tanb!22I 3L

q
#. ~5!

The mass eigenstates are

S q̃1

q̃2
D 5R q̃S q̃L

q̃R
D ~6!

with the q̃-mixing matrix

R q̃5S eiw q̃cosu q̃ sinu q̃

2sinu q̃ e2 iw q̃cosu q̃
D , ~7!

cosu q̃5

2uMq̃LR

2 u

AuMq̃LR

2 u21~mq̃1

2
2Mq̃LL

2
!2

,

sinu q̃5

Mq̃LL

2
2mq̃1

2

AuMq̃LR

2 u21~mq̃1

2
2Mq̃LL

2
!2

~8!

and the mass eigenvalues

mq̃1,2

2
5

1

2
@Mq̃LL

2
1Mq̃RR

2
7A~Mq̃LL

2
2Mq̃RR

2
!214uMq̃LR

2 u2#,

mq̃1
,mq̃2

. ~9!

B. Fermionic decay widths of t̃ i and b̃i

In the following we give the formulas necessary to calc
late the two-body decay widths oft̃ i and b̃i into charginos
and neutralinos in the presence of theCP phases. The
b- t̃ i-x̃k

6 and t-b̃i-x̃k
6 couplings are defined by

L qq̃x̃15g t̄~, i j
b̃ PR1ki j

b̃ PL!x̃ j
1b̃i1gb̄~, i j

t̃ PR1ki j
t̃ PL!x̃ j

1ct̃ i

1H.c., ~10!

with
3-2
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PL5
1

2
~12g5!, PR5

1

2
~11g5!, ~11!

, i j
t̃ 52R t̃

i1* Vj 11YtR t̃
i2* Vj 2 , ki j

t̃ 5R t̃
i1* YbU j 2* ,

~12!

, i j
b̃ 52R b̃

i1* U j 11YbR b̃
i2* U j 2 , ki j

b̃ 5R b̃
i1* YtVj 2* ,

~13!

and

Yt5
mt

A2mWsinb
, Yb5

mb

A2mWcosb
, ~14!

whereg is the SU(2)L gauge coupling and the 232 chargino
mixing matricesU andV are defined in Eq.~A3!.

The q-q̃i-x̃k
0 couplings (q5t,b) are defined by

L qq̃x̃05gq̄~aik
q̃ PR1bik

q̃ PL!x̃k
0q̃i1H.c., ~15!

with

aik
q̃ 5 (

n51

2

~R in
q̃ !* A kn

q , bik
q̃ 5 (

n51

2

~R in
q̃ !* B kn

q , ~16!

where

A k
q5S f Lk

q

hRk
q D , B k

q5S hLk
q

f Rk
q D , ~17!

f Lk
t 52

1

A2
S Nk21

1

3
tanuWNk1D ,

f Rk
t 52A2

3
tanuWNk1* ,

hLk
t 5~hRk

t !* 52YtNk4* , ~18!

and

f Lk
b 5

1

A2
S Nk22

1

3
tanuWNk1D ,

f Rk
b 52A2

3
tanuWNk1* ,

hLk
b 5~hRk

b !* 52YbNk3* . ~19!

The 434 neutralino mixing matrixN is defined in Eq.~A5!.
The partial decay widths ofq̃i (q̃i5 t̃ i ,b̃i) into fermionic
final states then read
03500
G~ q̃i→q81x̃k
6!5

g2l1/2~mq̃i

2 ,mq8
2 ,mx̃

k
6

2
!

16pmq̃i

3 @~ ukik
q̃ u21u, ik

q̃ u2!

3~mq̃i

2
2mq8

2
2mx̃

k
6

2
!24 Re~kik

q̃* , ik
q̃ !mq8mx̃

k
6# ~20!

and

G~ q̃i→q1x̃k
0!5

g2l1/2~mq̃i

2 ,mq
2 ,mx̃

k
0

2
!

16pmq̃i

3 @~ uaik
q̃ u21ubik

q̃ u2!

3~mq̃i

2
2mq

22mx̃
k
0

2
!24 Re~aik

q̃* bik
q̃ !mqmx̃

k
0#, ~21!

with l(x,y,z)5x21y21z222(xy1xz1yz).

C. Bosonic decay widths oft̃ i and b̃i

Here we show the couplings relevant for the two-bo
decays of t̃ i and b̃i into gauge and Higgs bosons. Th
q̃i-q̃ j8-W

6 couplings are defined by

Lq̃q̃8W52 ig~Ab̃i t̃ j

W
Wm

1 t̃ j
†]mJ b̃i1At̃ i b̃j

W
Wm

2b̃ j
†]mJ t̃ i ! ~22!

with

Ab̃i t̃ j

W
5~At̃ j b̃i

W
!* 5

1

A2
R i1

b̃ * R j 1
t̃ . ~23!

The q̃i-q̃ j -Z interaction Lagrangian reads

Lq̃q̃Z52 igBi j
Z Zmq̃ j

†]mJ q̃i ~24!

with

Bi j
Z 5

1

cosuW

3S I 3L
q cos2u q̃2eqsin2uW 2 1

2 I 3L
q sin 2u q̃e2 iw q̃

2 1
2 I 3L

q sin 2u q̃eiw q̃ I 3L
q sin2u q̃2eqsin2uW

D .

~25!

The q̃i-q̃ j8-H
6 couplings are defined by

L q̃q̃H65g~Ct̃ j b̃i

H
H1 t̃ j

†b̃i1Cb̃j t̃ i

H
H2b̃ j

† t̃ i ! ~26!

with

Ct̃ i b̃j

H
5~Cb̃j t̃ i

H
!* 5

1

A2mW

~R t̃GR b̃†! i j ~27!

and
3-3
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G5S mb
2tanb1mt

2cotb2mW
2 sin 2b mb~ uAbue2 iwAbtanb1umueiwm!

mt~ uAtueiwAtcotb1umue2 iwm! 2mtmb /sin 2b
D . ~28!
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For the couplings of squarks to neutral Higgs bosons
have the Lagrangian

Lq̃q̃H52gC~ q̃k
†Hiq̃j !q̃k

†Hiq̃j ~k, j 51,2! ~29!

with

C~ q̃k
†Hiq̃j !5R q̃

•S C~ q̃L
†Hiq̃L! C~ q̃L

†Hiq̃R!

C~ q̃R
†Hiq̃L! C~ q̃R

†Hiq̃R!
D •R q̃†,

~30!

where forq̃5 t̃

C~ t̃ L
†Hi t̃ L!5

mt
2

mWsinb
O2i1

mZ

cosuW
S 1

2
2

2

3
sin2uWD

3~cosbO1i2sinbO2i !, ~31!

C~ t̃ R
†Hi t̃ R!5

mt
2

mWsinb
O2i1

2mZ

3 cosuW
sin2uW

3~cosbO1i2sinbO2i !, ~32!

C~ t̃ L
†Hi t̃ R!5

mt

2mWsinb
$2 i ~cosbuAtue2 iwAt

1sinbumueiwm!O3i2~ umueiwmO1i

2uAtue2 iwAtO2i !%, ~33!

C~ t̃ R
†Hi t̃ L!5@C~ t̃ L

†Hi t̃ R!#* , ~34!

while for q̃5b̃

C~ b̃L
†Hib̃L!5

mb
2

mWcosb
O1i2

mZ

cosuW
S 1

2
2

1

3
sin2uWD

3~cosbO1i2sinbO2i !, ~35!

C~ b̃R
†Hib̃R!5

mb
2

mWcosb
O1i2

mZ

3 cosuW
sin2uW~cosbO1i

2sinbO2i !, ~36!

C~ b̃L
†Hib̃R!5

mb

2mWcosb
$2 i ~sinbuAbue2 iwAb

1cosbumueiwm!O3i2~ umueiwmO2i

2uAbue2 iwAbO1i !%, ~37!

C~ b̃R
†Hib̃L!5@C~ b̃L

†Hib̃R!#* . ~38!
03500
eHere the 333 neutral Higgs mixing matrixO is defined in
Eq. ~A1!.

