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Top squarks and bottom squarks in the minimal supersymmetric standard model
with complex parameters

A. Bartl,! S. HesselbachK. Hidaka? T. Kernreiter and W. Porodi
nstitut fir Theoretische Physik, Universtt&Vien, A-1090 Vienna, Austria
°Department of Physics, Tokyo Gakugei University, Koganei, Tokyo 184-8501, Japan
SInstitut fir Theoretische Physik, UniversttZirich, CH-8057 Zuich, Switzerland
(Received 1 December 2003; published 11 August 2004

We present a phenomenological study of top squaiﬁ@(and bottom squarksB(Lz) in the minimal
supersymmetric standard mod®SSM) with complex parametet, , A,, w, andM;. In particular we focus
on the CP phase dependence of the branching ratioglgfandT)L2 decays. We give the formulas of the
two-body decay widths and present numerical results. We find that the effect of the phaseipg’amﬁ)l,z
decays can be quite significant in a large region of the MSSM parameter space. This could have important
implications for~tl'2 andElvz searches and the MSSM parameter determination in future collider experiments.
We have also estimated the accuracy expected in the determination of the paramétamldi‘i by a global
fit of the measured masses, decay branching ratios, and production cross sedciicas litear colliders with
polarized beams. Analyzing two scenarios, we find that the fundamental parameters apdxt oA, can
be determined with errors of 1% to 2%, assuming an integrated luminosity of 1 &l a sufficiently large
center of mass systef.m.s) energy to produce also the heavigrandb, states. The parametéy; can be
determined with an error of 2—3%, whereas the erroiAgrnis likely to be of the order of 50%.

DOI: 10.1103/PhysRevD.70.035003 PACS nunider14.80.Ly, 12.60.Jv

I. INTRODUCTION SUSY parameteré;, u, andM; (i=1,2,3) are complex in
general, wheré\; is the trilinear scalar coupling parameter

SupersymmetrySUSY) is one of the most attractive and of the sfermionf;, and theM,, M,, andM, are the W1),
best studied extensions of the standard mé8M) [1]. With  Sy(2), and SU3) gaugino mass parameters, respectively.
SUSY the hierarchy problem can be solved and the mass ofhjs means that one has to study the effects of the phases of
the Higgs boson can be stabilized against radiative correghe parameters on all observables.
tions. While this is certainly the main motivation, SUSY  An unambiguous signal for theP phases would be pro-
gives us the additional benefit of introducing potential newyjded by a measurement of @P-odd observable. For ex-
sources ofCP violation [2,3]. As the tiny amount ofCP  gmple, in the case of sfermion decays a rate asymni2@ly
violation in the SM is not sufficient to explain the baryon and triple product correlatioi@1,22 have been proposed as
asymmetry of the Universpd], the systematic study of all sych observables. However, since it may be difficult to mea-
implications of the complex SUSY parameters becomes absyre theseCP-odd observables of the sfermiongP-even
solutely necessary. observables like decay branching ratios may also be suitable

In the present paper we study the effects of compleXor obtaining information about the SUSEP phases. For
SUSY parameters on the phenomenology of the scalar topxample, the decay branching ratios of the Higgs bosons
quark and scalar bottom quark system. Analyzing the propgepend strongly on the complex phases oftta@db sectors
erties of 3rd generation sfermions is particularly interesting[23_25, while those of the staUs, , and r-sneutrinoy.. can
because of the effects of the large Yukawa couplings. Theifq quite sensitive to the phaseé of the stau andT gaugino-
lighter mass eigenstates may be among the light SUSY pafyiggsino sectord26]. Also the Yukawa couplings of the
ticles and they could be investigated at the Tevatron and ghird generation sfermions are sensitive to the SUSY phases
gﬁ;j Im(elfll—zg)OItILderS[St_tlZ]' At tht? CEF\;N L?jr%? szron _ at one-loop leve[27]. Furthermore, expliciCP violation in

ollider ese states can be produced directly or in : : = = -

cascade decays of heavier SUSY partittllé’&;—lq.NAnalyses Lh:ral_r::gtgesr;??tzrb 'Ci;nc? Z |2:jeu c;%dmlg?/::[czi; 2'3223 |f|ttri15e
of the decays of the 3rd generation sfermiops, b; >, 712, found [23,25,28,3] that theseCP phase effects could sig-
and 7, in the minimal supersymmetric standard modelnificantly influence the phenomenology of the Higgs boson
(MSSM) with real parameters have been performed in Refssector.
[17-19. Phenomenological studies of production and decays The experimental upper bounds on the electric dipole mo-
of the 3rd generation sfermions at futweée™ linear collid-  ments (EDM’s) of electrons, neutrons, and th€*Hg and
ers, again in the real MSSM, have been made in R6fs9]. 205T| atoms may impose constraints on the size of the SUSY

In the MSSM several SUSY breaking parameters and th€P phases[32,33. However, these constraints are highly
Higgsino mass parameter can be complex. In a complete model dependent. This means that the various SWIFY
phenomenological analysis of production and decays of thirgphases need not necessarily be small. For instance, if we
generation sfermions one has to take into account that thedopt the MSSM and assume a cancellation mechal8din
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it turns out that the phase ¢f is restricted agep,|<7/10 Mé - Mé+(I§L—eqsin20W)cos 28mZ+mZ,  (2)

while the phaseszpAf of the A; parameters are not con- LL

strained. On the other hand, the size|ef,| is not con- 2 .2 . 2, 2

strained by the EDM’s in a model where the masses of the Grr M6+eq5m20WCOS 2pmz+my, )

first and second generation sfermions are la@gove the

TeV scale while the masses of the third generation sfermi- q =(M q )* =mg[Aq— p* (tanB) 2|3L] (4)
RL LR

ons are smallbelow 1 TeVj [35]. The restrictions orp,, due

to the electron EDM can also be circumvented if lepton fla-
vor violating terms are present in the slepton se¢®8].
Less restrictive constraints on the phases appear at the tw
loop level where 3rd generation sfermion loops can contrib-
ute to the EDM's[37].

In this article we focus on the influence of tl# violat-
ing SUSY phases on the fermionic and bosonic two-body
decay branching ratios of 3rd generation squar1<§ and the off-diagonal elemenﬂsrl~
blz We use the MSSM as a general framework and we
assume that the parametéxs A, , u, andM; are complex  With the phase
with phase&pAt, Pay Pus and ¢y(1), respectively(taking
M, 5 rea). We neglect flavor changing@P phases and as-
sume that the squark mass matrices and trilinear scalar co
pling parameters are flavor diagonal. We take into accoun
the explicit CP violation in the Higgs sector. If the top (

pg=argM
he mass eigenstates are

a1

2o

QL)
a2 ar

sin 5
e '¢acosdy

squark and bottom squark decay branching ratios show an

appreciable phase dependence, this would also affect the

analyses of the various gluino cascade decays such as those
in Ref.[15]. In Ref.[38] we have published the first results with the g-mixing matrix
of our study. In the present paper we give the analytic ex-

pressions for the various decay widths for the complex pa- e'¥acosty
costy=

|

2!
(m~ MqLL)

rameters and study in detail the phase dependences of the
branching ratios. We take into account the restrictions on the
MSSM parameters from the experimental data on the rare
decayb—svy [39]. Furthermore, we give a theoretical esti-
mate of the precision expected for the determination of the
complex top squark and bottom squark parameters by mea-
suring suitable observables including the decay branching
ratios in typical future collider experiments. g
In Sec. Il we give the formulas necessary to calculate the -
t, and b, two-body decay widths in the presence GP \/|'V| |2+( )
phases. In Sec. Ill we present our numerical results. In Sec.
IV we give a theoretical estimate how precisely the complexand the mass eigenvalues
top squark and bottom squark parameters can be determined

—singy
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2
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pectation value of the Higgs f|elld (H2), andMg =
(Mp) for g=b (t). Mg, Mg, Mg, Ab, andA, are the soft
SUSY-breaking parameters of the top squark and bottom

s =ardAq— u* (tang) 5],

where m, € and 14, are the mass, electric charge, and
weak isospin of the quarg=b,t. 6, denotes the weak mix-
f?lg angle, tarB=v, /v, with v, (vz) bemg the vacuum ex-

Mp

squark system. In the case of complex parameteasnd A,
)* are also complex

®)

(6)

()

®

at future collider experiments. We present our conclusions in
Sec. V.

