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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, the e™ 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.
[S0556-282(98)05101-1

PACS numbes): 11.30.Pb, 12.60.Jv, 14.80.Ly

I. INTRODUCTION by h;. In the limit of unbroken supersymmetry,

If supersymmetry(SUSY) has relevance for the gauge
hierarchy problem, fine-tuning consideratiofi] suggest
that supersymmetric particles typically have mass on order
of or below the TeV scale. The discovery of some supersymkowever, the large SUSY breaking masses of heavy super-
metric particles is therefore eagerly anticipated at present arggrtners lead to deviations from these SUSY relations in the
future colliders. In particular, the large hadron collider low-energy effective theory where the heavy superpartners
(LHC) [2] at CERN is likely to discover squarks and gluinos are decoupled. These deviations are non-decoupling and
up to masses of 1-2 TeEB_S], and proposed linesg e~ grow Iogarithmically with the heavy superpartner masses. In
colliders[6—8], with \/s=0.5-1.5 TeV, will be able to dis- addition, Eq.(1) is model-independent and valid to all orders

cover pair-produced superpartners with masses close to th the limit of unbroken SUSY. Deviations from the relations
kinematic limit[3,6,9,1Q. of Eq. (1) are therefore unambiguous signals of SUSY break-

It is possible, however, that some number of the superin@ mass splittings. Thus, the masses of kinematically inac-
partners of the standard mod&M) particles are heavy and cessible sparticles may be measured by precise determina-
beyond the discovery reach of planned future colliders. Irfions of such deviations from processes involving the
fact, as will be described in more detail below, a wide varietyaccessible sparticles. _ _
of models predict superparticle spectra leading to such sce- The corrections to Eq(1) from split supermultiplets are
narios. If this possibility is actually realized in nature, we Very similar to the oblique correctiorfsl1,12 from split
must then rely solely on indirect methods to probe theSU(2) multiplets in the standard model. This analogy has
masses and properties of these heavy superparticles, at leR§€n described in detail in a previous pape8] and was
until colliders at even higher energies become available. Ifoted in Ref[15]. Ignoring Yukawa couplings, these correc-
most experimentally accessible processes, heavy supersy®ns are dominantly from differences in the wave function
metric states decouple, and their effects are not measurablgnormalizations of gauge bosons and gauginos, which result
for the large masses we are considering. However, the largéfom inequivalent loops after the decoupling of heavy super-
these masses are, the more they break SUSY, and so th&rtners. Such corrections are therefore most similar to those
effects may appear at detectable levels in processes involvirdgscribed by thé) parameter of the oblique correctiofisl],
light superpartners as violations of hard supersymmetric rewhich is a measure of the difference between the wave func-
lations, i.e., supersymmetric relations between dimensionled¥n renormalizations of th&/ andZ gauge bosons arising
coupling constants. For example, consider the gauge codtom custodial isospin breaking masses in(3umultiplets.
plings g;, where the subscrifit=1,2,3 refers to the (1), ~ For this reason, in Ref.13] we called the corresponding
SU(2), or SU3) gauge group, and their SUSY Counterparts,SUSY corrections “super-oblique corrections” and defined a
the gaugino-fermion-sfermion couplings, which we denoteset of “super-oblique parametersyJ;, one for each gauge

gi=h;. 1
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group, which measure deviations from E#)). These param- U.~2.5%xIn R @)
eters are given bj13] 3 ’
= .
— h(m) g4(m) M U,~0.71%XIn R, (8)
Ui= -1~ 5 (bg,—bp)In—, 2 ~
gi(m) 1672 71 7 m U,;~0.35%xIn R, (9)
where M(m) is the heavy(light) superpartner scale, and Us~1.8%xIn R (10)
bgi(bhi) is the one-loop3-function coefficient for the gauge ’
(gauging coupling in the effective theory between the heavy Ua~2.2%xIn R, (11)
and light mass scales. Note tr‘@gti>bhi, and so the super-
oblique parameters are always positiat the leading loga- 021~0_35%><|n R. (12
rithm leve) [13]. We also defined two-index parameters
measuring the relative deviations of two gauge groups,  In 2—1 models, values dR in the range~40-200 may be
taken as typical.
~ _ hi(m)/h;(m) Ly 3 Although the values of expected super-oblique parameters
= gi(m)/g;(m) e (3) vary from model to model, they are always proportional to

the square of their corresponding standard model gauge cou-
The parameterd;; are simple linear combinations of the Plings, as is clear from Eq2). Thus, we typically expect the

U, but are physically relevant, as they are quantities thaparametersJs, Us;, andUs; to be the largest, and, for ex-
may be probed in branching ratio measurements, as we wiimple, a 1% measurementld$ is more powerful than a 1%

see in an example below. These super-oblique parametefgeasurement df, for the purposes of bounding new phys-
parametrize universal effects that enter all processes involyes scales. Finally, note that extra vector-like fields with both
ing gaugino-fermion-sfermion interactions, e_md their simplesusy preserving and SUSY breaking masses, such as the
form allows us to study such non-decoupling effects in amessengers in gauge mediation models, may also contribute
model-independent fashion. Other flavor-dependent nong the super-oblique parameters. Such contributions were
decoupling corrections, for example, those induced bygso calculated in Ref.13,14, and were found to be typi-
Yukawa couplings, and additional super-oblique correctiongally small, with significant contributions only for very
T; were also described in RgfL3]; we refer interested read- highly split supermultiplets.
ers to that study for discussion of these and other issues. The possibility of measuring the supersymmetric cou-
Depending on which superpartners are heavy, the modejslings h; and testing the relationg; = h; has been discussed
that contain heavy superparticles may be roughly dividecpreviously. In the original propos#R0], the possibility of
into two categories[13,14: “heavy QCD models” and testing the S(P) relation through chargino production at the
“2-1 models.” In heavy QCD models, all strongly interact- next linear collidefNLC) was explored. Here the focus was
ing superpartners, i.e., the gluino and all squarks, are in then establishing the identity of new particles as superpartners
heavy sector. Their large SUSY breaking masses may aris@rough the verification of SUSY relations. A test of thelJ
from either the proportionality of soft masses to standardelation throughe*e™ —&5Eg was considered in Ref21].
model gauge coupling constants or the renormalization groupn this study, both the possibilities of verifying SUSY rela-
evolution effects of a large gluino mass. Examples of suchions and of being sensitive to deviations arising from heavy
models include the no-scale limit of minimal supergravity sparticle thresholds were considered. Corrections to hard su-
[16], models of gauge-mediated SUSY breakiig], and  persymmetry relations were previously studied in R2g],
models with non-universal gaugino masses and a heavyhere deviations in squark widths were calculated. However,
gluino [18]. The super-oblique corrections in these modelsthe possibility of experimentally verifying such deviations

have been calculated in R¢fL3,14], and the results are was not addressed.
_ In this paper, we will systematically classify the many
U,~0.80%XIn R, (4 experimental observables that depend on the couplmgs
_ and are therefore formally candidates for measuring super-
U;~0.29%XIn R, (5) obliqgue parameters. We then consider three representative
examples of observables that may be sufficiently sensitive to
U,~0.50%x In R, (6) such parameters to yield interesting results. Even after in-

cluding many experimental errors and the theoretical uncer-

whereR=M/m is typically O(10) in heavy QCD models. tainties arising from the plethora of unknown SUSY param-

In 2—1 models, the scalars of the first two generations areters, we find some promising prospects for very high
heavy and the third generation scalars are at the weak scaigecision measurements. The results have implications for
[19]. These models are motivated by attempts to solve theollider design, as certain options, particularly thee™
SUSY flavor problem with heavy first two generation scalarsmode and adjustable beam energies, will be seen to be par-
while avoiding extreme fine-tuning problems by keeping theticularly useful. It is important to note that a complete study
third generation scalars, which couple strongly to the Higgswill require detailed experimental simulations appropriate to
sector, at the weak scale. Assuming all gauginos to be in ththe particular scenario realized in nature, and the case studies
light sector, the super-oblique corrections in 2—1 modelsve consider typically require measurements beyond the first
were found in Ref[13,14] to be stage of experimental study. However, given that the mea-
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surements discussed here may be the only experimental win- 1. Charginos and neutralinos
dow on physics beyond the TeV scale for the foreseeable charginos are kinematically accessible, their production

future, such issues are well worth investigation. cross sections are possible probes. This applies formally to

