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We explore the reach of luminosity upgrades of the Fermilab Tevatron collide® §6) supergravity
models in which non-universal GUT-scale gaugino masses arise via a vacuum expectation value for the
auxiliary component of a superfield that transforms @ta75 or 200dimensional representation 8fU(5).

This results in a different pattern of sparticle masses and mixing angles from what is expected in the minimal
supergravity (MSUGRA) model with universal GUT scale gaugino masses. We find that the resulting signal
cross sections, and hence the reach of the Tevatron, are sensitive to the gaugino masses at the GUT scale. In
the 24 model, the large splitting amongst the two lightest neutralinos leads to SUSY events containing many
isolated leptons, including events with a real leptahiboson plus jets plus missing energy signal which is
visible over much of parameter space. In contrast, in#end 200 models, the reach via leptonic SUSY

signals is greatly reduced relative to MSUGRA, and the signal is usually visible only via the canBical

+jets channel.

PACS numbes): 14.80.Ly, 11.30.Pb, 13.85.Qk

I. INTRODUCTION we discuss represent equally predictive alternatives to the
canonical universal gaugino mass scenario.
The minimal supergravity (MSUGRA) modéll] pro- If gravity is the messenger which communicates super-

vides a well-motivated and economical framework in whichsymmetry breaking from the hidden to the visible sector,
to embed the minimal supersymmetric standard m¢ggl supersymmetry breaking mass terms for gauginos can arise
(MSSM). In MSUGRA, supersymmetr§SUSY) is broken in ~ from higher dimensional interactions which couple a chiral
a hidden sector, and SUSY breaking is communicated to theuperfield to the supersymmetric field stren§@j. These
visible sector MSSM fields via interactions of gravitational interactions arise from the locally supersymmetric gauge
strength. Motivated by the apparently successful gauge codield strength interactions:

pling unification in the MSSM, it is usually assumed that this

leads to a common valug, for all scalg_rs, a common mass ﬁjf d*0E(R™f ,,WAWP + H.c)) 1.2

m,, for all gauginos, and a common trilinear SUSY breaking

term A, at the scaleM g 1=2%x10'® GeV. The soft SUSY o _

breaking terms, the gauge and Yukawa couplings and th&ith @ gauge kinetic functionfag= s+ P as/Mpianck
supersymmetriqs term are all then evolved froml gy to + ... Thefields® 5g transform as left handed chiral super-
some scaleM=M ., Using renormalization group equa- fields under supersymmetry transformations, and as the sym-

tions (RGE’s). Electroweak symmetry is broken radiatively metric product of two _adjoints under gauge Sy”."me”‘es- The
due to the large top quark Yukawa coupling. The resultindoweSt Qrder contribution to gaugino masses arising from the
weak scale spectrum of superpartners and their couplings cafteraction above comes from a dimension five operator:
then be derived in terms of four continuous plus one discrete o (Fo)
parameters ﬁDf dZHWaWb—abJrH.C.Z) ﬂ)\e‘)\bJr ce
Planck M Planck
Mo, Myp, Ao, tang and sgiw), (L1 1.3

in addition to the usual parameters of the standard model. Where the\*" are the gaugino fields, arfel, is the auxiliary
In studies of MSUGRA and other supersymmetric exten-fi€ld component ofb.

sions of the standard model based on gauge-unification and

the gravitational mediation of supersymmetry-breaking, it is

often assumedas discussed aboy¢hat the unification of

gauge interactions implies a similar unification of gaugino

TABLE I. Relative gaugino masses Bltg,r andM; in the four
possibleF 4, irreducible representations.

. g . MGUT MZ
masses at the scale of gauge-coupling unification. Howeve
gravitationally mediated supersymmetry breaking may lead
to non-universal gaugino masses even in the presence of 1 1 1 ~6 ~2 ~1
gauge coupling unification. We present a class of modelg4 2 -3 -1 ~12 ~—6 ~-1
which contain non-universal gaugino masses, discuss thejs 1 3 -5 ~6 ~6 ~_5
experimental signatures at the Fermilab Tevatron, and corpgg 1 2 10 ~6 ~4 ~10

trast those signatures with those of MSUGRA. The models
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In conventional models of supersymmetry breaking, therepresentatioh.Each of the three non-singlet models is as
fields F4 which break supersymmetry are treated as gaugeredictive as the canonical singlet case, and all are compat-
singlets. However, in principle, the chiral superfield whichible with the unification of gauge couplings. These scenarios
communicates supersymmetry breaking to the gaugino fieldsepresent the predictive subset of the more general [@dse
can lie in any representation found in the symmetric producbf an arbitrary superposition of these representatfotis
of the adjoint. Non gauge singlet vacuum expectation valuegnost interesting being a superposition of gauge singlet and
for the supersymmetry preserving componentdofs have  adjoint fields.
been considered previougl$,5] for their perturbative effect ~ As we discuss in Sec. lll, signals of supersymmetry—and
on gauge coupling unification and also for their effect onhence the rgach of the Tevatron—is sensitive to the structure
gaugino masselst,6—8. Here we consider the effect of su- of th(=T gaugino masses as the GUT scale. The regch of_ the
persymmetry breaking vacuum expectation valuesbgf, Fermilab Te_vatron collider for MSUGRA models with uni-
which lead to maximally predictive gaugino masses. In the/€rsal gaugino masses has been worked out for both low
context ofSU(5) grand unificationF , belongs to asU(5)  [9—12 as well as high13] values of the parameter t#h
ireducible representation which appears in the symmetri€©r low values of tag and high integrated luminosity, the
product of two adjoints: clean trilepton signalreferred to as C3L[14] from W;Z,