2
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Il. SQUARK MASSES, MIXING, AND DECAY WIDTHS

A. Masses and mixing in squark sector B. Fermionic decay widths oft; and b;

The left-right mixing of the top squarks and bottom
squarks is described by a Hermitian<2 mass matrix,

which in the basisq, ,qg) reads

2 b-t;-xi andt-b;-yi couplings are defined by

AL
2

aRrL

2
AR
2
4rR

La4—=
M

~t =t e — < %
—(q..9r (dL9R), (1) L ~~+=gt(€ibjPR+kit}P )

qu B+ gb( ¢ Prtk

+H.c.,
with with
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In the following we give the formulas necessary to calcu-

late the two-body decay widths @f andb; into charginos
and neutralinos in the presence of tiiP phases. The

PUX; i
(10
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(11) - QPN mg, m:2) ,
I'(Q—q'+xc)= py— [(KT[2+ €32
Wmai
(12) ><(m§i—m rr‘r) 4Re(k )mq,m +] (20)
and
(13
g2V (mZ m] ,m?o)
I'(Gi—q+x)= - “ [ (Ja|2+|bd 2
77'mai
(14 X (g —mi—mZo) 4 Real blomymel, (21

i 2 2 2
whereg is the SU(2) gauge coupling and thex22 chargino ~ With MX,y,2) =x"+y“+2°=2(xy+xz+y2).

mixing matricesU andV are defined in Eq(A3).
The g-gi-x{ couplings g=t,b) are defined by

*qu)( QQ(a PR+b PL)XkQ|+HC

C. Bosonic decay widths oft; and b;
Here we show the couplings relevant for the two-body

(15  decays oft; and b; into gauge and Higgs bosons. The
;-0 -W* couplings are defined by

with
gAY WS 4 AN W BT S
i 5 i 5 ﬁqq/w——Ig(A'BiTjW;tjL?“bi-i-A'{iBjW’ubj i) (22
al=2 ( (R&)* A%, b= 2 (RO)*BY,, (16)
= = with
where 1 - -
w w
3= ()" =R Ry (23
(g,
Ak: WK Bk: fa. ] (17) —
Rk Rk The q;-;-Z interaction Lagrangian reads
1 1 -
f}_k:_ﬁ Nk2+ §tanekal), 'quz IgB'] quﬁl‘ql (24)
with
t 2 *
ka=2 §tanakal, z_ 1
I coshyy
hik=(hr)* == YN, (18) 19.C0S 05— egsi by, — 319, sin 26;e'¢a
X oo . . :
and — L1y sin20;e'¥a 19 sinfo—egsinf oy
25
o= (N L tanauN ) “
= —= — =—lan I ~ = + H .
L J2 3 Wik Theqi-qj’-H— couplings are defined by
— H_ L +31R H o -7i7
> Lin==g(Cr-H* B +Cl-HBT)  (26)
f%k:_\/;tanow'\lﬁl, * e T e
with
(h W =—=YpNis. (29
cl —(ch.y = tGR T 2
The 4x 4 neutralino mixing matriN is defined in Eq(A5). tibj ( biti) \/EmW(R R @)
The partial decay widths of; (q;=1;,b;) into fermionic
final states then read and
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G mgtang+micotB—msin28  my(|Ale” *Atan B+ | we'éx) .
| my(|A e eacot B+ | ule T éw) 2mmy /sin 28 : (29)

For the couplings of squarks to neutral Higgs bosons wéHere the 3 3 neutral Higgs mixing matrbO is defined in
have the Lagrangian Eq. (Al).
TS _ The partial decay widths fog;=1; ,b; into bosonic final
Lign=—9CqHiapaHia;  (kj=12 (29  states are then of the following forms:

with gZ|A\~é\_I |2)\3’2(rrrq mw,ms)
. P(G—W* 4G = . (39
CalHia) C(aHgr)| - | J 16wmgm;
(qk Iqj) R ~+ ~ 'R ’
C(aRHG)  C(aRHTR) poZ 12 Ao 2 2
(30 - _gfBy/°A (maz1mzamal)
. F(qz%Z“f‘ql): 2 3 f (40)
where forg=t 167-rmzmd2
C(t{HT)= LI (1 2 sirto ) 07| Cgrg [N Amg i m‘)
MwsinB 2 cosfy|2 3 W F(@—H*+q)= A - , (41
) 167Tma
X(cosBOy;—sinBOy), (3D :
o 2 ) 3 _ Fle@Ha) A mm)
i = S T H. + =
CIRHIT = o Sin 0% ToosayS o (A it a) 16mm;
2
X (cosBOy;—sinB0y), (32 (42
~t ¢ . i I1l. NUMERICAL RESULTS
C(tLHitR):m{_l(COSB|At|e e _ _ ,
wsinp Before presenting numerical results, we briefly comment
+sin B u|e'?n) Oz — (| u|€'¥xOy; on the CP phase dependence of titgg; pair production
—|AJe A0y}, (33  Cross sgctions. The reacticm*.e*—>qiqj (gi=t;.by) pro-
ceeds viay and Z exchange in thes channel. TheZg;q;
~t ~t couplings are defined in Eq§24) and (25). The tree-level
CARHTL=[CIH TR, (34 ~ COUPNngs : qe24) and (25). Th
cross section§s,9] of the reactione™e™ —q;q; do not ex-
while for g=b plicitly depend onihe phases, and P, In the case of the
) reactione™e”—q;q;, i=1,2, the couplingZqq; are real.
(B‘LrHiBL): Mo (o} mz (1 ! szgw) In e"e”—0q,0, only theZ exchange contributes and conse-
mycosB " cosby|2 3 quently the phasep; drops out in the matrix element
X(c0sBOy, —sin BOy), (35) squared. The tree-level cross sections depend only on the
mass elgenvaluesrr and on the mixing angle cEJ@
5 mf, m Therefore, they depend only implicitly on the phases via the
C(bLtHbr) = mucosB Ot 3 cos sin’6y,(cosBOy; COS(QD#-HpAq) dependence c11'rrlv2 and 05 [Egs.(8) and (9)].
W W One-loop corrections to the cross sections have been calcu-
—sinB0,;), (36) lated in Ref.[40] for real parameters. In the energy range
considered here they are of the order of 10%. For complex
R b o » parameters they are expected to be of the same order of
C(b Hibg)= m{—l(3|nB|Ab|e A magnitude. Therefore we further expect that the direct influ-
W A A ence of the phases on the cross sections as caused by one-
+cospB|u|€e'?r)Og— (| u|e'?rOy; loop corrections would be within a few percent. These phase
e effects on the cross sections would be much smaller than
—[Aple™"4:04))}, (37 those on the tree-level decay widths studied in this paper.
O i In the following we will present numerical results for the
C(bgHiby)=[C(b Hibr)]*. (389 phase dependences of theandb; partial decay widths and
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branching ratios. We calculate the partial decay widths in thean have an admixture of théP-odd Higgs statea. The
Born approximation according to the expressions given irvertical axis of Fig. 4 of Ref[45] describes th&-Z-h cou-
the preceding section. In some cases the one-loop SUSMing in the case of the MSSM with real parameters, which is
QCD corrections are important. The analyses of Refsreduced by a factor stB—a) in comparison to the SM. The
[18,41,43 suggest that a significant part of the one-loopCP violating effects can easily be included by using

SUSY QCD corrections to certain partial widthstofandd, ~ (©11€0S8 +0,;8inB)? instead of sif(3—a). For the calcula-
decayqgwhere the bottom Yukawa couplirgl,, is involved tion of theb_—>57 V_V'dth in condition(iii ). we use t_he fqrmula
can be incorporated by using an appropriately corrected bogoRef.' [49)] mcluqlmg thedO@S) qorrre]zctlons aks given In Ref.
tom quark mass. In this spirit we calculate the tree-leve ]. (iv) constraingu an tang (in t € squar sectdr(v) is

