
PHYSICAL REVIEW D 1 DECEMBER 1996VOLUME 54, NUMBER 11
Confronting the minimal supersymmetric standard model with the study of scalar leptons
at future linear e1e2 colliders
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Sleptons can easily be found at future lineare1e2 colliders if kinematically accessible. Measurements of
their masses and decay distributions would then determine MSSM parameters. This paper presents a detailed
MC study of the production and decay of the lighter scalart lepton,t̃1, decaying exclusively into the lightest
neutralino. We found thatmt̃ 1

andu t̃ ~the left-right mixing angle oft̃) would be measured within an error of
a few percent. It is also found that tanb is determinable in some region of the parameter space through
simultaneous studies oft̃1- and ẽ-pair production: the polarization measurement of thet leptons fromt̃1
decays and theM1,mx̃

1
0 determination usingẽR pair production and decay. We also point out the possibility to

determinegB̃ẽRe through the measurement of the angular distribution of theẽR-pair production. The error on
the coupling is expected to be comparable to its typical SUSY radiative correction, which is proportional to
log(mq̃ /ml̃ ). The radiative correction affectsM1 and tanb determination, necessitating the full one-loop radia-
tive correction to theẽR production processes. The implication of these measurements of the MSSM param-
eters on selecting models of the origin of supersymmetry breaking is also discussed.@S0556-2821~96!03823-4#

PACS number~s!: 14.80.Ly, 12.60.Jv, 13.10.1q, 13.88.1e
t

f

I. INTRODUCTION

The minimal supersymmetric standard model~MSSM! @1#
is one of the most promising extensions of the stand
model~SM!. It predicts the existence of superpartners of S
particles~sparticles! below a few TeV to remove the qua
dratic divergence which appears in radiative corrections
the SM Higgs sector. The model is thus free from the s
called hierarchy problem inherent in any nonsupersyme
~non-SUSY! grand unified theory~GUT! models. It should
also be noted that the gauge couplings unify very precisel
high energy in the MSSM, consistent with a SUSY SU~5!
GUT prediction@2#.

Supersymmetry is, however, not an exact symmetry
nature; instead, it should be somehow broken to give a m
difference between each particle and its superpartner. V
ous attempts have been made at explaining the existenc
soft SUSY breaking@3,4#. Those different models of SUSY
breaking lead to different relations among the soft break
mass parameters at some high energy scaleMSB; this scale
could be as high asMPl or as low as;104 GeV, depending
on the models. Evolving the mass parameters with the ren
malization group equation~RGE! of the model fromMSB to
the weak scaleMweak, one thus ends up with different spa
ticle mass spectra.

Precise measurements of masses and interactions o
perparticles will be one of the most important physics targ
once they are discovered. If the precision reaches a cer
level, we will be able to test if a new particle satisfies rel
tions predicted by supersymmetry. It will also enable us
measure SUSY-breaking mass parameters and to discr
nate between models of even higher energy scale respon
for SUSY breaking.

*Electronic address: nojirim@theory.kek.jp
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This is indeed the case at proposed future lineare1e2

colliders~LC’s! operating atAs5500 GeV@5–8#, which are
designed to provide a luminosity in excess ofL530
fb21/yr @9,5,8#. It should also be stressed that the back-
ground fromW boson production to SUSY processes can be
suppressed drastically thanks to the highly polarized electron
beam available only at lineare1e2 colliders @5,6#.

The production and decay of the lighter charginox̃ 1
2 and

scalar leptonsẽ and m̃ at a LC are studied extensively in
previous works@9,5–8#. In particular, it has been shown by
Monte Carlo ~MC! simulations that some relations among
soft SUSY-breaking parameters, which are predicted in
minimal supergravity~MSUGRA! models, can be tested
very stringently@5,6,8#. It has also been pointed out that one
can verify some SUSY relations, such as that between the
off-diagonal elements of the chargino mass matrix and the
mass of theW boson or that between gauge boson-fermion-
fermion and gaugino-sfermion-fermion couplings@7#.

In this paper, we discuss production and decay of scalar
leptonst̃ andẽR , and show how various MSSM parameters
can be measured from their production only.

The t̃ is a very interesting object to study, since its mass
parameters depend very sensitively on physics at the GUT
scale (MGUT) @10#. In SUSY-GUT models thet̃ is in the
same multiplet witht̃ aboveMGUT. Therefore thet̃ is ex-
pected to have a very large coupling, proportional to the top
Yukawa coupling, to color triplet Higgs bosons predicted in
GUT models. Even though all sfermions have equal mass a
MPl in MSUGRA models, the large Yukawa coupling re-
duces thet̃ mass atMGUT compared to those of the other
scalar leptons, which might be regarded as a signature o
quark-lepton unification at the GUT scale. This observation
implies that the stau can be found earlier than the other
charged sleptons, which is also phenomenologically interest-
ing.
6756 © 1996 The American Physical Society
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In order to obtain the GUT scale mass parameters,
has to evolve the mass parameters atMweak towardMGUT.
This requires knowledge not only of thet̃ mass matrix at
Mweak, but also of the weak scalet Yukawa coupling
Yt52gmt /(A2mWcosb), which is determined by the rati
of vacuum expectation values tanb. Yt may have very large
effects on the RG running ofmt̃ 1

for tanb;50: Such a large

value of tanb is expected in a minimal SO~10! GUT model
@11#.

The measurement ofYt is known to be difficult@5#, but it
has been pointed out@12,13# that the decay distribution o
t̃ contains some information on this coupling.

t̃ production and decay are different fromẽ or m̃, because
of the non-negligiblet Yukawa coupling involved in thei
mass matrix and interactions. Because of this couplingt̃R
and t̃L mix, and the mass eigenstates are not necess
current eigenstates. The same Yukawa coupling appears
non-negligible tt̃H̃1

0 coupling, where H̃1
0 is a neutral

Higgsino. This interaction is involved int̃ decay into a neu-
tralino (x̃ i

0) and t or a chargino(x̃ i
2) and nt , since the

x̃ ’s are mixtures of Higgsinos and gauginos.
Another feature oft̃ decay that distinguishes it from oth

slepton decays is that the daughtert lepton from the decay
t̃→x̃ i

0t further decays in the detector, which enables us
measure the average polarization of thet @Pt( t̃→tx̃)# @14#.
The t lepton from t̃1 decay is naturally polarized. The po
larization Pt in the decayt̃1→x̃ i

0t depends onYt . This
dependence arises because the interaction of gauginos
~s!fermions preserves chirality and is proportional to a ga
coupling, while the interaction of Higgsinos flips chirali
and is proportional toYt . Pt from decayingt̃1 reflects the
ratio of the chirality flipping and conserving interactions a
is therefore sensitive toYt .

Pt also depends on thet̃ left-right mixing angleu t̃ and
on the neutralino mixingNi j , which in turn depends on
(M1 ,M2 ,m,tanb). u t̃ can be determined independen
from a measurement of thet̃ pair production cross section
On the other hand, information onNi j must be obtained else
where, for example, fromẽR pair production and decay. Se
lectron pair production involvest-channel exchange of neu
tralinos. By studyingẽR pair production followed by the
decayẽR→ex̃ 1

0, one can thus not only measure the mass
the x̃ 1

0 (mx̃
1
0), but also very strongly constrain the gaugi

mass parameterM1. Making use of the measure
Pt( t̃→tx̃ 1

0) and assuming a GUT relation betweenM1 and
M2, we can in principle determine all the parameters of
neutralino mass matrix:M1 ,m, and tanb. One purpose o
this paper is to reveal the feasibility of the tanb measuremen
at future LC’s.

Another aspect of theẽR and t̃1 measurements is als
treated in this paper. In the high energy limit,ẽR production
involves s-channel exchange of the U(1)Y gauge bosonB
and t-channel exchange of its superpartnerB̃. The process
turns out to provide clear information on theB̃-eR-ẽR cou-
pling gB̃ẽReR. Assuming that theẽR angular distribution can
be reconstructed from that of daughter electrons, we find
the sensitivity to the couplinggB̃eR ẽR would reach;1%
~which corresponds to a few percent sensitivity to the p
duction cross section!. The sensitivity is then comparable
one
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the typical radiative correction to the SUSY relation
gB̃eRẽR5A2g8, which is proportional to log(mq̃ /ml̃ ). This is

the first example where radiative corrections to couplings
involving superpartners might be measured experimentally.

We also discuss what thePt( t̃→tx̃ 1
0) measurement im-

plies in the limit wherex̃ 1
0 is dominantly gaugino. In this

limit, the sensitivity to tanb disappears since not̃tH̃1
0 inter-

action is involved in thet̃tx̃ 1
0 coupling. However, in this

case, we show that sensitivity to the chiral nature oft̃tB̃
coupling emerges, offering another test of a supersymmetry
relation.

The organization of this paper is as follows. In Sec. II we
review the physics involved in thet̃1 mass matrix. In Sec.
II A, we describe the relation between the weak scale param-
etersmt̃ 1

, mt̃ 2
, andu t̃ and GUT scalet̃ mass matrices in

detail. The importance of measuringu t̃ and tanb is stressed
there, since it allows us to check the relation betweenmẽ and
mt̃ atMGUT. Section II B is devoted to describing the pro-
cedure to determine tanb from the measurements of
Pt( t̃→tx̃) and of ẽR pair production. In Sec. II C, we dis-
cuss the energy distribution oft̃ decay products, from which
Pt( t̃→tx̃) andmt̃ 1

are measured.

Our MC studies oft̃ pair production and decay are de-
scribed in detail in Sec. III, where one can find our error
estimates onmt̃ , u t̃ , andPt for *Ldt5100 fb21. Some
preliminary studies have been given in proceedings reports
@13#, where the effects of thee1e2t1t2 background were
not properly taken into account. In this paper, we present our
final results with an optimized set of cuts to remove the
background, while minimizing acceptance distortion for pa-
rameter fitting. These cuts are detailed in Sec. III A. The
results of the fitting are discussed in Sec. III B.

In Sec. IV A, we define a function calledDx̄2, which
allows convenient estimates of errors on MSSM parameters
that could be obtained through fits oft̃ and ẽ decay distri-
butions. Section IV B is devoted to the tanb determination
from a simultaneous fit oft̃1 and ẽR production usingDx̄2,
demonstrating a unique opportunity to measure tanb if it is
large. In Sec. IV C, we go further to determineẽ( t̃) coupling
to neutralinos. Section V then summarizes our results and
concludes this paper.

II. PHYSICS OF t̃1

A. Origin of supersymmetry breaking and the mass oft̃

t̃L(R) is the superpartner oftL(R) , the third generation
lepton. This makest̃ a unique object in the context of
SUGRA-GUT models@10#.

In minimal supergravity models, SUSY breaking in a hid-
den sector induces a universal soft breaking massm0, a uni-
versal gaugino massM0, and a universal trilinear coupling
A0 through gravitational interactions at the Planck scale
MPl . If the soft breaking masses remain universal from
MPl throughMGUT, this boundary condition results in the
universality at the weak scale of sfermion soft breaking
masses within the same representation of the
SU(3)3SU(2)3U(1)Y gauge interactions in the MSSM as
long as their Yukawa interactions are negligible:
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m
L̃

2 uweak5~m0
GUT!210.5~M0

GUT!2, ~1a!

m
R̃

2 uweak5~m0
GUT!210.15~M0

GUT!2. ~1b!

HeremL̃ (R) is the soft breaking mass of the superpartner o
left- ~right-! handed lepton, andm0

GUT and M0
GUT are the

universal scalar and gaugino masses atMGUT. The model
also predicts the following relations among gaugino s
breaking mass parameters:

M15
5a1

3aG
M0

GUT, M25
a2

aG
M0

GUT, M35
a3

aG
M0

GUT,

~2!

whereM1, M2, andM3 are the masses of U(1)Y , SU(2),
and SU(3) gauginos~called B-ino, W-ino, and gluino, re-
spectively!. aG is the gauge coupling atMGUT where the
a i ’s unify.

Equation ~1! does not apply fort̃, due to the possibly
large t Yukawa coupling allowed in MSSM. The Yukawa
interaction of the third generation fermions is described
the MSSM by the superpotential

WY5YtH1E
cL1YbH1D

cQ1YtH2U
cQ, ~3!

where H1 (H2) is the Higgs doublet with hypercharg
Y521/2 (1/2) that gives masses to down-~up-! type fer-
mions after SU(2)3U(1)Y symmetry breaking:
^H1&[„(1/A2)v1 ,0… and ^H2&[„0,(1/A2)v2…. Fermion
masses are thus not simply proportional to their Yuka
couplings but depend on v1,2 as well:
Yt52gmt /(A2mWcosb), where tanb[v2 /v1. In a simple
SO~10! model where all the Yukawa couplings are unified
the GUT scale,Yt;1 atMGUT and tanb is predicted to be
around 50@11#. For such a large tanb, the contribution of the
t Yukawa interaction to the RG evolution ofmt̃ is non-
negligible.mt̃ receives a negative radiative correction goin
down from MGUT to Mweak, leading to a mass reduction
compared tomẽ . Numerical values of thet̃ soft breaking
masses atMweak for a unified Yukawa coupling at the GUT
scaleYGUT51 can be obtained using@15#

m
L̃t

2
50.53~M0

GUT!220.12mHuGUT
2 10.77muGUT

2 , ~4a!

m
R̃t

2
50.15~M0

GUT!220.23mHuGUT
2 10.55muGUT

2 . ~4b!