We begin in Sec. Il by identifying the many experimental : X X : .
observables that may possibly be used to detect variations f?n” reactions, ranging from chargino pair production to more

the hard SUSY relations. Of course, not all of these observEmusual processes where charginos are produced in associa-

ables may be measured precisely enough to provide signifion with other particles, such as ip~e*% production. In
cant bounds on heavy superpartner masses. In Sec. Ill wige most obvious and useful example, charginos are pair-
discuss the many uncertainties, both experimental and thegroduced ine*e™ collisions througts-channely andZ dia-
retical, that appear in any measurement, and we describe ograms and-channel sneutrino exchange. The latter diagram
treatment of these errors. In Secs. IV-VI, detailed discusdepends on the couplirty,, and so chargino pair production
sions Qf the precisions achievable are given for three réPrésross sections may be used to measure the parafiigtén
sentative examples, one for each coupling constant relatioRa ¢ this will serve as our first example in Sec. IV. If chargi-
In Sec. IV, we will find that chargino production at the NLC [, <" 1ove two or more open decay modes, their branching
gives bounds on the heavy mass scale comparable to thoﬁ%ctions may also be usédFor example, if decays

achieved frome"e” —8r € in Ref.[21]. In Sec. V, we ~. = ~ +~0 .
improve upon both of these results by considering selectrof — f_f and X _’W X" are both OpS”z the ratio qf th_ese
production in thee"e~ mode, where a number of beautiful Pranching fractions is dependent bf/g3 (if the chargino is
properties may be exploited to reach very high precisionPureé Wing and may serve as a probe as well. _ _
Finally, in Sec. VI, we find that significant constraints on the ~FOr neutralinos, the situation is similar. Neutralino pair
SU(3) super-oblique parameter may also be possible fronProduction cross sections dependtonandh, through dia-
squark branching ratios in particular regions of parametegrams witht-channele exchange. Their branching fractions
space. These examples are by no means exhaustive. Ho@te also accessible probes when two or more decay modes
ever, they make use of three different sets of sparticles, an@® competitive. _ .
are presented to emphasize the variety of precise probes that An interesting effect of the super-oblique corrections for
may be used to provide interesting bounds. The numerou@wargmos and neutralinos is the modlflcatlon_of their mass
implications of such measurements are collected in Sec. Viimatrices. For example, the conventional chargino mass terms
are (") "Mz=¢" +H.c., where ¢~)T=(—iW*,H*) and
Il. OBSERVABLE PROBES OF SUPER-OBLIQUE
CORRECTIONS M, J2mysing

As seen in the previous section, heavy superpartners may My== \/Emwcose m
induce significant corrections to all three coupling constant

r.elationsgi=hi. We now discuss what.observables at col-yere M, is the SU2) gaugino mass, tghis the ratio of
liders have dependences on the couplihgsind are there- Higgs vacuum expectation values, apdis the Higgsino

fore candidates for testing these relations and determining,sss parameter. The off-diagonal entries of the mass matrix
the super-oblique parameters. In this section, we will con-

centrate on measuring the couplirtgsat the light superpar- gebs“u Ifjgogz):Pei;gtﬁéacihoensiwg'trligSth?nﬂrsisigcem(g dsi#é)c?r-b
ticle mass scalen. Such measurements allow one to measure > ' y

the heavy sparticle mass scale Of course, measurements My —(h2/gz)my . Similar comments apply to the neutralino
: 5 mixing matrix. Thus, precise measurements of the chargino
of h; at higher momentum transfef®>m? may also be

: and neutralino masses and mixings may also yield bounds on
extremely useful, and would allow one to verify the conver- . .
the super-oblique parameters. Such precision measurements

gence ofU;—0 asp®—M=" Here, however, we will focus \yere in fact studied for charginos in R§20]. In the mixed

on tzhe classification and measurement of observabllqaﬁ at region, where there is large gaugino-Higgsino mixing, inter-
=m", leaving the latter for future studies. We begin with esting bounds may be obtained, although measurements of
observables at"e” (ande”e") colliders, where the ability the super-oblique parameters at the percent level appear dif-
to make precise model-independent measurements of a wiggylt. However, in the regions of parameter space in which
variety of SUSY parameters is most promising. ®iee™  charginos and neutralinos are nearly pure gauginos or
observables all have analogues at hadron colliders, and Wgiggsinos, the dependence on the off-diagonal terms is
then turn to hadron colliders and discuss br|eﬂy which Ofsma”, and the effects of Super-ob"que parameters through
these appear most promising in that experimental environthe mass matrices are negligible.

ment. Analogous observables may also be found at &~ Before considering other sparticles, a few comments are
collider, with appropriate and obvious replacements of selecmn order. First, it is clear that no tests are applicable in all
trons by smuons in the case of electroweak observables. regions of parameter space. For the observables above to be

(13

A. Observables at ée~ Colliders

Each kinematically accessible superpartner brings with it 20f course, individual decay widths may also depend on the cou-
a set of observables. We consider each superpartner in turplings h; . In special circumstances, such as when the decays are
grouping together those that are similar for this analysis. extremely suppressed and the decay lengths are macroscopic, the
widths themselves may be measurable. In general, however, indi-
vidual decay widths are very difficult to measure, and we will there-
We thank X. Tata for this proposal. fore concentrate on their ratios in the following.
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sensitive to the super-oblique parameters, for example, it iBranching ratios may be measured depends strongly on the
necessary not only that charginos and neutralinos be preefficiency for extracting these signals from background, and
duced, but also that they have either large gaugino compds dependent on many SUSY parameters. In this study, we
nents or substantial gaugino-Higgsino mixing. Second, allill concentrate ore™e™ probes, although, given the excit-
observables depend on many additional SUSY parameterfg prospects for discovering SUSY at the LHC, probes there
including, for example, the masses and compositions of thgertainly merit attention, especially if portions of the spar-

charginos and neutralinos, and the masses of the sfermiofg|e spectrum are not observed or branching ratios deviate
entering the process. Thus, a determinatiomofequires &  fom expectations.

simultaneous determination of many other parameters. This
is one of the essential difficulties in these analyses, and will
be addressed in detail in the case studies of the following C. Probes of other non-decoupling corrections
sections.
So far we have concentrated on observables involving
2. First generation sleptons gaugino interactions as probes of the super-oblique correc-

For measurements of super-oblique parameters, selectroHNS- In fact, however, heavy superpartner sectors may also
B, g and electron sneutrinGg, afford special opportunities. nduce non-_decoupllng e_ffects in interactions that do not in-
For example, selectron pair-production cross sections receiwolve gauginos. In particular, as discussed in Réf],
contributions fromt-channel neutralino exchange, and so theD-term quartic scalar couplings also receive corrections.
BrEr and BgE, cross sections depend dn, while the Such corrections appear in a wide variety of observables.

B €, cross section depends on bdthandh,. This depen- Nevertheless, they are generically highly challenging to
dence was exploited in Ref21] to measureh; at e"e” probe experimentally. To begin with, the couplings of four
colliders. Note, however, that selectrons, unlike gauginosphysical scalars are extremely difficult to measure. However,
may also be produced in pairs @ e~ collisions. Such re- D-term couplings also result in cubic scalar couplings when
actions may lead to particularly precise measurements arshe field is a Higgs boson. These appear in more accessible
will be discussed in detail in Sec. V. Selectron branchingobservables, including, for example, the widths of heavy
fractions may also be useful when two decay modes afliggs boson decays to sfermionsi,A-TT* and

open. For example, the ratB(€ —eW)/B(8.—eB) de- = _FF/ (Note that theD-term trilinear terms discussed

pends orh/hf, and may therefore be used to prddg . here involve same-chirality sfermions and are not suppressed

Electron sneutrinos may also be produceeire™ colli-  py Yukawa couplings; they may thereby be distinguished
sions. Their production cross sections receive contributionggom Yukawa-suppressed trilinear terms that originate from
from t-channel chargino exchange, and so are sensitiig.to  F_terms or from soft SUSY breaking trilinear interactions.
Their branching ratios may also be used. Unfortunately, in the models we are considering, heavy
Higgs bosons may be very heavy, since their mass is gov-
erned byu, which, given the constraint of th&boson mass,

If gluinos and the other scalafsquarks, Higgs bosons, is typically at the third generation squark mass scale. In ad-
and second or third generation sleptoase accessible, they dition, heavy Higgs bosons are difficult to study at hadron
may also provide useful information. Cross sections for pro<olliders, and their interactions depend on a number of other
duction in association with gauginos, for example,parameters, such as fgrand theCP-even Higgs mixing
o(ete”—q7), depend orh; couplings. In addition, as @anglea. Finally, D-terms contribute to S(2) doublet mass
with the other particles, their branching ratios are also posSPlittings, such as the splitting betweer andm; . How-
sible probes. We will consider the case of squark branchingver, these contributions are only small fractional deviations
ratios in Sec. VI. in already small mass splittings. In summary, theterm
non-decoupling effects may be relevant in certain scenarios,
for example, if a heavy Higgs boson is accessible at'ag
collider. However, they do not generally appear promising as

All of the observables mentioned above have analogues gfrobes of heavy sector physics. In the following sections, we
hadron colliders. A promising aspect of hadron colliders isyj|| therefore concentrate on measurements of the super-

that strongly interacting sparticles may be produced in greagplique corrections through the observables described above,
numbers, allowing probes of the QCD relations, where thehat is, in processes involving gauginos.

greatest deviations are expected. The production cross sec-

tions of gluinos and squarks are dependent on the couplings

h; . Unfortunately, cross section measurements at hadron col- [Il. UNCERTAINTIES IN OBSERVABLES

liders are open to systematic uncertainties that, at the level of

precision we require for this study, make such measurements Having now identified a large list of possible observables
rather difficult. On the other hand, branching ratios may behat depend on the SUSY couplinigs, we must determine if
well measured. For example, if squarks may decay to botllome of these may be measured precisely enough to be sig-
gluinos and electroweak gauginos, the relative rates may berdficant probes of the heavy sparticle sector. In the sections
sensitive probe of the super-oblique corrections. Similathat follow, we will consider such gquantitative issues in three
comments apply to sleptons and electroweak gauginos whezxamples that are representative in the sense that there is one
more than one decay path is open. The extent to which thessxample for each coupling constant relation, and one ex-

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

B. Observables at hadron colliders
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ample for each of the three groups of particles given in Sedications are required and what features are particularly
Il A. Here, however, we give a general description of thepromising for the study of non-decoupling SUSY breaking
various errors that enter such analyses and our treatment effects.

these errors.