_ ~ ~ ) the approximate necessary condition for the tree-level
widths of thet; andb; decays by using on-shell masses for,,,~,um stability[51].
the kinematic termgsuch as a phase space fagtand by
taking runningt and b quark masses for the Yukawa cou-
plings gYp-. Ft?r”_ definiteness  we takem;""(m,)
=150 GeV, m{"*"*=175 GeV, my"(m;)=3 GeV, and
m"shel. 5 GeV. This approach leads to an “improved” My Mey» My, A 1Al |1l @ns eay €us @y, and
Born approximation which takes into account an essential™* 25 Input parameters, Whe"efl,z_and M, , are the on- .
part of the one-loop SUSY QCD corrections to Thendb, shell squar~k mass?s. From_ these input parameters we first
partial decay widths and predicts their phase dependencgg‘ICUIateMQ andMg according to the formulas
more accurately than the “naive” tree-level calculation. The
inclusion of the full one-loop corrections to the partial decay | >

Inspired by the gaugino mass unification we také,|
=5/3 tarf M, andmy=[ as(mg)/ a]M, with mg=Ms. In
the numerical study foft‘lyz decays we take tgh, M,,

1 2 2 2 2.2 2 * 2
widths of t; andb; is beyond the scope of the present paper.  ° LM, e, = \/(mtz mi,)"—4m|A = cotpl]
One-loop corrections to partial decay widths tfand b;
have been given in Ref§43,44] for real MSSM parameters
and are of the order of 10%. We expect that for complex
parameters they are of the same order of magnitude. In the 1, 5 . 22 : >
calculation of theCP violating effects in the neutral Higgs Mg= E[I’Tk1+ m;zi \/(mzz—mtl) —4Amg|A— u* cotB| 4]
sector we take the programeYNHIGGS2.0.20f Ref. [30],
which includes th.e.full one_—loop corrections to the mass ei- — 2 5irk6,,cos 2,3m§— mtz_ (44)
genvalues and mixing matrix of the neutral Higgs bosons for
complex parameters. For comparison we have also used the ) o ) ]
programcpH.F of Ref. [28]. We have found agreement be- e resolve the sign ambiguity by assuming eithég,
tween the results obtained wittPH.Fand the one-loop ver- =M@y or Mg<Mg: upper(lower) signs correspond fo the
sion of FEYNHIGGS2.0.2 There are small numerical differ- caseMa=Mg (Mg<Mg).” With Eq. (8) this uniquely fixes
ences between the results@fH.Fand the two-loop version the mixing angled;. Next we calculateM usingMg and
of FEYNHIGGS2.0.2 mp, and thenmg and the mixing angleg; as well as the

In the numerical analysis we impose the following condi-mass eigenvalues and mixing matrices of the charginos, neu-

tions in order to fulfill the eXperimental and theoretical Con'tra”nOS, and the neutral H|ggs bosons. ﬁqrz decays we
straints: take the same input parameters with, replaced bymg,, and

M m;(1t>103 GeV, m}2>50 GeV, m, 5,>100 GeV, proceed in an analogous way by interchangihg— Mg .
>m;o
X1’

— (% — £ sirf6yy)cos 28m3—m?, (43)

M, b,

(i) forincorporating the experimental bound on the mass

of the lightest Higgs bosohl; we use Fig. 4 of Ref{45], ) ) .

replacing m, by my.  and sif(8—a) by (O;.c0SB3 In this section we present numerical results for the depen-
1

+0,sin B2 dence of the; andt, partial decay widths o, , ¢4, and

(iii) 2.0x10 *<B(b—sy)<4.5x10 * [39] assuming ¢,. In order not to vary too many parameters we fix
the Kobayashi-Maskawa mixing also for the squark sector, (m; ,m;_,mj ) =(350,700,170) GeV[(350,800,170) Gey

A. Top squark decays

(iv) Ap(t—1)<0.0012[46], in the plots for thet, [t,] decays. We have selected the

V) A< S+M=4+m;), |Aplc< S+Mz+m parameters in this section suc at fermionic as well as

W) [AP<3(ME+MG+m)), |AsP<3(ME+M5+m] ters in this secti h that fermioni I
with miz(mayrm%sinzﬁw)sinzﬁ—% , m§=(ma: bosonic decays are allowed at the same time. In particular,
i m%sinzew)coszﬁ— %m%. the ch0|cemgl= 170 GeV has been made to allow the decays

Conditions(i) and (ii) are imposed to satisfy the experi- 1;—b;W* and t;,—b;H*. We consider the casedy
mental mass bounds from LER5,47,48. Note that theCP
violation effect reduces thé—Z—H; coupling becauseél,
2The hierarchy is determined by tfte mixing angle 6;, which
can be determined by cross section measurements with polarized
!Note thatO;,~ —sina, Oy~ cosa, andH;~h for my=>ms . beamq8,9].
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T/Gev  (a) Mg > My, |u] =350 GeV  1/Gev  (d) Mg < My, |u| =250 GeV

—_— q
025 F ] 0s8f 7
02 F - 06 [ .
0.15 | pmmm—— E : :
; 1 o4f .
01F E [ :
0.05 | E ]
ettt Setietirdit hivibtutted W etin ) rmrieliel A M A et
0 0.5 1 15 2 0 0.5 1 15 2
(b) My > My, |u| = 350 GeV %4/ (e) My < My, |u| = 250 Gev #4/T
B 23 AL AL L L e L r "7 | L L
1 osf .
06 | .
04 | ]
02 = ]
[ % ]
ST N Ao
[ 20 g 11 L

= s o= cemvemc = 0 SN TRTISLTATIRITATIC T 4
0 0.5 1 15 2 0 0.5 1 15 2
(c) My > My, |u| = 250 GeV Pa /T (f) Mg < My, |ul = 350 GeV pa/m
B l-/I T T T 0.8 0. L S
: 1 o6l -

0.6 | . [
04 | 1 o4f ]
02 | 1 o2} -
e eeee e ] T Nzemaszrzonzizinzrae—sill
0 _:-"'.':'::':g.=“‘“f“'."'."‘"l-“.".'".'”.“””.:u.."-...:;..:-.l_ 0 k& e
0 0.5 1 15 2 0 0.5 1 15 2
QOAt/ﬂ- (pAt/Tr

FIG. 1. (a), (d) Partial decay widthd™ and (b), (c), (), (f) branching ratiosB of the decays;— x; b (solid), T;— 3 b (dotted, T,
—Xit (dashey, and T;—~W*b; (dash-dottefi for tan=6, M,=300 GeV, |A,|=|A|=800 GeV, ¢,=m, ¢yuw)=¢a,=0, M
=350 GeV,m;, =700 GeV,m; =170 GeV, andny-=900 GeV. In(a), (b), and(f) the decayt;— x4 b is kinematically forbidden.

1

=Mg and Mg<Mg, calculating the values oMg, Mg,  T(t;—x;b), andI'(t;—x{t) show quite a significanp,,
andMj corresponding ton;,, Mg, andel for each case, as dependence. The corresponding branching ratios are shown

explained above. _ _ _in Fig. 4(b). For ¢, ~0 and 2r the decayt;— x5t domi-
We show in Fig. 1 the partial decay widths and branching ‘ h ; t the d c % has the |
ratios fort;—x; b, Ti—x2 b, T,—x%, andi; ~W'b,asa  oe> WNETEas iap, =m e ecayt; —x, b has the larg-

function of en for the parameters taB=6, M, est branching rati.o. This~deca~y patierh Ean_be explained in
=300 GeV, |Ay|=|A|=800 GeV, ¢,=m, uw=on, the following way: ForMg>Mg the t; is tg-like. .E(ir |,u|

=0, my+=900 GeV, and two values dfx|=250 and 350 sz anq the parameters chosen, the Ch?rg'”i‘{)( 'S
GeV. Figures na)_(c) [FIgS ].(d)—(f)] are for M6>MD W=-like with m}i—':279 Ge:V, SO~that the decay%)(l bis
[Mu<Mg]. We first discuss Figs.(& and Xb) for the case suppressed by the vanishihg-b-W* coupling and by small
Mg>Mp and|u|=350 GeV. As can be seen in Fig(al, phase space. For the parameters chosen we haye
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B (a) YA, = 0
2L L MR
032 | .
03fF ™. .
0.28 | e .
026 [ ~r=el_ _
0.24 5_’,— __________ - --.~.~.,.‘.~.\ _
el P I o P R l')‘ J

10 15 20 25 30 35 40
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B (b) Pa, =T
02 7 T T T LI BN &
019 ™, ]
018F 3
017 fu e ]
046 F ___ T TTimme sl :
0.15 | T
0.14 :‘/ .
013 | ]
M P BRI G SRS UOTON NS RPN REPRNTESVIRE U 20 ST 1

10 15 20 25 30 35 40

tan 8

FIG. 2. Branching rati(B(Ple}(l’t) for ¢, =0 (solid), 7/2 (dashed, 57/8 (dash-dottely and = (dotted with ‘PAIZO (@) and 7 (b),
M,=300 GeV, |u|=300 GeV, |Ay|=|A|=600 GeV, Pu@)=¢a, =0, m; =350 GeV, m;, =700 GeV, mp =170 GeV, andm:=
=500 GeV, assumingis>Mg . In (a) the casep,=0 is excluded by the limiB(b—sy)<4.5X 10™4, and the lines forp,, = 7/2 and
¢,=m end in full circles beyond whicB(b— sy)>4.5X 104 for tanB=21 andB(b—svy)<2.0x 10™* for tan8= 13, respectively.