HeremuGUT is the universal soft breaking mass of sfermion
andmHuGUT is the soft breaking mass of Higgs bosons
MGUT, which may be different frommuGUT in the SO~10!
model.1 One can subtract Eq.~1! from Eq. ~4!, after setting
mHuGUT andmuGUT equal tom0

GUT , to single out the maximal
possible effect of the Yukawa RG running fromMGUT to
Mweak. The effect reduces the coefficient of (m0

GUT)2 from 1
to 0.32 form

R̃t

2
and to 0.65 form

L̃t

2
.

1The original formula in Ref.@15# containsD-term contributions,
which we have neglected here.
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Yet another source of the reduction ofmt̃ is left-right
mixing @16#. The mass matrix of a slepton flavor (l̃ L , l̃ R) can
be written as

M25S mLL
2 mLR

2

mLR
2 mRR

2 D
5S m

L̃

2
1ml

210.27D 2ml~Al1mtanb!

2ml~Al1mtanb! m
R̃

2
1ml

210.23D
D . ~5!

Herem is the Higgsino mass parameter,Al is the coefficient
of the soft breaking term proportional tol̃ R* -l̃ L-H1, and
D[2mZ

2cos(2b). The left-right mixing element (mLR
2 ) is

negligible for the lighter generations. However, fort̃, if
tanb;50, the suppression from a factor ofmt is compen-
sated as long as the diagonal mass parameters areO(mW).
The mixing is also non-negligible ifmL̃t

,mR̃t
!m. Mixing

makes the lighter mass eigenvaluemt̃ 1
lighter than diagonal

mass terms. The mass eigenstates and eigenvalues are e
pressed as

S t̃1

t̃2
D 5S cosu t̃ sinu t̃

2sinu t̃ cosu t̃
D S t̃L

t̃R
D , ~6a!

mt̃ 1,2
5 1

2 @mLL
2 1mRR

2 7A~mLL
2 2mRR

2 !214~mLR
2 !2#, ~6b!

tanu t̃ 5
mt̃ 1

2 2mLL
2

mLR
2 . ~6c!

t̃1 may hence be lighter thanẽ, even in a model with a
common soft breaking sfermion mass atMweak.

We learned that determination of tanb characterizing the
RG running ofmt̃ from MGUT to Mweak and of the weak
scale t̃ mass matrix parametrized bymt̃ 1

,mt̃ 2
, and u t̃ is

necessary to extractmL̃t
andmR̃t

at MGUT. The values at

MGUT are interesting since they sensitively depend on the
nature of quark-lepton unification, as has been emphasized
recently in Ref.@10#. The reason is the following: In simple
grand unified models such as supersymmetric SO~10! or
SU~5! models, thetR(L) superfield is in the same multiplet as
the top quark superfield aboveMGUT. Thus fromMPl to
MGUT, the tR(L) supermultiplet is subject to the same
Yukawa interaction as the top quark. This reducesmR̃t

@and

mL̃t
# atMGUT from that atMPl for the SU~5! @SO~10!# GUT

model @10#. The reduction is predicted as a function of the
top Yukawa couplingYt , m0, M0, and A0. mR̃t

andmL̃t

could be as light as zero atMGUT for a large value ofA0,
even ifm0

2Þ0.
Phenomenologically the MSUGRA-GUT suggests that

t̃1 can be the lightest charged SUSY particle, thus to be
observed first, or might even be the only SUSY particle to be
accessible at the first stage of proposed next generation linea
e1e2 colliders. However, we should stress that there exist
models which predict totally different soft breaking mass
parametersmL̃t ,(R̃t)

. Dine, Nelson, Nir, and Shirman re-
cently constructed a relatively simple model which dynami-
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cally breaks SUSY at some intermediate scale@;10627

GeV# @Dine-Nelson-Nir-Shirman~DNNS! model @4##. The
breaking is then transferred to our sector by a U(1)Y gauge
interaction, whose scaleMm is ;104 GeV. Its prediction of
the gaugino mass parameters turns out to be the same as
of the MSUGRA model. This is not the case for the slepto
masses, which are predicted to be common to (l̃ L ,ñ l) and
l̃ R , respectively, atMm :

m̃
L̃

2
}
3

4 S a2

4p D 21 5

3 S 14D
2S a1

4p D 2, ~7a!

m̃
R̃

2
}
5

3 S 12D
2S a1

4p D 2. ~7b!

Unlike in the SUGRA-GUT model, the slepton masses d
not run too much fromMm toMweak, asMm is considerably
closer toMweak and there is no strong Yukawa interaction
involved at these energy scales.2

The determination ofmL̃t
, mR̃t

, andmẽ(m̃) at the GUT
scale would therefore give us a good handle to distingui
the MSUGRA and DNNS models or if the scale of SUSY
breaking is below or above the GUT scale; it is not enoug
to only observemt̃ ,mẽ , but tanb andũ t̃ must be measured
to determinemL̃t

andmR̃t
atMGUT. This shows the impor-

tance of precision studies of production and decay oft̃1 at
future LC’s. We discuss in the next subsections how we c
measure these parameters usingt̃1 pair production and de-
cay.

B. Determination of MSSM mass parameters
from production and decay of sleptons

Information onu t̃ and tanb can be extracted from the
production and decay oft̃ @12,13#. In this subsection we
sketch our strategy to do this. The determination ofmt̃ 1

will
be discussed in Sec. II C.

A t̃ decays into a charginox̃ i
2 ( i51,2) plus ant , or a

ñt plus aW
2 or aH2, or a neutralinox̃ i

0 ( i51, . . . ,4)plus
a t. Here the neutralinos are some mixtures of the neutr
components of gauginos and Higgsinos (B̃, W̃, H̃1

0, and
H̃2
0), and the charginos are some mixtures of the charg

components. Throughout this paper we assume that the lig
est SUSY particle~LSP! is the lightest neutralinox̃ 1

0.
Because ofR-parity conservation in the MSSM, the LSP is
stable and escapes from detection. The decay products of
SUSY particle contain at least onex̃ 1

0.
When both of the pair-producedt̃1 decay intox̃ 1

01 t, the
event yields a simple acoplanart1t2 final state. Ift̃1 decays
to heavierx̃ i

0 are allowed, the event might contain associate
jets or leptons. Notice that if thex̃ i

0 decays intonn̄x̃ 1
0 the

event has the same signature as that oft̃1→tx̃ 1
0. If one or

both t̃1’s decay intox̃ i
6 1nt , the event results in only one

or zerot lepton1 jets or a lepton1 missing momentum.

2Even if we take a very largeYt at the GUT scale, the weak scale
value ofYt is smaller compared to that ofYb andYt .
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The t̃1-to-neutralino or chargino decay branching ratios
depend on the scalart mixing u t̃ and the parameters of the
gaugino sector„M1, (M2), m, tanb…. The measurement of
the t̃1 branching ratios might give us extra information on
these parameters, but the existence of various decay mode
also makes the analysis oft̃1 production very complicated.
This point has been discussed in previous works@12# in de-
tail, and we will not repeat it here.

Hereafter we concentrate on the case in which thet̃R is
the second lightest SUSY particle and decays exclusively
into tx̃ 1

0. Figure 1 shows the interactions of the neutral com-
ponents of gauginos and Higgsinos witht̃R andt. The inter-
action is completely fixed by supersymmetry. Namely, the
coupling of thet̃R to B̃ is proportional to the U~1! gauge
coupling g1, while the coupling toH̃1

0 is proportional to
Yt . The two interactions have different chirality structure.
The ~super!gauge interaction is chirality conserving, while
the ~super-!Yukawa interaction flips chirality~in the figure,
the arrows next to thet̃ andt lines show flow of chirality!.
Since the polarization of thet lepton Pt( t̃R→tx̃ 1

0) mea-
sures the ratio of the chirality flipping and the conserving
interactions, it is sensitive to tanb.

As we mentioned already, the gauginos and Higgsinos are
not mass eigenstates, but they mix to form the neutralino
mass eigenstatesx̃ i

0( i51, . . .,4). The t̃R and t̃L also mix.
Hence thex̃ i

0t̃1t couplings depend not only on tanb but also
on the stau mixingu t̃ and the neutralino mixingNi j , where
Ni j is defined byx̃ i

05Ni1B̃1Ni2W̃1Ni3H̃11Ni4H̃2. There-
fore, the measurement ofPt alone cannot uniquely deter-
mineYt unlessu t̃ andNi j are specified. For example, in the
limit where the lightest neutralinox̃ 1

0 is a pureB-ino state
(N11→1) and in thet̃1→ t̃R(L) limit, Pt is expressed as

Pt~ t̃1→B̃t!5
4sin2u t̃ 2cos2u t̃

4sin2u t̃ 1cos2u t̃

, ~8a!

Pt~ t̃R→x̃ 1
0t!5

~gA2N11tanuW!22~YtN13!
2

~gA2N11tanuW!21~YtN13!
2
, ~8b!

Pt~ t̃L→x̃ 1
0t!5

~A2YtN13!
22g2~N121N11tanuW!2

~A2YtN13!
21g2~N121N11tanuW!2

,

~8c!

respectively. In the gaugino dominant limit,Pt does not de-
pend on tanb as expected. On the other hand, ifN13 is non-
negligible,Pt depends on tanb, but how it depends differs as
sinut̃ varies from 0 to 1. The interactions involvingt̃,
x̃ i
0, andx̃ i

1 and the dependence ofPt on these interactions

FIG. 1. Interactions of neutral components of gauginos and
Higgsinos witht̃R andtL or tR .
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are listed in Appendix A, together with the definitions o
neutralino and chargino mixing angles.

Now let us turn to the determination ofu t̃ andNi j .
t̃1 Mixing angleu t̃ . Since a polarized electron beam wi

be available at future lineare1e2 colliders, the mixing angle
u t̃ can be determined by the measurement of the produc
cross section fore1e2→ t̃ 1

1t̃ 1
2 @12#. This can easily be seen

by taking the limitmZ!As andPe511. In this limit, the
t̃ production solely proceeds through the exchange of
U~1!Y gauge bosonB. The hypercharge fort̃L(R) is 21/2
(21); thus,s( t̃R) ;4s( t̃L). Though the cross section als
depends uponmt̃ 1

, it can be separately extracted from th

energy distribution oft̃ decay products or from a threshol
scan@12#.

Neutralino mixing angles Ni j @6,13#. The neutralino mix-
ing Ni j depends onM1 ,M2 ,m, and tanb. If we assume the
GUT relationM155a1 /(3a2)M2, we can determine two
out of the three parameters usingẽ R

1ẽ R
2 pair production as

we will discuss below.3 Combining it with thes t̃ t̃ andPt
measurements, one can then determine all the paramete
the neutralino mass matrix in principle.

The ẽR pair production proceeds though thes-channel
exchange of gauge bosons and thet-channel exchange of
neutralinos. We list the amplitudes for thee1e2→ẽ R

1ẽ R
2

production in Appendix B. In the limitM1 ,m@mZ ,
As@mZ , andPe511, the amplitude reduces to

iM→ ib fg
2tan2uWsinuF12

4

122cosub f1b f
214M1

2/sG ,
~9!

whereu andb f are the polar angle and the velocity of th
ẽ R

2 . The first term in the square brackets corresponds to
s-channel exchange of gauge bosons and the second ter

3For any numerical calculation in this paper we assume the G
relation, though the ratio might be determined model independen
using chargino production@6,7#.

FIG. 2. mx̃
1
05100 GeV contours in theM1-m plane: Solid and

dotted lines correspond to tanb51.5 and 30, respectively.
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the t-channelB̃ exchange. One can see that only the interac-
tion with the U(1)Y gauge boson (B) and the gaugino (B̃) is
relevant in the limit, sinceẽR is an SU~2! singlet.

The differential cross sectionds(e1e2→ẽ R
1ẽ R

2)/cosu is
very sensitive toM1. In Ref. @6#, ẽR

1ẽR
2 production and their

subsequent decaysẽR
6→e6x̃ 1

0 have been studied in detail. It
was pointed out that the three-momentum ofẽR can be de-
rived from the momenta of the final-state electron pair with a
twofold ambiguity, provided thatmẽR

andmx̃
1
0 are known.

The ẽR andx̃ 1
0 masses can, on the other hand, be determined

from the energy distribution of the electrons with an error of
;1 GeV. The study ofẽR therefore provides two out of the
three parameters of the neutralino sector. The remaining
freedom of tanb can then be fixed byPt ( t̃1→t).

