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We classify the variety of low-energy supersymmetric signatures that can be probed
at future colliders. We focus on phenomena associated with the minimal super-
symmetric extension of the Standard Model. The structure of the supersymmetry-
breaking introduces additional model assumptions. The approaches considered
here are supergravity-mediated and gauge-mediated supersymmetry-breaking. Al-
ternative phenomenologies arising in non-minimal and/or R-parity-violating ap-
proaches are also briefly examined.

1 Introduction

In this chapter, we focus on the signatures for low-energy supersymmetry at
future colliders in the context of the minimal supersymmetric extension of the
Standard Model (MSSM) [1,2]. In its most general form (with the assumption
of R-parity conservation), the MSSM is a 124-parameter theory [3,4]; most of
the parameter freedom is associated with the supersymmetry-breaking sector
of the model a. This huge parameter space can be reduced by: (i) imposing
phenomenological constraints, and (ii) imposing theoretical assumptions on the
structure of supersymmetry-breaking. In addition, the scale of supersymmetry-
breaking,

√
F , must be specified. It determines the properties of the gravitino,

g̃3/2. In previous chapters, two broad model categories for supersymmetry-
breaking were discussed, gravity-mediated supersymmetry breaking (SUGRA)
and gauge-mediated supersymmetry breaking (GMSB).

In most SUGRA models [5],
√

F is so large that the g̃3/2 interactions
are too weak for it to play any role in collider phenomenology. In the min-
imal supergravity (mSUGRA) framework, the soft-supersymmetry-breaking
parameters at the Planck scale take a particularly simple form and depend
on essentially five new parameters. These include m0 (a flavor universal soft

aThe notation for the supersymmetric parameters used in this paper for the most part
follows that of Ref. [2]. The notation for supersymmetric particle names follows that of
Ref. [1].
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supersymmetry-breaking scalar mass), m1/2 (a universal gaugino mass), and
A0 (a flavor universal tri-linear scalar interaction). In particular, gaugino
mass unification implies that at the unification scale (MX), the U(1), SU(2)
and SU(3) gaugino Majorana mass parameters are equal, i.e., M1(MX) =
M2(MX) = M3(MX) = m1/2. This implies that the low-energy gaugino mass
parameters satisfy:

M3 =
g2
3

g2
2

M2 ≃ 3.5M2, M1 = 5
3 tan2 θW M2 ≃ 0.5M2 . (1)

The other two mSUGRA parameters are the supersymmetric Higgs mass pa-
rameter µ and an off-diagonal soft Higgs squared-mass. After the imposition
of electroweak symmetry breaking, these two parameters can be traded in for
the two Higgs vacuum expectation values (modulo a sign ambiguity in µ). By
fixing the Z mass, the remaining mSUGRA parameters are determined by
the ratio of Higgs vacuum expectation values (tanβ) and the sign of µ. The
lightest supersymmetric particle (LSP) is nearly always the lightest neutralino
(denoted in this chapter by χ̃0

1). Non-minimal extensions of the mSUGRA
model have also been considered in which some of the parameter universality
assumptions have been relaxed.

In GMSB models [6],
√

F is suffiently small that the g̃3/2 is almost always
the lightest supersymmetric particle (LSP) and plays a prominent phenomeno-
logical role. Then, different choices for the next-to-lightest supersymmetric
particle (NLSP) lead to different phenomenologies. In the simplest GMSB
models, the gaugino and scalar soft-supersymmetry-breaking masses are given
by SU(3), SU(2) and U(1) gauge group factors times an overall scale Λ, while
the A parameters are expected to be negligible. [The low-energy values of
the gaugino mass parameters also satisfy Eq. (1).] The parameter set is then
completed by tanβ and sign(µ).

Finally, one can also consider alternative low-energy supersymmetric ap-
proaches. For example, if R-parity violation (RPV) is present [7], additional
supersymmetric parameters are introduced. These include parameters λL, λ′

L

and λB which govern new lepton and baryon number violating scalar-fermion
Yukawa couplings derived from the following supersymmetic interactions:

(λL)pmnL̂pL̂mÊc
n + (λ′

L)pmnL̂pQ̂mD̂c
n + (λB)pmnÛ c

pD̂c
mD̂c

n , (2)

where p, m, and n are generation indices, and gauge group indices are sup-
pressed. In the notation above, the “superfields” Q̂, Û c, D̂c, L̂, and Êc re-
spectively represent (u, d)L, uc

L, dc
L, (ν, e−)L, and ec

L and the corresponding
superpartners. The Yukawa interactions are obtained from Eq. (2) by taking
all possible combinations involving two fermions and one scalar superpartner.
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2 Classes of Supersymmetric Signals

The lack of knowledge of the origin and structure of the supersymmetry-
breaking parameters implies that the predictions for low-energy supersym-
metry and the consequent phenomenology depend on a plethora of unknown
parameters. Nevertheless, we can broadly classify supersymmetric signals at
future colliders by considering a variety of theoretical approaches. In this sec-
tion, we delineate the possible supersymmetric signatures, and in the next
section we explore their consequences for experimentation at future colliders.

2.1 Missing energy signatures

In R-parity-conserving low-energy supersymmetry, supersymmetric particles
are produced in pairs. The subsequent decay of a heavy supersymmetric par-
ticle generally proceeds via a multistep decay chain [8,9,10], ending in the
production of at least one supersymmetric particle that (in conventional mod-
els) is weakly interacting and escapes the collider detector. Thus, supersym-
metric particle production yields events that contain at least two escaping
non-interacting particles, leading to a missing energy signature. At hadron
colliders, it is only possible to detect missing transverse energy (Emiss

T ), since
the center-of-mass energy of the hard collision is not known on an event-by-
event basis.

