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In supersymmetric models with gauge-mediated supersymmetry breaking, charged sleptons are the next
lightest supersymmetric particles and decay outside the detector for large regions of parameter space. In such
scenarios, supersymmetry may be discovered by searches for a number of novel signals, including highly
ionizing tracks from long-lived slow charged particles and excesses of multi-lepton signals. We consider this
scenario in detail and find that the currently available Fermilab Tevatron data probe regions of parameter space
beyond the kinematic reach of CERN LEP II. Future Tevatron runs with integrated luminosities of 2, 10, and
30 fb? probe right-handed slepton masses of 110, 180, and 230 GeWsand masses of 310, 370, and 420
GeV, respectively, greatly extending current search limits.
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PACS numbgs): 12.60.Jv, 11.30.Pb, 14.60.Hi, 14.80.Ly

I. INTRODUCTION itino is therefore the lightest supersymmetric particlehich
has a number of important implications for collider phenom-
Supersymmetry(SUSY) provides an interesting frame- enology. First, the lightest standard model superpartner is
work for stabilizing the electroweak scale against radiativenow the next lightest supersymmetric parti¢dLSP) and
corrections. A realistic realization of this idea is the minimal eventually decays into its standard model partner and the
supersymmetric standard mod@SSM), the model with  gravitino. The NLSP may then be charged or colored, as
minimal field content in which all the standard model par-astrophysical and other constraints on such particles are
ticles have their superpartners. In the MSSM, however, théhereby evaded. Second, the NLSP may be stable or unstable
mechanism for SUSY breaking is not specified, but is simplyin collider experiments, depending &gg. If Fpgg is high
parametrized by introducing a large number of soft SUSYenough, decays to the gravitino are suppressed, and the
breaking parameters by hand. The MSSM is therefore bestiLSP decays outside the detector.
viewed as the low energy effective theory of some more The possible collider phenomena in gauge-mediated mod-
fundamental theory, which must give a phenomenologicallyels are largely determined by the character of the NLSP.
viable explanation of the origin of SUSY breaking. Typically, in these models the NLSP is either the lightest
Models with gauge-mediated SUSY breakiiiy2] are  neutralino or the stau mass eigensfaje’ As this particle
candidates for such a theory, and provide an appealing wamay be either long- or short-livetthere are four broad pos-
to generate SUSY breaking soft terms in the MSSM La-sibilities. If the NLSP is a long-lived neutralino, the SUSY
grangian. In these models, SUSY breaking originates in &ignatures are the conventiori®} signals and are identical
dynamical SUSY breaking sector and is then mediated vigo those present in gravity-mediated models wifparity
gauge interactions to the MSSM sector. The SUSY breakingonservation. If the NLSP is a short-lived neutralino, super-
mechanism does not distinguish between flavors, and so, iparticle production typically results in hard photons, a signal
the MSSM sector, all scalars with identical gauge quantunthat has also been studied in great d€taj#]. On the other
numbers have the same SUSY breaking m@asshe scale hand, the NLSP could be the stau. In the case of a short-lived
where the SUSY breaking fields are integrated).olihus, stau NLSP, there are a number of interesting new signatures,
the universality of squark and slepton masses at some scathich have been studied in Ref&,6].
is guaranteed, and serious SUSY flavor-changing neutral Here, we explore the remaining possible scenario, in
current(FCNC) problems can be evaded. which the NLSP is a long-lived stau. This scenario is in fact
To preserve the natural suppression of FCNCs in gaugeealized in large portions of the parameter space: as we will
mediated SUSY breaking models, it is essential that no large
intergenerational scalar mixing terms be introduced by su-—
perg_ravity contributions. In the absence of assu_mptions CON-1y6 assume that there are no other exotic light particles.
cerning the flavor structure of such supergravity contribu- 2, e [atter case, the role of the NLSP may be shared by the
tions, these mixing terms are expected to be of order thgenionsz, and 7y if they are sufficiently degenerate with
gravitino massng,~Fpsg/Mp, WhereFlDléB is the scale of  3Throughout this paper, “long-lived” and “short-lived” refer to
dynamical supersymmetry breaking, akth is the Planck particles that typically decay outside and inside collider experi-
mass. FCNC constraints then requimg,<my,. The grav- ments, respectively.
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discuss in Sec. Il, the stau is often the NLSP in models withl. GAUGE-MEDIATED MODELS AND THE LONG-LIVED
non-minimal messenger sectors, and it is stable Fgé; STAU NLSP

=10" GeV, as is also the case in many models, including, The probes discussed in the following sections have rel-
for example, the gauge mediation models of Ref. Inthis  eyance for many models, both supersymmetric and non-
scenario, the familiaEy and hard photon signals are absent.sypersymmetric, with charged particles that are stable within
However, SUSY may manifest itself at colliders through athe detector, and thus they have wide applicability. Even
number of spectacular new phenomena. For example, staugithin the framework of SUSY, such particles are possible in
as massive charged particles, may be slow and appear asvariety of settings. However, among SUSY scenarios with
highly ionizing tracks[7,4,6,9. If, on the other hand, the long-lived charged particles, by far the most natural are mod-
staus are quite relativistic, they cannot be distinguished fronels with gauge-mediated SUSY breaking, where the NLSP
muons, and we may have excesses of dimuon or multi-leptomay be charged and decays to the gravitino with macro-
events as a result of superparticle production. scopic decay lengths for a large range of paramétbrshis

In this paper, we present a detailed discussion of the prossection, we will discuss these gauge-mediated SUSY break-
pects for SUSY discovery in this scenario, and estimate thé'g scenarios, and determine what parameter ranges lead to
discovery reach for a variety of signatures. At present, théhe long-lived charged particle scenario.
most stringent bound on these scenarios comes from !N the general framework of gauge mediation, any of the
searches for stable charged particles at the CER&™ col- MSSM superpartners could in principle be the NLSP and
lider LEP[9]. Such searches, using combined data from run§table_ in collider detectors. _For con_creteness,_ and to obtain
with center of mass energies up {8=172 GeV, yield the quantitative results, we will specify a particular, well-

limit m=_>75 GeV[10], where no degeneracy between gen_rr_1ot|vated model. In this section, we b_nefly review th_|s
LR ) i .~ simple and calculable model, which we will use to determine
erations is assumed. In this study, we begin by considering, . promise of various charged NLSP signatures. In doing

possible probes from Tevatron Run | data W't_mlg so, we define our conventions and notation, and introduce the
=1.8 TeV and an integrated luminosity &f=110 pb".  parameters that will play a central role in the following dis-
Working within a specific, well-motivated model, we find cyssions. Further details of this model may be found in Refs.
that these currently available data probe regions of parametej 1 1),

space beyond the current LEP bound and even beyond the | the class of gauge mediation models we consider, there
final LEP Il kinematic limit. We then consider possible im- 5.e three sectors: the dynamical SUSY breakib§B) sec-
provements at Tevatron Run Il and the possible TeV33 upor, the messenger sector, and the MSSM sector. In the first,
grade. As a number of signals are essentially backgroundne F component of some chiral superfield condenses, gen-
free, the prospects for improvement are especially bright. Foérating a vacuum expectation valliggg# 0. Fpss deter-