In order to illustrate how the above procedure works, we
calculate the cross section contours fore1e2→ẽ R

1ẽ R
2 and

Pt( t̃R→tx̃ 1
0), fixing mx̃

1
0 at 100 GeV and varyingM1 and

tanb. Curves in theM1-m plane which satisfy thex̃ 1
0 mass

constraint are shown in Fig. 2 for different values of tanb.
With the mass constraint, one can specify the position in the

UT
tly,

FIG. 3. ~a! s ẽ
R
1 ẽ

R
2 contours withmẽ5200 GeV,As5500 GeV,

andPe51 in theM1-tanb plane. At each point of the figure,m is
chosen so thatmx̃

1
05100 GeV. Solid lines correspond to am.0

solution and the dashed lines tom,0. ~b! Pt( t̃R→tx1
0) contours in

theM1-tanb plane with the same neutralino mass constraint. Only
the contours ofm.0 solutions are shown.
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parameter space of the neutralino sector byM1 and tanb, up
to a twofold ambiguity of positive and negativem solutions
for the largeM1 and tanb region or up to a threefold ambi
guity of two solutions in the negativem and one solution in
the positivem regions for small values4 of M1 and tanb.

Thes ẽ
R
1 ẽ

R
2 contours corresponding to positive and neg

tivem solutions are shown in Fig. 3~a! as the solid and dotted
lines, respectively. The difference of the two solutions
larger for smaller tanb. For tanb.10, the difference be-
comes negligible.

The dependence on tanb is also mild for
s(e1e2→ẽ R

1ẽ R
2), since it only comes in though the effec

of the gaugino-Higgsino mixing, which is suppressed
mZ
2/max(M1,m)

2 and sin2uW, compared to the leading term
The effect is visible for tanb,5 but it essentially vanishes
for tanb.10. On the other hand, the cross section is ve
sensitive toM1 as expected: It decreases monotonically w
increasingM1, and turns out to be extremely small whe
M1;As, where thet-channel ands-channel diagrams almos
cancel each other.

Figure 3~b! is a contour plot ofPt ( t̃R→x̃ 1
0t) in the

M1-tanb plane. As long asM1 is not very close tomx̃
1
0, the

polarization depends on tanb sensitively in the region of the
parameter space shown in the figure. As one can easily
from Figs. 3~a! and 3~b!, if we knowM1 precisely from the
ẽR production cross section, we can extract tanb by measur-
ing Pt( t̃R→x̃ 1

0t) unless M1;mx̃
1
0. Notice when

M1;mx̃
1
0, the lightest neutralino is gaugino dominant an

there is no significant Yukawa coupling involved inPt as
shown in Eq.~8a!. Therefore we cannot expect any sensiti
ity to the t Yukawa coupling in such a region of paramet
space. ForM1@mx̃

1
0, the lightest neutralino is Higgsino

dominant andx̃ 1
0 has significant Higgsino component. I

such a case, some sensitivity to tanb is expected for a mod-
erate value of tanb where the first and second terms of th
numerator of Eq.~8b! are comparable.

Notice that in Fig. 3 we did not exclude the region fo
bidden by the minimal supergravity model. In MSUGRA
one has to require the square of any scalar mass paramet
positive atMPl . This condition leads to the following in-
equalities atMweak: mẽR

>A0.87M1
210.23D @see Eq.~1!#.

For instancemẽR
5200 GeV requiresM1,215 GeV. If we

find M1.215 GeV, it will immediately bring us to conclude
that the SUSY-breaking scaleMSB is much lower than
MGUT, and aboveMSB the theory is different from the
MSSM. In the following numerical calculations, we will no
assume the positivity of the scalar potential atMGUT, since
the existence of models withMSB!MGUT is not excluded.
The DNNS model is an example of such a model w
MSB!MGUT, although their resulting slepton and gaugin

4The ambiguities inm might be removed for tanb,10 by mea-
suring other processes such as chargino production and decay
-
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masses at the low energy scale are consistent with the posi
tive scalar mass requirement5 atMGUT.

C. Energy distribution of t̃ decay products

In this subsection, we discuss the measurements ofmt̃ 1
,

s t̃ t̃ , and Pt from the decay distribution of thet leptons
from thet̃1 decays. As discussed in Secs. II A and II B, these
parameters are important to determine both thet̃ mass ma-
trix and tanb. In Ref. @12#, one of us~M.M.N.! has proposed
measurements using the pion energy distribution in
t̃→x̃ 1

0t→x̃ 1
0pnt . In this paper, we discuss measurements

using the decay chaint̃→x̃ 1
0t→x̃ 1

0rnt , since we find this
channel advantageous overt→x̃ 1

0pnt , as explained below.
First consider the primary decayt̃→tx̃ 1

0. The kinematics
is analogous to theẽ or m̃ cases studied in Ref.@6#. The t
energy distribution is flat between the end points given by

Emax~min!
t 5

Et*6pt*b t̃

A12b t̃
2 , ~10!

whereEt* and pt* are thet energy and momentum in the
parentt̃ rest frame,

Et*5

mt̃
22mx̃

1
0

2
1mt

2

2mt̃

, pt*5A~Et* !22mt
2, ~11!

and b t̃ 5(124mt̃
2 /s)1/2 is the t̃ velocity in the laboratory

frame. Knowledge of the two end point energies allows us to
determinemt̃ andmx̃

1
0, unlessb t̃ is very close to 1.

However, thet decays intoAnt , whereA5ene , mnm ,
p, r, a1, etc., andr

6 further decays intop6p0 anda1
6 to

p6p6p7 or p6p0p0. Thus the signature of thet̃ 1t̃ 2 pro-
duction is an acoplanar two-jet event with low multiplicity.

In the limit Et@mt , the decay products keep the original
t direction. However, the visible energy is smaller since
some of thet ’s energy is carried away by neutrinos. In order
to determinemt̃ andmx̃

1
0, one must reconstruct the original

t end point energies from the energy distribution of the de-
cay products. In Figs. 4~a! and 4~b!, we show the energy
distributions of ther andp from a decayingtR(L) with a
fixedEt in the limitEt@mt @18#. The energy distributions in
the c.m. frame are obtained by convoluting these distribu-
tions with thet energy distribution, which we show in Figs.
4~c! ~for t̃1→tR

2) and 4~d! ( t̃1→tL
2) for a representative set

of parametersmt̃ 1
5150 GeV,mx̃5100 GeV, andAs5500

GeV.

.

5Another important set of constraints could be obtained from re-
quiring the scalar potential neither be unbounded from below
~UFB! nor have charge- or color-breaking~CCB! minima deeper
than the standard minimum@17#. One would then find strong con-
straints onmt̃ L

andmt̃R
at the weak scale, depending onm and

mH2

2 . In this paper, we do not consider these constraints, since we
will not specifymt̃ 2

, mH2

2 , andm in the later analysis.
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FIG. 4. ~a! and ~b! Energy distributions of ther andp from ~a! tR decay and~b! tL decays with a fixedEt (Et@t) as functions of
z[Ep(r) /Et . ~c! and ~d! Energy distributions of ther and p from a cascade decay of at̃ for mt̃ 1

5150 GeV,mx̃
1
05100 GeV, and

As5500 GeV. Thet̃ decays exclusively intotR(L)
2 in ~c! and ~d!.
,

-

Thep energy distribution depends onPt very strongly. It
is harder~softer! for a p2 from a tR(L)

2 @see Figs. 4~c! and
4~d!#, due to angular momentum conservation. However
substantial correlation betweenPt and the number of identi-
fied events is expected due to the inevitableEvis andP” T cuts
to remove thee1e2t1t2 background@9#. As we will see in
Sec. III, applying these cuts drastically reduces events
lower energy regionE&Emin

t , where most of the events re
side forPt;21. @The maximum and minmum energies o
the originalt leptonEmax(min)

t are shown in Figs. 4~c! and
4~d!.# If Emin

t &P” T
cut it is thus hard to measure the energ

distribution precisely, which results in large errors onEmin
t

andPt . This uncertainty inPt also affects the determination
of Emax

t as the energy distribution nearEmax
t depends onPt

strongly. Finally, the acceptance depends onPt , giving ex-
tra uncertainty in thet̃1 total cross section measurement.

Ther mode is preferable to thep mode in these aspects
The dependence of the energy distribution ofr mesons on
Pt is mild, since kinematics forbids low energyr mesons.
The energy distribution is peaked nearEmin

t for anyPt . The
Pt dependence of the energy distribution nearEmax

t is also
moderate. Because of this pseudoPt independence, we can
carry out the determinations ofmt̃ and (mx̃

1
0) and the cross

section without any strong correlation toPt .
a

in

f

y

.

Furthermore, the polarization of ther meson depends on
Pt very strongly, which can be seen in the distributions of
rL(T) in Figs. 4~c! and 4~d! ~dashed lines!. Namely, atR

2

decays mostly to a longitudinally polarizedr meson (rL)
and atL

2 decays mostly to a transversally polarizedr meson
(rT). One can thus determinePt by measuringPr , which in
turn can be determined from the distribution of ther decay
products. Ar6 decays intop6p0, and the distribution of
Ep6 in therL(T)→ p6p0 decay is a very simple function of
zc[Ep6 /Er , whereEr is the total energy of the jet to which
thep6 belongs, and can be written in the form@18#

dG~rT→2p!/dzc;2zc~12zc!22mp
2 /mr

2 , ~12a!

dG~rL→2p!/dzc;~2zc21!2, ~12b!

where we have ignored termsO(mr
2/Er

2) but retained
O(mp

2 /mr
2) contributions, and zc is in the range

(12bp)/2<zc<(11bp)/2, with bp5A124mp
2 /mr

2.
By fitting the zc distribution together with theEjet distri-

bution, one can determine bothPt andmt̃ 1
. The error from
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the smallPt dependence of theEjet distribution is reduced by
the simultaneous use of thezc distribution.

III. MONTE CARLO SIMULATIONS

A. Event selection

In this section, we investigate the feasibility of thet̃ stud-
ies outlined above at future lineare1e2 colliders.

As discussed in the previous section, measuring theEr

distribution of the cascade decayt̃1→t→r and the
zc([Ep6 /Er) distribution of the subsequentr decay
r→p6p0, one can determinemt̃ 1

, Pt , andu t̃ . However,
in order to measure these parameters, one has to introd
cuts to control backgrounds. We also have to reconstrucr,
a1, or p from t̃1 decays with minimum mis-ID probability
among these channels. The reconstruction efficiency hea
depends on detector performance, necessitating Monte C
~MC! simulations with realistic detector and machine para
eters. In this subsection we discuss the dominant backgro
from e1e2→e1e2t1t2 and present our cuts and detect
setup to reduce it. We also define our cuts to identifyr and
a1 and MC-examine the contamination due to misidentific
tions. The result of the fit to MC data after the cuts will b
presented in Sec. III B.

In the following we study a sample case oft̃ 1
1t̃ 1

2 pair
production followed by exclusivet̃ 1

6→tx̃ 1
0 decays. We will

not treat the other decay processest̃ 6→ t6x̃ i
0 ,(i>2) or

ntx̃ i
6 where the expected event signatures are much m

complicated. The helicity amplitudes fort̃ 1
1t̃ 1

2 production
and their subsequent decays intotx̃ 1

0 are calculated using
the HELAS library@19#. The final statet leptons are gener-
ated using theBASESor SPRINGpackage@20# and are decayed
with TAUOLA version 2.3@21#. The effects of initial state
radiation, beam energy spread, and beamstrahlung are
taken into account@22#.

The end-product stable particles (p6, g, e, m, . . . ! are
then processed through a detector simulator, and are ide
fied, if possible, as (p6 ,g, . . . ! candidates. In this paper
we assumed the JLC1 detector parameters, except for
forward electron veto system. The model detector
equipped with a central drift chamber@CDC: DPt /Pt
51.131024Pt(GeV) %0.1%#, electromagnetic and hadro
calorimeters@EMC: DE/E5 10%/AE(GeV) %1%; HDC:
DE/E5 40%/AE(GeV)%2%#, and muon drift chambers
whose parameters can be found in Ref.@5#. The used detector
simulator is the same as the one used in the previous stu
@6#. It should be noted that we tried to link charged paritcl
detected in the CDC to energy clusters detected in the E
or HDC, and when linked, we used the CDC informatio
since it has better resoluction in general. To be realistic
this linking process, we generated calorimeter hits with
finite shower size and simulated the cluster overlapping.