—I1"11+ E+ usually offers the best prospect for a SUSY dis-
covery. For parts of parameter space, a SUSY signal might
(24X24) gy mmetric= 1® 24® 75® 200, (1.4  be found in several different channels. For largegaulis-
covery via the C3L signal becomes increasingly difficult be-
cause sparticle decays teleptons andb-quarks becomes
where only1 yields universal masses. Only the component
of F4 that is “neutral” with respect to the SM gauge group
should  acquire a vaccuum exp_ec_:tatlon Vah@‘EV)’ From the point of view of the theory below the GUT scale, we
<F¢>ab:ca5ab’ with Ca then determining the relat|ve_mag- may consider the use of the large representations listed i(1E4.
nitude of the gaugino masses dgyr. The relations 55 5 calculational convenience. Only tB&J(3)x SU(2)X U(1)
amongst the various grand unified theo(@UT) scale  singlet components of these representations are relevant to our dis-
gaugino masses have been worked out, e.g., in[BefThe  cussion. The remaining states may obtain masses which are heavy
relative GUT scaleSU(3), SU(2), and U(1) gaugino compared tdVigyr. Any relic of a large GUT representation which
massed;, M,, andM, are listed in Table | along with the survives below the GUT scale and has a non-vanishing coupling to
approximate masses after RGE evolution@e-M,. Here, the supersymmetric field strength, must lie in the symmetric product
motivated by the measured values of the gauge couplings #ie adjoint representations of the unified group, and further this
the CERNe*e™ collider LEP, we assume that the VEV of relic must be a&SU(3)x SU(2)x U(1) singlet. For the unification
the scalar component df is neglible. In principle, as shown groupSU(5), the complete set of masses produced by relics from
in Fig. 1, an arbitrary linear combination of the above irre-pure SU(5) representations are those listed in Table |.
ducible representations is also allowed. We consider the im-2|n Ref.[6], a specific linear combination was fixed by the addi-
plications of models where the dominant contribution totional assumption of the vanishing of this contribution to leptoquark
gaugino masses arises from a single irreduciblegaugino masses.
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enhanced relative to decays é and w's. Recent studies SUSY hard scattering subprocesses. Sparticle production is
[15-17) of the trilepton signal have shown that the range offollowed by initial and final state parton showers, cascade
parameters over which the signal is observable may be extecays, hadronization and underlying event simulation.
tended by the use of softer cuts on the leptons compared tphus, specific assumptions about soft SUSY breaking terms

cuts used in earlier studies: in this case there are importambat are motivated by GUT or string scale physics can be
new SM background contributions frolv* ’y* and W* Z* directly tested at collider experiments.

production that have to be incorporated into the analySiS. The In this paper, we exp|0re the consequences of non-

largest reach is then obtained via the inclusive trilepton changpiversal gaugino masses f81U(5) SUGRA GUT models

nel without a veto on events with jets. for the Fermilab Tevatron collider and its planned upgrades.
We should add that we do not specially advocate any, . goals are several

particular representation fofF,,) on theoretical grounds. We wish to establish the capability of the Tevatron and its

O“T main mot|va}t|on IS to examine the s¢n3|t|y|ty of the upgrades to discover or rule out SUSY within the context of
various signals via which SUSY might manifest itself at fu- .
. . models alternative to MSUGRA. The set of models we ex-
ture runs of the Tevatron to changes in the underlying frame- . o : .
mine maintain many of the attractive features of generic

work. It is especially important to do so when assessing th ; A . .
search capabilities of future facilities, particularly because_UGRA models, while exhibiting radically different spar-

we do not as yet have a dynamical understanding of SUSYClé mass spectra and mixing angles from the commonly

breaking, which can affect the phenomenology via the pat€*@mined models which assume universality.
tern of sparticle masses and mixing angles. We want to see if this class of models examined can be

With this in mind, the event generateaJeT [18] (ver-  distinguished one from another. If certain SUSY signals are

sions=7.37) has been upgraded to accommodate SUGRAbserved, the answer appears to be yes for a limited region of

models with various non-universal soft SUSY breakingmodel parameter space.

terms. In this study, we uSSAJET to simulate models with Are there any new signals for SUSY that can occur within

non-universal gaugino mass parameters at the ddgles-  the context of non-standard SUSY models? We will see that

suming universality of other parameters. The model paramin the F4~24 model, there is a large range of parameter

eter space used in this paper thus corresponds to space that leads to signal events containing real lepténic
bosons. These signals occur much more rarely in the

me, MY, A, tanB and sgiu), (1.5 MSUGRA model.

Non-universality of gaugino masses can also arise in other
where M? is the SU(i) gaugino mass at sca®=Mgyr.  model context$19] including some string mode[g0]. Phe-
MgandM‘l’can then be calculated in termsmﬂg according nomenological consequences of O-ll string models have
to Table I.ISAJET calculates an iterative solution to the 26 been examined in Ref21].

RGEs, and imposes the radiative electroweak symmetry In Sec. Il, we outline features of the mass spectra that are
breaking constraint. This determines all sparticle masses armbnsequences of the assumptions abouStti€s) represen-
mixings. Next, branching fractions for all sparticles, particlestation of the hidden sector fidlg) ® that can occur. In Sec.
and Higgs bosons are calculated. Supersymmetric particlgl, we outline the various types of signals that could occur
production events can be generated for all possible22 for SUSY models, and our signal and background event gen-
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erator calculations. In Sec. 1V, we present results of the reachymmetry is just barely broken.

of Tevatron upgrade options for each of the four models A variety of physical sparticle masses along with the

considered. In Sec. V, we present a summary and some comagnitude of the weak scaje parameter are shown versus

clusions. tang in Fig. 3 for the four model choices using the same
parameters as in Fig. 2. Fram@ shows the generic
MSUGRA model spectrum for comparison with the models
with non-universal gaugino masses. In frafhg, the large

Il. SPARTICLE MASSES FOR SUGRA MODELS mass gap betweemg, or mz, andmg is apparent. This
mass gap has important consequences for collider experi-

We begin by illustrating the evolution of the magnitude of ments: frequently it is so large that neutralino decays to real

soft SUSY breaking masses versus sl Fig. 2 for the . . )
four model choicesa) Fo~1, (b) Fq~ 24, (C) Fo~ 75, and Z bosons are often allowed. Signatures involving réa

(d) F~200 We takem,=100 GeV, Mg=125 GeV, A, could be a distinctive siggature for models leading to large

=0, tanB=5, and »>0. Throughout this paper, we take Mass gaps betweefy andZ;.