30 fb !, we find that SUSY may be discovered for right-

handed slepton masses of 110, 180, and 230 GeW\itb

masses of 310, 370, and 420 GeV, respectively. While exact Mgj= ,
discovery reaches must await detailed experimental analyses V3M,
beyond the scope of this study, these results indicate that the

prospects for such searches are promising, as future Tevatréfhere M, =Mp/\87=2.4x10'"® GeV is the reduced
runs will extend current search boundaries far into range&lanck mass, and the strength of its interactions through, for

I:DSB

@

typically expected for superpartner masses. example,
The organization of this paper is as follows. In Sec. Il, we 5
briefly review the framework of gauge-mediated supersym- m 5
metric models. We describe a particular, well-motivated Cint:?SB JrrTR+H.C., 2

model that displays many of the generic features of gauge
mediation models, and which we will use throughout the rest
of the paper. In the subsequent sections, we explore thre

new signatures for long-lived staus. For each, we first esti- . . L .
mate the discovery reach in terms of physical slepton and This dynamical SUSY breaking is mediated by two-loop

gaugino masses. In Sec. lll, we discuss the possibility 0Fffects to the messenger sector, which contains a singlet field

detecting the highly ionizing tracks of heavy charged NLSPsS and, we will assumeNs pairs of vector-like5+5 repre-

In Sec. IV, we consider a possible excess of dimuon-likesentations of SU), that is,Ns vector-like representations of
events due to the pair production®f. The dimuon excess SU(2). doublets andNs vector-like representations of

is a relatively weak probe at the Tevatron; we discuss also its

prospects at the CERN Large Hadron CollideHC). We

then discuss the multi-lepton signal in Sec. V. Finally, in 4 ong-lived charged particles are also possible in gravity-
Sec. VI we summarize all of these results by studying andnediated models if the decays of a charged superparticle, such as a
comparing the discovery reaches of the various signals in th@nargino or charged slepton, are, for example, highly phase space
context of the model we consider and its fundamental paramsuppressed, or are possible only through srRafarity violating

eter space. We present our conclusions in Sec. VII. couplings.

here ¢ is the longitudinal component of the gravitino, the
oldstino.
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SU(3)c triplets, where S(2), and SU3)¢ are the standard def!ning the sign ofu. Thus, the simple model we have
model gauge group$Such a messenger field content pre-defined has 4 1 free parameters:

serves gauge coupling unification. Vector-like representa-

tions 10+ 10 of SU(5) may also be present, and each is Ns,M,A tan B,sgr(u). (6)
equivalent to 3 vector-liké+5 representations for the fol- ) . o

lowing discussior]. The scalar and auxiliary components of In this model with the radiative electroweak symmetry
the singlet field then get vacuum expectation vak@sand breaking condition, the mass eigenvalues and mixing param-
Fs, respectively, which generate SUSY breaking masses iapters for all superparticles are determined once we fix these

the Ng vector-like fields. We denote the scale of theseParameters. L
masses, the messenger scaleMby While the determination of SUSY parameters at the elec-

Finally, once the messenger fields are integrated out at trlgoweak scale requires detailed calculation, it is useful to

scaleM, soft SUSY breaking masses for the superparticle iscuss the qualitative features of the superparticle spectrum.
in the MSSM sector are generated. Letting

In the model described above, usuglly>M 4 ,M,. Further-
more, as can be seen in Hg), gaugino masses are propor-
E tional to the corresponding gauge coupling constants, and

5" (3)  henceM;<M,. As a result,y3~B with massm,o~Mj,
and x5~W? and y; =~W* with massesm,o,m,=~M. In
and assuming\ <M, we find that one-loop diagrams induce the scalar sector, sfermion masses are primarily proportional

A

gaugino masses to the relevant gauge coupling constants. Therefore, squarks
are typically much heavier than sleptons, and right-handed

g7(M) sleptons, which have only @)y, quantum numbers, are the

Mi(M)=NsAci =7, (4 lightest sfermions. The sleptoBg andZ are almost degen-

erate, as Yukawa coupling effects are negligibly small. On
the contrary, the tau Yukawa coupling may significantly
lower the lighter stau mass through both RG evolution and
left-right mixing. These effects are enhanced for largegan
The lightest scalar is thus the lighter sfay, which is pre-
dominantly7g.

We are interested in the case Whene1< myo and7, is

the NLSP. This relation is most strongly and obviously de-
pendent orN5. As one can see in Eq$4) and (5), at the
Here,Cf1= $Y2 with Y= Q- T, being the usual hypercharge, messenger scalél;=Ns, while MjxNg; thus, largeNg
and Cif:O for gauge singletss for SU(2), doublets, and reducesmllmxg. There is also an important dependence on

for SU(3)c triplets. Finally, trilinear scalar couplingsA( M, as RG evolution increases right-handed slepton masses
termg are also induced, but are highly suppressed, as theje|ative to gaugino masses, and so large valuég afcrease
are generated at two loops, but have dimensions of mass, ngt: /m,0. As noted above, large values of tgnlecreasen;

1 1 1

mass squared. They may b_e_ taken to \_/anlsh at the btale and so reducer; /m,o. Finally, the rationr; /m. o is inde-
Once the boundary conditions are given at the messenger 1X X

scaleM, SUSY breaking parameters at the electroweak scal@endent of A and sgnf) to the extent that the relation
can be obtained by renormalization gro(RG) evolution® Nz, /m,0~M7 /M, is valid, whereM~_andM, are the soft

In particular, the Higgs boson mass squared can be driveBUSY breaking parameters.

negative by the large top quark Yukawa coupling constant, In Fig. 1, we show contours ofM;R(MMSSM)

and hence break electroweak symmetry. In our analysis, We M, (Myssy) in the (M,Ns) plane for various ta and

do not specify the mechanism by which the supersymmetrigy . —1 TeV. (See also Ref[14].) The shaded region is
Higgs boson masa and SUSY breaking Higgs mixing mass excluded by the requirement that the gauge coupling con-
m3 are generated. Several attempts to explain the origin oftants remain perturbative up to the grand unified theory
these parameters may be found in the literaf@@2). Here  (GUT) scale Myr=2.0x 10'® GeV under two-loop RG
we regard them as free parameters. We then fix one combgolution. It is important to note thadl; andM; are only

nation of them by demanding the correct value of the Fermi
constant using the tree-level Higgs potential. The remaining———
freedom may be specified by choosing f@arthe ratio of the 6 ) _ "
vacuum expectation values of the two neutral Higgs scalars, | @ll the couplings in the model ar&(1), (S) and Fs” (and

. . henceM and A) are of the same order. However, in general, there
n nk), where we follow th nventions of R in . Lo R
and sgng). ere we follow the conventions of R¢1.3] may be a hierarchy between them. For example, if the coupling

constant for thes® term in the superpotential is small, and all other
couplings in the superpotential af¥1), (S) is enhanced relative to
SThroughout this study, we use one-loop renormalization grougFs, resulting inA <M [2]. Thus, in our analysis, we trelt andA
(RG) equations unless otherwise noted. as independent parameters.

wherei=1,2,3 for the Ul)y, SU?2),_, and SU3)c groups,
c,=2, andc,=c3=1. Two-loop diagrams induce the soft
SUSY breaking sfermion squared masses

