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We consider a general class of models with gauge-mediated supersymmetry breaking in which the gravitino
is the lightest supersymmetric particle. Several qualitatively different scenarios arise for the phenomenology of
such models, depending on which superpartner~s! decay dominantly to the gravitino. At CERN LEP 2, neu-
tralino pair production and slepton pair production can lead to a variety of promising discovery signals, which
we systematically study. We investigate the impact of backgrounds for these signals and show how they can be
reduced, and outline the effects of model parameter variations on the discovery potential.
@S0556-2821~97!02815-4#

PACS number~s!: 14.80.Ly, 12.60.Jv

I. INTRODUCTION

Low-energy supersymmetry~SUSY! can provide a natu-
ral solution to the hierarchy problem associated with the ratio
MZ /MPlanck. If nature is indeed supersymmetric, it is impor-
tant to understand the mechanism by which SUSY breaking
occurs and is transmitted to the particles of the standard
model and their superpartners. One possibility is that SUSY
is broken at a scale;1011 GeV in a sector which communi-
cates with the particles of the minimal supersymmetric stan-
dard model~MSSM! only through gravitational interactions.
This has historically been the most popular approach, and its
phenomenological consequences have been and continue to
be well studied. In this paper, we will be concerned instead
with a different class of ‘‘gauge-mediated SUSY-breaking’’
~GMSB! models, in which the messengers of supersymmetry
breaking are the ordinary gauge interactions@1,2#.

Because gauge interactions are flavor blind, GMSB mod-
els are highly predictive with respect to the form of soft
SUSY-breaking interactions. In the minimal model of
GMSB @2#, the squark, slepton, neutralino, and chargino
masses are determined by only a handful of free parameters.
The MSSM gaugino mass parameters necessarily have a
common complex phase, which can be rotated away.
Squarks and sleptons with the same electroweak quantum
numbers are automatically degenerate in mass, up to radia-
tive corrections involving Yukawa couplings which can be
safely neglected for the sfermions of the first two families.
Thus GMSB models have the pleasant feature that they are
automatically free of excessive non-standard-model flavor-
changing neutral currents; this also holds in a large class of
extensions and variations of the minimal model@3–23#. Fur-
thermore, the sparticle mass pattern is highly constrained
even in extensions of the minimal model which contain
many more parameters. This means that sparticle spectros-
copy may one day provide for critical tests of GMSB.

However, the most distinctive phenomenological feature
of GMSB models may be that, unlike in gravity-mediated

SUSY-breaking models, the gravitino (G̃) is generally the
lightest supersymmetric particle~LSP!. This is because the
scaleAF associated with dynamical SUSY breakdown can
be as low as 10 TeV. The spin-3

2 gravitino obtains its mass
by the super-Higgs mechanism, absorbing the spin-1

2

would-be Goldstino which couples to the divergence of the
supercurrent with strength 1/F. The resulting gravitino mass
is

mG̃5
F

)M
52.3731022S AF

10 TeVD
2

eV, ~1!

whereM5(8pGNewton)
21/252.431018 GeV. The next-to-

lightest supersymmetric particle~NLSP! can therefore decay
into its standard model partner and a gravitino@24–26#. ~In
this paper we assume exactR-parity conservation, so that
there are no competing decays available for the NSLP.! If the
scaleAF does not exceed a few thousand TeV, the decays
can occur within a collider detector volume, possibly with a
measurable decay length. Furthermore, even supersymmetric
particles which are not the NLSP can decay into their stan-
dard model partners and a gravitino, if no competing decays
are kinematically allowed. As we will see below, this may be
an important consideration. The perhaps surprising relevance
of a light gravitino for collider physics@24–37# can be traced
to the fact that the interactions of the longitudinal compo-
nents of the gravitino are the same as that of the Goldstino it
has absorbed, and are proportional to 1/m

G̃

2
~or equivalently

to 1/F2! in the light gravitino~smallF! limit @24#.
In the GMSB models to be considered in this study, the

NLSP is always either a neutralino or a charged slepton. In
the former case, the lightest neutralino (Ñ1) decays into a
photon and a gravitino with a width

G~Ñ1→gG̃!5
k1g

48p

m
Ñ1

5

M2m
G̃

2

520k1gS mÑ1

100 GeV
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10 TeVD
24
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~2!
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where k1g5uN11cosuW1N12sinuWu2 is the photino compo-
nent of Ñ1 ~using the notation of@38# for the neutralino
mixing matricesNi j !. The probability that anÑ1 with energy
E in the lab frame will decay before traveling a distancex is
then

P~x!512e2x/L, ~3!

where

L59.931027
1

k1g
S mÑ1

100 GeV
D 25S AF

10 TeVD
4

3~E
Ñ1

2
/m

Ñ1

2
21!1/2 cm. ~4!

In principle, one can also haveÑ1→ZG̃ or hG̃, but the
corresponding decay widths@30# suffer a strong kinematic
suppression and can easily be shown to be always negligible
within the context of the present paper.

In the rest frame of the decayingÑ1 , the photon is pro-
duced isotropically~independent of the spin ofÑ1! with en-
ergy equal tomÑ1

/2. The gravitino still escapes the detector,
carrying away missing energy. Therefore SUSY discovery
signals at colliders involve up to two energetic photons and
missing ~transverse! energy in GMSB models with a neu-
tralino NLSP@24–36#. At the Tevatron, the largest produc-
tion cross sections typically involve chargino (C̃i) and neu-
tralino (Ñi) production, especiallypp̄→C̃1

1C̃1
2 and C̃1

6Ñ2 .
One can therefore detect supersymmetry using an inclusive
gg1E” T1X signal, in addition to channels with
lepton~s!1jet~s!10 or 1 photon. The discovery signatures for
SUSY with a prompt decayÑ1→gG̃ are so spectacular that
it is possible to set quite significant bounds even with exist-
ing Fermilab Tevatron data. For example, in@30# it was ar-
gued that with the present;100 pb21 of Fermilab Tevatron
data, it should be possible to exclude chargino masses up to
about 125 GeV and neutralino masses up to about 70 GeV in
a large class of models with a light gravitino, including
GMSB models, as long as the decayÑ1→gG̃ occurs within
the detector.1 In Ref. @35#, a significant reach was found also
in the 0 and 1 photon channels.

In discussing exclusion possibilities at the Tevatron, we
must mention that a single unusual event@39# of this general
type has been observed at the Collider Detector at Fermilab
~CDF!. This event has large (.50 GeV)E” T and two central
(uhu,1), energetic (ET.30 GeV) photons and two ener-
getic leptons. Events with these characteristics are reputed to
have very small standard model and detector backgrounds,
and it was pointed out in@26,28# that this event might be
explained by GMSB models~and other models with a light
gravitino! in terms of selectron pair production. However, at
least in the simplest types of GMSB models, this interpreta-
tion is now perhaps somewhat disfavored, since one might
typically expect many accompanying events in other chan-

nels@29–31,35#, which have not turned up in recent searches
by ~CDF! @40# and by D0 @41# Collaborations. Perhaps a
more plausible explanation of the event within the GMSB
framework is that it was due to chargino pair production
pp̄→C̃1

1C̃1
2 , as proposed in@30,31#. Each of the charginos

can decay either hadronically intoqq̄8gG̃ or leptonically
into lngG̃. The latter possibility can be significantly en-
hanced if sneutrinos are not too heavy~although it still seems
somewhat problematic to explain the kinematics of the ob-
served event!. GMSB models can be constructed with a neu-
tralino NLSP and a large leptonic branching fraction forC̃1
~with mC̃1

.mñ !, but not with a minimal messenger sector.

The signal forC̃1
1C̃1

2 production in this case can then be
l1l 82ggE” T . Note that in this chargino interpretation of the
event, the leptons need not have the same flavor. In any case,
more data at the Tevatron and at CERN LEP 2 will help to
test these speculations.

In other GMSB models, one finds that the NLSP is a stau.
Here, one should distinguish between several qualitatively
distinct situations. If tanb ~the ratio of Higgs expectation
values^Hu

0&/^Hd
0&! is not too large, the lightest stau eigen-

statet̃1 is predominantly right handed and is nearly degen-
erate in mass with the other right-handed sleptons. In the
case thatmēR

'mm̃R
,mt̃ 1

1mt , one finds that theẽR and

m̃R cannot have three-body decays intot̃1 without violating
lepton flavor conservation. Since lepton flavor-changing in-
teractions are automatically very highly suppressed in
GMSB models with R-parity conservation and decays
through an off-shell tau are insignificant, each of the right-
handed sleptons decays only into the corresponding
lepton1gravitino @26#, and t̃1 ,m̃R ,ẽR act effectively as co-
NLSP’s. ~An exception occurs ifmt̃ 1

,mÑ1
,mẽR

, as dis-
cussed below.! In this case, all supersymmetric decay chains
will terminate in t̃1→tG̃ or ẽR→eG̃ or m̃R→mG̃. The for-
mulas for the relevant decay widths of slepton into
lepton1gravitino are given by simply replacingmÑ1

→ml̃ ,

EÑ1
→E l̃ andk1g→1 in Eqs.~2! and ~4!, so that the decay

length in the lab frame for a slepton with energyE l̃ is

L59.931027S ml̃

100 GeVD
25S AF

10 TeVD
4

3~E
l̃

2
/m

l̃

2
21!1/2 cm. ~5!

At LEP 2 energies, the primary discovery process often~but
certainly not always, as we shall see! involves simple pair
production of the NLSP. In that case,EÑ1

in Eq. ~4! and

E l̃ in Eq. ~5! can simply be replaced by the electron beam
energy at LEP 2.

