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Fermilab Tevatron signatures of long-lived charged sleptons
in gauge-mediated supersymmetry breaking models
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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 fb21 probe right-handed slepton masses of 110, 180, and 230 GeV andW-ino masses of 310, 370, and 420
GeV, respectively, greatly extending current search limits.
@S0556-2821~98!02015-3#

PACS number~s!: 12.60.Jv, 11.30.Pb, 14.60.Hi, 14.80.Ly
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I. INTRODUCTION

Supersymmetry~SUSY! provides an interesting frame
work for stabilizing the electroweak scale against radiat
corrections. A realistic realization of this idea is the minim
supersymmetric standard model~MSSM!, the model with
minimal field content in which all the standard model pa
ticles have their superpartners. In the MSSM, however,
mechanism for SUSY breaking is not specified, but is sim
parametrized by introducing a large number of soft SU
breaking parameters by hand. The MSSM is therefore b
viewed as the low energy effective theory of some m
fundamental theory, which must give a phenomenologica
viable explanation of the origin of SUSY breaking.

Models with gauge-mediated SUSY breaking@1,2# are
candidates for such a theory, and provide an appealing
to generate SUSY breaking soft terms in the MSSM L
grangian. In these models, SUSY breaking originates i
dynamical SUSY breaking sector and is then mediated
gauge interactions to the MSSM sector. The SUSY break
mechanism does not distinguish between flavors, and so
the MSSM sector, all scalars with identical gauge quant
numbers have the same SUSY breaking mass~at the scale
where the SUSY breaking fields are integrated out!. Thus,
the universality of squark and slepton masses at some s
is guaranteed, and serious SUSY flavor-changing neu
current~FCNC! problems can be evaded.

To preserve the natural suppression of FCNCs in gau
mediated SUSY breaking models, it is essential that no la
intergenerational scalar mixing terms be introduced by
pergravity contributions. In the absence of assumptions c
cerning the flavor structure of such supergravity contrib
tions, these mixing terms are expected to be of order
gravitino massm3/2;FDSB/M P , whereFDSB

1/2 is the scale of
dynamical supersymmetry breaking, andM P is the Planck
mass. FCNC constraints then requirem3/2!mW . The grav-
0556-2821/98/58~3!/035001~15!/$15.00 58 0350
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itino is therefore the lightest supersymmetric particle,1 which
has a number of important implications for collider pheno
enology. First, the lightest standard model superpartne
now the next lightest supersymmetric particle~NLSP! and
eventually decays into its standard model partner and
gravitino. The NLSP may then be charged or colored,
astrophysical and other constraints on such particles
thereby evaded. Second, the NLSP may be stable or uns
in collider experiments, depending onFDSB. If FDSB is high
enough, decays to the gravitino are suppressed, and
NLSP decays outside the detector.

The possible collider phenomena in gauge-mediated m
els are largely determined by the character of the NLS
Typically, in these models the NLSP is either the lighte
neutralino or the stau mass eigenstatet̃1 .2 As this particle
may be either long- or short-lived,3 there are four broad pos
sibilities. If the NLSP is a long-lived neutralino, the SUS
signatures are the conventionalE” T signals and are identica
to those present in gravity-mediated models withR-parity
conservation. If the NLSP is a short-lived neutralino, sup
particle production typically results in hard photons, a sig
that has also been studied in great detail@3,4#. On the other
hand, the NLSP could be the stau. In the case of a short-l
stau NLSP, there are a number of interesting new signatu
which have been studied in Refs.@5,6#.

Here, we explore the remaining possible scenario,
which the NLSP is a long-lived stau. This scenario is in fa
realized in large portions of the parameter space: as we

1We assume that there are no other exotic light particles.
2In the latter case, the role of the NLSP may be shared by

sleptonsẽR and m̃R if they are sufficiently degenerate witht̃1 .
3Throughout this paper, ‘‘long-lived’’ and ‘‘short-lived’’ refer to

particles that typically decay outside and inside collider expe
ments, respectively.
© 1998 The American Physical Society01-1
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discuss in Sec. II, the stau is often the NLSP in models w
non-minimal messenger sectors, and it is stable forFDSB

1/2

*107 GeV, as is also the case in many models, includi
for example, the gauge mediation models of Ref.@2#. In this
scenario, the familiarE” T and hard photon signals are abse
However, SUSY may manifest itself at colliders through
number of spectacular new phenomena. For example, s
as massive charged particles, may be slow and appea
highly ionizing tracks@7,4,6,8#. If, on the other hand, the
staus are quite relativistic, they cannot be distinguished fr
muons, and we may have excesses of dimuon or multi-lep
events as a result of superparticle production.

In this paper, we present a detailed discussion of the p
pects for SUSY discovery in this scenario, and estimate
discovery reach for a variety of signatures. At present,
most stringent bound on these scenarios comes f
searches for stable charged particles at the CERNe1e2 col-
lider LEP @9#. Such searches, using combined data from r
with center of mass energies up toAs5172 GeV, yield the
limit mt̃R

.75 GeV@10#, where no degeneracy between ge
erations is assumed. In this study, we begin by conside
possible probes from Tevatron Run I data withAs
51.8 TeV and an integrated luminosity ofL5110 pb21.
Working within a specific, well-motivated model, we fin
that these currently available data probe regions of param
space beyond the current LEP bound and even beyond
final LEP II kinematic limit. We then consider possible im
provements at Tevatron Run II and the possible TeV33
grade. As a number of signals are essentially backgrou
free, the prospects for improvement are especially bright.
As52 TeV, and integrated luminosities ofL52, 10, and
30 fb21, we find that SUSY may be discovered for righ
handed slepton masses of 110, 180, and 230 GeV andW-ino
masses of 310, 370, and 420 GeV, respectively. While e
discovery reaches must await detailed experimental anal
beyond the scope of this study, these results indicate tha
prospects for such searches are promising, as future Teva
runs will extend current search boundaries far into ran
typically expected for superpartner masses.

The organization of this paper is as follows. In Sec. II, w
briefly review the framework of gauge-mediated supersy
metric models. We describe a particular, well-motivat
model that displays many of the generic features of ga
mediation models, and which we will use throughout the r
of the paper. In the subsequent sections, we explore t
new signatures for long-lived staus. For each, we first e
mate the discovery reach in terms of physical slepton
gaugino masses. In Sec. III, we discuss the possibility
detecting the highly ionizing tracks of heavy charged NLS
In Sec. IV, we consider a possible excess of dimuon-l
events due to the pair production oft̃1 . The dimuon excess
is a relatively weak probe at the Tevatron; we discuss also
prospects at the CERN Large Hadron Collider~LHC!. We
then discuss the multi-lepton signal in Sec. V. Finally,
Sec. VI we summarize all of these results by studying a
comparing the discovery reaches of the various signals in
context of the model we consider and its fundamental par
eter space. We present our conclusions in Sec. VII.
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II. GAUGE-MEDIATED MODELS AND THE LONG-LIVED
STAU NLSP

The probes discussed in the following sections have
evance for many models, both supersymmetric and n
supersymmetric, with charged particles that are stable wi
the detector, and thus they have wide applicability. Ev
within the framework of SUSY, such particles are possible
a variety of settings. However, among SUSY scenarios w
long-lived charged particles, by far the most natural are m
els with gauge-mediated SUSY breaking, where the NL
may be charged and decays to the gravitino with mac
scopic decay lengths for a large range of parameters.4 In this
section, we will discuss these gauge-mediated SUSY bre
ing scenarios, and determine what parameter ranges lea
the long-lived charged particle scenario.