In conventional SUGRA-based models, the weakly-interacting LSP’s that
escape the collider detector (which yields large missing transverse energy) are
accompanied by energetic jets and/or leptons. This is the “smoking-gun” sig-
nature of low-energy supersymmetry. However, there are two unconventional
approaches in which the smoking-gun signature is absent. First, consider a
model in which the χ̃0

1 is the LSP but the lightest neutralino and chargino are
nearly degenerate in mass. If the mass difference is <∼ 100 MeV, then χ̃+

1 is
long-lived and decays outside the detector [11,12]. In this case, some super-
symmetric events would yield no missing energy and two semi-stable charged
particles that pass through the detector. Second, there are models in which
a gluino (more precisely, the R0 = g̃g bound state) is the LSP b. A massive
R0 is likely to simply pass through the detector without depositing significant
energy. Even when it is light enough to be stopped, the hadronic calorimeter
will measure only the kinetic energy of the R0. In either case, there would be

bFarrar has advocated the existence of a very light gluino with a mass less than a few
GeV [13]. Recent experimental data [14] show no evidence for a such a light gluino, although
the assertion that light gluinos are definitively ruled out is still in dispute. The possibility
of a more massive LSP gluino in SUGRA-based models has been considered in Ref. [12].
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substantial missing energy [15]. However, there would be no jets arising from
g̃ decays in such models.

In conventional GMSB models with a gravitino-LSP c, all supersymmetric
events contain at least two NLSP’s, and the resulting signature depends on the
NLSP properties. Four physically distinct possible scenarios emerge:

• The NLSP is electrically and color neutral and long-lived, and decays
outside of the detector to its associated Standard Model partner and the
gravitino.

• The NLSP is the sneutrino and decays invisibly into νg̃3/2 either inside
or outside the detector.

In either of these two cases, the resulting missing-energy signal is similar to
that of the SUGRA-based models where χ̃0

1 or ν̃ is the LSP.

• The NLSP is the χ̃0
1 and decays inside the detector to Ng̃3/2, where

N = γ, Z or a neutral Higgs boson.

In this case, the gravitino-LSP behaves like the neutralino or sneutrino LSP
of the SUGRA-based models. However, in contrast to SUGRA-based models,
the missing energy events of the GMSB-based model are characterized by the
associated production of (at least) two N ’s, one for each NLSP d. Note that
if χ̃0

1 is lighter than the Z and h0 then BR(χ̃0
1 → γg̃3/2) = 100%, and all

supersymmetric production will result in missing energy events with at least
two associated photons.

• The NLSP is a charged slepton (typically τ̃R in GMSB models if m
τ̃R

<

m
χ̃0

1

), which decays to the corresponding lepton partner and gravitino.

If the decay is prompt, then one finds missing energy events with associated
leptons (taus). If the decay is not prompt, one observes a long-lived heavy
semi-stable charged particle with no associated missing energy (prior to the
decay of the NLSP).

There are also GMSB scenarios in which there are several nearly degenerate
so-called co-NLSP’s [17], any one of which can be produced at the penultimate
step of the supersymmetric decay chaine. The resulting supersymmetric signals

cIt is also possible to construct a GMSB scenario in which the g̃ is the LSP [16]. The
resulting phenomenology corresponds to that of the massive gluino LSP discussed above.

dIf the decay of the NLSP is not prompt, it is possible to produce events in which one
NLSP decays inside the detector and one NLSP decays outside of the detector.

eFor example, if τ̃±
R

and χ̃0

1
are nearly degenerate in mass, then neither τ̃±

R
→ τ±χ̃0

1
nor

χ̃0

1
→ τ̃±

R
τ∓ are kinematically allowed decays. In this case, τ̃±

R
and χ̃0

1
are co-NLSP’s, and

each decays dominantly into its Standard Model superpartner plus a gravitino.
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would consist of events with two (or more) co-NLSP’s, each one of which would
decay according to one of the four scenarios delineated above. For additional
details on the phenomenology of the co-NLSP’s, see Ref. [17].

In R-parity violating SUGRA-based models the LSP is unstable. If the
RPV-couplings are sufficiently weak, then the LSP will decay outside the de-
tector, and the standard missing energy signal applies. If the LSP decays inside
the detector, the phenomenology of RPV models depends on the identity of
the LSP and the branching ratio of possible final state decay products. If
the latter includes a neutrino, then the corresponding RPV supersymmetric
events would result in missing energy (through neutrino emission) in associa-
tion with hadron jets and/or leptons. Other possibilities include decays into
charged leptons in association with jets (with no neutrinos), and decays into
purely hadronic final states. Clearly, these latter events would contain little
missing energy. If R-parity violation is present in GMSB models, the RPV
decays of the NLSP can easily dominate over the NLSP decay to the gravitino.
In this case, the phenomenology of the NLSP resembles that of the LSP of
SUGRA-based RPV models.

2.2 Lepton (e, µ and τ) signatures

Once supersymmetric particles are produced at colliders, they do not neces-
sarily decay to the LSP (or NLSP) in one step. The resulting decay chains can
be complex, with a number of steps from the initial decay to the final state [9].
Along the way, decays can produce real or virtual W ’s, Z’s, charginos, neutrali-
nos and sleptons, which then can produce leptons in their subsequent decays.
Thus, many models yield large numbers of supersymmetric events character-
ized by one or more leptons in association with missing energy, with or without
hadronic jets.