m,=175 GeV. For theF 4~ 75 case in framéc), there is almost no mass
The gaugino masses are denoted by dashed lines, whiiap betweemmg, andmg, . For instance, for tai=5, with

Higgs masses are denoted by dotted lines and squark amide other parameters as in the figuneg, —m;_is just 0.5

i/llesptoenRQasses_I?re der&o';ed':_by ;0”2 lines. For the usuglay,. this gap increases slightly with t@n (The smallness
U case illustrated in Fig.(d), the gaugino masses of this mass gap appears to be due to an accidental cancel-

evolve from a common GUT scale value. For thg~24 .00 ot oceurs whenM,/M,=—1.2 but not when

model in frame(b), the splitting in GUT scale gaugino B ; ~ ~
masses shown in Table | leads to a large mass gap betweM's?/Ml_l'z') The mass difference betwees, and Z,

M, and M, at the weak scale, and also a large mass gaf§’0udh larger {-18 GeV for tan3=5) is still considerably
between left and right sfermions. In ca® for Fq~ 75, the smaller thNan in the canoTcaI MSUGRA case. In this case,
large GUT scale splitting of gaugino masses leads to neaf#€cays ofZ, and certainlyW, will lead to very soft visible
gaugino mass degeneracy at the weak scale, and also simiRarticles which will make detection of hard isolated leptons
masses for both squarks and sleptons. Finally, for ¢dse from cascade decays very difficult. In view of the very tiny
with F4~200, the large GUT scale splitting leads to mass difference between the chargino Zndthe reader may
M,,M;<M, at the weak scale. In addition, the large GUT legitimately wonder whether the chargino is sufficently long
scale values oM, and M, cause the weak scale slepton lived as to travel a substantial distance in the detector, thus
masses to evolve to relatively high masses compared to tHeaving a track before decaying. We have checked,
Fs~1 and24 models, so that left sfermions are lighter than

right sfermions; this is in contrast to usual expectations fronT—

models with universal gaugino masses. Tméz mass pa- SRadiative corrections, which have not been included here, could

rameter initially has an upward trajectory, but is ultimately possibly be comparable and need to be included in a more refined
evolved to negative values so that radiative electroweakimulation.
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FIG. 4. A plot of gluino and squark mass contours in tivgvs Mg plane for SUGRA model parametedg=0, tanB=5, andu>0 for
the (@ Fep~1, (b) Fp~24, (c) F4~75, and(d) F4~200 models. The squark mass is averaged over the first generation.

however” that the lifetime of the chargino i©(10" 1! s) so  expected rates for various event topologies as we will see
that this appears not to be the case. later.
For theF 4 ~200model in frame(d), the\7V1-21 mass gap The different boundary condition for gaugino masses
is just a few GeV, whilemy.—ms_ is several tens of GeV. Sometimes has a strong effect on other masses via the RGE.
) 2 1 .

We have checked, however, thgf, =10~ % seconds, so that For instance, for th& 4~ 200 model shown in framt_éd), the
L huge GUT scale value d¥l ;=1250 GeV causes right slep-

It Fiecays rap|~dI¥ W'thC.)Ut an a.ppreuab!y d|sp|aceq vertex. Inton and squark masses to evolve to large values so that in
this case, th&, is mainly a bino, and is the heaviest of all

_ this casamg_>mg>mg . Another significant difference from
the spatrticles. R L

Aside from that alteration of the masses, the weak scaléhe usual MSL_JGRA case i; the large splittings betweeq the
values of the gaugino masses in Table | also imply verynasses pf various _squarks in thi® and 200 cases. Indeed_ it
different mixing patterns for the charginos and neutralinos a$s Sometimes possible to hawe; =mg=myg_, so that glui-
compared to the usual MSUGRA case. In contrast to th&os decay almost exclusively to right handed squarks. This,
MSUGRA case|u| tends to be somewhat smaller thisty, in turn, alters the cascade decay patterns from the usual ex-
and the lighter neutralinos a; are dominantly Higgsino- ~Péctation because the right handed squarks cannot decay into
like in the 75 and 200 cases. This impacts on the decays ofcharginos and neutralinos with domina8tJ(2) compo-
sparticles, e.gZ, and sometimes als&/; production in cas- N€nts. _ _
cade decays tends to be suppressed, while frequently heavier In F|g.04, we show gluino and squark mass contours in the
charginos and neutralinos are produced with large rates. TH8 Vs M3 plane for tan3=5, A,=0, and u>0. The
decay patterns ofv; andZ, are also changed from usual Pricked regions are excluded by theoretical constraints: ei-

MSUGRA expectation. This will reflect itself in changes in ther electroweak symmetry is not broken appropriafely.
the calculated value of? is less than zefp or the lightest

SUSY particle(LSP) is not the lightest neutralino, in contra-

“4Because the mass gap is smaller than 1 GeV, it is not reasonabfiiction with results from searches for stable cosmological
to compute the hadronic decay width of the chargino ussageT, relics. These regions are sensitive to the exact choies, of
which really computes the decal;—qqZ,. Instead it is more The gray shaded regions are excluded by collider search ex-
reasonable to compute exclusive decays into 1,2, etc. pion states periments for SUSY particles, and are mainly formed from
association witfZ,. We are grateful to M. Drees who has provided the LEP2 bound thamg, >85.5 GeV[22,23; the LEP2
us a code to do so. For the {8 5 point discussed in the text, the bound from the non-observation &f plays a smaller role
lifetime using this code agrees with theJeT lifetime to within a  since for taf3=5, m,, is usually not small. The chargino
factor 2. For the decay G, for which the mass gap is20 GeV, bounds used may actually be too stringent for Fhe~75
the decays can, of course, be calculated ussaggeT. and200 models where theng\,l— mz, mass gap is small; for
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these cases, the LEP2 limits will have to be re-analyzed.GUT scale gaugino masseat the Tevatron were investi-
Thegluino and squark mass contours are intended for contjated, and the reach of the Tevatron Main Injector (dtk
parison with the parameter space reach plots that will béntegrated luminosity of 2 fb!) and TeV33 erdintegrated
presented in Sec. Ill of this paper. In Fig. 5, we show thejuminosity of ~25 fb~') were delineated in the parameter
same mass contours for t&s 25. In this case, the param- space of the MSUGRA model. We had investigafcl3)]
eter space is much more restrictive. In particular, for thesgyeral promising discovery channels that included

F »~ 75 model in frame(c), radiative electroweak symmetry

breaking is difficult to achieve for large values of the param-

eteng. This is because in this case the gaugino mabbgs

multi-jet + E+ events(veto hard, isolated leptopgJOL),
events with a single isolated lepton plus jet&; (J10),
events with two opposite sign isolated leptons plus jets

and especiallyM, become quite large, off-setting the top +E; (JO9

guark Yukawa coupling constant which tends to dlr'lv»',’fp2 to
negative values in the renormalization group evolution.