2

3 2M
{g.( ) -

2 - 2 f
MF(M)=2NsAZ2, Cfl S
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FIG. 1. Contours ofM;R(MMSSM)le(MMSSM) for Mussm FIG. 3. Contours of the ratio of soft SUSY breaking parameters,

=1 TeV and tarB=3, 10, and 30. In the region above the contours, MTL(Mmssm)/M 2(Myssw, for tanB=3 and Myggy=1TeV. In

71 is the NLSP; in the region below is the NLSP. In the shaded the lower shaded regioM; _(Myssw)>M1(Myssw- In the upper
region, gauge coupling constants become non-perturbative beloghaded region, gauge coupling constants become non-perturbative
the GUT scale under two-loop RG evolution. below the GUT scale.

approximately the physicar, and X‘f masses because of
mixing effects andD-term contributions, and, in particular
the difference betweeM? andnr; may be large for high
tan 8. However, this figure gives a qualitative picture of the
parameter region whefg is the NLSP. For a minimal mes-

senger sector withlg= 1,7, is not the NLSRunless tarB is N
large[4,11]). However, fortNs=2,7; is the NLSP for a wide ~ significant portion of this region, thig andW-ino states are

We fix tanB=3 for these plots. In the stau NLSP region
' allowed by perturbativityM;R/M1>0.6, and for a signifi-

cant portion of this region, the NLSP and are fairly de-

generate. We see also that, in this region, it is almost always
true thatMTL<M2. In addition, MTL/M2>O.7, and for a

range of parameter space. also fairly degenerate. These observations will be of use in
In Figs. 2 and 3, we give contour plots of the soft SUSY the following sections. _ o
breaking parameter ratioM;R/ M, and MTL/MZ, respec- Given the interaction of E¢2), the7; decay width is
tively, where these ratios are at the scMgsgy=1 TeV.
5
10 ! 7 I ) r- = 1 m;l (7)
B T =V
8 | /o5 a
- . and its decay length is
7 0.6 —
. 6 07 - 10 FE2, 147100 GeVj® o
< 5 . N m<(B7) 10’ GeV m, | ®

N

where g is the7; velocity andy=(1— %) Y2 For Fi2s

=10" GeV, the NLSP may be considered stable in detectors,

2 as the likelihood of an NLSP decaying within the detector is

] negligible for Tevatron luminosities and the typical allowed

10" 10° 10° 107 10® 10° 10" 10" 10210 10™ ranges of supersymmetric cross sections. Such values of
M (GeV) Fé’éB are expected in many proposed models. For example,

in typical messenger sector moderé’éB is likely to be

FIG. 2. Contours of the ratio of soft SUSY breaking parametersjarger than~10" GeV if there is no fine-tuning; otherwise,
M7 (Myssm/M1(Myssy), for tang=3 and Myssy=1TeV. In  the SUSY breaking scale in the MSSM sector is so low that
the lower shaded regioM; (Mussy)>M1(Myssy)- In the upper  slepton masses become lighter than the experimental limit
shaded region, gauge coupling constants become non-perturbatil&5]. There are also many other recently proposed models,
below the GUT scale. including those based on direct gauge mediation, that give
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high SUSY breaking scald€4,16.” In a wide variety of T i — EEEREREEEEEEEEE SRS
models, therefore, the stau decays outside the detector, and
we will concentrate on this possibility for the rest of this
study.

10

IIl. HIGHLY IONIZING TRACKS

o (fb)

Long-lived staus are charged, weakly interacting, pen-
etrating particles, and so appear in the tracking and muon
chambers of collider detectors with little associated energy
deposition in calorimeters. They therefore look like muons.
However, since long-lived staus must have mass above 75
GeV [10], their velocity is typically not large if produced at
the Tevatron. Moderately relativistic charged particles lose
energy in matter primarily through ionization. The rate of 10
energy loss;~dE/dx, is determined largely by the particle’s
velocity 8, grows rapidly with decreasing for low 8 [18], mz, (GeV)
and may be measured in tracking chambers. As a result, the
cross section of slow staus may be significant, and highly M
ionizing tracks may be a spectacular signal of such particles™ 1.8 TeV (lower) and 2 TeV(uppey, and 7y~ 7g.

If the stau is the NLSP, all superparticles eventually decay
to staus, and so all superpartner production processes mayd ug pair production, the directly produced slepton may
result in highly ionizing tracks. However, in typical gauge- either be stable within the detector or may decay through
mediated scenarios, superparticle production at the Tevatrafityal B-inos viaTg— |77, if kinematically allowed[8].°
is dominated by only a few processes. First, squarks, HiggsiHowever, in all cases, the signal is a highly ionizing track
nos, and heavy Higgs bosofwhich may decay to superpar- from a long-lived charged slepton with no hadronic activity
ticles) are too heavy to be produced in significant numbersyithin some isolation con®®
Second, left-handed sleptons, though typically much lighter Highly jonizing tracks may be faked by a real muon that
than these particles, are still significantly heavier than rightyyerlaps with another particle track, which enhances the
handed sleptons, and so, in terms of overall rate, the Drelljeasured—dE/dx. The role of the muon may also be
Yan production of left-handed sleptons is negligible relativep|ayed by a hadron that punches through to the muon cham-
to that for right-handed sleptons. The dominant processes affars. However, such backgrounds typically arise when the
therefore right-handed slepton production and gaugino promyon or hadron is part of a jet, and so are drastically reduced
duction. In the following subsections, we discuss these tWey requiring the highly ionizing particle to be isolated from
processes and their potential for SUSY discovery in turn. sjgnificant hadronic activity. The Collider Detector at Fermi-

lab (CDF) has reportedi22] such a search for highly ionizing

A. Slepton production tracks. They require the slow particle track to hauvg
=<0.6 so that it is detected in the highly shielded central
muon upgrade detector. It is also required to haweE/dx
corresponding to 04 By<0.85. The lower limit ensures
9) that the stau reaches the central muon detector. The upper
limit corresponds roughly to the requirement that the track be
. : . . at least twice minimally ionizing. Such cuts are similar to
Cross sections for a single generation of right-handed slepto ose imposed in LEP analyses to eliminate backgrd@hd

production as a function of slepton mass are given in Fig, hey are also expected to reduce the background at the Teva-
for \/s=1.8 TeV andys=2 TeV.2 Here and in the follow- y P 9

ing, we use Martin-Roberts-StirlingdMRS) R1 parton distri-
bution functiong20] and theBASES phase space integration
packagd21]. The cross sections for the different generations °For a rather narrow range of parameters with <m,o<<my_,
are nearly identical for small tg8, since therir;~7g and  decayd r—Irx{ are also possiblEs], but we will not consider this
the three sleptons are highly degenerate. In the caség of scenario here.
19f the Tk decays in the detector with a macroscopic decay length,
one might hope to find evidence fbg production by searching for
"Note, however, that in a class of models without messenger sedeptons with displaced vertices or for kinks in tracks formed E)Q a
tors [17], Fﬁ,’éB can be as small as 401® GeV, and the NLSP and its7; decay product. Unfortunately, the requirement that the
may decay inside the detector. decay be sufficiently far from the interaction point typically re-
8Next-to-leading order effects have been shown recently to enquiresi -7, mass splittings so small that the leptonic decay prod-
hance the tree-level cross sections by 35%—40%, and so im-  ucts are too soft and the kinks are too small to be detected. See, for
prove our discovery reaches slightly. example, Ref[8].