One signature of particular note is events containing like-sign di-leptons [18].
The origin of such events is associated with the Majorana nature of the gaug-
ino. For example, g̃g̃ production followed by g̃ → qqχ̃±

1 → qqℓ±νχ̃0
1 can result

in like-sign leptons since the g̃ decay leads with equal probability to either
ℓ+ or ℓ−. If the masses and mass differences are both substantial (which is
typical in mSUGRA models, for example), like-sign di-lepton events will be
characterized by fairly energetic jets and isolated leptons and by large Emiss

T

from the LSP’s. Other like-sign di-lepton signatures can arise in a similar way
from the decay chains initiated by the heavier neutralinos.

Distinctive tri-lepton signals [19] can result from χ̃±
1 χ̃0

2 → (ℓ±νχ̃0
1)(ℓ

+ℓ−χ̃0
1).

Such events have little hadronic activity (apart from initial state radiation of
jets off the annihilating quarks at hadron colliders). These events can have a
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variety of interesting characteristics depending on the fate of the final state
neutralinos.

If the soft-supersymmetry breaking slepton masses are flavor universal at
the high energy scale MX (as in mSUGRA models) and tanβ ≫ 1, then the
τ̃R will be significantly lighter than the other slepton states. As a result,
supersymmetric decay chains involving (s)leptons will favor τ̃R production,
leading to a predominance of events with multiple τ -leptons in the final state.

In GMSB models with a charged slepton NLSP, the decay ℓ̃ → ℓ g̃3/2 (if
prompt) yields at least two leptons for every supersymmetric event in associa-
tion with missing energy. In particular, in models with a τ̃R NLSP, supersym-
metric events will characteristically contain at least two τ ’s.

In RPV models, decays of the LSP (in SUGRA models) or NLSP (in
GMSB models) mediated by RPV-interactions proportional to λL and λ′

L will
also yield supersymmetric events containing charged leptons. However, if the
only significant RPV-interaction is the one proportional to λ′

L, then such events
would not contain missing energy (in contrast to the GMSB signature described
above).

2.3 b-quark signatures

The phenomenology of gluinos and squarks depends critically on their relative
masses. If the gluino is heavier, it will decay dominantly into qq̃ f , while
the squark can decay into quark plus chargino or neutralino. If the squark is
heavier, it will decay dominantly into a quark plus gluino, while the gluino
will decay into the three-body modes qq̄χ̃ (where χ̃ can be either a neutralino
or chargino, depending on the charge of the final state quarks). A number
of special cases can arise when the possible mass splitting among squarks of
different flavors is taken into account. For example, models of supersymmetric
mass spectra have been considered where the third generation squarks are
lighter than the squarks of the first two generations. If the gluino is lighter
than the latter but heavier than the former, then the only open gluino two-body
decay mode could be bb̃g. In such a case, all g̃g̃ events will result in at least four
b-quarks in the final state (in associated with the usual missing energy signal,
if appropriate). More generally, due to the flavor independence of the strong
interactions, one expects three-body gluino decays into b-quarks in at least

f In this section, we employ the notation qq̃ to mean either qq̃ or qq̃.
gAlthough one top-squark mass-eigenstate (t̃1) is typically lighter than b̃ in models, the

heavy top-quark mass may result in a kinematically forbidden gluino decay mode into t̃t1.
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20% of all gluino decays h. Additional b-quarks can arise from both top-quark
and top-squark decays, and from neutral Higgs bosons produced somewhere in
the chain decays [20]. Finally, at large tanβ, the enhanced Yukawa coupling to
b-quarks can increase the rate of b-quark production in neutralino and chargino
decays occurring at some step in the gluino chain decay.

These observations suggest that many supersymmetric events at hadron
colliders will be characterized by b-jets in association with missing energy [10,21,22].

2.4 Signatures involving photons

In mSUGRA models, most supersymmetric events do not contain isolated ener-
getic photons. However, some areas of low-energy supersymmetric parameter
space do exist in which final state photons can arise in the decay chains of
supersymmetric particles. If one relaxes the condition of gaugino mass unifi-
cation, then the low-energy gaugino mass parameters no longer must satisfy
Eq. (1). As a result, interesting alternative supersymmetric phenomenologies
can arise. For example, if the low-energy mass parameters satisfy M1 ≃ M2,
then the branching ratio for χ̃0

2 → χ̃0
1γ can be significant [23]. In the model of

Ref. [24], the χ̃0
1-LSP is dominantly higgsino, while χ̃0

2 is dominantly gaugino.
Thus, many supersymmetric decay chains end in the production of χ̃0

2, which
then decays to χ̃0

1γ. In this picture, the pair production of supersymmetric
particles often yields two photons plus associated missing energy. At LEP-2,
one can also produce χ̃0

1χ̃
0
2 which would then yield single photon events in

association with large missing energy.
In GMSB models with a χ̃0

1-NLSP, all supersymmetric decay chains would
end up with the production of χ̃0

1. Assuming that χ̃0
1 decays inside the collider

detector, one possible decay mode is χ̃0
1 → γg̃3/2. In many models, the branch-

ing ratio for this radiative decay is significant (and could be as high as 100%
if other possible two-body decay modes are not kinematically allowed). In the
latter case, supersymmetric pair production would also yield events with two
photons in associated with large missing energy. The characteristics of these
events differ in detail from those of the corresponding events expected in the
model of Ref. [24].

2.5 Kinks and long-lived heavy particles

In most SUGRA-based models, all supersymmetric particles in the decay chain
decay promptly until the LSP is reached. The LSP is exactly stable and escapes

hHere we assume the approximate degeneracy of the first two generations of squarks, as
suggested from the absence of flavor-changing neutral-current decays. In many models, the
b-squarks tend to be of similar mass or lighter than the squarks of the first two generations.