In the general framework of gauge mediation, any of t
MSSM superpartners could in principle be the NLSP a
stable in collider detectors. For concreteness, and to ob
quantitative results, we will specify a particular, we
motivated model. In this section, we briefly review th
simple and calculable model, which we will use to determ
the promise of various charged NLSP signatures. In do
so, we define our conventions and notation, and introduce
parameters that will play a central role in the following di
cussions. Further details of this model may be found in R
@4,11#.

In the class of gauge mediation models we consider, th
are three sectors: the dynamical SUSY breaking~DSB! sec-
tor, the messenger sector, and the MSSM sector. In the
the F component of some chiral superfield condenses, g
erating a vacuum expectation valueFDSBÞ0. FDSB deter-
mines both the mass of the gravitino,

m3/25
FDSB

)M*
, ~1!

where M* 5M P /A8p.2.431018 GeV is the reduced
Planck mass, and the strength of its interactions through,
example,

Lint5
mt̃R

2

FDSB
c̄tRt̃R* 1H.c., ~2!

wherec is the longitudinal component of the gravitino, th
Goldstino.

This dynamical SUSY breaking is mediated by two-lo
effects to the messenger sector, which contains a singlet
S and, we will assume,N5 pairs of vector-like515̄ repre-
sentations of SU~5!, that is,N5 vector-like representations o
SU~2!L doublets andN5 vector-like representations o

4Long-lived charged particles are also possible in gravi
mediated models if the decays of a charged superparticle, such
chargino or charged slepton, are, for example, highly phase s
suppressed, or are possible only through smallR-parity violating
couplings.
1-2
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FERMILAB TEVATRON SIGNATURES OF LONG-LIVED . . . PHYSICAL REVIEW D 58 035001
SU~3!C triplets, where SU~2!L and SU~3!C are the standard
model gauge groups.@Such a messenger field content pr
serves gauge coupling unification. Vector-like represen
tions 10110̄ of SU~5! may also be present, and each
equivalent to 3 vector-like515̄ representations for the fol
lowing discussion.# The scalar and auxiliary components
the singlet field then get vacuum expectation values^S& and
FS , respectively, which generate SUSY breaking masses
the N5 vector-like fields. We denote the scale of the
masses, the messenger scale, byM .

Finally, once the messenger fields are integrated out a
scaleM , soft SUSY breaking masses for the superpartic
in the MSSM sector are generated. Letting

L[
FS

^S&
, ~3!

and assumingL!M , we find that one-loop diagrams induc
gaugino masses

Mi~M !5N5Lci

gi
2~M !

16p2 , ~4!

where i 51,2,3 for the U~1!Y , SU~2!L , and SU~3!C groups,
c15 5

3 , and c25c351. Two-loop diagrams induce the so
SUSY breaking sfermion squared masses

M f̃
2
~M !52N5L2(

i 51

3

Ci
fFgi

2~M !

16p2 G2

. ~5!

Here,C1
f 5 5

3 Y2 with Y5Q2T3 being the usual hypercharge
andCi

f50 for gauge singlets,34 for SU~2!L doublets, and4
3

for SU~3!C triplets. Finally, trilinear scalar couplings (A
terms! are also induced, but are highly suppressed, as
are generated at two loops, but have dimensions of mass
mass squared. They may be taken to vanish at the scaleM .

Once the boundary conditions are given at the messe
scaleM , SUSY breaking parameters at the electroweak sc
can be obtained by renormalization group~RG! evolution.5

In particular, the Higgs boson mass squared can be dr
negative by the large top quark Yukawa coupling consta
and hence break electroweak symmetry. In our analysis
do not specify the mechanism by which the supersymme
Higgs boson massm and SUSY breaking Higgs mixing mas
m3

2 are generated. Several attempts to explain the origin
these parameters may be found in the literature@2,12#. Here
we regard them as free parameters. We then fix one com
nation of them by demanding the correct value of the Fe
constant using the tree-level Higgs potential. The remain
freedom may be specified by choosing tanb, the ratio of the
vacuum expectation values of the two neutral Higgs scal
and sgn(m), where we follow the conventions of Ref.@13# in

5Throughout this study, we use one-loop renormalization gro
~RG! equations unless otherwise noted.
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defining the sign ofm. Thus, the simple model we hav
defined has 411 free parameters:6

N5 ,M ,L,tanb,sgn~m!. ~6!

In this model with the radiative electroweak symmet
breaking condition, the mass eigenvalues and mixing par
eters for all superparticles are determined once we fix th
parameters.

While the determination of SUSY parameters at the el
troweak scale requires detailed calculation, it is useful
discuss the qualitative features of the superparticle spectr
In the model described above, usuallym.M1 ,M2 . Further-
more, as can be seen in Eq.~4!, gaugino masses are propo
tional to the corresponding gauge coupling constants,
henceM1,M2 . As a result,x1

0'B̃ with massmx
1
0'M1 ,

and x2
0'W̃3 and x1

6'W̃6 with massesmx
2
0,mx

1
6'M2 . In

the scalar sector, sfermion masses are primarily proportio
to the relevant gauge coupling constants. Therefore, squ
are typically much heavier than sleptons, and right-han
sleptons, which have only U~1!Y quantum numbers, are th
lightest sfermions. The sleptonsẽR andm̃R are almost degen
erate, as Yukawa coupling effects are negligibly small.
the contrary, the tau Yukawa coupling may significan
lower the lighter stau mass through both RG evolution a
left-right mixing. These effects are enhanced for large tanb.
The lightest scalar is thus the lighter staut̃1 , which is pre-
dominantlyt̃R .

We are interested in the case wheremt̃1
,mx

1
0 and t̃1 is

the NLSP. This relation is most strongly and obviously d
pendent onN5 . As one can see in Eqs.~4! and ~5!, at the
messenger scale,Mi}N5 , while M f̃}AN5; thus, largeN5
reducesmt̃1

/mx
1
0. There is also an important dependence

M , as RG evolution increases right-handed slepton ma
relative to gaugino masses, and so large values ofM increase
mt̃1

/mx
1
0. As noted above, large values of tanb decreasemt̃1

and so reducemt̃1
/mx

1
0. Finally, the ratiomt̃1

/mx
1
0 is inde-

pendent ofL and sgn(m) to the extent that the relation
mt̃1

/mx
1
0'M t̃R

/M1 is valid, whereM t̃R
andM1 are the soft

SUSY breaking parameters.
In Fig. 1, we show contours ofM t̃R

(MMSSM)

5M1(MMSSM) in the (M ,N5) plane for various tanb and
MMSSM51 TeV. ~See also Ref.@14#.! The shaded region is
excluded by the requirement that the gauge coupling c
stants remain perturbative up to the grand unified the
~GUT! scale MGUT.2.031016 GeV under two-loop RG
evolution. It is important to note thatM t̃R

and M1 are only

p

6If all the couplings in the model areO~1!, ^S& and FS
1/2 ~and

henceM andL! are of the same order. However, in general, the
may be a hierarchy between them. For example, if the coup
constant for theS3 term in the superpotential is small, and all oth
couplings in the superpotential areO~1!, ^S& is enhanced relative to
FS , resulting inL!M @2#. Thus, in our analysis, we treatM andL
as independent parameters.
1-3
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JONATHAN L. FENG AND TAKEO MOROI PHYSICAL REVIEW D58 035001
approximately the physicalt̃1 and x1
0 masses because o

mixing effects andD-term contributions, and, in particula
the difference betweenM t̃R

and mt̃1
may be large for high

tanb. However, this figure gives a qualitative picture of t
parameter region wheret̃1 is the NLSP. For a minimal mes
senger sector withN551, t̃1 is not the NLSP~unless tanb is
large@4,11#!. However, forN5>2, t̃1 is the NLSP for a wide
range of parameter space.