The partial decay widths forq̃i5 t̃ i ,b̃i into bosonic final
states are then of the following forms:

G~ q̃i→W61q̃ j8!5

g2uAq̃i q̃j8
W u2l3/2~mq̃i

2 ,mW
2 ,mq̃

j8
2

!

16pmW
2 mq̃i

3 , ~39!

G~ q̃2→Z1q̃1!5
g2uB21

Z u2l3/2~mq̃2

2 ,mZ
2 ,mq̃1

2
!

16pmZ
2mq̃2

3 , ~40!

G~ q̃i→H61q̃ j8!5

g2uCq̃
j8q̃i

H u2l1/2~mq̃i

2 ,mH6
2 ,mq̃

j8
2

!

16pmq̃i

3 , ~41!

G~ q̃2→Hi1q̃1!5
g2uC~ q̃1

†Hiq̃2!u2l1/2~mq̃2

2 ,mHi

2 ,mq̃1

2
!

16pmq̃2

3 .

~42!

III. NUMERICAL RESULTS

Before presenting numerical results, we briefly comm
on the CP phase dependence of theq̃iqD j pair production

cross sections. The reactione1e2→q̃i q̄̃ j (q̃i5 t̃ i ,b̃i) pro-
ceeds viag and Z exchange in thes channel. TheZq̃i q̃j
couplings are defined in Eqs.~24! and ~25!. The tree-level

cross sections@8,9# of the reactionse1e2→q̃i q̄̃ j do not ex-
plicitly depend on the phaseswm andwAq

. In the case of the

reactione1e2→q̃i q̄̃i , i 51,2, the couplingsZq̃i q̃i are real.

In e1e2→q̃1q̄̃2 only theZ exchange contributes and cons
quently the phasew q̃ drops out in the matrix elemen
squared. The tree-level cross sections depend only on
mass eigenvaluesmq̃1,2

and on the mixing angle cos2uq̃ .
Therefore, they depend only implicitly on the phases via
cos(wm1wAq

) dependence ofmq̃1,2
andu q̃ @Eqs.~8! and ~9!#.

One-loop corrections to the cross sections have been ca
lated in Ref.@40# for real parameters. In the energy ran
considered here they are of the order of 10%. For comp
parameters they are expected to be of the same orde
magnitude. Therefore we further expect that the direct in
ence of the phases on the cross sections as caused by
loop corrections would be within a few percent. These ph
effects on the cross sections would be much smaller t
those on the tree-level decay widths studied in this pape

In the following we will present numerical results for th
phase dependences of thet̃ i and b̃i partial decay widths and
3-4
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branching ratios. We calculate the partial decay widths in
Born approximation according to the expressions given
the preceding section. In some cases the one-loop SU
QCD corrections are important. The analyses of Re
@18,41,42# suggest that a significant part of the one-lo

SUSY QCD corrections to certain partial widths oft̃ i andb̃i

decays~where the bottom Yukawa couplinggYb is involved!
can be incorporated by using an appropriately corrected
tom quark mass. In this spirit we calculate the tree-le
widths of the t̃ i and b̃i decays by using on-shell masses f
the kinematic terms~such as a phase space factor! and by
taking runningt and b quark masses for the Yukawa co
plings gYt,b . For definiteness we takemt

run(mZ)
5150 GeV, mt

on-shell5175 GeV, mb
run(mZ)53 GeV, and

mb
on-shell55 GeV. This approach leads to an ‘‘improved

Born approximation which takes into account an essen
part of the one-loop SUSY QCD corrections to thet̃ i andb̃i
partial decay widths and predicts their phase depende
more accurately than the ‘‘naive’’ tree-level calculation. T
inclusion of the full one-loop corrections to the partial dec
widths of t̃ i andb̃i is beyond the scope of the present pap
One-loop corrections to partial decay widths oft̃ i and b̃i
have been given in Refs.@43,44# for real MSSM parameters
and are of the order of 10%. We expect that for comp
parameters they are of the same order of magnitude. In
calculation of theCP violating effects in the neutral Higg
sector we take the programFEYNHIGGS2.0.2 of Ref. @30#,
which includes the full one-loop corrections to the mass
genvalues and mixing matrix of the neutral Higgs bosons
complex parameters. For comparison we have also used
programCPH.F of Ref. @28#. We have found agreement be
tween the results obtained withCPH.F and the one-loop ver
sion of FEYNHIGGS2.0.2. There are small numerical differ
ences between the results ofCPH.F and the two-loop version
of FEYNHIGGS2.0.2.

In the numerical analysis we impose the following con
tions in order to fulfill the experimental and theoretical co
straints:

~i! mx̃
1
6.103 GeV, mx̃

1
0.50 GeV, mt̃ 1 ,b̃1

.100 GeV,

mt̃ 1 ,b̃1
.mx̃

1
0,

~ii ! for incorporating the experimental bound on the ma
of the lightest Higgs bosonH1 we use Fig. 4 of Ref.@45#,
replacing mh by mH1

and sin2(b2a) by (O11cosb

1O21sinb)2,1

~iii ! 2.031024,B(b→sg),4.531024 @39# assuming
the Kobayashi-Maskawa mixing also for the squark secto

~iv! Dr( t̃ 2b̃),0.0012@46#,
~v! uAtu2,3(MQ̃

2
1MŨ

2
1m2

2), uAbu2,3(MQ̃
2

1MD̃
2

1m1
2)

with m1
25(mH6

2
1mZ

2sin2uW)sin2b21
2mZ

2 , m2
25(mH6

2

1mZ
2sin2uW)cos2b21

2mZ
2 .

Conditions~i! and ~ii ! are imposed to satisfy the exper
mental mass bounds from LEP@45,47,48#. Note that theCP
violation effect reduces theZ2Z2H1 coupling becauseH1

1Note thatO11;2sina, O21;cosa, andH1;h for mH6@mZ .
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can have an admixture of theCP-odd Higgs statea. The
vertical axis of Fig. 4 of Ref.@45# describes theZ-Z-h cou-
pling in the case of the MSSM with real parameters, which
reduced by a factor sin2(b2a) in comparison to the SM. The
CP violating effects can easily be included by usin
(O11cosb1O21sinb)2 instead of sin2(b2a). For the calcula-
tion of theb→sg width in condition~iii ! we use the formula
of Ref. @49# including the O(as) corrections as given in Ref
@50#. ~iv! constrainsm and tanb ~in the squark sector!. ~v! is
the approximate necessary condition for the tree-le
vacuum stability@51#.

Inspired by the gaugino mass unification we takeuM1u
55/3 tan2uWM2 andmg̃5@as(mg̃)/a2#M2 with mg̃5M3. In
the numerical study fort̃ 1,2 decays we take tanb, M2 ,
mt̃ 1

, mt̃ 2
, mb̃1

, uAtu, uAbu, umu, wAt
, wAb

, wm , wU(1) , and

mH6 as input parameters, wheremt̃ 1,2
and mb̃1,2

are the on-
shell squark masses. From these input parameters we
calculateMQ̃ andMŨ according to the formulas

MQ̃
2

5
1

2
@mt̃ 1

2
1mt̃ 2

2
6A~mt̃ 2

2
2mt̃ 1

2
!224mt

2uAt2m* cotbu2#

2~ 1
2 2 2

3 sin2uW!cos 2bmZ
22mt

2 , ~43!

MŨ
2

5
1

2
@mt̃ 1

2
1mt̃ 2

2
7A~mt̃ 2

2
2mt̃ 1

2
!224mt

2uAt2m* cotbu2#

2 2
3 sin2uWcos 2bmZ

22mt
2 . ~44!

We resolve the sign ambiguity by assuming eitherMQ̃
>MŨ or MQ̃,MŨ : upper ~lower! signs correspond to the
caseMQ̃>MŨ (MQ̃,MŨ).2 With Eq. ~8! this uniquely fixes
the mixing angleu t̃ . Next we calculateMD̃ using MQ̃ and
mb̃1

and thenmb̃2
and the mixing angleu b̃ as well as the

mass eigenvalues and mixing matrices of the charginos, n
tralinos, and the neutral Higgs bosons. Forb̃1,2 decays we
take the same input parameters withmt̃ 2

replaced bymb̃2
and

proceed in an analogous way by interchangingMŨ↔MD̃ .