10

-2 ||||||||||||||||||||||||
50 100 150 200 250 300

FIG. 4. Cross sections fopp—y*, Z*—7,7% for s

At the Tevatron, direct right-handed slepton production
takes place through the Drell-Yan processes

pp—y*, Z* =77, E€x€R, MRrilR -
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FIG. 6. Cross sections fopﬁavv*%xfxg (solid line) and
pp— y*, Z*—xi x; (dotted ling, for \/s=1.8 TeV (lower) and 2
TeV (uppe). Chargino and neutralino mixing effects are neglected.

FIG. 5. Cross sections for the production of at least one 3lpw
from pp— y*, Z* —%7 at \s=2 TeV, where we have required
| 7|=<0.6 for the slowr;. Contours correspond t8y=<0.4 (dotted

line), 0.7 (dashed linf; 0.85(solid line), and- (dot-dashed fink responding to 5 or more events for discovery. The resulting

o . reaches for representative Tevatron data samples are
tron to negligible level§22], and are appropriate for future

Tevatron upgrade$23]. We will assume that after all of m;_ =50 GeV (\s=1.8 TeV, L=110 pb'%)

these cuts, the signal is essentially backgroundfree. R
We may now estimate the number of slepton pair events

resulting in highly ionizing tracks. In Fig. 5, we plot the

cross section fof, pair production forys=2 TeV, where 1

we have required at least ofig with |7|<0.6 and 8y =180 GeV (Vs=2TeV, L=10 o)

<0.4, 0.7, 0.85, anc. Results for's=1.8 TeV are similar,

and we omit the corresponding figure. We find that the re- my =230 GeV (Vs=2TeV, L=30 fb1).

guirementBy>0.4 has little effect on the signal. The effi- (10)

ciencies for satisfying the upper bound criteriBry<0.85

are 25%, 44%, and 65% forr; =100, 200, and 300 GeV, We see that the discovery reach of 50 GeV for the currently

respectively. While this degrades the signal substantially2vailable Run | data is not competitive with current LEP

slow stau cross sections on the order of 0.1 fb are still posan@lyses. However, for future Tevatron runs, the discovery

sible at slepton masses of 200 GeV. reach will be competitive with and eventually surpass the
Finally, we determine the discovery reach for long-lived kinematic limit of LEP 1.

charged sleptons. We sum over three generatibrigo . .

crudely simulate the effects of geometric triggering efficien- B. Gaugino production

cies and track quality requirements, we have included an Aside from right-handed slepton production, the other

assumed experimental detection efficiency of 75%. With th%ajor SUSY production mechanisms at the Tevatrod®are
assumption that the cuts described above reduce the back-

ground to negligible levels, we require, for a given luminos- PP—W* —xixs and pp—vy*, Z*—xix; . (11
ity, a cross section after including cuts and efficiencies cor-
where the neutralinos and charginos atkino-like. The
other processes involving gauginqsﬁﬂv\r"ﬂxfxg and
YNote that measurements @fy=|p|/m from —dE/dx and p; PP—Z* — X33 ,, are suppressed by mixing angles in the
from the tracking chambers constraim This may be used to fur- gaugino limit, and we have checked that, throughout param-

ther reduce background, as the signal is peakem-atn; , while eter space, these are not significant relative to those of Eq.
the background is not localized in. (11). The cross sections for the processes of Bd) are

12 the case where sleptofé and Zig decay vialg—lg77,,  diveninFig. 6 for bothy/s=1.8 TeV and 2 TeV, where here
typically AmzmTRf n;, <my_,m;, and thé7, is produced nearly
at rest in thel ; rest frame. In the laboratory frame, thg andTy

mj =110 GeV (Ys=2TeV, L=2fb"?

velocities are therefore similar, and so once slep®&nsr g are BContributions to gaugino production frotrchannel squark dia-
produced with low velocity, they result in a highly ionizing track, grams are highly suppressed by large squark masses in the gauge
irrespective of subsequent decays. mediation framework and are omitted in our analysis.
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and in the rest of this subsection, we neglect neutralino and 10° e BLBLEE
chargino mixings and take them to be puM&ino eigen-
states. For equivalent gaugino and slepton masses, the

gaugino cross sections are much larger, as they are propor- 10" =
tional to SU2) couplings[in contrast to right-handed slepton = 3
production, which is proportional to ) couplings in the 00 B ]

$>M, limit] and are not suppressed by t8& behavior of
scalar production.

As in Sec. lll A, we would like to plot cross sections for
events with slow staus. The decays of gauginos are signifi-
cantly more complicated than those of right-handed sleptons.
Of course, the branching ratios and kinematic distributions of 10"

T IIIII|T|
1 IIII||.L|

5 (fb)

the cascade decays are completely determined once the fun- ?_ _§I
damental model parameters are fixed. However, for the N o N\A
present purposes, as we will show, the cascade decays are O N B A A SRR SV
determined to a large extent by two rather more meaningful 100 200 300 400 500

parameters, namely, the physidAtino andTz masses. In M, (GeV)

this section, we therefore prefer to highlight this dependence FG.7.C ions for sIci duction f harai q
oy adoping 2 consentive simpliing assumpigne im- 15,7, 0% setorslor s poucton o o g
plications of these results for the fundamental parametethree sleptcr))n generations cl:gntof;s c.:o,rrespo 0.4 (:Iotte J
space will be discussed in Sec. VI. . ) ' - :
From Fig. 3, we see that for almost all parameters in thé'm.e)f 0.7 (dashed I|_n¢_ 0.85 (solid fine), and?o (dot-dashel An

. . efficiency of 50% is included for the requirement that the slow

long-lived stau scenario, and for all parameters wign
) . . slepton have 7|<0.6.

=3, mj < M0 M. W-inos therefore decay primarily to
left-handed sleptons, as the other possible two-body decaysherep is the slow slepton’s velocity angl=(1— %) ~*2

0 O 13 H ” 0 O . ~ . .
to Wy3, Zx3, and the “spoiler mode”h"y; are all sup-  The cross section for slolk production is then completely

pressed by mixing angles in the gaugino region. The neutraletermined byM, and .
R

W-ino decay modes are then . ~ . .
Y In Figs. 7-9, we show slowg production cross sections

for three values OfTTfR/MZ and\/s=2 TeV, where we sum
over the three slepton generations and employ the simplify-
ing assumption described abovéAgain, results for s

O /77 TJrr. 0 G 7
o= =1 xa—= 1 rlR,

Xo— v v = v v X — v v IRlR, (12 =1.8TeV are fairly similar, and the corresponding figures
are not presentedTo account for the roughly 2 coverage
and the chargetV-ino decay modes are of the central muon upgrade detector, we have assumegd an

cut efficiency of 50%. From these figures, we see that for
v T~ S, 0 T fixed gaugino mass, the cross sections are maximized for
x1 =V =1 xa—= v glR, largemy , that is, smallBy|est. FOr M,=400 GeV, for ex-
ample, theBy<0.85 efficiency is 62%, 32%, and 7% for

xi—= v T =y 1 X3—=v' 1 1R, (13)
3

10

‘\[III|IIII|IIII|IIII

L

where we have omitted states related by charge conjugation.

