
Signatures of Supersymmetry at the LHC

Amitava Dattaa, Monoranjan Guchaitb and Sourov Royc

aIndian Institute of Science Education and Research, Salt Lake City, Kolkata-700106, India

bDepartment of High Energy Physics, Tata Institute of Fundamental Research, Mumbai-400005, India

cDepartment of Theoretical Physics and Centre for Theoretical Sciences, Indian Association for the Cultivation of
Science, Kolkata-700032, India

We briefly review the aspects of supersymmetry (SUSY) and SUSY breaking necessary for appreciating the prospect of

discovering supersymmetric particles at the Large Hadron Collider (LHC), avoiding technicalities as far as practicable. After

a brief survey of the generic signatures of SUSY at hadron colliders, we review the specific LHC signals of different models of

SUSY breaking with emphasis on the smoking gun signals of each model, if any.

1. Introduction

Supersymmetry (SUSY) is a novel symmetry that re-
lates bosons and fermions. Under a SUSY transforma-
tion a spin half electron, for example, changes into its
superpartner: a spin-zero selectron. Historically SUSY
was introduced purely for its theoretical elegance [1].
Quite remarkably subsequent researches revealed that
it not only removes several shortcomings of the existing
theories of particle physics but predicts a whole host of
new phenomena which can be tested by experiments at
high energy or by cosmological experiments [2]. The
discovery of the superpartners as well as their prop-
erties is, therefore, a high priority programme for the
physics at the Large Hadron Collider (LHC).

The Standard Model (SM) of particle physics (see
below) has been very successful in explaining all the ex-
perimental data accumulated over the years. The list
of such experiments is indeed impressive. It includes
typical laboratory based low energy experiments like
atomic parity violation [3] as well as accelerator-based
experiments carried out at the highest energy attain-
able so far. The latter includes experiments at the
Large Electron Positron (LEP) collider (CM energy ap-
proximately 200 GeV) at CERN which were completed
a few years ago1 and the ones at the pp̄ collider Teva-
tron (CM energy approximately 2000 GeV or 2 TeV)
which have been running at the Fermilab for the last
20 years or so [4].

One sector of the SM proposed by Glashow, Salam
and Weinberg contains the unified theory of electroweak
(EW) interactions. This sector known as the EW sec-
tor, contains three generations of spin-half quarks and

1For details see the article by A. Gurtu in this volume.

Names spin 0 spin 1/2

squarks, quarks (ũL d̃L) (uL dL)
ũR uR

d̃R dR

sleptons, leptons (ν̃e ẽL) (νe eL)
ẽR eR

Table 1. Quarks and leptons belonging to the first-
generation of the standard model and their superpart-
ners.

leptons. The particles belonging to the first-generation
are listed in Table 1. The symbols for the second-
generation of particles are obtained by the replacements
u (up) → c (charm), d (down) → s (strange) and e (elec-
tron) → μ (muon). The third-generation particles are
denoted by u → t (top), d → b (bottom) and e → τ
(tau-lepton).

There are also spin-one force carriers or gauge
bosons. They are the Ws (W±, W 0) and the B0 (Ta-
ble 2). The physical gauge bosons, which mediate EW
interactions among the particles, are W±, Z0 and the
photon (γ), the last two being orthogonal linear com-
binations of W 0 and B0.

In addition there is the spin-zero Higgs boson2

which generates the masses of all fermions and gauge
bosons of the SM via spontaneous symmetry break-
ing. The masses of the heavier particles in the SM
are ∼ 100 GeV. Qualitatively speaking, this mass or
energy scale characterises the energy scale of the SM
better known as the EW scale.