A. Top squark decays

In this section we present numerical results for the dep
dence of thet̃ 1 and t̃ 2 partial decay widths onwAt

, wAb
, and

wm . In order not to vary too many parameters we
(mt̃ 1

,mt̃ 2
,mb̃1

)5(350,700,170) GeV@(350,800,170) GeV#

in the plots for thet̃ 1 @ t̃ 2# decays. We have selected th
parameters in this section such that fermionic as well
bosonic decays are allowed at the same time. In particu
the choicemb̃1

5170 GeV has been made to allow the deca

t̃ 1→b̃1W1 and t̃ 1→b̃1H1. We consider the casesMQ̃

2The hierarchy is determined by thet̃ i mixing angleu t̃ , which
can be determined by cross section measurements with pola
beams@8,9#.
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FIG. 1. ~a!, ~d! Partial decay widthsG and ~b!, ~c!, ~e!, ~f! branching ratiosB of the decayst̃ 1→x̃1
1b ~solid!, t̃ 1→x̃2

1b ~dotted!, t̃ 1

→x̃1
0t ~dashed!, and t̃ 1→W1b̃1 ~dash-dotted! for tanb56, M25300 GeV, uAbu5uAtu5800 GeV, wm5p, wU(1)5wAb

50, mt̃ 1

5350 GeV,mt̃ 2
5700 GeV,mb̃1

5170 GeV, andmH65900 GeV. In~a!, ~b!, and~f! the decayt̃ 1→x̃2
1b is kinematically forbidden.
in

own

d in
>MŨ and MQ̃,MŨ , calculating the values ofMQ̃ , MŨ ,
andMD̃ corresponding tomt̃ 1

, mt̃ 2
andmb̃1

for each case, as
explained above.

We show in Fig. 1 the partial decay widths and branch
ratios for t̃ 1→x̃1

1b, t̃ 1→x̃2
1b, t̃ 1→x̃1

0t, and t̃ 1→W1b̃1 as a
function of wAt

for the parameters tanb56, M2

5300 GeV, uAbu5uAtu5800 GeV, wm5p, wU(1)5wAb

50, mH65900 GeV, and two values ofumu5250 and 350
GeV. Figures 1~a!–~c! @Figs. 1~d!–~f!# are for MQ̃.MŨ

@MQ̃,MŨ#. We first discuss Figs. 1~a! and 1~b! for the case
MQ̃.MŨ and umu5350 GeV. As can be seen in Fig. 1~a!,
03500
g

G( t̃ 1→x̃1
1b), andG( t̃ 1→x̃1

0t) show quite a significantwAt

dependence. The corresponding branching ratios are sh
in Fig. 1~b!. For wAt

'0 and 2p the decayt̃ 1→x̃1
0t domi-

nates, whereas forwAt
'p the decayt̃ 1→x̃1

1b has the larg-
est branching ratio. This decay pattern can be explaine
the following way: ForMQ̃.MŨ the t̃ 1 is t̃ R-like. For umu
.M2 and the parameters chosen, the chargino (x̃1

6) is
W̃6-like with mx̃

1
65279 GeV, so that the decayt̃ 1→x̃1

1b is

suppressed by the vanishingt̃ R-b-W̃1 coupling and by small
phase space. For the parameters chosen we haveuAtu
3-6
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FIG. 2. Branching ratioB( t̃ 1→x̃1
0t) for wm50 ~solid!, p/2 ~dashed!, 5p/8 ~dash-dotted!, andp ~dotted! with wAt

50 ~a! and p ~b!,
M25300 GeV, umu5300 GeV, uAbu5uAtu5600 GeV, wU(1)5wAb

50, mt̃ 1
5350 GeV, mt̃ 2

5700 GeV, mb̃1
5170 GeV, and mH6

5500 GeV, assumingMQ̃.MŨ . In ~a! the casewm50 is excluded by the limitB(b→sg),4.531024, and the lines forwm5p/2 and
wm5p end in full circles beyond whichB(b→sg).4.531024 for tanb*21 andB(b→sg),2.031024 for tanb*13, respectively.
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tios.
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nd

int
@umu/tanb; therefore uM t̃RL
2 u and henceu t̃ depend only

weakly on wAt
. However, we havew t̃'wAt

@see Eq.~5!#,

thereforeG( t̃ 1→x̃1
1b) behaves like 12coswAt

: the leading

coupling term in this decay is,11
t̃ 52e2 iw t̃cosu t̃V11

1sinu t̃YtV12 @Eq. ~12!#, which consists of two terms of com
parable size, the phasew t̃ ('wAt

) entering only in one of the

two terms.G( t̃ 1→x̃1
1b) is very small forwAt

50 and 2p

because the two terms nearly cancel each other. ThewAt

dependence ofG( t̃ 1→x̃1
0t) is less pronounced compared

G( t̃ 1→x̃1
1b) due to a more complex coupling structure@Eqs.

~16! and ~17!#. For this reasonB( t̃ 1→x̃1
0t) dominates for

wAt
&0.4p and wAt

*1.6p, whereasB( t̃ 1→x̃1
1b) is larger

for 0.4p&wAt
&1.6p. The branching ratio oft̃ 1→W1b̃1 is

strongly suppressed for this set of parameters with ra
small tanb56 for which b̃1 is almost purelyb̃R-like. In Fig.
1~c! we plot the branching ratios forumu5250 GeV. In this
case the lighter chargino has a massmx̃

1
65230 GeV and a

significant Higgsino component. Hence the decayt̃ 1→x̃1
1b

has a large phase space and large amplitude~due to the large
top Yukawa couplinggYt) and dominates independently o
wAt

, resulting in a weakwAt
dependence of the branchin

ratios. Forumu5250 GeV also the decay channelt̃ 1→x̃2
1b

(mx̃
2
65336 GeV) is open.

Figures 1~d! and 1~e! show the partial decay widths an
branching ratios oft̃ 1→x̃1

1b, x̃2
1b, x̃1

0t, andW1b̃1 against
wAt

for MQ̃,MŨ ,umu5250 GeV, and the other paramete

as above. In this caset̃ 1 is t̃ L-like, therefore for umu
5250 GeV@see Fig. 1~d!# G( t̃ 1→x̃1

1b) is about three times
as large as forMQ̃.MŨ and umu5350 GeV @Fig. 1~a!#.
G( t̃ 1→x̃1

1b) behaves like 12coswAt
, which is again caused

by an interplay of the two terms in the leading coupling,11
t̃

@Eq. ~12!#. For wAt
'0 the decayt̃ 1→x̃1

1b is suppressed an
03500
er

the branching ratios oft̃ 1→x̃2
1b, t̃ 1→W1b̃1, and t̃ 1→x̃1

0t
reach 25%, 22%, and 11%, respectively@Fig. 1~e!#. For
0.2p&wAt

&1.8p the partial decay width and hence th

branching ratio oft̃ 1→x̃1
1b is clearly largest.B( t̃ 1→x̃1

0t)
has values around 10%.B( t̃ 1→W1b̃1) is rather small be-
causeb̃1'b̃R in this case.t̃ 1→x̃2

1b is suppressed by a sma
phase space. In Fig. 1~f! we show the corresponding branc
ing ratios forMQ̃,MŨ and umu5350 GeV. In this case the
mixing in the bottom squark sector increases andB( t̃ 1

→W1b̃1) reaches values around 10% even forwAt
'p. The

decayt̃ 1→x̃1
1b has the largest branching ratio becauset̃ 1 is

t̃ L-like andx̃1
1 is almostW̃1-like. Hence in this scenario al

branching ratios show a less pronounced phase depend
In the scenarios of Fig. 1 we have calculated also thewU(1)
dependence of the partial decay widths and branching ra
By inspecting Eqs.~16!–~18! one can see that onlyG( t̃ 1

→x̃1
0t) could be sensitive towU(1) . However, for tanb56

the wU(1) dependence is already rather small. This results
a weakwU(1) dependence of the branching ratios.