7



the collider detector. However, exceptions are possible. In particular, if there
is a supersymmetric particle that is just barely heavier than the LSP, then
its (three-body) decay rate to the LSP will be significantly suppressed and it
could be long lived. For example, in the models with |µ| ≫ M1 > M2 [11,12]
implying m

χ̃±

1

≃ m
χ̃0

1

, the χ̃±
1 can be sufficiently long lived to yield a detectable

vertex, or perhaps even exit the detector.
In GMSB models, the NLSP may be long-lived, depending on its mass and

the scale of supersymmetry breaking,
√

F . The NLSP is unstable and eventu-
ally decays to the gravitino. For example, in the case of the χ̃0

1-NLSP (which
is dominated by its U(1)-gaugino component), one finds Γ(χ̃0

1 → γg̃3/2) =
m5

χ̃0

1

cos2 θW /16πF 2. It then follows that

(cτ)
χ̃0

1
→γg̃3/2

≃ 130

(
100 GeV

m
χ̃0

1

)5( √
F

100 TeV

)4

µm . (3)

For simplicity, assume that χ̃0
1 → γg̃3/2 is the dominant NLSP decay mode.

If
√

F ∼ 104 TeV, then the decay length for the NLSP is cτ ∼ 10 km for
m

χ̃0

1

= 100 GeV; while
√

F ∼ 100 TeV implies a short but vertexable decay

length. A similar result is obtained in the case of a charged NLSP. Thus, if√
F is sufficiently large, the charged NLSP will be semi-stable and may decay

outside of the collider detector.
Finally, if R-parity violation is present, the decay rate of the LSP in

SUGRA-based models (or the NLSP in R-parity-violating GMSB models)
could be in the relevant range to yield visible secondary vertices.

3 Supersymmetry searches at future colliders

In this section, we consider the potential for discovering low-energy supersym-
metry at future colliders. A variety of supersymmetric signatures have been
reviewed in Section 2, and we now apply these to supersymmetry searches at
future colliders. Ideally, experimental studies of supersymmetry should be as
model-independent as possible. Ultimately, the goal of experimental studies of
supersymmetry is to measure as many of the 124 MSSM parameters (and any
additional parameters that can arise in non-minimal extensions) as possible. In
practice, a fully general analysis will be difficult, particularly during the initial
supersymmetry discovery phase. Thus, we focus the discussion in this section
on the expected phenomenology of supersymmetry at the various future facili-
ties under a number of different model assumptions. Eventually, if candidates
for supersymmetric phenomena are discovered, one would utilize precision ex-
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perimental measurements to map out the supersymmetric parameter space and
uncover the structure of the underlying supersymmetry-breaking.

3.1 SUGRA-based models

We begin with the phenomenology of mSUGRA. Of particular importance
are the relative sizes of the different supersymmetric particle masses. Generic
properties of the resulting superpartner mass spectrum are discussed in Ref. [2].
An important consequence of the mSUGRA mass spectrum is that substantial
phase space is available for most decays occurring at each step in a given chain
decay of a heavy supersymmetric particle.

Extensive Monte Carlo studies have examined the region of mSUGRA
parameter space for which direct discovery of supersymmetric particles at
the Tevatron and the LHC will be possible [25]. At the hadron colliders,
the ultimate supersymmetric mass reach is determined by the searches for
both the strongly-interacting superpartners (squarks and gluinos) and the
charginos/neutralinos. Cascade decays of the produced squarks and gluinos
lead to events with jets, missing energy, and various numbers of leptons.
Pair production of charginos and/or neutralinos can produce distinctive multi-
lepton signatures. The chargino/neutralino searches primarily constrain the
mSUGRA parameter m1/2, which can be translated into an equivalent bound
on the gluino mass. As a result, gluino and squark masses up to about 400
GeV can be probed at the upcoming Tevatron Run-II; further improvements
are projected at the proposed TeV-33 upgrade [26], where supersymmetric
masses up to about 600 GeV can be reached. The maximum reach at the LHC
is generally attained by searching for the 1ℓ +jets + Emiss

T channel; one will be
able to discover squarks and gluinos with masses up to several TeV [20]. Some
particularly important classes of events include:

• pp → g̃g̃ → jets + Emiss
T and pp → g̃g̃ → ℓ±ℓ±+jets+Emiss

T (the like-sign
dilepton signal [18]). The mass difference m

g̃
− m

χ̃±

1

can be determined

from jet spectra end points, while m
χ̃±

1

− m
χ̃0

1

can be roughly deter-

mined by analyzing various distributions of kinematic observables in the
like-sign channel [18,21,27]. An absolute scale for m

g̃
can be estimated

(within an accuracy of roughly ±15%) by separating the like-sign events
into two hemispheres corresponding to the two g̃’s [18], by a similar sep-
aration in the jets+Emiss

T channel [20], or variations thereof [21,27].

• pp → χ̃±
1 χ̃0

2 → (ℓ±νχ̃0
1)(ℓ

+ℓ−χ̃0
1), which yields a tri-lepton + Emiss

T final

9



state. The mass difference m
χ̃0

2

− m
χ̃0

1

is easily determined i if enough

events are available [19].

• pp → ℓ̃ℓ̃ → 2ℓ + Emiss
T , detectable at the LHC for m

ℓ̃
<∼ 300 GeV [20].

• Squarks will be pair produced and, for m0 ≫ m1/2, would lead to g̃g̃
events with two extra jets emerging from the primary q̃ → qg̃ decays.