The uncertainties may be grouped into categories. First
there are uncertainties arising from the many unknown
SUSY parameters that enter any given analysis. These we In this section, we consider a probe of the(8lrelation
will call theoretical systematic uncertainties. If, for example,g>=h,. Recall from Sec. | that the size of deviations from
a measurement of super-oblique parameters is to be obtaindds equivalence may be parametrized by the super-oblique
from a cross section that dependsten the other parameters parametetd,, which, in the two scenarios we considered, is
entering the cross section must be carefully controlled. These
parameters include the masses of the particles involved, as
well as the field content of these particles, for example, the
gaugino content of relevant charginos and neutralinos. We
will carefully study these errors, and will find that, by ap-
pealing to other measurements and exploiting various col-
lider features, such uncertainties may be reduced to promigor a light sector scalen~O(100 Ge\j, we see that mea-

ingly low levels. - . _ surements ofJ, to accuracies of 3—4% are required to be
There are also uncertainties from finite experimental staggnsitive to deviations from a heavy scéle= O(10 TeV)
tistics and backgrounds. These will also be included, and Wgpjje determination of the heavy scale to within a factor of 3
will present results for specific integrated luminosities. Werequires measurements at the 0.8—0.9% level. Of course
assume that the backgrounds are well-understood and so MA¥ger deviations from greatdd or additional exotic super-

be subtracted_ up to statistical uncertainties. This is a reasorl‘ﬁultiplets are possible, but we will take these figures as use-
able assumption for standard model backgrounds. Of coursg,| reference points.

for certain regions of parameter. space, SUSY backgrounds g 3 test of the S(®) coupling relation, we tumn to the
may enter. These depend arpriori unknown SUSY param- first group of sparticles given in Sec. II, charginos and neu-
eters, and the uncertainties associated with these are then pajinos. and consider chargino pair production at the NLC.
of the first category discussed above. L This process is promising, as charginos are typically among
_ In our analyses, we have not included radiative correcyg jighter sparticles, and they are produced with large cross
tions in our calculations of cross sections and branching ragection when kinematically accessible. In addition, in our
tios. The large logarithm radiative corrections are absorbegcenarios the constraint of th@ mass implies that the
|nhthe supe.r-oallque parameters we are hop;mg t0 prob§.igqsino mass parametén| is usually of order the third
There remain, however, radiative corrections from standardeneration squark masses. This often implies that the lighter
model particles, as well as the accessible superpartners. gh,4ing and neutralinos are gaugino-like, and is exactly the
the level of precision we will be considering, these effectsregion of parameter space where we have some hope of mea-

may be important. However, these corrections are in pring vingh. accurately with charginos, as explained in Sec. II.

ciple well-known once the calculations appropriate to the The measurement df, from chargino production was
scenario actually realized in nature are completed and a coaﬁ/ 2

) " . ) reviously considered in Ref20], and we therefore begin
sistent one-loop regularization scheme is established for ally, 5 review of those results. Details, particularly those con-
r_elevant obser\_/ables._Rad|at|v<=T corrections d_ependent on_t %rning the error analysis, will be omitted, and we refer in-
light superparticles will be subject to theoretical systematiGy egiaq readers to the original study for a complete treat-
uncertainties, but the;e are small relative to the theoreucqﬁent_ In Ref[20], the following parameters were taken as a
systematlc uncertalntle§ enterlng at tree level, which Were o se study in the gaugino region:
described above and will be included in our analyses.

The final group of uncertainties are experimental system-
at!c errors. These include, for e@r_nple, uncert_a|r_1t|es in '“(/L,Mz,tanﬁ,Mlle,m; )
minosity, detector acceptances, initial state radiation effects, e
and, in some of the measurements considered below, beam
polarization andb-tagging efficiency. A complete analysis
would require detailed experimental simulations incorporat-
ing all of these experimental systematic uncertainties. Such
an analysis is beyond the scope of this work, especially sincg . . . .
the sizgs of somye of these uFr)1certainties at thep NextyLinea ith these Parameters, the "9“‘ chargino and neutralino
Collider (NLC) are unknown and are currently under inves- Masses armxlr=172 GeV anan(l):% GeV, and the cross
tigation. We will see, however, that in some cases the experisections for chargino pair production witlis=500 GeV,
mental systematic uncertainties are likely to be negligibleunpolarizede™ beams, and right- and left-polarizes
relative to the errors described above; where this is not thbeams arerg=0.15 fb ando =612 fb. As is characteristic
case, we will note which experimental systematic errors apef the gaugino regiongg is highly suppressed, but_ is
pear to be most important. By estimating the sizes of thdarge. With design luminosity’=50 fb~/yr, tens of thou-
errors from the sources described in the paragraphs aboveands of charginos will be produced each year, giving us
we will find interesting implications for what collider speci- hope thatO(1)% measurements may be feasible. Finally,

" 1IV. PROBE OF SU(2) COUPLINGS FROM CHARGINOS

~ M

=(—500 GeV,170 GeV, 4,0.5,400 GgV (15
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FIG. 1. Contours of constant chargino pair production cross sec- FIG. 2. Contours of constant chargino forward-backward asym-
tion o in fb in the (my_h,) plane for underlying parameters metry Af' in percent in the 1fs,.h2) plane for underlying param-
(,M,,tan3,M/M,)=(—500 GeV,170 GeV,4,0)5and s=500 eters @,M,,tan3,M,/M,)=(—-500 GeV,170 GeV,4,0)5 and
GeV. Vs=500 GeV.

the decayy; —W*x? is open and dominant — the chargino 0 (0<c0s 0<0.707) — o (— 1<cos #<0)
branching ratios are therefore equivalent to those othie Al= o (—1<cos #<0.707)

Charginos may be produced throutdechannel sneutrino 17
exchange and-channely andZ diagrams. The first ampli-

tude depends oh3, and is the source of our sensitivity to g peculiar definition oA} is dictated by cuts designed to
super-oblique corrections. The left-polarized differential .o move the forward-peaked pair production. These two
cross section is therefore dependent on 5 parameters beyoagantities are plotted in Figs. 1 and 2 fgs=500 GeV.
the standard model: Unfortunately, these quantities cannot be measured directly.
To determine them, we look at mixed mode events, where
(M=, b M hy) one chargino decays hadronically and the other leptonically.
X2 e 2 AX js measured through its correlation with the observed
(16)  forward-backward asymmetry of the hadronic decay prod-
ucts A" and the total cross section is determined by its
correlation with the measured mixed mode cross section af-

of the weak eigenstates—(W*,H*). To measureh,, we ter' cuts. Both ofhggese correlanons.are imperfect. The corre-
lation betweerA"and A{ has a slight dependence on ad-

must also constrain the other parameters. The mgssmay " ,
. 1~ ditional SUSY parameters entering the decay, suciMas

be measured to 2 GeV by determining energy distributionryg (o4 cross-section determination is weakened by its de-
endpoints of the decay produdi§]. The Wino-ness of the pendence on the cut efficiencies, which also depend on these
chargino may be estabhshe’ik:}/_checkmg at=0. Alter-  5qditional SUSY parametefsThese effects lead to theoret-
natively, one can verify that; x, production is kinemati- jcal systematic errors, which are investigated by Monte Carlo
cally inaccessible, which puts lower limits d| and the  simulations, where the lack of correlation is determined by
gaugino-ness of the chargin@Of course, if higher beam varying all the relevant SUSY parameters throughout their
energy is available, one could discover the heavy chargino afanges, subject only to the constraint that they reproduce
neutralinos and measufg| and the angleg™.) The result-  various observables, such as the chargino mass, within the
ing errors inm;lr and ¢ at a\/s=500 GeV machine were experime_n'tal errors. . _
studied in Ref[20] and were found to be negligible relative _In_ addition to these theoretlca_ll systematic errors, uncer-
to the uncertainties we now describe. tainties from backgrounds, dominated BYyW production,

The remaining two unknownsn;e andh,, may then be and finite statistics must be included. The resulting un-

determined by the, total cross sectiow, and a truncated certainties ar¢20]
forward-backward asymmetry

do Sy gl do
dcose(eLe _)Xl)(l)_d cos 6

where the angleg.. specify the composition &f in terms

AA¥=0.0670.048[0.037,

3For extremely large values §fi|, the chargino and neutralino are
nearly pure gauginos, and the on-shalldecay mode may be so  “Note that the determination of the total cross section from the
suppressed that decays through off-shell sleptons and squarks sigrxed cross section also requires that the chargino branching frac-
nificantly shift the chargino branching ratios. We will not consider tions be known. If decays through on-shéllbosons are closed, the
this case, but note that such a scenario typically requires values diranching ratios must also be determined by considering the purely
|| far above the TeV scale and would itself be a striking signaturehadronic or purely leptonic modes, introducing additional uncer-
for heavy mass scales. tainties that may significantly weaken the results.
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FIG. 3. The allowed region in then(;e,hz) plane for/s=500 FIG. 4. The same as in Fig. 3, but with underlying parameter

GeV andL =100 fb . The solid(dashed curves are & contours My =240 GeV, and dotted contours am; =2 GeV.
of constant o (A}), and the underlying parameter point
(1M, tanB,M; /M, m; ) =(~500 GeV,170 GeV,4,05400 GV _ 304< AT ,<3% (my, =400 GeV, Vs=500 GeV).