In Fig. 2 we show the tanb dependence ofB( t̃ 1→x̃1
0t)

for M25300 GeV, umu5300 GeV, uAbu5uAtu5600 GeV,
wU(1)5wAb

50, mH65500 GeV, and wm50,p/2,5p/8,p

with ~a! wAt
50 and ~b! wAt

5p, assumingMQ̃.MŨ . As

can be seen this branching ratio is insensitive towm for
tanb*15. This is mainly due to them/tanb dependence of
the t̃ L- t̃ R mixing term and the insensitivity of the masses a
mixing of x̃ i

0 to wm for large tanb. Two curves in Fig. 2~a!
end in full circles beyond which the experimental constra
from B(b→sg) is violated: in the casewm5p/2 (wm5p),
one hasB(b→sg).4.531024 @B(b→sg),2.031024# for
tanb*21 (tanb*13). The casewm50 is completely ex-
cluded for this set of parameters. However, forwAt

5p @Fig.

2~b!# the constraints fromB(b→sg) are always fulfilled.
We have also calculated the tanb dependence of the

branching ratios of thet̃ 1 decays for MQ̃,MŨ . B( t̃ 1
3-7
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FIG. 3. Contours ofB( t̃ 1→x̃1
0t) for tanb56, M25300 GeV, umu5500 GeV, wU(1)5wAb

50, mt̃ 1
5350 GeV, mt̃ 2

5700 GeV, mb̃1

5170 GeV,mH65600 GeV, with~a! uAtu5uAbu5800 GeV and~b! wm50, uAbu5uAtu, assumingMQ̃.MŨ . The shaded area marks th
region excluded by the Higgs search at LEP@i.e., by the condition~ii !#.
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→x̃1
0t) is smaller in this case. Therefore the effect of t

phase on the tanb dependence is also smaller than that
Fig. 2. Moreover, forMQ̃,MŨ the situation is different from
that shown in Fig. 2, because now forwAt

50 the whole

tanb range is allowed, whereas forwAt
5p the constraints

from B(b→sg) limit the tanb range.
In Fig. 3~a! we show a contour plot forB( t̃ 1→x̃1

0t) as a
function of wAt

and wm for tanb56, M25300 GeV, umu
5500 GeV, uAtu5uAbu5800 GeV, wU(1)5wAb

50, and

mH65600 GeV, assumingMQ̃.MŨ . For the parameters
chosen thewAt

dependence is stronger than thewm depen-
dence. The reason is that these phase dependences are c
mainly by the t̃ L- t̃ R mixing term @Eq. ~4!#, where thewm
dependence is suppressed by cotb. The wm dependence is
somewhat more pronounced forwAt

'p than for wAt

'0,2p. In Fig. 3~b! we show the contour plot ofB( t̃ 1

→x̃1
0t) as a function ofwAt

and uAtu for wm50 and uAtu
5uAbu. Clearly, thewAt

dependence is stronger for larg

values of uAtu. For MQ̃,MŨ we have obtained a simila
behavior. Note that the phase dependences of the d
branching ratios oft̃ 1→x̃1

1b, t̃ 1→x̃2
1b, and t̃ 1→x̃1

0t ana-

lyzed in Figs. 1, 2, and 3~where the decayt̃ 1→b̃1H1 is
kinematically forbidden! would be present also forb̃1 masses
significantly larger than 170 GeV.

In Fig. 4 we show the contour plot forB( t̃ 1→x̃1
1b) as a

function of wAt
andwAb

for tanb530, M25300 GeV, umu
5300 GeV, uAbu5uAtu5600 GeV, wm5p, wU(1)50, and
mH65160 GeV, assumingMQ̃.MŨ . As can be seen, ther
03500
used

ay

is a remarkable correlation betweenwAt
and wAb

, which

turns out to be relatively independent ofwm . The wAt
-wAb

correlation can be explained by the behavior of the par

decay width G( t̃ 1→H1b̃1), which influences all decay

branching ratios. Asb̃1;b̃R in this case, the relevant cou

pling for t̃ 1→H1b̃1 is Cb̃1 t̃ 1

H
;(R t̃G)12* @see Eq.~27!#. R t̃

depends onwAt
via t̃ L- t̃ R mixing, whereasG depends onwAb

via the coupling termmb(Ab* tanb1m). As w t̃'wAt
in this

case, we have (R t̃G)12'ei (wAt
2wAb

)cosu t̃•mbuAbutanb
1sinu t̃•2mtmb /sin 2b which clearly shows the correlatio
betweenwAt

and wAb
apart from the much weakerwAt

de-

pendence ofu t̃ . Note that here the small value for theb̃1

mass (mb̃1
5170 GeV) is important: for a largerb̃1 mass the

decay t̃ 1→b̃1H1 would not be allowed kinematically an
hence thewAb

dependence shown in Fig. 4 would disappe

For MQ̃,MŨ the decayt̃ 1→H1b̃1 dominates for allwAt

and wAb
, resulting in a weaker phase dependence of

branching ratios. Hence also the correlation betweenwAt
and

wAb
in B( t̃ 1→x̃1

1b) is less pronounced. However, in th

scenario of Fig. 4 one hasB(b→sg).4.731024 for MQ̃
,MŨ .

For the heavier top squarkt̃ 2 more decay channels ar
open. Besides the fermionic decay modest̃ 2→x̃ j

1b, x̃ i
0t ( j

51,2; i 51, . . . ,4) there are also the bosonic decay mod
t̃ 2→W1b̃ j ,H1b̃ j ,Z t̃1 ,Hi t̃ 1 ( j 51,2; i 51,2,3). In Fig. 5~a!

we show the branching ratios fort̃ 2→x̃1,2
1 b and t̃ 2→x̃2,3,4

0 t
3-8
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as a function ofwAt
for tanb56, M25300 GeV, umu

5500 GeV, uAbu5uAtu5500 GeV, wm5wU(1)5wAb
50,

mt̃ 1
5350 GeV, mt̃ 2

5800 GeV, mb̃1
5170 GeV, andmH6

5350 GeV, assumingMQ̃.MŨ . The wAt
dependence o

B( t̃ 2→x̃1,2
1 b) is again due to a direct phase effect, beca

FIG. 4. Contours ofB( t̃ 1→x̃1
1b) as a function ofwAt

andwAb

for tanb530, M25300 GeV, umu5300 GeV, uAbu5uAtu
5600 GeV, wm5p, wU(1)50, mt̃ 1

5350 GeV, mt̃ 2
5700 GeV,

mb̃1
5170 GeV, andmH65160 GeV, assumingMQ̃.MŨ . The

shaded areas are excluded by the experimental limitB(b→sg)
.2.031024.
03500
e

the leading coupling,2 j
t̃ , j 51,2 @Eq. ~12!# consists of two

terms, with the phasew t̃('wAt
) entering only the factor

R 22
t̃ * in the second term. Therefore, the shape ofB( t̃ 2

→x̃1,2
1 b) is like (16coswAt

). Also the phase dependence

the branching ratios into neutralinos is mainly due to a dir

phase effect. InG( t̃ 2→x̃ i
0t), i 52,3,4 the phasew t̃('wAt

)

enters into the second term of the couplingsa2i
t̃ andb2i

t̃ @see

Eq. ~16!# via R 22
t̃ * . For G( t̃ 2→x̃2

0t) the couplinga22
t̃ domi-

nates and the size of its second term is smaller than 10%

its first term. Hence theua22
t̃ u2 term in the width of Eq.~21!

creates its weak phase dependence like 101coswAt
. How-

ever, forG( t̃ 2→x̃3
0t) the mixing phase enters mainly into th

second term of the partial width via Re(a23
t̃* b23

t̃ )

;Re(R 22
t̃ R 21

t̃ * );cosw t̃;coswAt
, resulting in a shape like

11coswAt
. For G( t̃ 2→x̃4

0t) the two terms ina24
t̃ have com-

parable size, resulting in a strongwAt
dependence of the

termsua24
t̃ u2 and Re(a24

t̃* b24
t̃ ) in the partial width which even-

tually causes the branching ratio to behave like 12coswAt
.