The event signatures for thet̃ pair production are acopla-
nar two jets or one jet1 one lepton. The former mode is
cleaner since the latter mode suffers fromWW, enW, and
eeWWbackgrounds. We will, therfore, concentrate on t
former mode. We used the following basic cuts to select su
an acoplanar two-jet event~1! There exist two and only two
jets for someycut.2.531023 whereycut is imposed on the
reduced jet invariant mass:E1E2(12cosu12)/(Evis)

2.ycut;
uce
t
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arlo
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und
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~2! both of the two jets must clear the polar angle cut
ucosujetu,0.8; ~3! the net charge of each jet must be unity
and opposite in sign to that of the other;~4! the acoplanarity
of the two jets has to be large enough,uacop.30°; ~5! these
two jets have to have invariant masses consistent witht
hypothesis,mjet1, mjet2,3 GeV; ~6! the missing transverse
momentum (P” T) has to exceed 15 GeV;~7! there has to be
no electron or position aboveue.50 mrad from the beam
axis.

In addition we need cuts to identifyt decay products as
r or a1 in order to analyze each decay mode separately.

r cuts. A jet with twog and onep6 candidates is iden-
tified as ar6 → p6p0 candidate ifm2g,0.25 GeV and
mjet,0.95 GeV. If there is only oneg candidate in the jet
(g1p6), we requiremjet,0.95 GeV, assuming a possible
cluster overlapping in the calorimeter.

a1 cuts. A jet is identified asa1 if it contains three
chargedp ’s only, or four or threeg ’s 1 onep6, or two
g ’s 1 onep6 with m2g.0.25 GeV.

Cuts ~1!–~4! are similar to the one used in the previous
studies@6#. These cuts together with cut~5! were designed to
reduce the background from gauge boson productions
(WW,enW,eeWW) to less than 1 fb forPe50.95 at
As5500 GeV.

Cuts ~2!, ~4!, ~6!, and ~7! are to remove the
e1e2→e1e2t1t2 background, where the two photons ra-
diated off from the initial-statee1 ande2 collide to produce
a t pair, while thee1 ande2 escape into the beam pipe.

In the previous Monte Carlo studies of the backgrounds
for sfermion productions, thee1e2l1l2 backgrounds were
eliminated by cuts on acoplanarity angle andP” T @9#. The
same applies to theeett background in thet̃ production
studies. One might worry about thet decay giving extra
P” T to theeett events; however, the overall reduction of the
energy of thet decay products compensates this effect. For
example, at the JLC1 model detector, aP” T.35 GeV cut
together with an assumed electron veto angle ofue

veto5150
mrad, the cuts on polar angle~cut 2!, and acoplanarity angle
~cut 4! turns out to remove most of the background events
~Fig. 5!. We have generated 110 Ke1e2t1t2 events with
ue,150 mrad, Et1

1Et2
.15 GeV, ucosutu,0.9, and

uacop.10°, using a code6 developed by Kuroda@23#. The
corresponding production cross section is 1.10 pb, and there
fore the generated events are about*Ldt5100 fb21 equiva-
lent. Twelve events survived cuts~1!–~5! and ~7! and
P” T.35 GeV: s(eett)ucut50.12 fb60.035 fb. Notice that
vetoing e6’s above u.150 mrad allows the two-photon
background with theP” T of thet pair system up to as high as
75 GeV kinematically, and up to 37.5 GeV typically, since it
is quite rare that the two initial-state particles give the maxi-
mum possible transverse kick in the same direction to the
t1t2 system.

Introducing such a high missingPT cut might introduce
an extra correlation between the acceptance~or the measured

6We have generated thee1e2t1t2 events in the phase space
sufficiently larger than the one defined by cuts~2! and~4!, because
the reconstructed jet axes do not in general coincide with the origi-
nal t directions.
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value of thet̃ pair production cross section! and the polar-
ization of a t lepton from t̃1 decay, because jet energie
become softer for a smallerPt( t̃→tx̃) as discussed already
in Sec. II C. Our MC simulation for mt̃ 1

5150

GeV, mx̃
1
05100 GeV, and As5500 GeV shows that

17.3%(Pt51!/17.1%(Pt521) of the generated signa
events are identified ast̃1 with noP” T butEvis.10 GeV cut,7

while only 12.6%(Pt511!/9.8%(Pt521) of them
identified8 for P” T.35 GeV. Though the correlation betwee
Pt and the acceptance is smaller than that of thep mode,
andPt can also be constrained from thezc distribution of the
r decays, the reduction of the acceptance by up to a facto
2 and its strongPt dependence might be worrisome.~See
Fig. 5 for theP” T distribution of the signal events correspond
ing to 104 generatedt̃ pairs and theeett background for
*Ldt5100 fb21.! It should also be noted that events wit
smaller jet energies are less likely to be accepted. This m
complicate the simultaneous measurement ofmx̃

1
0 andmt̃ ,

as the measurement of the energy distribution nearEmin
t be-

comes more difficult~see Fig. 6!.
In this paper, we therefore assume a forward covera

down to 50 mrad. Thee1e2t1t2 production cross section
for Et11t2

.15 GeV, ucosutu,0.9, uacop.10°, andue,50

mrad is 0.719 pb. Out of 70 K generatede1e2t1t2

events , which correspond to*Ldt5100 fb21, only 19
events remained as background after applying cuts~1!–~7!.
The overall detection efficiencies for the signal events af

7The acceptance is smaller than that of the other sleptons since
had to require botht ’s to decay hadronically. The background t
the search mode where onet decays intoe/m is larger but expected
to be manageable. We also had to apply a tighter jet polar angle
to reduce thee1e2t1t2 background.
8ThePt dependence comes mostly fromt̃1t̃1→pr events, where

p ’s tend to have low energy forPt521. Those events are les
likely to be accepted due to theP” T cut.

FIG. 5. P” T distributions of events passing cuts~1!–~5!, for
As5500 GeV,mt̃ 1

5150 GeV, andmx̃
1
05100 GeV. The solid and

dotted lines with higherP” T tails are for 10
4 t̃ pairs decaying exclu-

sively into tL
2 and tR

2 respectively. TheP” T distribution of the
eett background, also shown in the figure, corresponds
*Ldt5100 fb21.
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the same cuts are 17.0% and 16.0% forPt51 and
Pt521, respectively. Jet energy distributions of
r-identified events for differentP” T cuts are shown in Fig. 6
for9 mt̃ 1

5150 GeV,mx̃
1
05100 GeV, andPt521. One can

see that theP” T.15 GeV cut has no significant effect on the
signal events as expected, while for theP” T.35 GeV cut, the
acceptance diminishes drastically forEjet,50 GeV, making
the determination ofEmin

t difficult.
In order to realize the 50 mrad veto angle, we need to

place additional veto counters in the beam background mask,
which might produce extra beam backgrounds. On the other
hand, having a tighter forward veto can significantly reduce
the SM background in the lowP” T region, which will help us
extend our discovery reach to SUSY particles with a mass
which is very close to that of the LSP. Further studies are
necessary to optimize the parameters for the extra forward
electron veto. Another possibility to reduce theP” T cut value
is of course to go down close to thet̃ pair production thresh-
old. If the t̃ production is accessible atAs5350 GeV,
P” T.25 GeV must be enough to eliminate theeett back-
ground.

Now we are going to discuss ther anda1 cuts. These cuts
are chosen to minimize contaminations ofr to a1 or vice
versa due to mis-reconstruction of photons. As described ear-
lier, ther anda1 decays involvep

0’s, which in turn decay
into 2g ’s. For a high energyp0, however, the two photons
are occasionally misidentified as a single photon due to the
cluster overlapping in the calorimeter, and therefore thea1
sometimes has the same signature asr. Figure 7~a! shows
the jet invariant mass distributions of the events consisting of
a p2 and one- or two-photon candidates coming from
t̃ 1t̃ 2→t1t2→p1r2 andp1a1

2 . The solid histogram is
for r2 decays from 50 Kt̃ pairs forced to decay into
p1r2, and the bars are the data of 7190t̃ pairs forced to

we
o

cut

s

9The jet energy distributions are slightly softer than that of Fig.
4~d!, as the MC simulation includes beam effects and initial-state
radiation. These effects will also be included in the fits of Sec. III B.

to

FIG. 6. Ejet distributions of 10
5 t̃1 pairs decaying exclusively to

tL for different totalP” T cuts: noP” T cut ~dotted line!, P” T.15 GeV
~solid line!, and P” T.35 GeV ~dashed line!. P” T.35 GeV is the
optimal cut forue

veto5150 mrad, whileP” T.15 GeV foruveto550
mrad.
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FIG. 7. ~a! Invariant mass distributions of jets consisting o
p2 1 one or two g ’s for t̃ 1t̃ 2 →t1t2x̃ 1

0x̃ 1
0, followed by

t1t2→p1r2ntn̄t ~solid line! and p1a1
2ntn̄t ~bars!. The latter

corresponds to misidentifieda1
2→p2p0p0→p24g. We assumed

the parameters of the JLC1 model detector. The invariant ma
distribution for the jets from a1 three-prong decays
(a1

2→2p2p1) is also shown as the dotted line. Because of th
photon mismeasurements, the jet invariant mass distribution ofa1
one-prong decays sits below the one for three-prong decays.~b! The
jet energy and~c! zc distributions for the events that satisfyr cuts.
The solid line is the distribution fort̃ 1t̃ 2→p1r2, while bars are
of t̃ 1t̃ 2→p1a1

2 as before. The contamination is larger for smal
zc or higherEjet .
decay intop1a1
2 . The p1r2 data are scaled so that its

relative normalization top1a1
2 is correct. Because of the

misreconstruction, the events have a considerably smaller je
invariant mass distribution compared to that ofa1’s decaying
into 2p2p1~dotted histogram!. The r cut on the invariant
massmjet,0.95 GeV only removes half of thea1 contami-
nation.

In Figs. 7~b! and 7~c!, we plot the jet energy andzc dis-
tributions of ther candidates that satisfy ther cuts in the
samep1r2 andp1a1

2 samples. Solid histograms are those
from thep1r2 sample and bars are from thep1a1

2 sample.
The number of identifiedr events from p1r2/p1a1
samples is 4522/400 forPt511. The contamination is
larger for a higherEjet and a lowerzc . This is because high
energyp0’s from a1 decays have less chance to be identified
as two photons, thereby sneaking into ther signals. The
same MC simulation told us that very fewa1 decays could
be reconstructed withNg>3 if Ejet.50 GeV.

The contamination affectsmt̃ 1
and Pt fit to Ejet and zc

distributions. In principle thea1 contamination to ther
sample must be corrected for before the data are fitted to
obtainmt̃ or Pt . However, because of rather low expected
statistics (; 1400r candidates expected to survive after the
cuts for 104 t̃ pairs!, we did not attempt to make such cor-
rections at all. We will see in the next subsection that input
parameters of MC and the corresponding best fit values of
themt̃ andPt fits to;104 t̃1 pair events are consistent with
each other.

B. Fit to MC data

In this subsection we present the results of our fits to the
selected MC data for representative sets of parameters, with
mt̃ 1

5150 GeV,mx̃
1
05100 GeV, andAs5500 GeV, and

backgrounds for*Ldt5100 fb21 andPe50.95.
In Secs. II A and II B, we have discussed the importance

of measuringmt̃ 1
andu t̃ to determine the weak scalet̃ mass

matrix andPt to determine tanb. These parameters can be
measured by looking atr candidates fromt̃1 cascade decay
~Sec. II C!: mt̃ 1

is measured through the energy distribution,

sinut̃ through the production cross sections t̃ 1t̃1
, and Pt

through thezc distribution.
In the following, we fit theEjet andzc distributions of the

r candidates selected from the signal MC data to numerical
functions calculated by convoluting thet→rL(T) decay
spectra with thet energy distributions. The fit parameters are
mt̃ 1

, mx̃
1
0, Pt , and the number of producedt̃1 pairsN t̃ 1t̃1

.

The results of the fit to 104 and 53103 t̃1t̃1 pairs will be
shown in this section. Notice that the production cross sec-
tion of t̃R( t̃L) with mt̃ 5150 GeV is about 0.09 pb~0.02 pb!
for Pe51; therefore, the generated 104 t̃1 events roughly
correspond to*Ldt5100 (400) fb21, respectively~see Fig.
1 of Ref. @12#!. The fit will be extended to include the mea-
surement ofẽR production and decay in Sec. IV, to obtain
the error on tanb.

We first describe our calculation of the theoretical distri-
butions for the fit. As we mentioned earlier, theEjet and/or

f

ss

e

l
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zc distributions are numerically calculated by convolutin
thet→rL(T) and thet energy distributions.10 In the calcula-
tions of the theoretical distributions, we took into account t
effect of beamstrahlung and initial-state radiation on thet̃1
energy distribution as before@22#. We also found that the
acoplanarity angle cut@cut ~4!# has a significant effect on the
energy distribution. Since the acoplanarity angle cut is ve
complicated to implement in the numerical calculation of t
energy distribution, we approximated the effect by imposi
an acolinearity cut of 30° in the c.m. frame of thet̃1 pairs
instead. The resultant jet energy distribution that was cal
lated this way roughly reproduced the shape of the ene
distribution of a statistically larger MC event sample (105

t̃1 pairs!. The overall normalization has been determined
comparing it with the MC simulation and corrected for
Pt-dependent acceptance factor. Agreement between thzc
distribution of the MC data and that of the numerical calc
lation was poor forzc;0 or zc;1 due to the acceptance
effects; we therefore fit thezc distribution only over the
range 0.08<zc<0.92.