>|ul/tang; therefore|M~t2RL| and hence#; depend only
weakly on ¢, . However, we havesi~opp [see Eq.(5)],

thereforel’ (t,— x; b) behaves like t cosea;: the leading
coupling term in this decay is¢},;=—e '¥icosVy,
+sin 6;YV,,[Eq. (12)], which consists of two terms of com-
parable size, the phasg (~ qDAt) entering only in one of the
two terms.T'(t;—x1b) is very small forg, =0 and 27
because the two terms nearly cancel each other. J,hle

the branching ratios of;— x3 b, T;—W"b;, andt;— %
reach 25%, 22%, and 11%, respectivé¢ljig. 1(e)]. For
0.2r=@p=1.8m the partial decay width and hence the
branching ratio oft;— x; b is clearly largestB(t;— xt)
has values around 109B(t,—W"b,) is rather small be-

causeb; ~bg in this caset;— x; b is suppressed by a small
phase space. In Fig(f) we show the corresponding branch-
ing ratios forMj<Mg and|u|=350 GeV. In this case the

mixing in the bottom squark sector increases abt;

dependence oF (t;— x2t) is less pronounced compared to —W"b;) reaches values around 10% even gor~m. The

I'(t,—x; b) due to a more complex coupling struct{iEs.
(16) and (17)]. For this reasorB(t;— x5t) dominates for
@a=0.4m and ©a=1.6m, WhereasB(Tlﬂ}fb) is larger
for 0.47= @a <1.67. The branching ratio of;—W*by is
strongly suppressed for this set of parameters with rath

small tan3=6 for whichb, is almost purelybg-like. In Fig.
1(c) we plot the branching ratios fdu|=250 GeV. In this
case the lighter chargino has a man%=230 GeV and a

significant Higgsino component. Hence the deE@yf)}fb
has a large phase space and large amplitdde to the large
top Yukawa couplingyY;) and dominates independently of
@Ay resulting in a WeaI«pAt dependence of the branching

ratios. For|u|=250 GeV also the decay chanrgl— y, b
(m;(2;=336 GeV) is open.

Figures 1d) and Xe) show the partial decay widths and
branching ratios of ;— x; b, 2 b, xt, andwW*b, against

decayt;— x1 b has the largest branching ratio becatigés

T, -like and’y; is almostW™-like. Hence in this scenario all

branching ratios show a less pronounced phase dependence.
In the scenarios of Fig. 1 we have calculated alsodhg)
dependence of the partial decay widths and branching ratios.

eéy inspecting Eqs(16)—(18) one can see that onl{/(t;

—J(gt) could be sensitive t@y;y. However, for tag3=6
the (1) dependence is already rather small. This results in
a weakey(1) dependence of the branching ratios.

In Fig. 2 we show the tag dependence oB(t;— x3t)
for M,=300 GeV, |u|=300 GeV, |A,|=|A]=600 GeV,
(PU(l):(PAbZOr my==500 GeV, and¢,=0,7/2,57/8,m
with (a) ea =0 and (b) PA= T, assumingMa>Mg. As
can be seen this branching ratio is insensitivegtp for
tanB=15. This is mainly due to th@/tanB dependence of
the't, -t mixing term and the insensitivity of the masses and
mixing of x{ to ¢, for large tanB. Two curves in Fig. &)

@a, for Mg<Mg,|u|=250 GeV, and the other parameters end in full circles beyond which the experimental constraint

as above. In this casé, is t,-like, therefore for|u|
=250 GeV[see Fig. 1d)] I'(t;— 1 b) is about three times
as large as foMg>Mg and |u|=350 GeV [Fig. 1(a)].
F("fl*)’i/fb) behaves like T cosea, which is again caused
by an interplay of the two terms in the leading couplifig
[Eq. (12)]. For o5 ~0 the decayt;— x; b is suppressed and

from B(b—sy) is violated: in the case,=m/2 (¢,=m),
one haBB(b—sy)>4.5x10 4 [B(b—sy)<2.0x 10 *] for
tang=21 (tanB=13). The casep,=0 is completely ex-
cluded for this set of parameters. However, M:  [Fig.
2(b)] the constraints fronB(b—svy) are always fulfilled.
We have also calculated the t8ndependence of the

branching ratios of thet; decays forMa<Mg. B(t;
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FIG. 3. Contours OB(Tlﬂ}gt) for tanB=6, M,=300 GeV,|u|=500 GeV, ®u)=ea,=0, My =350 GeV, m; =700 GeV, m;
=170 GeV,m-=600 GeV, with(a) |A]=|A,|=800 GeV andb) ¢,=0, |A,|=|A, assumingMig>Myg . The shaded area marks the
region excluded by the Higgs search at LER., by the conditiorii)].

—t) is smaller in this case. Therefore the effect of theis a remarkable correlation between, and ¢, , which
phase on the tagf dependence is also smaller than that inturns out to be relatively independent of,. The PaPA,
Fig. 2. Moreover, foMg<M the situation is different from  ¢cqrrelation can be explained by the behavior of the partial

that shown .|n F”|g 2& beﬁause r:(ow iWAt:hO the whgle decay width I'(t;—H"b;), which influences all decay
tang range is allowed, whereas fgr, = the constraints branching ratios. A$;~bg in this case, the relevant cou-

from B(b—sy) limit the tang range. . ~ 47 . ~H T~k 1
~ o~ ling fort;—H"b; is Cz ~ ~(R'G see Eq.(27)]. R
In Fig. 3@ we show a contour plot foB(t;— x2t) as a Ping ! 118 Cpp, ~(RC)L| a(27]

function of ¢, and ¢, for tang=6, M,=300 GeV, |u| ~ depends omy via't, -tg mixing, whereass depends orpp,
=500 GeV, |A]=[Ap|=800 GeV, ¢yu)=¢a =0, and via the coupling termmy(Ajtans+pu). As g1~ g, in this
my==600 GeV, assumindMa>Mg. For the parameters case, we have R'G);,~€'(*A~a)cosé;-mJAtans
chosen thep, dependence is stronger than tg depen- 4 sing;-2mm,/sin 28 which clearly shows the correlation
dence. The reason is that these phase dependences are causideenp, and ¢, apart from the much weakey, de-

mainly by thet, -tz mixing term [Eq. (4)], where theg,  pendence off;. Note that here the small value for tig

dependence is suppressed by goThe ¢, dependence is mass (. =170 GeV) is important: for a Iargefrl mass the
somewhat more pronounced fo:pAt%Tr than for ®a, NS . .
decayt,;—b;H"* would not be allowed kinematically and

hence thep, dependence shown in Fig. 4 would disappear.
For Ma<Mj the decayt;—H *b; dominates for alkpy

and ®a, resulting in a weaker phase dependence of all

(I%;anching ratios. Hence also the correlation betwggrand

~0,27. In Fig. 3b) we show the contour plot oB(t;
—%%) as a function ofe,, and |A| for ¢, =0 and|A]
=|Ay|. Clearly, theg, dependence is stronger for larger

values of|Ay|. For Mg<Mg we have obtained a similar
behavior. Note that the phase dependences of the dec

branching ratios of ;— b, T;—x;b, andT;—x%t ana-  @a, in B(ti—X;'b) is less pronounced. However, in the
lyzed in Figs. 1, 2, and 3where the decay,—b,H* is  scenario of Fig. 4 one haB(b—sy)>4.7x10"* for Mg

kinematically forbiddenwould be present also fdr; masses <Mg. -

significantly larger than 170 GeV. For the heavier top squark, more decay channels are
In Fig. 4 we show the contour plot f@(f,—x{b) asa open. Besides the fermionic decay modgs- x;'b, xit (1

function of A, and ™ for tan=30, M,=300 GeV, | u| =1,2;i=1, ... ,4)there are also the bosonic decay modes