In Fig. 5~b! we show the branching ratios for the boson
decayst̃ 2→Z t̃1 and t̃ 2→Hi t̃ 1 ( i 51,2,3) for the same pa
rameter values as above. The shape ofB( t̃ 2→Z t̃1) is like
12coswAt

, which is solely due to the factorusin 2u t̃u2 @see

Eq. ~25!#. Quite generally, the phase dependence ofG( t̃ 2

→Hkt̃ 1) is the result of a complicated interplay among t
phase dependences of theHk masses, the top squark mixin

matrix elementsR i j
t̃ , the neutral Higgs mixing matrix ele

mentsOi j , and the direct top squark–Higgs couplings
t̃ L t̃ Rf1,2 and t̃ L t̃ Ra. In the present example thewAt

depen-

dence of the partial widthsG( t̃ 2→H1,2,3t̃ 1) is mainly due to
thewAt

dependence of the factorsR t̃ andC( t̃ L
†Hi t̃ R) in Eqs.
FIG. 5. wAt
dependence of branching ratios of the decays~a! t̃ 2→x̃1/2

1 b ~solid, black/gray!, t̃ 2→x̃2/3/4
0 t ~dashed, black/gray/light gray! and

~b! t̃ 2→Z t̃1 ~dash-dot-dotted!, t̃ 2→H1/2/3t̃ 1 ~long dashed, black/gray/light gray! for tanb56, M25300 GeV, umu5500 GeV, uAbu5uAtu
5500 GeV, wm5wU(1)5wAb

50, mt̃ 1
5350 GeV, mt̃ 2

5800 GeV, mb̃1
5170 GeV, andmH65350 GeV, assumingMQ̃.MŨ . Only the

decay modes withB*1% are shown. The shaded areas mark the region excluded by the experimental limitB(b→sg),4.531024.
3-9
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FIG. 6. wAb
dependences of~a! partial widths and~b! branching ratios of the decaysb̃1→x̃1

0b ~solid!, b̃1→x̃2
0b ~dashed!, b̃1→H2 t̃ 1

~dotted!, and b̃1→W2 t̃ 1 ~dash-dotted! for tanb530, M25200 GeV, umu5300 GeV, uAbu5uAtu5600 GeV,wm5p, wAt
5wU(1)50, mb̃1

5350 GeV,mb̃2
5700 GeV,mt̃ 1

5170 GeV, andmH65150 GeV, assumingMQ̃.MD̃ .
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~30!–~34!, whereas thewAt
dependence of theOi j is less

pronounced in this case.3

We have also calculated the branching ratios of thet̃ 2
decays forMQ̃,MŨ . In this case no constraints on thewAt

range from theB(b→sg) data arise in the given scenari
The wAt

dependence ofB( t̃ 2→Z t̃1) andB( t̃ 2→H1,2,3t̃ 1) is
very similar to that shown in Fig. 5~b!. The leading branch-
ing ratios are nowB( t̃ 2→x̃2

1b), B( t̃ 2→H1b̃2), and B( t̃ 2

→W1b̃2) with the values 17%, 15%, and 13% forwAt

50,2p and 18%, 7%, and 24% forwAt
5p, respectively.

Furthermore, we have calculated thewU(1) dependence o
the branching ratios of thet̃ 2 for the scenario of Fig. 5. It
turns out to be very weak becauseG( t̃ 2→x̃1

0t) ~with x̃1
0

;B̃) is suppressed in this scenario. ThewU(1) dependence
stems only from that ofG( t̃ 2→x̃ i

0t), i 52,3,4. x̃2
0 and x̃3,4

0

areW-ino- and Higgsino-dominated, respectively. Hence
massesmx̃

2,3,4
0 and mixingsNi j ( i 52,3,4) ofx̃2,3,4

0 are rather

insensitive to theB-ino phasewU(1) .

B. Bottom squark decays

In the discussion ofb̃1,2 decays we fix tanb530 because
for small tanb the bottom squark mixing is too small to b
phenomenologically interesting. We fix the other parame
as mb̃1

5350 GeV, mb̃2
5700 GeV, mt̃ 1

5170 GeV, mH6

5150 GeV, andM25200 GeV. We have chosen a rel
tively small value for thet̃ 1 mass to allow for the decayb̃1

→H2 t̃ 1, which has a rather strong dependence onwAb
.

In Fig. 6 we show the partial decay widths and t

3For completeness we remark that the effect of the phase de

dence oft̃ i- t̃ j -Hk couplings also shows up in processes likee1e2

→ t̃ 1tD1H1 @52#.
03500
e

rs

branching ratios ofb̃1→x̃1,2
0 b, H2 t̃ 1 , W2 t̃ 1 as a function of

wAb
for umu5300 GeV, uAbu5uAtu5600 GeV,wm5p, and

wAt
5wU(1)50, assumingMQ̃.MD̃ . In the region 0.5p

,wAb
,1.5p the decayb̃1→H2 t̃ 1 dominates. ThewAb

de-

pendence of G(b̃1→H2 t̃ 1) is due to the term
mbuAbue2 iwAbtanb in Eq. ~28!. The partial decay widths

G(b̃1→x̃1,2
0 b) are almostwAb

independent because thewAb

dependence of theb̃-mixing matrix R b̃ nearly vanishes for
tanb530. Hence thewAb

dependence of the branching r

tios B(b̃1→x̃1,2
0 b) is caused by that of the total decay widt

G(b̃1→W2 t̃ 1) is suppressed becauseb̃1;b̃R and t̃ 1; t̃ R in
this scenario~since alsoMQ̃.MŨ). For the scenario of Fig
6 the caseMQ̃,MD̃ is excluded by the experimental lowe
limit B(b→sg).2.031024.

The wU(1) dependence of the partial decay widths a
branching ratios is very weak in the scenario of Fig. 6.wU(1)

enters only intoG(b̃1→x̃k
0b)(k51,2), which are nearly in-

dependent ofwU(1) becauseb̃1;b̃R and hence mainlyhRk
b in

a1k
b̃ and f Rk

b in b1k
b̃ contribute@see Eqs.~16!–~19!#. Then the

phase ofNk1, which strongly depends onwU(1) , almost
drops out in Eq.~21!. Furthermore, the massesmx̃

i
0 and mix-

ing matrix elementsNi j of the x̃ i
0 sector are insensitive to

wU(1) for large tanb.
For large tanb one expects also a significantuAbu depen-

dence ofG(b̃1→H2 t̃ 1) @see Eq.~28!#. This can be seen in
Fig. 7~a! where we show the contour plot ofB(b̃1→H2 t̃ 1)
as a function ofuAbu and wAb

for umu5300 GeV, wm5p,

wAt
5wU(1)50, and uAtu5uAbu, assumingMQ̃.MD̃ . The

wAb
dependence is stronger for larger values ofuAbu. Al-

though Fig. 7~a! is similar to Fig. 3~b!, the uAbu and wAb

dependence in Fig. 7~a! is now caused by the couplin
mb(Ab* tanb1m) in Eq. ~28!.

n-
3-10
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FIG. 7. Contours of B(b̃1→H2 t̃ 1) for tanb530, M25200 GeV, umu5300 GeV, wm5p, wU(1)50, mb̃1
5350 GeV, mb̃2

5700 GeV,mt̃ 1
5170 GeV,mH65150 GeV, and~a! uAbu5uAtu, wAt

50 and~b! uAbu5uAtu5600 GeV, assumingMQ̃.MD̃ . The shaded
areas in~a! and ~b! mark the regions excluded by the Higgs search at LEP@i.e., by the condition~ii !# and by the experimental limitB(b
→sg).2.031024, respectively.
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In the caseMQ̃,MD̃ , we have (b̃1 , t̃ 1);(b̃L , t̃ R) ~since
alsoMQ̃.MŨ) and henceCt̃ 1b̃1

H
;mt(Atcotb1m* ) @see Eq.

~27!#. ThereforeB(b̃1→H2 t̃ 1) is nearly independent ofwAb
,

which leads to contour lines approximately parallel to t
wAb

axis. In this case, however, nearly the whole parame

space~i.e., the region withuAbu&800 GeV) shown in Fig.
7~a! is excluded by the limitB(b→sg).2.031024.