Conversely, ift̃1 is the NLSP and tanb exceeds 4 to 8
~depending on the other model parameters!, one finds in
GMSB models thatmt̃ 1

is small enough that the decays

l̃ R→ t̃1t l are kinematically allowed forl5e,m. These three-
body decays are mediated by virtual neutralinos and are typi-
cally not dynamically suppressed, because the bino content
of Ñ1 is significant. However, we have checked that they can
be quite strongly suppressed by phase space, so that it is
possible for l̃ R→ lG̃ to dominate even ifml̃ R

2mt̃ 1
2mt

1A quite similar bound onmÑ1
in a large class of GMSB models

may be obtained using the recent CERNe1e2 collider LEP runs at
As5161, 172 GeV, as we will see in Sec. III.
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2ml is a few GeV, ifAF is not too large andl̃ R→ lÑ1 is
kinematically disallowed. Barring these circumstances,t̃1
acts as the sole NLSP, and all supersymmetric decay chains
will terminate in t̃1→tG̃ @34#.

An important exception to the preceding discussion oc-
curs if umÑ1

2mt̃ 1
u,mt and mÑ1

,ml̃ R
1ml for l5e,m.

Then each of the decaysÑ1→gG̃ and t̃1→tG̃ have no sig-
nificant competition, andÑ1 and t̃1 act effectively as co-
NLSP’s.

To summarize, there are four qualitatively distinct sce-
narios for the termination of supersymmetric decay chains in
GMSB models. By a slight abuse of language, we refer to
these as ‘‘neutralino NLSP,’’ ‘‘stau NLSP,’’ ‘‘slepton co-
NLSP,’’ and ‘‘neutralino-stau co-NLSP’’ scenarios, accord-
ing to whether A only, B only, B and C, or A and B of the
decays

~A! Ñ1→gG̃, ~6!

~B! t̃1→tG̃, ~7!

~C! l̃ R→ lG̃ ~ l5e,m!, ~8!

do not suffer competition. The four possible scenarios corre-
spond nominally to the mass orderings~in addition tomt̃ 1
,ml̃ R

for l5e,m, which turns out to be always satisfied in
the GMSB parameter space we consider!:

neutralino NLSP: mÑ1
,mt̃ 1

2mt , ~9!

stau NLSP: mt̃ 1
,min@mÑ1

,ml̃ R
#2mt , ~10!

slepton co-NLSP: ml̃ R
,min@mÑ1

,mt̃ 1
1mt#, ~11!

neutralino-stau-co-NLSP: umt̃ 1
2mÑ1

u,mt ; mÑ1
,ml̃ R

,

~12!

where we have neglected the masses of the electron and the
muon. We should note that the condition Eq.~10! for the stau
NLSP scenario is necessary but not quite sufficient, since as
we have already noted, the decayl̃ R→ lG̃ can dominate over
l̃ R→ t̃1t l when the latter is kinematically open but sup-
pressed. Thus some models which obey Eq.~10! may actu-
ally behave as slepton co-NLSP models, depending onAF.
We have checked that two-body decaysl̃→ lÑ1 always
dominate over decays into the gravitino as long asAF
.10 TeV and the mass differenceml̃ 2mÑ1

2ml is more

than of order 10 MeV forl5e ~and much less forl5m,t!. A
similar statement holds for two-body decaysÑ1→ l l̃ . Hence
we will consider only the four main scenarios listed above.
Other ‘‘borderline’’ cases with small mass differences will
have similar phenomenology to the cases we do treat.

In Sec. II of this paper we describe the framework for an
exploration of the parameter space of GMSB models, with
some simplifying but hopefully not overly restrictive as-
sumptions. In Sec. III, we give some conditions on the pa-
rameters for each of the four different NLSP scenarios, and
study the possible signals and backgrounds which arise at

LEP 2 in each case. We will mostly consider an option with
As5190 GeV and 300 pb21 per detector. Section IV con-
tains some concluding remarks.

II. MODELS OF GAUGE-MEDIATED SUSY BREAKING

In this paper we will consider the following class of
GMSB models. The ultimate source of SUSY breaking is
parametrized by a gauge-singlet chiral superfieldS whose
scalar and auxiliary components are both assumed to acquire
vacuum expectation values~VEV’s!, denotedS andFS, re-
spectively. The superfieldS couples to a ‘‘messenger sector’’
consisting of chiral superfieldsF i ,F̄i which transform as a
vectorlike representation of SU(3)C3SU(2)L3U(1)Y . The
messenger sector couples to the SUSY-breaking sector
through the superpotential

W5l iSF iF̄i . ~13!

This implies that the fermionic messengers acquire a Dirac
mass l iS, while their scalar partners obtain (mass)2

5ul iSu26ul iFSu. The ordinary gauge interactions then
transmit this SUSY violation to the MSSM fields, with com-
putable superpartner masses@1,2#. Contributions to gaugino
masses due to each messenger pairF i ,F̄i arise at one loop
and are given at the scale~s! Q5l iS by

DMa5
aa

4p
Lna~ i !g~xi ! ~a51,2,3!, ~14!

where

L[FS /S, ~15!

g~x!5
1

x2
@~11x!ln~11x!1~12x!ln~12x!#, ~16!

and each

xi[uFS /l iS
2u. ~17!

The latter quantities must satisfy 0,xi,1 ~so that the light-
est messenger scalar does not acquire a VEV!. Herena( i ) is
the Dynkin index for the messenger pairF i ,F̄i in a normal-
ization wherena51 for N1N̄ of SU(N). We always use a
grand unified theory~GUT! normalization fora1 so thatn1
5 6

5Y
2 for each messenger pair with weak hyperchargeY

5QEM2T3 . In the limit of smallxi and whenF i ,F̄i consist
of a 515̄ of the global SU~5! which contains SU(3)C
3SU(2)L3U(1)Y , one recovers the results for the original
minimal GMSB models with(na51 and smallxi @2#, since
g(0)51. The functiong(x) is always slightly greater than 1,
but never exceeds 1.044 whenx,0.5, and reaches a maxi-
mum of 1.386 atx51 @8#.

Contributions from each messenger pairF i ,F̄ i to the
(mass)2 terms of the MSSM scalars arise at two-loop order
and are given at the scale~s! Q5l iS by

Dm̃252L2 (
a

S aa

4p D 2Cana~ i ! f ~xi !, ~18!
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where@4#

f ~x!5
11x

x2 F ln~11x!22Li2~x/@11x# !

1
1

2
Li2~2x/@11x# !G1~x→2x! ~19!

andCa is the quadratic Casimir invariant of the MSSM sca-
lar field in question, in a normalization whereC35

4
3 for

color triplets,C25
3
4 for SU(2)L doublets, andC15

3
5Y

2. For
small xi , one hasf (xi)'1, so that again the results of the
original minimal model with smallxi @2# are recovered.

In order to have a manageable parameter space for our
study, we now make some simplifying assumptions. First,
we consider~except when explicitly noted! only models for
which the total Dynkin indices of the messenger sector for
each gauge group are equal and do not exceed 4:

n5(
i
n1~ i !5(

i
n2~ i !5(

i
n3~ i !51,2,3, or 4.

~20!

This assumption ensures that the apparent near unification of
perturbative gauge couplings nearMU'231016 GeV is
maintained.~Possibilities which do not embrace this assump-
tion are discussed in@8#.! We will also take all of the cou-
plings l i to be equal to a common valuel, even though no
symmetry can enforce this; variations in the individuall i
only affect the MSSM sparticle spectrum logarithmically.
This in turn forces all of thexi to be equal to a single pa-
rameterx, which as a practical matter we require to satisfy

0.01,x,0.9. ~21!

With these assumptions, MSSM phenomenology is deter-
mined by just six parameters:

L,n,x,l,tanb, and sgn~m!. ~22!

The expressions for the sum of contributions to gaugino and
sfermion masses now simplify to

Ma5nLg~x!
aa

4p
, ~23!

m̃252nL2f ~x!(
a

S aa

4p D 2Ca ~24!

at the single messenger scaleQmess5L/x. Equations~23!
and ~24! are taken as boundary conditions for renormaliza-
tion group~RG! evolution of the MSSM parameters. At the
same scaleQmess, the running trilinear scalar couplings of
the MSSM are taken to vanish~they actually receive contri-
butions at two-loop order which are negligible in the first
approximation!. However, we do not assume thatBm is
close to zero at the messenger scale, since it seems likely that
a mechanism for generatingm can also generateBm @2,3,6#.
We then evolve all of the couplings of the MSSM from
Qmessdown to the electroweak scale, where the parameters
Bm and umu are determined by requiring correct electroweak
symmetry breaking. Note that in this parametrization, the

sparticle spectrum~with the exception of the gravitino mass!
does not depend onl, and depends onx only logarithmically
through Qmess and g(x). Of course, allowing different
xi ,l i would be more realistic and would enlarge the param-
eter space. However, the features of the enlarged parameter
space obtained in this way do not differ dramatically from
the one we consider. The effect of finitexi in Eqs.~14! and
~18! is simply to raise the gaugino mass parameters by up to
about 25% with respect to the sfermion masses, since
g(x)/Af (x) varies between 1~for x!1! and 1.25~for x
50.9!. Choosing a specific value ofx can be thought of as
simply parametrizing our ignorance of these effects within a
simplified framework. In the present paper, the chargino,
squark, and gluino masses have no direct relevance, so that
the practical effect of increasingx is essentially just to lower
the slepton masses compared to the mass of the lightest neu-
tralino.

The Goldstino decay constant in this parametrization is
given by

FS5
L2

xil i
5

L2

xl
. ~25!