=300 GeV, |Ap|=|A|=600 GeV, ¢, =, ¢y1=0, and t—W'b; ,H*b;,Zt; Hity (j=1,2;i=1,2,3). In Fig. %a)
my==160 GeV, assuminy5>Mg . As can be seen, there we show the branching ratios fd)g—u(l*’zb andt2—>)(gy3y4t
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FIG. 4. Contours OB(’EJ_H}I— b) as a function 01‘<pAt and ®p,
for tanB=30, M,=300 GeV, |u|=300 GeV, |A,=]|A{
=600 GeV, ¢, =7, ¢@yu)=0, m; =350 GeV, m;, =700 GeV,
mp, =170 GeV, andmy-=160 GeV, assumingMg>Mg. The
shaded areas are excluded by the experimental B{i— sy)
>2.0x10 4.

as a function ofg, for tanf=6, M,=300 GeV, |u|
=500 GeV, |Ay|=|A|=500 GeV, @,=oy1=¢a =0,
m;1=350 GeV, m;2=800 GeV, mgl=170 GeV, andmy-

PHYSICAL REVIEW D 70, 035003 (2004

the leading couplingﬁzj , j=1,2[Eq. (12)] consists of two
terms, with the phaS@;(~¢At) entering only the factor
REZ* in the second term. Therefore, the shape Bt
—J(I’Zb) is like (1= COS(pA[). Also the phase dependence of
the branching ratios into neutralinos is mainly due to a direct
phase effect. I (t,— ), i=2,3,4 the phasei(~¢a)
enters into the second term of the couplimés and~b~‘2i [see

Eq. (16)] via R 5,*. ForT'(t,— x5t) the couplingab, domi-
nates and the size of its second term is smaller than 10% of
its first term. Hence théaj,|? term in the width of Eq(21)
creates its weak phase dependence like- d@sp,. How-
ever, forl'(t,—x3t) the mixing phase enters mainly into the
second term of the partial width via Refbs,)
~Re(R 3R 5,*) ~COS¢i~COS¢,, resulting in a shape like
1+cosgy. ForI'(t,— xat) the two terms ira, have com-
parable size, resulting in a strongl, dependence of the
terms|a~t24|2 and Ree;j sz4) in the partial width which even-
tually causes the branching ratio to behave Iikecbs<pAt.

In Fig. 5(b) we show the branching ratios for the bosonic
decayst,—Zt, andt,—H;t; (i=1,2,3) for the same pa-
rameter values as above. The shapeB¢f,—Zt,) is like
1—cosgn, Which is solely due to the factdsin 26, [see
Eq. (25]. Quite generally, the phase dependencel ¢f,

—H,t,) is the result of a complicated interplay among the
phase dependences of tHg masses, the top squark mixing
matrix elementsk itj , the neutral Higgs mixing matrix ele-

mentsO;;, and the direct top squark—Higgs couplings of

T trep12 andt tra. In the present example the, depen-

=350 GeV, assumingiu>Mg. The ¢, dependence of dence of the partial widthE(t,—H ,4t1) is mainly due to
B("fzﬂ}fzb) is again due to a direct phase effect, becausd¢he ®a, dependence of the factoRs! andC(TEHiTR) in Egs.

B:I""l""l""l""l:
03-\_/_
0.25 F .
0.2§- -
0.155— =

0.1 | e <7~ T
0.05 F ]

-
-
e T L -

B:I""l“"l*"'l""[
0.3

0.25 k

0.15 F J— . ]

0.1 | SRS
i g

0.05 | S E

FIG. 5. @a, dependence of branching ratios of the dec(ar)&zﬁ}l*,zb (solid, black/gray, Y2—>}(2’,3,4t (dashed, black/gray/light graand
(b) T,—Zt, (dash-dot-dottexi t,—Hy»st; (long dashed, black/gray/light grafor tan=6, M,=300 GeV, || =500 GeV, |A,|=|A/|
=500 GeV, ¢, = ¢y)=ea, =0, m; =350 GeV, m; =800 GeV, mp =170 GeV, andm+=350 GeV, assuminglg>Mg. Only the
decay modes witlB=1% are shown. The shaded areas mark the region excluded by the experimenta( timity) <4.5x 10~ 4.
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FIG. 6. ¢», dependences df) partial widths andb) branching ratios of the decays— x3b (solid), b;— x3b (dashed, by—H "1,
(dotted, andb, —W~t; (dash-dotte}ifor tan3=30, M,=200 GeV, |u|=300 GeV, |A,|=|A,|=600 GeV, ®u=m, ¢p=¢u1)=0, Mg,
=350 GeV,m;, =700 GeV,m; =170 GeV, andn, == 150 GeV, assuminylg>Mg .

(30)—(34), whereas the:pAt dependence of th®;; is less
pronounced in this case.

We have also calculated the branching ratios of the
decays foMg<<Mg . In this case no constraints on tha:a\t

range from theB(b—svy) data arise in the given scenario.
The ¢, dependence dB(t,—Zt;) andB(t,—Hy 1) is
very similar to that shown in Fig.(6). The leading branch-
ing ratios are nowB(t,—x, b), B(t,—~H"h,), andB(t,
—W*b,) with the values 17%, 15%, and 13% far,
=0,2 and 18%, 7%, and 24% fQPAt=’7T, respectively.
Furthermore, we have calculated thg,) dependence of
the branching ratios of the, for the scenario of Fig. 5. It
turns out to be very weak becaud&t,—x3t) (with x}
~B) is suppressed in this scenario. Thg 1) dependence
stems only from that of (t,—xt), i=2,3,4. X3 and x3,

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

massesm  and mixingsN;; (i=2,34) of 3 3 4 are rather
insensitive to theB-ino phasep 1) -
B. Bottom squark decays

In the discussion 0751,2 decays we fix tag= 30 because
for small tanB the bottom squark mixing is too small to be

phenomenologically interesting. We fix the other parameterd’

as mgl=350 GeV, m52=700 GeV, m;l=170 GeV, my=
=150 GeV, andM,=200 GeV. We have chosen a rela-
tively small value for thet; mass to allow for the decdy,
—Ht,, which has a rather strong dependencapgg.

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

3For completeness we remark that the effect of the phase depe
dence oﬁi-Tj—Hk couplings also shows up in processes kkee™
_;fllel [52]

branching ratios ob;— x{ b, Ht;, W, as a function of
¢@n, for |u[=300 GeV, |Ay|=|A;|=600 GeV, ¢, =, and
ea=¢u1)=0, assumingMz>Mg . In the region 0.&r
<¢a,<1.57 the decayb;—H t; dominates. Thep,_ de-
pendence of I'(by—~H t;) is due to the term
my|Aple”'?Atang in Eq. (28). The partial decay widths
I'(b;—x3b) are almostp,, independent because th,
dependence of thb-mixing matrix R ° nearly vanishes for
tanp=30. Hence thep, dependence of the branching ra-
tios B(b,— 3 ) is caused by that of the total decay width.
I'(b;—~W~t,) is suppressed becaubg~bg andt;~1g in
this scenaridsince alsaMg>My). For the scenario of Fig.
6 the caseMay<Mp is excluded by the experimental lower
limit B(b—s7y)>2.0x10 4.

The ¢y(1) dependence of the partial decay widths and
anching ratios is very weak in the scenario of Figeg1)
enters only intol (b;— xob) (k=1,2), which are nearly in-
dependent ofpy;) because,; ~bg and hence mainiig, in
al, andfh, in b%, contribute[see Eqs(16)—(19)]. Then the

phase ofNy,, which strongly depends owy;y, almost
drops out in Eq(21). Furthermore, the massego and mix-

g matrix elementsN;; of the ;(IO sector are insensitive to

¢y for large tang.
For large tan3 one expects also a significa#,| depen-

dence ofl'(b;—H t;) [see Eq.(28)]. This can be seen in

Fig. 7(a) where we show the contour plot &(b;—H t,)
as a function off Ap| and g, for |u|=300 GeV, ¢,=,

@n=¢uw)=0, and |Ai|=|A|, assumingMs>Mp. The
¢, dependence is stronger for larger values|Af|. Al-
though Fig. Ta) is similar to Fig. 3b), the |Ay| and ¢4
dependence in Fig. (@ is now caused by the coupling
m,(AftanB+ ) in Eq. (28).
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FIG. 7. Contours ofB(b,—~H t;) for tang=30, M,=200 GeV, |u|=300 GeV, e,=m ¢yu=0, mp =350 GeV, mg,
=700 GeV,ni; =170 GeV,m==150 GeV, anda) |Ay|=|A, pa =0 and(b) |A,|=|A| =600 GeV, assuminy/3>Mp . The shaded
areas in(@) and (b) mark the regions excluded by the Higgs search at [iEP, by the conditior(ii)] and by the experimental limB(b
—5y)>2.0x 104, respectively.