The LHC provides significant opportunities for precision measurements of
the mSUGRA parameters [21]. In general, one expects large samples of super-
symmetric events with distinguishing features that allow an efficient separation
from Standard Model backgrounds. The biggest challenge in analyzing these
events may be in distinguishing one set of supersymmetric signals from an-
other. Within the mSUGRA framework, the parameter space is small enough
to permit the untangling of the various signals and allows one to extract the
mSUGRA parameters with some precision.

Important discovery modes at the NLC include the following [28]:

• e+e− → χ̃+
1 χ̃−

1 → (qqχ̃0
1 or ℓνχ̃0

1) + (qqχ̃0
1 or ℓνχ̃0

1);

• e+e− → ℓ̃+ℓ̃− → (ℓ+χ̃0
1 or νχ̃+

1 ) + (ℓ−χ̃0
1 or νχ̃−

1 ).

In both cases, the masses of the initially produced supersymmetric particles as
well as the final state neutralinos and charginos will be well-measured. Here,
one is able to make use of the energy spectra end points and beam energy
constraints to make precision measurements of masses and determine the un-
derlying supersymmetric parameters. Polarization of the beams is an essential
tool that can be used to enhance signals while suppressing Standard Model
backgrounds. Moreover, polarization can be employed to separate out various
supersymmetric contributions in order to explore the inherent chiral structure
of the interactions. The supersymmetric mass reach is limited by the center-
of-mass energy of the NLC. For example, if the scalar mass parameter m0 is
too large, squark and slepton pair production will be kinematically forbidden.
To probe values of m0 ∼ 1—1.5 TeV requires a collider energy in the range of√

s >∼ 2—3 TeV. It could be that such energies will be more easily achieved at
a future µ+µ− collider.

The strength of the lepton colliders lies in the ability to analyze super-
symmetric signals and make precision measurements of observables. Ideally,
one would like to measure the underlying supersymmetric parameters without

iIn some cases, m
χ̃0

2

− m
χ̃0

1

can still be determined if χ̃0

2
is produced at some step in a

supersymmetric decay chain.
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prejudice. One could then test the model assumptions, and study possible
deviations. The most efficient way to carry out such a program is to set the
lepton collider center-of-mass energy to the appropriate value of

√
s in or-

der to first study the light supersymmetric spectrum (lightest charginos and
neutralinos and sleptons). In this way, one limits the interference among com-
peting supersymmetric signals. Experimentation at the lepton colliders then
can provide model-independent measurements of the associated underlying su-
persymmetric parameters. Once these parameters are ascertained, one can
analyze with more confidence events with heavy supersymmetric particles de-
caying via complex decay chains. Thus, the NLC and LHC supersymmetric
searches are complementary.

Beyond mSUGRA, the MSSM parameter space becomes more complex. It
is possible to perturb the mSUGRA model by adding some non-universality
among the scalar mass parameters without generating phenomenologically un-
acceptable flavor changing neutral currents. There has been no systematic
analysis of the resulting phenomenology at future colliders. (The implications
of non-universal scalar masses for LHC phenomenology were briefly addressed
in Ref. [22].) Nevertheless, the possible non-degeneracy of squarks could have
a significant impact on the search for squarks at hadron colliders. In particu-
lar, in mSUGRA models one typically finds that four flavors of squarks (with

two squark eigenstates per flavor) and b̃R are nearly mass-degenerate, while

the masses of b̃L and the top-squark mass eigenstates could be significantly
different j . This means that the observed cross-section for the production of
squark pairs at hadron colliders would be enhanced by a multiplicity factor of
eight or larger (depending on the number of approximately mass-degenerate
squark species). Clearly, if some of the first and second generation squarks are
split in mass, the relevant effective cross-sections are smaller. This could lead
to more background contamination of squark signals at hadron colliders. The
impact of squark non-degeneracy on the discovery mass reach for squarks at
the Tevatron and LHC has not yet been analyzed.

It is also possible to introduce arbitrary non-universal gaugino mass param-
eters (at the high-energy scale). For example, suppose that the non-universal
gaugino masses at the high-energy scale imply that the gaugino mass param-
eters at the low-energy scale satisfy M2 < M1, i.e., the SU(2)-gaugino com-
ponent is dominant in the lightest chargino and neutralino [11,12]. In this
case, the χ̃0

1 and χ̃±
1 can be closely degenerate, in which case the visible decay

products in χ̃+
1 → χ̃0

1 +X decays will be very soft and difficult to detect. Con-

jIf tan β ≫ 1, then b̃L–̃bR mixing can be significant, in which case the two bottom-squark
mass eigenstates could also be significantly split in mass from the first two generations of
squarks.
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sequences for chargino and neutralino detection in e+e− and µ+µ− collisions,
including the importance of the e+e− → γχ̃+

1 χ̃−
1 production channel, are dis-

cussed in Refs. [11,12]. There is also the possibility that m
g̃
∼ m

χ̃±

1

≃ m
χ̃0

1

.

The decay products in the g̃ decay chain would then be very soft, and isolation
of g̃g̃ events would be much more difficult at hadron colliders than in the usual
mSUGRA case. In particular, hard jets in association with missing energy
would be much rarer, since they would only arise from initial state radiation.
The corresponding reduction in supersymmetric parameter space coverage at
the Tevatron Main Injector is explored in Ref. [12].