This way of expressingFS is useful becauseL is relatively
well known from Eqs.~23! and ~24!, since it is correlated
strongly with the mass of the NLSP which we must presume
lies in the 50 to 100 GeV range in order for SUSY to be
relevant at LEP 2. An easy estimate then shows that the
relevant range ofL for this paper is from about 10 to about
100 TeV. While the dimensionless couplingsx andl can be
arbitrarily small, they can be bounded from above. Further-
more,FS can be smaller than the full SUSY-breaking order
parameterF of the complete theory.~In models whereFS
arises directly from an O’Raifeartaigh mechanism one ex-
pectsFS5F, but in models whereFS itself arises radiatively
as in @2#, one may findFS!F.! Therefore, Eq.~25! puts a
lower limit on F, or equivalently a lower limit onmG̃ , cor-
responding to a lower limit on the decay length of the NLSP
according to Eqs.~4! and ~5!. In particular, we note that in
viable GMSB models one must have

mG̃*231022 eV, ~26!

based only onl i&1 andmNSLP.50 GeV; this is consistent
with cosmological bounds@42# onmG̃ . For any given spar-
ticle spectrum specified by the parametersL, n, x, tanb,
sgn(m), one obtains a lower limit on the NLSP decay length
by assumingl&1. By taking smallerl with L and x held
constant one can essentially arbitrarily increase the NLSP
decay length while holding all other features of the MSSM
sparticle spectrum fixed. The NLSP decay length will also be
increased ifFS,F, as long as a pseudo-Goldstino field
which is not absorbed by the gravitino~and which is pre-
dominantly the fermionic component ofS! acquires a large
mass. In these cases the NLSP decay lengthL can be made
so large that NLSP decays always occur outside the detector.

The statement thatl, or more generally the distinct cou-
plings l i , should be bounded from above can be motivated
as follows. An estimate of the maximum value of the cou-
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plingsl i should roughly correspond to an infrared quasifixed
point of the RG equations. Let us consider, for example, a
‘‘minimal’’ messenger sector in whichF i , F̄i consist of a
515̄ of the global SU~5! group which contains the MSSM
gauge group. In that case one has couplingsl2 and l3 of
S to the SU~2!L-doublet and SU~3!C-triplet messenger fields,
respectively. These couplings satisfy the one-loop RG equa-
tions

16p2
dl2

dt
5l2F4l2

213l3
21•••23g2

22
3

5
g1
2G , ~27!

16p2
dl3

dt
5l3F2l2

215l3
21•••2

16

3
g3
22

4

15
g1
2G .

~28!

Here the ellipses represent the effects of other dimensionless
couplings involvingS, F i , or F̄i . These are of course
highly model dependent but will contribute positively to the
one-loopb functions, thus only reducing the quasifixed point
values of the couplings. One can then estimate the maximum
quasifixed point values for (l2 ,l3) by taking l35l25lU
to be large at the putative unification scale and evolving
down to the messenger scale. For example if the messenger
scale isQmess5100 TeV, then takinglU*2 yields (l2 ,l3)
'(0.7, 1.1) atQmess. Even if we abandon GUT boundary
conditions in this example and choosel3!l2 or l2!l3 at
the ‘‘unification’’ scale, the maximum values at the messen-
ger scale of the dominant coupling are found to bel2'1.0
or l3'1.2, respectively. Of course,S need not be a funda-
mental chiral superfield, but the fixed point values forl i
should roughly correspond to the maximum values, at least
in a perturbative effective field theory description. Note that
models with more messenger fields should respect the rough
resultl i&1. Adding more couplings to the mix will effec-
tively only give positive contributions to the correspondingb
functions when compared with the example given above,
leading to smaller values for thel i at the messenger scale. A
larger messenger sector will cause the gauge couplings to be
larger above the messenger scale, indirectly resulting in a
decrease in theb functions for thel i . However, this can
only slightly increase the quasifixed point behavior of the
largest coupling~s!, which is determined predominantly by
what happens near the messenger scale. Therefore we expect
that the lower bound on the NLSP decay length at LEP to be
inferred froml&1 ~for a givenx! should be robust. In par-
ticular, we see from Eq.~25! that for models with a givenL,
the minimum possible decay lengthL for the NLSP is given
by replacingAF→L in Eqs.~4! or ~5!.

In order to understand the parameter space of the GMSB
models we have chosen to study, we have used a computer
program to generate several tens of thousands of models for
each ofn51, 2, 3, 4 and random values for the other free
parameters in Eq.~22!. The program proceeds by an iterative
method that sets the weak-scale gauge couplings and masses,
evolves the RG equations to the messenger scale, sets the
messenger scale boundary conditions, evolves the RG equa-
tions with associated decouplings at each sparticle threshold
back to the weak scale, then iterates to convergence~about
four iterations are typically necessary!. Two-loop RG equa-

tions are used for the gauge couplings, third generation
Yukawa couplings, and gaugino soft masses, while one-loop
RG equations are used for the other soft masses and scalar
trilinear couplings. Electroweak symmetry breaking is en-
forced at the scaleQ5Amt̃ 1

mt̃ 2
, allowing the evaluation of

umu andBm from the Higgs soft masses, tanb, MZ , and one-
loop corrections. This evaluation utilizes the one-loop effec-
tive potential, which includes the corrections from top
squarks, bottom squarks, and staus consistently with the one-
loop evaluation of the Higgs boson masses.

Because this paper is devoted to possible discovery sig-
nals at LEP 2, we consider only models with NLSP mass less
than 100 GeV. The lightest supersymmetric particle is al-
ways a neutralino or a stau throughout this parameter space.2

However, as explained in the Introduction, more than one
superpartner can act effectively as the NLSP. We find sig-
nificant regions of parameter space in which each of the four
scenarios is indeed realized. In the next section we will de-
scribe in turn some relevant features of the parameter space,
including conditions on the parametersn, L, and tanb, for
the four NLSP scenarios. In each case we study how the
SUSY discovery signals may manifest themselves at LEP 2.

III. SIGNALS AT THE CERN LEP 2 COLLIDER

A. The neutralino NLSP scenario

If Eq. ~9! is satisfied, then the lightest neutralino is the
NLSP, and essentially all supersymmetric decay chains will
terminate inÑ1→gG̃. If this decay always occurs outside of
the detector, then collider signatures and search strategies are
the same as in the well-studied neutralino LSP scenario~see
for example@43,44#!. In that case, the only impact of the
gauge-mediation mechanism for collider phenomenology is
that the pattern of supersymmetric masses and other soft su-
persymmetry breaking parameters is restricted in significant
ways.

If the decayÑ1→gG̃ occurs within the detector an appre-
ciable fraction of the time, thenÑ1Ñ1 production can lead to
a discovery signal at LEP 2. A crucial quantity is then the
decay lengthL in Eq. ~4! with E5As/2. ForL greater than a
few centimeters, the LEP detectors may be able to resolve
the distance from the interaction point to theÑ1 decay vertex
where the photon originates. If this can be done reliably,
there should be essentially no backgrounds to the signal.
However, asL increases, a larger fraction of events will
occur outside the detector, decreasing the efficiency accord-
ingly. Of course, any analysis of this situation would be
highly detector dependent, as the different LEP detectors
have varying geometries and photon direction resolution ca-
pabilities. For a rough study we suppose that photons result-
ing from decaysÑ1→gG̃ can be detected if they occur

2We find one exception: it is possible to construct models with
n53 or 4 which have a tau sneutrino NLSP, but only ifmñ t

,54 GeV andml̃ R
,57 GeV andml̃ L

,95 GeV. We neglect this
possibility in the following, although a complete analysis which
might exclude these models has not yet been performed to our
knowledge.
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within 1 m of theinteraction point. Using Eqs.~3! and ~4!,
we can then estimate, as a function of the parameterL, the
probabilities that both, or only one, of the photons can be
detected in each event. These probabilities are shown in Fig.
1 for 1023 cm,L,105 cm. ~This range corresponds
roughly to 1*xl*1024 for the models described in Sec. II
with mÑ1

,90 GeV andAs5190 GeV.! Note that the prob-
ability to observe one of the two photons in each event may
exceed 0.1 even forL greater than 10 m. Remarkably, an
observable signal with displaced~not originating from the
interaction point! single photons might occur forL up to
several tens of m, depending on theÑ1Ñ1 production cross
section ~typically in the tens or hundreds of fb!, the inte-
grated luminosity achieved, and the specific detector being
used. ForL in the several cm to several m range, one can
hope to observe both one photon and two photon events with
displaced vertices.

For the remainder of this subsection, we assume thatL is
less than a few tens of cm, so that essentially all decays
Ñ1→gG̃ occur within the detector. We consider only models
for which mÑ1

,100 GeV ~so thatÑ1Ñ1 production can be

possible at LEP 2! andmÑ1
.70 GeV~motivated@30# by the

nonobservation of excessivegg1E” T1X events at the Teva-
tron @40,41#!. Then we find that within the framework of
GMSB models assumed here, neutralino NLSP models can
only be constructed if

n51; 40 TeV,L,80 TeV; tanb,35, or ~29!

n52; 24 TeV,L,40 TeV; tanb,18, or ~30!

n53; 20 TeV,L,24 TeV; tanb,10 andm.0.
~31!

These conditions are necessary, but not sufficient. The upper
and lower bounds onL correspond to those onmÑ1

in the
obvious way. The upper limits on tanb follow from the re-
quirement thatmt1

.mÑ1
1mt ; for larger values of tanb the

mixing in the stau (mass)2 matrix becomes too large to allow
this. In all cases, one finds thatumu*M2 , so that the NLSP
has a significant photino component, with 0.4,k1g,0.85 in
all models of this type, andk1g.0.55 in the minimal model
~meaningn51!. We have verified that for all neutralino
NLSP models accessible at LEP 2, theB(Ñ1→gG̃) is in
practice indistinguishable from 100%. In the models de-
scribed above, the minimum possible decay lengthL @esti-
mated by substitutingEÑ1

5As/2 andAF'L in Eq. ~4!# is

typically of order 10 to 100mm, far smaller than the resolu-
tion of the detectors.