is indicated. The allowed region is bounded by e and Af (19)
contours and the bound an; ; for reference, the boundm,~,6=4
GeV is given by the dotted contours. At this parameter point, the determination is sufficiently ac-

curate that to good approximation, the uncertainties are lin-
ear, i.e., if the underlying value dfi, is 4%, the allowed

range is 1%<U,<7%. Thus, if the mass of squarks is
= (10 TeV), deviations from exact SUSY may be seen and

where the first two uncertainties are for integrated Iuminosi—U2 may be bounded to be positive. Such a measurement

ties of 30(100 fb~%, and the final bracketed uncertainties would provide unambiguous evidence for very massive su-
are from systematic errors aloriee, the uncertainties in the perparticle states. Note, however, that the mass scale of such

limit of infinite statistics. Given these values, the expecteoStates IS determme_d_ only to a couple of orders of magnltude.
o T . L S In fact, the precision of the above study may be improved
~19% uncertainty in luminosity6] is negligible. If similar

uncertainties in beam polarization may be obtained, they toEy exploiting an important feature of the NLC, its adjustable

have little impact. In any case, note that beam polarization i €am energy. _To illustrate this most_vwldly_, let us conS|d_er
used here only to increase the effective luminosity for thisanOIher point in parameter space with a d|ff¢rent sneutrino
study, as the signal and leadigW background both exist mass-.. I-n Ref[20], .a.largem;e was chosen to illustrate -the
only for left-polarized beams. Thus, if polarization uncertain-Sensitivity of precision measurements to effects of virtual
ties are dominant, the systematic error from this source ma§Particles. For/s=500 GeV andn;_=400 GeV,o| andAY

be eliminated by using an unpolarized beam, with a resultardre quite sensitive to changesha andm; . However, for

decrease in effective luminosity by a factor of 2. other underlying parameters, this may not be the case. For

The measurements of E(L8) determine allowed regions example, we see in Figs. 1 and 2 that, {&=500 GeV and
in the (m;e,hz) plane, which we define crudely to be regions my =240 GeV, o, is near a minimum and\} is near a

that are within the & contours of all observables. The rel- sac(idle point ah,=g,. Thus for such a sneutrino mass, there
evant region for integrated luminosity 100 fbis given in 50 relatively few events, and more importantly, the depen-
Fig. 3. Even without a measurementrof; , we see that the  gence of our observables b is weak. By carrying out the
ratio h,/g, is constrained to be consistent with unity, a analysis outlined above for this new parameter point, we find
guantitative confirmation of SUSY and the interpretation that
the fermion being studied is in fact the chargino. AA{=0.0790.053,

The measurements afs=500 GeV also bound the
sheutrino’s mass through its virtual effects. With this strong oL
motivation, one would then increase the beam energy to find U_L =9.46.2%, (20
T, pair production. Studies have found thatl% measure-
ments of charged slepton masses are possible at the NLhere these & uncertainties are for integrated luminosities
[23], and similar levels have been achieved in sneutrino studof 30 (100) fb~ 1. (We have assumed here that the theoretical
ies through measurements of electron energies in the decaystematic errors in this case are as in the previoys=400

Ve—e"x1 [10]. With this as an additional constraint, we Gev analysis. This assumption is valid, as these uncertain-
may return to Fig. 3 and look for small deviations fr@p  ties are not dominant, and are in any case most sensitive to
=h,. We see that, for example,ifi;_is measured to 4 GeV, quantities, such as the chargino velocity, that are identical in
deviations ofU, from its central value are constrained to the these two case studigsn Fig. 4, we plot the region allowed
range by these measurements. The determinatiot) gfis greatly

AO’L
— Lt =7.25.6[4.7%, (18)
oL
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FIG. 5. Same as in Fig. 1, but fafs=400 GeV. FIG. 7. The same as in Fig. 3, but with underlying parameter

m;, =240 GeV, dotted contours a&m;ezz GeV, and improved

deteriorated. Ifn3e is again measured to 1%, the range of center-of-mass energys=400 GeV.

UZ in the allowed region iqtaking a central value osz ) o 15

~0) for mtegrated'lu'mlnosmes of 30100 fb™*.> We see that
these uncertainties are larger than\&=500 GeV. How-

—5%<U,<8% (my; =240 GeV, \/s=500 Ge\j. ever, the increased sensitivity of andA{ to h,/g, more
¢ 21) than makes up for the loss in stati_stics, as can be_ seen in Fig.

7, where we plot the allowed region for underlying param-

The underlying SUSY parameters above appear to lead teters as in Fig. 4, but foy/s=400 GeV. Assuming again a
poor bounds on super-oblique corrections. However, an im=1% measurement crﬁ;e, the range of allowed deviations
portant aspect oé"e" colliders is the ability to adjust the U, from its central value in the allowed region is
initial state parton energy. This flexibility may be used to
eliminate backgrounds, and also to improve the sensitivity to
underlying parameters. Here, we exploit the latter virtue. The
extrema ino. and A} may be shifted by choosing different

beam energies. In Figs. 5 and 6, we pigt and A{ in the . - .
) B where again we have checked that the uncertainties are lin-
(m5 ,h,) plane again, but now fox/s=400 GeV. We see . X
e : ) ear. Such a measurement gives one an extremely precise
that the extrema in the and A{ observables are shifted t0 measurement oh,, and even begins to provide interesting
lower m; , and the strong dependence@f andA{ onh,  constraints on the heavy squark scale for the purposes of
for my =240 GeV is restored. Applying the same analysismodel-building. Note that this bound from charginos is com-
once again, we find, including all theoretical systematic andP@rable to the previous bound derived from selectron produc-
experimental statistical errors, tion in thee*e™ mode of linear collider§21]. The bound
from selectron production was 1% on the parametdd,
AA{=0.110.068, which we expect in typical models to be roughly half as
sensitive to the effects of heavy superpartners.
L Although a complete scan of parameter space is beyond
U_L =11(7.3%, (22 the scope of this study, we see that if gaugino-like charginos
are produced at the NLC, interesting bounds on the super-

120 oblique parameteld , may be obtained. Such bounds rely on

a variety of precise measurements constraining the gaugino
content of the chargino and th2, mass. In addition, we
have seen that the sensitivity of observables to the super-
oblique parameters may be markedly improved by adjusting
the beam energy. Given a better understanding of the uncer-
tainties obtainable in the sneutrino mass and various experi-

—2%<AU,<2% (m; =240 GeV, Vs=400 GeV,
(23

110

halg: (%)

9
%In arriving at these results, we have not designed optimized cuts
for \'s=400 GeV, but have simply assumed that the efficiency of
8({00 2(')0 ' 360 ' 4(')0 ' 500 the cuts for thew W background is unchanged gs=400 GeV.

The results are rather insensitive to this assumption; for example,
mg, (GeV) making the highly pessimistic assumption that the background is in
fact doubled leads taAA¥=0.083 andAo /o =8.9% for 100
FIG. 6. Same as in Fig. 2, but fafs=400 GeV. fb.
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mental systematic uncertainties, the beam energy may be op- 3000 —— 77—
timized to increase the sensitivity to super-oblique 2500 | |
corrections and multi-TeV superpartners.
—~ 2000F G >G6 il
V. PROBE OF U(1) COUPLINGS FROM SELECTRONS % 1500 -
In this section, we consider measurements of thég)U © 1000 - o .
gaugino couplindh; from selectron production. From Sec. |, 500 €G>8 )
we see that the deviation between thgl)lgauge boson and
gaugino couplings for the heavy QCD and 2—1 models is 00 300 100600 8001000
_ M M, (GeV)

FIG. 8. The total selectron pair production cross sections for the
eger ande*eg modes withms =150 GeV andy/s=500 GeV, as
For a heavy scale in the multi-TeV range, the deviation isunctions of the Bino masM ;, assuming the Bino is a mass eigen-
about 1%. A determination of the heavy scale to within astate. Note that the very smalut nonzerd cross section for the
factor of 3 requires the precision of t|11"_d'3l measurement to e"eg mode neaM;~400 GeV results from destructive interfer-
be at the~0.3% level, which will be taken as our target ence between ths- andt-channel diagrams.
precision. The effects are clearly smaller than in thgZU
and SU3) cases and require correspondingly more precise*ey —8L€g andegeg — € €g are shown in Fig. 8 for
measurements for similar bounds on the heavy mass scale,/s=500 GeV andn.e,R=15o GeV. One can see thathf; is

, The possibility of measuringy, from g production in 41 to0 small, the selectron production cross section in the
e"e” collisions at a linear collider has been considered pre- - .-

i X . ; @ e~ mode is much larger than in the"e~ mode® This
viously in Ref.[21], where bounds from the differential cross compensates for any reduction in luminosity that may be
section do(ete” —84€g)/dcosd were found to imply present in the e~ mode.
bounds orlJ, at the~1% level. As was pointed out in Ref. 5. Thet-channel gaugino mass insertion may also be ex-
[21], such a measurement provides an extremely high precploited to reduce theoretical systematic errors arising from

, . . . TR = ~0 ~ ~0
Gecoupling offects from heavy sectors. However, as the exrC/Mes in eSq and i3 masses. Thée and 7

piing X vy se : ' Xhasses are typically constrained from electron energy distri-
pected super-oblique corrections in thellsector are small, 1 ,ion endpoints. The resulting allowed masses are posi-

such a test, as in the chargino case considered in the previolGe|y correlated, while the dependence of the total cross sec-
section, is probably not sufficient to determine the heavyi,"in the e e~ mode onm~o and m= is negatively
X1 eRr

superpartner scale to better than an order of magnitude. . _ . .
To increase this sensitivity, we consider h@g pair pro- corr_elated(ln the region of the parameter space in which we
are interested The total cross section may therefore remain

duction in thee” e~ mode of a future linear colliderThe X I h I d . in th
extension tog, is straightforward and will be discussed at approximately constant over the allowed region in the
,m;clJ) plane. This point will be described in more detalil

the end of this sectionThere are several advantages in con-(m"éR
sidering selectron production at @ne™ collider: below.