As a second example, consider the case where the low-energy gaugino mass
parameters satisfy M2 ∼ M1

k. If we also assume that tan β ∼ 1 and |µ| < M1,
M2

l, then the lightest two neutralinos are nearly a pure photino and higgsino
respectively, i.e., χ̃0

2 ≃ γ̃ and χ̃0
1 ≃ H̃ . For this choice of MSSM parameters,

one finds that the rate for the one-loop decay χ̃0
2 → γχ̃0

1 dominates over all tree
level decays of χ̃0

2 and BR(̃e → eχ̃0
2) ≫ BR(̃e → eχ̃0

1). Clearly, the resulting
phenomenology [24] differs substantially from mSUGRA expectations. This
scenario was inspired by the CDF eeγγ event [29]. Suppose that the eeγγ
event resulted from ẽẽ production, where ẽ → eχ̃0

2 → eγχ̃0
1. Then in the model

of Ref. [24], one would expect a number of other distinctive supersymmetric
signals to be observable at LEP-2 (running at its maximal energy) and at
Run-II of the Tevatron. In particular, LEP-2 would expect events of the type:
ℓℓ + X + Emiss

T and γγ + X + Emiss
T , while Tevatron would expect events of

the type: ℓℓ + X + Emiss
T , γγ + X + Emiss

T , ℓγ + X + Emiss
T , ℓℓγ + X + Emiss

T ,
ℓγγ + X + Emiss

T , and ℓℓℓ + X + Emiss
T . In the above signatures, X stands

for additional leptons, photons, and/or jets. These signatures can also arise
in GMSB models, although the kinematics of the various events can often be
distinguished.

3.2 GMSB-based models

The collider signals for GMSB models depend critically on the NLSP identity
and its lifetime (or equivalently, its decay length). Thus, we examine the
phenomenology of both promptly-decaying and longer-lived NLSP’s. In the
latter case, the number of decays where one or both NLSP’s decay within a
radial distance R is proportional to [1 − exp(−2R/cτ)] ≃ 2R/(cτ). For large
cτ , most decays would be non-prompt, with many occurring in the outer parts

kWe remind the reader that gaugino mass unification at the high-energy scale would
predict M2 ≃ 2M1.

lTo achieve such a small µ-parameter requires, e.g., some non-universality among scalar
masses of the form m2

H1
6= m2

q̃
, m2

ℓ̃
.
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of the detector or completely outside the detector. To maximize sensitivity to
GMSB models and fully cover the (

√
F, Λ) parameter space, we must develop

strategies to detect decays that are delayed, but not necessarily so delayed as to
be beyond current detector coverage and/or specialized extensions of current
detectors.

In the discussion below, we focus on various cases, where the NLSP is a
neutralino dominated by its U(1)-gaugino (B̃) or Higgsino (H̃) components,
and where the NLSP is the lightest charged slepton (usually the τ̃R). We first
address the case of prompt decays, and then indicate the appropriate strategies
for the case of the longer-lived NLSP.

• Promptly-decaying NLSP: χ̃0
1 ≃ B̃χ̃0
1 ≃ B̃χ̃0
1 ≃ B̃

We focus on the production of the neutralinos, charginos, and sleptons
since these are the lightest of the supersymmetric particles in the GMSB
models. The possible decays of the NLSP in this case are: B̃ → γg̃3/2 or

B̃ → Zg̃3/2. The latter is only relevant for the case of a heavier NLSP (and
moreover is suppressed by tan2 θW ). It will be ignored in the following discus-
sion.

At hadronic colliders, the χ̃0
1χ̃

0
1 production rate is small, but rates for

χ̃+
1 χ̃−

1 → W (⋆)W (⋆)χ̃0
1χ̃

0
1 → W (⋆)W (⋆)γγ + Emiss

T , ℓ̃Rℓ̃R → ℓ+ℓ−χ̃0
1χ̃

0
1 →

ℓ+ℓ−γγ + Emiss
T , ℓ̃Lℓ̃L → ℓ+ℓ−χ̃0

1χ̃
0
1 → ℓ+ℓ−γγ + Emiss

T , etc. will all be sub-
stantial. Implications for GMSB phenomenology at the Tevatron can be found
in Refs. [30,31,32]. It is possible to envision GMSB parameters such that the
eeγγ +Emiss

T CDF event [29] corresponds to selectron pair production followed
by ẽ → eχ̃0

1 with χ̃0
1 → γg̃3/2 [30,24,32,33]. However, in this region of GMSB

parameter space, other supersymmetric signals should be prevalent, such as
ν̃Lℓ̃L → ℓγγ+Emiss

T and ν̃Lν̃L → γγ+Emiss
T . The χ̃0

2χ̃
±
1 and χ̃+

1 χ̃−
1 rates would

also be significant and lead to Xγγ+Emiss
T with X = ℓ±, ℓ+ℓ′ −, ℓ+ℓ−ℓ′ ±. Lim-

its on these event rates from current CDF and D0 data already eliminate much,
if not all, of the parameter space that could lead to the CDF eeγγ event [34].

At LEP-2/NLC [35], the rate for the simplest signal, e+e− → χ̃0
1g̃3/2 →

γ + Emiss
T , is expected to be very small. A more robust channel is e+e− →

χ̃0
1χ̃

0
1 → γγ + Emiss

T with a (flat) spectrum of photon energies in the range
1
4

√
s(1 − β) ≤ Eγ ≤ 1

4

√
s(1 + β).

