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Signatures of multi-TeV scale particles in supersymmetric theories
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Supersymmetric particles at the multi-TeV scale will escape direct detection at planned future colliders.
However, such particles induce non-decoupling corrections in processes involving the accessible superparticles
through violations of the supersymmetric equivalence between gauge boson and gaugino couplings. In a
previous study, we parametrized these violations in terms of super-oblique parameters and found significant
deviations in well-motivated models. Here, we systematically classify the possible experimental probes of such
deviations, and present detailed investigations of representative observables available at a future linear collider.
In some scenarios, thee2e2 option and adjustable beam energy are exploited to achieve high precision. It is
shown that precision measurements are possible for each of the three coupling relations, leading to significant
bounds on the masses and properties of heavy superparticles and possible exotic sectors.
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PACS number~s!: 11.30.Pb, 12.60.Jv, 14.80.Ly
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I. INTRODUCTION

If supersymmetry~SUSY! has relevance for the gaug
hierarchy problem, fine-tuning considerations@1# suggest
that supersymmetric particles typically have mass on or
of or below the TeV scale. The discovery of some supersy
metric particles is therefore eagerly anticipated at present
future colliders. In particular, the large hadron collid
~LHC! @2# at CERN is likely to discover squarks and gluin
up to masses of 1–2 TeV@3–5#, and proposed lineare1e2

colliders @6–8#, with As50.5–1.5 TeV, will be able to dis-
cover pair-produced superpartners with masses close to
kinematic limit @3,6,9,10#.

It is possible, however, that some number of the sup
partners of the standard model~SM! particles are heavy an
beyond the discovery reach of planned future colliders.
fact, as will be described in more detail below, a wide vari
of models predict superparticle spectra leading to such
narios. If this possibility is actually realized in nature, w
must then rely solely on indirect methods to probe
masses and properties of these heavy superparticles, at
until colliders at even higher energies become available
most experimentally accessible processes, heavy super
metric states decouple, and their effects are not measur
for the large masses we are considering. However, the la
these masses are, the more they break SUSY, and so
effects may appear at detectable levels in processes invo
light superpartners as violations of hard supersymmetric
lations, i.e., supersymmetric relations between dimension
coupling constants. For example, consider the gauge
plings gi , where the subscripti 51,2,3 refers to the U~1!,
SU~2!, or SU~3! gauge group, and their SUSY counterpar
the gaugino-fermion-sfermion couplings, which we den
570556-2821/97/57~1!/152~18!/$10.00
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by hi . In the limit of unbroken supersymmetry,

gi5hi . ~1!

However, the large SUSY breaking masses of heavy su
partners lead to deviations from these SUSY relations in
low-energy effective theory where the heavy superpartn
are decoupled. These deviations are non-decoupling
grow logarithmically with the heavy superpartner masses
addition, Eq.~1! is model-independent and valid to all orde
in the limit of unbroken SUSY. Deviations from the relation
of Eq. ~1! are therefore unambiguous signals of SUSY bre
ing mass splittings. Thus, the masses of kinematically in
cessible sparticles may be measured by precise determ
tions of such deviations from processes involving t
accessible sparticles.

The corrections to Eq.~1! from split supermultiplets are
very similar to the oblique corrections@11,12# from split
SU~2! multiplets in the standard model. This analogy h
been described in detail in a previous paper@13# and was
noted in Ref.@15#. Ignoring Yukawa couplings, these corre
tions are dominantly from differences in the wave functi
renormalizations of gauge bosons and gauginos, which re
from inequivalent loops after the decoupling of heavy sup
partners. Such corrections are therefore most similar to th
described by theU parameter of the oblique corrections@11#,
which is a measure of the difference between the wave fu
tion renormalizations of theW and Z gauge bosons arising
from custodial isospin breaking masses in SU~2! multiplets.
For this reason, in Ref.@13# we called the correspondin
SUSY corrections ‘‘super-oblique corrections’’ and defined
set of ‘‘super-oblique parameters,’’Ũ i , one for each gauge
152 © 1997 The American Physical Society
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57 153SIGNATURES OF MULTI-TeV SCALE PARTICLES IN . . .
group, which measure deviations from Eq.~1!. These param-
eters are given by@13#

Ũ i[
hi~m!

gi~m!
21'

gi
2~m!

16p2
~bgi

2bhi
!ln

M

m
, ~2!

where M (m) is the heavy~light! superpartner scale, an
bgi

(bhi
) is the one-loopb-function coefficient for the gauge

~gaugino! coupling in the effective theory between the hea
and light mass scales. Note thatbgi

.bhi
, and so the super

oblique parameters are always positive~at the leading loga-
rithm level! @13#. We also defined two-index paramete
measuring the relative deviations of two gauge groups,

Ũ i j [
hi~m!/hj~m!

gi~m!/gj~m!
21'Ũ i2Ũ j . ~3!

The parametersŨ i j are simple linear combinations of th
Ũ i , but are physically relevant, as they are quantities t
may be probed in branching ratio measurements, as we
see in an example below. These super-oblique parame
parametrize universal effects that enter all processes inv
ing gaugino-fermion-sfermion interactions, and their sim
form allows us to study such non-decoupling effects in
model-independent fashion. Other flavor-dependent n
decoupling corrections, for example, those induced
Yukawa couplings, and additional super-oblique correctio
T̃i were also described in Ref.@13#; we refer interested read
ers to that study for discussion of these and other issues

Depending on which superpartners are heavy, the mo
that contain heavy superparticles may be roughly divid
into two categories@13,14#: ‘‘heavy QCD models’’ and
‘‘2–1 models.’’ In heavy QCD models, all strongly interac
ing superpartners, i.e., the gluino and all squarks, are in
heavy sector. Their large SUSY breaking masses may a
from either the proportionality of soft masses to stand
model gauge coupling constants or the renormalization gr
evolution effects of a large gluino mass. Examples of su
models include the no-scale limit of minimal supergrav
@16#, models of gauge-mediated SUSY breaking@17#, and
models with non-universal gaugino masses and a he
gluino @18#. The super-oblique corrections in these mod
have been calculated in Ref.@13,14#, and the results are

Ũ2'0.80%3 ln R, ~4!

Ũ1'0.29%3 ln R, ~5!

Ũ21'0.50%3 ln R, ~6!

whereR5M /m is typicallyO(10) in heavy QCD models.
In 2–1 models, the scalars of the first two generations

heavy and the third generation scalars are at the weak s
@19#. These models are motivated by attempts to solve
SUSY flavor problem with heavy first two generation scal
while avoiding extreme fine-tuning problems by keeping
third generation scalars, which couple strongly to the Hig
sector, at the weak scale. Assuming all gauginos to be in
light sector, the super-oblique corrections in 2–1 mod
were found in Ref.@13,14# to be
t
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Ũ3'2.5%3 ln R, ~7!

Ũ2'0.71%3 ln R, ~8!

Ũ1'0.35%3 ln R, ~9!

Ũ32'1.8%3 ln R, ~10!

Ũ31'2.2%3 ln R, ~11!

Ũ21'0.35%3 ln R. ~12!

In 2–1 models, values ofR in the range;40–200 may be
taken as typical.

Although the values of expected super-oblique parame
vary from model to model, they are always proportional
the square of their corresponding standard model gauge
plings, as is clear from Eq.~2!. Thus, we typically expect the
parametersŨ3, Ũ31, andŨ32 to be the largest, and, for ex
ample, a 1% measurement ofŨ2 is more powerful than a 1%
measurement ofŨ1 for the purposes of bounding new phy
ics scales. Finally, note that extra vector-like fields with bo
SUSY preserving and SUSY breaking masses, such as
messengers in gauge mediation models, may also contri
to the super-oblique parameters. Such contributions w
also calculated in Ref.@13,14#, and were found to be typi-
cally small, with significant contributions only for ver
highly split supermultiplets.

The possibility of measuring the supersymmetric co
plings hi and testing the relationsgi5hi has been discusse
previously. In the original proposal@20#, the possibility of
testing the SU~2! relation through chargino production at th
next linear collider~NLC! was explored. Here the focus wa
on establishing the identity of new particles as superpartn
through the verification of SUSY relations. A test of the U~1!
relation throughe1e2→ ẽR

1 ẽR
2 was considered in Ref.@21#.

In this study, both the possibilities of verifying SUSY rela
tions and of being sensitive to deviations arising from hea
sparticle thresholds were considered. Corrections to hard
persymmetry relations were previously studied in Ref.@22#,
where deviations in squark widths were calculated. Howev
the possibility of experimentally verifying such deviation
was not addressed.

In this paper, we will systematically classify the man
experimental observables that depend on the couplinghi
and are therefore formally candidates for measuring su
oblique parameters. We then consider three representa
examples of observables that may be sufficiently sensitiv
such parameters to yield interesting results. Even after
cluding many experimental errors and the theoretical unc
tainties arising from the plethora of unknown SUSY para
eters, we find some promising prospects for very h
precision measurements. The results have implications
collider design, as certain options, particularly thee2e2

mode and adjustable beam energies, will be seen to be
ticularly useful. It is important to note that a complete stu
will require detailed experimental simulations appropriate
the particular scenario realized in nature, and the case stu
we consider typically require measurements beyond the
stage of experimental study. However, given that the m
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154 57HSIN-CHIA CHENG, JONATHAN L. FENG, AND NIR POLONSKY
surements discussed here may be the only experimental
dow on physics beyond the TeV scale for the foreseea
future, such issues are well worth investigation.