IIl. EVENT SIMULATION AND REACH CALCULATIONS

In several previous studig®-13], a variety of signal
channels for the discovery of MSUGRAwith universal

events with two same sign isolated leptons plus jefs;
(Jss,

events with three isolated leptons plus jet&; (J3L),

events with two isolated leptons E; (no jets, cleap
(COsS,

events with three isolated leptorsi, (with or without

jets (3L).

In these samples, the number of leptonsi@ctly that
indicated, so that these samples are non-overlapping. For

5Since the two lighter neutralinos contain significant Higgsino Tevatron data samples on the order of 0.1 *fpthe JOL

components, anmzz— mz, is at least a few GeV for th&5 model
(tens of GeV for the200 mode), we may expect LEP experiments
might be able to detect signals froeie™ —)’21’22 production. For

signal generally gave the best reach for supersymmetry. It is
the classic signature for detecting gluinos and squarks at had-
ron colliders. For larger data samples typical of those ex-

the 200 case, the non-observation of acollinear leptons or jets fronPected at the MI or TeV33, the clean 3L signal usually

Z, decay could lead to significant limits on its mass. In T8ease
the analysis will have to be redone sinmgz—mz1 is just a few
GeV, but it is worth keeping in mind that in the MSSM, ALEPH
finds a mass bound of 79 GeV Oy, that is derived by combining
chargino and neutralino searches, assuming a mass=gaiseV.
Finally, we note that in th@5 scenario, the branching fraction for
the decayZ,—W;l v is significant; since the daughters \bf, are
likely to be soft,Z,Z, production could result in “monolepton”

yielded the greatest reach except when leptonic decays of
charginos and neutralinos are strongly suppressed — in this
case, as we have already noted, the inclusive trilepdan
signal[15—17 with softer lepton cuts appears to provide the
best strategy.In the present paper, we will extend these
results for models with non-universal GUT scale gaugino
masses.

events at LEP. While it is clear that a dedicated analysis is required

to really exclude the “hatched region” for th200, and especially

5This is not a subset of the J3L sample as there are additional cuts

the 75 cases, we have chosen to show it using the same criteria ifil6] to veto lepton pairs fronW, Z, and (virtual) photons on this

all four cases.

sample.
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X XXX XXXXXXXJ
3 150 DDDDDDEDDDD““XHE 150 B x D ek meeemm ] u>0 for the (a) Fo~1, (b) Fp~24, (0) Fyp
% DOD00000 X ~75, and(d) F4~200 models.
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We have found that the second model described abovgyw, wz, and ZZ production and QCOmainly from bb

\+Vith F¢~24r1]_can give_ T]S.elzt% SUsY _elz_vents at thﬁ? Fe_rm”?bandczproductior). Each background subprocess was gener-
evatron'w ICh are rich I bosons. O.EXtrf‘Ctt IS SIgnal, ated with the hard scattering subprocess final state particles
we require identification of a leptonic Z” boson (Z pr bins of 25-50 GeV, 50100 GeV, 100-200 GeV

+a- +, - ;
—e’e” oru u”) plus jets pluskr (J2). 200-400 GeV, and 400—600 GeV. The numerical back-
To model the experimental conditions at the Tevatron, Weground values we use are listed in Fig. 2 of &l and in

use the toy calorimeter_simulation paCk‘_’g@PLT' W_e simu- Table Il of Ref.[16] (for the 3L channe| and will not be
late calorimetry covering—4<n<4 with cell size Ay repeated here.
XAd’:O'lXIO'QSU' V\ée takié%e hadoro/t/(lglectromagneg)c For the new JZ event channel, we require two opposite
energy resolution to be 70 ) (15%/VE). Qet_s are de- sign same flavor isolated leptons ¢r «) with m(11') within
fined as hadronic clusters with;>15 GeV within a cone M,+8 GeV.We also requira(jets)=2, S;=0.2, andé

1 J— J— H . Z_ - = 7 = " 1 T
with AR=VA7"+A¢*=0.7. We require tha{ 77J|s3'5' =40 GeV. In this case, the background rate was found to be

Muons and electrons are classified as isolated if they have } — .
pr>5 GeV, |5(1)|<2.5, and the visible activity within a 13.6 fb, mostly coming fromtt, WZ, andZZ production.

cone of R=0.3 about the lepton direction is less than

ma’g(tET.(')M'%fz ?e\b' In ?}“r.a”agys'lf' we gegf'eCt mﬁ't'tp'e IV. TEVATRON REACH RESULTS FOR SUGRA MODELS
scattering errects, non-pnysiCs packgrounds from pnhoton or WITH NON-UNIVERSAL GAUGINO MASSES