From Figs. 2 and 3, we see also that ey andTg-x9 10° L
mass splittings are never more thar20%—30% and are

smaller than this in much of the parameter space allowed by
perturbativity. In the limit that these states are highly degen- 10
erate, there are only two energetic final state particles in the
W-ino rest frame for any of the possible decays: the lepton
from T, or v/ decay and the final state;. We therefore
make the following simplification: in the rest frame of the
parent gaugino, we assume that the only energetic particles 10"

are one lepton and the findk. TheTg velocity in this rest
frame is then fixed by

1 IIII|L|.|

T T

5 (fb)

T T
J"'I/I/I wul

107 ATETEN ENETETETE ENAT AT A
2 100 200 300 400 500
M2—m?
| 2 IR 4 M. (GeV)
By rest ZMzanR ’ ( )

FIG. 8. Same as in Fig. 7, but fcmTR/M2=0.4.
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© i ] ® = E
1 = C ]
B 7 1 =
10" & = g E
10'2 i | | | | o I | I | L1 | ] 101 m
100 200 300 400 500 50 100 150 200 250
M, (GeV) pt (GeV)
FIG. 9. Same as in Fig. 7, but for; ./M,=0.3. FIG. 10. The cross section faf pair production at the Tevatron

after requiringpy>pS" for each stau, as a function @&, We
ny /M2 0.5, 0.4, and 0.3, respectively. This can be undertequire onér; to have| »|<0.6 and the other to havey|<1.0, and

stood as a consequence of the low velocity of the heavve takeys=2 TeV andm; =80, 100, 120, 140, 160, and 180 GeV

W-inos in the laboratory frame, which implies that th@ (solld lines from above The cross section for the backgroupg
velocity in the laboratory frame is mostly determined by its ~# # IS also showr(dotted ling.

velocity in theW-ino rest frame. Note that our simplifying
assumption implies that we have taken the maximal possibl

Val(;JeoOf'BﬂreSt' n r;glons of the pgrameter spacehwhzbgoe/ dimuon events from right-handed slepton pair production.
and x; (andmy_ an mX?) are non-degenerate at the °~  The Drell-Yan production of long-lived, pairs will ap-

30% level, additional leptons can have significant energiespear as an event with essentially no jet activity and two high
This reducesByl.s, and therefore increases the slow par-energy muon-like tracks with ngr. The production of
ticle cross sections. Our approximation is therefore conseright-handed sleptons of the first two generations may also
vative. lead to this signature. F@; and g, there are three possi-
To determine the discovery reach for long-lived sleptonspilities: (1) they may be stable within the detect¢2) they
from gaugino production, we include a 75% experimentaly,y qecay vid ,— |77 to leptons that are so soft that they
efficiency and require 5 or more events for discovery, as ingnnot be clearly identified in the detector,(8) they may
Sec. Il A. The resulting discovery reaches i, for our  gecay to the NLSP and detectable leptons. In the first two
representative set of luminosities are cases, which are applicable when fais small an®g, %g,
and7, are nearly degenerate, the pair production of smuons
and selectrons contributes to the dimuon event sample. We
will assume this to be the case in this section. This assump-
tion is conservative, in the sense that in the third scenagio,
and nr pair production contributes to spectacular multi-
lepton signals, which are virtually background-free. Such
signals will be discussed in the following section.
(15 The backgrounds to dimuon signals with litihg have
been studied in the context of searches at CDF for new neu

where the ranges are for_/M,=0.3-0.5. Because the sig- tral gauge bosons via their decag$—u"u~ [24]. The

dominant background is from genuine muon pair production
nal is background-free, the discovery reaches grow rap|dl¥)_ + 4~ 14 Before cuts, the cross section for this process

with luminosity, and future Tevatron runs substantially ex-: is several orders of maanitude larger than that for slepton

tend our reach in SUSY parameter space. ; : 9 arg P
pair production. However, the signal to background ratio
may be improved by requiring both muon-like tracks to have

yersality. In this section, we discuss the simplest example of
such an excess, namely, an apparent excess in the number of

M,=120-150 GeV (y/s=1.8 TeV, L=110 pb})
M,=220-280 GeV (s=2TeV L=2fb"})
M,=270-340 GeV (ys=2TeV, L=10fb b

M,=310-390 GeV (\s=2TeV, L=30 fb1),

IV. DIMUON-LIKE EVENTS

As discussed in the previous section, a long-lived charged
slepton appears in detectors as a muon. Thus, even if thelof the remaining backgrounds, the largest is cosmic [ay&
velocity of such a slepton is too high to be seen as a highlyrhis cross section is estimated to be less than 1 fb for invariant
ionizing track, slepton production can lead to an excess ofimuon masses above 200 G¢®4], and is negligible relative to
events with muons and an apparent violation of lepton unithe muon pair background if well-understood.
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TABLE I. Statistical significances of deviations in the ratigu™ ©~)/o(e*e™) from contributions of
long-lived charged slepton pair production to dimuon events for integrated lumindsitis10, and 30 fb*
and\/s=2 TeV at the Tevatron. The signal from slepton pair production is summed over the three genera-
tions. The cut parametg$" is chosen to maximize the significance; the optimal values used are shown.

Values ofS/B after cuts are as shown.

m;, 2fht 10 fot 30 fb ! Optimal pS** S/B
80 GeV 1.6r 3.70 6.40 100 GeV 22%
100 GeV 1.0 2.30 4.00 120 GeV 19%
120 GeV 0.% 140 2.60 140 GeV 16%
140 GeV 0.4r 1.00 1.70 160 GeV 13%
160 GeV 0.3 0.60 1.1 180 GeV 11%
180 GeV 0.2r 0.40 0.70 200 GeV 9%

pt greater than some ﬁXQﬂf-Ut. In F|g 10, we p|0t the cross below 50 GeV for Run |, and for future Tevatron upgrades is
sections for right-handed slepton pair and muon pair produc-

tion at the Tevatron with/s=2 TeV as a function op$™. m; =70 GeV (Vs=2TeV, L=2fb" Y

Following Ref.[24], we require that at least one muon sat-
isfy | 7/=<0.6, and the other haJey|<1.0 so that it may

be well-measured in the central tracking chamber. As is evi-
cut

dent in Fig. 10, thepy cut is highly effective forpy
=100 GeV. _ . _ mj_ =110 GeV (Ys=2TeV, L=30 fb}).