1. At an e e~ collider, selectrons are produced only Letus now consider quantitatively the possibility of pre-
throught-channel neutralino exchange. The cross section fogisely measurindy; using ane”e™ collider. We will deter-
B production is thus directly proportional td. In contrast, mine h;  from the total cross section og
ate’e” colliders, selectrons are produced through beth = o(eger —€r€g). We assume that thé decays directly
andt-channel processes. Tisechannel processes ang in-  to ex?, and thaty is the lightest supersymmetric particle
dependent, and may significantly dilute the sensitivity of theand is Bino-like. The cross section is proportionahth so
cross-section observables to variationsin in order to measuré; to 0.3%, the cross section must be

2. The backgrounds to selectron pair productioea™  determined to 1.2%. There are many possible sources of un-
colliders are very small. Most of the major backgroundscertainties, as was mentioned in Sec. Ill. The experimental
present in thee"e” mode are absente.g, W pair and  statistical and systematic errors will introduce uncertainties
chargino pair production are forbidden by total lepton num-in determiningo experimentally. Oncerg is determined,
ber conservation. This makes tlee'e™ environment ex- the extraction oh; from this measurement depends on many
tremely clean for precision measurements.

3. It is possible to highly polarize bots~ beams. Polar-

izing both beams right-handed increases the desiiglz  ©it is interesting to note that this dependence may allow an alter-
cross section by a fgctor_of 4, and suppresses remainingative high mass scale probe in the Higgsino region wheide
backgrounds, such a&s vW™, even further. <M;,M, and gaugino masses may be very large. If selectron pairs

4. In order to produc&i €y , @ Majorana mass insertion may be produced, their pair-production cross section inethe™
in the neutralino propagator is needed to flip the chirality.mode is still substantial and sensitiveNy even for very largéM ,,
The total cross section therefore increases as the Bino maafd may be used to determine valuedvbf at the multi-TeV scale.
M, increases as long ad; is not too large K;=\/s/2).  Here, however, we assume that we are in the gaugino region since
The M, dependences of the cross sections forwe are interested in measuring the gaugino couplings.
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state radiation and beamstrahlung to detector acceptances
must be performed to obtain the predicted number of events
passing the cuts. Such simulations are beyond the scope of
this paper. We will see, however, that experimental system-
atic errors are likely to be some of the dominant errors in this
analysis, and further studies are necessary.

After obtaining the cross sectiang from experiment, we
need to extrach,; from og. The associated uncertainties
include the following.

(1) Radiative corrections: At the level of precision we are
considering, radiative corrections to the cross section must
be included. These are required to set the low seas® that
0 50 100 150 200 250 the heavy scal may be inferred from the measured value

g, (GeV) of U;. However, these corrections are calculable, and we
expect the uncertainty to be small after the one-loop radiative
FIG. 9. Contours of constantg=oc(egegr—€r€g) in fb in corrections are included. We have not included such correc-
the (mz,, My) plane for\s=500 GeV. tions in our calculations.
(2) Lepton flavor violation: Until now we have assumed

other unknown SUSY parameters and hence suffers frorfnat lepton flavor is conserved, as is approximately true in a
theoretical systematic uncertainties. To achieve the targe¥ide variety of models. However, if the slepton mass matri-
precision, each source of uncertainty should induce an errdi€S are not diagonalized in the same basis as the lepton mass
in o less than 1%. Of course, if there are several compaMatrix, the lepton flavor mixing matrix elements will appear
rable uncertainties, they are required to be even smaller s&t the gaugino vertices. Such mixing may reduceehe™

that their combined error is at the 1% level. selectron pair signal and cause some uncertainties in deter-
The possible sources of uncertainties in measusiggn- ~ Mining h,. However, these lepton flavor violating effects
clude the following. will be well-probed at the same time. For instance, [R25)

(1) Statistical fluctuation: Figure 9 shows the total crossShows that a mixing angle between the first and second gen-
sectionog in the (Mg ,M;) plane. We can see that for a erations of order sify,~0.02 will be probed at thedb level.

significant part of the parameter spadé,(not too small and The fractional deviation in the™ e~ cross section is at most

M, Not too close to thresholdthe total cross section is on _28an012(:052912, and so the induced uncertainty in deviation

. l . — 74 . _
the order of~2000 fh. Typically only a small fraction of the inU, is < Zsnglzcosz.al? 2X10°". If no lepton flavor vio
selectrons are produced along the beam diretioB% for lation is found, the mixing anglef are therefore too small to
Siné(Br)<5°], so most of the events will survive the cuts and induce significgnt gncertainties lrjl..On the other hand, if
be detected. Assuming one year running at luminogity lepton flavor violating events are discovered, the total three
~20 fb~Y/yr, we expect~40,000 events, yielding a statisti- generation slepton production cross section may be used in-
cal uncertainty of~0.5%. This is further reduced for longer St€@d. The backgrounds will then include all three genera-
runs, or if ane e~ luminosity comparable to the design tions of Ieptong frorrW decay and will be somewhat larger,
e*e” luminosity may be achieved. but from the discussion above, we know that they are small

(2) Backgrounds: Background from electron pair produc-8nough at are-e  collider and can be calculated anyway.

tion may be effectively removed by an acoplanarity cut. TheL€Pton flavor violation therefore should not pose a severe
major remaining background is then »W~ when followed problem, and for simplicity in the remaining discussion, we

by W~ —e™ v, which results frome, contamination in the will assume it IS _absgnt. . L

er polarized beams. The cross section for this background is (8) Uncertainties in experimental deter'mmatlon ng
400[43] fb for left-left (LL) [left-right (LR)] beam polariza- @nd myo: These two masses are the major parameters on
tion [24]. If both beams are 90% right-polarized, i.e., if only which o depends in the gaugino region, and therefore must
10% of the electrons in each beam are left-handed, the backe known well for a precise prediction of; to be possible.
ground is reduced to 12 fb. In principle these backgroundgor simplicity, we assume here thaf is pure Bino and
are calculable and can be subtracted, so the induced UNC&ft-o=M,; the complication of neutralino mixings will be
tainty in oz should be negligible. . 5 .

(3) Experimental systematic errors: These include uncergls‘Cussecj next. The masses, and My can be determined
tainties in various collider parameters, including the beanfrom the energy spectrum of the final state electrons in the
energy, luminosity, and so on. Accurate knowledge of theé'R—>e}}‘1) decay. The energy distribution is flat for two-body
beam polarization is also required. Note, however, that ildecay with two sharp endpoints determined oy, Mo,
beam polarization is a dominant source of uncertainty, ongds: !
may use unpolarized beams instead and run belowethe
pair production threshold for a longer time to compensate the

loss in cross section. The resulting increase in background is 2

acceptable if well-understood. To compare the theoretical Mz, m}f

cross section and the total number of events, detailed Monte Emin=—5— 1—m—2 y(1-p),
e

Carlo simulations incorporating effects ranging from initial
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One can therefore extranty, and o from measurements
of Emm and Emax-.-AS| we WI|I| se:ja, thctjefuncertamtles mﬁ-R M7 78 149 150 151 152 153
andmzo are positively correlated and form a narrow ellipse-
x3 8re P y P mg (GeV)

like region in the (ngR,m;g) plane. At the same time, the

t-channel mass insertion implies that, while the total cross FIG. 10. The allowed regions, “uncertainty ellipses,” of the
sectionog increases asly, decreases, it also increases as(msg_, myo) plane, determined by measurements of the end points of
o increases, and so the constamg contours are approxi- final state electron energy distributions with uncertaintie&
mately parallel to the major axis of the ellipse. =0.3 GeV and 0.5 GeV. The underlying central values are
The variation inos on the “uncertainty ellipse” can be (MM =(150 GeV,100 GeY, and V5=500 GeV. We also su-

very small for some values ofis_ and m>o. To show this, Perimpose cont_our(;n percent of the f_ractlonal variation ofrg
R S with respect to its value at the underlying parameters.
we assume thd,,, andE,,,, are determined independently

with ur_lcertamtyAE. The allowe_d region in th_eE(mm,l_Ema)b (4) Neutralino mixings: In the discussion so far, we have
plane is therefore an “uncertainty circle” with radiusE.  assumed that the lightest neutralino is pure Bino. This is only
This “uncertainty circle” transforms into an “uncertainty tye in the limit of| x| — . A general neutralino mass matrix
ellipse” in the (ng,m;cl)) plane, which is shown in Fig. 10 depends on the four parametevl;, M., x, and taB. To

for the central value$n§R=15O GeV andm;tz:lOO GeV. calculate correctly the cross section, one has to diagonalize
The AE=0.5 GeV and 0.3 GeV ellipses roughly correspondthe neutralino mass matrix and include contributions from all
to the Ax2=4.61 (90% C.L) and A y2=2.28 (68% C.L) four neutralino mass eigenstate propagators. AIthqugh the
ellipses given in Ref[6] for a similar analysis with smuon dependence afg onMj, ., and ta should be weak in the
pairs’ We also superimpose constamg, contours on the 9augino region, they are not negligible at the required level
same figure. We see that the variation dp induced by of precision. To investigate this, we have calculatadfor

uncertainties ime,_ andmo is less than 0.3% foAE=0.3 different choices oMy, M», 1, and ta8 while keeping the