In Figs. 2 and 3, we give contour plots of the soft SUS
breaking parameter ratiosM t̃R

/M1 and M l̃ L
/M2 , respec-

tively, where these ratios are at the scaleMMSSM51 TeV.

FIG. 1. Contours ofM t̃R
(MMSSM)5M1(MMSSM) for MMSSM

51 TeV and tanb53, 10, and 30. In the region above the contou

t̃1 is the NLSP; in the region below,x1
0 is the NLSP. In the shaded

region, gauge coupling constants become non-perturbative b
the GUT scale under two-loop RG evolution.

FIG. 2. Contours of the ratio of soft SUSY breaking paramete
M t̃R

(MMSSM)/M1(MMSSM), for tanb53 and MMSSM51 TeV. In
the lower shaded region,M t̃R

(MMSSM).M1(MMSSM). In the upper
shaded region, gauge coupling constants become non-perturb
below the GUT scale.
03500
We fix tanb53 for these plots. In the stau NLSP regio
allowed by perturbativity,M t̃R

/M1.0.6, and for a signifi-

cant portion of this region, the NLSP andx1
0 are fairly de-

generate. We see also that, in this region, it is almost alw
true that M l̃ L

,M2 . In addition, M l̃ L
/M2.0.7, and for a

significant portion of this region, thel̃ L andW-ino states are
also fairly degenerate. These observations will be of use
the following sections.

Given the interaction of Eq.~2!, the t̃1 decay width is

Gt̃1
5

1

16p

mt̃1

5

FDSB
2 , ~7!

and its decay length is

L.10 km3^bg&F FDSB
1/2

107 GeVG4F100 GeV

mt̃1
G5

, ~8!

where b is the t̃1 velocity andg[(12b2)21/2. For FDSB
1/2

*107 GeV, the NLSP may be considered stable in detect
as the likelihood of an NLSP decaying within the detector
negligible for Tevatron luminosities and the typical allowe
ranges of supersymmetric cross sections. Such value
FDSB

1/2 are expected in many proposed models. For exam
in typical messenger sector models,FDSB

1/2 is likely to be
larger than;107 GeV if there is no fine-tuning; otherwise
the SUSY breaking scale in the MSSM sector is so low t
slepton masses become lighter than the experimental l
@15#. There are also many other recently proposed mod
including those based on direct gauge mediation, that g

,

w

,

ive

FIG. 3. Contours of the ratio of soft SUSY breaking paramete
M l̃ L

(MMSSM)/M2(MMSSM), for tanb53 and MMSSM51 TeV. In
the lower shaded region,M t̃R

(MMSSM).M1(MMSSM). In the upper
shaded region, gauge coupling constants become non-perturb
below the GUT scale.
1-4
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high SUSY breaking scales@14,16#.7 In a wide variety of
models, therefore, the stau decays outside the detector
we will concentrate on this possibility for the rest of th
study.

III. HIGHLY IONIZING TRACKS

Long-lived staus are charged, weakly interacting, p
etrating particles, and so appear in the tracking and m
chambers of collider detectors with little associated ene
deposition in calorimeters. They therefore look like muo
However, since long-lived staus must have mass above
GeV @10#, their velocity is typically not large if produced a
the Tevatron. Moderately relativistic charged particles lo
energy in matter primarily through ionization. The rate
energy loss,2dE/dx, is determined largely by the particle’
velocity b, grows rapidly with decreasingb for low b @18#,
and may be measured in tracking chambers. As a result
cross section of slow staus may be significant, and hig
ionizing tracks may be a spectacular signal of such partic

If the stau is the NLSP, all superparticles eventually de
to staus, and so all superpartner production processes
result in highly ionizing tracks. However, in typical gaug
mediated scenarios, superparticle production at the Teva
is dominated by only a few processes. First, squarks, Hig
nos, and heavy Higgs bosons~which may decay to superpa
ticles! are too heavy to be produced in significant numbe
Second, left-handed sleptons, though typically much ligh
than these particles, are still significantly heavier than rig
handed sleptons, and so, in terms of overall rate, the D
Yan production of left-handed sleptons is negligible relat
to that for right-handed sleptons. The dominant processes
therefore right-handed slepton production and gaugino p
duction. In the following subsections, we discuss these
processes and their potential for SUSY discovery in turn

A. Slepton production

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

pp̄→g* , Z*→ t̃1t̃1* , ẽRẽR* , m̃Rm̃R* . ~9!

Cross sections for a single generation of right-handed sle
production as a function of slepton mass are given in Fig
for As51.8 TeV andAs52 TeV.8 Here and in the follow-
ing, we use Martin-Roberts-Stirling~MRS! R1 parton distri-
bution functions@20# and theBASES phase space integratio
package@21#. The cross sections for the different generatio
are nearly identical for small tanb, since thent̃1't̃R and
the three sleptons are highly degenerate. In the cases oẽR

7Note, however, that in a class of models without messenger
tors @17#, FDSB

1/2 can be as small as 104– 105 GeV, and the NLSP
may decay inside the detector.

8Next-to-leading order effects have been shown recently to
hance the tree-level cross sections by 35%–40%@19#, and so im-
prove our discovery reaches slightly.
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and m̃R pair production, the directly produced slepton m
either be stable within the detector or may decay throu
virtual B-inos via l̃ R→ l Rtt̃1 if kinematically allowed@8#.9

However, in all cases, the signal is a highly ionizing tra
from a long-lived charged slepton with no hadronic activ
within some isolation cone.10

Highly ionizing tracks may be faked by a real muon th
overlaps with another particle track, which enhances
measured2dE/dx. The role of the muon may also b
played by a hadron that punches through to the muon ch
bers. However, such backgrounds typically arise when
muon or hadron is part of a jet, and so are drastically redu
by requiring the highly ionizing particle to be isolated fro
significant hadronic activity. The Collider Detector at Ferm
lab ~CDF! has reported@22# such a search for highly ionizing
tracks. They require the slow particle track to haveuhu
<0.6 so that it is detected in the highly shielded cent
muon upgrade detector. It is also required to have2dE/dx
corresponding to 0.4,bg,0.85. The lower limit ensures
that the stau reaches the central muon detector. The u
limit corresponds roughly to the requirement that the track
at least twice minimally ionizing. Such cuts are similar
those imposed in LEP analyses to eliminate background@9#.
They are also expected to reduce the background at the T

c-

n-

9For a rather narrow range of parameters withmt̃1
,mx

1
0,ml̃ R

,

decaysl̃ R→ l Rx1
0 are also possible@6#, but we will not consider this

scenario here.
10If the l̃ R decays in the detector with a macroscopic decay leng

one might hope to find evidence forl̃ R production by searching for

leptons with displaced vertices or for kinks in tracks formed by al̃ R

and its t̃1 decay product. Unfortunately, the requirement that
decay be sufficiently far from the interaction point typically r

quires l̃ R- t̃1 mass splittings so small that the leptonic decay pro
ucts are too soft and the kinks are too small to be detected. See
example, Ref.@8#.