In the previous subsection we have seen that theP” T.15
GeV cut is necessary to reduce theeett background for an
electron veto of 50 mrad. Since the signal events are ha
affected by the cut, and since it is hard to implement t
P” T cut in the numerical calculation of the fitting curve, w
decided to ignore theP” T cut for both the MC events and the
fitting curve, and neglected theeett background altogether
though the dominant backgrounds fromWW, eeWW, ZZ,
and nn̄Z corresponding to*Ldt5100 fb21 have been in-
cluded in the fits in this section.11 The production cross sec
tions for the backgrounds before and after the selection c
and the number of remainingr events are listed in Table I.

We first separately perform a fit ofmt̃ 1
andmx̃

1
0 to the

Ejet distribution, and that ofPt to thezc distribution. Figures
8~a! and 8~b! are the results of our mass fit to theEjet distri-
bution of 104 t̃1t̃1 events decaying intotR x̃ 1

0 exclusively.
Here 1476 events were identified asr and used for the jet
energy fit. In this fit, we keptPt511 and set the normal-

10We included the effect of the finiter width for the jet energy
distribution as in Ref.@18# but did not take it into account for the
zc distribution.
11Evis.10 GeV is implicit for all the MC event generation in thi

subsection. This condition is not included in the fitting curves as
effects were found negligible.

TABLE I. Dominant background cross sections atPe510.95
to the processe1e2→ t̃1t̃1 followed by t̃1→x̃1

0t. Background
cross sections after requiring the cuts described in the text and
average number ofr background events for*Ldt5100 fb21 are
also shown in the table.

Process sPe510.95 ~fb! scut ~fb!
Number ofr

candidates/~100 fb21
)

WW→t1t2 6.23 0.16 14.9
eeWW→t1t2 2.16 0.21 17.9
ZZ→t1t2nn̄ 4.88 0.59 51.0
nn̄Z→t1t2 0.46 0.07 6.3
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ization of the curve so that the total number of events agreed
with that of the MC data. Figure 8~a! plots the jet energy
distribution of the MC events together with the best fit curve
obtained by minimizing the log-likelihood function ([x2)
with mt̃ 1

and mx̃
1
0 as free parameters. The contours for

Dx251 and 4 inmx̃
1
0-mt̃ 1

plane are shown in Fig. 8~b!. The

MC events were generated formt̃ 1
5150 GeV and

mx̃
1
05100 GeV, while the best fit values aremt̃ 1

5147 GeV

andmx̃
1
0597 GeV for this MC sample. The values are con-

sistent with the inputs;Dmx̃
1
052.8 GeV andDmt̃ 1

53.9 GeV

can thus be expected as 1s errors on these quantities.
The errors on the two parameters might be reduced fur-

ther. Notice that we have only used the events identified as
t̃1→t→r here. The other modes intop, a1, or other leptons
can also be used to increase the statistics. One may combine
the information from other sparticle decays once they are
observed. The previous analysis ofm̃ decays showed that

s
its

the

FIG. 8. Results from the mass fit to 104 t̃1t̃1 pair events decay-
ing into tRx̃ 1

0 exclusively, where the SM background correspond-
ing to *Ldt5100 fb21 has been included in the fit:~a! the jet
energy distribution for ther events selected from data MC events
~bars! and the best fit histogram. In the fit we keptPt511 and
normalized the histogram so that the total number of events agreed
with that of the MC data. The average SM background is also
shown in the figure.~b! Contours forDx251 and 4 in themx̃

1
0-

mt̃ 1
plane.
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Dmx̃
1
051 GeV can be achieved typically, which would re

duceDmt̃ 1
down to 1.5 GeV.

On the other hand,Pt can be determined by fitting the
p6 fraction of the parentr energy (zc[Ep6 /Ejet). In this
fit, we fixedmx̃

1
0 andmt̃ 1

to their input values and the nor

malization of the fitting curve to the total number of the M
sample. Figures 9~a! and 9~b! show thezc distribution for the
selectedr candidates together with the best fit curve. He
we used the data in the region 0.08<zc<0.92 andEjet.20
GeV since the low energy region is insensitive toPt . Here
924~885! MC events were used for the fit wheret̃1’s de-
cayed intotR(tL)’s. The best fit values and their errors we
obtained to be 0.99560.082 and20.99160.08 for tR and
tL , respectively.

In order to justify such separate fits ofEjet andzc distri-
butions with some of the fitting parameters fixed by hand,
must make sure that there is no strong correlation amo
mt̃ 1

, mx̃
1
0, Pt , ands t̃ 1t̃1

. For this purpose, we calculated th

errors on the masses andPt by fitting a two-dimensional
distribution in (Ejet ,zc), varyingmx̃

1
0, mt̃ 1

, Pt , and the total

number of produced stau pair eventsNtt ~which corresponds

FIG. 9. zc distributions for ther candidates selected from 104

t̃1 pairs decaying exclusively into~a! tR and~b! tL , together with
the best fit histogram. The samples withEjet.20 GeV and
0.08<zc<0.92 are used for the fit. The best fit values ofPt and
their errors were obtained to be 0.99560.082 and20.99160.008
for tR and tL , respectively, for fixedmt̃ 1

5150 GeV and
mx̃

1
05100 GeV.
-

-

C

re

re

we
ng
e

to s t̃ 1t̃1
if the integrated luminosity and acceptance

known!. Here 1224 events in the interval 0.08<zc<0.92
were used for the fit withPt51.

The resultant errors obtained from this fit agreed ve
well with the previous estimates. The best fit values for t
masses aremt̃ 1

5146.3 GeV andmx̃
1
0595.4 GeV. The shape

of the x2 contour projected onto themx̃
1
0-mt̃ 1

plane looked

quite similar to that of Fig. 8. The estimated errors a
Dmt̃ 1

54.07 GeV andDmx̃
1
052.99 GeV, being consisten

with the previous estimates, taking into account the diffe
ence in the number of events used for each fit. The erro
Pt was also calculated allowingmx̃

1
0, mt̃ 1

, andNtt to move

freely in minimizing x2. The best fit value ofPt is
Pt50.8960.07, again consistent with the previous estima
These results support our assumption of a small correlat
between the energy distribution andPt for the t→r decay
mode.

Finally we move on to the determination of thet̃ mixing
angleu t̃ . As discussed already, our strategy is to use t
measurement of the production cross section together w
that ofmt̃ . We generated 5000t̃1 pairs decaying intot x̃1

0

with Pt50.6788. The SM backgrounds for*Ldt5100
fb21 were also included. Ther signal sample corresponds t
sinut̃50.7526, andmt̃ 1

5150 GeV with aB-ino dominant
LSP.

We used events in the region 0.08,zc,0.92, which, after
selection, reduced to 628 events. Since the acceptance di
by about 12% betweenPt51 andPt521 due to thezc
cut,12 we minimized x2 in the N t̃ 1t̃1

-mt̃ 1
plane, varying

Pt , mt̃ 1
, andmx̃

1
0. No significant correlation was found be

tween N t̃ 1t̃1
and mx̃

1
0 and the estimated errors13 are

Dmt̃ 1
56.6 GeV andDs t̃ 1t̃1

52.2 fb. The mass error is con
sistent with the previous estimate if one takes into acco
the difference in the numbers of produced events and
acceptances. The error on the cross section is consistent
the error simply estimated by the statistics of the accep
events.

Figure 10 plots contours of constant minimizedx2 sur-
faces projected onto themt̃ 1

-sinut̃ plane. We found

Dsinut̃50.049. One can see that the correlation withmt̃ 1
makes the error large. It is possible to reduce thet̃1 mass
error by using themx̃

1
0 obtained from other measurements a

was discussed earlier.Dmx̃
1
051 GeV would reduceDmt̃ 1

to

2.21 GeV, in which case the error on sinut̃ is less than 0.03.
However, the error cannot be less than 0.014, which is li
ited by the observed number of events.14

The t̃1 decay process studied above is quite complica
compared to that ofẽ or m̃. Nevertheless, in the above dis

12The data inzc;0 or 1 can of course be used once detect
performance is understood and included in the numerical calcu
tion of fitting curves. The dependence of the acceptance toPt de-
scribed here is purely artificial, unlike that caused byP” T cuts.
13We assumed*Ldt5100 fb21.
14Including other decay modes in the analysis would improve s

tistics and reduceDut .



.

f

t

6768 54NOJIRI, FUJII, AND TSUKAMOTO
cussions, we have found the measurements of massesmt̃ 1
mx̃

1
0, Pt , andN t̃ 1t̃1

could be done without any significan

correlations each other. We have also learned that the m
errors usingO(600) acceptedr events are consistent with
those ofO(1400) events if the latter are statistically scale
The error in the cross section is consistent with the er
estimated by the statistics of the accepted events. This all
us to estimate the errors inmt̃ 1

, Pt , N t̃ t̃ , andu t̃ reliably by
simple statistical scaling of each error in a wide region
parameters space. This fact is used when we combine
t̃1 measurements with theẽ measurement in the Sec. IV.
In this subsection we assumed that a tight forward el

tron veto is possible and applied a smallP” T cut as was dis-
cussed in the previous subsection. If thisP” T cut has to be
increased to 35 GeV, the result of this subsection m
change. The mass measurement is based on the measure
of Emax(min)

t extracted from the energy distribution ofr can-
didates. As can be seen from Fig. 7, events nearEmax

t are not
affected by the cut; therefore,DEmax

t will not change either.
Emax

t is sensitive tomt̃ 1
2mx̃

1
0; therefore,Dmt̃ 1

obtained

with mx̃
1
0 from other slepton measurements will not chan

significantly.DPt will not be affected too much, either, sinc
the zc distribution is not sensitive toPt for Er&20 GeV,
which is the region most affected by theP” T.35 GeV cut.
Finally, some extra dependence of the acceptance onPt
should be introduced by the largeP” T cut. This might in-
crease the error in the production cross section, since
acceptance moves by 20% withPt varying from 1 to21.
However, the dependence can be tamed by measuringPt
from thezc distribution.

IV. COMBINED ANALYSIS

A. Dx̄ ẽ
2 and Dx̄ t̃

2 functions

In this section we are going to extract tanb by combining
the measurements ofPt( t̃→tx̃), sinut̃ , and the knowledge

FIG. 10. Dx2 contours in themt̃ 1
-sinut̃ plane, resulting from

the fit to 5000t̃1 pairs generated for*Ldt5100 fb21, mt̃ 1
5150

GeV, mx̃
1
05100 GeV, andPt50.6788. The MC sample corre

sponds to at̃1 with sinut50.7526 decaying exclusively into a
B-ino-like lightest neutralino.
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of the neutralino mass matrix obtained from the measure-
ments ofẽR production and decay. Some MC simulation of
ẽ production had already been carried out for a specific set
of parameters@6#, and we have just finished a corresponding
MC analysis fort̃1 in the previous section. It is now straight-
forward to perform combined fits to determine the MSSM
parameters for representative points in the parameter space
Nevertheless, it is quite time consuming to do it exactly as in
a real experiment.

Therefore, in this paper, we define aDx2-like function
Dx̄2 to estimate the sensitivity of LC experiments to these
SUSY parameters. As we mentioned already, we take a
sample case where botht̃1 and ẽR are produced at a future
LC. The ẽR pairs are selected requiring acoplanare1e2

paris, while thet̃1 pairs are taken from an acoplanar two-jet
sample. Since these samples are statistically independent o
each other, we define theẽ andt̃1 parts of theDx̄2 functions
Dx̄ ẽ

2 andDx̄ t̃
2 separately in this subsection.Dx̄ ẽ

2 andDx̄ t̃
2

are functions of two sets of input parameters:
„mẽR

,M1(M2),m,tanb… and „mẽR
8 ,M18(M2)8,m8,tanb8…

for Dx̄ ẽ
2 and „mt̃ 1

,u t̃ ,M1(M2),m,tanb… and

„mt̃ 1
8 ,u t̃8 ,M18(M28),m8,tanb8… for Dx̄ t̃

2 . The Dx̄2 functions

are defined in such a way thatDx̄250 when the two
sets are equal and the projection of the hypersur-
face of Dx̄251(,4,9,. . . ) to one of the parameters
(mẽR

8 ,M18 , . . . ) fixing (mẽR
,M1 , . . . ) roughly agrees with

the 1~,2,3, . . . !2s error of that parameter. In this subsec-
tion, we first defineDx̄ ẽ( t̃ )

2 in detail, and then discuss the
error on tanb in the next subsection. Readers who are inter-
ested only in the results can skip this subsection.