We begin in Sec. II by identifying the many experimen
observables that may possibly be used to detect variation
the hard SUSY relations. Of course, not all of these obse
ables may be measured precisely enough to provide sig
cant bounds on heavy superpartner masses. In Sec. II
discuss the many uncertainties, both experimental and t
retical, that appear in any measurement, and we describe
treatment of these errors. In Secs. IV–VI, detailed disc
sions of the precisions achievable are given for three re
sentative examples, one for each coupling constant rela
In Sec. IV, we will find that chargino production at the NL
gives bounds on the heavy mass scale comparable to t
achieved frome1e2→ ẽR

1 ẽR
2 in Ref. @21#. In Sec. V, we

improve upon both of these results by considering selec
production in thee2e2 mode, where a number of beautifu
properties may be exploited to reach very high precisi
Finally, in Sec. VI, we find that significant constraints on t
SU~3! super-oblique parameter may also be possible fr
squark branching ratios in particular regions of parame
space. These examples are by no means exhaustive. H
ever, they make use of three different sets of sparticles,
are presented to emphasize the variety of precise probes
may be used to provide interesting bounds. The numer
implications of such measurements are collected in Sec.

II. OBSERVABLE PROBES OF SUPER-OBLIQUE
CORRECTIONS

As seen in the previous section, heavy superpartners
induce significant corrections to all three coupling const
relationsgi5hi . We now discuss what observables at c
liders have dependences on the couplingshi and are there-
fore candidates for testing these relations and determin
the super-oblique parameters. In this section, we will c
centrate on measuring the couplingshi at the light superpar-
ticle mass scalem. Such measurements allow one to meas
the heavy sparticle mass scaleM . Of course, measuremen
of hi at higher momentum transfersp2.m2 may also be
extremely useful, and would allow one to verify the conve
gence ofŨ i→0 asp2→M2.1 Here, however, we will focus
on the classification and measurement of observables ap2

5m2, leaving the latter for future studies. We begin wi
observables ate1e2 ~ande2e2) colliders, where the ability
to make precise model-independent measurements of a
variety of SUSY parameters is most promising. Thee1e2

observables all have analogues at hadron colliders, and
then turn to hadron colliders and discuss briefly which
these appear most promising in that experimental envir
ment. Analogous observables may also be found at am1m2

collider, with appropriate and obvious replacements of se
trons by smuons in the case of electroweak observables

A. Observables at e1e2 Colliders

Each kinematically accessible superpartner brings wit
a set of observables. We consider each superpartner in
grouping together those that are similar for this analysis.

1We thank X. Tata for this proposal.
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1. Charginos and neutralinos

If charginos are kinematically accessible, their product
cross sections are possible probes. This applies formall
all reactions, ranging from chargino pair production to mo
unusual processes where charginos are produced in ass
tion with other particles, such as inx̃ 6e7 ñ production. In
the most obvious and useful example, charginos are p
produced ine1e2 collisions throughs-channelg andZ dia-
grams andt-channel sneutrino exchange. The latter diagr
depends on the couplingh2, and so chargino pair productio
cross sections may be used to measure the parameterŨ2. In
fact, this will serve as our first example in Sec. IV. If charg
nos have two or more open decay modes, their branch
fractions may also be used.2 For example, if decays
x̃ 6→ f̃ f 8 and x̃ 6→W6 x̃0 are both open, the ratio of thes
branching fractions is dependent onh2

2/g2
2 ~if the chargino is

pure Wino! and may serve as a probe as well.
For neutralinos, the situation is similar. Neutralino pa

production cross sections depend onh1 andh2 through dia-
grams witht-channelẽ exchange. Their branching fraction
are also accessible probes when two or more decay m
are competitive.

An interesting effect of the super-oblique corrections
charginos and neutralinos is the modification of their m
matrices. For example, the conventional chargino mass te
are (c2)TMx̃6c11H.c., where (c6)T5(2 iW̃6,H̃6) and

Mx̃65S M2 A2mWsinb

A2mWcosb m
D . ~13!

Here M2 is the SU~2! gaugino mass, tanb is the ratio of
Higgs vacuum expectation values, andm is the Higgsino
mass parameter. The off-diagonal entries of the mass ma
result from the interactionsHW̃H̃. In the presence of super
oblique corrections, these entries must be modified
mW→(h2 /g2)mW . Similar comments apply to the neutralin
mixing matrix. Thus, precise measurements of the charg
and neutralino masses and mixings may also yield bound
the super-oblique parameters. Such precision measurem
were in fact studied for charginos in Ref.@20#. In the mixed
region, where there is large gaugino-Higgsino mixing, int
esting bounds may be obtained, although measuremen
the super-oblique parameters at the percent level appear
ficult. However, in the regions of parameter space in wh
charginos and neutralinos are nearly pure gauginos
Higgsinos, the dependence on the off-diagonal terms
small, and the effects of super-oblique parameters thro
the mass matrices are negligible.

Before considering other sparticles, a few comments
in order. First, it is clear that no tests are applicable in
regions of parameter space. For the observables above

2Of course, individual decay widths may also depend on the c
plings hi . In special circumstances, such as when the decays
extremely suppressed and the decay lengths are macroscopic
widths themselves may be measurable. In general, however,
vidual decay widths are very difficult to measure, and we will the
fore concentrate on their ratios in the following.
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sensitive to the super-oblique parameters, for example,
necessary not only that charginos and neutralinos be
duced, but also that they have either large gaugino com
nents or substantial gaugino-Higgsino mixing. Second,
observables depend on many additional SUSY parame
including, for example, the masses and compositions of
charginos and neutralinos, and the masses of the sferm
entering the process. Thus, a determination ofhi requires a
simultaneous determination of many other parameters. T
is one of the essential difficulties in these analyses, and
be addressed in detail in the case studies of the follow
sections.

2. First generation sleptons

For measurements of super-oblique parameters, selec
ẽL,R and electron sneutrinosñ e afford special opportunities
For example, selectron pair-production cross sections rec
contributions fromt-channel neutralino exchange, and so t
ẽRẽR and ẽRẽL cross sections depend onh1, while the
ẽL ẽL cross section depends on bothh1 andh2. This depen-
dence was exploited in Ref.@21# to measureh1 at e1e2

colliders. Note, however, that selectrons, unlike gaugin
may also be produced in pairs ine2e2 collisions. Such re-
actions may lead to particularly precise measurements
will be discussed in detail in Sec. V. Selectron branch
fractions may also be useful when two decay modes
open. For example, the ratioB( ẽL→eW̃)/B( ẽL→eB̃) de-
pends onh2

2/h1
2, and may therefore be used to probeŨ21.

Electron sneutrinos may also be produced ine1e2 colli-
sions. Their production cross sections receive contributi
from t-channel chargino exchange, and so are sensitive toh2.
Their branching ratios may also be used.

3. Squarks, gluinos, Higgs bosons, and other sleptons

If gluinos and the other scalars~squarks, Higgs bosons
and second or third generation sleptons! are accessible, the
may also provide useful information. Cross sections for p
duction in association with gauginos, for examp
s(e1e2→ q̃ q̄ g̃), depend onhi couplings. In addition, as
with the other particles, their branching ratios are also p
sible probes. We will consider the case of squark branch
ratios in Sec. VI.

B. Observables at hadron colliders

All of the observables mentioned above have analogue
hadron colliders. A promising aspect of hadron colliders
that strongly interacting sparticles may be produced in g
numbers, allowing probes of the QCD relations, where
greatest deviations are expected. The production cross
tions of gluinos and squarks are dependent on the coupl
hi . Unfortunately, cross section measurements at hadron
liders are open to systematic uncertainties that, at the lev
precision we require for this study, make such measurem
rather difficult. On the other hand, branching ratios may
well measured. For example, if squarks may decay to b
gluinos and electroweak gauginos, the relative rates may
sensitive probe of the super-oblique corrections. Sim
comments apply to sleptons and electroweak gauginos w
more than one decay path is open. The extent to which th
is
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branching ratios may be measured depends strongly on
efficiency for extracting these signals from background, a
is dependent on many SUSY parameters. In this study,
will concentrate one1e2 probes, although, given the exci
ing prospects for discovering SUSY at the LHC, probes th
certainly merit attention, especially if portions of the spa
ticle spectrum are not observed or branching ratios dev
from expectations.

C. Probes of other non-decoupling corrections

So far we have concentrated on observables involv
gaugino interactions as probes of the super-oblique cor
tions. In fact, however, heavy superpartner sectors may
induce non-decoupling effects in interactions that do not
volve gauginos. In particular, as discussed in Ref.@13#,
D-term quartic scalar couplings also receive correctio
Such corrections appear in a wide variety of observables

Nevertheless, they are generically highly challenging
probe experimentally. To begin with, the couplings of fo
physical scalars are extremely difficult to measure. Howev
D-term couplings also result in cubic scalar couplings wh
one field is a Higgs boson. These appear in more acces
observables, including, for example, the widths of hea

Higgs boson decays to sfermionsH,A→ f̃ f̃ * and

H6→ f̃ f̃ 8. ~Note that theD-term trilinear terms discusse
here involve same-chirality sfermions and are not suppres
by Yukawa couplings; they may thereby be distinguish
from Yukawa-suppressed trilinear terms that originate fr
F-terms or from soft SUSY breaking trilinear interactions!
Unfortunately, in the models we are considering, hea
Higgs bosons may be very heavy, since their mass is g
erned bym, which, given the constraint of theZ boson mass,
is typically at the third generation squark mass scale. In
dition, heavy Higgs bosons are difficult to study at hadr
colliders, and their interactions depend on a number of ot
parameters, such as tanb and theCP-even Higgs mixing
anglea. Finally, D-terms contribute to SU~2! doublet mass
splittings, such as the splitting betweenmẽL

andmñ e
. How-

ever, these contributions are only small fractional deviatio
in already small mass splittings. In summary, theD-term
non-decoupling effects may be relevant in certain scenar
for example, if a heavy Higgs boson is accessible at ane1e2

collider. However, they do not generally appear promising
probes of heavy sector physics. In the following sections,
will therefore concentrate on measurements of the su
oblique corrections through the observables described ab
that is, in processes involving gauginos.