Neutralinos can be pair produced ine1e2 collisions by
Z exchange in thes channel or by selectron exchange
in the t channel. In GMSB models,Ñ1 is always predomi-
nantly a bino and the ratiomẽR

/mÑ1
cannot be larger than

~1.6,1.25,1.1! for n5(1,2,3). Therefore the dominant contri-
bution toÑ1Ñ1 production always comes fromẽR exchange
because of the relatively largee2ẽR-bino coupling. Indeed,
the nonminimal GMSB models withn52,3 tend to have a
larger cross section fore1e2→Ñ1Ñ1 because of relatively
lighter mẽR

for fixed mÑ1
. In addition, in some models

l̃ Rl̃ R production~or just t̃1t̃1! production is allowed at LEP
2. However, we find that in the neutralino NLSP scenario,
the individual slepton production cross sections are always
smaller by at least a factor of 2~and often much more!, so we
will concentrate first onÑ1Ñ1 production as the discovery
process. We also find that chargino pair production is never
allowed at LEP 2, andÑ1Ñ2 is sometimes allowed but is
always highly kinematically suppressed and therefore insig-
nificant. This is easily understood due to the assumed bound
Ñ1*70 GeV and the rough relationsmÑ2

;mC̃1
;2mÑ1

,
which hold sincem is relatively large in our models.

The discovery processe1e2→Ñ1Ñ1 with each
Ñ1→gG̃, leads to events with two energetic photons and
large missing energy.3 This signal has already been studied
for LEP 2 in an earlier paper@30#, but we will be able to
extend these results. Also, Ref.@30# made no assumptions
about model parameters; in taking into account the con-
straints inherent in the GMSB models we will be able to
make some more concrete~and optimistic! statements. The
most important point to be made in this regard is that in the
GMSB neutralino NLSP models of the class described in
Sec. II, theÑ1Ñ1 production cross section can be bounded
from below for a givenmÑ1

. This result is due to the facts

that Ñ1 is always gauginolike andmẽR
is bounded from

above. The dominantt-channel exchange ofẽR therefore al-
ways ensures a substantial cross section. To illustrate this,
we show in Fig. 2 the minimum and maximum cross sections
for Ñ1 pair production obtained in these models, forAs
5161, 172, and 190 GeV. This graph was prepared by an
exhaustive scan of the model parameter space, varyingL,
x, tanb, and sgn~m!. The minimum cross sections are ob-

3We prefer not to use the words ‘‘acoplanar photons’’ to refer to
this signal, since the acoplanarity seems not to be a particularly
useful discriminant against background.

FIG. 1. The probability that exactly one~two! of the photons
from the decayÑ1→gG̃ originates within 1 m of theÑ1Ñ1 pro-
duction vertex is shown as the dashed~solid! curve, as a function of
the decay lengthL.
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tained for models withn51 andx not too large in which
mẽR

/mÑ1
saturates its upper bound of about 1.6.

The energy of eachÑ1 is equal to the beam energy
As/2, so that the photon energies in each event have a flat
distribution, with

Emin,Eg1
,Eg2

,Emax, ~32!

where

Emax,min5
1

4
~As6As24m

Ñ1

2
!. ~33!

Therefore one can always impose a cut on soft photons, de-
pending on an assumed lower bound on the mass of theÑ1
being searched for. In this paper, we will~motivated by@30#!
takemÑ1

.70 GeV as a given, so that a cut

Eg.
1

4
@As2As2~140 GeV!2# ~34!

on soft photons can be applied without affecting the signal at
all. The missing energy in each event is also bounded ac-
cording to 2Emin,E”,2Emax.

The most important physics backgrounds for theggE” sig-
nal are due to e1e2→ggn i n̄ i from diagrams with
s-channelZ exchange (i5e,m,t) andt-channelW exchange
~i5e only!. These backgrounds were discussed in some de-
tail in @30#, where it was shown that they can be efficiently
eliminated using a cut on the invariant missing massM inv

2

[(pe11pe22pg12pg2)
2. TheM inv distribution of the sig-

nal tends to be broadly distributed and has most of its sup-
port for lower values than the background, which is strongly
peaked atMZ but with a significant tail due to the
t-channel contributions. In Figs. 3 and 4 we show a compari-
son of the signal and background distributions forAs5172

and 190 GeV, respectively. In preparing these figures, we
have applied detectability cuts@45#

ucosugu,0.95, ~35!

~pT!g.0.0325As, ~36!

for each photon. The background distributions before and
after the cut on soft photons~34! were computed at tree-level
usingCOMPHEP@46#, and are shown as the open and shaded
histograms. Also shown are the distributions for the signals

FIG. 2. The maximum and minimum cross sections for
e1e2→Ñ1Ñ1 at As5161 GeV ~short dashed!, 172 GeV ~long
dashed!, and 190 GeV~solid!, as a function of the mass of the
lightest neutralino. These bounds hold in the neutralino NLSP mod-
els within the GMSB framework described in Sec. II.

FIG. 3. Missing invariant mass distributions atAs5172 GeV
for ggE” events which pass the cuts~35! and~36!. The background
from e1e2→ggn i n̄ i is shown as the open~shaded! histogram be-
fore ~after! the photon energy cutEg.18 GeV from Eq.~34!. The
upper~lower! dashed line is the signal distribution fromÑ1Ñ1 pro-
duction for representative models withmÑ1

575(82) GeV as de-
scribed in the text.

FIG. 4. Missing invariant mass distributions atAs5190 GeV
for ggE” events which pass the cuts~35! and~36!. The background
from e1e2→ggn i n̄ i is shown as the open~shaded! histogram be-
fore ~after! the photon energy cutEg.16 GeV from Eq.~34!. The
dashed lines are the signal distributions fromÑ1Ñ1 production for
representative models withmÑ1

575, 82, and 90 GeV~from top to
bottom! as described in the text.
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derived at tree-level from some sample models withmÑ1
575, 82, and 90 GeV. These models were chosen withn
51, tanb53, x50.1, andm,0. The shape~but not the mag-
nitude! of the signal distributions is largely independent of
these choices, for a fixedAs andmÑ1

. This can be easily
understood since the dominant kinematic features of these
events are due to the isotropic decaysÑ1→gG̃. Besides the
cuts Eqs.~34!–~36! we therefore propose to implement a cut
on the missing invariant mass of

5 GeV,M inv,80 GeV. ~37!

The lower limit in Eq.~37! is designed to remove detector
backgrounds such ase1e2→gg(g) with the third photon
unobserved. We expect that the effect of initial state radia-
tion will be to reduce slightly the total magnitude of both the
signal and the background, while not qualitatively affecting
the shapes ofM inv distributions; in particular, after the cut
Eq. ~37!, the background is still negligible.

At As5172 GeV the totalÑ1Ñ1 production cross sections
for the examples in Fig. 3 withmÑ1

575 and 82 GeV are 195
and 41 fb, respectively, before any cuts. After the cuts Eqs.
~34!–~37!, the remaining background is less than 1 fb, while
the signal for these models is 128 and 30 fb. With 10 pb21

per detector, this amounts to an expectation of roughly 5
events and 1.2 events~summed over all four detectors!.

At As5190 GeV the total cross sections in the models of
Fig. 4 are~350,180,41! fb for mÑ1

5(75,82,90) GeV, respec-
tively. After applying all of the cuts Eqs.~34!–~37!, we find
remaining signals of~193,106,25! fb. With 300 pb21 per de-
tector, this corresponds to about~58,32,7.5! events for each
of the four detectors. The remaining background after these
cuts is less than 1 fb.

As shown by these examples, the efficiency for detecting
signal events after cuts is quite high, while the physics back-
ground is essentially completely eliminated. The effects of
the cuts on the backgrounds are shown in Table I. In Fig. 5,
we show the efficiency~defined as the fraction of signal
events which pass all of our cuts divided by the total number
of signal events! as a function ofmÑ1

for various beam en-

ergiesAs5161, 172, 185, 190, 195, and 200 GeV. The effi-
ciency decreases slightly with increasing beam energy, but
always exceeds 50%. Also, we note that the efficiency in-
creases slightly closer to threshold; this is because nearer

threshold theM inv distribution for the signal becomes some-
what more sharply peaked with a smaller overlap with the
cut region M inv.80 GeV. The plotted efficiencies were
found for a specific class of models withn51, tan53, x
50.1, m,0 and varyingL, but these results are very nearly
model independent for a fixedmÑ1

, since the efficiencies

depend mostly on the kinematics of the isotropicÑ1 decays.
Therefore one may estimate the usable cross section~after all
cuts! for future LEP 2 runs by simply multiplying the total
cross section by 0.5. While the LEP runs atAs5161,172
were limited by only having;10 pb21 collected per experi-
ment, the reach atAs5172 GeV extends even beyondmÑ1

577 GeV in some parts of the GMSB model parameter
space. However, considering the minimum cross section ob-
tained in some models~see Fig. 2!, the exclusion capability
for these runs is aboutmÑ1

.72 GeV, using a criterion of
five total events~summed over all four detectors! after all
cuts. This limit is quite comparable to what should be attain-
able with the present Tevatron data~and providesa poste-
riori justification for our assumptionmÑ1

.70 GeV!. With

300 pb21 and a discovery requirement of five events after
cuts, the discovery reach should extend up to aboutmÑ1

5As/224 GeV in future runs, based on an efficiency of
50%. If a discovery is made, the events with the largest pho-
ton energies can be used to findmÑ1

using Eqs.~32! and
~33!. ~The lower endpoint of the energy range will be con-
taminated withggnn̄ background events.!

