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Cornering gauge-mediated supersymmetry breaking with quasistable sleptons at the Fermilab
Tevatron
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There are many theoretical reasons why heavy quasistable charged particles might exist. Pair production of
such particles at the Fermilab Tevatron can produce highly ionizing tracks or fake muons. In gauge-mediated
supersymmetry breaking, sparticle production can lead to events with a pair of quasistable sleptons, a signifi-
cant fraction of which will have the same electric charge. Depending on the production mechanism and the
decay chain, they may also be accompanied by additional energetic leptons. We study the relative importance
of the resulting signals for the Tevatron run II. The relative fraction of same-sign tracks to other background-
free signals is an important diagnostic tool in gauge-mediated supersymmetry breaking that may provide
information about mass splittings, tanb, and the number of messengers communicating supersymmetry break-
ing. @S0556-2821~99!06301-8#

PACS number~s!: 11.30.Pb, 12.60.Jv, 14.60.Hi, 14.80.Ly
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Low-energy supersymmetry has emerged as an exce
candidate solution to the hierarchy problem associated w
the existence of the small ratioMW /MPlanck in the standard
model. However, the existence of squarks and sleptons in
minimal supersymmetric standard model~MSSM! seems to
lead to another potential difficulty: the supersymmetric flav
problem. If the soft supersymmetry-breaking mass para
eters for squarks, sleptons, and gauginos do not greatly
ceed 1 TeV, as suggested by a solution to the hierarchy p
lem, then arbitrary mixing angles associated with these m
terms can induce unacceptably large flavor-changing eff

in low-energy processes such asm→eg, K0↔K̄0, b→sg,
etc. Conversely, the required absence of such flavor viola
can be viewed as a strong constraint, and therefore a po
ful clue, regarding the nature of supersymmetry breaking

Historically, the more popular approach has been to
sume that supersymmetry-breaking effects have their or
in a ‘‘hidden sector,’’ and are then communicated only~or
dominantly! by Planck-suppressed effects to the fields of
MSSM. However, within this framework, the absence
low-energy flavor-changing neutral currents really depe
on further implicit assumptions, sincea priori it is just as
likely to mediate supersymmetry breaking to the MSSM w
flavor-violating Planck-suppressed operators as with flav
blind ones. One may impose an approximate flavor sym
try on the relevant terms in the lagrangian, but it is rath
controversial whether this can be well-motivated theor
cally by deeper principles.

An alternative hypothesis@1,2# is that the ordinary gauge
interaction SU(3)C3SU(2)L3U(1)Y are responsible for
communicating supersymmetry breaking effects to

*Present address: Physics Department, Northern Illinois Uni
sity, Dekalb, IL, 60115 and Fermi National Accelerator, Batav
IL 60510.
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MSSM fields. In these gauge-mediated supersymme
breaking ~GMSB! models, the absence of large flavo
violating effects in low-energy physics is a natural cons
quence of the flavor-blindness of the standard model ga
interactions. The supersymmetry-breaking sector of
theory couples to some new ‘‘messenger’’ quark and lep
superfields with vectorlike SU(3)C3SU(2)L3U(1)Y inter-
actions. For example, suppose that the messenger qu
and leptons come inNmess copies of the515̄ represen-
tation of the global SU~5! symmetry which includes
SU(3)C3SU(2)L3U(1)Y . Because of the effects of dy
namical supersymmetry breaking, there is a small splitt
among the messenger fermion and scalar masses. In the
plest types of models with only oneF-term supersymmetry
breaking order parameter, this can be parametrized as
lows. For each messenger fermion with massmc i

, the mes-

senger scalar partner masses are given bymc i
A16L/mc i

,
whereL is a constant mass scale which is the same for al
the messenger supermultiplets. In order for the messe
scalars not to develop color- or charge-breaking vacuum
pectation values, it is necessary thatL,mc i

for each mes-
senger supermultiplet. It is usual to assume that the mes
ger particles are roughly degenerate, with masses all of o
Mmess, so thatL can be treated as a perturbation with resp
to Mmess'mc i

.
With these assumptions, the MSSM gaugino and sc

soft supersymmetry-breaking masses can be easily calcu
at leading order in an expansion inL/Mmess @2#. Gaugino
masses are communicated from the messenger sector t
MSSM at one loop,