In the caseMu<Mp, we have B,.1,)~ (b, ,tr) (since squark mixing anglegf and 67, which is very weak in this
alsoMg>Mp) and henceC{'151~mt(Atcot,8+M*) [see Eq. scenario. The strong,, dependence of (b,—H ty)) is

~ ~ . . H
(27)]. ThereforeB(b;—H “t,) is nearly independent af , caused by the ternmy(AjtanB+ ) in the couplingCry
which leads to contour lines approximately parallel to the[Egs.(27) and(28)]. Asb,~bg andgi= @ = 7 in this case,

@A, axis. In this case, however, nearly the whole parametef, o dominating term in the couplin@ﬁ is (R’{G)12
space(i.e., the region with/A,|=800 GeV) shown in Fig. o
7(a) is excluded by the limiB(b—sy)>2.0x10" 4.

In Fig. 7(b) we show the contours d&(b,—Ht,) as a

= —e '“acosgmyAltanS+2 singmmy,/sin28  for b,
—Ht,; and (R'G),=—e "*asin my|Ajtang
function of ¢, and @, for |A]=|A,|=600 GeV and the —2cosgmmy/sin28 for b,—H"t,. Therefore, B(b,

other parameter@xceptp, ) as in Fig. Ta). As can be seen, —H"t;) andB(b,—H"t;) behave like :H—COSfAb and 1
the ¢a,-¢a,_ correlation is even stronger than that in Fig. 4 —COSea,, respectively. As in the example for tig decays
although it has the same origin as thaBdft; —x; b). Note  (Fig. 5 the ¢, dependence oB(b,—H;b;)(i=1,2,3) is
that in the given scenario witim,==150 GeV the constraint mainly due to the phase factors explicitly appearing in Eq.
on B(b—sy) is only fulfilled for a limited range OﬁDAt- The (37) whereas the:,oAb dependence of th®;; is less pro-

caseMz<Mp is excluded becausB(b—sy) is smaller nounced. Furthermore, there is only a small mixing in the
than 2.0<10™4 for this case. Moreover, we want to remark pottom squark sector with,~bg andb,~b, in this sce-
that even for small _taﬁ the b, , decay branching ratios can nario. Hence the phase dependenc®gi,— H;b,) can be
be somewhat sensitive tp, | and ¢, [38]. explained by the phase dependenc€(®, Hbg) [Eq. (37)].

In case of thd, decays more decay channels are open. Ifit turns out thaH,; andH are nearlyCP-even Higgs bosons
Fig. 8 we show the branching ratios for the bosonic decay$¢; ,) with O3~0 and|u|O,~|A,|O4; (i=1,3), which re-

b,—Wt15,Zb; ,H Ty, andH; , by as a function ofps, sults in the pronounced,, dependence dB(b,—Hy $,).
for || =350 GeV,|A,|=|A| =600 GeV,¢,=@a=m, and  H; is mainly aCP-odd Higgs bosora) with O;,~0z,~0
ou@)=0, assumingMa<Mg . The branching ratios of the and sinB|Ay>cosplu|, resulting in the weakp, depen-
fermionic decays are nearly independenmfb in this sce-  dence ofB(b,—H,b,).

nario. The phase dependenceIdezeW*Tlvz) and I'(b, We have analyzed thie, decay branching ratios also for
—Zby) is caused solely by the phase dependence of th#g>Mgp. The ¢, dependence oB(b,—Zb,) andB(b,
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FIG. 8. ¢, dependences of the branching ratios of the bosonic de@s— Wty (dash-dotted, black/grayb,—H ~ty, (solid,
black/gray, and (b) b,—ZDb; (dash-dot-dotted b,—H1,,,30, (long dashed, black/gray/light grajor tanB=30, M,=200 GeV, |u|
=350 GeV,|Ap|=|A;|=600 GeV,p,=¢a =, ¢yu)=0, Mg, =350 GeV,mp, =700 GeV,m; =170 GeV, andn,-==150 GeV, assum-
ing Mg<Mp .

—>H1,2,351) are similar to those in Fig.(B), but they are ized in nature[~58]. For~ example in the SPSla scenario the
smaller by a factor of~3. The other branching ratios are decay channet,—b+ y; cannot be identified experimen-
nearly independent qﬁAb. However, for the scenario of Fig. tally, because the chargino decays into a scalar tau to practi-

8 the case oMz>Mgp is excluded becausB(b—sy) is  cally 100%.t; andb; production at the LHC will probably

smaller than 2.810~4 for this case. not give enough information about the stop and sbottom mix-
The ¢y(1) dependence of the partial decay widths anding angles. Moreover, the formulas for the production cross

branching ratios in the scenario of Fig. 8 withs<<Mg is  sections at the LHC, which exist in the literature, are for the

very weak for the same reason as in the scenario of Fig. 62al case only and do not include complex phases, which

with Mg>M5 for the decays of th®;. might be important for the one-loop corrections. This is the

main reason why we did not consider LHC data for the stop

and sbottom systems, but data from CLIC. To clarify the

situation at the LHC concerning the scenarios we considered
We now study to what extent one can extract the underwould require additional theoretical work including complex

lying parameters from measured masses, branching ratiophases and further Monte Carlo studies, which are beyond

and cross sections. Having in mind that the squark masseke scope of this paper.

are relatively large in the scenarios considered, we assume Our strategy for the parameter determination is as

the following situations(i) A high luminosity linear collider follows:

like TESLA can measure the masses of charginos, neutrali-

nos, and the lightest neutral Higgs boson with high accurac

[54,55. In the case that the squarks and the heavier Higg

. parameters.

bosons have masses below 500 GeV, their masses can Pe} ~ o~ o~ ~a

measured with an error of 1% and 1.5 GeV, respectivély. (1) Calculate the masses of, bi, xj. xi . He, the pro-

For SUSY particles with masses larger than 500 GeV their ~duction cross sections foe'e —t;t;, and e’e”

masses can be measured at a 2 8%~ collider, such as —>Bibj , and the branching ratios of theandb; decays.

CLIC. The masses of heavy Higgs bosons and squarks caiii) Regard these calculated values as real experimental data

be measured with an error of 1% and 3%, respectively  with definite errors.

[53,57). For the production we can get @1 beam polariza- (iv) Determine the underlying MSSM parameters and their

tion of P_=0.8 and ane* beam polarization oP, =0.4. errors from the “experimental data” by a fit using the

(iii) The gluino mass can be measured at the LHC with an  programMINUIT [59].

error of 3%([53]. (iv) m; can be measured with an error of  We consider two scenarios in the following, one with

0.1 GeV. In this case this error can be neglected in the fittingmall tan3 and one with large tad. The small tarB sce-

procedurg 56]. We assume that the error om, can also be nario is characterized byl5=169.6 GeVM{=408.8 GeV,

neglected.(v) The branching ratio ob—sy can be mea- Mg=623.0 GeV, |A|=|A,|=800 GeV, ®a=Pa,= T4,

sured within an error of 02410 %, N ' . ¢u1)=0, M,=300 GeV, u=—350 GeV, tarB=6, ny
We do not take into account additional information from = 1000 GevV, andn,==900 GeV.(Here we do not assume
the LHC about thd; andb; systems, because the amount ofthe unification relation betweemy and M,.) The resulting

information available strongly depends on the scenario realmasses and their assumed experimental errors are

IV. PARAMETER DETERMINATION

ii) Take a specific set of values of the underlying MSSM
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TABLE |. Decay branching ratiogin %) for top squarks and bottom squarks in the two considered

scenarios. Corresponding values of the underlyin

g MSSM parameters are given in the text.