. . measurablano fixed. By explicit calculation we find that
GeV and this set of the parameters. In Fig. 11, we show the X1 y exp

maximal variations inog in the corresponding\E=0.3  the dependence o, of o is very weak, sincé andW,

GeV ellipses for different central values oy, myo. For only mix indirectly, and the variation iorg is much smaller

0 o :
M0 not too small anding_ not too close to threshold, there is than 1% for reason_able variations . W.e may t_herefore
Xy R assumeM ,=2M; without loss of generality. In Fig. 13 we

a large region in thents,,myo) parameter space in which show the fractional variation afg relative to the pure Bino
the variation is less than 1%, the target precision. If the

variation is too large becausméR is too close to threshold, 250 ' ' ' '
the result can be improved by raising the beam energy, as
shown in Fig. 12. The reduction of these theoretical system- 200 -
atic uncertainties is a great advantage for the precision mea-
surement of h; at e e” colliders. In contrast, for 150k
e*e” —-B5ER, the constant cross-section contours run @
roughly perpendicular to the uncertainty ellipse, resulting in el 100 os
. : L
a much larger uncertainty. §< |
2
50 + 4
"We expect our estimates of endpoint energy uncertainties to be 8
conservative, as they are basededie™ mode event rates, whereas, 0 ¢ L 1(')0 130 2(I)0 %0
given thee™e™ cross section, data from the"e™ mode should 30
reduce these errors significantly. The uncertainties are in fact con- ng (GeV)

trolled by a number of factors, including total cross section, detector

energy resolution, electron energy bin size, and of course, the un- FIG. 11. Contours in thenfs,, m;g) plane of maximal frac-
derlying selectron and neutralino masses. See [R4i.for a dis-  tional variation inog (in percent on the AE=0.3 GeV “uncer-
cussion of this issue. tainty ellipse,” with \'s=500 GeV.
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FIG. 12. The same as in Fig. 11, but witfs=750 GeV. Note
the different scales of the axes relative to Fig. 11.

limit as a function ofu and taB for fixed m;g=100 GeV
and Me,, =150 GeV. The value oM,=2M, is determined
by requiring the correct value cm‘l;g. We see that the varia-
tion of o is small for large|u| (less than 1% fo=500
GeV or u<—600 Ge\} but can be up to 2—4% for smaller
|u|. Therefore, in order to be able to calculatg at the 1%

level, some information about and tarB is needed: either a
lower bound of| x| =500-600 GeV is required, g and
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FIG. 13. The fractional variation iy (in percent in the (u«,
tanB) plane, with respect to the — oo limit, for (m—éR,m;g)z(lso
GeV,100 GeV, with \/s=500 GeV.M, is assumed to bel2,, and
for each point in the plane, their values are fixedmyll.

heavy scaléM, which, in fact, is generically more sensitive,
sinceU,>U; in most models. Of course, in the event that
both g and &, are studied, botf; andU, may be deter-
mined, and we may check that their implications for the
heavy scaleM are consistent or find evidence for non-
degeneracies in the heavy sector.

In summary, we find that for a fairly general region of the
parameter space, selectron production ateae™ collider

tan8 must be bounded to lie within a certain range if the may provide an extremely high precision measurement of the

underlying value of u| is smaller. Such bounds may be ob-

gaugino couplingh; and super-oblique parametér,. We

tained from some other processes in different colliders. Fohave investigated both experimental statistical and theoreti-

example,x{x3 production(in e" e~ collisions may probeu
up to Js— myo. Energies of\s~1TeV, if available, will
therefore allow either a determination afor a sufficiently
high lower bound oru for us to obtain a precise prediction
of or so thath; can be extracted with small uncertainties.

Finally, many of the above considerations apply also t
left-handed selectrons. If kinematically accessible, their pro

duction cross sectionr, ate” e colliders may also be used
to measure precisely gaugino couplings, sincégh&, pair

production cross section receives contributions from both,

0]

cal systematic uncertainties. By exploiting many appealing
features of thee” e~ mode, most uncertainties may be re-
duced to below 1% in the cross section measurement. The
dominant theoretical systematic uncertainty appears to be
from neutralino mixings, but even these may be reduced be-
low the 1% level with information from other processes. The
remaining uncertainties are experimental systematic uncer-
tainties. These include, for example, the luminosity uncer-
tainty, which has been estimated to-bd % [6]. Such issues
require further study. Nevertheless, #iee™ mode certainly

ppears more promising than teée™ mode. If such errors

t-channelB and W? exchange, and hence depends on bothnay be reduced to the 1% level, a precision measurement of

h; andh,. For equivalent mass selectrons, is generally
even larger tharwrg. Note also tha, and €y production

may be separated either by beam polarization, or, if the s

lectrons are sufficiently non-degenerate, by kinemdt¢®r
by running below the higher production thresholds. If}He

Ul at the level of 0.3% will be possible, providing not only
a stringent test of SUSY, but also allowing us to bound the

Ghass scale of the heavy sector to within a factor of 3, even if

they are beyond the reach of the LHC. Such a stringent
bound would provide strong constraints for model-building,

and x5 decay channels are not open, the only decay i®nd, in the most optimal case, would provide a target for
B —e %% and we will have a large clean sample of eventsSharticle searches at even higher energy colliders.

for precision studies. However, in general, the decay patterns

may complicate the analysis. The cross section also depends v|. PROBE OF SU(3) COUPLINGS FROM SQUARKS

strongly on o (in the gaugino region which could be

measured either directly fronad x5 production ine*e™ col-
lisions, or indirectly by measurind/,, M,, u, and taB

In this section, we consider the possibility of probing the
heavy superparticle mass scale through their effects d8)SU
gluon and gluino couplings. Such probes require that

from chargino andy? properties. In the end, a measurementstrongly interacting sparticles be accessible. Such is the case

of o bounds a certain combination bf andh,. Under the

in the 2—1 models discussed in Sec. |, and these are the

assumption that the heavy sparticles are fairly degeneratscenarios we will consider here. The most relevant decou-
the deviationdJ; andU, are related and determined by the pling parameters for our study below will é;, andUs;. In

same heavy scalél, and soo also provides a probe of the

2—1 models,
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M to probe decoupling effecisThe branching ratios then de-
—1~1.8%(2.2%) X In-—. (27 pend onhz/h, andhg/h; and probe the decoupling param-
etersU sy(a) given above.
The two-body decay widths df, to T, x1 , x9 and x5
For heavy superpartnersldt~ (10 TeV), these corrections  (assuming thak; , x5, and x{ are pure gaugindsare
can be as large as 10%, much larger than for the corre-
sponding SW2) and U1) couplings, and so are promising to
investigate.
In 2—1 models, the gluino and third generation sfermions
are light, but all other sfermions are heavy. (SUeffects —~ ~0 5
may then be measured in processes involving gluinos and thel (PL—=bx2)= 2 8, Mo, P(MG, ,My0,my) =o— g, Pa,
bottom and top squarks. At" e~ colliders, squarks may be
pair-produced in large numbef26,27. However, squark 1 h? h2

~ :h3/h2(1)
3] 93/92(1)

2 2
h
= — 3 3
I'(BL—bG)= 5 5 M5, P(Mg,_,mg,my) =g 5, Ps,

2 h2

-~ ~ 2 2 ,
pair production takes place only througfthannely andZ I(b—tx1) =5 g—mMp P(MG ,my=,m)=g—m Py’
processes, and so is independertt,of To find cross sections
that do depend ohg, one may turn to three-body processes, — 1 hf hf
such ashbg andt1g, as was noted in Sec. II. In this sec- ['(PL—bx1)= 75 == mg, P(mg ,myo,my)=o—mg, Py,
tion, however, we will focus on another possibility and con- (28)
sider measurements &f; through squark decay branching
ratios. where these equations defiRg, P,, P;, andP,, and

Any of theEL,R andTL,R squarks may be used as a probe. 24 m2

- 1 2

Howgver, the decay paths and backgrounds vary greatly de P(mMg, My ,mMy) = 8(my—m;—my,)1 | 1— 2
pending on the particular mass patterns of these squarks and mg

the gluino. The boundary conditions for the light sparticle 5
masses are not in general universal, and this is in fact the \/ 1 m ms m3
underlying motivation for the 2—1 framework. The low- 2 2_m§+2_m(2) T2
energy spectrum may therefore be arbitrary, although, of

course, thet | andb, masses are still related by &) in-

variance. For concreteness, we will primarily focus fop }
decays. As will be described below, our analysis will rely
only on the number of events with 3 or more tagdebts. (29)