The polar angle(u) distribution and the end point energies
of electrons fromẽR decays can be measured at future LC
experiments as discussed already in Sec. II B. Therefore we
defineDx̄ ẽ

2 by using the two sets of quantities as

Dx̄ ẽ
2
„mẽR

,M1~M2!,m,tanb;mẽR
8 ,M18~M2!8,m8,tanb8…

5(
i51

nbin ~ni82ni !
2

ni
1S Emax

e8 2Emax
e

DEmax
e D 21S Emin

e8 2Emin
e

DEmin
e D 2,

~13!

whereni andni8 are the expected numbers of events in the
i th bin between2112(i21)/nbin< cosu ,2112i /nbin
calculated for the first and second sets of input parameters
„mẽR

,M1(M2), m, tanb… and „mẽR
8 , M18(M2)8, m8, tanb8…,

respectively. For later use we calculatedni assuming
*Ldt520 ~or 100! fb21, As5500 GeV, a 27% acceptance,
andnbin525, making use of formulas for theẽR pair produc-
tion cross section listed in Appendix B. The acceptance is
chosen to be a factor of 0.6 smaller compared to the value
obtained by the MC simulation@6#. This is because our ex-
pression for the selectron production cross section does no
include any effects of initial-state radiation, beam energy
spread, and beamstrahlung.

-
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Emax
e(8) andEmin

e(8) are the upper and lower end points of th
energy distribution of electrons for the first~second! set of
parameters.DEmax

e andDEmin
e are defined by

DEmax~min!
e [A 2

Nav
3Ebin , ~14!

whereNav5ntotalEbin /(Emax
e 2Emin

e ), with Ebin54 GeV being
a kind of bin width, andntotal5( i51

nbin ni .
Dx̄ ẽ

2 is chosen to reproduce the actualDx2 of the MC
data fitted with the second set of parameters„mẽR

8 ,

M18(M2)8, m8, tanb8… whenni , Nav@1 andntotal@Nav. The
reason is the following: Ifni ’s are replaced by actual data
the first term of Eq.~13! is x2 of the data fitted with the
parameters„mẽR

8 , M18(M2)8, m8, tanb8… based on Gaussian

distributions. The difference between the data andni ’s di-
vided by ni must be small in the limit of large statistics i
„mẽR

, M1(M2), m, tanb… is the parameter set that nature h
taken; therefore, the projection of the hypersurface that s
isfiesDx̄ ẽ

251 to one of the fitting parameters roughly ind
cates the size of61s deviation of the parameter from the
best fit point. In this sense, we can call the first set of para
eters as input parameters and the second set as fitting pa
eters.

The second and third terms are intended to represent
sensitivity of the electron energy distribution measuremen
determineEmax

e andEmin
e . As has been mentioned alread

mẽR
andmx̃

1
0 can be determined from the end points of th

energy distribution of electrons. In actual experiments, el
tron energies are measured by some detector with a fi
energy resolution. The Japan Linear Collider~JLC1! model
detector, for example, hassE /E515%/AE%1% @5#, de-
manding us to take into account the finite size ofEbin;2
GeV. Moreover, the energy distribution can also be smea
and distorted due to finite beam energy spread, beamstr
ung, initial-state radiation, and possible dependence of
ceptance on electron energies. In the previous study
shape of the energy distribution and its dependence onmẽ
andmx̃

1
0 were obtained from the MC study itself, and th

mass errors were estimated by actually fitting the energy d
tribution.

For simplicity we assume here that the energy distributi
is flat betweenEmax

e andEmin
e , while conservatively taking

Ebin5 4 GeV. If the average number (Nav) of events in a
single bin is large enough so that the fluctuation is negligib
compared toNav, the central value ofEmax(min) is obtained as

Emax~min!
e 5Eend

c 6SNbin2Nav/2

Nav
DEbin , ~15!

whereEend
c is the central energy of the upper~lower! edge

bin,Nbin is the number of events in it, andNav is the average
number of events in some intermediate bin. Based on
statistical error inNbin estimated assuming a Gaussian dist
bution, the error onEmax(min)

e is DEmin(max)
e /Ebin5 1/ANbin.

However, when the actualEmax(min)
e is very close to a bin

boundary, the fluctuation ofNbin becomes non-Gaussian
e

,
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Nbin can even exceedNav or becomes zero, making nonsense
of Eq. ~15! and the error estimate. Therefore in Eq.~14!, we
replacedNbin by Nav/2 , which corresponds to the choice of
binning whereEmax(min)

e is approximately at the center of the
edge energy bin. In such a case, the fluctuation of the edg
bin becomes Gaussian-like as long asNav is large enough,
thereby justifying our estimation.

Several comments are in order. One might think that the
measurement of the end point energies does not fit anyx2

analysis implying a Gaussian distribution if the energy reso-
lution is too good and the expected numbers of the events in
the edge bins are too small. In such a case the probability
distribution forEmax

e or Emin
e is expected to be asymmetric,

because if an event is observed in some energy bin betwee
E1 and E2, selectron and neutralino masses which give
Emax
e ,E1 or E2,Emin

e are strongly disfavored. However, the
number of events in a single bin is expected to be large
enough in the ‘‘precision measurement’’ phase of the LC,
and hence our treatment assuming a Gaussian distributio
can be justified: We have checked if our treatment of
DEmax(min)

e roughly reproduces the previous results onm̃ pro-
duction and decay@6#, and found that theDx̄2 contours by
using the last two terms of Eq.~13! but replacingEmax(min)

e to
Emax(min)

m in themm̃-mx̃
1
0 plane agree very well with the pre-

vious results for the same number of accepted events.
When we calculated theu distribution or the electron en-

ergy distribution we occasionally foundni less than 15 or
3DEmax(min)

e .Ebin/2. In such a case, we merged the cosu
bins or enlargedEbin . Our treatment underestimates the sen-
sitivity compared to any log-likelihood analysis based on a
Poisson distribution and therefore is conservative.

TheDx̄2 analysis mimics the truex2 fit to the u andEe

distributions, though it neglects the correlation between the
u andEe distributions through the total number of events:
The fluctuations of the events inEe bins have correlations
with the fluctuations ofni ’s, since the events must add up to
an equal number in both distributions. This correlation dis-
appears, however, in the limit where the number of events in
the edgeEe bins is negligible compared to the total number
of events, thereby justifying our method.

Finally, in the definition ofDx̄ ẽ
2 , we assumed that theẽ

production angles are reconstructed precisely. This is no
true since there is always a wrong solution ofu for each
event. The wrong solutions must first be included in theu
distribution, which must then be subtracted statistically,
bringing more uncertainty into our analysis. We also as-
sumed that all the selected selectrons contribute to the dete
mination of the production cross section, angular distribu-
tion, and masses, and will not distort the measurement due t
ẽR decays into heavier neutralinos.
For t̃1 pair production and their cascade decay

t̃1→t→r, we have already discussed that it is important to
measure the total cross section,Pt from the decay distribu-
tion of the r decay products andEmin

t and Emax
t from the

energy distribution ofr candidates. Fits to 104 t̃1 pairs have
been done in Sec. III B, taking into account backgrounds
corresponding to*Ldt5100 fb21, and the errors inmt̃ 1

,

mx̃
1
0, and N t̃ 1t̃1

have been obtained. In the following we
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define thet̃1 part of ourDx2-like function Dx̄ t̃
2 so that it

reproduces the results in Sec. III B:

Dx̄ t̃
25

~N2N8!2

N
1S Emax

t 2Emax8t

DEmax
t D 2

1S Emin
t 2Emin8t

DEmin
t D 21S Pt2Pt8

DPt
D 2, ~16!

whereN(8) is defined to be the sum of constant backgrou

(Nbg) and the total number of signalr events (Ntotal
(8) ) for

which both of t̃ ’s decay directly intox̃ 1
0t and thet ’s then

decay hadronically. We tookNbg5100.Ntotal
(8) was estimated

using an integrated luminosity of 100 fb21, the tree level
cross section without any beam effects, and the accepta
obtained in the previous simulation with noP” T cut. The
branching ratio totx̃ 1

0 was calculated by the formula in Ref
@12#. Notice that in the region where the lightest neutralino
Higgsino like, the lighter charginox̃ 1

2 and the lightest and
the second lightest neutralinosx̃ 1

0 and x̃ 2
0 are almost mass

degenerate. Then the decay modest̃1→x̃ 2
0t and t̃1→x̃1

2nt

generally open up, which would yield rather complicated
nal states with associated jets. As we have not studied
sensitivities and backgrounds to these modes, we will
include them in the study below; instead, we will simply tak
the number of events where botht̃1’s decay intox̃ 1

0 to esti-

mateNtotal
(8) .

The first term of Eq.~16! is intended to show the statisti
cal significance of the totalt̃1 pair production cross section
On the other hand, the second and third terms express se
tivity to Emax

t andEmin
t . We again calculateDEmax(min)

t using
a rather simple set of formulas:

DEmax
t 54.8A2/NavEbin , DEmin

t 51.8A2/NavEbin , ~17!

where Nav5EbinNtotal/(Emax
t 2Emin

t ). The effect of the
smearing of the energy distribution by the cascade decay
t̃1 is taken into account by the overall factors on the righ
hand side of Eq.~17!. The factors are chosen so as to repr
duceDmt̃ 1

andDmx̃
1
0 in the previous subsection. The large

factor forDEmax
t compared toDEmin

t may be understood as
the effect of the higher reduction of the events nearEmax

t due
to the t decays@see Figs. 4~c! and 4~d!#. Finally, DPt is
estimated statistically scaling the error onPt in Sec. III B:

DPt50.073~1400/A14001Nbg!/~Ntotal/AN!. ~18!

In Eq. ~16!, we assumed that there is no large correlati
among the measurements ofN t̃ 1t̃1

, Emax(min)
t , andPt . We

also imply that errors on these parameters can be estim
by the statistical scaling of the results in Sec. III B. The
features have been checked explicitly by the MC analysis
the same subsection.

B. Determination of tanb from slepton production

We have already pointed out in Sec. II B that the simu
taneous measurements oft̃1 and ẽR productions would de-
termine tanb. In order to estimate its statistical error ex
nd

nce
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pected at a future LC, we have definedDx̄ ẽ( t̃ )
2 functions in

the previous subsection.Dx̄ ẽ
2 is a function of two sets of

MSSM parameters (mẽR
,M1 , . . . ) and (mẽR

8 ,M18 , . . . ). In

the limit of infinite statistics, the projection of the hypersur-
face of Dx̄251(,4,9,. . . ) to one of the parameters
(mẽR

8 ,M18 , . . . ) fixing (mẽR
,M1 , . . . ) agrees with the

1(,2,3,. . . )s error of that parameter obtained by using the
cosu distribution and the end point energies of electrons from
ẽR decays of real data. The definition ofDx̄ t̃

2 is similar, but
here the data used are the number of signalr events from
t̃1→ x̃ 1

0t followed byt→ntr, the end point energies of the
t ’s the t̃1 decays, and the averaget polarization.

We will start our discussion with the determination of the
parameters of the neutralino mass matrix fromẽR production
alone.mẽR

andmx̃
1
0 are determined essentially by through

the energy distribution of the electrons fromẽR decays. On
the other hand,M1 is mainly constrained by theẽR produc-
tion cross section. The dependence of the total cross sectio
onM1 and tanb for fixedmẽR

andmx̃
1
0, assuming the GUT

relation betweenM1 andM2, has been shown in Fig. 3~a!.
Notice that constrainingmẽR

is very important for the deter-

mination ofM1, as the production cross section depends not
only onM1 but also onmẽR

.

Figure 11 shows the error onM1 estimated with the
Dx̄ ẽ

2 function, where the input parameters were chosen such
that mx̃

1
05100 GeV,Pe511, mẽR

5200 GeV,m.0, and

*Ldt520 fb21. Both positive and negative errors onM1 are
shown in percent. The errors were calculated by finding a
minimum value ofDx̄2 for a fixedM185M11DM1, varying
the other fitting parameters (mẽ8 ,m8,tanb8), with theMINUIT
program. The values ofDM1 which giveDx̄min

2 51 are plot-
ted as 1s lines in the figure. This corresponds to projecting

FIG. 11. 1s error band onM1 estimated using theDx̄e
2 function.

Solid and dotted lines plot values ofM182M1 in percent, where
Dx̄ ẽ

2 umin51 for theM18 varying other fitting parameters (mẽ8 , m8,
tanb8). Input values are chosen so thatmx̃

1
05100 GeV andm is

positive for eachM1. Solid lines are for tanb51.5 as input where
the parameter region with 1,tanb8,100 and 50 GeV,m8,104

GeV was searched to obtainDM1. Dashed lines for tanb515, but
only the parameter region with tanb.10 is searched to obtain these
1s limits onM1.
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theDx̄ ẽ
251 hypersurface to theM1 axis.M1 will be deter-

mined within an error of~5–7!%, in the region of parameter
space shown in the figure.15

We found that the errors are asymmetric for positive a
negative fluctuations ofM1. This is because the condition
Dx̄251 forces the total cross section to be close to its inp
value. The cross section increases with decreasing tanb for
tanb,5 and decreases with increasingM1 for fixedmx̃

1
0, as

can be seen in Fig. 3. For tanb51.5, the error onM1 is
therefore larger in the negative fluctuation~Fig. 11!: Increas-
ing tanb can compensate the increase ofs t̃ t̃ due to the
reduction ofM1 here. For tanb515, a similar argument
shows that the error is larger in the positive fluctuation.