FIG. 4. Cross sections forpp̄→g* , Z*→ t̃1t̃1* for As

51.8 TeV ~lower! and 2 TeV~upper!, and t̃1't̃R .
1-5
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JONATHAN L. FENG AND TAKEO MOROI PHYSICAL REVIEW D58 035001
tron to negligible levels@22#, and are appropriate for futur
Tevatron upgrades@23#. We will assume that after all o
these cuts, the signal is essentially background-free.11

We may now estimate the number of slepton pair eve
resulting in highly ionizing tracks. In Fig. 5, we plot th
cross section fort̃1 pair production forAs52 TeV, where
we have required at least onet̃1 with uhu<0.6 and bg
,0.4, 0.7, 0.85, and̀ . Results forAs51.8 TeV are similar,
and we omit the corresponding figure. We find that the
quirementbg.0.4 has little effect on the signal. The effi
ciencies for satisfying the upper bound criterionbg,0.85
are 25%, 44%, and 65% formt̃1

5100, 200, and 300 GeV
respectively. While this degrades the signal substantia
slow stau cross sections on the order of 0.1 fb are still p
sible at slepton masses of 200 GeV.

Finally, we determine the discovery reach for long-liv
charged sleptons. We sum over three generations.12 To
crudely simulate the effects of geometric triggering efficie
cies and track quality requirements, we have included
assumed experimental detection efficiency of 75%. With
assumption that the cuts described above reduce the b
ground to negligible levels, we require, for a given lumino
ity, a cross section after including cuts and efficiencies c

11Note that measurements ofbg5upW u/m from 2dE/dx and pT

from the tracking chambers constrainm. This may be used to fur-
ther reduce background, as the signal is peaked atm5mt̃1

, while
the background is not localized inm.

12In the case where sleptonsẽR and m̃R decay via l̃ R→ l Rtt̃1 ,
typically Dm[ml̃ R

2mt̃1
!ml̃ R

,mt̃1
, and thet̃1 is produced nearly

at rest in thel̃ R rest frame. In the laboratory frame, thet̃1 and l̃ R

velocities are therefore similar, and so once sleptonsẽR or m̃R are
produced with low velocity, they result in a highly ionizing trac
irrespective of subsequent decays.

FIG. 5. Cross sections for the production of at least one slowt̃1

from pp̄→g* , Z*→ t̃1t̃1* at As52 TeV, where we have require
uhu<0.6 for the slowt̃1 . Contours correspond tobg<0.4 ~dotted
line!, 0.7 ~dashed line!, 0.85 ~solid line!, and` ~dot-dashed line!.
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responding to 5 or more events for discovery. The result
reaches for representative Tevatron data samples are

ml̃ R
550 GeV ~As51.8 TeV, L5110 pb21!

ml̃ R
5110 GeV ~As52 TeV, L52 fb21!

ml̃ R
5180 GeV ~As52 TeV, L510 fb21!

ml̃ R
5230 GeV ~As52 TeV, L530 fb21!.

~10!

We see that the discovery reach of 50 GeV for the curren
available Run I data is not competitive with current LE
analyses. However, for future Tevatron runs, the discov
reach will be competitive with and eventually surpass
kinematic limit of LEP II.

B. Gaugino production

Aside from right-handed slepton production, the oth
major SUSY production mechanisms at the Tevatron are13

pp̄→W*→x1
6x2

0 and pp̄→g* , Z*→x1
6x1

7 , ~11!

where the neutralinos and charginos areW-ino-like. The
other processes involving gauginos,pp̄→W*→x1

6x1
0 and

pp̄→Z*→x1,2
0 x1,2

0 , are suppressed by mixing angles in t
gaugino limit, and we have checked that, throughout para
eter space, these are not significant relative to those of
~11!. The cross sections for the processes of Eq.~11! are
given in Fig. 6 for bothAs51.8 TeV and 2 TeV, where her

13Contributions to gaugino production fromt-channel squark dia-
grams are highly suppressed by large squark masses in the g
mediation framework and are omitted in our analysis.

FIG. 6. Cross sections forpp̄→W*→x1
6x2

0 ~solid line! and
pp̄→g* , Z*→x1

6x1
7 ~dotted line!, for As51.8 TeV~lower! and 2

TeV ~upper!. Chargino and neutralino mixing effects are neglect
1-6
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and in the rest of this subsection, we neglect neutralino
chargino mixings and take them to be pureW-ino eigen-
states. For equivalent gaugino and slepton masses,
gaugino cross sections are much larger, as they are pro
tional to SU~2! couplings@in contrast to right-handed slepto
production, which is proportional to U~1! couplings in the
ŝ@MZ limit # and are not suppressed by theb3 behavior of
scalar production.

As in Sec. III A, we would like to plot cross sections fo
events with slow staus. The decays of gauginos are sig
cantly more complicated than those of right-handed slepto
Of course, the branching ratios and kinematic distributions
the cascade decays are completely determined once the
damental model parameters are fixed. However, for
present purposes, as we will show, the cascade decay
determined to a large extent by two rather more meanin
parameters, namely, the physicalW-ino and l̃ R masses. In
this section, we therefore prefer to highlight this depende
by adopting a conservative simplifying assumption.~The im-
plications of these results for the fundamental param
space will be discussed in Sec. VI.!

From Fig. 3, we see that for almost all parameters in
long-lived stau scenario, and for all parameters whenN5
>3, ml̃ L

,mx
2
0,mx

1
6. W-inos therefore decay primarily to

left-handed sleptons, as the other possible two-body de
to Wx1

0, Zx1
0, and the ‘‘spoiler mode’’h0x1

0 are all sup-
pressed by mixing angles in the gaugino region. The neu
W-ino decay modes are then

x2
0→ l̄ L8 l̃ L8→ l̄ L8 l L8x1

0→ l̄ L8 l L8 l̄ Rl̃ R ,

x2
0→ n̄L8 ñ8→ n̄L8n8x1

0→ n̄L8n8 l̄ Rl̃ R , ~12!

and the chargedW-ino decay modes are

x1
1→ l̄ L8 ñ8→ l̄ L8n8x1

0→ l̄ L8n8 l̄ Rl̃ R ,

x1
1→n8 l̃ 8L*→n8 l̄ L8x1

0→n8 l̄ L8 l̄ Rl̃ R , ~13!

where we have omitted states related by charge conjuga
From Figs. 2 and 3, we see also that thel̃ L8-x2

0 and l̃ R-x1
0

mass splittings are never more than;20% – 30% and are
smaller than this in much of the parameter space allowed
perturbativity. In the limit that these states are highly deg
erate, there are only two energetic final state particles in
W-ino rest frame for any of the possible decays: the lep
from l̃ L8 or ñL8 decay and the final statel̃ R . We therefore
make the following simplification: in the rest frame of th
parent gaugino, we assume that the only energetic part
are one lepton and the finall̃ R . The l̃ R velocity in this rest
frame is then fixed by

bgurest5
M2

22ml̃ R

2

2M2ml̃ R

, ~14!
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whereb is the slow slepton’s velocity andg5(12b2)21/2.
The cross section for slowl̃ R production is then completely
determined byM2 andml̃ R

.