Scenario with taB=6

Scenario with tag= 30

Channel 1, 1, b, b ty ty by b,

ax? 66.4 1.6 100 0.6 0 0.6 63.5 0.6

q}g 0 7.5 0 8.7 0 8.5 36.1 10.3

qx° 0 13.1 0 0.3 0 11.1 0 4.6

qx° 0 6.6 0 2.4 0 8.7 0 4.6

Q% 33.1 19.2 0 9.7 100 225 0 14.1

a'x: 0 1.6 0 21.0 0 6.8 0 24.2

ol 0.5 0.3 0 56.8 0 3.1 0.4 27.1

H*q 0 0 0 0 0 7.7 0 6.4

74, - 26.9 - 0.2 - 13.1 - 1.5

H,qy - 23.4 - 0.2 - 12.7 - 1.4

H.,0, - 0 - 0 - 2.8 - 2.7

H2a; - 0 - 0 - 2.4 - 2.7
my:=(278.5:0.2) GeV, my-=(384.5:0.3) GeV, m;o  cated by the studies in Rdf7]. ~
= - 0= 0 A detailed Monte Carlo study of the; production

(148.7:0.3) GeV,  myo=(277.8:0.5) GeV, My ailec
=(359.1+0.3) GeV,  mo=(382.0:0.7) GeV, my, e+e‘—>t1% and thet, decayst1—>cx81and t;—by, at
_ _ TESLA (ys=500 GeV and£=500 fb *) has been per-
=(115.47:0.05) GeV, my =(896.5:9.0) GeV, m .
( ) H, = ( ) Hs  formed in Ref[10] for real MSSM parameters. These results

=(897.1:9.0) GeV,m;, =(350.0-3.5) GeV, m; = (700.0
+21.0) GeV, mp, =(170.0-1.7) GeV, and my =(626.0
+19.0) GeV. Moreover, we findB(b—sy)=3.6x10"%.

The corresponding top squark and bottom squark branching]eTl and,

ratios are given in Table I. The large t8rscenario is speci-
fied by Mp=360.0GeV, My=198.2GeV, Mgp
=691.9 GeV,|A;|=600 GeV, oa= T4, |Ap|=1000 GeV,
ea, =372, ¢y1)=0, M,=200 GeV, pu=-350 GeV,
tang=230, mz=1000 GeV, andmy-=350 GeV. The re-
sulting masses and their assumed errors ra];§=(188.2

+0.5) GeV, m;(2:=(374.2t 0.9) GeV, m;((1J=(98.2
+0.6) GeV, m;(g=(188.2t 0.9) GeV, m;(g:(358.5
+0.9) GeV, m;(g=(371.6t2.0) GeV, my =(113.63
+0.05) GeV, my,=(340.71.5) GeV, my =(341.1
+1.5) GeV, rrrt1=(210.0t 2.1) GeV, nrt2:(729.0

+22.0) GeV, mp,=(350.0£3.5) GeV, and ms,=(700.0
+21.0) GeV. Moreover, we havB(b—sy)=4.4x10 %,

The corresponding top squark and bottom squark branchin
ratios are given in Table I. We have chosen a relatively smal

b, mass in the small taf scenario and a relatively smal
mass in the large tg# scenario. As a result of this in the tw
scenarios considered the observables inttrendb; sectors
are sufficient to determine ai| andb; parameters.

We have taken the relative errors of chargino and n
tralino masses from Ref§54,55, which we rescale accord

ing to our scenario; in case of t@+ 30 we have taken into

account an additional factor of 3 for the errdrslatively to

cannot directly be used for our error analysis, because we

consider additiona; andt, decays. To the best of our
knowledge no Monte Carlo studies exist that include all of

decays considered in our analysis. Therefore,
we have taken only statistical errors for the production cross
sections and branching ratios by calculating the correspond-

ing number of events for the decay— X as

N=2L[o(t;t;)+o(t;t,)]B(t;—X) (45)
and analogously fot,, b, andb, decays. For definiteness
we take an integrated luminosig=1 ab ! at a center of
mass systenfc.m.s) energy\/§=2 TeV (i.e., at CLIQ. We
do not take systematic experimental errors for the cross sec-
tions and branching ratios into account since we are not
aware of any study considering the systematic errors. Instead
we have doubled the statistical errors obtained above. The
evaluation of the systematic experimental errors would re-
uire further Monte Carlo studies for a specific linear col-
éder which, however, are beyond the scope of our paper.
For the determination of the squark parameters we have
used the information obtained from the measurement of the
0 squark masses at threshold and the squark production cross
sections atys=2 TeV for two different € ,e*) beam
polarizations P_,P,)=(0.8-0.4) and f_,P.)
eu=(—0.8,0.4). Here we have assumed that a total effective
- luminosity of 1 ab? is available for each choice of polar-
ization. The cross section measurements are important for
the determination ofcosé;|* and |cos#;? as can be seen

tanB=6) due to the reduced efficiency in case of multi- from Eq.(25) and the formulas for the cross sections in Ref.

final states from decays of charginos and neutralinos as i

ndi9]. In the numerical evaluation of the squark production
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TABLE II. Extracted parameters from the “experimental data” of the masses, production cross sections,
and decay branching ratios of andb; . The original parameters for each scenario are given in the text.

Scenario tafB=6 scenario ta= 30 scenario
M3 (2.88+0.06)x 10* (1.30£0.02)x 10°
M% (1.67+0.04)x 10° (3.93+0.12)x 10
M?-Q (3.88+0.04)x 10° (4.79+0.04)x 10°
Re(A) 565.0+13.0 4240 14.0
Im(A,) +566.0+ 14.0 +425.0+15.0
Re(A,) 620.0-190.0 6.5-420.0
Im(A) +230.0+580.0 +999.0+52.0
Re(M,) 149.3+0.3 99.6-0.6
Im(M,) 1.0+1.5 -0.5+2.8
M, 300.0:0.4 200.0-0.5
Re(u) —350.0:0.3 —350.0:0.6
Im( ) —0.02-0.9 1.5:5.0
tang 6.0-0.2 30.0-0.8

g 1000.0+ 30 1000.6-30
M= 900.0+5.0 350.0:0.8

cross sections we have included initial state radiation accordesponding couplings depend significantly Ap [see Egs.

ing to Ref.[60]. In addition we have used the information (35)—(37)]. From this we conclude that the situation

from all branching ratios in Table I with the correspondingimproves in scenarios where these branching ratios are large.
statistical errors. These branching ratios together with th@n additional source of information could be the polarization
masses and cross sections form an overconstrzaining2 systaAtormation of the fermions in bottom squark decays as pro-
of observables for the underlying parametédis, M7,  posed in Ref[12]. We have found that the analogous fit
M’ZQ’ Re(A), Im(A), Re(A,), Im(A,), ReM,), Im(M,), przocedl;re for real MSSM param.eterg gives a larger valzue for
M,, Re(w), Im(x), tanB, my, andmy=. The latter two x~: Ax“=286.6 for the scenario with tg#=6 and Ay

enter the formulas for the neutral Higgs masses and mixing= 22.5 for the scenario with tg8=30. In Table Il most of

We determine these parameters and their errors from thée central values of the fitted parameters are the same as
“experimental data” on these observables by a least-squartheir input values because we have taken the observables
fit. The results obtained are shown in Table Il. Note that thecalculated from the input parameters as “experimental data.”
sign ambiguity for the imaginary parts of the parameters i3Me have checked that a shift withinrlof the “experimental

due to the fact that we consid@P-even observables. This data” leads to almost no change of the errors of the param-
ambiguity can in principle be resolved by considering appro-eters.