To estimate the discovery potential for a dimuon excess, R (16)
we look for an apparent violation of lepton universality in

the ratioo(u* u ™)/ o(e*e™). By considering this ratio in- o .
stead of the absolute " .~ cross section, large systematic We see _that th_|s dlsc_overy mode is clearly less povyerful than
the previous signal discussed in Sec. Ill, and we will see that

uncertainties from luminosity measurements and renormal.-t. | ker than that of the followi i In fact
ization scale dependence in next-to-leading order calcula: IS aiso weaker than that ot the following section. In fact,

tions are removed. The statistical significance of deviation or an _mtegrated Ium|n03|ty di=2fb", it is not possible

in this ratio, in units of the standard deviationis given by ~ ©© achieve a 8 excess, given current bounds from LEP.
S/\/ﬁ whereS is the number of slepton pair even,is I—!owever, this mode may st|II. be. gseful as a sup_plemen;ary
the number of muon pair events, and we have neglected d”s_lgnal. For example, if hlghly ionizing tracks consistent with
ferences ine and u acceptances and systematic errors in? certain charged partlcl_e mass are seen, th_e discovery of
determining these acceptances. For a given slepton mass, wgen @ small but quantitatively consistent dimuon excess

P : cut - could be an interesting confirmation of the supersymmetric
calculate the rci‘tmﬂ 2B as a function opy~, and optimize interpretation of these exotic signatures. Note also that it

the choice op7 " to maximizeS/ y2B. We assume an overall o e nossible to improve the sensitivity of the dimuon
muon tngge_r efficiency of 75%, and sum over the th_re_e slepzhannel by loosening thg cuts, otherwise improving accep-
ton generations fos. In Table I, we show the optimized tance, or by combining data from the two detectors.

mj =90 GeV (Vs=2TeV, L=101fb"

value of §/2B and the optimal ChOigﬁ qﬁgm for varioctf Given the rather weak results for the Tevatron, we con-
values ofnm; and L. The optimalp:™ is typically py sider the possibility of observing a dimuon excess from
~nT.. —Tgl% at the LHC with s=14 TeV. We requirep=<2.2

While many systematic errors are eliminated by considerfor both sleptons, corresponding approximately to the muon
ing the ratioo(u" u")/o(e*e”), systematic uncertainties coverage of both LHC experimen{5], and, as above, as-
in muon and electron triggering and acceptance efficienciesume a 75% experimental detection efficiency and sum over
of course, are not. The relative efficiencies may be deter3 generations. In Table Il we present results for integrated
mined, for example, by isolating leptons frafndecays and luminosities of 10 fb* (1 year, low luminosity, 100 fb* (1
assuming lepton universality. However, if such efficienciesyear, high luminosity, and 600 fb! (corresponding to
are uncertain at or near the level 8B, they will seriously = multi-year runs and/or combined data sets from the two de-
degrade one’s ability to identify an excess of muons. Weectorg. Not surprisingly, the results are much improved. For
have therefore presented valuesSHB for eachm;1 in Table  example, forL=100 fb %, a 30 excess will be discovered
I; typical values are 10%—20%. Relative efficiencies must bdor mj =300 GeV, where we have again assumed that sys-
known to significantly better than these values for a muortematic uncertainties in acceptance are small compared to
excess to be detected. In the following, we will assume thistatistical uncertainties. Of course, at the LHC, a number of
to be the case and that the dominant uncertainty in detectingther signals of gauge-mediated supersymmetry are likely to
a muon excess is statistical. be evident, and even squark and gluino cross sections may be
The discovery reach for as3excess in dimuon events is substantial.
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TABLE Il. Same as in Table I, but for integrated luminosities=10, 100, and 600 fo* and \/s
=14 TeV at the LHC.

., 10 fb? 100 fb ! 600 fb ! Optimal p$™* S/B
100 GeV 8. 260 630 150 GeV 28%
200 GeV 2.4 1.70 19 250 GeV 20%
300 GeV 1. 340 8.30 350 GeV 16%
400 GeV 0.5 1.70 4.10 450 GeV 13%
500 GeV 0.3 0.9 2.30 550 GeV 11%
600 GeV 0.2r 0.50 1.30 650 GeV 9%
V. MULTI-LEPTON SIGNALS handed sleptons can become large for high@am Fig. 11,

If stau NLSPs are misidentified as muons, supersymmet€ Plot the mass splittingm=n,_—nr, =m; —nr, as a
ric particle production can lead to events that appear to havéinction of nt; for fixed Ns=3, M=10> GeV, x>0, and
large numbers of leptons in the final state. Here we focus omarious tang. If tan 8 is small,Am<m_, and all three right-
events with 5 or more isolated leptons and very little had-handed sleptons are stable in the detector. However, for
ronic activity. Assuming that the probability for jets and pho- tan 3=30, for example, mass splittings of 40 GeV or larger
tons to fake leptons is well under control, the backgrounds tare possible, arié; andzir may decay inside the detector to
such events are small, and so even a few signal events mayectrons and muons that are likely to be observable.
constitute a discovery signal. Such multi-lepton states may We now consider the scenario in which right-handed se-
result from either right-handed slepton or gaugino produciectron and smuon pair production leads to final states

tion, and, as in Sec. Ill, we consider these in turn. (eeuu) T77,7,. For high tang and correspondingly large
mass splittingsAm, the resulting electrons and muons, and
A. Slepton production even the leptonic decay products of the tau leptons, are typi-

— : . cally energetic enough to be detected. Demanding that at
For small tan, right-handed slepton pair production |east oner decays leptonically, this leads to signals of either

leads to dimuon events, as analyzed in Sec. IV. However, fo nergetic. isolated leptons and the hadronic d roduct
large tanB, the intergenerational splitting from the tau Energetic, isolated leptons a € hadronic decay products
f a 7 or 6 energetic, isolated leptons with no significant

Yukawa coupling may be substantial, and selectrons anﬁ . L )

.- ; adronic activity. We expect the backgrounds to such signals
smuons may decay (o NLSI.DS and sufficiently energetic le to be extremelyysmall Opn the other hgnd for more modgerate
tons to be detected as multi-lepton events. : '

To understand what values of t@nare required for this values of tang, the leptons are typically softer, and the num-

scenario, let us consider the various contributions to the ins\?rr]ilgfiter\rqzmiem?sgb?er tg Ig\t/)vseerrzlr?é)lri Iﬁﬁ:aonﬁnltsorne?euigg.
tergenerational mass difference. Left-right stau mixing givesener i zificaﬁt backarounds ma thgn enter P
an important contribution, 9y, SI9 9 y '

To obtain an estimate of the possible reach of this mode,

2.2
m>u? tarf B
Amg=——————. 1 2
R 2m;(mg—mg) (7 10 e L —
R R = -
.. - . L - 30 =
In addition, the splitting receives contributions from RG evo- —_— T
lution. Roughly speaking, this effect is proportional to B 20
In(M/Myssym) and the beta function deI%R, and hence may 10 = =
. < 3
be estimated as E C 10 3
11, e
Amge~ z—m.TRmyTO[”tL IN(M/Myssm) | < L 5 =
F 3
4 _3\
. - 2 3
~ 520 Uz—len(M/Mmssm) Amg, (18 i i
-1 1 1 | 1 1 1
wherey . is the 7 Yukawa coupling constant;=246 GeV, 10100 150 200

and in the last line we have assumed largegai mgg may
be sizable compared thm, gz when n;, is large relative to

the electroweak scale. In any case, both contributions reduce F|G. 11. The mass splitingm=ng_—nr; ~m; —nm; as a

nv;, and they are both enhanced when gais large. As a  function of ;. for fixed Ns=3,M=10° GeV, x>0, and the targ
result, mass differences betwe&n and the other right- values shown.