For simplicity, we will assume that the contributions of otheriS the phase space factor for a scalar particle of nmags

third generation squarks to such events are negligible. This iaecaying into two fermions with masses, and m,. The
the case either if these squarks are too heavy to be produced

or if their masses are such that their decays to gluinos ar ranching ratio fo, —bT is then given by
closed or highly phase-space suppress@tbte that top
squark decays to gluinos are also suppressed by the Izirge top By= B(b,—bd)= 5 ; 7
quark mas3.We also take the left-right mixing in thée D1P1+ Pyt Py’ +D355P3
sector to be negligible. Such an assumption may be tested by -
measurements of the, properties themselveg7], or, for whereD;;=h; /h;=(1+U;;)gi/g; . .
example, by measurements of gafrom other sector§28]. The deviation 0D,,=h, /h, from g, /g, is much smaller
Finally, we assume that the lighter neutralinos and chargin an that OJDb32 fLom g3/ﬁ]2’ and tT_e term !n\_/olvnglé 1S
are well-studied and are determined to be highly gaugmo_suppress_e y _t e small(3) coupling, SO Itis a good ap-
like by, for example, directly measuring or placing lower Proximation 1o fixD;,=9, /g,. If the gluino branching frac-
bounds on Higgsino massés. tion can be measured, and all the relevant particle masses are

As individual decay widths are difficult to measure, our Known, then from Eq(30) we can obtairDs,:
analysis will depend on measuring branching ratios, and is D2P +P.+P.' B
only possible when two or more decay modes are open. As Dyy= 217272 [¢]
we are interested in the $8) gaugino couplingh; in this 3 P3 1-By
section, we assumeg+m,<<mg so that the gluino decay

; i L i Combining this with the measured value®f/g,,° we then

mode is open(Of course, if the gluino decay mode is closed g - . 92,
but both Wino and Bino decay modes are open, a measuréave a measurement &fz, and a constraint on the heavy
ment ofh,/h; from these branching ratios may also be used

2
Mg

2 2\2 2
(1 mj m2) m;

2
Mg

D §2P3

(30)

12

(31)

®Assuming that th&@(ag) perturbative QCD corrections are cal-
81f, however, the Higgsinos are in the heavy sector, significantculated, the uncertainty ias(mi) from qq_events at the NLC is
non-decoupling contributions to the gaugino couplings from theestimated to be at the 1% levigl] and is therefore negligible for
large third generation Yukawa couplings must be inclugsl. this study.
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sector mass scale. Of course, as in the previous sections,my, the uncertainties increase, as the phase space for de-
such a measurement is subject to a number of uncertaintiesays to gluinos shrinks and the decay width to gluinos be-
Uncertainties in the measurementRy arise from statistical comes more sensitive top, andmyg. The theoretical sys-
fluctuations, backgrounds, and experimental systematic e{ématic uncertainty ir-» is therefore hiahly dependent on
rors, while the extraction db 3, from By is subject to theo- ranty i ghly dep
retical systematic uncertainties from imprecisely knownt'® Mass splitingng —mg. We see generally, however,
SUSY parameters. We will discuss the theoretical systematithat for this uncertainty to be below 10%y; andmyg typi-
uncertainties first. cally must be measured to within a few GeV. Measurements
The major theoretical systematic uncertainties are the urof squark masses at this level have been shown to be possible
certainties inmgL and mg. For all measurement methods, at the NLC, even in the presence of cascade def2§k
these masses enter the determinationDaf through the Gluino masses may be measured at the NLC in the scenarios
phase space factors in E§J1). In addition, depending on the we are considering through squark decays to gluinos. Alter-
method used to measuBg, a dependence anj may also natively, it is possible that the mass differencg —mg

enter through this quantity. This is the case, for example, itould be measured at the LHC through methods similar to
By is determined by comparing the number of events in ghose described in Reff4]. However, estimates of the gluino
particular channel to the totd, b, cross section, and this Mass resolution certainly merit further investigation.

total cross section is determined theoretically by its depen- 1n€ phase space factors also depend on other mass pa-
dence ormg . However, the uncertainties entering from the rameters as well, such asyo andmy, so there are also
dependence 0By on mg , in addition to being method- uncertainties induced by these unknown masses. However,

dependent, are typically negligible relative to other errors.these masses are expected to be much smallemﬂggmnd

For example, for the method just described, we have foundng. The phase space factors are therefore largebfode-
that for Mg, significantly below threshold, the uncertainty cays into these particles and are less sensitive to their

from the phase space factors. This is no longer the case igpore pr.ecllsely th?'mnEL andmg. We therefore expect the
mg, near threshold, as there the total cross section is sensiicertainties coming from these other masses to be much
tive to mg , but in this region, the cross section is small andsmaller than thosg frormbL andmyg . )
statisticalLuncertainties are dominant In the above discussion, we assume that the lighter neu-

We therefore consider only the theoretical systematic un'grahnos and charginos are pure gauginos. As discussed in the

certainties from the phase space factors. The fractional urprevious sections, neutr_all_no _and Charg"?o mixings may also
Introduce some uncertainties in determining the gaugino cou-

certainties inD3,, or equivalently, the uncertainties ih,,, plings. However, here the non-decoupling effects we expect

from mg andmg systematic errors are given by are much larger{10% versus~1—3% in previous casgs
The uncertainties from these mixings, while possibly signifi-
dUz, 1 dDg, 1 , 9Py cant for the previous cases, are expected to be small relative

to the 10% corrections possible in the @Ucouplings.
We now consider the experimental statistical and system-
, atic errors arising in the measurement®§. To measure
+ 9P + 9P _i IP3 (32) this branching fraction, we will exploit the fact that gluino
Mg IMg, 2P ury decays tend to give motte quarks in the final state than do
decays to the electroweak gauginos. Decays to the Bino and
~ Winos produce oné quark. Decays to gluinos are followed
dUs;, 1 dDgp 1 9Pg (33 by gluino decays, which in 2-1 models are dominated by
' decays through off-shell- and b-squarks, resulting in an

dmy D3> dmg-_ 2P; Mg ultn
additional twob quarks in the final stat¥. Thus,b, b, pair

We plot the systematic errors fromg andmg in Figs. 14 ~ events with 0, 1, and 2 gluino decays result in 2, 4, arid 6

. L~ . quarks, respectively.
and 15, respectively. The uncertaintiesls, are in percent At the NLC, excellenib-tagging efficiencies and purities

per GeV variation My, _Or mg and are plotted in the are expected. We will take the probability of tagging éc)
(mp , Mg, —mg) plane. Motivated by the current bounds on quark as & quark to bee,=60% (e.=2.6%), with a neg-
squark masses and the prejudice that colored superparticlégible probability for light quarksg29]. We also make the
should be heavier than uncolored ones, we have taken @ude assumption that the probability of tagging mubilti-
value of \'s=1TeV such that we may pair produce squarks

with masses of up to 500 GeVNote that some regions of

the plane are for gluino masses that have already been ex1%n fact, additionab quarks may appear in both Wino and gluino
cluded by current boundsAt each point, we have assumed gecay modes if neutralinog? are produced that then decay via
th"{‘tlthe_ underlyl_ng parameters are given by the gaugino MaSB_, bbx?. We will assume that thig3 branching fraction is well-
unification relationsmg=3.3m70=3.3my==6.6m0. (The  oaqured. For simplicity, in the quantitative results presented be-
abrupt behavior of the contours in Flg 14 results from tthW' we assume th&g decays td quarks are absent, as would be
opening of the decayb, —ty;.) For decreasingmp,  the case, for example, if the two-body decgl— 7 is open.

n__ - D12
dms, Dazdmg, 2(DZP,+P,+P,)|  Zomg,
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FIG. 14. Systematic uncertainty [, arising from uncertainty FIG. 15. Systematic uncertainty {3, arising from uncertainty

in mp . Plotted are contours of constant variationUn, per GeV  in mg . Plotted are contours of constant variationUn, per GeV
variation inmg , AUz,/Amg , in percent for\s=1 TeV in the  variation inmg, AUg,/Amyg, in percent in the ifi; ,mp —mg)
(mg_,m5_—myg) plane. Some regions of this plane correspond toplane forys=1 TeV.

gluino masses that are already excluded by current bounds.

o ) ) ) statistical uncertainty. The fractional error i, from such
events is given simply by combinatorics, so that the probyiagistical uncertainties fofs=1 TeV and(unpolarized in-
ability of taggingm of n b jets is () €5'(1— €)™ With  tegrated luminosity. =200 fb L is given Fig. 16. The statis-
these assumptions, we may bound the gluino branching fragqca| uncertainties grow rapidly asg approaches its thresh-
tion by measuringN;, the number of events with=3,4,5 old limit of 500 GeV, as ex?aected The statistical
tagged bjets, along with the total cross section determineduncertainty however aléo depends on tlhe mass difference
by Mg, , which we assume is measured by kinematical argu-mBL_mg_ I’:or optima’ll mass splittings, the gluino decay is
menj[s[26]. (We may also use Othﬂ channe!s; howewes, fairly phase space-suppressed, yielding roughly an equal
receives huge backgrounds from production, and the npymber of gluino and Wino decays. The number of events in
number of events with 6 taggeldl jets is not statistically  the different channell, is then highly sensitive to variations
significant) The_st@dard model backgr%nds to mblti- in ng. However, for large or very small mass splittings,
events includett, ttZ, ZZz vvZZ, andtth [30]. At 1 gijther the gluino or the Wino decay dominates, in which case
TeV, the resulting backgrounds with 3, 4, and 5 tagded sensitivity tOGsz is weak.