The remaining sector of the SM describes the strong

2For more about the Higgs bosons see the article by Djouadi and
Godbole in this volume.
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Names spin 1/2 spin 1

gauginos, gauge bosons (W̃± W̃ 0) (W± W 0)

B̃ B
g̃ g

Table 2. Gauge bosons of the standard model and their
superpartners.

interaction among the quarks only. This interaction
is mediated by a set of eight gauge fields collectively
called the gluons (g). The theory of quarks and gluons
is known as quantum chromodynamics (QCD) 3

The supersymmetric partners of the particles belong-
ing to the SM – popularly known as the superparti-
cles or simply the sparticles are also shown in Tables 1
and 2. The Higgs sector of any supersymmetric model
is more complicated than simply adding the superpart-
ner of the single neutral Higgs boson in the SM. Since
the Higgs sector is not our main concern, we refer the
reader to the article by Djouadi and Godbole in this
volume for the details.

The triumph of SUSY began by alleviating a patho-
logical feature of the Higgs sector of the SM now known
as the mass hierarchy problem. As in any quantum field
theory, the mass of the Higgs boson in the SM receives
quantum corrections called self energy corrections. It
is well known that such corrections, except for very ex-
ceptional cases, turn out to be infinite because the self
energy is determined by certain integrals which diverge.
Of course in a renormalisable field theory, like the SM,
a finite result can be obtained by the renormalisation
prescription. The infinite self energy of the Higgs boson
by itself is, therefore not a problem technically.

The problem begins when we realise that the SM
cannot be the last word on nature. Surely at least the
gravitational interactions, which cannot be embedded
in the SM or in any renormalisable field theory for that
matter are always there. The energy at which the grav-
itational interactions become strong is the Planck scale
(MP ∼ 1018 GeV). Since the SM certainly is not the
only relevant theory at this very high energy, the field
theoretic techniques applicable at lower energies are not
reliable any more. The sensitivity of the magnitude of
the Higgs boson self energy to the new energy scale can
be estimated by putting MP as the upper limit of the
above divergent integral. The result is a disaster: the
correction turns out to be proportional to M2

P
!

3See the article by Mathews and Ravindran in this volume for
further details and references.

On the other hand although the Higgs boson is yet to
be discovered there are strong indications from the LEP
experiments that its mass cannot be much more than a
few hundred GeV. This run away behaviour of the Higgs
boson mass in the presence of new physics at a energy
scale much higher than the characteristic energy scale of
the SM, is known as the hierarchy problem [5]. It should
be emphasised that the self energies of the fermions or
the gauge bosons in the SM are free from this prob-
lem because of appropriate symmetries of the theory.
On the other hand there is no corresponding symmetry
which protects the Higgs boson mass. A solution of this
hierarchy problem in terms of a new symmetry is, there-
fore very welcome. The self energy of the Higgs boson
(φ) can be diagrammatically represented, for example,
by the Feynman diagram in Fig. 1a, where a fermion
(f), say a quark, circulates in the loop. Suppose there
is an additional contribution to the self energy from
a diagram with a spin-0 boson (f̃) having exactly the
same mass as f circulating in the loop (Fig. 1b). More-
over let the couplings of the boson and the fermion
with φ denoted by λs and λf respectively, be related in
a certain way. A little experience in QFT would then
tell us that the two contributions would neatly can-
cel and the dangerous contribution proportional to M2

P

disappears. This is exactly what SUSY provides for
us: corresponding to every fermionic (bosonic) particle
there is a bosonic (fermionic) superpartner of exactly
the same mass! Moreover SUSY relates the coupling
strengths of any particle and its superpartner in such
a way that each and every dangerous contribution to
the self energy of φ in the SM is canceled. The solu-
tion of the hierarchy problem [6] triggered a renewed
interest in SUSY. Realistic models of SUSY like the
minimal supersymmetric extension of the SM (MSSM)
were constructed and testable predictions of the models
were computed with great enthusiasm.