Ma5NmessL
aa

4p
~a51,2,3!, ~1!

and are proportional to the corresponding squared ga

r-
,
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couplings. Squark, slepton, and Higgs boson squared ma
arise at two loops and are given by

mf
2 52NmessL

2(
a51

3 S aa

4p D 2

Ca
f , ~2!

whereC3
f is equal to4

3 for each squark and 0 for other sc
lars; C2

f is equal to3
4 for weak isodoublet scalars and 0 fo

weak isosinglets, andC1
f53Yf

2 /5 for each scalar of weak
hyperchargeYf with a1 in a grand unified theory~GUT!
normalization. Equations~1! and ~2! are subject to correc
tions inL/Mmesswhich turn out to be usually quite small@3#
and will be neglected in the following. The sparticle spe
trum can now be computed by using renormalization gro
equations to run the masses Eqs.~1! and ~2! and other cou-
plings from the scaleMmess down to the electroweak scal
@4–6#. This class of models is therefore highly predictiv
with input parametersL, Mmess, Nmess, tanb, and sgn(m),
and the phenomenology is quite distinctive@5–15#.

The prediction of a Goldstino or gravitino (G̃) @16,7# as
the lightest supersymmetric particle~LSP! is another genera
feature of GMSB models. In terms of the parametersL and
Mmessabove, the supersymmetry-breaking order paramet
^F&5CLMmess, whereC is a dimensionless constant whic
can be of order unity~for ‘‘direct’’ gauge-mediation mod-
els!, or much larger than 1~for ‘‘indirect’’ gauge-mediation
models!, but not much less than 1. Each of the MSSM sp
ticles can decay into final states including the Goldstino
gravitino G̃, with rates proportional to 1/^F&2. However, the
decays of MSSM sparticles to the Goldstino will typically b
dominated by other kinematically allowed decays, excep
the case of the next-to-lightest supersymmetric part
~NLSP!. If R parity is conserved, as motivated by the a
sence of rapid proton decay, then the NLSP can only de
to its standard model partner~s! and the Goldstino or grav
itino. Whether the NLSP can decay quickly enough to
visible within a collider detector depends on the identity a
mass of the NLSP, and on the Goldstino decay constant^F&.
If ^F& is less than a few thousand TeV, then one can hop
observe decays to the Goldstino within a typical collider d
tector, with potentially spectacular consequences. C
versely, if ^F&@103 TeV, then all decays involvingG̃ will
occur far outside the detector.

In GMSB models of the type discussed above, the NL
is generally either the lightest neutralino (Ñ1) or a charged
slepton, depending on the model parameters. In this pa
we will concentrate on the latter case. The three lightest s
tons generally consist of the nearly unmixed and degene
right-handed selectron and smuonẽR and m̃R , and a mixed
stau mass eigenstatet̃1 . The reason for this is that each o
the slepton (mass)2 matrices contains an off-diagonal ter
2mml tanb whereml is the mass of the corresponding le
ton. This provides for slepton mixing and lowers the cor
sponding slepton mass eigenvalue. In the case of the s
tron and smuon, this effect is quite small, only reducing
mass of the smuon by at most a few tens of MeV, and
mass of the selectron by much less. Therefore we will sim
neglect smuon and selectron mixing and treat them as de
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erate, unmixed states. However, because of the hiera
mt@mm , the stau mixing is not negligible unless tanb is
close to 1, so that

mt̃1
,mẽR

.mm̃R
. ~3!

Therefore, it is useful to distinguish between two quali
tively distinct scenarios, depending on whether or not
right-handed selectrons and smuons~ẽR and m̃R! can have
kinematically allowed decays into the lightest staut̃1 . If the
mass differenceml̃ R

2mr̃ 1
exceeds about 1.8 GeV, then on

can have three-body decays

l̃ R
2→l 2t6t̃1

7 ~4!

for l 5e or m, and similarly forl̃ R
1 . In that case we have a

‘‘stau NLSP scenario,’’ in which all supersymmetric deca
chains end up int̃1 , with a subsequent~possibly very slow!
decay

t̃1→tG̃. ~5!