• Promptly decaying NLSP: χ̃0
1 ≃ H̃χ̃0
1 ≃ H̃χ̃0
1 ≃ H̃

The possible decays of the NLSP in this case are: H̃ → g̃3/2 + h0, H0, A0,
depending on the Higgs masses. If the corresponding two-body decays are
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not kinematically possible, then three-body decays (where the corresponding
Higgs state is virtual) may become relevant. However, in realistic cases, one
expects χ̃0

1 to contain small but non-negligible gaugino components, in which
case the rate for χ̃0

1 → g̃3/2γ would dominate all three-body decays. In what

follows, we assume that the two-body decay H̃ → g̃3/2h
0 is kinematically

allowed and dominant. The supersymmetric signals that would emerge at
both Tevatron/LHC and LEP-2/NLC would then be 4b+X+Emiss

T final states,
where X represents the decay products emerging from the cascade chain decays
of the more massive supersymmetric particles. Of course, at LEP-2/NLC direct

production of higgsino pairs, e+e− → H̃H̃ (via virtual s-channel Z-exchange)
would be possible in general, leading to pure 4b + Emiss

T final states.

• Promptly decaying NLSP: ℓ̃R̃ℓR̃ℓR

The dominant slepton decay modes are: ℓ̃±R → ℓ±g̃3/2 and ℓ̃±L → ℓ±χ̃0⋆
1 →

ℓ±(ℓ̃±Rℓ∓)′ → ℓ±(ℓ±ℓ∓)′g̃3/2. The χ̃0
1 will first decay to ℓℓ̃L and ℓℓ̃R, followed

by the above decays.
At both the Tevatron/LHC and LEP-2/NLC, typical pair production events

will end with ℓ̃Rℓ̃R → ℓ+ℓ− + Emiss
T , generally in association with a variety of

cascade chain decay products. The lepton energy spectrum will be flat in the
ℓ̃Rℓ̃R center of mass. Of course, pure ℓ̃Rℓ̃R production is possible at LEP/NLC

and the ℓ̃Rℓ̃R center of mass would be the same as the e+e− center of mass.
Other simple signals at LEP/NLC, would include ℓ̃Lℓ̃L → 6ℓ + Emiss

T .
If a slepton is the NLSP, it is most likely to be the τ̃R. If this state is

sufficiently lighter than the ẽR and µ̃R, then ẽR → eτ̃Rτ and µ̃R → µτ̃Rτ
decays (via the B̃ component of the mediating virtual neutralino) might dom-
inate over the direct ẽR → eg̃3/2 and µ̃R → µg̃3/2 decays, and all final states
would cascade to τ ’s. The relative importance of these different possible decays
has been examined in Ref. [17]. A study of this scenario at LEP-2 has been
performed in Ref. [36].

• Longer-lived NLSP: ℓ̃R̃ℓR̃ℓR

If the ℓ̃R mainly decays before reaching the electromagnetic calorimeter,
then one should look for a charged lepton that suddenly appears a finite dis-
tance from the interaction region, with non-zero impact parameter as measured
by either the vertex detector or the electromagnetic calorimeter. Leading up to
this decay would be a heavily ionizing track with β < 1 (as could be measured
if a magnetic field is present).

If the ℓ̃R reaches the electromagnetic and hadronic calorimeters, then it
behaves much like a heavy muon, presumably interacting in the muon chambers

14



or exiting the detector if it does not decay first. Limits on such objects should
be pursued. There will be many sources of ℓ̃R production, including direct
slepton pair production, and cascade decays resulting from the production of
gluinos, squarks, and charginos [37]. Based on current Tevatron data, a charged

pseudo-stable ℓ̃R can be ruled out with a mass up to about 80–100 GeV. Similar
limits can probably be extracted from LEP-2 data.

• Longer-lived NLSP: χ̃0
1̃χ0
1χ̃0
1

This is a much more difficult case. As before, we assume that the dominant
decay of the NLSP in this case is χ̃0

1 → γg̃3/2. Clearly, the sensitivity of
detectors to delayed γ appearance signals will be of great importance. If the
χ̃0

1 escapes the detector before decaying, then the corresponding missing energy
signatures are the same as those occurring in SUGRA-based models.

At the Tevatron, standard supersymmetry signals (e.g., jets or tri-leptons
plus Emiss

T ) are viable if Λ <∼ 30–70 TeV (given an integrated luminosity of

L = 0.1–30 fb−1) independent of the magnitude of
√

F [38,39]. Meanwhile,
the prompt χ̃0

1 → γg̃3/2 decay signals discussed earlier are viable only in a

region defined by
√

F <∼ 500 TeV at low Λ, rising to
√

F <∼ 1000 TeV at

Λ ∼ 120 TeV [38,39]. This leaves a significant region of (
√

F , Λ) parameter
space that can only be probed by the delayed χ̃0

1 → γg̃3/2 decays [38,39].

The ability to search for delayed-decay signals is rather critically dependent
upon the detector design. The possible signals include the following [38,39]:
(i) looking for isolated energy deposits (due to the γ from the χ̃0

1 decay) in the
outer hadronic calorimeter cells of the D0 detector; (ii) searching for events
where the delayed-decay photon is identified by a large (transverse) impact
parameter as it passes into the electromagnetic calorimeter; and (iii) looking
for delayed decays where the photon first emerges outside the main detector
and is instead observed in a scintillator array (or similar device) placed at a
substantial distance from the detector. The observed signal will always contain
missing energy from one or more emitted gravitinos and/or from χ̃0

1’s that do
not decay inside the detector. Thus, by requiring large missing energy, the
backgrounds can be greatly reduced while maintaining good efficiency for the
GMSB signal. In combination, the above techniques maym allow the detection
of supersymmetric particle production at the Tevatron in the GMSB parameter
region

√
F <∼ 3000 TeV and Λ <∼ 150 TeV.

mEvent rates are significant even after very strong cuts on jets, photon energy and missing
energy, but detailed background calculations remain to be done.
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3.3 R-parity violating (RPV) models

In R-parity violating models, the LSP is no longer stablen. The relevant signals
depend upon the nature of the LSP decay. The phenomenology depends on
which R-parity violating couplings [Eq. (2)] are present. Only a brief discussion
will be given here; for further details, see Ref. [7].