We note that observation of a fewggE” events with
M inv.80 GeV could not be interpreted as unambiguous evi-
dence forÑ1Ñ1 production, since the background is compa-
rable to or larger than the signal, especially if our cut on soft
photons ~34! is not applied. Conversely any events with
M inv,80 GeV would be of great interest for the GMSB sce-

FIG. 5. The fraction ofggE” events from neutralino pair pro-
duction which pass the detector cuts~35!, ~36!, and missing invari-
ant mass cut~37!. The lines from top to bottom are forAs5161,
172, 185, 190, 195, and 200 GeV. Here we have chosen a repre-
sentative class of models as described in the text, but for fixed
mÑ1

andAs the efficiency is quite insensitive to variations in model
parameters.

TABLE I. The ggnn̄ background to theggE” signal at LEP 172
and LEP 190, after the following cuts~described in the text!: ~1!
ucosugu,0.95, ~2! (pT)g.0.0325As, ~3! Eg.

1
4@As

2As2(140 GeV)2#, ~4! M inv,80 GeV. The missing invariant
mass cut~4! clearly reduces the main background to a negligible
level. The additional cutM inv.5 GeV is needed to eliminate the
background fromgg~g!, where~g! is lost in either the detector or
the beam pipe.

Cross section~fb! for (
i5e,m,t

ggn i n̄ i after

As ~GeV! cuts: ~1–2! ~1–3! ~1–4!

172 131 65.6 0.79
190 102 70.0 0.80
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nario, since the physics backgrounds for such events are
quite negligible.4

When kinematically allowed, slepton pair production can
add to the mainÑ1Ñ1 discovery signal. Each of the produc-
tion cross sections forẽRẽR , m̃Rm̃R , and t̃1t̃1 can even ex-
ceed 0.1 pb atAs5190 GeV, adding eventsl1l2ggE” to the
ggE” signal we have just discussed. The leptons in these
events should be softer than the photons, because the slepton
production cross section cannot be significant unlessml̃
2mÑ1

is small. For some models with large tanb, only

t̃1t̃1 pair production with signalt1t2ggE” can occur in
addition toggE” . While the individual slepton pair produc-
tion cross sections never exceed half of theÑ1Ñ1 production
cross section, thel1l2ggE” signal~s! should not have any
significant backgrounds~especially considering that the pho-
tons are always energetic!. Therefore it should be kept in
mind that slepton pair production can be an important com-
ponent of the discovery signal even in the neutralino NLSP
scenario. In the minimal model withn51, this can only
occur if x is significantly greater than 0, so that observation
of bothggE” and l1l2ggE” at LEP 2 would exclude models
with n51 and small relative mass splittings for the messen-
ger fields.

B. The slepton co-NLSP scenario

In this subsection we consider the case thatt̃1 , ẽR , and
m̃R are lighter than all of the other superpartners, and are
nearly degenerate in mass. As long as the conditions Eq.~11!
are satisfied, thent̃1 , ẽR , m̃R act effectively as co-NLSP’s
each decaying directly to the corresponding lepton plus grav-
itino. This situation can arise ifn52, 3, or 4, and tanb&8.
For larger values of tanb, the tau Yukawa coupling causes
mixing between the left- and right-handed staus which is
always sufficient to rendermt̃ 1

lower thanmm̃R
by more than

the t mass. Restricting our attention to models with slepton
NLSP masses between 50 and 100 GeV, we find that the
allowed ranges for the parameterL are

n52; 15 Tev,L,42 TeV, or ~38!

n53; 11 Tev,L,35 TeV, or ~39!

n54; 10 Tev,L,28 TeV, ~40!

in order for Eq.~11! to be satisfied. As mentioned in the
Introduction, however, there are some models for which
ml̃ R

2mt̃ 1
2mt2ml can be up to a few GeV butl̃ R→ lG̃ can

still dominate if AF is not too large andl̃ R→ lÑ1 is not
kinematically open. Those models will also act as slepton
co-NLSP models. In any case, using Eqs.~5! and ~25!, we
find that the minimum possible decay length at LEP 2 in the
slepton co-NLSP scenario is about 10mm for n52, and

somewhat smaller forn53,4. Of course, values ofxl
smaller than 1 will increase the decay length proportionally
to 1/(xl)2, and FS,F would have the same effect. This
means that thel̃→ lG̃ decay lengths can easily exceed mini-
mum detector resolutions, providing a background-
independent signal@26,34# if the tracks of stable sleptons
and/or their macroscopic decay lengths are observed by the
LEP 2 detectors. This would be spectacular confirmation of
the GMSB scenario.

The cross section form̃Rm̃R production at LEP 2~as a
function ofmm̃R

! is model independent, since this process is

mediated only bys-channel exchange ofg,Z. The ẽRẽR pair
production cross section has a contribution fromt-channel
neutralino exchange, but there is significant destructive inter-
ference with thes-channelg,Z exchange graphs, especially
near threshold. This means thats(ẽRẽR) is often much lower
thans(m̃Rm̃R) in slepton co-NLSP GMSB models. This is
an important qualitative difference from the situation in neu-
tralino LSP models as studied in@43,44#, where exchange of
a lighter neutralino in thet channel typically ensures that
s(ẽRẽR).s(m̃Rm̃R). The destructive interference effect in
slepton co-NLSP models is greater for larger values ofn,
corresponding to heavierÑ1 . We find that in our slepton
co-NLSP model parameter spaces(ẽRẽR),s(m̃Rm̃R) al-
ways holds forml̃ R

more than about~10,16,20! GeV below

the kinematic threshold ofAs/2, for models with n
5(2,3,4).

These features are illustrated in Figs. 6 and 7, which show
production cross sections ine1e2 collisions atAs5172 and
190 GeV for ẽRẽR and m̃Rm̃R . The results shown forẽRẽR
are for a typical family of GMSB models withx50.1,
tanb51.5, m,0 and L varying, as a function ofmm̃R

'mẽR
. The three dashed lines in Figs. 6 and 7 are the

4We also note that in the Higgsino LSP interpretation@28,47# of
the CDF event@39#, one could conceivably haveggE” events from
Ñ2Ñ2 production with the one-loop decayÑ2→gÑ1 , but these
would yield softer photons, and as with the background would tend
to have largerM inv than a GMSB signal.

FIG. 6. Slepton pair production cross sections as a function of
slepton mass, fore1e2 collisions atAs5172 GeV. The solid curve
is the~model-independent! production cross section form̃Rm̃R . The
three dashed lines are theẽRẽR production cross sections for a fam-
ily of models with varyingL and fixedx50.1, m,0, tanb51.5,
and, from top to bottom,n52,3,4. ~The model dependence is due
to the t-channel exchange of neutralinos.! The t̃1t̃1 production
cross section in slepton co-NLSP models is always nearly equal to
that of m̃Rm̃R .
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ẽRẽR cross sections in this class of models forn52,3,4 from
top to bottom.„These models have lower bounds onml̃ R

as
indicated; these follow indirectly from a lower bound on the
mass of the lightest Higgs boson, which we take to bemh
,sin2(b2a)64 GeV @48#.… For a givenn, the ẽRẽR produc-
tion cross sections in other models can be up to a factor of 2
smaller, but not much larger, than shown in Figs. 6 and 7.
The production cross section fort̃1t̃1 is always nearly equal
to that form̃Rm̃R , owing to the small mixing required by low
tanb and near degeneracy ofm̃R and t̃1 . For a given model,
one finds thats( t̃1t̃1) exceedss(m̃Rm̃R) by a few per cent.

With the 10 pb21 collected atAs5172 GeV it is apparent
from Fig. 6 that, modulo detector-dependent considerations
regarding the rate of energy loss by ionization and tracking
chamber capabilities, one should be able to put a useful ex-
clusion on long-lived sleptons. Indeed, the DELPHI collabo-
ration has recently analyzed data from runs withAs<161,
172 GeV, and found that long-lived right-handed smuons
and staus with mass less than 65 GeV are excluded at the
95% confidence level@49#. A somewhat more restrictive
lower bound could presumably be obtained by combining the
results of all four detectors. Likewise, searches for sleptons
with decay lengths exceeding several centimeters could
probably establish similar limits. Comparing with Fig. 7, we
see that in future runs with 300 pb21 or more, it should be
possible to exclude or discover long-lived sleptons with
masses up to a few GeV of the kinematic limit.~Comparable
constraints on long-lived sleptons from the present Tevatron
data will probably be difficult to obtain@50#.!

In the remainder of this subsection, we concentrate on the
more difficult situation that the finite decay lengths for the
sleptons are too short to measure. The signals for slepton pair
production are thene1e2E” , m1m2E” , or t1t2E” for ẽRẽR ,
m̃Rm̃R , t̃1t̃1 , respectively@26#. As illustrated by the ex-
amples of Figs. 6 and 7, the worst-case situation for a given
ml̃ R

will have s(ẽRẽR)!s(m̃Rm̃R), so we concentrate on

m̃Rm̃R as the discovery process.~In general,ẽRẽR can be the
dominant discovery process in slepton co-NLSP models only
when both cross sections are large and discovery is relatively
easy anyway.! In Fig. 8, we show the model-independent
production cross section form̃Rm̃R as a function ofmm̃R

, for

various beam energies. The past LEP runs atAs
5130–136, 161, and 172 GeV collected about 5.7, 10, and
10 pb21 per detector, respectively. Slepton masses less than
about 55 GeV would have resulted in severall1l2E” events
for each detector at LEP 130–136, with a detection effi-
ciency probably well in excess of 50%, since the decays
l̃→ lG̃ will always result in energetic leptons.~See for ex-
ample the analogous situation analyzed in@51# in the case of
sleptons decaying to a lepton and light neutralino.! For the
LEP 161 and LEP 172 runs, several events per detector could
be expected for slepton masses up to perhaps 70 GeV, but
with a background fromW1W2 production with leptonic
W decays, as discussed below. A precise determination of
slepton mass exclusions from present data in the slepton co-
NLSP case would involve detector-specific issues and will
not be attempted here.