Conversely, ifl̃ R and t̃1 are degenerate in mass to with
less than 1.8 GeV, then the aforementioned three-body
cays are not kinematically allowed. In this ‘‘slepton c
NLSP’’ scenario, the three sleptonsẽR , m̃R , andt̃1 each act
effectivelyas the NLSP despite Eq.~3!, in the sense that they
only have kinematically allowed decays into the Goldstin1

The lightest stau will decay according to Eq.~5!, while the
lightest selectron and smuon decay according toẽR→eG̃ and
m̃R→mG̃, respectively.

In this paper, we will consider slepton co-NLSP mode
and stau NLSP models, with the subsequent decays to
Goldstino or gravitinoG̃ assumed to be very slow, so th
they always occur outside the detector.~If instead those de-
cays occur promptly, or with a macroscopic decay length
within the detector, then the signals from additional ha
leptons and/or decay kinks or impact parameters will be e
more spectacular.! The quasistable sleptons arising from s
persymmetric events can then manifest themselves in dif
ent ways in a detector, depending on how fast they
@17,18,14#. The relevant kinematic variable isbg5(E2/m

l̃

2

21)1/2 whereE is the relativistic energy of the slepton in th
lab frame. Forbg*1 or so, the ionization rate2dE/dx of
the slepton as it moves through the detector material is m
mal, and the fast slepton penetrates the detector, mimicki
‘‘muon.’’ Slow sleptons withbg&1 have a greater-than
minimum ionization rate as they move through the detec
material. The ionization rate increases sharply asbg de-
creases, so that forbg,0.85 or 0.9 the resulting highly ion
izing track~HIT! can be readily distinguished from that of
muon @17,18,5,14#.

At the Tevatron run II, the most important sparticle pr
duction mechanisms are then typically slepton production

pp̄→ẽR
1ẽR

2 , m̃R
1m̃R

2 or t̃1
1t̃1

2 ~6!

1An exception occurs ifumÑ1
2mt̃1

u,mt and ml̃ R
.mÑ1

, which
corresponds to a neutralino-stau co-NLSP scenario.
8-2
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CORNERING GAUGE-MEDIATED SUPERSYMMETRY . . . PHYSICAL REVIEW D 59 035008
and/or chargino or neutralino production

pp̄→C̃1
1C̃1

2 or C̃1
6Ñ2 . ~7!

Of course, other processes can contribute small amoun
the signal. Production of heavier slepton pa
ñ ñ,ñ l̃ L

6 , l̃ L
1 , l̃ L

1 l̃ L
2 is generally less important than Eq.~6!,

but may still be observable. Other chargino and neutra
combinations~C̃i

1C̃j
2 ,C̃i

6Ñj , and Ñi ,Ñj ! might give sig-
nificant contributions, especially if the higgsino contents
the Ñ1 , Ñ2 andC̃1 are not negligible. Production of gluino
and squarks is generally quite negligible within the class
GMSB models we consider, because they tend to be r
tively heavy. In the simulations described below we simp
include all contributions to sparticle pair production.

Each supersymmetric event leads to a pair of quasi-st
sleptons which may be identified as either a ‘‘muon’’ or
HIT. In addition, a high percentage of these events can
tually have quasistable sleptons with the same charge in
final state. For example, in the case ofC̃1

6Ñ2 production, the

Ñ2 will decay equally to sleptons with either charge. Eve
with C̃1

1C̃1
2 ~or ñ ñ, ñ l̃ L

6 , l̃ L
2 l̃ L

2! production will lead to
roughly equal numbers of like- and opposite-charge slep
NLSP’s whenever any part of the decay chains involve
real or virtual neutralino, because the neutralinos are Ma
rana particles and do not know about electric charge. In
slepton co-NLSP scenario,ẽR

1ẽR
2 , m̃R

1m̃R
2 , and t̃1

1t̃1
2 pro-

duction always leads to opposite-charge sleptons. Howe
in the stau-NLSP scenario,ẽR

1ẽR
2 andm̃R

1m̃R
2 production usu-

ally leads to roughly equal numbers of same-sign a
opposite-sign staus in the final state. This is because
three-body decaysl̃ R

2→l 2t6t̃1
6 go through a virtual neu-

tralino, so that the charge of thet̃1 is nearly uncorrelated
with the charge of its parentl̃ R whenmÑ1

is not much larger

thanml̃ R
. As mÑ1

/ml̃ R
increases, the branching fraction fo

the ‘‘slepton charge-flipping’’ decaysl̃ R
2→l 2t2t̃1

1 in-
creases at the expense of the ‘‘slepton charge-preserv
decaysl̃ R

2→l 2t1t̃1
2 @13#. However, for reasonable value

of mÑ1
/ml̃ R

found in GMSB models with at̃1 NLSP as

studied here, the number of events fromẽR
1ẽR

2 and m̃R
1m̃R

2

production with like-sign staus will be comparable to~albeit
smaller than! the number with opposite sign staus. If, as
often the case in models, the mass differenceml̃ R

2mt̃1
is

not too large, then thel and thet produced in the decay wil
be very soft and will fail to pass cuts for lepton identific
tion.