In the figure, we have also shown the error onM1 for
tanb515, but restricting tanb8.10 for searching the mini-
mum value ofDx̄ ẽ

2 . In this case, the 1s fluctuation is sym-
metric and smaller. This suggests that even a rough estim
of tanb can greatly help us restrictM1. As we will see be-
low, such an improvement is indeed possible in some reg
of parameter space ift̃1 production is observed.

Now we turn to the determination of tanb. As we have
discussed already in Sec. II B, tanb can be extracted from
the polarization oft leptons produced int̃1 decays, if we
know u t̃ and the neutralino mixing anglesNi j .

u t̃ is determined from the measurement of themt̃ 1
and

t̃1 production cross section.~The result from our full MC
analysis is in Fig. 10 in Sec. III B!. The sensitivities to the
production cross section,mt̃ 1

, andPt are taken into account

in the definition of theDx̄ t̃
2 as the first term, the second an

third terms, and the fourth term of the right-hand side of E
~16!, respectively.

On the other hand, some information on neutralino mi
ing can be obtained from selectron production, e.g., by mi
mizing Dx̄ ẽ

2 . The neutralino mixing depends on only thre
~four! parametersM1(M2),m,tanb, where Dx̄ ẽ

2 strongly
constrains two of these three parameters,M1 andmx̃

1
0, as

described earlier in this subsection.
Notice that the constraint onmx̃

1
0 from Dx̄ ẽ

2 is stronger

than that fromDx̄ t̃
2 , because of the larger statistics of theẽ

production and the smearing effect of the end point energ
for Emax(min)

t , which have been taken into account in th
definition of DEmax

t and DEmin
t in Eq. ~17!. The small

Dmx̃
1
0 from the ẽR production helps determine tanb better,

for the following reason:Dmt̃ 1
correlates withDmx̃

1
0 and

Du t̃ with Dmt̃ 1
, as can be seen in Fig. 8~b! and Fig. 10.

ThereforeDu t̃ is smaller for smallerDmx̃
1
0, which reduces

the uncertainty coming fromt̃ mixing in determining tanb
from Pt .

Figure 12 plotsDx̄25 Dx̄ ẽ
21Dx̄ t̃

2 51 contours projected
onto the M1-tanb plane for input values of„M1~GeV!,

15We found that our error onM1 is smaller than previously quoted
@6#. The previous estimate did not use the GUT relation betwe
M1 and M2 and the constraint onmx̃

1
0 which would have been

obtained from theẽR production was not exploited in theM1 and
M2 fit @24#. Our result is therefore consistent with the previous on
nd

ut

ate

ion

d
q.

x-
ni-
e

ies
e

tanb…5 ~219.0,15!, ~149.3,15!, ~124.5,15!, ~124.5,25!, and
~124.5,5!. The other input parameters are common for all
representative pointsmẽ5200 GeV, mt̃ 1

5150 GeV,

mx̃
1
05100 GeV, and sinut̃51 (t̃15 t̃R) and we took

*Ldt5100 fb21.
As we have discussed previously,Pt depends sensitively

on tanb if mx̃
1
0!M1 or x̃ 1

0 is Higgsino-like, because in this

case thext̃t coupling involves thet Yukawa coupling. Thus
the error bar is expected to be smaller for a largerM1. How-
ever, the number of accepted events becomes small whe
mx̃

1
0!M1 becauset̃1 also decays intox̃ 2

0 or x̃ 1
6 ; therefore,

the error in tanb for M15219 GeV is larger than that of
M15149.3 GeV. When tanb515, the lower~upper! bounds
of tanb for the Dx̄251 contours are 13.85~18.5!, 13.28
~16.37!, 8.94 ~18.74! for M15219, 149.3, and 124.5 GeV,
respectively.

Finally, in our definition ofDx̄2 we did not include any
luminosity error. In Ref.@5# it has been argued that the lu-
minosity can be measured with an error of;1%. On the
other hand, using a typicalẽ production cross section 0.1–
0.2 pb ~see Fig. 2!, and assuming a constant acceptance of
27%, we can see that the errors inM1 are estimated based on
;1000 acceptedẽ events for the luminosity of 20 fb21 ~Fig.
11!, and;5000 events for 100 fb21 ~Fig. 12!. This corre-
sponds to an error in the cross section of about 3% and 1.4%
respectively. The latter is already comparable to the luminos
ity error. Hence a further increase of statistics would not
improve the actual error in the MSSM parameters unless the
error in the luminosity is also reduced further.

The estimated errors in tanb are rather impressive, com-
pared to those from the other experimental methods. In Fig
13, we plot the error on tanb which can be obtained from the
lighter chargino (x̃ 1

1) production and the coproduction of
x̃1

6 and x̃2
7 . Here use has been made of the direction of

en

e.

FIG. 12. Dx̄25Dx̄ ẽ
2 1Dx̄ t̃

251 contours projected onto the
M1-tanb plane. Projections of the contours onM1 or tanb corre-
spond to 1s errors of the parameter. Input values are chosen to be
mt̃ 1

5150 GeV, sinut̃51 (t̃15 t̃R), mx̃
1
05100 GeV(m.0), and

mẽR
5200 GeV. Input values ofm are explicitly shown in the figure

for individual sample points.Pt( t̃R→tx̃ 1
0)50.8, 0.4, 0, and

20.4 contours withmx̃
1
05100 GeV andm.0 are also plotted in

the figure as dashed lines.



6772 54NOJIRI, FUJII, AND TSUKAMOTO
pair-produced charginosx̃ 1
1 with a 10% acceptance from its

decay products,16 assuming *Ldt5100 fb21 for both
Pe51 and 0. The errors inmx̃

1
6 andmx̃

2
6 were both assumed

to be 2% as long as they are accessible kinematically.17 One
can see that the upper bound practically disappears18 when
tanb exceeds 5.

C. Checking the supersymmetry relation

So far we have been assuming that new particles found
a LC are superpartners of leptons. In other words, we ha
implicitly been using supersymmetric interactions of sferm
ons with the neutralinos of the MSSM without any attempt
checking the nature of the interactions. Instead, we mer
used the data to determine the free parameters of the MSS
such asM1 and tanb. In this subsection we are going to
discuss the possibility to probe the gaugino-sfermio
fermion interaction~more specifically, theB̃-ẽR-eR coupling!
and some aspects of theB̃-t̃1-t coupling.

We start our discussion withẽR . The production proceeds
though the s-channel exchange of gauge bosons a
t-channel exchange of neutralinos, whose cross section

16The direction of a produced chargino can be solved for with
twofold ambiguity when the chargino decays intoWx̃ 1

0 @6#. The
forward-backward asymmetry for the final stateW can also be used
even if thex̃ 1

1 decays intoW* x̃ 1
0 @25,7#.

17Dmx̃
1
6 was found to be around 5% for 50 fb21 of data @6#. A

threshold scan for thex̃ 1
1x̃ 1

2 pair production might determine the
mass better.
18It has been claimed that a very precise measurement of tanb is

possible when tanb;4 @7# if the chargino mass errors are negligi
bly small. Some additional error on tanb has been introduced here
assuming a finite error onmx

i
6. In Fig. 13, we have also taken a

larger value ofmñ compared to@7#, where sensitivity to tanb is
smaller.

FIG. 13. 1~2!‘‘ s ’’ errors on tanb from chargino production as
functions of input tanb. We used chargino distributions for
Pe511 and 0 with *Ldt5100 fb21, and assuming that both
chargino masses are known to 2% accuracy. The upper bound p
tically disappears when tanb exceeds 5. Input values are
M25210 GeV,m52195 GeV, andmñ 2

5500 GeV.
at
ve
i-
at
ely
M,

n-

nd
is

shown in Appendix B. Thet-channel exchange is dominated
by B-ino-like neutralino exchange, which led us to the
simple dependence of the cross section on the gaugino mass
M1 as has been shown in Fig. 3~a!.

The tree-level coupling of theB̃-ẽR-eR vertex has a
simple relation to theB-e-e coupling in the MSSM:

gB̃ẽReR5A2gtanuW5A2g8. ~19!

This relation is imposed by supersymmetry. Thus the mea-
surement ofgB̃ẽe will allow us to prove thatẽ and B̃ are
indeed superpartners ofeR andB.

For this test we modify the relation of Eq.~19! as

gB̃ẽReR5A2g8YB̃ ~20!

and estimate the sensitivity toYB̃ by introducing a new
Dx̄2 function for the selectron pair production which de-
pends onYB̃ thoughgB̃ẽRe . In the limit of mZ!M1 andm,
we obtain an approximate formula for the matrix element
M:

M}sinuF12
4Y

B̃

2

122cosub f1b f
214M1

2/s
G . ~21!

It is apparent from Eq.~21! that one can constrain bothYB̃
and M1 by measuring the differential cross section:
ds(e1e2→ẽR

1ẽR
2)/dcosu.

Figure 14 is aDx̄ ẽ
2 contour plot projected on theM1-YB̃

plane for a representative point in the parameter space of the
MSSM:mẽR

5200 GeV,m5300 GeV,M1599.57 GeV, and

tanb52. One finds a good sensitivity to the couplingYB̃ of
;1% in this case. The reason why we got upper and lower
bounds onM1 andYB̃ is as follows: When we increaseM18
fromM1 toM11DM1, the total cross section decreases. The

a

-

rac-

FIG. 14.Dx̄ ẽ
251 contour in theM1-YB̃([gB̃ẽRe / A2 g8) plane.

The definition ofDx̄ ẽ
2 has been modified to allowgB̃ẽRe to deviate

from A2 g8. Input values aremẽR
5200 GeV, m5300 GeV,

M1599.57 GeV, and tanb52. The error in the coupling is of about
the same order as that of the radiative correction proportional to
log10(mq̃ /ml̃ ) whenmq̃ /ml̃ ;10.
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corresponding increase ofDx̄ ẽ
2 can be compensated by in

creasingYB. However, because of the constraint onmx̃
1
0

which comes from the electron energy distribution from d
cayingẽR’s, the optimized value ofm8 is smaller for a larger
M18 ~see Fig. 2 for the relation betweenM1 andm). Hence
the second lightest neutralino mass is lighter for a larg
M18 , and it also tends to have a larger mixing withB̃. At the
M18 upper bound ofDx̄251, the polar angle distribution
changes its shape so that it is less forwardly peaked. On
other hand, the lower bound onM18 is determined bymx̃

1
0.

Namely, for givenM1, there is a upper bound onmx̃
1
0 which

one can obtain by varyingm and tanb maximally. It be-
comes thus harder to reproduce the inputmx̃

1
0 as we decrease

M18 .
Some deviation ofYB̃ from its tree-level value is expected

if we take into account the effect of radiative corrections
the framework of the MSSM. If there is a large differenc
between several soft SUSY-breaking mass parameters,
a correction occurs very naturally. For example, ifmq̃@ml̃
andmx̃ , the effective theory belowQ,mq̃ is not supersym-
metric, and couplings related by supersymmetry start to
differently according to the RG equations of the effectiv
theory. In particular, both squarks and quarks decouple fr
the wave function renormalizations of gauginos in the lo
energy effective theory, while only squarks decouple fro
that of gauge bosons, from whichYB̃Þ1 may originate.

The RG equations below the squark decoupling are@26#

da8

dlnQ
5

55

12p
a82, ~22a!

da B̃ ẽe

dlnQ
5

11

4p
a8a B̃ ẽe , ~22b!

where we neglected terms proportional to (YB̃21) on the
right-hand side of the equations. We find, from Eq.~22!,

DYB̃e ẽ /YB̃e ẽ50.007t q̃ ẽ , ~23!

wheret q̃ l̃ 5 log10(mq̃ /ml̃ ).
It is rather striking that the error on the couping is o

about the same order as that of the radiative correction p
portional to log(mq̃ /ml̃ ) if the squark mass is much heavie
than the slepton mass. This, on the one hand, requires kn
edge ofmq̃ and a full one-loop calculation of the process
remove the uncertainty inYB̃ from the determination of
M1; notice that the error onM1 increases by a factor of 2, if
we let YB move freely. This also implies a larger error o
tanb, as the errors onM1 and tanb are correlated strongly
when the lightest neutralino is gaugino dominant. On t
other hand, we can turn this argument around. Then eme
the possibility to constrain the squark mass scale from
measurement ofYB̃ or other couplings even if the energy o
future colliders is not enough for the squark production.
full calculation of one-loop radiative corrections to this pro
cess is eagerly anticipated.