jet misidentification, and make no attempt to simulate any
particular detector explicitly. In Figs. 6—21, we show the results of our computation of
We incorporate in our analysis the following trigger con- the SUSY reach of Tevatron collider experiments for models
ditions: (1) one isolated lepton wittpr(1)>15 GeV and with non-universal gaugino masses. For each set of model
E+>15 GeV, (2) E+>35 GeV, (3) two isolated leptons input parameters, and for a given integrated luminosity, we
each withE+>10 GeV andE>10 GeV,(4) one isolated consider a signal to be observable above backgrouffdrif
lepton with Et>10 GeV plus at least one jet pluEr  some value of the cut parametgf for the jetty channels
>15 GeV, (5) at least four jets per event, each willy  other than thédZ channel S>5B, S>0.2B, andS>5 (10)
>15 GeV. Thus, every signal or background event musfor integrated luminosity equal to 0.1 or 2 b (25 fb™ 1),
satisfy at least one of the above conditions. In addition toyhereSis the expected number of signal events &nid the
these basic selection and trigger criteria, we impose variougxpected number of background events. Within our frame-
additional cuts listed in Ref9] for all but the last of these work, the scale of sparticle mass@sd hence their produc-
channels where we use the soft SC2 cuts listed in Table | ofion rates is mainly determined by the parameteng and
Ref.[16]. For the jetty channels, we requig(j1), Ev(j2), M3 (which fixes other gaugino masses at the unification
andE+ all to exceed a cut parametgf which is chosen to  scalg. For this reason, the,— M plane provides a conve-
maximize the reach, while for the clean dilepton channel, weyient way to present our results. The results are somewhat
require rather hard leptons witkr(l;,1,)=(20,15) GeV. |ess sensitive to variation of other parameters. In our analy-
We have generated the following physics backgroundsjs, we fix A;=0 and choosg.>0 (negative values of
processes USINGSAJET. tt production, W+jets, Z+jets,  frequently do not yield the correct symmetry breaking pat-
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[vor]

tern), and illustrate our results for tg=5 and 25. Sampled in frame(a), we find no reach for MSUGRAblack squares
points for which there is an observable signal for integratedvith the current Tevatron data sample beyond the region
luminosity of 0.1 fo ! are denoted by black squares; gray already excluded at LEP2. However, experiments at the Ml
squares denote points where the signal is observable witshould be able to prob#13 values up to 150 GeVnfy
2 fb~1; and white squares, points that can be accessed wittr400 GeV) for lower values ofn,. The TeV33 integrated
25 fb~l. Sampled points not accessible with even 25 b luminosity extends this reach M3=175 GeV, correspond-
of integrated luminosity are denoted with an ing to mg=480 GeV. For theF 5~ 24 model in frame(b),
there is a significant reach alrrent Tevatron experiments
beyond the reach of LEP2. This is due mainly to the in-
A. Reach via the JOL channel creased values af, andms, relative to their MSUGRA
Figure 6 shows results in tha, vs Mg plane for tar3 counterparts for a given value Mg, so that just beyond the
=5, Ap=0, andu>0. These results are in the JOL channel,LEP2 limit, relatively light values ofng~300 GeV are still
which is the classic signature for supersymmetry at hadromallowed, and can give rise to large JOL signals. The overall
colliders. For the-4~ 1 case with universal gaugino massesreach for SUSY in framgb) extends toMg:175 GeV,

|||||||||||||||||||||||
? a) 1, tanf=5

250_(—x-xxxxxxxxxxxxxxxxx

E c) 75, tanf= 5

250(_—*xxxxxxxxxxxxxxxxx-)H

XX XXXXXXXXXXXXXXXXX XX XXXXXXXXXXXXXXXXX

zoo;kxxxxxxxxxxxxxxxxx 200(_—)(-xxxxxxxxxxxxxxxxx-)H

% Ex x[OJ00x % % % x X X X X X X X X X X X X X X X XXXXXXXXXXXXXX]
8 150§E|:|\:||:|\:||:|x|:||:|xxxxxxxxx 150_(—>(-xxxxxxxxxxxxxxxxx-x—_l
en / DxDDxxxxxxxxxxxxE
= 1000 100 Dxxxxxxxxxx-x;
5 50
0 .
R ETTTTTTTTTT T FIG. 8. The same as Fig. 6, except for the J1L
250 xxxxxxxb)x§§'xt)?r>}€<=x )?-x; 250 _(—x-xxxxxxxd)ngg’xtxagéi x5-x; Slgna|
xxxxxxxxxxxxxxxxxxxz ExxxxxxxxxxxxxxxxxxxE
200 xxxxxxxxxxxxxxxxx»(—_) zoo;exxxxxxxxxxxxxxxxx-x;
% DDDDDxxxxxxxxxxxxE Exxxxxxxxxxxxxxxxxxx;
8 15 DDDDDD""""XX"‘:’ 150(_—*xxxxx><xxxxxxxxxxx-x—_a
Qo x: E 3
= u
100 § 100

0% = T T R ne
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m, (GeV)

[6313]
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25 oo BEIRBESROY g0 e o o B R0, R00BSRE signal.
XXXXXKXKXXXXXXXX] XX XXX XXX XHXXNXXX XXX X]
20 XK XXX X X XX XX X X X X %] 200 X% XXX XXX X XXX X X X X X 3]
% DDxDxxxxxxxxxxxxE xxxxxxxxxxxxxxxxxxx;
8 15 |:||:||:||:||:||:|xxxxxxxx~x—_) 150 XXX KX KK KK XXX KX XX X ]
Cn DDDDXDDxxE xDxxxxxxxxxxxxxxxxxE
= 10 I 100 x.DxxDxxxxx-x;
2 xxxx:

50

200 300 400 500 100 200 300 400 500
m, (GeV) m, (GeV)

[6313]

which is comparable to the MSUGRA case in fratag For  tor, i.e. they give missing energy. Gluino and squark pair

0 . . .
chargino and neutralino production is the dominant SUSYUes 0fMg3, so that there is still a substantial reach for SUSY
mechanism. ForM3=175 GeV, mg, is significantly via the Ml and TeV33. The reach of TeV33 is somewhat

heavier in the24 model relative to the MSUGRA case: the S”}',a”er than in the MSUGR~A case be.cause fgr va~llies of
accessibility of heavier charginos is presumably due to thd13=175 GeV, direct, andZ, production dominategg
larger mass gap between the chargino and the LSP, whicddgd production: e.g. for MSUGRA, W,;W, production
should increase the efficiency for detecting JOL events. Fole@ds to jets- Er events, but for thé¢,~75 model no hard
the F,~ 75 model in frame(c), the limits from LEP2 are jets get produced i'W; decay. Finally, the reach for the
again suppressed compared to the MSUGRA case due fop~200 model is shown in framed). In this model, as in

heavier values af,, for a given value oM$. In this model, the 75 case, relatively light values afiy are accessible to
Tevatron experiments, and there is a significant reach for