priate CP-odd observablegas proposed in Ref§20-23) in The results presented in Table Il depend clearly on the
the analysis. As one can see, all parameters exggpan be  assumed experimental errors which have been summarized
determined rather precisely. t8ncan be determined with an in the beginning of this section. It is clear that further de-
error of about 3% in both scenarios. The relative error of thaailed Monte Carlo studies including experimental cuts and
squark mass parameters squared is in the range of 1% to 2%etector simulation are necessary to determine more accu-
A; can be measured within an error of 2—3 % independentlyately the expected experimental errors of the observables for
of tanB. The reasons for this ai@ the mixing angle in the our scenarios, in particular the errors of the top squark and
top squark sector, which can be measured rather preciselyttom squark decay branching ratios. Such a study is, how-
using polarizecd™ beams, depends strongly épand(ii) A,  ever, beyond the scope of this paper. Furthermore, an addi-
influences strongly the corrections to the mass of the lightesfonal source of uncertainty is the theoretical error due to
Higgs boson. The situation fdk, is considerably worse: in higher order corrections etp3,44). We have not taken into
case of small tag one gets only an order of magnitude account these effects because most formulas given in the
estimate. The reason is that both the bottom squark mixingjterature are only for real parameters. Instead we have stud-
angle and the bottom squark couplings depend only weaklied how our results for the errors of the fundamental param-
on A, for small tanB. In case of large tag the situation eters are changed when the experimental errors of the vari-
improves somewhat in particular for the imaginary part ofous observables are changed: we have redone the procedure
Ap. The main sources of information @k, are the branch- doubling the errors of the masses and/or branching ratios
ing ratios of the decays of the heavier bottom squark into a@nd/or cross sections. We find that the errors of all param-
Higgs boson plus the lighter bottom squark because the coeters are approximately doubled if all experimental errors are
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doubled. Moreover, in this way we can see to which observimixing angled;, of the mixing phase factag'¢t and of the
ables an individual parameter is most sensitive. We find thaljiggs couplings G, (:C"E”t ), Gox (:Cl;}. ), and

.. 2 2 .
precision on the top squark paramet&isMg, and My is C(t/Htr). In the case ob; decays there can be a strong

sensitive to the accuracy of the top squark mass measure- . . ) .
ment at the threshold as well as to the precision of the meat A dependence if ta is large and the decays into Higgs

surement of the total top squark pair production cross sed?0Sons are allowed. If the parametés Ay, w, andM, are
tions in the continuum using polarized beams. The error €OMPplex and there is mixing between to@-even andCP-

of A, is also very sensitive to the error of the lightest Higgsodd Higgs bosons, the decay patterntpfand b; is even
boson mass due to the large top squark loop corrections. THeore complicated than that in the case of real parameters.
precision on the parametemé and Mé is sensitive to the This could have important implications for andb; searches
accuracy of the bottom squark mass measurement. The accat future colliders and the determination of the underlying
racy of A, is most sensitive to the precision of the measureMSSM parameters.

ments of the branching ratios for the bottom squ@nhkd top We have also estimated what accuracy can be expected in
squarl decays into Higgs bosons. The precision ofis  the determination of the underlying MSSM parameters by a
more sensitive to the errors of chargino and neutralingdlobal fit of the observablegmasses, branching ratios, and
masses than to the errors of the top squark and bottom squaPkoduction cross sectionsneasured at typical linear collid-
observables. In the case of large farthe precision of tag ers with polarized beams. We have considered two scenarios
depends to some extent on the precision of the bottom squaMith tans=6 and tang=30. Under favorable conditions the

pair production cross sections and to a lesser extent also dindamental MSSM parameters excefit, can be deter-
that of the bottom squark decay branching ratios. mined with errors of 1% to 2%, assuming an integrated lu-

For the determination of tHi andb; parameters the mea- MiNOSity of 1 ab ~. The parameteA; can be determined
surements of the branching ratios of the squark decays intffithin an error of 2—-3% whereas the errorA is likely to
Higgs bosons together with those of the squark mixing®® Of the order of 50%.
angles from the production cross sections are important.

Therefore, we need to obtain information aboyt t,, by,

and b, production and decays separately. This can be _
achieved at a linear collider by suitable choices of the c.m.s. We thank M. Battaglia, A. De Roeck, H. Eberl, M.
energy. We note that, in the case,,m;, =500 GeV, the Kramer, W. Majerotto, G. Moortgat-Pick, and G. Weiglein

measurements of the cross sections, masses, and branchfﬂé useful discussions. K. H. appreciates valuable discussions
. ~ ~ . . . with E. Berger, H. Haber, G. Kane, and P. Nath. This work is
ratios of t, and b, at ane*e™ linear collider with \/s

- L i supported by the “Fonds zur Faderung der wissenschaftli-
=2 TeV are necessary for the determination/gfand Ay ; chen Forschung” of Austria, FWF Projects No. P13139-PHY

otherwise this might not be possible. However, additional, 4 No P16592-N02 and by the European Community’s Hu-

information from the LHC on the, andbi masses and some man Potential Program under contract HPRN-CT-2000-
of the decay channels would certainly improve the situationgo149. W.P. has been supported by the Erwin Stinger

In the error estimate presented here we have assumed th@tant No. J2272 of the “Fonds zur Fterung der wissen-
many decay channels of tieandb; are open. If this is not  schaftlichen Forschung” of Austria and partly by the Swiss
the case, then the missing information could be obtained byNationalfonds.”

studying the decay properties of the heavier charginos, neu-

tralinos, and Higgs bosons intg andb; .
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APPENDIX

Masses and mixing in the neutral higgs sector
V. SUMMARY o o
In the complex MSSM the expliciCP violation in the

In this paper we have studied the decays of top squiarks Higgs sector is mainly induced fyandb loops resulting in
and bottom squarkb; in the MSSM with complex param- a 3X 3 neutral Higgs mass matrix with a mixing of tP-
etersA,, Ay, u, andM;. We have taken into account the even Higgs bosong; and ¢, and theCP-odd Higgs boson
explicit CP violation in the Higgs sector induced fiyandb, ~ & At one-loop level the amount of mixing &P-even and
loops in the cas@, , and are complex. We have presented CP-0dd Higgs states is approximately proportional to
numerical results for the fermionic and bosonic decaySiN(®a,T¢,)- The three neutral mass eigenstates are denoted
branching ratios of; andb; (i = 1,2). We have analyzed their aSHi(i=1,2,3) with masses; <my,<my, (following the
MSSM parameter dependence, in particular the dependenewtation of Ref[28]). The real orthogonal mixing matrix in
on theCP phasespa, ¢, ¢, andey). We have found the neutral Higgs sector is denoted by & 3 matrix O:

that the experimental data of the branching ratio of the decay

b—svy can lead to considerable restrictions on the MSSM Ha . 1
parameter space. In the casetpfdecays the strong depen- Ha | =0O'| ¢2, (A1)
dence onp,, and ¢, is due to the phase dependence of the Hj a
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where¢,, ¢,, anda are related to the neutral entries of the Neutralino masses and mixing

L"‘go 2"1'/9\%3) (doub(;et ‘f'e“;S b)f:l_ (1/_\/5) V1t - |a¢\)/, At tree level the neutralino mass matrix in the weak basis
= vyt ¢otia,), anda= —sinBa,;+cosBa, We = 53 D0 TI0Y e .

take the parametef=0 as in Ref[28]. We have included (B.W.H1,H) is given asi1,61]
the full one-loop corrections to the Higgs mass eigenvalue§\/lN
my, and the mixing matrixO;; as implemented in the pro-

gramFEYNHIGGS2.0.2[30]. We use these results fam, and [My[e"*u@ 0 ~MzSwCp  MzSwSg
Oj; in our tree-level formula for the,, b, decay width§Eq. _ 0 M MzCwCp  —MzCwSp
(42)] and in the constrain(ii). —MzSwCz  MzCyCp 0 —|p|e'en
MzSwSz —MzCwSz —|umleex 0
Chargino masses and mixing ZoWB Z-WoB |'LL|
. - . A4
At tree level the chargino mass matrix in the weak basis is (Ad)
given by[1,61]
M, \/Em s where ¢y(1) is the phase oM;, andcy, ands,, are cosiy
M= \:\;B . (A2) and sind,,, respectively. This symmetric complex mass ma-
Vamycs  |ule'n trix is diagonalized by the unitary>4 matrix N:
cﬁzandstﬂ_ are ((j:pse an(ﬁ sigﬂbreti‘pectiyfly. This cct)mpleé 2
X .
and\Ta rix is diagonalized by the unitary>X2 matrices! N*MNNT=d|agm;(2, m}g» 0= M= ... <mp.
(A5)

A e s
U* M cV'=diagm l_,m;(z_), Osm;(l_smxz_. (A3)

We have neglected one-loop corrections to the chargino made have not included one-loop corrections to the neutralino
matrix M, as have been given in Ref#4,62 for real mass matrixMy, like those given in Refd44,62 for real
parameters. parameters.
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