III. UNCERTAINTIES IN OBSERVABLES

Having now identified a large list of possible observab
that depend on the SUSY couplingshi , we must determine if
some of these may be measured precisely enough to be
nificant probes of the heavy sparticle sector. In the secti
that follow, we will consider such quantitative issues in thr
examples that are representative in the sense that there i
example for each coupling constant relation, and one
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ample for each of the three groups of particles given in S
II A. Here, however, we give a general description of t
various errors that enter such analyses and our treatme
these errors.

The uncertainties may be grouped into categories. F
there are uncertainties arising from the many unkno
SUSY parameters that enter any given analysis. These
will call theoretical systematic uncertainties. If, for examp
a measurement of super-oblique parameters is to be obta
from a cross section that depends onhi , the other parameter
entering the cross section must be carefully controlled. Th
parameters include the masses of the particles involved
well as the field content of these particles, for example,
gaugino content of relevant charginos and neutralinos.
will carefully study these errors, and will find that, by a
pealing to other measurements and exploiting various
lider features, such uncertainties may be reduced to pro
ingly low levels.

There are also uncertainties from finite experimental s
tistics and backgrounds. These will also be included, and
will present results for specific integrated luminosities. W
assume that the backgrounds are well-understood and so
be subtracted up to statistical uncertainties. This is a rea
able assumption for standard model backgrounds. Of cou
for certain regions of parameter space, SUSY backgrou
may enter. These depend ona priori unknown SUSY param-
eters, and the uncertainties associated with these are then
of the first category discussed above.

In our analyses, we have not included radiative corr
tions in our calculations of cross sections and branching
tios. The large logarithm radiative corrections are absor
in the super-oblique parameters we are hoping to pro
There remain, however, radiative corrections from stand
model particles, as well as the accessible superpartners
the level of precision we will be considering, these effe
may be important. However, these corrections are in p
ciple well-known once the calculations appropriate to
scenario actually realized in nature are completed and a
sistent one-loop regularization scheme is established fo
relevant observables. Radiative corrections dependent on
light superparticles will be subject to theoretical systema
uncertainties, but these are small relative to the theore
systematic uncertainties entering at tree level, which w
described above and will be included in our analyses.

The final group of uncertainties are experimental syste
atic errors. These include, for example, uncertainties in
minosity, detector acceptances, initial state radiation effe
and, in some of the measurements considered below, b
polarization andb-tagging efficiency. A complete analys
would require detailed experimental simulations incorpor
ing all of these experimental systematic uncertainties. S
an analysis is beyond the scope of this work, especially s
the sizes of some of these uncertainties at the Next Lin
Collider ~NLC! are unknown and are currently under inve
tigation. We will see, however, that in some cases the exp
mental systematic uncertainties are likely to be negligi
relative to the errors described above; where this is not
case, we will note which experimental systematic errors
pear to be most important. By estimating the sizes of
errors from the sources described in the paragraphs ab
we will find interesting implications for what collider spec
c.
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fications are required and what features are particula
promising for the study of non-decoupling SUSY breaki
effects.

IV. PROBE OF SU„2… COUPLINGS FROM CHARGINOS

In this section, we consider a probe of the SU~2! relation
g25h2. Recall from Sec. I that the size of deviations fro
this equivalence may be parametrized by the super-obli
parameterŨ2, which, in the two scenarios we considered,

Ũ2[h2 /g221'0.720.8%3 ln
M

m
. ~14!

For a light sector scalem'O(100 GeV!, we see that mea
surements ofŨ2 to accuracies of 3–4% are required to
sensitive to deviations from a heavy scaleM'O(10 TeV!,
while determination of the heavy scale to within a factor o
requires measurements at the 0.8–0.9% level. Of cou
larger deviations from greaterM or additional exotic super-
multiplets are possible, but we will take these figures as u
ful reference points.

As a test of the SU~2! coupling relation, we turn to the
first group of sparticles given in Sec. II, charginos and n
tralinos, and consider chargino pair production at the NL
This process is promising, as charginos are typically am
the lighter sparticles, and they are produced with large cr
section when kinematically accessible. In addition, in o
scenarios, the constraint of theZ mass implies that the
Higgsino mass parameterumu is usually of order the third
generation squark masses. This often implies that the lig
chargino and neutralinos are gaugino-like, and is exactly
region of parameter space where we have some hope of m
suringh2 accurately with charginos, as explained in Sec.

The measurement ofh2 from chargino production was
previously considered in Ref.@20#, and we therefore begin
with a review of those results. Details, particularly those co
cerning the error analysis, will be omitted, and we refer
terested readers to the original study for a complete tr
ment. In Ref.@20#, the following parameters were taken as
case study in the gaugino region:

~m,M2 ,tanb,M1 /M2 ,mñ e
!

5~2500 GeV,170 GeV, 4,0.5,400 GeV!. ~15!

With these parameters, the light chargino and neutra
masses aremx̃

1
65172 GeV andmx̃

1
0586 GeV, and the cross

sections for chargino pair production withAs5500 GeV,
unpolarized e1 beams, and right- and left-polarizede2

beams aresR50.15 fb andsL5612 fb. As is characteristic
of the gaugino region,sR is highly suppressed, butsL is
large. With design luminosityL550 fb21/yr, tens of thou-
sands of charginos will be produced each year, giving
hope thatO(1)% measurements may be feasible. Final
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the decayx̃1
6→W6 x̃1

0 is open and dominant — the chargin
branching ratios are therefore equivalent to those of theW.3

Charginos may be produced throught-channel sneutrino
exchange ands-channelg andZ diagrams. The first ampli-
tude depends onh2

2, and is the source of our sensitivity t
super-oblique corrections. The left-polarized different
cross section is therefore dependent on 5 parameters be
the standard model:

ds

d cosu
~eL

2e1→ x̃1
1 x̃1

2!5
ds

d cosu
~mx̃6,f1 ,f2 ,mñ e

,h2!,

~16!

where the anglesf6 specify the composition ofx̃1
6 in terms

of the weak eigenstates (2 iW̃6,H̃6). To measureh2, we
must also constrain the other parameters. The massmx̃

1
6 may

be measured to 2 GeV by determining energy distribut
endpoints of the decay products@6#. The Wino-ness of the
chargino may be established by checking thatsR'0. Alter-
natively, one can verify thatx̃1

6 x̃2
7 production is kinemati-

cally inaccessible, which puts lower limits onumu and the
gaugino-ness of the chargino.~Of course, if higher beam
energy is available, one could discover the heavy chargin
neutralinos and measureumu and the anglesf6.! The result-
ing errors inmx̃

1
6 andf6 at aAs5500 GeV machine were

studied in Ref.@20# and were found to be negligible relativ
to the uncertainties we now describe.

The remaining two unknowns,mñ e
andh2, may then be

determined by theeL
2 total cross sectionsL and a truncated

forward-backward asymmetry

3For extremely large values ofumu, the chargino and neutralino ar
nearly pure gauginos, and the on-shellW decay mode may be s
suppressed that decays through off-shell sleptons and squarks
nificantly shift the chargino branching ratios. We will not consid
this case, but note that such a scenario typically requires value
umu far above the TeV scale and would itself be a striking signat
for heavy mass scales.

FIG. 1. Contours of constant chargino pair production cross s
tion sL in fb in the (mñ e

,h2) plane for underlying parameter
(m,M2 ,tanb,M1 /M2)5(2500 GeV,170 GeV,4,0.5! andAs5500
GeV.
l
nd

n

or

AL
x5

sL~0,cosu,0.707!2sL~21,cosu,0!

sL~21,cosu,0.707!
.

~17!

This peculiar definition ofAL
x is dictated by cuts designed t

remove the forward-peakedW pair production. These two
quantities are plotted in Figs. 1 and 2 forAs5500 GeV.
Unfortunately, these quantities cannot be measured dire
To determine them, we look at mixed mode events, wh
one chargino decays hadronically and the other leptonica
AL

x is measured through its correlation with the observ
forward-backward asymmetry of the hadronic decay pr
ucts Ahad, and the total cross section is determined by
correlation with the measured mixed mode cross section
ter cuts. Both of these correlations are imperfect. The co
lation betweenAhad and AL

x has a slight dependence on a
ditional SUSY parameters entering the decay, such asM1.
The total cross-section determination is weakened by its
pendence on the cut efficiencies, which also depend on th
additional SUSY parameters.4 These effects lead to theore
ical systematic errors, which are investigated by Monte Ca
simulations, where the lack of correlation is determined
varying all the relevant SUSY parameters throughout th
ranges, subject only to the constraint that they reprod
various observables, such as the chargino mass, within
experimental errors.

In addition to these theoretical systematic errors, unc
tainties from backgrounds, dominated byWW production,
and finite statistics must be included. The resulting 1s un-
certainties are@20#

DAL
x50.067~0.048!@0.037#,

ig-

of
e

4Note that the determination of the total cross section from
mixed cross section also requires that the chargino branching
tions be known. If decays through on-shellW bosons are closed, th
branching ratios must also be determined by considering the pu
hadronic or purely leptonic modes, introducing additional unc
tainties that may significantly weaken the results.

c- FIG. 2. Contours of constant chargino forward-backward asy
metry AL

x in percent in the (mñ e
,h2) plane for underlying param-

eters (m,M2 ,tanb,M1 /M2)5~2500 GeV,170 GeV,4,0.5! and
As5500 GeV.
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DsL

sL
57.2~5.6!@4.7#%, ~18!

where the first two uncertainties are for integrated lumino
ties of 30 ~100! fb21, and the final bracketed uncertaintie
are from systematic errors alone,i.e., the uncertainties in the
limit of infinite statistics. Given these values, the expec
;1% uncertainty in luminosity@6# is negligible. If similar
uncertainties in beam polarization may be obtained, they
have little impact. In any case, note that beam polarizatio
used here only to increase the effective luminosity for t
study, as the signal and leadingWW background both exis
only for left-polarized beams. Thus, if polarization uncerta
ties are dominant, the systematic error from this source m
be eliminated by using an unpolarized beam, with a resul
decrease in effective luminosity by a factor of 2.