In Figs. 7–9, we show slowl̃ R production cross section
for three values ofml̃ R

/M2 andAs52 TeV, where we sum
over the three slepton generations and employ the simp
ing assumption described above.~Again, results forAs
51.8 TeV are fairly similar, and the corresponding figur
are not presented.! To account for the roughly 2p coverage
of the central muon upgrade detector, we have assumedh
cut efficiency of 50%. From these figures, we see that
fixed gaugino mass, the cross sections are maximized
largeml̃ R

, that is, smallbgurest. For M25400 GeV, for ex-

ample, thebg,0.85 efficiency is 62%, 32%, and 7% fo

FIG. 7. Cross sections for slowl̃ R production from chargino and
neutralino production withml̃ R

/M250.5, and summed over th
three slepton generations. Contours correspond tobg<0.4 ~dotted
line!, 0.7 ~dashed line!, 0.85 ~solid line!, and ` ~dot-dashed!. An
efficiency of 50% is included for the requirement that the slo
slepton haveuhu<0.6.

FIG. 8. Same as in Fig. 7, but forml̃ R
/M250.4.
1-7
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ml̃ R
/M250.5, 0.4, and 0.3, respectively. This can be und

stood as a consequence of the low velocity of the he
W-inos in the laboratory frame, which implies that thel̃ R
velocity in the laboratory frame is mostly determined by
velocity in theW-ino rest frame. Note that our simplifying
assumption implies that we have taken the maximal poss
value ofbgurest. In regions of the parameter space wherel̃ L

andx2
0 ~andml̃ R

andmx
1
0! are non-degenerate at the 20%

30% level, additional leptons can have significant energ
This reducesbgurest, and therefore increases the slow pa
ticle cross sections. Our approximation is therefore con
vative.

To determine the discovery reach for long-lived slepto
from gaugino production, we include a 75% experimen
efficiency and require 5 or more events for discovery, as
Sec. III A. The resulting discovery reaches inM2 for our
representative set of luminosities are

M25120– 150 GeV ~As51.8 TeV, L5110 pb21!

M25220– 280 GeV ~As52 TeV L52 fb21!

M25270– 340 GeV ~As52 TeV, L510 fb21!

M25310– 390 GeV ~As52 TeV, L530 fb21!,
~15!

where the ranges are forml̃ R
/M250.3– 0.5. Because the sig

nal is background-free, the discovery reaches grow rap
with luminosity, and future Tevatron runs substantially e
tend our reach in SUSY parameter space.

IV. DIMUON-LIKE EVENTS

As discussed in the previous section, a long-lived char
slepton appears in detectors as a muon. Thus, even if
velocity of such a slepton is too high to be seen as a hig
ionizing track, slepton production can lead to an excess
events with muons and an apparent violation of lepton u

FIG. 9. Same as in Fig. 7, but forml̃ R
/M250.3.
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versality. In this section, we discuss the simplest example
such an excess, namely, an apparent excess in the numb
dimuon events from right-handed slepton pair production

The Drell-Yan production of long-livedt̃1 pairs will ap-
pear as an event with essentially no jet activity and two h
energy muon-like tracks with nop” T . The production of
right-handed sleptons of the first two generations may a
lead to this signature. ForẽR and m̃R , there are three possi
bilities: ~1! they may be stable within the detector,~2! they
may decay vial̃ R→ l Rtt̃1 to leptons that are so soft that the
cannot be clearly identified in the detector, or~3! they may
decay to the NLSP and detectable leptons. In the first
cases, which are applicable when tanb is small andẽR , m̃R ,
and t̃1 are nearly degenerate, the pair production of smu
and selectrons contributes to the dimuon event sample.
will assume this to be the case in this section. This assu
tion is conservative, in the sense that in the third scenarioẽR
and m̃R pair production contributes to spectacular mul
lepton signals, which are virtually background-free. Su
signals will be discussed in the following section.

The backgrounds to dimuon signals with littlep” T have
been studied in the context of searches at CDF for new n
tral gauge bosons via their decaysZ8→m1m2 @24#. The
dominant background is from genuine muon pair product
pp̄→m1m2.14 Before cuts, the cross section for this proce
is several orders of magnitude larger than that for slep
pair production. However, the signal to background ra
may be improved by requiring both muon-like tracks to ha

14Of the remaining backgrounds, the largest is cosmic rays@24#.
This cross section is estimated to be less than 1 fb for invar
dimuon masses above 200 GeV@24#, and is negligible relative to
the muon pair background if well-understood.

FIG. 10. The cross section fort̃1 pair production at the Tevatron
after requiringpT.pT

cut for each stau, as a function ofpT
cut . We

require onet̃1 to haveuhu<0.6 and the other to haveuhu<1.0, and
we takeAs52 TeV andmt̃1

580, 100, 120, 140, 160, and 180 Ge
~solid lines from above!. The cross section for the backgroundpp̄
→m1m2 is also shown~dotted line!.
1-8
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TABLE I. Statistical significances of deviations in the ratios(m1m2)/s(e1e2) from contributions of
long-lived charged slepton pair production to dimuon events for integrated luminositiesL52, 10, and 30 fb21

andAs52 TeV at the Tevatron. The signal from slepton pair production is summed over the three g
tions. The cut parameterpT

cut is chosen to maximize the significance; the optimal values used are sh
Values ofS/B after cuts are as shown.

mt̃1
2 fb21 10 fb21 30 fb21 Optimal pT

cut S/B

80 GeV 1.6s 3.7s 6.4s 100 GeV 22%
100 GeV 1.0s 2.3s 4.0s 120 GeV 19%
120 GeV 0.7s 1.4s 2.6s 140 GeV 16%
140 GeV 0.4s 1.0s 1.7s 160 GeV 13%
160 GeV 0.3s 0.6s 1.1s 180 GeV 11%
180 GeV 0.2s 0.4s 0.7s 200 GeV 9%
u

t

v

s
in

ic
a

ul
on

d
in

s,

ll
ep

e
s
ie
te

ie

b
o

th
ti

s

is

han
hat
ct,

P.
ary
ith
y of
ess
tric
t it
on
-

n-

on
-
ver
ted

de-
or

ys-
d to
r of
y to
y be
pT greater than some fixedpT
cut. In Fig. 10, we plot the cross

sections for right-handed slepton pair and muon pair prod
tion at the Tevatron withAs52 TeV as a function ofpT