Future runs with higher beam energy and much more data
should be able to decisively probe a significant range of slep-
ton masses. The lepton energies in each event have a flat
distribution ~before any cuts! with endpoints given by

Emin,El1, El2,Emax, ~41!

where

Emax,min5
1

4
~As6As24m

l̃

2
!. ~42!

Therefore the leptons from the signal events are quite ener-
getic ~especially in the critical case thatml̃ is near the kine-
matic threshold so that the production cross section is low!,
allowing one to choose a rather strong cut on the minimum
lepton energy. To reduce an important component of the
background as discussed below, it is necessary to impose
such a lower bound on lepton energy~in contrast to the situ-
ation for slepton signals with a neutralino LSP@43,44#,
where it is instead useful to impose an upper bound cut on
lepton energies!. We will somewhat arbitrarily take this to be

El.20 GeV, ~43!

FIG. 7. As in Fig. 6, but withAs5190 GeV. FIG. 8. Smuon pair production cross sections as a function of
mm̃R

, for e1e2 collisions at~from left to right! As5130, 136, 161,
172 ~solid lines! and 185, 190, 195, and 200 GeV~dashed lines!.
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which does not impact the signal at all forml̃ .77.5 GeV
for As5190 GeV, but this can and should be adjusted de-
pending on the signal and on the collider parameters. In the
following discussion we also impose a detectability cut

uh l u,2.5 ~44!

on the pseudorapidity of each lepton.
The fraction of e1e2E” , m1m2E” , and t1t2E” signal

events which pass these cuts is always quite high. Unfortu-
nately, there are significant backgrounds to these signals
which must be considered. First, one hase1e2→t1t2 with
leptonic t decays which gives a background tol1l2E” with
l5e,m. The resulting leptons are always nearly back-to-
back, so that an acoplanarity cut

cosf~ l1l2!.20.9 ~45!

can essentially eliminate this background, while leaving the
signal largely intact.~The anglef is defined between the two
leptons in the plane transverse to the beam axis.! Back-
grounds from l1l2g and l1l2e1e2 production with the
photon ore1e2 lost down the beampipe can be efficiently
eliminated with a cut on the total missing transverse momen-
tum @43#

p” T.0.05As. ~46!

Significant backgrounds also arise frome1e2

→Z(→nn̄)g* (→ l1l2) and e1e2→Z(→nn̄)Z(→ l1l2).
To eliminate them we impose a cut

uM inv2MZu.10 GeV ~47!

on the missing invariant massM inv[(pe
i
11pe

i
22pl

f
1

2pl
f
2)2 in each event. Other minor backgrounds are present

from higher order processes such ase1e2→enW(→en).
Their sizes before and after our cuts are given in Table II,
where we show that they are reduced to a negligible level. It
should be noted that these cuts will also reduce any poten-
tially dangerous interferences of these backgrounds with the
main background we are about to discuss.

WhenAs.2MW , the largest physics background is due
toW-pair production followed by leptonicW decays:

e1e2→W1W2→ l1l2nn̄. ~48!

At As5190 fb, this background amounts to 238 fb for each
lepton flavor, before cuts. This is reduced to 140 fb after
applying the cuts Eqs.~43!–~47!. The kinematics of the
background~48! are similar to those of the slepton pair-
production signal, especially ifml̃ is close tomW , and in
particular the cut~43! has only a very small effect. The situ-
ation is rather similar to the case of slepton pair production at
LEP in the neutralino LSP scenario as studied in@43,44#, but
with l̃→ lG̃ taking the place ofl̃→ lÑ1 . Note that in the
present situation, the near masslessness of the gravitino
makes the decayl̃→ lG̃ even more kinematically similar to
the standard model decayW→ ln. In particular, the signal
cannot be enhanced significantly by imposing an upper
bound on the lepton energies, as it could be in the situation
investigated in@43,44#. However, we can still use the fact
that the positively ~negatively! charged leptons from
W1W2 production are produced preferentially in the same
direction as the positron~electron! beam. This polar angle

TABLE II. The dominant backgrounds to dilepton signals atAs5190 GeV after the following cuts
~described in the text!: ~1! uh l u,2.5, ~2! p” T.0.05As, ~3! cosf(l1l2).20.9, ~4! uM inv2MZu.10 GeV, ~5!
El.20 GeV, ~6! 6cosul6.0. Other channels@e.g., nn̄Z(→ l1l2), m6nmW

7(→m7nm), contributions to
m1m2Z from processes other thang*Z andZZ production, multiperipheral diagrams, etc.# produce addi-
tional backgrounds at the level of 1 fb or less, before cuts. Cuts~1–2! are needed to reduce backgrounds from
e1e2(g), e1e2( l1l2), where (x) meansx is lost in the beam pipe, as well as to ensure final state detection.
Cut ~3! is necessary to eliminate the background fromt1(→ l1nn)t2(→ l2nn) and is also quite effective in
reducing~a!, ~b!, ~d! and ~e! @by about 24, 23, 18, and 15 % of the corresponding respective amounts after
cuts ~1–2!#. Note that the processes~d! and ~e! are backgrounds only for thee1e2E” signal.

Background~l5e or m!

Cross section~fb! at LEP 190 after

cuts: ~1–3! ~1–4! ~1–5! ~1–6!

~a! W1W2→ l1l2n l n̄ l 163 141 140 22.3

~b! W1W2→ l6t7(→ l7ntn l)n lnt 57.2 42.5 17.7 3.03

~c! (
i5e,m,t

g* (→ l1l2)Z(→n i n̄ i)
31.2 2.97 0.83 0.40

~d! (
i5e,m,t

e1e2Z(→n i n̄ i)

~other thanZZ,g*Z contribs.! 14.8 0.93 0.56 0.13

~e! (6 e6neW
7(→e7ne)

13.9 11.4 7.69 1.96

~f! (
i5e,m,t

Z(→ l1l2)Z(→n i n̄ i)
4.92 0.27 0.27 0.13
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asymmetry also unfortunately holds true for thee1e2E” sig-
nal from ẽRẽR production, although not as strongly as for the
background. Them1m2E” andt1t2E” signals are fortunately
symmetric with respect tou→p2u becausee1e2→m̃Rm̃R
ande1e2→ t̃1t̃1 production have onlys-channel contribu-
tions. Therefore the signal/background ratio form̃Rm̃R and
t̃1t̃1 ~and to a lesser extentẽRẽR! can be significantly en-
hanced by imposing a cut

6cosu l6.0 ~49!

on the more energetic lepton in each event, as in@43,44#.
~We always use the definition ofu as the angle between the
e2 beam momentum and the outgoing lepton momentum.!

We must also consider a background contribution for
e1e2E” andm1m2E” ~but not fort1t2E” ! from

e1e2→W1W2→ l6t7nn̄→ l1l2nn̄nn̄. ~50!

Sincet→ lnn̄ has a branching fraction of about 0.18 for each
of l5e,m, a rough estimate is that the additionall1l2E”
backgrounds are each about 0.36 times the direct
W1W2→ l1l2nn̄ background. However, this is an overesti-
mate, since the resulting leptons tend to be softer so that a
large fraction of these events are eliminated by the minimum
energy cut~43!, which was included for this reason. Before
~after! the cuts Eqs.~43!–~47! this background contributes
84 ~18! fb. It should be noted that if some efficient tau tag-
ging is possible, then some part of this background could be
eliminated. However, this is a highly detector-dependent
matter and we choose to simply consider the whole back-
ground. There is also a background from
e1e2→W1W2→t1t2nn̄→ l1l2nn̄nn̄, but this is sup-
pressed by the factorB(t→ lnn̄)2'0.03 and is greatly di-
minished further by the cut~43!, and so can be safely ne-
glected. In Table II we summarize the dominantl1l2E”
backgrounds showing the effects of the cuts described above.

To evaluate the background from Eq.~50! we used our
own Monte Carlo simulating the tau decay following each of
the parentWW→mtnn events generated usingCOMPHEP
and theBASES-SPRINGpackage@52#. In doing this, we also
took into account spin correlations and tau-decay anisotro-
pies in the tau rest frame. We checked that neglecting the
latter effects would have resulted in an 18% underestimate of
this background after cuts~1–5! in Table II and in an only
slightly flatter distribution in6cosul6 so that the underesti-
mate is diminished to 17% after cuts~1–6!. The effect of
taking into account spin correlations is not dramatic in this
case because the pattern of distributions is dominated by a
large boost of the tau in the lab frame.

These considerations are illustrated in Fig. 9, which
shows the distribution of6cosul6 for the m̃Rm̃R and ẽRẽR
signals in a model withml̃ R

580 GeV. ~The other model
parameters, which do not affect the distribution from
smuons, were chosen to ben53, L524 TeV, tanb51.5,
x50.1, with m52460 GeV.! Also shown as the heavier
solid line histogram is the distribution for background events
from both Eqs.~48! and~50!. Them1m2E” component of the
signal is much more promising thane1e2E” , both because
the total cross section is larger and because the polar angular
distribution is less similar to the background. This is a quite

general feature. In the case of thet1t2E” signal, there is no
background from Eq.~50!, so we also show in Fig. 9 the
distribution from Eq.~48! only, as the lighter solid line his-
togram.~The t1t2E” signal is, however, subject to a signifi-
cant and quite detector-dependent loss fromt identification
efficiencies.!