In order to define our signals, we require that events p
at least one of the following two triggers.2 First, events are
triggered if at least one quasistable slepton hasuhu,0.6 and
bg.0.4. The pseudorapidity requirement corresponds to
highly-shielded central region of the Collider Detector

2We are grateful to D. Stuart for explaining the trigger and H
identification requirements relevant for CDF in run II.
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Fermilab ~CDF! detector in order to cut down on back
grounds. The lower limit onbg ensures that the slepton wi
penetrate the calorimeters. Second, events are triggered
at least one fast quasistable slepton which mimics a highpT

central muon. This requires the trigger slepton to sati
bg.0.85 anduhu,1.0. The lower limit onbg is to ensure
that the fast slepton will have a reasonable probability
penetrating the detector within a narrow time window in o
der to satisfy identification requirements for a muon.~Note
that if a slepton with mass greater than 90 GeV satisfies th
requirements, it will necessarily havepT.50 GeV in the
case of the first trigger andpT.30 GeV in the case of the
second trigger, so we do not require a separatepT cut.! We
find that in most of the cases studied below, the percent
of supersymmetric events which pass at least one of th
two trigger requirements is quite high, typically between
and 85 %.

After an event comes in on trigger, we identify particl
according to the following criteria: a quasistable slepton
identified as a HIT if it hasuhu,1.0 and 0.4,bg,0.85 and
pT.30 GeV; a quasistable slepton is identified as a ‘‘muo
if it fails the HIT requirement and satisfiesuhu,1.7 and
bg.0.85; a real electron or muon must satisfyuhu,1.7 and
pT.12 GeV; a jet must satisfyuhu,3.0 andpT.15 GeV.

In the case of a HIT, ‘‘muon’’ or a real lepton, we impos
an isolation requirement that within a con
A(Dh)21(Df)2,0.4 there should be no other HIT
‘‘muon’’ or lepton and that the total hadronic energy shou
not exceed 5 GeV. We have chosenpT anduhu cuts here that
are quite conservative, in part to mitigate the effects of fa
backgrounds from jets and lepton identification efficienci
We believe that they can be adjusted to reflect the real c
acteristics of the CDF and D0 detectors in future runs wi
out a huge effect on the results given below, because mo
the signal occurs with quite highpT central leptons.

Within this trigger sample, we now define the followin
signals: ~1! HIT, events with at least one isolated slepto
identified as a HIT;~2! SS, a pair ofsame-signfast sleptons
each passing the ‘‘muon’’ cut above, with no other isolat
leptons;~3! 3l , trilepton signal consisting of two fast slep
tons which each pass the ‘‘muon’’ cut above, and exac
one additional isolatede or m, and no jets;~4! 4l 1, four or
more isolated lepton candidates, including two fast slept
which each pass the ‘‘muon’’ cut above.

In the trilepton signal case (3l ), we demand that no pai
of oppositely charged muon candidates reconstructs to
invariant massmZ610 GeV in order to reduce the back
grounds fromWZ production. ~Here we use the invarian
mass as reconstructed from the three-momenta of the
ticles assuming they are essentially massless, which doe
coincide with the true invariant mass since at least one of
pair is actually a massive slepton.! We also do not allow any
jets in the event from initial state radiation or primary dec
products. Such a jet veto avoids potentially large ba
grounds fromt t̄ production. In the 4l 1 signal we require
that it not be consistent withZZ production. The invariant
mass cuts to accomplish this are the same as for thel
signal discussed above. We should also note that a sig
8-3
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STEPHEN P. MARTIN AND JAMES D. WELLS PHYSICAL REVIEW D59 035008
cant fraction of the 4l 1 events will have 5 or 6 isolated
leptons arising from gaugino cascade decays. Since
‘‘muons’’ in these events always havepT.50 GeV for ml̃

.90 GeV, there should be essentially no background a
cuts for all of the signals proposed above, except thel
signal whose background~from W6Z production, etc.! can
be rendered insignificant with sufficiently hardpT cuts on the
‘‘muons.’’ There are also possible backgrounds fromZZ*
production and jets being misidentified as leptons. While i
difficult to estimate reliably the size of these contributio
because of the important role of systematic detector effe
we suspect that they will be under control because of
higherpT cuts employed specifically for our signals.