Mg, =Mz, so that there is very little visible energy fro,  SyUSY via the JOL signal. The black squares in the lower left
decays, and they behave effectively like Tein the detec-  of the frame come mainly from,t, andgg events where

glllllllllllllllllllllll ||||||||||||||||||||||||
P a) 1, tanf=5 c) 75, tanf= 5
250_H<-><x><xxxxxxxxxxxxxx 250 XXX XK XK XXX XX XK XX
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% OOIOIOIO % % % X X X X X X X X X X X X XX XX X XXXXXXXXXXXXXX
g BEBOOX x X X X X X X X X X X 150
on P 4 b
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100
50
_||||||||||||||||||||||||_ _|||||||||||||||||||||||| FIG. 10 ThesameaSFigGExcepthI’the
L ] E . . . 0,
250 :H(-X X X X X xxb x gi'xtggﬂ;:x >§-x—3: 250 :H(—X X X X X X xdx)x2>99'xtxa£1€=x )? JOS Signal.
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50
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a) 1, tanB=25
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G—bb,, so that the events are rich mjets. The ultimate reach via the MI beyond the bounds from LEP2, but the

reach of TeV33 again extends rw)g: 150 GeV for lowmy, TeV33 upgrade can acce&i@ ve_llues as high as 175 Ge_V
for which m;=400 GeV. for some parameter space points. For Ehg~24 model in

Similar results for the reach of the Tevatron via the JoLframe(b), the Tevatron MI has considerable reach for SUSY
channel are shown in Fig. 7 for t@h 25 (all other param- via the J1L channel beyond the LEP2 bounds. Much of the
eters are the sameThe reach is somewhat diminished from reach at lowerM3 values comes from gluino and squark
the lower targ case for all four models. Nevertheless, we cascade decays %/, which then decays leptonically. The
see that there is significant reach_via the Te\_/atron upgradqgrge mass gap betwedl, andZ, (shown in Fig. 3 results
for supersymmetry in all models via the classic JOL channel;, 5 very energetic lepton which has a high probability for
detection. TeV33 can access points wikhd=175-200
GeV, corresponding toig~500 GeV. When we next exam-

In Fig. 8 we show the Tevatron reach via the J1L signaline the reach in th& 4~ 75 andF4~200models in frames
for tanB=5. For the MSUGRA case in fram@), there isno  (c) and(d), we see no reach via the MlI, and only a marginal

B. Reach via the J1L channel

a) 1, tanB=5

250 XXX XX XX KX XKXXX XXX
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c) 75, tanf= 5
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= ’
] s | | I | R FIG. 12. The same as Fig. 6, except for the
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reach via TeV33. Much of the signal presumably comesr,~200 model, where there is some reach for the MI be-
from cascade decays i, for which the branching fraction yond the LEP2 bounds. In this case, some of the J1L events

is substantial—th&; can then decay into real vector bosons come from cascade decays involviAg which can decay via
to give the leptonic signal. In these cases, the small mass gafy— W, W, and a hard lepton results from th¢ decay.

betweenW, andZ;, yields low energy leptons with a poor

probability to pass cuts in the J1L channel, and furthermore, C. Reach via the JOS channel
cascade decays to these states tend to be somewhat sup-The Tevatron reach via the JOS channel is illustrated in
pressed. Figs. 10 and 11. For the MSUGRA case in frafagof Fig.

For the tanB=25 case in Fig. 9, in almost all the models, 10, there is some reach by the MI and TeV33 for low values
the reach via the J1L Slgnal is diminished with respect to thQ)f mg where S|ept0ns become re|at|ve|y ||ght and chargmos
lower tanB cases. Again, this is generally because at highand neutralinos can directly decay to sleptons and sneutrinos.
tangB, decays tdb’s and 7's are enhanced relative to decays The isolated dileptons come from a variety of cascade decay
into e’'s andu’s, making SUSY detection via leptonic modes mechanisms involving charginos, neutralinos, sleptons and
in general more difficult. The exception here occurs with thesneutrinos. For thé4~24 model in frame(b), there is a

?Illllllllllllllllllllll _||||||||||||||||||||||||
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significant reach by Tevatron experiments beyond the LEPRaps not surprising if indeed the dec&s—WW, are the
bounds even with the current data sample, and the reag in source of J1L events, since g is mostly invisible;
expands considerably for the Ml and TeV33. The opposit ¢ any JOS event is doubly suppressed by the branching
sign (O9) dileptons again come from a variety of cascadefaction of the cascade decay of gluino or squark into a lep-
decay mechanisms which include contributions from heaviefgn \We see a similar pattern for the {8 25 case shown in
charginos and neutralind®, andZs. In theF4~75and200  Fig. 11, except also that the reach in the MSUGRA and
models, there is1i0 reachbeyond the LEP2 bounds for any Fg~24 models is diminished due to the enhancement of
Tevatron luminosity upgrade in this channel. This is, per-decays tor-leptons and-quarks.

T T 1300 F T T |

FIG. 16. The same as Fig. 6, except for the 3L
signal. The stars denote the poifpseviously de-
noted by gray squargsvhere the signal is acces-
sible at the MI.

095005-12



REACH OF FERMILAB TEVATRON UPGRADES F@& . .. PHYSICAL REVIEW D 61 095005

FIG. 17. The same as Fig. 16, except for
tanB=25.