mz, (GeV)
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we assume, for simplicity, that tahis sufficiently large, for M,=190 GeV (\/§=1.8 TeV, L=110 pb'})

example, tarB=30, such that to a good approximation, all

leptonic decay products are energetic enough to be detected. M,=310 GeV (\/5:2 TeV, L=2fb

We take the signal to be 5 or more isolated leptons with no

significant hadronic activity, other than that consistent with M,=370 GeV (\/522 TeV, L=10 fb %)

the hadronic decay products ofraSlepton pair production

then contributes to the signal when at least andecays M,=410 GeV (\s=2TeV, L=30 fb1).

leptonically. With these assumptions, we expect the signal to (20)

be essentially background-free and we therefore require a

discovery signal of 5 events. To roughly incorporate the ef-The multi-lepton signal fronw-ino production is thus one of
fects of detector acceptances, we include an overall experthe most sensitive probes, and probes chargino and neu-
mental efficiency of 50%. From Fig. 4, but for 2 generations,tralino masses far into the ranges typically expected for
we find the following discovery reaches for slepton masses¥V-ino masses.

m; =60 GeV (Ys=1.8 TeV, L=110 pb™) VI. COMPARISON OF RESULTS
my=130 GeV (\/§=2 Tev, L=2fb} In the previous 3 sections, we have considered a variety
of SUSY discovery signals in the long-lived stau NLSP sce-
mr_=170 GeV (\/522 TeV, L=10 fb}) nario. They are thg following: _ .
R (A) Highly ionizing tracks from slepton pair production

(Sec. llIl A).
(B) Highly ionizing tracks fromW-ino pair production
(19  (sec. 1B.

As noted above, these estimates of the discovery reach a{%r(lc()ség elchess of dimuon events from slepton pair produc-

valid only for large tan3, and are degraded for lower t#n -_ ; ; ;
A quantitative determination of the dependence of the reacl(”SéE)VMpsjltl lepton signals from slepton  pair production

on tang, requiring a careful study of backgrounds and the . - r ; ;
optimization of cuts, merits further study, but is beyond the,, éI)E) Multi-lepton signals fromW-ino pair productior{Sec.
scope of the present analysis. :

m; =210 GeV (Ys=2TeV, L=30 fb™?).

For each of these signals, we have obtained discovery

reaches in terms of physical right-handed slepton and/or
B. Gaugino production W-ino masses by the analyses described above. We have

As discussed in Sec. Il B, in the stau NLSP scenariofound that the discovery reach for slepton masses ffam
W-ino-like charginos and neutralinos typically decay through(C), and(D) are numerically weaker than those for gaugino
left-handed sleptons, with cascade decays given in @. masses froniB) and (E). However, in typical gauge media-
and (13). Assuming that right-handed sleptons appear in thdion scenarios, th&V-ino are predicted to be substantially
detector as muons, the final state therefore contains marjeavier than the right-handed sleptons. It is therefore of in-
charged leptons and no jets. For scenarios with gauginos thégrest to determine what the relative strengths of these probes
are highly degenerate with sleptons, some of the real leptor@e in terms of the fundamental parameter space of the gauge
in the final state may be too soft to detect. However, thignediation model.

app"es On|y to points extreme|y close to thrﬂ;_lz Ml In FIgS 12-15, we summarize all of our previous results

boundary of Fig. 1, and we will assume that this is not theby presenting discovery reaches in the fundamental param-

case. Gaugino production then results in the spectacular si%er spacehfor yarlﬁus |j|;1tegrlated Iungimfpsmk(]as. we 'dl.splay
nal of from 5 to 7 charged leptors. ese reaches in thev(;A) plane, and fix the remaining

As in Sec. V A, we take the signal to be 5 or more iso—three parameters ta@F% #>0, and N5.' The number c.)f
lated leptons with little hadronic activity. We demand 5 messenger representgt|ons|\l§=3 for Figs. 12 and 14; in
events for a discovery signal, and again include an overaff19s: 13 and 15, we illustrate the¥s dependence of these
experimental detector efficiency of 50%. For the 7 lepton®Sults by takingNs=4. For each point in the plane, the
events, this is likely to be a rather conservative estimate, as°MPIete superpartner spectrum is specified, and, in these
only 5 or more need be detected. We may then determine tH_‘g;ures,D.-terms for_scalar masses and all mixing effgcts are
discovery reach for multi-lepton signals in this scenario fromincluded in calculating physical masses and production cross
Fig. 6. The discovery reaches for our representative dat8€Ctions. In each figure, we shade the area in wiich
samples are >mye; in the remaining region, the stau is the NLSP.

To guide the eye in relating the fundamental model pa-
rameters to more physical parameters, we plot dotted con-
%We assume here tha@k and iz do not further decay through tours of constantr; . Also, sinceM; /g7 is invariant under

Tr—1g77,. If such decays result in detectable leptons, the signal®ne-loop RG evolution and the weak scale coupling con-
are even more spectacular. stantsg; (M yssw are known, the weak scale gaugino masses
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FIG. 12. Summary plot fox/s=1.8 TeV and_=110 pb* (Run - -
1) and fixedNs=3, tanB=3, and u>0. Solid contours give the r 70
discovery reach foB) highly ionizing tracks from gaugino produc- -
tion and (E) multi-lepton signals from gaugino production. Con- 500
tours of constantr; are given by the dotted curves. In the shaded N 60
region, 7, is not the NLSP. B
M;(Myssw are proportional toA, independent oM. In S 400 = 150 4
particular, the S(2), gaugino mass is given by s B =
2(Mussm) =NsA ———5—. (21)
We therefore also give vertical axis labels dr(M pyssw
with Myssy=1 TeV. This axis gives approximately the 200 -
physical masses of thé&/-ino-like chargino and neutralino. L
For each point in parameter space with a stau NLSP, we -
determine the potential for SUSY discovery for each signal 500 N
according to the analyses described in Secs. llI-V. Contours L
for signals(A), (C), and (D) therefore roughly follow con- -
tours of constant right-handed slepton mass, and contours fcs = >
signal (E) roughly follow contours of constant chargino and 400 b= -
neutralino mass. For sign&B), the contours also roughly < e
follow chargino and neutralino mass contours, but rise =
40
300 ML IUALLY B AALL BEE L AL L] 300
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FIG. 14. Summary plot fok/s=2 TeV and integrated luminos-
ity (8 2fb™%, (b) 10 fb™%, and(c) 30 fb~ L. We fix Ns=3, tang8
=3, and u>0. Solid contours give the discovery reach @)
highly ionizing tracks from slepton productio(B) highly ionizing
tracks from gaugino productiofiC) a dimuon excess from slepton

production, andE) multi-lepton signals from gaugino production.

Five events are required f@¢A), (B), and(E), and a 3 excess is
required for(C). Contours of constantr; are given by the dotted

curves. In the shaded regidh, is not the NLSP.