As these examples illustrate, we may concentrate on
m̃Rm̃R production as the likely discovery process, at least in
the pessimistic but common situation thats(ẽRẽR)
&s(m̃Rm̃R). In Fig. 10 we compare the distributions for the

FIG. 9. The differential cross sectionds/d(6cosul6) for the
more energetic lepton in each event atAs5190 GeV, after the cuts
~43!–~47!. The long-dashed~short-dashed! line is the signal from
e1e2→ l̃1 l̃2→ l1l2E” for muons~electrons!, respectively. For this
figure we have chosen a model withml̃ R

580 GeV as described in
the text. The lighter solid line histogram shows the background
contribution from e1e2→W1W2→ l1l2nn̄ ~not summed over
lepton flavors!, while the heavier solid line histogram includes also
the background from e1e2→W1W2→ l6t7nn̄→ l1l2nn̄nn̄,
wherel5e or m.

FIG. 10. The differential cross sectionds/d(6cosul6) for the
more energetic muon in each event atAs5190 GeV, after
the cuts ~43!–~47!. The dashed lines are the signal
from e1e2→m̃Rm̃R→m1m2E” for, from the top down,mm̃R

560,70,75, 80, 85, 90 GeV. The background distributions are
shown as described in Fig. 9.
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polar angle of the more energetic muon from background
and signal events, for variousm̃R masses. TheW

1W2 back-
ground should containe1e2E” , m1m2E” , e1m2E” , and
e2m1E” events in equal amounts. Meanwhile the signal
yields morem1m2E” than e1e2E” events after the cut Eq.
~49!, and noemE” events@except fromt̃1t̃1 production with
both taus decaying leptonically; this signal is again strongly
diminished by the square of the leptonic branching fraction
of the tau and by the energy cut Eq.~43!#. The cross sections
at As5190 GeV for signalm1m2E” events before cuts are
~360,238,178,121,69,25! fb for mm̃R

5(60,70,75,80,85,90)

GeV, respectively. The corresponding amounts which pass
all of the cuts including Eq.~49! are~70,60,52,39,23,8.5! fb,
respectively. This amounts to an expectation of~21,18,
16,12,7,2.5! signal m1m2E” events per detector with
300 pb21. For comparison, the totalm1m2E” background
from Eqs.~48!, ~50!, and other sources which survives all of
the cuts including Eq.~49! is 26 fb ~see Table II!, or 7.8
events in 300 pb21. Combining the results of all four detec-
tor should therefore give a 5s discovery signal forml̃ R

up to
85 GeV. However, we conclude from Fig. 10 that an unam-
biguous discovery may not be possible for models with
mm̃R

*85 GeV, even with 300 pb21 per experiment atAs
5190 GeV, because of the low rates and significantWW
background.5

In the delicate region where one is searching for smuons
with mm̃R

.80 GeV, it will help to increase the minimum
muon energy cut Eq.~43! and to impose an upper bound cut
on muon energies, in view of Eq.~42!, since this will reduce
theW1W2 backgrounds somewhat. It may also be useful to
adjust the polar angle cut~49!. The optimal cuts clearly de-
pend in a nontrivial way on the beam energy, on the amount
of integrated luminosity available, and on the masses of the
sleptons being searched for, because of the low signal rates.
If a discovery is made, the events with the highest muon
energy Eq.~43! should provide the best estimate of the
smuon mass using Eq.~42!, if mm̃R

,80 GeV. Formm̃R

*80 GeV, such a determination will be more difficult be-
cause of the lower rates and because the range of muon en-
ergies from the signal events is entirely covered by the back-
ground.

It is important to note that when kinematically allowed,
Ñ1Ñ1 will likely provide the clearest discovery signal. De-
spite mÑ1

.mt̃ 1
,mẽR

,mm̃R
in these models, we find that

s(Ñ1Ñ1) can be as much as 3 times larger thans(m̃Rm̃R) in
the slepton co-NLSP scenario. EachÑ1 can decay as
Ñ1→ l̃ Rl→ l1l2G̃ or Ñ1→ t̃1t→t1t2G̃. The first lepton
emitted in the decay chain will often be very soft~if mÑ1
2ml̃ R

ormÑ1
2mt1

2mt is small!, but this does not degrade
the signal. The reason is that because of the Majorana nature
of Ñ1 , the charges and flavors of the two most energetic

leptons in the event~which carry most of the visible energy!
are uncorrelated with each other. Therefore one has the
rather unique signature of l1l 81( l2l 82)E” and
l2l 82( l1l 81)E” andl1l 82( l2l 81)E” events in the ratio 1:1:2,
with the leptons in parentheses being much softer, perhaps
even too soft to detect. Herel and l 8 can each bee, m, or t,
independently. Even if both soft leptons are not detected, the
presence of two energetic same-charge leptons with large
missing energy should be an unmistakable discovery signal
for the first two of these signatures.~The analogue of this
signal in the special case of a stau NLSP scenario was re-
cently discussed in@37#.! The Ñ1Ñ1 production cross section
in slepton co-NLSP models is still bounded from below as in
Fig. 2 ~as a function ofmÑ1

!, but can also be much larger.

We therefore find that theÑ1Ñ1 channel will generally pro-
vide the largest discovery signal in slepton co-NLSP models
if mÑ1

is more than about 5 GeV below threshold. This is

particularly likely to happen in models withn52, for which
Ñ1 tends to be not much heavier than the sleptons. It is also
especially probable whens(ẽRẽR) and s(m̃Rm̃R) are also
both large, so that identifying an excess ofe1e2E” and
m1m2E” events above theWWbackgrounds will also not be
difficult. In that case the slepton pair production andÑ1Ñ1
pair production signals should provide strong confirmation of
each other.

C. The stau NLSP scenario

In this section we consider the case that the lightest stau is
the NLSP and all supersymmetric decay chains terminate in
t̃1→tG̃. Restricting our attention tot̃1 masses between 50
and 100 GeV, we find that the condition Eq.~10! can be
satisfied in the GMSB model parameter space of Sec. II only
if

n51; 35 TeV,L,120 TeV; tanb.18, or
~51!

n52; 18 TeV,L,80 TeV; tanb.6, or ~52!

n53; 12 TeV,L,70 TeV; tanb.5, or ~53!

n54; 10 TeV,L,60 TeV; tanb.4. ~54!

These requirements are necessary but not sufficient for the
stau NLSP scenario; indeed, as we have already mentioned,
l̃ R→ lG̃ for l5e,m can dominate even if Eq.~10! holds,
provided thatAF is not too large andl̃ R→ lÑ1 is not open.

As in the slepton co-NLSP scenario of the previous sub-
section, the discovery prospects are clearest if the decay
length t̃1→tG̃ is macroscopic, so that the discovery signal
consists of tracks from a heavyt̃1 and/or kinks due tot̃1
decays which can be directly observed in the detector
@26,34#. In this case, there are no significant physics back-
grounds, and the discovery potential is limited only by the
total production cross section, the integrated luminosity, and
the capabilities of the detectors. In the GMSB models with a
stau NLSP, the cross section fore1e2→ t̃1t̃1 as a function
of mt̃ 1

is given to a good approximation by the curves in

Fig. 8 with the horizontal axis now interpreted asmt̃ 1
, and in

5In the above analysis we did not take into account initial state
radiation effects, which diminish total cross sections for both the
signal and the backgrounds by up to 10%, and produce slight
changes in the shapes of distributions. We do not expect this to
significantly affect our conclusions.
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particular is not very model dependent. The mixing in the
stau~mass!2 matrix does provide for a small reduction in the
t̃1t̃1 cross section compared to that shown, but we have
checked that this reduction is at most about 10% in our mod-
els. As can therefore be seen from Fig. 8, future LEP 2 runs
should be able to discover a long-lived stau NLSP with mass
up to close to the kinematic limit, given 300 pb21 or more.

In the following, we therefore concentrate on the more
difficult possibility that thet̃1 decay length is too small to be
directly observed. All events will then have an energetic
t1t2 pair and large missing energy. In the large tanb limit,
one hasmt̃ 1

!mẽR
,mm̃R

,mÑ1
in these models, so that the

only discovery signal at LEP 2 ist1t2E” . This must be
compared to a background fromW1W2 with W→tn de-
cays, as given in the previous section. Since the signal events
featureEt with a flat distribution as in Eqs.~41! and~42!, the
tau decay length of;90mm3Et /mt ~roughly 1 to 4 mm!
may allow for fairly efficient tagging of nonleptonict de-
cays. Of course, theW1W2 background produces taus with
a similar energy distribution. Just as discussed in the previ-
ous section, thet̃1t̃1 signal is symmetric with respect to
u→p2u, while the background is not. Modulo the tau iden-
tification problem, Fig. 10 gives an indication of the polar
angle distributions of signal and background fort1t2E”
events. Extraction of at̃1t̃1 signal from the background will
be considerably more difficult than would be the case for
m̃Rm̃R signal in the slepton co-NLSP scenario, and an esti-
mate of the reach will depend quite sensitively on detector
capabilities. If the taus are not tagged, one possibility is to
look for purely hadronic states with very large missing en-
ergy to avoidWW contamination.

For lower tanb, the production ofẽRẽR , m̃Rm̃R , and/or
Ñ1Ñ1 can also be kinematically allowed. For a given model,
the m̃Rm̃R cross section is always smaller than that fort̃1t̃1
production, due simply to the kinematic suppression associ-
ated withmm̃R

.mt̃ 1
1mt . It can of course be read off of

Fig. 8, as before. TheẽRẽR production cross section can be
either smaller or larger, due to the interference between
graphs with t-channel exchange of neutralinos and
s-channel exchange ofg, Z. If tanb does not exceed about
30, these cross sections can add to the signal. Now because
of the decaysl̃ R→ l tt̃1 , the signal froml̃ Rl̃ R production is
t1t2( l1l2t1t2)E” , where the leptons in parentheses are
much softer. If the leptons are energetic enough to be iden-
tified, this signal should have very low backgrounds. It is
also possible that bothl̃ R→ t̃1t l and l̃ R→ lG̃ have a signifi-
cant branching fraction, if the former decay is sufficiently
kinematically suppressed andl̃ R→ lÑ1 is not open.
The l̃ Rl̃ R production could then lead to the additional signa-
tures l1t1( l2t2)E” , l2t2( l1t1)E” , l1t2( l2t1)E” ,
l2t1( l1t2)E” , and, as in the slepton co-NLSP scenario,
l1l2e.