The measurements of Eq.~18! determine allowed region
in the (mñ e

,h2) plane, which we define crudely to be regio

that are within the 1s contours of all observables. The re
evant region for integrated luminosity 100 fb21 is given in
Fig. 3. Even without a measurement ofmñ e

, we see that the

ratio h2 /g2 is constrained to be consistent with unity,
quantitative confirmation of SUSY and the interpretation t
the fermion being studied is in fact the chargino.

The measurements atAs5500 GeV also bound the
sneutrino’s mass through its virtual effects. With this stro
motivation, one would then increase the beam energy to
ñ e pair production. Studies have found that;1% measure-
ments of charged slepton masses are possible at the
@23#, and similar levels have been achieved in sneutrino s
ies through measurements of electron energies in the d
ñ e→e7 x̃1

6 @10#. With this as an additional constraint, w
may return to Fig. 3 and look for small deviations fromg2
5h2. We see that, for example, ifmñ e

is measured to 4 GeV

deviations ofŨ2 from its central value are constrained to t
range

FIG. 3. The allowed region in the (mñ e
,h2) plane forAs5500

GeV andL5100 fb21. The solid~dashed! curves are 1s contours
of constant sL (AL

x), and the underlying parameter poin
(m,M2 ,tanb,M1 /M2 ,mñ e

)5~2500 GeV,170 GeV,4,0.5,400 GeV!

is indicated. The allowed region is bounded by thesL and AL
x

contours and the bound onmñ e
; for reference, the boundDmñ e

54
GeV is given by the dotted contours.
i-

d

o
is
s

-
y

nt

t

g
d

LC
d-
ay

23%,DŨ2,3% ~mñ e
5400 GeV, As5500 GeV!.

~19!

At this parameter point, the determination is sufficiently a
curate that to good approximation, the uncertainties are
ear, i.e., if the underlying value ofŨ2 is 4%, the allowed
range is 1%,Ũ2,7%. Thus, if the mass of squarks
*O(10 TeV!, deviations from exact SUSY may be seen a
Ũ2 may be bounded to be positive. Such a measurem
would provide unambiguous evidence for very massive
perparticle states. Note, however, that the mass scale of
states is determined only to a couple of orders of magnitu

In fact, the precision of the above study may be improv
by exploiting an important feature of the NLC, its adjustab
beam energy. To illustrate this most vividly, let us consid
another point in parameter space with a different sneutr
mass. In Ref.@20#, a largemñ e

was chosen to illustrate th
sensitivity of precision measurements to effects of virtu
sparticles. ForAs5500 GeV andmñ e

5400 GeV,sL andAL
x

are quite sensitive to changes inh2 and mñ e
. However, for

other underlying parameters, this may not be the case.
example, we see in Figs. 1 and 2 that, forAs5500 GeV and
mñ e

5240 GeV, sL is near a minimum andAL
x is near a

saddle point ath25g2. Thus for such a sneutrino mass, the
are relatively few events, and more importantly, the dep
dence of our observables onh2 is weak. By carrying out the
analysis outlined above for this new parameter point, we fi

DAL
x50.079~0.053!,

DsL

sL
59.4~6.2!%, ~20!

where these 1s uncertainties are for integrated luminositie
of 30 ~100! fb21. ~We have assumed here that the theoreti
systematic errors in this case are as in the previousmñ e

5400
GeV analysis. This assumption is valid, as these uncert
ties are not dominant, and are in any case most sensitiv
quantities, such as the chargino velocity, that are identica
these two case studies.! In Fig. 4, we plot the region allowed
by these measurements. The determination ofŨ2 is greatly

FIG. 4. The same as in Fig. 3, but with underlying parame
mñ e

5240 GeV, and dotted contours atDmñ e
52 GeV.
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deteriorated. Ifmñ e
is again measured to;1%, the range of

Ũ2 in the allowed region is~taking a central value ofŨ2
50)

25%,Ũ2,8% ~mñ e
5240 GeV, As5500 GeV!.

~21!

The underlying SUSY parameters above appear to lea
poor bounds on super-oblique corrections. However, an
portant aspect ofe1e2 colliders is the ability to adjust the
initial state parton energy. This flexibility may be used
eliminate backgrounds, and also to improve the sensitivity
underlying parameters. Here, we exploit the latter virtue. T
extrema insL andAL

x may be shifted by choosing differen
beam energies. In Figs. 5 and 6, we plotsL and AL

x in the
(mñ e

,h2) plane again, but now forAs5400 GeV. We see

that the extrema in thesL andAL
x observables are shifted t

lower mñ e
, and the strong dependence ofsL and AL

x on h2

for mñ e
5240 GeV is restored. Applying the same analy

once again, we find, including all theoretical systematic a
experimental statistical errors,

DAL
x50.11~0.068!,

DsL

sL
511~7.3!%, ~22!

FIG. 5. Same as in Fig. 1, but forAs5400 GeV.

FIG. 6. Same as in Fig. 2, but forAs5400 GeV.
to
-

o
e

s
d

for integrated luminosities of 30~100! fb21.5 We see that
these uncertainties are larger than atAs5500 GeV. How-
ever, the increased sensitivity ofsL and AL

x to h2 /g2 more
than makes up for the loss in statistics, as can be seen in
7, where we plot the allowed region for underlying para
eters as in Fig. 4, but forAs5400 GeV. Assuming again a
;1% measurement ofmñ e

, the range of allowed deviation

of Ũ2 from its central value in the allowed region is

22%,DŨ2,2% ~mñ e
5240 GeV, As5400 GeV!,

~23!

where again we have checked that the uncertainties are
ear. Such a measurement gives one an extremely pre
measurement ofh2, and even begins to provide interestin
constraints on the heavy squark scale for the purpose
model-building. Note that this bound from charginos is co
parable to the previous bound derived from selectron prod
tion in the e1e2 mode of linear colliders@21#. The bound
from selectron production was;1% on the parameterŨ1,
which we expect in typical models to be roughly half
sensitive to the effects of heavy superpartners.

Although a complete scan of parameter space is bey
the scope of this study, we see that if gaugino-like chargi
are produced at the NLC, interesting bounds on the su
oblique parameterŨ2 may be obtained. Such bounds rely o
a variety of precise measurements constraining the gau
content of the chargino and theñ e mass. In addition, we
have seen that the sensitivity of observables to the su
oblique parameters may be markedly improved by adjus
the beam energy. Given a better understanding of the un
tainties obtainable in the sneutrino mass and various exp

5In arriving at these results, we have not designed optimized
for As5400 GeV, but have simply assumed that the efficiency
the cuts for theWW background is unchanged atAs5400 GeV.
The results are rather insensitive to this assumption; for exam
making the highly pessimistic assumption that the background i
fact doubled leads toDAL

x50.083 andDsL /sL58.9% for 100
fb21.

FIG. 7. The same as in Fig. 3, but with underlying parame
mñ e

5240 GeV, dotted contours atDmñ e
52 GeV, and improved

center-of-mass energyAs5400 GeV.
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mental systematic uncertainties, the beam energy may be
timized to increase the sensitivity to super-obliq
corrections and multi-TeV superpartners.

V. PROBE OF U„1… COUPLINGS FROM SELECTRONS

In this section, we consider measurements of the U~1!
gaugino couplingh1 from selectron production. From Sec.
we see that the deviation between the U~1! gauge boson and
gaugino couplings for the heavy QCD and 2–1 models i

Ũ1[h1 /g121'0.320.35%3 ln
M

m
. ~24!

For a heavy scale in the multi-TeV range, the deviation
about 1%. A determination of the heavy scale to within
factor of 3 requires the precision of theŨ1 measurement to
be at the;0.3% level, which will be taken as our targ
precision. The effects are clearly smaller than in the SU~2!
and SU~3! cases and require correspondingly more prec
measurements for similar bounds on the heavy mass sc

The possibility of measuringh1 from ẽR production in
e1e2 collisions at a linear collider has been considered p
viously in Ref.@21#, where bounds from the differential cros
section ds(e1e2→ ẽR

1 ẽR
2)/dcosu were found to imply

bounds onŨ1 at the;1% level. As was pointed out in Re
@21#, such a measurement provides an extremely high pr
sion test of SUSY, and may possibly provide evidence
decoupling effects from heavy sectors. However, as the
pected super-oblique corrections in the U~1! sector are small,
such a test, as in the chargino case considered in the prev
section, is probably not sufficient to determine the hea
superpartner scale to better than an order of magnitude.

To increase this sensitivity, we consider hereẽR pair pro-
duction in thee2e2 mode of a future linear collider.~The
extension toẽL is straightforward and will be discussed
the end of this section.! There are several advantages in co
sidering selectron production at ane2e2 collider:

1. At an e2e2 collider, selectrons are produced on
throught-channel neutralino exchange. The cross section
ẽR production is thus directly proportional toh1

4. In contrast,
at e1e2 colliders, selectrons are produced through boths-
and t-channel processes. Thes-channel processes areh1 in-
dependent, and may significantly dilute the sensitivity of
cross-section observables to variations inh1.

2. The backgrounds to selectron pair production ate2e2

colliders are very small. Most of the major backgroun
present in thee1e2 mode are absent;e.g., W pair and
chargino pair production are forbidden by total lepton nu
ber conservation. This makes thee2e2 environment ex-
tremely clean for precision measurements.