M (GeV)

FIG. 13. Same as in Fig. 12, but fdl;=4.
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FIG. 15. Same as in Fig. 14, but fol;=4.

slightly relative to these contours &8 increases: in this
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in multi-lepton events. SigndD) is therefore not applicable.
Second, signal¢A) and (C) are too weak to appear in the
plots. These signals are both from slepton production, and
are essentially dependent on only the right-handed slepton
mass. Given only the current Run | data, they are therefore
weaker than the current LEP bound mtR> 75 GeV, inde-

pendent of model assumptions. For sig(B), the reaches
plotted are conservative, as discussed in Sec. Il B. Finally,
signal (E), multi-lepton events fromWW-ino production, re-

quires that the leptons froMV—T, andB—Tg transitions be
energetic enough to be detected. Rty=3 and 4, this is
always true for the former decay in the stau NLSP region.
However, the latter decay may result in soft leptons, and the
bound from signalE) is therefore weakened for points very
close to the boundary of the shaded region. We have not
included this effect in the figures.

For the particular parameters we have chosen, a number
of interesting conclusions may be drawn. Given the current
Run | data, the slepton production signés) and (C) are
superseded by the requirement that the parameters yield the
stau NLSP scenario in the first place. Thus, for low gan
only the gaugino production signaB) and(E) provide non-
trivial probes of the parameter space. However, even given
only the current Tevatron data sample, sigriBlsand(E) do
probe regions of parameter space not excluded by the current
LEP boundm;_>75 GeV[10]. ForNs=3, we see from Fig.

12 that signal(B) is sensitive to parameter regions beyond
this bound, and signal(E) probes regions with n;,

~110 GeV, which are even beyond the ultimate kinematic
reach of LEP Il. ForNs;=4, the ratiorrrT1/M2 is reduced,

and the strength of gaugino production mechanisms relative
to slepton mechanisms is slightly weakened. However, as
seen in Fig. 13, signdB) is still competitive with the current
LEP bound, and signdE) will significantly extend the reach

of LEP Il for certain values oM.

In the context of the stau NLSP scenario, if no signals are
found in analyses of the available Tevatron data, current
bounds onW-ino masses will be extended to roughly 200
GeV. In addition, in the framework of the particular model
we have described, an indirect boundrmpl may be set. For

example, forNg=3, we see from Fig. 12 that stau masses

below~90 GeV would be excluded by the absence of signal

(E). Of course, such indirect bounds on stau masses rely
heavily on the specific model assumptions described in Sec.
Il.

In Figs. 14 and 15, we present results for the same model
parameters, but for future Tevatron runs wits=2 TeV and
L=2, 10, and 30 fb'. Again, as we have assumed {&n
=3, discovery reaches frofD) multi-lepton signatures of
slepton pair production are inapplicable. Sigf@) is again
weak relative to the others. For integrated luminosities of

direction, m, increases, and the signal is strengthened, ag fo~! or more, direct probes of slepton masses from signal

discussed in Sec. Il B.

(A) and indirect probes from signa{B) and (E) all exceed

We begin by presenting results in Figs. 12 and 13 for the™;,~ 100 GeV, and SUSY discovery in these modes is pos-

present Tevatron data sample &f=110pb?! at s

sible, even given potential LEP Il bounds on the stau mass.

=1.8 TeV. Several comments are in order. First, we havé=or L=2fb™%, the multi-lepton gaugino production signal
assumed tap=3, and so slepton production does not result(E) is dominant, and indirectly excludes stau masses below
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~120 GeV. However, for increasing luminosity, the relative ables under the assumption that the muons are in fact slep-
importance of the slow slepton sign@) increases. Fot. ~ tons of some given mass. o
=10 fb-*andL =30 o2, signal(A) becomes the most sen-  The remaining signals are sufficiently spectacular that

sitive probe, with sensitivity to regions of parameter spacdhey are essentially background-free after the cuts we have
with W-ino masses in excess of 400—600 GeV. detailed in Secs. lll and V. We have analyzed various data

samples, beginning with Run | data witfs=1.8 TeV and
integrated luminosityL =110 pb 1. With this current data,
we find that the sensitivity from slepton production is not
Gauge-mediated supersymmetry breaking models provideompetitive with the current bound on long-lived staus of
an elegant solution to one of the most puzzling issues M7, =75 GeV from combined LEP analyses. However,
supersymmetry, namely, the supersymmetric flavor problem-inos with masses beyond the LEP kinematic limit may be
The phenomenology of these models is to a large exterproduced in significant numbers at the Tevatrdfino pair
dominated by the character of the NLSP. In the most populaproduction therefore probes regions of parameter space be-
gauge mediation scenarios, there are four options, as th@nd the current LEP bound and even beyond the possible
NLSP may be either the neutralino or stau, and may be eithd#ltimate kinematic reach of LEP Il. The analysis of currently
stable or unstable in detectors. Three of these scenarios hag¥ailable Tevatron data therefore provides interesting new
received fairly extensive attention in the past. In this studyProbes of the gauge mediation parameter space.
we have given for the first time a detailed treatment of pros- CGiven the great interest in future Tevatron upgrades, we

pects for SUSY discovery at the Tevatron in the fourth scefn€n considered what improvements may be expected from

nario, in which the NLSP is a long-lived stau. As discussedUture Tevatron data. As the backgrounds to the signals we
in Sec. II, this scenario is realized in a wide range of param&onsider are extremely suppressed, we find that significant
eter space in models with messenger sectors MWigh 2. improvements may be expected. For future Tevatron runs

In such scenarios, all superparticles decay ultimately tdVith integrated luminosities of 2, 10, and 30°fh we esti-
the lighter stad,, which appears in collider detectors as a Mate that SUSY may be discovered for right-handed slepton

(possibly slow muon. We have analyzed the prospects formasses of 110, 180, and 230 GeV aMfeno masses of 310,
discovering SUSY by detecting highly ionizing tracks from 370, and 420 GeV, respectively. These new and spectacular

slow 7, production, an apparent excess in dimuon eventSignals are therefore sensitive to much of the typicglly ex-
from stau pairs, and the appearance of spectacular multRECted superpartner mass range and provide a promising av-

lepton events from superpartner pair production followed by?"!€ for SUSY searches at Tevatron runs in the near future.

decays.

Of the signals considered, the dimuon excess is least
promising, as it suffers from the large background of genuine \We are especially grateful to D. Stuart for many helpful
w ™ production. Its use appears to be limited to confirm-conversations concerning experimental issues in detecting
ing the supersymmetric interpretation of other, more sensihighly ionizing tracks. We also thank K. Agashe, B. Dutta,
tive signals. Note, however, that a dimuon excess is only thel. Frisch, M. Graesser, T. Han, and |. Hinchliffe for discus-
simplest example of an apparent violation of lepton universions and the Aspen Center for Physics for hospitality during
sality from long-lived7; production. Many other possibili- the inception of this work. This work was supported in part
ties exist. If a statistically significant excess gf over e by the Director, Office of Energy Research, Office of High
events appears in any event sample, we strongly encoura@ergy and Nuclear Physics, Division of High Energy Phys-
the investigation of the long-lived charged slepton hypoth4cs of the U.S. Department of Energy under Contract DE-
esis, either by looking for highly ionizing slow tracks in this AC03-76SF00098 and in part by the National Science Foun-
event sample or by forming distributions of kinematic vari- dation under grant PHY-95-14797.

VIl. CONCLUSIONS
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