A similar radiative correction togW̃ñeL
turns out to be of

the order of 2%3 log10(mq̃ /ml̃ ), but the sensitivity to this
coupling has been argued to be rather poor@7#: about
-
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215%130% for a representative parameter choice. This es-
timate is based on the study of gaugino-dominant chargino
production and decay, using the forward-backward asymme-
try of the decay products and the total production cross sec-
tion. The chargino production proceeds throught-channel
exchange ofñ, and theñ is assumed to be kinematically
inaccessible in the study. Its mass is determined by compar-
ing the production cross sections for polarized and unpolar-
ized electron beams, and the decay forward-backward asym-
metry, but it has a very large uncertainty. Furthermore, the
uncertainty in the branching ratios introduces a systematic
error to the measurement of the total cross section. Notice
that the production cross section of gaugino-dominant
charginos is very small for a right-handed polarized beam;
hence, the chargino study heavily relies on the use of the
unpolarized beam; where large backgrounds limit the decay
modes to study. The estimated error in the cross section is
about 5% for*Ldt5100 fb21. These uncertainties limited
thegW̃ñe study.

19

The couplinggB̃ẽRe is considerably easier to measure than

gW̃ñe . ẽR has a sizable production cross section for the right-
handed electron beam, and the uncertainty in the production
cross section is expected to be very small if theẽ decays
exclusively intoex̃ 1

0. For the representative parameters of
Fig. 14, thet-channel exchange of neutralinos is dominated
by the lightest one,x̃ 1

0 , and its mass is well constrained
from theẽR decay data. It is therefore not surprising that the
coupling is measured very well here.

Deviations from tree-level MSSM predictions can also
appear in other couplings involving sleptons or neutralinos,
such asgH̃l l̃ . Unfortunately, the measurement of tanb has a
large error; thus, radiative corrections may not be relevant in
this case. The gaugino mass matrix also gets radiative cor-
rections to its tree-level value@28#. If one assumes a unified
gaugino mass at the GUT scale, one may in principle extract
the squark mass scale from the gaugino mass relation at the
weak scale. Unfortunately, the measurements of gaugino
masses are limited by ambiguities in the neutralino and
chargino mixing angles@5–7#. The gluino mass, though in-
volving no mixing, is hard to measure precisely at hadron
colliders, too@29#.

Now we turn our attention tot̃1 production. In the previ-
ous subsection, we found thatPt( t̃1→tx̃ 1

0) becomes inde-
pendent of tanb, if x̃ 1

0 is gaugino dominant, or in other
wordsmx̃

1
0;M1. In such a situation, simultaneous measure-

ments ofu t̃ ~using the totalt̃1-pair production cross section!
andPt constrain the nature of theB̃-t̃-t coupling instead of
constraining tanb. Given the fact thatx̃ 1

0 is almost a pure
gaugino~which can be checked with scalar electron produc-
tion!, the measurement of the totalt̃1 pair production cross
section essentially fixes the polarizationPt through Eq.~8!.
Any deviation ofPt from it indicates that something unex-
pected is happening.

In Fig. 15 we showDx̄251 contours by taking the mix-
ing angle parameter (u t̃ ) in the x̃ t̃t coupling free from that

19During this work, we learned of similar work on measuring
decoupling effects by Cheng, Feng, and Polonsky@27#. We thank
Jonathan Feng for bringing this work to our attention.
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in theZt̃ t̃ coupling (ū t̃ ). We can say thatu t̃ 2 ū t̃ measures
the chirality flipping part of theB̃(W̃)-t̃-t interaction which
is zero in the MSSM. Because of the dependence ofPt on
tanb through a small but finite Higgsino component in th
neutralino mass eigenstate (x̃ 1

0), the sensitivity of thet̃tx̃1
0

coupling to theu t̃ is marginal
20 unlessm@M1.

Nevertheless, the figure can be regarded as an exampl
a ‘‘no lose theorem’’ of precision measurements of supe
symmetry processes. Depending on the position in the
rameter space of the model, we occasionally lose sensitiv
to some parameter, as we have seen for the tanb determina-
tion using slepton production. We can, however, turn th
into an advantage: The process becomes independent of
ambiguity caused by the parameter, and we can test its
persymmetric nature. In the current case, we can check
chiral nature of the gaugino, thanks to the insensitivity of th
process to tanb.

V. CONCLUSION

In this paper we presented an extensive study of the p
duction of the lighter scalart leptont̃1 and its decay into the
lightest neutralinox1

0 and t at a future LC. We also dis-
cussed physics that could be extracted from them. Study
t̃ production is important because it may be lighter than t
other sleptons and could thus be found earlier. The lightt̃1
case is also theoretically well motivated in the MSUGRA
GUT model and is not excluded, at least, in other models,
long as there is a larget̃L-t̃R mixing.

We discussed that thet̃ mass matrix atMGUT might pro-
vide a clue to distinguishing SUGRA-GUT from DNNS
models. In order to obtain the GUT scale mass matrix, o

20The contours in Fig. 15 depend sensitively on the region
tanb searched. We took 1,tanb,50 here to obtainDx̄251, as-
suming that the Yukawa coupling is not too large at the GUT sca

FIG. 15. Dx̄251 contours when the mixing angleu t̃ in the
x̃ 1
0t̃t is allowed to move freely from that in theZt̃t coupling

( ū t̃ ). u t̃ 2 ū t̃ parametrizes the chirality flipping part of theB̃(W̃)-
t̃-t interaction, which is zero in the MSSM. The solid line corre
sponds tom52600 GeV and the dashed line tom52200 GeV.
The other parameters are fixed toM15104.5 GeV and tanb520.
The sensitivity is moderate form@M1.
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must know the mass matrix at the weak scale and thet
Yukawa coupling (Yt) which is characterized by tanb.

The mass matrix can be determined if one knows thet̃
masses and mixing angleu t̃ . The feasibility of determining
those parameters at a LC has been studied for the lighte
mass eigenstatet̃1, assuming the JLC1 model detector. For a
representative parameter setmt̃ 1

5150 GeV andmx̃
1
05100

GeV, we found that these masses can be measured t
Dmt̃ 1

54.1 GeV andDmx̃
1
053 GeV for 104 t̃1 pairs pro-

duced with a background corresponding to*Ldt5100
fb21, assuming thatt̃1’s decay exclusively intox̃ 1

0t. For the
same mass parameters and luminosity conditions, the ex
pected statistical error on the mixing angle turned out to be
Dsinut̃50.045, when sinut̃50.75.

The polarization (Pt) of t leptons fromt̃1 decay is sen-
sitive to tanb because of its dependence on thet Yukawa
coupling. The expected statistical error in the polarization
was estimated to be60.07 for 104 t̃1 pairs and background
corresponding to*Ldt5100 fb21. Using the information of
the neutralino mass matrix obtained from the simultaneous
studies of theẽR production and decay, tanb might be deter-
mined. The error in tanb varies drastically withM1 and
mx̃

1
0, as shown in Fig. 12 for some representative points in

the parameter space of the MSSM.
Notice that tanb is one of the most important parameters

that determine the Higgs sector of the MSSM. At the same
time, it is known to be difficult to measure especially if it is
large. If tanb.10, t̃1 decays give us a unique opportunity to
determine tanb.

We have also discussed a possibility to test the supersym
metry relations among couplings involving superpartners. By
studying the polar angle distribution ofẽR production, one
can measure not onlyM1, mx̃

1
0, but also the gaugino-

selectron-electron couplinggB̃ẽRe . A fit allowing gB̃ẽRe to
move freely from the tree-level prediction of supersymmetry
givesDgB̃ẽRe ;1%–2%. This is comparable to typical ra-

diative corrections to the same coupling;0.7%
3 log10(mq̃ /ml̃ ). This suggests that the LC might allow us
to start probing radiative corrections to couplings involving
SUSY particles.

Implications of the MSUGRA model at the CERN
e1e2 collider ~LEP II! and Large Hadron Collider~LHC!
have been discussed and studied in many papers. Unfortu
nately, prospects to determine the soft SUSY-breaking mas
parameters are not so bright there: As for LEP II, its avail-
able luminosity is too low for the slepton study and one has
to fight the enormous background coming fromW1W2 pro-
duction for chargino study@25#, while at LHC, one suffers
from the high QCD background even though strongly inter-
acting superparticles will be copiously produced. Therefore
those studies in the framework of the MSUGRA model are
focused mostly on the discovery potential of the machine in
question@30#. However, it is becoming more and more rec-
ognized that we can certainly go beyond that if a next gen-
eration lineare1e2 collider is actually built. Namely, the
experiments at the LC will make it possible to measure the
parameters of the MSSM once a superparticle is discovered
which will then enable us to check the predictions of the
models of SUSY breaking.

of
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APPENDIX A: PARAMETERS OF THE MSSM

In this subsection, we are going to summarize the inte
actions oft̃ that are relevant for the analysis in this pape
The interactions are fixed by supersymmetry and gauge sy
metry, as well as by the mass parameters of the model.

The t̃-t-gaugino interactions relevant tot̃ i decay are ex-
pressed by the Lagrangian@12#

L5 (
i51,2 j51, . . . ,4

t̃ i t̄~PLai j
R1PRai j

L !x̃ j
0

1 (
i51,2 j51,2

t̃ i n̄tPRbi j x̃ j
11H.c., ~A1!

where
u-
e
u-
e
a

r-
r.
m-

S a1 jR~L !

a2 j
R~L !D 5S cosu t̃ sinu t̃

2sinu t̃ cosu t̃
D S aL jR~L !

aRj
R~L !D ,

S b1 jb2 j
D 5S cosu t̃ sinu t̃

2sinu t̃ cosu t̃
D S bL jbR j

D , ~A2a!

aL j
R 52

gmt

A2mWcosb
Nj3 , aL j

L 5
g

A2
@Nj21Nj1tanuW#,

aRj
R 52

2g

A2
Nj1tanuW , aRj

L 52
gmt

A2mWcosb
Nj3 ,

bL j52gUj1 , bRj5
gmt

A2mWcosb
Uj2 . ~A2b!

Here the real orthogonal matrixNi j and unitary matrices
Ui j andVi j are the diagonalization matrices of the neutralino
mass matrixMN and chargino mass matrixMC as follows:

U*MCV
215MC

D , NMNN
215MN

D , ~A3!

where the mass matrices are written in the form
MN~B̃,W̃3 ,H̃1 ,H̃2!5S M1 0 2mZsinuWcosb mZsinuWsinb

0 M2 mZcosuWcosb 2mZcosuWsinb

2mZsinuWcosb mZcosuWcosb 0 2m

mZsinuWsinb 2mZcosuWsinb 2m 0

D , ~A4a!
MC~W̃,H̃ !5S M2 mWA2sinb
mWA2cosb m

D . ~A4b!

m is a supersymmetric Higgsino mass parameter, whileM1
andM2 are the soft breaking mass parameters ofB-ino and
W-ino introduced previously. The mass eigenstatex̃ i

0 and
current eigenstatesB̃,W̃,H̃1 ,H̃2 are related by

x̃ i
05Ni1B̃1Ni2W̃1Ni3H̃11Ni4H̃2 . ~A5!

Unlike the notation of Haber and Kane@1#, we takeN to
be real so thatmx̃

i
0 can be either positive or negative. Its sign

must be kept to understand the equations in Ref.@12#. We
takeumx̃

1
0u< umx̃

2
0u< umx̃

3
0u< umx̃

4
0u and 0<mx̃

1
2< mx̃

2
2. We

assume the mass relation of MSUGRA
M15(5/3)tan2uWM2 for numerical calculations in order to
reduce the number of parameters.

Equation~A1! leads to an expression forPt :

Pt~ t̃1→x̃ 1
0t!5

~a11
R !22~a11

L !2

~a11
R !21~a11

L !2
. ~A6!
APPENDIX B: ẽR PRODUCTION

ẽR production proceeds throught-channel exchange of
neutralinos ands-channel exchange of gauge bosons. The
tree-level couplings of theẽRex̃ i

0 vertices may be read off
from Eqs.~A1! and ~A2! by setting sinut̃51 and replacing
t→e. We obtain the formula for theẽR-pair production cross
section as

ds

dcosu
~he ,h̄e!5

1

2s

b f

16p

1

2(
h̄e

uM~he ,h̄e!u2, ~B1a!

iM~he ,h̄e!52 il ie
il ifsinusb fF gZ2 Ahe

A1/2

s2mZ
21 iGZ

1
e2

s

1
16~2 ! h̄11/2

2 (
j

1

2

AjR
2

t2mx̃ j

2 G , ~B1b!

wherehe(h̄e)5 61/2 represents the helicity of the initial-
state electron~positron!, l i[he2h̄e , u andb f are theẽR

2

production angle and velocity, and t5(2s/4)(1
22cosubf1bf

2). The couplingsAhe
andAjR(L) are given by

A1/25sin2uW , A21/252 1
2 1sin2uW

AjR52A2gtanuWNj1 . ~B2!
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