In Fig. 7~b! we show the contours ofB(b̃1→H2 t̃ 1) as a
function of wAb

and wAt
for uAtu5uAbu5600 GeV and the

other parameters~exceptwAt
) as in Fig. 7~a!. As can be seen

the wAb
-wAt

correlation is even stronger than that in Fig.

although it has the same origin as that ofB( t̃ 1→x̃1
1b). Note

that in the given scenario withmH65150 GeV the constrain
on B(b→sg) is only fulfilled for a limited range ofwAt

. The

caseMQ̃,MD̃ is excluded becauseB(b→sg) is smaller
than 2.031024 for this case. Moreover, we want to rema
that even for small tanb the b̃1,2 decay branching ratios ca
be somewhat sensitive towAt,b

andwm @38#.

In case of theb̃2 decays more decay channels are open
Fig. 8 we show the branching ratios for the bosonic dec
b̃2→W2 t̃ 1,2,Zb̃1 ,H2 t̃ 1,2, andH1,2,3b̃1 as a function ofwAb

for umu5350 GeV,uAbu5uAtu5600 GeV,wm5wAt
5p, and

wU(1)50, assumingMQ̃,MD̃ . The branching ratios of the
fermionic decays are nearly independent ofwAb

in this sce-

nario. The phase dependence ofG(b̃2→W2 t̃ 1,2) and G(b̃2

→Zb̃1) is caused solely by the phase dependence of
03500
er

n
s

e

squark mixing anglesu b̃ andu t̃ , which is very weak in this

scenario. The strongwAb
dependence ofG(b̃2→H2 t̃ 1,2) is

caused by the termmb(Ab* tanb1m) in the couplingCt̃ b̃
H

@Eqs.~27! and~28!#. As b̃2;b̃R andw t̃.wAt
5p in this case,

the dominating term in the couplingCt̃ b̃
H is (R t̃G)12

.2e2 iwAbcosu t̃mbuAbutanb12 sinu t̃mtmb /sin 2b for b̃2

→H2 t̃ 1 and (R t̃G)22.2e2 iwAbsinu t̃mbuAbutanb

22 cosu t̃mtmb /sin 2b for b̃2→H2 t̃ 2. Therefore, B(b̃2

→H2 t̃ 1) and B(b̃2→H2 t̃ 2) behave like 11coswAb
and 1

2coswAb
, respectively. As in the example for thet̃ 2 decays

~Fig. 5! the wAb
dependence ofB(b̃2→Hib̃1)( i 51,2,3) is

mainly due to the phase factors explicitly appearing in E
~37! whereas thewAb

dependence of theOi j is less pro-
nounced. Furthermore, there is only a small mixing in t
bottom squark sector withb̃2'b̃R and b̃1'b̃L in this sce-
nario. Hence the phase dependence ofB(b̃2→Hib̃1) can be
explained by the phase dependence ofC(b̃L

†Hib̃R) @Eq. ~37!#.
It turns out thatH1 andH3 are nearlyCP-even Higgs bosons
(f1,2) with O3i'0 andumuO2i'uAbuO1i ( i 51,3), which re-
sults in the pronouncedwAb

dependence ofB(b̃2→H1,3b̃1).

H2 is mainly aCP-odd Higgs boson~a! with O12'O22'0
and sinbuAbu@cosbumu, resulting in the weakwAb

depen-

dence ofB(b̃2→H2b̃1).
We have analyzed theb̃2 decay branching ratios also fo

MQ̃.MD̃ . The wAb
dependence ofB(b̃2→Zb̃1) and B(b̃2
3-11
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FIG. 8. wAb
dependences of the branching ratios of the bosonic decays~a! b̃2→W2 t̃ 1/2 ~dash-dotted, black/gray!, b̃2→H2 t̃ 1/2 ~solid,

black/gray!, and ~b! b̃2→Zb̃1 ~dash-dot-dotted!, b̃2→H1/2/3b̃1 ~long dashed, black/gray/light gray! for tanb530, M25200 GeV, umu
5350 GeV,uAbu5uAtu5600 GeV,wm5wAt

5p, wU(1)50, mb̃1
5350 GeV,mb̃2

5700 GeV,mt̃ 1
5170 GeV, andmH65150 GeV, assum-

ing MQ̃,MD̃ .
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→H1,2,3b̃1) are similar to those in Fig. 8~b!, but they are
smaller by a factor of;3. The other branching ratios ar
nearly independent ofwAb

. However, for the scenario of Fig

8 the case ofMQ̃.MD̃ is excluded becauseB(b→sg) is
smaller than 2.031024 for this case.

The wU(1) dependence of the partial decay widths a
branching ratios in the scenario of Fig. 8 withMQ̃,MD̃ is
very weak for the same reason as in the scenario of Fi
with MQ̃.MD̃ for the decays of theb̃1.

IV. PARAMETER DETERMINATION

We now study to what extent one can extract the und
lying parameters from measured masses, branching ra
and cross sections. Having in mind that the squark ma
are relatively large in the scenarios considered, we ass
the following situations:~i! A high luminosity linear collider
like TESLA can measure the masses of charginos, neut
nos, and the lightest neutral Higgs boson with high accur
@54,55#. In the case that the squarks and the heavier Hi
bosons have masses below 500 GeV, their masses ca
measured with an error of 1% and 1.5 GeV, respectively.~ii !
For SUSY particles with masses larger than 500 GeV th
masses can be measured at a 2 TeVe1e2 collider, such as
CLIC. The masses of heavy Higgs bosons and squarks
be measured with an error of 1% and 3%, respectiv
@53,57#. For the production we can get ane2 beam polariza-
tion of P250.8 and ane1 beam polarization ofP150.4.
~iii ! The gluino mass can be measured at the LHC with
error of 3%@53#. ~iv! mt can be measured with an error
0.1 GeV. In this case this error can be neglected in the fit
procedure@56#. We assume that the error onmb can also be
neglected.~v! The branching ratio ofb→sg can be mea-
sured within an error of 0.431024.

We do not take into account additional information fro
the LHC about thet̃ i andb̃i systems, because the amount
information available strongly depends on the scenario r
03500
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ized in nature@58#. For example in the SPS1a scenario t
decay channelt̃ i→b1x̃1

1 cannot be identified experimen
tally, because the chargino decays into a scalar tau to pr
cally 100%. t̃ i and b̃i production at the LHC will probably
not give enough information about the stop and sbottom m
ing angles. Moreover, the formulas for the production cro
sections at the LHC, which exist in the literature, are for t
real case only and do not include complex phases, wh
might be important for the one-loop corrections. This is t
main reason why we did not consider LHC data for the s
and sbottom systems, but data from CLIC. To clarify t
situation at the LHC concerning the scenarios we conside
would require additional theoretical work including comple
phases and further Monte Carlo studies, which are bey
the scope of this paper.

Our strategy for the parameter determination is
follows:

~i! Take a specific set of values of the underlying MSS
parameters.

~ii ! Calculate the masses oft̃ i , b̃i , x̃ j
0 , x̃k

6 , H, , the pro-

duction cross sections fore1e2→ t̃ i tD j , and e1e2

→b̃ibD j , and the branching ratios of thet̃ i andb̃i decays.
~iii ! Regard these calculated values as real experimental

with definite errors.
~iv! Determine the underlying MSSM parameters and th

errors from the ‘‘experimental data’’ by a fit using th
programMINUIT @59#.

We consider two scenarios in the following, one wi
small tanb and one with large tanb. The small tanb sce-
nario is characterized byMD̃5169.6 GeV,MŨ5408.8 GeV,
MQ̃5623.0 GeV, uAtu5uAbu5800 GeV, wAt

5wAb
5p/4,

wU(1)50, M25300 GeV, m52350 GeV, tanb56, mg̃
51000 GeV, andmH65900 GeV.~Here we do not assum
the unification relation betweenmg̃ and M2.! The resulting
masses and their assumed experimental errors
3-12
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TABLE I. Decay branching ratios~in %! for top squarks and bottom squarks in the two conside
scenarios. Corresponding values of the underlying MSSM parameters are given in the text.