Let us now study the relative importance of the sign
defined above forp̄p collisions atAs52 TeV, as is relevant
for the Tevatron Run II scheduled to begin in 2000. We w
examine representative models in the parameterization
Eqs. ~1!,~2!. Our collider simulations have been perform
using ISAJET @19#. A first quantitative study with somewha
different emphasis and different definitions of signals a
cuts has been carried out in Ref.@14#.

We first consider a one-parameter family of slepton
NLSP models withNmess53, tanb53, m.0 ~in the sign
convention of Ref.@20#!, and varyingL with Mmess53L.
~The factor of 3 here is rather arbitrary, but the sparti
spectrum depends onMmess only logarithmically anyway.!
Since the LEP2 Collaborations@15# should be able to rule
out slepton masses up to at least 90 GeV in the scenario
consider, we take L to vary over a range
27 TeV,L,80 TeV which corresponds to 90 GeV,mt̃1

,250 GeV. In this family of models, the mass differenc
mẽR

2mt̃1
andmm̃R

2mt̃1
are always positive and less than

GeV, so that the three-body decays in Eq.~4! are not open,
and ẽR , m̃R , andt̃1 are effectively co-NLSPs. We note tha
in the lower mass regions (mt̃1

&150 GeV) the chargino and
neutralino production rate constitutes the largest source
supersymmetry events at the Tevatron. At higher mass
gions (mt̃1

*150 GeV) it is slepton production which dom
nates. In Fig. 1 we show the four signal cross-sections
their total after the trigger, identification and isolation cu
described above. Using a discovery criterion of seven t
signal events, we find that a discovery should be possible
mt̃1

,(140,185,225) GeV in these models for an integra

luminosity of ~2, 10, 30! fb21. Theset̃1 mass limits corre-
spond to limits on the lightest chargino mass,mC̃1

,(320,430,540) GeV in these particular models, but it
important to note that slepton production is the domin
contribution to the signal for larger masses. The HIT sig
is clearly the largest single one over the entire range, but
4l 1 signal can be a significant component, and for sma
values ofmt̃1

the 3l and SS signals can also be observ
with sufficient integrated luminosity. However, for larg
sparticle masses, the discovery signal comes almost ent
from the HIT signal.

Next we consider a similar one-parameter family of mo
els with all other parameters as before, but now with tab
510. Because of the larger mixing in the stau (mass)2 ma-
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trix, the mass differencesmẽR
2mt̃1

andmm̃R
2mt̃1

are now

always greater than 3 GeV formt̃1
,250 GeV, so that the

three-body decaysẽR→ett̃1 and m̃R→mtt̃1 are kinemati-
cally allowed. These models are therefore examples of
stau NLSP scenario. The corresponding signal cross sec
are shown in Fig. 2. Again, the HIT signal is the largest o
but the SS signal is quite significant over the entire ran
amounting to about 20 to 35 % of the total signal even
Most of these SS events arise from direct production
ẽR

1ẽR
2 or m̃R

1m̃R
2 with subsequent three-body decays. The e

FIG. 1. Cross sections in fb for producing various final sta
from sparticle pair-production inpp̄ collisions atAs52 TeV. The
dashed lines are rates for events with at least one slepton iden
as a highly ionizing track~HITs!; four or more leptons including
one or more fast sleptons masquerading as ‘‘muons’’ (4l 1); tri-
leptons including one or more ‘‘muons’’ (3l ); and same-sign
‘‘muons’’ with no other isolated leptons~SS!. The results shown
are for slepton co-NLSP GMSB models with varyingL5Mmess/3,
and fixedNmess53, tanb53, andm.0. The solid line is the sum of
the four signals.