At the Tevatron and LHC [40], consider g̃g̃ production followed by gluino
decay via the usual set of possible decay chains ending up with the LSP plus
Standard Model particles. Until this point, all decays have involved only R-
parity conserving interactions o. The RPV-interactions now enter in the decay
of the LSP. We shall assume in the following discussion that the χ̃0

1 is the LSP,
although other possible choices can also be considered.

If λB 6= 0, then the dominant decay of χ̃0
1 would result in the production

of a three-jet final state (χ̃0
1 → jjj). The large jet backgrounds imply that we

would need to rely on the like-sign dilepton signal (which would still be viable
despite the absence of missing energy in the events). In general, this signal
turns out to be sufficient for supersymmetry discovery out to gluino masses
somewhat above 1 TeV. However, if the leptons of the like-sign dilepton signal
are very soft, then the discovery reach would be much reducedp. This is one of
the few cases where one could miss discovering low-energy supersymmetry at
the LHC. If λL dominates χ̃0

1 decays, χ̃0
1 → µ±e∓ν, e±e∓ν, and there would be

many very distinctive multi-lepton signals. If λ′
L is dominant, then χ̃0

1 → ℓjj
and again there would be distinctive multi-lepton signals.

More generally, many normally invisible events become visible. An impor-
tant example is sneutrino pair production. Even if the dominant decay of the
sneutrino is ν̃ → νχ̃0

1 (which is likely if m
ν̃

> m
χ̃0

1

), a visible signal emerges

from the χ̃0
1 decay as sketched above. Of course, for large enough λL or λ′

L the
ν̃’s would have significant branching ratio for decay to charged lepton pairs or
jet pairs, respectively. Indeed, such decays might dominate if m

ν̃
< m

χ̃0

1

.

At LEP-2, NLC or the muon collider [41,42,43], the simplest process is

e+e− → χ̃0
1χ̃

0
1 → (jjj)(jjj)︸ ︷︷ ︸

λB

, (ℓℓν)(ℓℓν)︸ ︷︷ ︸
λL

, (ℓjj)(ℓjj)︸ ︷︷ ︸
λ′

L

(4)

(or the µ+µ− collision analogue), where the relevant RPV-coupling is indicated
nWe assume that the gravitino is not relevant for RPV phenomenology, as in SUGRA-

based models.
oBy assumption, the strengths of the R-parity conserving interactions are significantly

larger than the corresponding RPV-interaction strengths.
pSoft leptons would occur in models where m

χ̃
±

1

∼ m
χ̃0

1

, which requires non-universal

gaugino masses [11,22].
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below the corresponding signal. Substantial rates for equally distinctive signals
from production of more massive supersymmetric particles (including sneutrino
pair production) would also be present. All these processes (if kinematically
allowed) should yield observable supersymmetric signals. Some limits from
LEP data already exist [44]. Of particular potential importance for non-zero
λL is s-channel resonant production of a sneutrino in e+e− [42] and µ+µ− [43]
collisions. In particular, at µ+µ− colliders this process is detectable down to
quite small values of the appropriate λL, and could be of great importance
as a means of actually determining the R-parity-violating couplings. Indeed,
for small R-parity-violating couplings, absolute measurements of the couplings
through other processes are extremely difficult. This is because such a measure-
ment would typically require the R-parity-violating effects to be competitive
with an R-parity-conserving process of known interaction strength. (For ex-
ample, R-parity-violating neutralino branching ratios constrain only ratios of
the R-parity-violating couplings.) Since sneutrino pair production would have
been observed at the LHC, NLC and/or the muon collider, it would be easy
to center on the sneutrino resonance in order to perform the crucial sneutrino
factory measurements.

We end this section with two additional remarks. First, if the RPV cou-
pling strengths are very small, then the RPV-violating decay of the LSP (e.g.,
χ̃0

1) could occur a substantial distance from the primary interaction point, but
still within the detector (or at least not far outside the detector). The general
techniques for detecting such delayed decays outlined at the end of Section 3.2
would again be relevant. It is particularly important to note that observation
of the delayed decays would allow a determination of the absolute strengths of
the RPV couplings. Second, one should not neglect the possibility that RPV
couplings could be present in GMSB models. If the RPV couplings are substan-
tial, then the RPV decays of the NLSP will dominate its R-parity-conserving
decays into g̃3/2 + X [45], and all the RPV phenomenology described in this
section will apply. For smaller RPV couplings, there could be competition
between the RPV decays and the g̃3/2 + X decays of the NLSP.

4 Summary and Conclusions

Much effort has been directed at trying to develop strategies for precision
measurements to establish the underlying supersymmetric structure of the in-
teractions and to distinguish among models. However, we are far from under-
standing all possible facets of the most general MSSM parameter space (even
restricted to those regions that are phenomenologically viable). Moreover,
the phenomenology of non-minimal and alternative low-energy supersymmet-
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ric models (such as models with R-parity violation) and the consequences for
collider physics have only recently begun to attract significant attention. The
variety of possible non-minimal models of low-energy supersymmetry presents
an additional challenge to experimenters who plan on searching for supersym-
metry at future colliders.

If supersymmetry is discovered, it will provide a plethora of experimental
signals and theoretical analyses. The many phenomenological manifestations
and parameters of supersymmetry suggest that many years of experimental
work will be required before it will be possible to determine the precise nature
of supersymmetry-breaking and its implications for a more fundamental theory
of particle interactions.
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