Scenario with tanb56 Scenario with tanb530
Channel t̃ 1 t̃ 2 b̃1 b̃2 t̃ 1 t̃ 2 b̃1 b̃2

qx̃1
0 66.4 1.6 100 0.6 0 0.6 63.5 0.6

qx̃2
0 0 7.5 0 8.7 0 8.5 36.1 10.3

qx̃3
0 0 13.1 0 0.3 0 11.1 0 4.6

qx̃4
0 0 6.6 0 2.4 0 8.7 0 4.6

q8x̃1
6 33.1 19.2 0 9.7 100 22.5 0 14.1

q8x̃2
6 0 1.6 0 21.0 0 6.8 0 24.2

W6q̃18 0.5 0.3 0 56.8 0 3.1 0.4 27.1

H6q̃18 0 0 0 0 0 7.7 0 6.4

Zq̃1
– 26.9 – 0.2 – 13.1 – 1.5

H1q̃1
– 23.4 – 0.2 – 12.7 – 1.4

H2q̃1
– 0 – 0 – 2.8 – 2.7

H3q̃1
– 0 – 0 – 2.4 – 2.7
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mx̃
1
65(278.560.2) GeV, mx̃

2
65(384.560.3) GeV, mx̃

1
0

5(148.760.3) GeV, mx̃
2
05(277.860.5) GeV, mx̃

3
0

5(359.160.3) GeV, mx̃
4
05(382.060.7) GeV, mH1

5(115.4760.05) GeV, mH2
5(896.569.0) GeV, mH3

5(897.169.0) GeV,mt̃ 1
5(350.063.5) GeV,mt̃ 2

5(700.0

621.0) GeV, mb̃1
5(170.061.7) GeV, and mb̃2

5(626.0

619.0) GeV. Moreover, we findB(b→sg)53.631024.
The corresponding top squark and bottom squark branc
ratios are given in Table I. The large tanb scenario is speci-
fied by MD̃5360.0 GeV, MŨ5198.2 GeV, MQ̃
5691.9 GeV,uAtu5600 GeV,wAt

5p/4, uAbu51000 GeV,

wAb
53p/2, wU(1)50, M25200 GeV, m52350 GeV,

tanb530, mg̃51000 GeV, andmH65350 GeV. The re-
sulting masses and their assumed errors aremx̃

1
65(188.2

60.5) GeV, mx̃
2
65(374.260.9) GeV, mx̃

1
05(98.2

60.6) GeV, mx̃
2
05(188.260.9) GeV, mx̃

3
05(358.5

60.9) GeV, mx̃
4
05(371.662.0) GeV, mH1

5(113.63

60.05) GeV, mH2
5(340.761.5) GeV, mH3

5(341.1

61.5) GeV, mt̃ 1
5(210.062.1) GeV, mt̃ 2

5(729.0

622.0) GeV, mb̃1
5(350.063.5) GeV, and mb̃2

5(700.0

621.0) GeV. Moreover, we haveB(b→sg)54.431024.
The corresponding top squark and bottom squark branc
ratios are given in Table I. We have chosen a relatively sm
b̃1 mass in the small tanb scenario and a relatively smallt̃ 1
mass in the large tanb scenario. As a result of this in the tw
scenarios considered the observables in thet̃ i and b̃i sectors
are sufficient to determine allt̃ i and b̃i parameters.

We have taken the relative errors of chargino and n
tralino masses from Refs.@54,55#, which we rescale accord
ing to our scenario; in case of tanb530 we have taken into
account an additional factor of 3 for the errors~relatively to
tanb56) due to the reduced efficiency in case of multit
final states from decays of charginos and neutralinos as i
03500
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cated by the studies in Ref.@7#.
A detailed Monte Carlo study of thet̃ 1 production

e1e2→ t̃ 1 t̃ 1
¯and the t̃ 1 decays t̃ 1→cx̃1

0 and t̃ 1→bx̃1
1 at

TESLA (As5500 GeV andL5500 fb21) has been per-
formed in Ref.@10# for real MSSM parameters. These resu
cannot directly be used for our error analysis, because
consider additionalt̃ 1 and t̃ 2 decays. To the best of ou
knowledge no Monte Carlo studies exist that include all
the t̃ 1 and t̃ 2 decays considered in our analysis. Therefo
we have taken only statistical errors for the production cr
sections and branching ratios by calculating the correspo
ing number of events for the decayt̃ 1→X as

N52L@s~ t̃ 1 t̄̃ 1!1s~ t̃ 1 t̃ 2!̄ #B~ t̃ 1→X! ~45!

and analogously fort̃ 2 , b̃1, and b̃2 decays. For definitenes
we take an integrated luminosityL51 ab21 at a center of
mass system~c.m.s.! energyAs52 TeV ~i.e., at CLIC!. We
do not take systematic experimental errors for the cross
tions and branching ratios into account since we are
aware of any study considering the systematic errors. Ins
we have doubled the statistical errors obtained above.
evaluation of the systematic experimental errors would
quire further Monte Carlo studies for a specific linear c
lider which, however, are beyond the scope of our paper

For the determination of the squark parameters we h
used the information obtained from the measurement of
squark masses at threshold and the squark production c
sections atAs52 TeV for two different (e2,e1) beam
polarizations (P2 ,P1)5(0.8,20.4) and (P2 ,P1)
5(20.8,0.4). Here we have assumed that a total effec
luminosity of 1 ab21 is available for each choice of polar
ization. The cross section measurements are important
the determination ofucosu t̃u2 and ucosub̃u2 as can be seen
from Eq. ~25! and the formulas for the cross sections in R
@9#. In the numerical evaluation of the squark producti
3-13
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TABLE II. Extracted parameters from the ‘‘experimental data’’ of the masses, production cross sec

and decay branching ratios oft̃ i and b̃i . The original parameters for each scenario are given in the tex

Scenario tanb56 scenario tanb530 scenario

MD̃
2 (2.8860.06)3104 (1.3060.02)3105

MŨ
2 (1.6760.04)3105 (3.9360.12)3104

MQ̃
2 (3.8860.04)3105 (4.7960.04)3105

Re(At) 565.0613.0 424.0614.0
Im(At) 6566.0614.0 6425.0615.0
Re(Ab) 620.06190.0 6.56420.0
Im(Ab) 6230.06580.0 6999.0652.0

Re(M1) 149.360.3 99.660.6
Im(M1) 1.061.5 20.562.8
M2 300.060.4 200.060.5
Re(m) 2350.060.3 2350.060.6
Im(m) 20.0260.9 1.565.0
tanb 6.060.2 30.060.8

mg̃ 1000.0630 1000.0630
mH6 900.065.0 350.060.8
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cross sections we have included initial state radiation acc
ing to Ref. @60#. In addition we have used the informatio
from all branching ratios in Table I with the correspondi
statistical errors. These branching ratios together with
masses and cross sections form an overconstraining sy
of observables for the underlying parametersMD̃

2 , MŨ
2 ,

MQ̃
2 , Re(At), Im(At), Re(Ab), Im(Ab), Re(M1), Im(M1),

M2 , Re(m), Im(m), tanb, mg̃ , and mH6. The latter two
enter the formulas for the neutral Higgs masses and mix
We determine these parameters and their errors from
‘‘experimental data’’ on these observables by a least-squ
fit. The results obtained are shown in Table II. Note that
sign ambiguity for the imaginary parts of the parameters
due to the fact that we considerCP-even observables. Thi
ambiguity can in principle be resolved by considering app
priateCP-odd observables~as proposed in Refs.@20–22#! in
the analysis. As one can see, all parameters exceptAb can be
determined rather precisely. tanb can be determined with a
error of about 3% in both scenarios. The relative error of
squark mass parameters squared is in the range of 1% to
At can be measured within an error of 2–3 % independe
of tanb. The reasons for this are~i! the mixing angle in the
top squark sector, which can be measured rather prec
using polarizede6 beams, depends strongly onAt and~ii ! At
influences strongly the corrections to the mass of the ligh
Higgs boson. The situation forAb is considerably worse: in
case of small tanb one gets only an order of magnitud
estimate. The reason is that both the bottom squark mix
angle and the bottom squark couplings depend only wea
on Ab for small tanb. In case of large tanb the situation
improves somewhat in particular for the imaginary part
Ab . The main sources of information onAb are the branch-
ing ratios of the decays of the heavier bottom squark int
Higgs boson plus the lighter bottom squark because the
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responding couplings depend significantly onAb @see Eqs.
~35!–~37!#. From this we conclude that the situation forAb

improves in scenarios where these branching ratios are la
An additional source of information could be the polarizati
information of the fermions in bottom squark decays as p
posed in Ref.@12#. We have found that the analogous
procedure for real MSSM parameters gives a larger value
x2: Dx25286.6 for the scenario with tanb56 and Dx2

522.5 for the scenario with tanb530. In Table II most of
the central values of the fitted parameters are the sam
their input values because we have taken the observa
calculated from the input parameters as ‘‘experimental da
We have checked that a shift within 1s of the ‘‘experimental
data’’ leads to almost no change of the errors of the para
eters.