If Ñ1Ñ1 production is allowed it can provide the dominant
signal. In this case, eachÑ1 can decay predominantly to
tt̃1 and then tot1t2G̃. The final taus from eacht̃1 decay
will combine to carry most of the visible energy in each
event, and their charges are uncorrelated because of the
Majorana nature ofÑ1 . This provides for the striking sig-
natures @37# t1t1(t2t2)E” and t2t2(t1t1)E” and

t1t2(t1t2)E” in the ratio 1:1:2, with the parentheses denot-
ing soft particles as before. As in the case of slepton co-
NLSP models, we find that theÑ1Ñ1 cross section can be up
to three times larger than that oft̃1t̃1 , despite the require-
mentmÑ1

.mt̃ 1
1mt . When tanb is not too large, this signal

can be the most visible one at LEP 2 for stau NLSP models.
If the decaysÑ1→ l l̃ R are also allowed forl5e,m, one may
obtain the same signatures but with two or four additional
soft leptons from the cascade decays ofÑ1 through l̃ R . In
our stau NLSP models we find that theÑ1Ñ1 production
cross section as a function ofmÑ1

is still bounded from be-
low ~but can be up to 50% smaller than indicated in Fig. 2 in
some cases!. If mÑ1

&As/225 GeV, there should be at least
a few events with very energetic same-charge taus and a pair
of softer taus with the opposite charge, if more than
300 pb21 is obtained. This is again especially likely to be the
discovery signal in models with smallern and tanb not too
large.

D. The neutralino-stau co-NLSP scenario

Finally we consider the case that the lightest neutralino
and the lighter stau act effectively as co-NLSP’s. This sce-
nario will occur if the conditions of Eq.~12! are satisfied.
While it might seem at first that requiringmÑ1

andmt̃ 1
to be

nearly degenerate requires some fine tuning, we find that the
region of parameter space where this occurs is actually quite
significant. Conditions which are necessary for a viable
model ~with mÑ1

*70 GeV! in the neutralino-stau co-NLSP
scenario are

n51; 40 TeV,L,80 TeV; 15,tanb,40, or
~55!

n52; 20 TeV,L,40 TeV; tanb,20, or ~56!

n53; 17 TeV,L,25 TeV; tanb,12. ~57!

BecauseÑ1 and t̃1 masses are not very different in this
scenario, strict exclusion or discovery should be rather
straightforward for a given NLSP mass. This is easily under-
stood in terms of the other scenarios we have already stud-
ied. We find that in neutralino-stau co-NLSP models, the
photino content ofÑ1 is bounded from below byk1g
.0.35. Comparing Eqs.~4! and ~5! we therefore conclude
that if the Ñ1 decay always occurs outside of the detector,
then thet̃1 decay must also take place over a typically mac-
roscopic distance. IfÑ1Ñ1 production is kinematically al-
lowed, then as in Sec. III A one has a signalggE” with about
a 50% detection efficiency after cuts, as long as theÑ1 decay
length is not too long. Conversely, if the decay lengths are
long, thent̃1t̃1 production leads to a background-free signal
with tracks of quasistablet̃1 observed directly in the detector
using the rate of energy loss and/or kinks due to slow decays
t̃1→tG̃. In an intermediate regime, one should see both
types of events. Note that in any case one need not rely on
identifying a t1t2E” ~or l1l2E” ! signal against theW1W2

background to effect discovery. In neutralino-stau co-NLSP
models, we find that theÑ1Ñ1 production cross sections at
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LEP 2 are bounded from below as in Fig. 2. Likewise Fig. 8
can be used to estimate thet̃1t̃1 production cross section as
a function ofmt̃ 1

. This overestimates the actualt̃1t̃1 rate by
no more than 10% because of stau mixing effects. When
mt̃ 1

andmÑ1
are more than about 5 GeV below threshold, it

cannot be possible for both of these signals to elude detec-
tion in future LEP 2 runs.

IV. CONCLUDING REMARKS

In this paper we have studied the implications of gauge-
mediated supersymmetry-breaking models for LEP 2 phys-
ics. There are four main scenarios for the effective NLSP~s!,
each with its own predictions for the possible discovery sig-
nals. These possibilities also depend on the unknown NLSP
decay length, and are summarized in Table III.

In many cases, strict exclusion~or discovery! for a given
NLSP mass can be assured given a sufficient beam energy
and integrated luminosity. For example, we found that
s(Ñ1Ñ1) is bounded from below~for a givenmÑ1

! in the
neutralino NLSP scenario models discussed in Sec. II. We
analyzed the backgrounds and found that they can be elimi-
nated with cuts which retain at least 50% of the signal
events. This should guarantee discovery ofÑ1 with masses

up to a few GeV of the kinematic limit in future LEP 2 runs,
provided that theÑ1 decay length is not too long. As a ca-
veat, we must note that with variations of the model choices
we have made, it is quite possible to find smaller cross sec-
tions for Ñ1Ñ1 production. For example, there could be ad-
ditional corrections to the Higgs soft (mass)2 parameters
with an indirect result of smaller values forumu @34#. Simi-
larly, we have investigated some models with unequal non-
zero values for the messenger multiplicities( in1( i ),
( in2( i ), and( in3( i ) @instead of Eq.~20!#, and found that
the requirements of correct electroweak symmetry breaking
can and do lead to smaller values ofumu/M2 in viable neu-
tralino NLSP models. In both cases, one finds thatÑ1 can
have a large Higgsino content, with therefore an arbitrarily
small production cross section for a givenmÑ1

and a very

long decay length forÑ1→gG̃.
In the slepton co-NLSP scenario, we found that if decays

are prompt, them1m2E” signal from m̃Rm̃R production is
likely to be the discovery mode. In particular, we found that
the e1e2E” signal fromẽRẽR production can be highly sup-
pressed by interference effects, and has a comparatively un-
favorable polar angle distribution. We also found that it is
necessary to employ a different cut on the lepton energies
than would be used in the neutralino LSP scenario to sepa-

TABLE III. The possible signatures at LEP 2 in the four different NLSP scenarios. The notation~1! prompt,~2! within the detector, and
~3! outside the detector refers to a NLSP decay such that the decay vertex is~1! close to the interaction region and not measurably displaced,
~2! possibly resolvable with a detector, and~3! well outside the detector. In the neutralino NLSP and slepton co-NLSP cases,l stands for
e, m, or t; in the stau NLSP casel stands fore or m.

Scenario
Sparticle
production Signal Comments

neutralino NLSP Ñ1Ñ1
ggE”

Ñ1→gG̃ decays are
prompt

displacedgs within the detector

l̃ R
1 l̃ R

2 gg l1l2E”
~as above!

l1l21displacedgs

slepton co-NLSP l̃ R
1 l̃ R

2

l1l2E” a

l̃→ lG̃ decays are

prompt

l̃→ lG̃ decay kinks within the detector

chargedl̃ tracks outside the detector

Ñ1Ñ1

l1l 81( l2l 82)E” ,
( l l 8) leptons are soft or undetectedl2l 82( l1l 81)E” , and

l1l 82( l2l 81)E”

stau NLSP t̃1
1t̃1

2

t1t2E”

t̃1→tG̃ decays are

prompt

t̃1→tG̃ decay kinks within the detector

chargedt̃1 tracks outside the detector

Ñ1Ñ1

t1t1(t2t2)E” , ~tt! leptons are soft or undetected;
t2t2(t1t1)E” , and possibly with 2 or 4 additional soft
t1t2(t1t2)E” leptons~e or m! if Ñ1→ l l̃ R is open

l̃ R
1 l̃ R

2 t1t2( l1l2t1t2)E” ( l1l2t1t2) leptons are soft or undetected

neutralino-stau
co-NLSP

Ñ1Ñ1 ,
t̃1

1t̃1
2

ggE” , t1t2E”
displacedgs and
t̃1→tG decays kinks
chargedt̃1 tracks

NLSP decays are
promp
within the detector
outside the detector

aIn the slepton co-NLSP case, the particularl1l2E” signature which is most likely to be observable ism1m2E” , as explained in III B.
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rate the signal from theWW backgrounds, because of the
kinematic characteristics of the decayl̃→ lG̃ with a nearly
massless gravitino. The pair production ofÑ1Ñ1 can also
lead to spectacular signatures involving two energetic lep-
tons with the same charge~and two softer leptons with the
opposite charge!, in both the slepton co-NLSP and stau
NLSP scenarios. Long slepton lifetimes should lead to a rela-
tively easy discovery from observation of heavy charged par-
ticle tracks and/or decay kinks. One of the more difficult
scenarios involves a stau which is much lighter than all of
the other superpartners and which decays promptly into
tG̃. In this case the only discovery signal ist1t2E” with a
significant background fromWW production.

It should be noted that the signals we have studied are
considerably more general than the models outlined in Sec.
II. The same scenarios and qualitative features of the signals

arise in a much larger class of GMSB models with, for ex-
ample, different numbers of messenger fields and/or widely
different messenger scales. In most cases the discovery of a
GMSB signal will be readily distinguishable from the pre-
dictions of models with a neutralino LSP. Therefore the va-
riety of different signal possibilities points to the exciting
prospect of simultaneously discovering supersymmetry and
uncovering some of the most prominent features of the
mechanism of supersymmetry breaking.
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