FIG. 2. As in Fig. 1, but for stau NLSP models with tanb
510. Note that the component of the signal due to same-s
‘‘muons’’ is much more significant in this case.
8-4
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CORNERING GAUGE-MEDIATED SUPERSYMMETRY . . . PHYSICAL REVIEW D 59 035008
istence of the SS signal allows the discovery reach inmt̃1
to

be slightly higher~about 10 GeV! in these stau NLSP model
than in the analogous slepton co-NLSP models in Fig. 1.~In
slepton co-NLSP models, directẽR

1ẽR
2 , m̃R

1m̃R
2 , and t̃1

1t̃1
2

production can never lead to a SS signal.! The 4l 1 signal
can also be important for smaller values ofmt̃1

.
In Fig. 3 we show the same signals but now with varyi

tanb, with Nmess53, m.0, and L5Mmess/3 chosen so
that mt̃1

is fixed at 110 GeV. The mass difference betwe

ẽR ~or equivalently,m̃R! and t̃1 is followed on the upper
horizontal axis. For tanb*6.6 the three-body decays forẽR
andm̃R open up, and the same-sign ‘‘muon’’ signal becom
large.3 For very large values of tanb, the masses of theẽR
and m̃R must be much higher than the lighter stau ma
which is fixed at 110 GeV for the figure. Therefore, the la
est source for SS dimuons—ẽR

2ẽR
1 and m̃R

2m̃R
1—gets quite

small again. Also, the additional leptons in the three-bo
decays become energetic enough to pass the lepton cu
these events contribute to the 3l and 4l 1 signals rather
than the SS signal. At the very largest values of tanb, t̃1

1t̃1
2

becomes by far the dominant discovery process, leadin
essentially only a HIT signal. Figure 3 illustrates that t
ratio of HITs to SS dimuons is an interesting probe of tanb
in gauge mediated models.

So far we have considered models with fixedNmess53. It

3There is a small range of tanb near the boundary between th
two scenarios for which the mass differencesml̃ R

2ml 2mt2mt̃1

are positive but small, so that the three-body decays can ha
macroscopic decay length@13#. We will not explore that interesting
possibility in the following.

FIG. 3. Cross sections in fb for producing various final sta
from sparticle pair-production inpp̄ collisions atAs52 TeV, la-
beled as in Figs. 1 and 2. The results shown are for GMSB mo
with varying tanb, and withL5Mmess/3 chosen so thatmt̃1

is fixed
at 110 GeV, withNmess53, andm.0. The dotted vertical line is the
nominal boundary between the slepton co-NLSP scenario~on the
left! and the stau NLSP scenario~on the right!.
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is also interesting to consider how the signals change ifNmess
is varied,4 since this has the effect of changing the over
ratios of the slepton masses to the gaugino mass parame
In Fig. 4 we show the signals as a function ofNmess, with
tanb53, m.0, andL5Mmess/3 chosen in such a way tha
mt̃1

is held fixed at 110 GeV.~The lower endpoint of the

graph is determined by the fact that forNmess*2.2, one finds
mÑ1

,mẽR
,mm̃R

in these models, so that we are no longer

the slepton co-NLSP scenario. For smallerNmess, the NLSP
will be an neutralino, leading to missing energy signals if t
decays to the Goldstino or gravitinoG̃ take place outside the
detector.! For all values ofNmess, the HIT signal is the larg-
est component of the total. For the lower values ofNmess, the
charginos and neutralinos are sufficiently light thatC̃1

1C̃1
2

and C̃1
6Ñ2 production dominate. AsNmessincreases, theC̃1

andÑ2 decays tend to yield more additional leptons, so t
the 4l 1 signal quickly overtakes the SS signal. For t
largest values ofNmess, slepton production dominates an
there is essentially no SS signal at all.