3. It is possible to highly polarize bothe2 beams. Polar-
izing both beams right-handed increases the desiredẽRẽR
cross section by a factor of 4, and suppresses remai
backgrounds, such ase2nW2, even further.

4. In order to produceẽR
2 ẽR

2 , a Majorana mass insertio
in the neutralino propagator is needed to flip the chiral
The total cross section therefore increases as the Bino m
M1 increases as long asM1 is not too large (M1&As/2).
The M1 dependences of the cross sections
p-
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e1eR
2→ ẽR

1 ẽR
2 and eR

2eR
2→ ẽR

2 ẽR
2 are shown in Fig. 8 for

As5500 GeV andmẽR
5150 GeV. One can see that ifM1 is

not too small, the selectron production cross section in
e2e2 mode is much larger than in thee1e2 mode.6 This
compensates for any reduction in luminosity that may
present in thee2e2 mode.

5. Thet-channel gaugino mass insertion may also be
ploited to reduce theoretical systematic errors arising fr
uncertainties in theẽR and x̃1

0 masses. TheẽR and x̃1
0

masses are typically constrained from electron energy di
bution endpoints. The resulting allowed masses are p
tively correlated, while the dependence of the total cross s
tion in the e2e2 mode on mx̃

1
0 and mẽR

is negatively

correlated~in the region of the parameter space in which w
are interested!. The total cross section may therefore rema
approximately constant over the allowed region in t
(mẽR

,mx̃
1
0) plane. This point will be described in more deta

below.
Let us now consider quantitatively the possibility of pr

cisely measuringh1 using ane2e2 collider. We will deter-
mine h1 from the total cross section sR

5s(eR
2eR

2→ ẽR
2 ẽR

2). We assume that theẽR decays directly

to ex̃1
0, and thatx̃1

0 is the lightest supersymmetric partic
and is Bino-like. The cross section is proportional toh1

4, so
in order to measureh1 to 0.3%, the cross section must b
determined to 1.2%. There are many possible sources of
certainties, as was mentioned in Sec. III. The experime
statistical and systematic errors will introduce uncertaint
in determiningsR experimentally. OncesR is determined,
the extraction ofh1 from this measurement depends on ma

6It is interesting to note that this dependence may allow an al
native high mass scale probe in the Higgsino region whereumu
,M1 ,M2 and gaugino masses may be very large. If selectron p
may be produced, their pair-production cross section in thee2e2

mode is still substantial and sensitive toM1 even for very largeM1,
and may be used to determine values ofM1 at the multi-TeV scale.
Here, however, we assume that we are in the gaugino region s
we are interested in measuring the gaugino couplings.

FIG. 8. The total selectron pair production cross sections for
eR

2eR
2 ande1eR

2 modes withmẽR
5150 GeV andAs5500 GeV, as

functions of the Bino massM1, assuming the Bino is a mass eige
state. Note that the very small~but nonzero! cross section for the
e1eR

2 mode nearM1;400 GeV results from destructive interfe
ence between thes- and t-channel diagrams.
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other unknown SUSY parameters and hence suffers f
theoretical systematic uncertainties. To achieve the ta
precision, each source of uncertainty should induce an e
in sR less than 1%. Of course, if there are several com
rable uncertainties, they are required to be even smalle
that their combined error is at the 1% level.

The possible sources of uncertainties in measuringsR in-
clude the following.

~1! Statistical fluctuation: Figure 9 shows the total cro
sectionsR in the (mẽR

,M1) plane. We can see that for

significant part of the parameter space (M1 not too small and
mẽR

not too close to threshold!, the total cross section is o

the order of;2000 fb. Typically only a small fraction of the
selectrons are produced along the beam direction@,5% for
sinu( ẽR),5°#, so most of the events will survive the cuts a
be detected. Assuming one year running at luminosityL
;20 fb21/yr, we expect;40,000 events, yielding a statist
cal uncertainty of;0.5%. This is further reduced for longe
runs, or if ane2e2 luminosity comparable to the desig
e1e2 luminosity may be achieved.

~2! Backgrounds: Background from electron pair produ
tion may be effectively removed by an acoplanarity cut. T
major remaining background is thene2nW2 when followed
by W2→e2ne , which results fromeL

2 contamination in the
eR

2 polarized beams. The cross section for this backgroun
400 @43# fb for left-left ~LL ! @left-right ~LR!# beam polariza-
tion @24#. If both beams are 90% right-polarized, i.e., if on
10% of the electrons in each beam are left-handed, the b
ground is reduced to 12 fb. In principle these backgrou
are calculable and can be subtracted, so the induced un
tainty in sR should be negligible.

~3! Experimental systematic errors: These include unc
tainties in various collider parameters, including the be
energy, luminosity, and so on. Accurate knowledge of
beam polarization is also required. Note, however, tha
beam polarization is a dominant source of uncertainty,
may use unpolarized beams instead and run below theẽL
pair production threshold for a longer time to compensate
loss in cross section. The resulting increase in backgroun
acceptable if well-understood. To compare the theoret
cross section and the total number of events, detailed Mo
Carlo simulations incorporating effects ranging from init

FIG. 9. Contours of constantsR5s(eR
2eR

2→ ẽR
2 ẽR

2) in fb in
the (mẽR

, M1) plane forAs5500 GeV.
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state radiation and beamstrahlung to detector accepta
must be performed to obtain the predicted number of eve
passing the cuts. Such simulations are beyond the scop
this paper. We will see, however, that experimental syste
atic errors are likely to be some of the dominant errors in t
analysis, and further studies are necessary.

After obtaining the cross sectionsR from experiment, we
need to extracth1 from sR . The associated uncertaintie
include the following.

~1! Radiative corrections: At the level of precision we a
considering, radiative corrections to the cross section m
be included. These are required to set the low scalem so that
the heavy scaleM may be inferred from the measured valu
of Ũ i . However, these corrections are calculable, and
expect the uncertainty to be small after the one-loop radia
corrections are included. We have not included such cor
tions in our calculations.

~2! Lepton flavor violation: Until now we have assume
that lepton flavor is conserved, as is approximately true i
wide variety of models. However, if the slepton mass ma
ces are not diagonalized in the same basis as the lepton
matrix, the lepton flavor mixing matrix elements will appe
at the gaugino vertices. Such mixing may reduce thee2e2

selectron pair signal and cause some uncertainties in d
mining h1. However, these lepton flavor violating effec
will be well-probed at the same time. For instance, Ref.@25#
shows that a mixing angle between the first and second g
erations of order sinu12;0.02 will be probed at the 5s level.
The fractional deviation in thee2e2 cross section is at mos
2sin2u12cos2u12, and so the induced uncertainty in deviatio
in Ũ1 is < 1

2 sin2u12cos2u12;231024. If no lepton flavor vio-
lation is found, the mixing angles are therefore too small
induce significant uncertainties inŨ1. On the other hand, if
lepton flavor violating events are discovered, the total th
generation slepton production cross section may be used
stead. The backgrounds will then include all three gene
tions of leptons fromW2 decay and will be somewhat large
but from the discussion above, we know that they are sm
enough at ane2e2 collider and can be calculated anywa
Lepton flavor violation therefore should not pose a sev
problem, and for simplicity in the remaining discussion, w
will assume it is absent.

~3! Uncertainties in experimental determination ofmẽR

and mx̃
1
0: These two masses are the major parameters

which sR depends in the gaugino region, and therefore m
be known well for a precise prediction ofsR to be possible.
For simplicity, we assume here thatx̃1

0 is pure Bino and
mx̃

1
05M1; the complication of neutralino mixings will be

discussed next. The massesmẽR
andmx̃

1
0 can be determined

from the energy spectrum of the final state electrons in
ẽR→ex̃1

0 decay. The energy distribution is flat for two-bod
decay with two sharp endpoints determined bymẽR

, mx̃
1
0,

ands:

Emin5
mẽR

2 S 12

mx̃
1
0

2

mẽR

2 D g~12b!,
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Emax5
mẽR

2 S 12

mx̃
1
0

2

mẽR

2 D g~11b!, ~25!

where

g5
As

2mẽR

, b5A12
4mẽR

2

s
. ~26!

One can therefore extractmẽR
andmx̃

1
0 from measurements

of Emin andEmax. As we will see, the uncertainties inmẽR

andmx̃
1
0 are positively correlated and form a narrow ellips

like region in the (mẽR
,mx̃

1
0) plane. At the same time, th

t-channel mass insertion implies that, while the total cr
sectionsR increases asmẽR

decreases, it also increases

mx̃
1
0 increases, and so the constantsR contours are approxi

mately parallel to the major axis of the ellipse.
The variation insR on the ‘‘uncertainty ellipse’’ can be

very small for some values ofmẽR
and mx̃

1
0. To show this,

we assume thatEmin andEmax are determined independent
with uncertaintyDE. The allowed region in the (Emin ,Emax)
plane is therefore an ‘‘uncertainty circle’’ with radiusDE.
This ‘‘uncertainty circle’’ transforms into an ‘‘uncertaint
ellipse’’ in the (mẽR

,mx̃
1
0) plane, which is shown in Fig. 10

for the central valuesmẽR
5150 GeV andmx̃

1
05100 GeV.

TheDE50.5 GeV and 0.3 GeV ellipses roughly correspo
to the Dx254.61 ~90% C.L.! and Dx252.28 ~68% C.L.!
ellipses given in Ref.@6# for a similar analysis with smuon
pairs.7 We also superimpose constantsR contours on the
same figure. We see that the variation insR induced by
uncertainties inmẽR

andmx̃
1
0 is less than 0.3% forDE50.3

GeV and this set of the parameters. In Fig. 11, we show
maximal variations insR in the correspondingDE50.3
GeV ellipses for different central values ofmẽR

, mx̃
1
0. For

mx̃
1
0 not too small andmẽR

not too close to threshold, there

a large region in the (mẽR
,mx̃

1
0) parameter space in whic

the variation is less than 1%, the target precision. If
variation is too large becausemẽR

is too close to threshold
the result can be improved by raising the beam energy
shown in Fig. 12. The reduction of these theoretical syste
atic uncertainties is a great advantage for the precision m
surement of h1 at e2e2 colliders. In contrast, for
e1e2→ ẽR

1 ẽR
2 , the constant cross-section contours r

roughly perpendicular to the uncertainty ellipse, resulting
a much larger uncertainty.