jet_s,_afte_r incl_uding all branching fractions _and the tagging The total error receives contributions from all three of the
efficiencies given above, were calculated in Re&f8] and

found to be 4.0 fb, 1.0 fb, and 0.0095 fb, respectively. In ouSOUrces shown in Figs. 14-16. We see thdt,ifsquarks are
calculations we include only standard model backgroundsProduced significantly above threshold, the and gluino
Additional multib events may arise from other SUSY pro- masses are measured to a few GeV, and the squark-gluino
cesses, such a5t production followed by decays —tg. Mass splittings are moderate, in the range 25 Se¥
Such squark processes also are dependent on the super-

oblique parameters, however, and so may be included as sig- 150
nal. The analysis will be more complicated and will not be
considered here. 125
We would now like to determine quantitatively what ~N
bounds on deviations i 5, may be set by measurements of 85 100
N;. We will take a central value dfi;,=0; we expect the ; 75
errors to be uniform for other central values. We define a s
simple A x? variable e 50
. g
(N;—N/)? 25
Ax?=2, % (34)
i=3 N 5 1 1
' 200 250 300 350 400 450 500
whereN; is the sum of the number of signal and background mg (GeV)

events withi taggedb jets assuming'j32=0, andN;/ is the

similar quantity for a postulateﬁéz. For given underlying
parametersys, Mg, Mg and integrated luminosity., the

FIG. 16. The error irlJ, in percent from statistical uncertain-
ties in the multipleb-tag events in ther(TgL,m',;Lfmg) plane, for
— Js=1 TeV and integrated luminosity =200 fb . The assumed
values of U3, yielding Ax?=1 (68% C.L) then give the b-tagging efficiency ise,=60%.
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100

couplings at scales below the heavy superpartner mass scale
M. Deviations from these relations are most conveniently

parametrized in terms of the super-oblique parameltérs
[13] and increase logarithmically witM. Therefore, preci-
sion measurements of the gaugino couplihgfn processes
involving the light superpartners will provide importaiaind
possibly the only probes of the heavy superpartner sector for
the foreseeable future.

There are many low-energy processes and observables in-
volving the light superpartners and gauginos that depend on
the gaugino couplingh; and therefore may serve as probes
5200 250 300 350 400 450 500 of the super-oblique parameters. These were systematically

classified in Sec. Il. However, in practice, these observables

g, (GeV) are subject to many systematic and statistical uncertainties,

and not all of them can be measured to the required precision
to provide significant bounds on the heavy sector. In this

paper, we studied three promising examples at proposed lin-
eare“e” colliders, one for each of the three coupling con-

stant relations using three different superparticles processes.
We exploited the versatility of planned linear colliders, such

—mg=100 GeV, the combined uncertainty is below the @S thﬁeirfhigh!y polar.ized beams, tungb]e beam energy, and
~10% level. For nearly ideal mass splittings, the uncertainfn® € €~ option, to improve the precision of the measure-
ties can be much below this level, possibly yielding a precisé"€nts. _ _ L
measurement of the heavy sector scale. Note, however, that In the first example, chargino pair production gﬁe
possibly large experimental systematic errors have not beegpllisions was used to study the &) gaugino couplingh,.
included. For this study, a particular source of concern is théom the total cross section, the truncated forward-backward
b tagging efficiency for multb events, which must be well- asymmetry, and a precisely measured sneutrino mass

understood for an accurate measurement to be possible. measurements of the super-oblique paramiteat the level
Before concluding, we consider briefly the possibility of of ~2-3% are possible. We demonstrated the importance of
measuring the super-oblique parameters thrabigtbranch-  being able to choose an optimal beam energy so that the
ing ratios. In this case, the Wino decays are closed, and sgxperimental observables are most sensitivid foNote that,
only the gluino and Bino modes compete. We find that thesince we expect greater deviations in the(3Uelation than
strongest bounds ofdz; come from the observation of the U{1) relation, such results provide bounds on the heavy
squark pair events in which both squarks decay directly tescale M that are roughly equivalent to those previously
Binos. Such decays yield clean events with only two acoplaachieved with&g pair production ae*e™ colliders[21].
nar b jets, and may be isolated from standard model back- In the second example, we considered a measurement of
grounds with simple cutg31]. In Ref.[26], such cuts were h, from €g € production at are” e~ collider. Such collid-
found to yield efficiencies of 60—80% for squark pair events.ers allow measurements that are extremely clean both experi-
By measuring the number of double direct Bino decays, anenentally and theoretically, and therefore provide an excel-
again determining the total cross section by measum'lgg lent environment for precision studies. Such measurements
kinematically, bounds ofJ 5, may be found. In Fig. 17, the also suffer less from uncertainties in the relevant SUSY pa-

statistical uncertainties from such a determination are gived@meters. If the experimental systematic uncertainties are un-
Not surprisingly, we find that in this case, a large phaseder control,U; may be measured te 0.3% for a wide range
space suppression of the gluino mode is required to enhan&¥ the parameter space. Such a high precision measurement
the number of double Bino decay events. A statistical uncermay provide a determination of the heavy scale within a
tainty at the level of~10% is achievable only fomg factor of 3, which is a striking improvement over teée™

R .
—my=30GeV. Of course, one may also include data from'®Sults described above. _ _ _
multi-b events as in the previous case, but such consider- The last observables we considered were branching ratios

ations do not improve the results noticeably. of bottom squarks decay into gluinos and othgr gauginos.
These decays can be used to measure the ratios of gaugino

couplingshs/h, and hz/h;. Although larger uncertainties

Vil. CONCLUSIONS are usually associated with strongly interacting particles, the

If some of the superpartners of the standard model pardeviation from the SUSY relation; =g is also expected to
ticles are heavy and beyond the reach of planned future coke larger. We find that, for squark production significantly
liders, we must rely on indirect methods to study them befor@bove threshold and small to moderate squark-gluino mass
their discovery. Such heavy superpartners decouple fromaplittings, it is possible to obtain a measurementlbf,
most experimentally accessible processes. However, heawyhich is sensitive to deviations from the SUSY relation.
superpartner masses break supersymmetry, and so violate theThese examples imply that the prospects for precision
SUSY relationsg;=h; between gauge boson and gauginomeasurements of gaugino couplings in different scenarios are

FIG. 17. The error i3, in percent from the statistical uncer-
tainty in double direct Bino decay events in thmB(R,ng— mg)
plane, for\s=1 TeV. The assumed integrated luminosity is 200
fb~1, and the efficiency for the signal is taken to e 70%; the
contours scale as {Le.
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indeed promising. We have studied various possible unceifor new exotic sectors with highly split multiplets not far
tainties in these measurements and find that most of therflom the weak scal§€13]. These insights could also play an
may be controlledat least in some region of the parameterimportant role in evaluating future proposals for colliders
spacg, though a complete understanding of all uncertaintiesyith even higher energies, such as the muon collider or
would require detailed experimental simulations that are behigher-energy hadron machines.
yond the scope of this Study. For this Study, it is crucial that In summary, if Supersymmetry is discovered, the super-
collider parameters be well understood and precisely megsplique parameters may allow powerful constraints from pre-
sured. Further experimental studies on these issues aggion measurements on otherwise inaccessible physics.
strongly encouraged. _ Their measurement may also have wide implications for
The implications of measurements of the SuDer'Ob“qU(.atheories beyond the minimal supersymmetric standard

parameters depend strongly on what scenario is reah_zed 'Hmdel, just as the oblique corrections of the standard model
nature. If some number of superpartners are not yet discov-

i Provide strong constraints on technicolor models and other
ered, bounds on the super-oblique parameters may lead 10 .
r(1axtenS|ons of the standard model.

bounds on the mass scale of the heavy particles. In additio . ) .
- : ' Note addedWhile completing this work, we learned of
if measurements of more than one super-oblique parameter ) -

P aue p lated work in progresg32]. We thank D. Pierce, L. Ran-

may be made, some understanding of the relative splittingge ) o ,
in the heavy sector may be gained. Inconsistencies amorféj"‘”’ and S. Thomas for conversations and for bringing this
the measured values of the different super-oblique paramf0rk to our attention.

eters could also point to additional inaccessible exotic par- The guthors are grateful to M. Peskin and X. Tata for
ticles with highly split multiplets that are not in complete ¢onyersations. This work was supported in part by the Direc-
representations of a grand-unified group. In addition, NeY3or, Office of Energy Research, Office of High Energy and
tive values of the parameters will imply new strong Yukaway,cjear Physics, Division of High Energy Physics of the
interactions involving the SM fieldgL3]. .S. Department of Energy under Contract Nos. DE-AC03—

If, on the other hand, all superpartners of the standargqq09g and DE—AC02-76CHO03000, and in part by the
model particles are found, the consistency of all super-

oblique parameters with zero will be an important check ofggsolzzugdl_e rF Grant Nots. dF;H\:E gi/l—.”147|97 t.?r:d P|c_jnt(h_ 9‘}(_
the supersymmetric model with minimal field content. If in- - -1 1S supported by the MITEr Institute and thanks

stead deviations of the super-oblique parameters from zerfg® Nigh energy theory group at Rutgers University for its
are found, such measurements will provide exciting evidenc80SPitality.
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