SUSY cannot be an exact symmetry. Had there been
a spin zero selectron as light as the electron it would
have been discovered long before. Thus SUSY must be
a broken symmetry with the sparticle masses signifi-
cantly larger than the particle masses. However even
in this case the hierarchy problem provides an impor-
tant guideline. If f and f̃ have different masses, as
they should if the symmetry is broken, the dangerous
∼ M2

P
terms in the Higgs boson self energy still can-

cel. But the remaining dominant contribution to the
Higgs boson self energy is ∼ m2

f̃
ln(MP /m

f̃
), where m

f̃

is assumed to be much larger than mf . The logarith-
mic dependence on MP obviously softens the hierarchy
problem. But if m

f̃
is much larger than a few TeV,
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Figure 1. Cancellation of the dangerous contribution to
the Higgs boson self energy in a supersymmetric theory
(see the text for details)

one lands into a milder version of the hierarchy problem
again and the Higgs boson mass tends to run away from
the EW scale. This observation kindles the hope that
if SUSY exists in nature, the sparticle masses cannot
be much larger than the corresponding particle masses
and hence the sparticles are likely to be accessible to
the LHC with an unprecedented CM energy of 14 TeV.

The most general MSSM consistent with the sym-
metries of the SM turns out to be unacceptable since
it contains baryon and lepton number violating inter-
actions. Such interactions would spoil, for example,
the stability of the proton. One can, however impose
additional symmetries to get rid of these dangerous in-
teractions. These symmetries introduce a new multi-
plicatively conserved quantum number called R-parity.
It turns out that the SM particles have R-parity = 1
while the sparticles have R-parity = −1. A direct con-
sequence of this new symmetry is that if a high energy
collision of two particles (f1 and f2) produces sparticles,
they must be produced in pairs, i.e.

f1 + f2 → f̃1 + f̃2 , (1)

where f̃1 and f̃2 are sparticles.
Another important consequence of the new symme-

try is that any sparticle must decay into another spar-

ticle along with one or more particles. This in turn
implies that the lightest supersymmetric particle (LSP)
must be stable. Now the LSP is very likely to be the su-
perpartner of a neutral weakly interacting SM particle
(Section 3.1). In that case this particle, if produced in
colllider experiments, either directly or through the de-
cays of heavier sparticles, will escape detection, result-
ing in apparent imbalance of energy and momentum.
The presence of large missing energy in experiments
involving the production and subsequent decay of spar-
ticles is regarded as the hallmark of R-parity conserving
SUSY. In this article we shall always assume R-parity
conservation.

It is well-known that a large fraction of our universe
is made of dark matter and dark energy. We know
that the present universe is filled with left-overs from
the evolution of the early universe following the Big
Bang. The best known example of such relic parti-
cles is the cosmic microwave background. If the dark
matter is also made of left-over particles of a certain
type, they must be stable and weakly interacting (oth-
erwise they would have been discovered long before).
The LSP in the R-parity conserving SUSY appears to
be tailor made as a dark matter candidate. Of course
in order to account for the observed dark matter relic
density quantitatively it must have mass and interac-
tion strength in certain ranges. This pushes search for
SUSY up by several rungs in the list of priorities for
the LHC experiments. The discovery of SUSY at the
LHC will be a great progress in our understanding of
nature. The subsequent measurement of the properties
of the sparticles - the LSP in particular - and quantita-
tive verification of the conjecture of SUSY dark matter
will be a cherry on the pudding4.

The Achilles heel of any theory based on SUSY, how-
ever is the absence of a universally accepted guideline
for SUSY breaking consistent with the presently avail-
able constraints on the sparticle masses. The imple-
mentation of spontaneous breakdown of SUSY in a re-
alistic model without introducing additional unknown
parameters would have been a great step forward. How-
ever, several attempts have failed to produce a consis-
tent mass spectrum for the sparticles. For example, the
SUSY breaking order parameter cannot belong to any
of the MSSM supermultiplets, consisting of e.g. squark
and quarks, because of certain mass sum rules. One
such sum rule requires that the masses of the quarks
and the squarks belonging to a generation satisfy the
relation m2

ũ1
+ m2

ũ2
− 2m2

u
+ m2

d̃1

+ m2

d̃2

− 2m2

d
= 0 (the

4For further details on dark matter and SUSY see the article by
Baer and Tata in this volume.
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notation will be further clarified in section 3). This
is of course ruled out by experiments. However, this
equation holds only at tree level and only for renor-
malisable theories. Then there exists a possibility that
spontaneous SUSY breaking occurs in a sector which
couples to the MSSM sector only via loops or via non-
renormalisable interactions. These possibilities will be
discussed in some details in the following sections.