7We expect our estimates of endpoint energy uncertainties to
conservative, as they are based one1e2 mode event rates, wherea
given thee2e2 cross section, data from thee2e2 mode should
reduce these errors significantly. The uncertainties are in fact
trolled by a number of factors, including total cross section, dete
energy resolution, electron energy bin size, and of course, the
derlying selectron and neutralino masses. See Ref.@21# for a dis-
cussion of this issue.
-

s
s

e

e

as
-
a-

n

~4! Neutralino mixings: In the discussion so far, we ha
assumed that the lightest neutralino is pure Bino. This is o
true in the limit ofumu→`. A general neutralino mass matri
depends on the four parametersM1, M2, m, and tanb. To
calculate correctly the cross section, one has to diagona
the neutralino mass matrix and include contributions from
four neutralino mass eigenstate propagators. Although
dependence ofsR on M2, m, and tanb should be weak in the
gaugino region, they are not negligible at the required le
of precision. To investigate this, we have calculatedsR for
different choices ofM1, M2, m, and tanb while keeping the
measurablemx̃

1
0 fixed. By explicit calculation we find tha

the dependence onM2 of sR is very weak, sinceB̃ andW̃3
only mix indirectly, and the variation insR is much smaller
than 1% for reasonable variations inM2. We may therefore
assumeM252M1 without loss of generality. In Fig. 13 we
show the fractional variation ofsR relative to the pure Bino

be

n-
r
n-

FIG. 10. The allowed regions, ‘‘uncertainty ellipses,’’ of th
(mẽR

, mx̃
1
0) plane, determined by measurements of the end point

final state electron energy distributions with uncertaintiesDE
50.3 GeV and 0.5 GeV. The underlying central values a
(mẽR

,mx̃
1
0)5~150 GeV,100 GeV!, andAs5500 GeV. We also su-

perimpose contours~in percent! of the fractional variation ofsR

with respect to its value at the underlying parameters.

FIG. 11. Contours in the (mẽR
, mx̃

1
0) plane of maximal frac-

tional variation insR ~in percent! on the DE50.3 GeV ‘‘uncer-
tainty ellipse,’’ with As5500 GeV.
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limit as a function ofm and tanb for fixed mx̃
1
05100 GeV

and mẽR
5150 GeV. The value ofM252M1 is determined

by requiring the correct value ofmx̃
1
0. We see that the varia

tion of sR is small for largeumu ~less than 1% form*500
GeV or m&2600 GeV! but can be up to 2–4% for smalle
umu. Therefore, in order to be able to calculatesR at the 1%
level, some information aboutm and tanb is needed: either a
lower bound ofumu*500–600 GeV is required, orm and
tanb must be bounded to lie within a certain range if t
underlying value ofumu is smaller. Such bounds may be o
tained from some other processes in different colliders.
example,x̃1

0x̃3
0 production~in e1e2 collisions! may probem

up to As2mx̃
1
0. Energies ofAs;1TeV, if available, will

therefore allow either a determination ofm or a sufficiently
high lower bound onm for us to obtain a precise predictio
of sR so thath1 can be extracted with small uncertainties

Finally, many of the above considerations apply also
left-handed selectrons. If kinematically accessible, their p
duction cross sectionsL at e2e2 colliders may also be use
to measure precisely gaugino couplings, since theẽL

2 ẽL
2 pair

production cross section receives contributions from b
t-channelB̃ and W̃3 exchange, and hence depends on b
h1 and h2. For equivalent mass selectrons,sL is generally
even larger thansR . Note also thatẽL and ẽR production
may be separated either by beam polarization, or, if the
lectrons are sufficiently non-degenerate, by kinematics@6# or
by running below the higher production thresholds. If thex̃1

6

and x̃2
0 decay channels are not open, the only decay

ẽL
2→e2 x̃1

0 and we will have a large clean sample of eve
for precision studies. However, in general, the decay patte
may complicate the analysis. The cross section also dep
strongly on mx̃

2
0 ~in the gaugino region!, which could be

measured either directly fromx̃2
0x̃2

0 production ine1e2 col-
lisions, or indirectly by measuringM1, M2, m, and tanb
from chargino andx̃1

0 properties. In the end, a measureme
of sL bounds a certain combination ofh1 andh2. Under the
assumption that the heavy sparticles are fairly degene
the deviationsŨ1 andŨ2 are related and determined by th
same heavy scaleM , and sosL also provides a probe of th

FIG. 12. The same as in Fig. 11, but withAs5750 GeV. Note
the different scales of the axes relative to Fig. 11.
r
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heavy scaleM , which, in fact, is generically more sensitive
sinceŨ2.Ũ1 in most models. Of course, in the event th
both ẽR and ẽL are studied, bothŨ1 and Ũ2 may be deter-
mined, and we may check that their implications for t
heavy scaleM are consistent or find evidence for no
degeneracies in the heavy sector.

In summary, we find that for a fairly general region of th
parameter space, selectron production at ane2e2 collider
may provide an extremely high precision measurement of
gaugino couplingh1 and super-oblique parameterŨ1. We
have investigated both experimental statistical and theo
cal systematic uncertainties. By exploiting many appeal
features of thee2e2 mode, most uncertainties may be r
duced to below 1% in the cross section measurement.
dominant theoretical systematic uncertainty appears to
from neutralino mixings, but even these may be reduced
low the 1% level with information from other processes. T
remaining uncertainties are experimental systematic un
tainties. These include, for example, the luminosity unc
tainty, which has been estimated to be;1% @6#. Such issues
require further study. Nevertheless, thee2e2 mode certainly
appears more promising than thee1e2 mode. If such errors
may be reduced to the 1% level, a precision measuremen
Ũ1 at the level of 0.3% will be possible, providing not on
a stringent test of SUSY, but also allowing us to bound
mass scale of the heavy sector to within a factor of 3, eve
they are beyond the reach of the LHC. Such a string
bound would provide strong constraints for model-buildin
and, in the most optimal case, would provide a target
sparticle searches at even higher energy colliders.

VI. PROBE OF SU„3… COUPLINGS FROM SQUARKS

In this section, we consider the possibility of probing t
heavy superparticle mass scale through their effects on S~3!
gluon and gluino couplings. Such probes require t
strongly interacting sparticles be accessible. Such is the
in the 2–1 models discussed in Sec. I, and these are
scenarios we will consider here. The most relevant dec
pling parameters for our study below will beŨ32 andŨ31. In
2–1 models,

FIG. 13. The fractional variation insR ~in percent! in the (m,
tanb) plane, with respect to them→` limit, for ( mẽR

,mx̃
1
0)5~150

GeV,100 GeV!, with As5500 GeV.M2 is assumed to be 2M1, and
for each point in the plane, their values are fixed bymx̃

1
0.
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Ũ32~31!5
h3 /h2~1!

g3 /g2~1!
21'1.8%~2.2%!3 ln

M

m
. ~27!

For heavy superpartners atM;O(10 TeV!, these corrections
can be as large as;10%, much larger than for the corre
sponding SU~2! and U~1! couplings, and so are promising t
investigate.

In 2–1 models, the gluino and third generation sfermio
are light, but all other sfermions are heavy. SU~3! effects
may then be measured in processes involving gluinos and
bottom and top squarks. Ate1e2 colliders, squarks may be
pair-produced in large numbers@26,27#. However, squark
pair production takes place only throughs-channelg andZ
processes, and so is independent ofhi . To find cross sections
that do depend onh3, one may turn to three-body processe

such asb b̃g̃ and t t̃ g̃ , as was noted in Sec. II. In this se
tion, however, we will focus on another possibility and co
sider measurements ofh3 through squark decay branchin
ratios.

Any of the b̃L,R and t̃ L,R squarks may be used as a prob
However, the decay paths and backgrounds vary greatly
pending on the particular mass patterns of these squarks
the gluino. The boundary conditions for the light spartic
masses are not in general universal, and this is in fact
underlying motivation for the 2–1 framework. The low
energy spectrum may therefore be arbitrary, although,

course, thet̃ L and b̃L masses are still related by SU~2! in-

variance. For concreteness, we will primarily focus onb̃L

decays. As will be described below, our analysis will re
only on the number of events with 3 or more taggedb jets.
For simplicity, we will assume that the contributions of oth
third generation squarks to such events are negligible. Th
the case either if these squarks are too heavy to be produ
or if their masses are such that their decays to gluinos
closed or highly phase-space suppressed.~Note that top
squark decays to gluinos are also suppressed by the larg
quark mass.! We also take the left-right mixing in theb̃
sector to be negligible. Such an assumption may be teste
measurements of theb̃L properties themselves@27#, or, for
example, by measurements of tanb from other sectors@28#.
Finally, we assume that the lighter neutralinos and charg
are well-studied and are determined to be highly gaugi
like by, for example, directly measuring or placing low
bounds on Higgsino masses.8

As individual decay widths are difficult to measure, o
analysis will depend on measuring branching ratios, an
only possible when two or more decay modes are open
we are interested in the SU~3! gaugino couplingh3 in this
section, we assumemg̃1mb,mb̃L

so that the gluino decay
mode is open.~Of course, if the gluino decay mode is close
but both Wino and Bino decay modes are open, a meas
ment ofh2 /h1 from these branching ratios may also be us

8If, however, the Higgsinos are in the heavy sector, signific
non-decoupling contributions to the gaugino couplings from
large third generation Yukawa couplings must be included@13#.
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to probe decoupling effects.! The branching ratios then de
pend onh3 /h2 andh3 /h1 and probe the decoupling param
etersŨ32(31) given above.