The results presented in Table II depend clearly on
assumed experimental errors which have been summar
in the beginning of this section. It is clear that further d
tailed Monte Carlo studies including experimental cuts a
detector simulation are necessary to determine more a
rately the expected experimental errors of the observables
our scenarios, in particular the errors of the top squark
bottom squark decay branching ratios. Such a study is, h
ever, beyond the scope of this paper. Furthermore, an a
tional source of uncertainty is the theoretical error due
higher order corrections etc.@43,44#. We have not taken into
account these effects because most formulas given in
literature are only for real parameters. Instead we have s
ied how our results for the errors of the fundamental para
eters are changed when the experimental errors of the v
ous observables are changed: we have redone the proce
doubling the errors of the masses and/or branching ra
and/or cross sections. We find that the errors of all para
eters are approximately doubled if all experimental errors
3-14
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doubled. Moreover, in this way we can see to which obse
ables an individual parameter is most sensitive. We find
precision on the top squark parametersAt ,MQ̃

2 , andMŨ
2 is

sensitive to the accuracy of the top squark mass meas
ment at the threshold as well as to the precision of the m
surement of the total top squark pair production cross s
tions in the continuum using polarizede6 beams. The error
of At is also very sensitive to the error of the lightest Hig
boson mass due to the large top squark loop corrections.
precision on the parametersMD̃

2 and MQ̃
2 is sensitive to the

accuracy of the bottom squark mass measurement. The a
racy of Ab is most sensitive to the precision of the measu
ments of the branching ratios for the bottom squark~and top
squark! decays into Higgs bosons. The precision ofm is
more sensitive to the errors of chargino and neutral
masses than to the errors of the top squark and bottom sq
observables. In the case of large tanb, the precision of tanb
depends to some extent on the precision of the bottom sq
pair production cross sections and to a lesser extent als
that of the bottom squark decay branching ratios.

For the determination of thet̃ i andb̃i parameters the mea
surements of the branching ratios of the squark decays
Higgs bosons together with those of the squark mix
angles from the production cross sections are import
Therefore, we need to obtain information aboutt̃ 1 , t̃ 2 , b̃1,
and b̃2 production and decays separately. This can
achieved at a linear collider by suitable choices of the c.m
energy. We note that, in the casemt̃ 2

,mb̃2
*500 GeV, the

measurements of the cross sections, masses, and bran
ratios of t̃ 2 and b̃2 at an e1e2 linear collider with As
52 TeV are necessary for the determination ofAt andAb ;
otherwise this might not be possible. However, additio
information from the LHC on thet̃ i andb̃i masses and som
of the decay channels would certainly improve the situati
In the error estimate presented here we have assumed
many decay channels of thet̃ i and b̃i are open. If this is not
the case, then the missing information could be obtained
studying the decay properties of the heavier charginos, n
tralinos, and Higgs bosons intot̃ i and b̃i .

V. SUMMARY

In this paper we have studied the decays of top squarkt̃ i

and bottom squarksb̃i in the MSSM with complex param
etersAt , Ab , m, and M1. We have taken into account th
explicit CP violation in the Higgs sector induced byt̃ i andb̃i
loops in the caseAt,b andm are complex. We have presente
numerical results for the fermionic and bosonic dec
branching ratios oft̃ i andb̃i( i 51,2). We have analyzed the
MSSM parameter dependence, in particular the depend
on theCP phaseswAt

, wAb
, wm , andwU(1) . We have found

that the experimental data of the branching ratio of the de
b→sg can lead to considerable restrictions on the MSS
parameter space. In the case oft̃ i decays the strong depen
dence onwAt

andwm is due to the phase dependence of
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mixing angleu t̃ , of the mixing phase factoreiw t̃ and of the
Higgs couplings G12 (5Cb̃Rt̃ L

H ), G21 (5Cb̃L t̃ R

H ), and

C( t̃ L
†Hi t̃ R). In the case ofb̃i decays there can be a stron

wAb
dependence if tanb is large and the decays into Higg

bosons are allowed. If the parametersAt , Ab , m, andM1 are
complex and there is mixing between theCP-even andCP-
odd Higgs bosons, the decay pattern oft̃ i and b̃i is even
more complicated than that in the case of real paramet
This could have important implications fort̃ i andb̃i searches
at future colliders and the determination of the underlyi
MSSM parameters.

We have also estimated what accuracy can be expecte
the determination of the underlying MSSM parameters b
global fit of the observables~masses, branching ratios, an
production cross sections! measured at typical linear collid
ers with polarized beams. We have considered two scena
with tanb56 and tanb530. Under favorable conditions th
fundamental MSSM parameters exceptAt,b can be deter-
mined with errors of 1% to 2%, assuming an integrated
minosity of 1 ab21. The parameterAt can be determined
within an error of 2–3% whereas the error ofAb is likely to
be of the order of 50%.
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APPENDIX

Masses and mixing in the neutral higgs sector

In the complex MSSM the explicitCP violation in the
Higgs sector is mainly induced byt̃ andb̃ loops resulting in
a 333 neutral Higgs mass matrix with a mixing of theCP-
even Higgs bosonsf1 andf2 and theCP-odd Higgs boson
a. At one-loop level the amount of mixing ofCP-even and
CP-odd Higgs states is approximately proportional
sin(wAt,b

1wm). The three neutral mass eigenstates are den

asHi( i 51,2,3) with massesmH1
,mH2

,mH3
~following the

notation of Ref.@28#!. The real orthogonal mixing matrix in
the neutral Higgs sector is denoted by a 333 matrix O:

S H1

H2

H3

D 5OTS f1

f2

a
D , ~A1!
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wheref1 , f2, anda are related to the neutral entries of th
two Higgs doublet fields byH1

05(1/A2)(v11f12 ia1),
H2

05(1/A2)(v21f21 ia2), anda52sinba11cosba2. We
take the parameterj50 as in Ref.@28#. We have included
the full one-loop corrections to the Higgs mass eigenval
mHi

and the mixing matrixOi j as implemented in the pro

gramFEYNHIGGS2.0.2@30#. We use these results formHi
and

Oi j in our tree-level formula for thet̃ 2 , b̃2 decay widths@Eq.
~42!# and in the constraint~ii !.

Chargino masses and mixing

At tree level the chargino mass matrix in the weak basi
given by @1,61#

MC5S M2 A2mWsb

A2mWcb umueiwm
D . ~A2!

cb andsb are cosb and sinb, respectively. This complex 2
32 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. ~A3!

We have neglected one-loop corrections to the chargino m
matrix MC , as have been given in Refs.@44,62# for real
parameters.
y

.

r.

ur

a

A.
ta
s

03500
s

is

ss

Neutralino masses and mixing

At tree level the neutralino mass matrix in the weak ba

(B̃,W̃3,H̃1
0 ,H̃2

0) is given as@1,61#:

MN

5S uM1ueiwU(1) 0 2mZsWcb mZsWsb

0 M2 mZcWcb 2mZcWsb

2mZsWcb mZcWcb 0 2umueiwm

mZsWsb 2mZcWsb 2umueiwm 0

D ,

~A4!

wherewU(1) is the phase ofM1, andcW andsW are cosuW

and sinuW, respectively. This symmetric complex mass m
trix 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.

~A5!

We have not included one-loop corrections to the neutra
mass matrixMN , like those given in Refs.@44,62# for real
parameters.
.

ys.

s.
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