The situation is again quite different for stau NLSP mo
els, as illustrated in Fig. 5. Here we have chosen tanb510
and all other parameters as in Fig. 4. This ensures that
mass differencesmẽR

2mt̃1
andmm̃R

2mt̃1
are greater than 3

GeV, so that the three-body decays ofẽR and m̃R are open.
This in turn guarantees that over the whole range ofNmess
shown, the SS signal is a significant component of the to
With enough integrated luminosity it may be possible to e
tract information about the number of messengers by m
suring the superpartner masses and comparing the 3l and
4l 1 rates. Even more information can be obtained by m
suring the proportion of four, five, and six lepton events
the latter sample. However, for any given model these ra
are quite strongly dependent on the choice of leptonpT cuts

a4In the simplest GMSB models,Nmessis taken to be an integer, bu
one can easily imagine more general frameworks of models
which the effective value forNmessis not so restricted.

s

ls

FIG. 4. As in Fig. 1, but for slepton co-NLSP models with th
mass oft̃1 fixed at 110 GeV, tanb53, and varyingNmess.
8-5
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which in turn depend on experimental realities that are d
cult to anticipate, so we will not analyze them here.

It is useful to remark on the proportion ofẽR
1ẽR

2 and
m̃R

1m̃R
2 events which lead to same-sign staus in the fi

state. For example, in Fig. 5, the ratio of ‘‘slepton charg
flipping’’ decays l̃ R

2→l 2t2t̃1
1 to ‘‘slepton charge-

preserving’’ decaysl̃ R
2→l 2t1t̃1

2 increases monotonically
from 1 to about 4.6 asNmess increases from the minimum
value of 2.1 to 10. This increase is attributable to the co
sponding rise in the ratiomÑ1

/ml̃ R
, since off-shell neutrali-

nos in the three-body decays Eq.~4! favor the slepton
charge-flipping channel, while nearly on-shell neutralinos
not distinguish between the two channels@13#. This means
that for Nmess52.1, nearly 50% of theẽR

1ẽR
2 and m̃R

1m̃R
2

events will have same-sign staus in the final state, while
Nmess510, the fraction with same-sign staus decreases
about 27%.~Note that for smaller values ofNmess, the de-
viation of this fraction from 50% is much less; for examp
in the models shown in Fig. 2, it never gets below ab
46%.! In addition, there is a large direct production oft̃1

1t̃1
2

which further dilutes the ratio of same-sign stau final sta
It should also be noted that chargino and neutralino p

duction will lead to some same-sign events with branch
fractions that are functions of the model parameters. C
tainly, all C̃1

6Ñ2 events will lead to same-sign quasi-stab
sleptons in the final state, simply because the decay of
neutral Majorana particleÑ2 must be democratic betwee

FIG. 5. As in Fig. 2, but for stau NLSP models with the mass
t̃1 fixed at 110 GeV, tanb510, and varyingNmess.
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different charge channels. In most of the models stud
above, the production cross section forC̃1

1C̃1
2 is larger than

for C̃1
6Ñ2 , but it can also lead to same-sign sleptons in

final state whenever any part of the decay chain goes thro
a real or virtual neutralino. Only a small fraction of the
events will be counted in the SS signal as defined ab
which excludes events with HITs or additional leptons. Ho
ever, it is important to keep in mind that a sizeable fracti
of all the signals will have same-sign sleptons which can
an important observable. Thus one can, for example, m
sure the charges of the two tracks with the highestpT which
qualify as a muon candidate or a HIT, and then compare
ratio of same-sign to opposite-sign charges. This observ
can be defined for each of the signals given above,
should give an important confirmation of the slepton int
pretation of these events, as well as some information ab
the model parameters.

In our study the number of SS events compared to H
depends critically on detector performance. For example
the limit that detectors cannot distinguish between mu
and heavy charged particles at anybg, the HITs signal will
of course go to zero and the other signals will rise. Rat
between SS, 3l , and 4l 1 signals will then have very simila
dependences to those found above, and information abou
number of messengers and tanb can be studied in a simila
fashion. In other words, the qualitative features do not d
appear with variations in the detector parameters. In
study we have attempted to mimic detector performa
similar to that expected at CDF and D0.

In conclusion, quasi-stable heavy charged particles
present in many extensions beyond the standard model
expected the reach in supersymmetry masses is very hig
this scenario since highly-ionizing ‘‘cannonballs’’ in the d
tector are hard to miss. Mass limits well in excess of t
capabilities at the CERNe1e2 collider LEP II are possible.
Indeed, the Tevatron run II can probe much of the param
space where GMSB sparticles might be expected to app
based on a solution to the hierarchy problem without sign
cant fine-tuning@21#. However, only a detailed study of rela
tive rates of new physics final states along the lines of th
suggested above will enable a self-consistent picture to
formed of gauge-mediated supersymmetry at the Tevatro
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