At this stage the only option left is to add certain soft
SUSY breaking terms to the theory without spoiling the
symmetries of the SM and the renormalisability of the
theory. Soft SUSY breaking masses - often called soft
masses - which introduce the mass difference between
particles and their superpartners are examples of such
parameters. The number of new unknown parameters
so added to the most general MSSM, however turns out
to be more than hundred! The list is indeed too long
for a theory claiming to be the fundamental description
of nature.

Apart from the issue of aesthetics there are practi-
cal problems too. Arbitrary, random soft parameters in
the MSSM Lagrangian potentially lead to flavour or CP
violating processes with large probabilities. However,
these processes are known to be severely suppressed
even in comparison with the usual weak processes like
μ decay and π decay. In order to understand this issue
one should recall that once SUSY is allowed to be bro-
ken arbitrarily the masses of the sparticles also become
arbitrary. This may lead to flavour-changing neutral
current (FCNC) induced processes, such as μ → eγ,
K0–K̄0 mixing etc. The latter process, for example,
can be suppressed if the masses of the ũ and c̃ squarks
happen to be degenerate to a very good approximation.
Other FCNC processes can be similarly suppressed by
requiring suitable pairs of other sparticles to be almost
mass degenerate. Large CP violating effects can be
avoided by assuming that the soft parameters do not
introduce new complex phases.

From the physicist’s point of view, however such de-
generacies without an underlying symmetry is not sat-
isfactory at all. One would like to find either a sym-
metry or a dynamical reason which would explain why
apparently different parameters have nearly the same
values. For example, these dangerous FCNC induced
effects in the MSSM can be satisfactorily removed if one
can show that the soft SUSY breaking parameters like
the squark masses are universal because the dynamics
at the SUSY breaking scale, which is much higher than
the EW scale, is flavour blind (i.e. it does not distin-
guish between squarks of different types). It has also
been noticed that if physics at some higher scale is in-
deed responsible for SUSY breaking, then a few other

puzzles plaguing non-supersymmetic theories become
non-issues in supersymmetric theories. Several models
belonging to this class will be summarised in sections 2
and 4.

From the last paragraph it is clear that the spar-
ticle mass spectrum and consequently, the production
and decay of sparticles at the LHC are by and large
model dependent. Thus the discovery of some generic
SUSY-like signal, e.g. the observation of events having
much larger missing energy than typical SM processes,
though spectacular, will not automatically herald the
nature of the underlying SUSY theory. Painstaking re-
construction of the sparticle masses, their spins and
other properties will be required to identify the specific
model of SUSY breaking. This makes the search for
SUSY at the LHC even more exciting and challenging.
Fortunately there are “smoking gun signals” of some of
these models. The observation of these would strongly
hint to the specific model without waiting for the full re-
construction of the model parameters. In section 3, we
shall first summarise the generic SUSY signals. Then
we shall take up the issue of signatures of specific mod-
els including the smoking gun signals, if any, in sections
3 and 4.

2. SUSY Breaking at a High Scale

In quantum field theory parameters like mass and
charge (or any other coupling constants) are energy de-
pendent. This prediction has indeed been verified by
experiments. Low energy experiments, e.g. have mea-
sured the fine structure constant (α) very accurately
and its value is well known (≈ 1/137). However the
value of α as measured by the LEP experiments at a
CM energy of approximately 100 GeV is significantly
larger (≈ 1/128). Another well known example is the
variation of the coupling strength of quark-gluon inter-
actions in QCD. This coupling, however decreases with
increasing energy and is rather small for quark-gluon
interactions at very high energies (footnote 3).

The variation of the masses and coupling constants
with energy in a particular theory can be theoretically
studied by a set of coupled differential equations known
as the renormalisation group (RG) equations [7]. The
predictions of the RG equations of various theories -
QCD in particular - have been verified by a large num-
ber of experiments operating at different energies.