The two-body decay widths ofb̃L to g̃ , x̃1
6 , x̃2

0, and x̃1
0

~assuming thatx̃1
6 , x̃2

0, and x̃1
0 are pure gauginos! are

G~ b̃L→b g̃!5
4

3

h3
2

8p
mb̃L

P~mb̃L
,mg̃ ,mb![

h3
2

8p
mb̃L

P3 ,

G~ b̃L→bx̃2
0!5

1

4

h2
2

8p
mb̃L

P~mb̃L
,mx̃

2
0,mb![

h2
2

8p
mb̃L

P2 ,

G~ b̃L→t x̃1
6!5

1

2

h2
2

8p
mb̃L

P~mb̃L
,mx̃

1
6,mt![

h2
2

8p
mb̃L

P28,

G~ b̃L→bx̃1
0!5

1

36

h1
2

8p
mb̃L

P~mb̃L
,mx̃

1
0,mb![

h1
2

8p
mb̃L

P1 ,

~28!

where these equations defineP3, P2, P28 , andP1, and

P~m0 ,m1 ,m2!5u~m02m12m2!H S 12
m1

21m2
2

m0
2 D

3AS 1

2
2

m1
2

2m0
2

1
m2

2

2m0
2D 2

2
m2

2

m0
2

12F S 1

2
2

m1
2

2m0
2

1
m2

2

2m0
2D 2

2
m2

2

m0
2G J

~29!

is the phase space factor for a scalar particle of massm0
decaying into two fermions with massesm1 and m2. The
branching ratio forb̃L→b g̃ is then given by

Bg̃5B~ b̃L→b g̃!5
D32

2 P3

D12
2 P11P21P281D32

2 P3

, ~30!

whereDi j [hi /hj5(11Ũ i j )gi /gj .
The deviation ofD125h1 /h2 from g1 /g2 is much smaller

than that ofD32 from g3 /g2, and the term involvingD12 is
suppressed by the small U~1! coupling, so it is a good ap
proximation to fixD125g1 /g2. If the gluino branching frac-
tion can be measured, and all the relevant particle masse
known, then from Eq.~30! we can obtainD32:

D325S D12
2 P11P21P28

P3

Bg̃

12Bg̃
D 1/2

. ~31!

Combining this with the measured value ofg3 /g2,9 we then
have a measurement ofŨ32 and a constraint on the heav

t
e

9Assuming that theO(as
3) perturbative QCD corrections are ca

culated, the uncertainty inas(mZ
2) from q q̄ events at the NLC is

estimated to be at the 1% level@7# and is therefore negligible for
this study.
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sector mass scale. Of course, as in the previous sect
such a measurement is subject to a number of uncertain
Uncertainties in the measurement ofBg̃ arise from statistical
fluctuations, backgrounds, and experimental systematic
rors, while the extraction ofD32 from Bg̃ is subject to theo-
retical systematic uncertainties from imprecisely kno
SUSY parameters. We will discuss the theoretical system
uncertainties first.

The major theoretical systematic uncertainties are the
certainties inmb̃L

and mg̃ . For all measurement method

these masses enter the determination ofD32 through the
phase space factors in Eq.~31!. In addition, depending on th
method used to measureBg̃ , a dependence onmb̃L

may also
enter through this quantity. This is the case, for example
Bg̃ is determined by comparing the number of events in
particular channel to the totalb̃L b̃L cross section, and thi
total cross section is determined theoretically by its dep
dence onmb̃L

. However, the uncertainties entering from t

dependence ofBg̃ on mb̃L
, in addition to being method

dependent, are typically negligible relative to other erro
For example, for the method just described, we have fo
that for mb̃L

significantly below threshold, the uncertain

from the dependence ofBg̃ on mb̃L
is small compared to tha

from the phase space factors. This is no longer the case
mb̃L

near threshold, as there the total cross section is se

tive to mb̃L
, but in this region, the cross section is small a

statistical uncertainties are dominant.
We therefore consider only the theoretical systematic

certainties from the phase space factors. The fractional
certainties inD32, or equivalently, the uncertainties inŨ32,
from mb̃L

andmg̃ systematic errors are given by

dŨ32

dmb̃L

'
1

D32

dD32

dmb̃L

5
1

2~D12
2 P11P21P28!S D12

2 ]P1

]mb̃L

1
]P2

]mb̃L

1
]P28

]mb̃L

D 2
1

2P3

]P3

]mb̃L

, ~32!

dŨ32

dmg̃

'
1

D32

dD32

dmg̃

52
1

2P3

]P3

]mg̃

. ~33!

We plot the systematic errors frommb̃L
andmg̃ in Figs. 14

and 15, respectively. The uncertainties inŨ32 are in percent
per GeV variation inmb̃L

or mg̃ and are plotted in the

(mb̃L
,mb̃L

2mg̃) plane. Motivated by the current bounds o
squark masses and the prejudice that colored superpar
should be heavier than uncolored ones, we have take
value ofAs51TeV such that we may pair produce squar
with masses of up to 500 GeV.~Note that some regions o
the plane are for gluino masses that have already been
cluded by current bounds.! At each point, we have assume
that the underlying parameters are given by the gaugino m
unification relationsmg̃53.3mx̃

2
053.3mx̃

1
656.6mx̃

1
0. ~The

abrupt behavior of the contours in Fig. 14 results from
opening of the decayb̃L→t x̃1

6 .! For decreasingmb̃L
ns,
es.

r-
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2mg̃ , the uncertainties increase, as the phase space fo
cays to gluinos shrinks and the decay width to gluinos
comes more sensitive tomb̃L

and mg̃ . The theoretical sys-

tematic uncertainty inŨ32 is therefore highly dependent o
the mass splittingmb̃L

2mg̃ . We see generally, howeve

that for this uncertainty to be below 10%,mb̃L
andmg̃ typi-

cally must be measured to within a few GeV. Measureme
of squark masses at this level have been shown to be pos
at the NLC, even in the presence of cascade decays@26#.
Gluino masses may be measured at the NLC in the scena
we are considering through squark decays to gluinos. Al
natively, it is possible that the mass differencemb̃L

2mg̃

could be measured at the LHC through methods simila
those described in Ref.@4#. However, estimates of the gluin
mass resolution certainly merit further investigation.

The phase space factors also depend on other mass
rameters as well, such asmx̃

1,2
0 and mx̃

1
6, so there are also

uncertainties induced by these unknown masses. Howe
these masses are expected to be much smaller thanmb̃L

and

mg̃ . The phase space factors are therefore larger forb̃L de-
cays into these particles and are less sensitive to t
masses. In addition, these masses will probably be kno
more precisely thanmb̃L

and mg̃ . We therefore expect the
uncertainties coming from these other masses to be m
smaller than those frommb̃L

andmg̃ .
In the above discussion, we assume that the lighter n

tralinos and charginos are pure gauginos. As discussed in
previous sections, neutralino and chargino mixings may a
introduce some uncertainties in determining the gaugino c
plings. However, here the non-decoupling effects we exp
are much larger (;10% versus;1 –3% in previous cases!.
The uncertainties from these mixings, while possibly sign
cant for the previous cases, are expected to be small rela
to the 10% corrections possible in the SU~3! couplings.

We now consider the experimental statistical and syste
atic errors arising in the measurement ofBg̃ . To measure
this branching fraction, we will exploit the fact that gluin
decays tend to give moreb quarks in the final state than d
decays to the electroweak gauginos. Decays to the Bino
Winos produce oneb quark. Decays to gluinos are followe
by gluino decays, which in 2–1 models are dominated
decays through off-shellt- and b-squarks, resulting in an
additional twob quarks in the final state.10 Thus, b̃L b̃L pair
events with 0, 1, and 2 gluino decays result in 2, 4, andb
quarks, respectively.

At the NLC, excellentb-tagging efficiencies and puritie
are expected. We will take the probability of tagging ab (c)
quark as ab quark to beeb560% (ec52.6%), with a neg-
ligible probability for light quarks@29#. We also make the
crude assumption that the probability of tagging multib

10In fact, additionalb quarks may appear in both Wino and gluin

decay modes if neutralinosx̃2
0 are produced that then decay v

x̃2
0→b b̄x̃1

0. We will assume that thisx̃2
0 branching fraction is well-

measured. For simplicity, in the quantitative results presented

low, we assume thatx̃2
0 decays tob quarks are absent, as would b

the case, for example, if the two-body decayx̃2
0→ t̃ t is open.
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events is given simply by combinatorics, so that the pr
ability of taggingm of n b jets is (m

n )eb
m(12eb)n2m. With

these assumptions, we may bound the gluino branching f
tion by measuringNi , the number of events withi 53,4,5
tagged bjets, along with the total cross section determin
by mb̃L

, which we assume is measured by kinematical ar

ments@26#. ~We may also use other channels; however,N2

receives huge backgrounds fromt t̄ production, and the
number of events with 6 taggedb jets is not statistically
significant.! The standard model backgrounds to multib

events includet t̄ , t t̄ Z, ZZZ, n n̄ ZZ, and t t̄ h @30#. At 1
TeV, the resulting backgrounds with 3, 4, and 5 taggedb
jets, after including all branching fractions and the tagg
efficiencies given above, were calculated in Ref.@28# and
found to be 4.0 fb, 1.0 fb, and 0.0095 fb, respectively. In o
calculations we include only standard model backgroun
Additional multi-b events may arise from other SUSY pr
cesses, such ast̃ t̃ production followed by decayst̃→t g̃ .
Such squark processes also are dependent on the s
oblique parameters, however, and so may be included as
nal. The analysis will be more complicated and will not
considered here.