cut.
Following Ref. @24#, we require that at least one muon sa
isfy uhu<0.6, and the other haveuhu<1.0 so that itspT may
be well-measured in the central tracking chamber. As is e
dent in Fig. 10, thepT cut is highly effective for pT

cut

*100 GeV.
To estimate the discovery potential for a dimuon exce

we look for an apparent violation of lepton universality
the ratios(m1m2)/s(e1e2). By considering this ratio in-
stead of the absolutem1m2 cross section, large systemat
uncertainties from luminosity measurements and renorm
ization scale dependence in next-to-leading order calc
tions are removed. The statistical significance of deviati
in this ratio, in units of the standard deviations, is given by
S/A2B, whereS is the number of slepton pair events,B is
the number of muon pair events, and we have neglected
ferences ine and m acceptances and systematic errors
determining these acceptances. For a given slepton mas
calculate the ratioS/A2B as a function ofpT

cut, and optimize
the choice ofpT

cut to maximizeS/A2B. We assume an overa
muon trigger efficiency of 75%, and sum over the three sl
ton generations forS. In Table I, we show the optimized
value of S/A2B and the optimal choice ofpT

cut for various
values of mt̃1

and L. The optimal pT
cut is typically pT

cut

;mt̃1
.

While many systematic errors are eliminated by consid
ing the ratios(m1m2)/s(e1e2), systematic uncertaintie
in muon and electron triggering and acceptance efficienc
of course, are not. The relative efficiencies may be de
mined, for example, by isolating leptons fromZ decays and
assuming lepton universality. However, if such efficienc
are uncertain at or near the level ofS/B, they will seriously
degrade one’s ability to identify an excess of muons. W
have therefore presented values ofS/B for eachmt̃1

in Table
I; typical values are 10%–20%. Relative efficiencies must
known to significantly better than these values for a mu
excess to be detected. In the following, we will assume
to be the case and that the dominant uncertainty in detec
a muon excess is statistical.

The discovery reach for a 3s excess in dimuon events i
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below 50 GeV for Run I, and for future Tevatron upgrades

ml̃ R
570 GeV ~As52 TeV, L52 fb21!

ml̃ R
590 GeV ~As52 TeV, L510 fb21!

ml̃ R
5110 GeV ~As52 TeV, L530 fb21!.

~16!

We see that this discovery mode is clearly less powerful t
the previous signal discussed in Sec. III, and we will see t
it is also weaker than that of the following section. In fa
for an integrated luminosity ofL52 fb21, it is not possible
to achieve a 3s excess, given current bounds from LE
However, this mode may still be useful as a supplement
signal. For example, if highly ionizing tracks consistent w
a certain charged particle mass are seen, the discover
even a small but quantitatively consistent dimuon exc
could be an interesting confirmation of the supersymme
interpretation of these exotic signatures. Note also tha
may be possible to improve the sensitivity of the dimu
channel by loosening theh cuts, otherwise improving accep
tance, or by combining data from the two detectors.

Given the rather weak results for the Tevatron, we co
sider the possibility of observing a dimuon excess frompp

→ l̃ Rl̃ R* at the LHC withAs514 TeV. We requireh<2.2
for both sleptons, corresponding approximately to the mu
coverage of both LHC experiments@25#, and, as above, as
sume a 75% experimental detection efficiency and sum o
3 generations. In Table II we present results for integra
luminosities of 10 fb21 ~1 year, low luminosity!, 100 fb21 ~1
year, high luminosity!, and 600 fb21 ~corresponding to
multi-year runs and/or combined data sets from the two
tectors!. Not surprisingly, the results are much improved. F
example, forL5100 fb21, a 3s excess will be discovered
for ml̃ R

&300 GeV, where we have again assumed that s
tematic uncertainties in acceptance are small compare
statistical uncertainties. Of course, at the LHC, a numbe
other signals of gauge-mediated supersymmetry are likel
be evident, and even squark and gluino cross sections ma
substantial.
1-9
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TABLE II. Same as in Table I, but for integrated luminositiesL510, 100, and 600 fb21 and As
514 TeV at the LHC.

mt̃1
10 fb21 100 fb21 600 fb21 Optimal pT

cut S/B

100 GeV 8.1s 26s 63s 150 GeV 28%
200 GeV 2.4s 7.7s 19s 250 GeV 20%
300 GeV 1.1s 3.4s 8.3s 350 GeV 16%
400 GeV 0.5s 1.7s 4.1s 450 GeV 13%
500 GeV 0.3s 0.9s 2.3s 550 GeV 11%
600 GeV 0.2s 0.5s 1.3s 650 GeV 9%
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V. MULTI-LEPTON SIGNALS

If stau NLSPs are misidentified as muons, supersymm
ric particle production can lead to events that appear to h
large numbers of leptons in the final state. Here we focus
events with 5 or more isolated leptons and very little ha
ronic activity. Assuming that the probability for jets and ph
tons to fake leptons is well under control, the background
such events are small, and so even a few signal events
constitute a discovery signal. Such multi-lepton states m
result from either right-handed slepton or gaugino prod
tion, and, as in Sec. III, we consider these in turn.

A. Slepton production

For small tanb, right-handed slepton pair productio
leads to dimuon events, as analyzed in Sec. IV. However
large tanb, the intergenerational splitting from the ta
Yukawa coupling may be substantial, and selectrons
smuons may decay to NLSPs and sufficiently energetic
tons to be detected as multi-lepton events.

To understand what values of tanb are required for this
scenario, let us consider the various contributions to the
tergenerational mass difference. Left-right stau mixing giv
an important contribution,

DmLR.
mt

2m2 tan2 b

2mt̃R
~mt̃L

2
2mt̃R

2
!
. ~17!

In addition, the splitting receives contributions from RG ev
lution. Roughly speaking, this effect is proportional
ln(M/MMSSM) and the beta function forM t̃R

2 , and hence may

be estimated as

DmRG;
1

2mt̃R

1

4p2 yt
2O@mt̃L

2 ln~M /MMSSM!#

;
1

2p2O F mt̃L

4

v2m2 ln~M /MMSSM!GDmLR , ~18!

whereyt is the t Yukawa coupling constant,v5246 GeV,
and in the last line we have assumed large tanb. DmRG may
be sizable compared toDmLR whenmt̃L

is large relative to
the electroweak scale. In any case, both contributions red
mt̃1

and they are both enhanced when tanb is large. As a

result, mass differences betweent̃1 and the other right-
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handed sleptons can become large for high tanb. In Fig. 11,
we plot the mass splittingDm[mẽR

2mt̃1
.mm̃R

2mt̃1
as a

function of mt̃1
for fixed N553, M5105 GeV, m.0, and

various tanb. If tan b is small,Dm,mt , and all three right-
handed sleptons are stable in the detector. However,
tanb530, for example, mass splittings of 40 GeV or larg
are possible, andẽR andm̃R may decay inside the detector t
electrons and muons that are likely to be observable.