D. Reach via the JSS channel tion is suppressed relative to direct chargino, neutralino and

The reach for SUSY in the JSS channel arises from th&l€pton pair production. For thEq~24 model, however,
distinctive same-sign dilepton signal from cascade decays dighter values ofmg are allowed beyond the LEP2 exclusion

the'g to W,, where because of the Majorana nature of the'egion, and furthermore, the largh/;-Z; d~eca3~/ gap gives
gluino there is equal likelihood for same-sign and oppositerise to a relatively high probability to detegt—W,;—1 cas-

sign dilepton events. In the MSUGRA model in Fig.(d2 cade decay leptons. Consequently, we see a significant reach
there is only a tiny region that can be probed at the Tevatroim the JSS channel in frami). Nonetheless, the reach is

in this channel mainly because the LEP2 bounds fange somewhat smaller than in the JOS channel, which also re-
andmyg to such high values that their production cross sec<ceives significant contributions from leptonic decays of neu-
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tralinos. In theF 4~ 75 and 200 models, there appears to be E. Reach via the J3L channel

no signal in the JSS channel beyond the LEP2 region for In Fig. 14, we show the reach of Tevatron experiments in
much the same reasons that we just discussed for the JQBe J3L channel. There is a significant reach by the Tevatron
case. Broadly similar results hold for the t@r 25 case il- Ml and TeV33 for MSUGRA formy=150 GeV extending
lustrated in Fig. 13, where we see the usual reduction in thell the way to M$=225 GeV, corresponding tamg

region where there is an observable signal in the MSUGRA=600 GeV, as shown in fram@). The MSUGRA J3L sig-
and in theF ¢~ 24 models. nal dominantly comes from direct chargino, neutralino, slep-

ton and sneutrino production and decays. In thg~24
model, there is a significant reach in the J3L channel even

300 T T J300 F T R

250 [+OO OO+ « » o 20 &7 oo W0 L I R T et PO

BOODOD « O+ « ¢+ + s ¢ ¢ + o « s+ + 4

FIG. 20. The same as Fig. 6, except the reach
is plotted for SUGRA models viany of the sig-
] nals considered in this paper. Again the stars de-
d) 200, tanp=5 note points(previously denoted by squajeac-
""""""""""" cessible at the MI upgrade.
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FIG. 21. The same as Fig. 20, except for
tanB=25.
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for large values ofmg since my can be as light as channel is shown in Fig. 16 for t@8=5. The stars denote
=230 GeV just beyond the LEP2 bound. For the largesthe regions where there is an observable signal at the MI. For
values of M$ where there is an observable signal in thethe MSUGRA model, the reach of the MI extends Ntf)
MSUGRA and24 cases, sparticle production is dominated —200 Gev, while the TeV33 reach extends tild
by chargino and ngutiallno prod.uctlor.n a_nd the s?gnal domi-_ 250 GeV, corresponding ton;=650 GeV. The well
nantly comes fromW,;Z, production with jets coming from known gap in the reach ah,=200-400 GeV due to de-
QCD radiation. Because we only require leptons to havesryctive interference in neutralino leptonic decays is clearly
E+(1)=10 GeV, we expect that the efficiency increases by gsible. There is substantial reach for SUSY in fhg~ 24
relatively small amount despite the increaseriy —mz, in model both at the Ml and TeV33. The reach\t§ at low mj
going from the MSUGRA to th@4 case(in contrast to the is, however, diminished relative to the MSUGRA model.
case of the JOL signal where the increase in efficiency mighThis is because the large mass gap between and mz,
be substantlial As a result the t3oundary of the TeV33 region allows the spoiler decay mod&,— 27, andZ,—hZ, to
occurs for similar values ofig_ ~170-180 GeV. For the 0 . .

1 turn on at lower values dfl. It is, however, interesting to

Fo~75and200models, there is again hardly any reach forgee that there is an observable signal beyond the LEP
SUSY in the J3L channel. For the large f&r 25 case illus-  yongs, forall values ofm, scanned in the figure. For the
trated in Fig. 15, the reach for all models in the J3L channek(bN?S and 200 models, there is no reach for SUSY in the
is diminished due to enhanced decays to 3rd generation pag; channel, which underscores the model dependence of the
ticles, but for the24 case, there is still a significant region ,,ch touted 3L signal. It may be of interest to examine
beyond the current LEP reach that can be probed at TevatrQfjether the use of softer cuis5] on the leptons affects this
upgrades. conclusion.
In the large taB=25 case of Fig. 17, the MSUGRA
F. Reach via the 3L channel reach is diminished at lown, due to enhanced decays o
The clean trilepton signal which often comes from leptons. There remains a significant reach for SUSY in the
\7V122—>3I +E; has frequently been considered the most3L channel for the- 4~ 24 model at large tap because the

promising signal via which to search for SUSY at luminosity large mass gap between;  and mz allows Z, decays to
upgrades of the Tevatron. These analyses have mainly beesal selectrons and smuons to compete with decays to staus.
performed within the MSUGRA model. But even in this  We have also checked the reach via the COS channel.
case, it has been known for some time that there are pararivhile there are parameter regions where this could provide
eter space regions where there is no observable signal in thi®nfirmation of a signal in other channels, the COS topology
channel because chargino and neutralino decays to lepto®es not appear to increase the reach beyond what is observ-
may be suppressed. Our computation of the reach in this 3hble via other channels.
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G. Reach via the JZ channel future experiments have been carried out within the frame-
It is possible to produce rea bosons in SUSY particle WOrk of the MSUGRA model, or within the MSSM frame-

cascade decay events. Events with an identifiboson plus WOk with  some ad hoc assumptions motivated by
E. are interesting because standard model backgrounds }4SUGRA about scalar and gaugino masses. Since SUSY

h inl ¢ b . duction cross sections, after experimental cuts, are expected to be
these mainly come from vector boson pair productiontor  genitive to sparticle mass and mixing pattefwhich are

production where the leptons from the decays of the t0Pgetermined by the presently unknown dynamics of SUSY
accidentally reconstruct thz mass, and hence, are small. praaking, it is worthwhile to examine just how much the

Prospects for observing just this signal at the Tevatron colsysy reach of future facilities changes in alternative sce-
lider were examined long ago in the context of the MSSMnarios.
framework [24]. In this study, the focus was on relatively  These considerations motivated us to examine SUSY sig-
small values ofu and ny, so that all the charginos and nals at Tevatron upgrades in the supergragitf(5) model
neutralinos were accessible via the production and subs¢8] with non-universal gaugino masses at the GUT scale. For
guent decays of gluinos. simplicity, other parameters were considered to unify as in
Although JZ events are possible within the MSUGRA the MSUGRA model. Such a scenario can be realized if
framework, they typically occur at very low rates, at least forthere is a superfieldp that is charged undesU(5) and
sparticle masses accessible at the Tevatron. To understandhose auxiliary component develops a VEV that breaks the
this, we first recall that becau$g|>M,, M, asis typical GUT gauge group down to the standard model gauge group.
in MSUGRA, the lighter neutralinos and the lighter chargino The resulting GUT scale gaugino masses are determined by
are mainly gaugino-like, while the heavier ones arethe trans_formation properties df, which can transform as
Higgsino-like. But since theZ boson couples only to the 1 (this corresponds to MSUGRAR4, 75 or the 200
Higgsino pairs or charged gaugino pairs, it is clear that thélimensional representation 8fU(5). Theresulting gaugino
widths for the decay@,,—7,Z or Wy—W,Z are sup- mass ratios at the GUT scale along with their renormalized
SCaySLg 4 £1,0 | 2 1 P~ values at the weak scaleelevant for phenomenologyare
pressed by gaugino-Higgsino mixing angles.