We would now like to determine quantitatively wh
bounds on deviations inŨ32 may be set by measurements
Ni . We will take a central value ofŨ3250; we expect the
errors to be uniform for other central values. We define
simpleDx2 variable

Dx2[(
i 53

5
~Ni2Ni8!2

Ni8
, ~34!

whereNi is the sum of the number of signal and backgrou
events withi taggedb jets assumingŨ3250, andNi8 is the

similar quantity for a postulatedŨ328 . For given underlying
parametersAs, mb̃L

, mg̃ and integrated luminosityL, the

values of Ũ328 yielding Dx251 ~68% C.L.! then give the

FIG. 14. Systematic uncertainty inŨ32 arising from uncertainty

in mb̃L
. Plotted are contours of constant variation inŨ32 per GeV

variation in mb̃L
, DŨ32/Dmb̃L

, in percent forAs51 TeV in the
(mb̃L

,mb̃L
2mg̃) plane. Some regions of this plane correspond

gluino masses that are already excluded by current bounds.
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statistical uncertainty. The fractional error inŨ32 from such
statistical uncertainties forAs51 TeV and~unpolarized! in-
tegrated luminosityL5200 fb21 is given Fig. 16. The statis
tical uncertainties grow rapidly asmb̃L

approaches its thresh
old limit of 500 GeV, as expected. The statistic
uncertainty, however, also depends on the mass differe
mb̃L

2mg̃ . For optimal mass splittings, the gluino decay
fairly phase space-suppressed, yielding roughly an eq
number of gluino and Wino decays. The number of events
the different channelsNi is then highly sensitive to variation
in Ũ32. However, for large or very small mass splitting
either the gluino or the Wino decay dominates, in which ca
sensitivity toŨ32 is weak.

The total error receives contributions from all three of t
sources shown in Figs. 14–16. We see that ifb̃L squarks are
produced significantly above threshold, theb̃L and gluino
masses are measured to a few GeV, and the squark-gl
mass splittings are moderate, in the range 25 GeV&mb̃L

FIG. 15. Systematic uncertainty inŨ32 arising from uncertainty

in mg̃ . Plotted are contours of constant variation inŨ32 per GeV

variation in mg̃ , DŨ32/Dmg̃ , in percent in the (mb̃L
,mb̃L

2mg̃)
plane forAs51 TeV.

FIG. 16. The error inŨ32 in percent from statistical uncertain
ties in the multipleb-tag events in the (mb̃L

,mb̃L
2mg̃) plane, for

As51 TeV and integrated luminosityL5200 fb21. The assumed
b-tagging efficiency iseb560%.
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2mg̃&100 GeV, the combined uncertainty is below t
;10% level. For nearly ideal mass splittings, the uncerta
ties can be much below this level, possibly yielding a prec
measurement of the heavy sector scale. Note, however,
possibly large experimental systematic errors have not b
included. For this study, a particular source of concern is
b tagging efficiency for multi-b events, which must be well
understood for an accurate measurement to be possible

Before concluding, we consider briefly the possibility
measuring the super-oblique parameters throughb̃R branch-
ing ratios. In this case, the Wino decays are closed, an
only the gluino and Bino modes compete. We find that
strongest bounds onŨ31 come from the observation o
squark pair events in which both squarks decay directly
Binos. Such decays yield clean events with only two acop
nar b jets, and may be isolated from standard model ba
grounds with simple cuts@31#. In Ref. @26#, such cuts were
found to yield efficiencies of 60–80% for squark pair even
By measuring the number of double direct Bino decays,
again determining the total cross section by measuringmb̃R

kinematically, bounds onŨ31 may be found. In Fig. 17, the
statistical uncertainties from such a determination are giv
Not surprisingly, we find that in this case, a large pha
space suppression of the gluino mode is required to enh
the number of double Bino decay events. A statistical unc
tainty at the level of;10% is achievable only formb̃R

2mg̃&30GeV. Of course, one may also include data fro
multi-b events as in the previous case, but such consi
ations do not improve the results noticeably.

VII. CONCLUSIONS

If some of the superpartners of the standard model p
ticles are heavy and beyond the reach of planned future
liders, we must rely on indirect methods to study them bef
their discovery. Such heavy superpartners decouple f
most experimentally accessible processes. However, h
superpartner masses break supersymmetry, and so viola
SUSY relationsgi5hi between gauge boson and gaugi

FIG. 17. The error inŨ31 in percent from the statistical unce
tainty in double direct Bino decay events in the (mb̃R

,mb̃R
2mg̃)

plane, forAs51 TeV. The assumed integrated luminosity isL5200
fb21, and the efficiency for the signal is taken to bee570%; the
contours scale as 1/ALe.
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couplings at scales below the heavy superpartner mass
M . Deviations from these relations are most convenien

parametrized in terms of the super-oblique parametersŨ i

@13# and increase logarithmically withM . Therefore, preci-
sion measurements of the gaugino couplingshi in processes
involving the light superpartners will provide important~and
possibly the only! probes of the heavy superpartner sector
the foreseeable future.

There are many low-energy processes and observable
volving the light superpartners and gauginos that depend
the gaugino couplingshi and therefore may serve as prob
of the super-oblique parameters. These were systematic
classified in Sec. II. However, in practice, these observab
are subject to many systematic and statistical uncertain
and not all of them can be measured to the required preci
to provide significant bounds on the heavy sector. In t
paper, we studied three promising examples at proposed
eare6e2 colliders, one for each of the three coupling co
stant relations using three different superparticles proces
We exploited the versatility of planned linear colliders, su
as their highly polarized beams, tunable beam energy,
the e2e2 option, to improve the precision of the measur
ments.

In the first example, chargino pair production ine1e2

collisions was used to study the SU~2! gaugino couplingh2.
From the total cross section, the truncated forward-backw
asymmetry, and a precisely measured sneutrino massmñ e

,

measurements of the super-oblique parameterŨ2 at the level
of ;2 –3% are possible. We demonstrated the importanc
being able to choose an optimal beam energy so that
experimental observables are most sensitive toŨ2. Note that,
since we expect greater deviations in the SU~2! relation than
the U~1! relation, such results provide bounds on the hea
scale M that are roughly equivalent to those previous
achieved withẽR pair production ate1e2 colliders @21#.

In the second example, we considered a measureme
h1 from ẽR

2 ẽR
2 production at ane2e2 collider. Such collid-

ers allow measurements that are extremely clean both ex
mentally and theoretically, and therefore provide an exc
lent environment for precision studies. Such measurem
also suffer less from uncertainties in the relevant SUSY
rameters. If the experimental systematic uncertainties are
der control,Ũ1 may be measured to;0.3% for a wide range
of the parameter space. Such a high precision measure
may provide a determination of the heavy scale within
factor of 3, which is a striking improvement over thee1e2

results described above.
The last observables we considered were branching ra

of bottom squarks decay into gluinos and other gaugin
These decays can be used to measure the ratios of gau
couplingsh3 /h2 and h3 /h1. Although larger uncertainties
are usually associated with strongly interacting particles,
deviation from the SUSY relationh35g3 is also expected to
be larger. We find that, for squark production significan
above threshold and small to moderate squark-gluino m
splittings, it is possible to obtain a measurement ofŨ32
which is sensitive to deviations from the SUSY relation.

These examples imply that the prospects for precis
measurements of gaugino couplings in different scenarios
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indeed promising. We have studied various possible un
tainties in these measurements and find that most of t
may be controlled~at least in some region of the parame
space!, though a complete understanding of all uncertaint
would require detailed experimental simulations that are
yond the scope of this study. For this study, it is crucial t
collider parameters be well understood and precisely m
sured. Further experimental studies on these issues
strongly encouraged.

The implications of measurements of the super-obliq
parameters depend strongly on what scenario is realize
nature. If some number of superpartners are not yet disc
ered, bounds on the super-oblique parameters may lea
bounds on the mass scale of the heavy particles. In addi
if measurements of more than one super-oblique param
may be made, some understanding of the relative splitti
in the heavy sector may be gained. Inconsistencies am
the measured values of the different super-oblique par
eters could also point to additional inaccessible exotic p
ticles with highly split multiplets that are not in comple
representations of a grand-unified group. In addition, ne
tive values of the parameters will imply new strong Yukaw
interactions involving the SM fields@13#.

If, on the other hand, all superpartners of the stand
model particles are found, the consistency of all sup
oblique parameters with zero will be an important check
the supersymmetric model with minimal field content. If i
stead deviations of the super-oblique parameters from
are found, such measurements will provide exciting evide
d.
,
.
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for new exotic sectors with highly split multiplets not fa
from the weak scale@13#. These insights could also play a
important role in evaluating future proposals for collide
with even higher energies, such as the muon collider
higher-energy hadron machines.

In summary, if supersymmetry is discovered, the sup
oblique parameters may allow powerful constraints from p
cision measurements on otherwise inaccessible phys
Their measurement may also have wide implications
theories beyond the minimal supersymmetric stand
model, just as the oblique corrections of the standard mo
provide strong constraints on technicolor models and ot
extensions of the standard model.

Note added.While completing this work, we learned o
related work in progress@32#. We thank D. Pierce, L. Ran
dall, and S. Thomas for conversations and for bringing t
work to our attention.

The authors are grateful to M. Peskin and X. Tata
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tor, Office of Energy Research, Office of High Energy a
Nuclear Physics, Division of High Energy Physics of th
U.S. Department of Energy under Contract Nos. DE–AC0
76SF00098 and DE–AC02–76CH03000, and in part by
NSF under Grant Nos. PHY–95–14797 and PHY–9
23002. J.L.F. is supported by the Miller Institute and than
the high energy theory group at Rutgers University for
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