We now consider the scenario in which right-handed
lectron and smuon pair production leads to final sta
(ee,mm)ttt̃1t̃1 . For high tanb and correspondingly large
mass splittingsDm, the resulting electrons and muons, a
even the leptonic decay products of the tau leptons, are t
cally energetic enough to be detected. Demanding tha
least onet decays leptonically, this leads to signals of eith
5 energetic, isolated leptons and the hadronic decay prod
of a t or 6 energetic, isolated leptons with no significa
hadronic activity. We expect the backgrounds to such sign
to be extremely small. On the other hand, for more mode
values of tanb, the leptons are typically softer, and the num
ber of events with 5 or 6 observable leptons is reduc
While it may be possible to lower the requirement on lept
energy, significant backgrounds may then enter.

To obtain an estimate of the possible reach of this mo

FIG. 11. The mass splittingDm5mẽR
2mt̃1

.mm̃R
2mt̃1

as a
function ofmt̃1

for fixed N553, M5105 GeV, m.0, and the tanb
values shown.
1-10
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we assume, for simplicity, that tanb is sufficiently large, for
example, tanb*30, such that to a good approximation, a
leptonic decay products are energetic enough to be dete
We take the signal to be 5 or more isolated leptons with
significant hadronic activity, other than that consistent w
the hadronic decay products of at. Slepton pair production
then contributes to the signal when at least onet decays
leptonically. With these assumptions, we expect the signa
be essentially background-free and we therefore requir
discovery signal of 5 events. To roughly incorporate the
fects of detector acceptances, we include an overall exp
mental efficiency of 50%. From Fig. 4, but for 2 generatio
we find the following discovery reaches for slepton mass

ml̃ R
560 GeV ~As51.8 TeV, L5110 pb21!

ml̃ R
5130 GeV ~As52 TeV, L52 fb21!

ml̃ R
5170 GeV ~As52 TeV, L510 fb21!

ml̃ R
5210 GeV ~As52 TeV, L530 fb21!.

~19!

As noted above, these estimates of the discovery reach
valid only for large tanb, and are degraded for lower tanb.
A quantitative determination of the dependence of the re
on tanb, requiring a careful study of backgrounds and t
optimization of cuts, merits further study, but is beyond t
scope of the present analysis.

B. Gaugino production

As discussed in Sec. III B, in the stau NLSP scena
W-ino-like charginos and neutralinos typically decay throu
left-handed sleptons, with cascade decays given in Eqs.~12!
and ~13!. Assuming that right-handed sleptons appear in
detector as muons, the final state therefore contains m
charged leptons and no jets. For scenarios with gauginos
are highly degenerate with sleptons, some of the real lep
in the final state may be too soft to detect. However, t
applies only to points extremely close to themt̃1

5M1

boundary of Fig. 1, and we will assume that this is not
case. Gaugino production then results in the spectacular
nal of from 5 to 7 charged leptons.15

As in Sec. V A, we take the signal to be 5 or more is
lated leptons with little hadronic activity. We demand
events for a discovery signal, and again include an ove
experimental detector efficiency of 50%. For the 7 lept
events, this is likely to be a rather conservative estimate
only 5 or more need be detected. We may then determine
discovery reach for multi-lepton signals in this scenario fro
Fig. 6. The discovery reaches for our representative d
samples are

15We assume here thatẽR and m̃R do not further decay through

l̃ R→ l Rtt̃1 . If such decays result in detectable leptons, the sign
are even more spectacular.
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M25190 GeV ~As51.8 TeV, L5110 pb21!

M25310 GeV ~As52 TeV, L52 fb21!

M25370 GeV ~As52 TeV, L510 fb21!

M25410 GeV ~As52 TeV, L530 fb21!.
~20!

The multi-lepton signal fromW-ino production is thus one o
the most sensitive probes, and probes chargino and
tralino masses far into the ranges typically expected
W-ino masses.

VI. COMPARISON OF RESULTS

In the previous 3 sections, we have considered a var
of SUSY discovery signals in the long-lived stau NLSP sc
nario. They are the following:

~A! Highly ionizing tracks from slepton pair productio
~Sec. III A!.

~B! Highly ionizing tracks fromW-ino pair production
~Sec. III B!.

~C! An excess of dimuon events from slepton pair produ
tion ~Sec. IV!.

~D! Multi-lepton signals from slepton pair productio
~Sec. V A!.

~E! Multi-lepton signals fromW-ino pair production~Sec.
V B!.

For each of these signals, we have obtained discov
reaches in terms of physical right-handed slepton and
W-ino masses by the analyses described above. We h
found that the discovery reach for slepton masses from~A!,
~C!, and~D! are numerically weaker than those for gaugi
masses from~B! and ~E!. However, in typical gauge media
tion scenarios, theW-ino are predicted to be substantial
heavier than the right-handed sleptons. It is therefore of
terest to determine what the relative strengths of these pro
are in terms of the fundamental parameter space of the ga
mediation model.

In Figs. 12–15, we summarize all of our previous resu
by presenting discovery reaches in the fundamental par
eter space for various integrated luminosities. We disp
these reaches in the (M ,L) plane, and fix the remaining
three parameters tanb53, m.0, and N5 . The number of
messenger representations isN553 for Figs. 12 and 14; in
Figs. 13 and 15, we illustrate theN5 dependence of thes
results by takingN554. For each point in the plane, th
complete superpartner spectrum is specified, and, in th
figures,D-terms for scalar masses and all mixing effects
included in calculating physical masses and production cr
sections. In each figure, we shade the area in whichmt̃1

.mx
1
0; in the remaining region, the stau is the NLSP.

To guide the eye in relating the fundamental model p
rameters to more physical parameters, we plot dotted c
tours of constantmt̃1

. Also, sinceMi /gi
2 is invariant under

one-loop RG evolution and the weak scale coupling c
stantsgi(MMSSM) are known, the weak scale gaugino mass

ls
1-11
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Mi(MMSSM) are proportional toL, independent ofM . In
particular, the SU~2!L gaugino mass is given by

M2~MMSSM!5N5L
g2

2~MMSSM!

16p2 . ~21!

We therefore also give vertical axis labels forM2(MMSSM)
with MMSSM51 TeV. This axis gives approximately th
physical masses of theW-ino-like chargino and neutralino.

For each point in parameter space with a stau NLSP,
determine the potential for SUSY discovery for each sig
according to the analyses described in Secs. III–V. Conto
for signals~A!, ~C!, and ~D! therefore roughly follow con-
tours of constant right-handed slepton mass, and contour
signal ~E! roughly follow contours of constant chargino an
neutralino mass. For signal~B!, the contours also roughly
follow chargino and neutralino mass contours, but r

FIG. 12. Summary plot forAs51.8 TeV andL5110 pb21 ~Run
I! and fixedN553, tanb53, andm.0. Solid contours give the
discovery reach for~B! highly ionizing tracks from gaugino produc
tion and ~E! multi-lepton signals from gaugino production. Co
tours of constantmt̃1

are given by the dotted curves. In the shad
region, t̃1 is not the NLSP.

FIG. 13. Same as in Fig. 12, but forN554.
03500
e
l
rs

for

e

FIG. 14. Summary plot forAs52 TeV and integrated luminos
ity ~a! 2 fb21, ~b! 10 fb21, and ~c! 30 fb21. We fix N553, tanb
53, and m.0. Solid contours give the discovery reach for~A!
highly ionizing tracks from slepton production,~B! highly ionizing
tracks from gaugino production,~C! a dimuon excess from slepto
production, and~E! multi-lepton signals from gaugino production
Five events are required for~A!, ~B!, and ~E!, and a 3s excess is
required for~C!. Contours of constantmt̃1

are given by the dotted
curves. In the shaded region,t̃1 is not the NLSP.
1-12
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slightly relative to these contours asM increases: in this
direction, ml̃ R

increases, and the signal is strengthened
discussed in Sec. III B.