. . shown in Table I. The phenomenology is altered not only
Our results for the observability of SUSY events in the JZ . : .
channel are shown in Fig. 18 for @5, and in Fig. 19 for because of the differences in these weak scale gaugino

tanB=25. Indeed we see from Fig. &8 that there isno masses, but also because the difference in the boundary con-

. . iti i I h lizati
reachat either the Tevatron Ml or TeV33 for MSUGRA in dition on gaugino masses alters the renormalization group

; evolution of other parameters as well.
the JZ channel. However, for thee~24 model, in frame Our main result is the reach of Tevatron Main Injector

(b) [[~M;, and theZ; can be light enough that it can be and its possible TeV33 luminosity upgrade for the cases
directly prOduced in collider events, while its decay branCh'\NhereCI) be|ongs to any one of these irreducible representa_
ing fraction toZ is substantial:~10-50%. Also, the large tions. We have examined this reach for various event topolo-
Z,—Z; mass gap allows the decady—ZZ; to occur(via  gies. The results of our calculation are shown in Figs. 6—19.

the subdominant Higgsino component Bf) in much of The cumulative reach for SUSY, i.e. the region of tg
parameter space. We see in Fig(d&hat while this signal — Mg plane where there should be an observable signal in at
might be detectable at the MI for a limited range of param-least one of the channels, is shown in Figs. 20 and 21. The
eters, the reach of TeV33 in this channel is indeed substarprecise reach is model-dependent. In Figlag0the reach in
tial, covering much of parameter space below3 the MSUGRA model is built entirely out of the reach in the
=150 GeV. Meanwhile, for thé4~75 and 200 models, JOL and 3L channels. For some of the points examined, there
there is again no reach for SUSY in the JZ channel—thénay be observable signals in other channels as well. The
branching fractions for cascade decays to heavier neutralindgach of the Tevatron for thE~24 model is built out of
and charginos tend to be small in these cases. the JOL, J1L and JZ channels, i.e., for a few points the SUSY
For the tan3= 25 case in Fig. 19, there is again no reachsignal appears to be observable only via the JZ channel, and
for SUSY in the MSUGRA model or th&4~75and200  Nnot in the more standard JOL and 3L channels. In addition,
models. In theF ¢~ 24 model, there is a significant Tevatron over much of the observable parameter space, signals should
reach in the JZ channel, but only for TeV33 type integratecfSO be detectable in many different leptonic channels. The
luminosities. Since the JZ signal occurs at an observabl@dditional signals should help in constraining the underlying
level only in rather special models, the observation of such &hodel. In contrast, the reach in tfi6 and200models shown
signal in tandem with more conventional SUSY signalsin Fig. 20c) and (d), the cumulative reach plot coincides
would be especially interesting since it could stringently re-with the reach plot for the JOL channétig. ). In fact, the

strict the underlying framework. leptonic signals for SUSY will be observable for only ex-
tremely restricted regions of model parameters. This under-
V. SUMMARY AND CONCLUDING REMARKS scores the importance of the JOL channel in that it is rela-

tively model independent, at least so long as the LSP is a

The search for SUSY has become a standard item on afitable neutralino which escapes detection: experimentalists
high energy physics experiments searching for physics beshould scrutinize this channel closely even if no leptonic

yond the standard model. For the most part, the analyses &USY signals can be seen. We should also mention that in
current experiments as well as projections of capabilities obur analysis, we have not attempted to really optimize the
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reach in this channel. By judiciously choosing the cuts, itp.z+ E+ signal in the24 model that are unobservable in the
may be possible to increase the reach somewhat beyond whgisygra picture. On the other hand, in t and 200
appears in the figure. o ~models a signal might be observable only in the canonical
For the tanB=25 case shown in Fig. 21, the cumulative mtijet + £, channel. This is in contrast ®-parity violat-
reach for MSUGRA shown in frame) is again defined by ing models[25] where there might be observable signals
just the JOL and 3L ch_annels but is somewhat reduced relqjmyin the multilepton channel, but no signal in the usBal
tive to the corresponding low tg case. The reach for the channel. We thus conclude that while it might well be pos-
F¢~24 model shown in frameb) is defined by just the JOL = sjple to discover a signal for new physics at the Tevatron, its
and JZ channels, which underscores the importance of aRterpretation will have to be done with care. What we do not
independent search for SUSY in the JZ channel. The reach isee 'in addition of course to what we do see, may play an
only slightly diminished from the tai=5 case. The Teva- jmportant role in unravelling the nature of the new physics.
tron SUSY reach for thé~75 and 200 models for targ Note addedIn the analysis of inclusive trilepton events
=25 is again defined solely by the JOL channel; very few Ofreported here, we have included backgrounds fify*
these parameter space points are accessible in any othghdw* z* production that were ignored in the first version

channel. Thus, a SUSY discovery with a signal only in theof this paper, but have recently been shown to be the main
JOL channel may indicate non-universal gaugino massegoyrce of SM backgroundd7,16,15.

which act to suppress leptonic signals originating from
SUSY particle cascade decays.

In summary, we have examined the SUSY reach of lumi-
nosity upgrades of the Tevatron in non-minimal SUGRA
type models where gaugino masses are not unified at some This research was supported in part by the U. S. Depart-
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