We begin by presenting results in Figs. 12 and 13 for
present Tevatron data sample ofL5110 pb21 at As
51.8 TeV. Several comments are in order. First, we h
assumed tanb53, and so slepton production does not res

FIG. 15. Same as in Fig. 14, but forN554.
03500
s

e

e
lt

in multi-lepton events. Signal~D! is therefore not applicable
Second, signals~A! and ~C! are too weak to appear in th
plots. These signals are both from slepton production,
are essentially dependent on only the right-handed slep
mass. Given only the current Run I data, they are there
weaker than the current LEP bound ofmt̃R

.75 GeV, inde-

pendent of model assumptions. For signal~B!, the reaches
plotted are conservative, as discussed in Sec. III B. Fina
signal ~E!, multi-lepton events fromW-ino production, re-

quires that the leptons fromW̃→ l̃ L andB̃→ l̃ R transitions be
energetic enough to be detected. ForN553 and 4, this is
always true for the former decay in the stau NLSP regi
However, the latter decay may result in soft leptons, and
bound from signal~E! is therefore weakened for points ver
close to the boundary of the shaded region. We have
included this effect in the figures.

For the particular parameters we have chosen, a num
of interesting conclusions may be drawn. Given the curr
Run I data, the slepton production signals~A! and ~C! are
superseded by the requirement that the parameters yield
stau NLSP scenario in the first place. Thus, for low tanb,
only the gaugino production signals~B! and~E! provide non-
trivial probes of the parameter space. However, even gi
only the current Tevatron data sample, signals~B! and~E! do
probe regions of parameter space not excluded by the cu
LEP boundmt̃R

.75 GeV@10#. For N553, we see from Fig.
12 that signal~B! is sensitive to parameter regions beyo
this bound, and signal~E! probes regions withmt̃1

'110 GeV, which are even beyond the ultimate kinema
reach of LEP II. ForN554, the ratiomt̃1

/M2 is reduced,
and the strength of gaugino production mechanisms rela
to slepton mechanisms is slightly weakened. However,
seen in Fig. 13, signal~B! is still competitive with the current
LEP bound, and signal~E! will significantly extend the reach
of LEP II for certain values ofM .

In the context of the stau NLSP scenario, if no signals
found in analyses of the available Tevatron data, curr
bounds onW-ino masses will be extended to roughly 20
GeV. In addition, in the framework of the particular mod
we have described, an indirect bound onmt̃1

may be set. For

example, forN553, we see from Fig. 12 that stau mass
below'90 GeV would be excluded by the absence of sig
~E!. Of course, such indirect bounds on stau masses
heavily on the specific model assumptions described in S
II.

In Figs. 14 and 15, we present results for the same mo
parameters, but for future Tevatron runs withAs52 TeV and
L52, 10, and 30 fb21. Again, as we have assumed tanb
53, discovery reaches from~D! multi-lepton signatures of
slepton pair production are inapplicable. Signal~C! is again
weak relative to the others. For integrated luminosities
2 fb21 or more, direct probes of slepton masses from sig
~A! and indirect probes from signals~B! and ~E! all exceed
mt̃1

;100 GeV, and SUSY discovery in these modes is p
sible, even given potential LEP II bounds on the stau ma
For L52 fb21, the multi-lepton gaugino production signa
~E! is dominant, and indirectly excludes stau masses be
1-13
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;120 GeV. However, for increasing luminosity, the relati
importance of the slow slepton signal~A! increases. ForL
510 fb21 andL530 fb21, signal~A! becomes the most sen
sitive probe, with sensitivity to regions of parameter spa
with W-ino masses in excess of 400–600 GeV.

VII. CONCLUSIONS

Gauge-mediated supersymmetry breaking models pro
an elegant solution to one of the most puzzling issues
supersymmetry, namely, the supersymmetric flavor probl
The phenomenology of these models is to a large ex
dominated by the character of the NLSP. In the most pop
gauge mediation scenarios, there are four options, as
NLSP may be either the neutralino or stau, and may be ei
stable or unstable in detectors. Three of these scenarios
received fairly extensive attention in the past. In this stu
we have given for the first time a detailed treatment of pr
pects for SUSY discovery at the Tevatron in the fourth s
nario, in which the NLSP is a long-lived stau. As discuss
in Sec. II, this scenario is realized in a wide range of para
eter space in models with messenger sectors withN5>2.

In such scenarios, all superparticles decay ultimately
the lighter staut̃1 , which appears in collider detectors as
~possibly slow! muon. We have analyzed the prospects
discovering SUSY by detecting highly ionizing tracks fro
slow t̃1 production, an apparent excess in dimuon eve
from stau pairs, and the appearance of spectacular m
lepton events from superpartner pair production followed
decays.

Of the signals considered, the dimuon excess is le
promising, as it suffers from the large background of genu
m1m2 production. Its use appears to be limited to confir
ing the supersymmetric interpretation of other, more se
tive signals. Note, however, that a dimuon excess is only
simplest example of an apparent violation of lepton univ
sality from long-livedt̃1 production. Many other possibili
ties exist. If a statistically significant excess ofm over e
events appears in any event sample, we strongly encou
the investigation of the long-lived charged slepton hypo
esis, either by looking for highly ionizing slow tracks in th
event sample or by forming distributions of kinematic va
s
,

03500
e

e
in

.
nt
ar
he
er
ve
,
-
-

d
-

o

r

ts
lti-
y

st
e
-
i-
e
-

ge
-

ables under the assumption that the muons are in fact s
tons of some given mass.

The remaining signals are sufficiently spectacular t
they are essentially background-free after the cuts we h
detailed in Secs. III and V. We have analyzed various d
samples, beginning with Run I data withAs51.8 TeV and
integrated luminosityL5110 pb21. With this current data,
we find that the sensitivity from slepton production is n
competitive with the current bound on long-lived staus
mt̃R

*75 GeV from combined LEP analyses. Howeve
W-inos with masses beyond the LEP kinematic limit may
produced in significant numbers at the Tevatron.W-ino pair
production therefore probes regions of parameter space
yond the current LEP bound and even beyond the poss
ultimate kinematic reach of LEP II. The analysis of curren
available Tevatron data therefore provides interesting n
probes of the gauge mediation parameter space.

Given the great interest in future Tevatron upgrades,
then considered what improvements may be expected f
future Tevatron data. As the backgrounds to the signals
consider are extremely suppressed, we find that signific
improvements may be expected. For future Tevatron r
with integrated luminosities of 2, 10, and 30 fb21, we esti-
mate that SUSY may be discovered for right-handed slep
masses of 110, 180, and 230 GeV andW-ino masses of 310
370, and 420 GeV, respectively. These new and spectac
signals are therefore sensitive to much of the typically
pected superpartner mass range and provide a promising
enue for SUSY searches at Tevatron runs in the near fut
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