That SUSY may be more attractive in presence of
new physics at much higher energies is indicated by
the supersymmetric generalisation of any grand unified
theory (GUT) [8] of the simplest type [2].5 The cou-

5These are the so called grand desert type theories in which there
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pling constants of strong, electromagnetic and weak in-
teractions measured at currently attainable energies of
course have widely different magnitudes. However the
weaker (stronger) couplings increase (decrease) with en-
ergy (see the examples discussed above). This suggests
the interesting possibility that these interactions have
a common strength at a much higher energy called the
GUT scale (MG ∼ 1016 GeV). This coupling constant
unification, however fails in non-supersymmetric GUTs
of the simplest kind. It is well-known that unification
can be achieved in supersymmetric GUTs of the sim-
plest variety provided the sparticle masses are ∼ 1 TeV.
The essential reason is that the sparticles contribute to
the RG evolution of the couplings and these contribu-
tions are important to make them unify at the right
scale (MG).

The idea that the impact of physics at very high en-
ergies, much higher than the currently attainable ener-
gies, on physics at currently available energies can be
studied via the RG equations, have led to several in-
teresting theories of SUSY breaking. The main point
is that certain interactions at very high energies may
introduce a rather simplified pattern of SUSY breaking
involving only a few free parameters. The prediction
for the low energy spectrum may then be obtained by
the RG equations. Alternatively one may determine the
masses of the sparticles from experiments at a lower en-
ergy. One can then evolve these masses to a high scale
via the RG equations and check whether they exhibit
any special feature. This information may eventually
reveal the underlying SUSY breaking model.

The models of high scale SUSY breaking have a
generic feature. Each consists of a ‘hidden sector’ which
does not interact with the ‘observable sector’ consist-
ing of the particles belonging to the MSSM. The hid-
den sector particles are assumed to be too heavy to be
observed in accelerator based experiments in the near
future. SUSY is broken in the hidden sector sponta-
neously. The central question of SUSY has now been
changed : “How does the observable sector know about
SUSY breaking?” The mechanism of mediating SUSY
breaking from the hidden sector to the observable sector
via some ‘messenger fields’ which couples to both the
hidden and the observable sectors are different in dif-
ferent models. This leads to characteristic MSSM soft
terms and, consequently, sparticle masses and collider
signals in different models.

The most popular example of mediating SUSY break-
ing from the hidden to the visible sector is via gravi-
tational interactions which play the role of the mes-

is no new physics between the EW scale and the GUT scale MG.

senger. Here the new physics enters near the Planck
Scale (MP ). If SUSY is broken in the hidden sector
by a vacuum expectation value (VEV) 〈F 〉, where F is
a hidden sector field, then the soft terms in the visi-
ble sector should be msoft ∼ 〈F 〉/MP, by dimensional
analysis. Hence, if we demand msoft of the order of a
TeV, then the scale associated with the origin of SUSY
breaking in the hidden sector should be

√
〈F 〉 ∼ 1010

or 1011 GeV.
One can argue, somewhat naively, that since gravi-

tational interactions does not distinguish between dif-
ferent scalar particles in the MSSM, all such particles
(the squarks, sleptons and the Higgs bosons) acquire
the same mass (m0) at a high scale via this mecha-
nism. This is already encouraging because a common
mass of the sfermions belonging to the first two gener-
ations strongly hints towards a natural mechanism for
the suppression of the dangerous FCNC processes dis-
cussed in the introduction. A similar argument would
indicate that the soft breaking masses for all the spin-
1/2 gauge fermions or the gauginos would be the same
(m1/2). Admittedly this argument is oversimplified. In
order to realise universal masses for the scalars and the
gauginos one needs additional simplifying assumptions
for hidden sector interactions. This model is popu-
larly known as the minimal supergravity model or the
mSUGRA model [9].

In the mSUGRA model, the free parameters at high
energy, commonly chosen as the GUT scale are

m0, m1/2, A0, tan β, sign(μ) ,

where m0 and m1/2 are the common mass of the scalars
and gauginos respectively. The parameter A0 is another
soft SUSY breaking parameter known as the trilinear
coupling. The ratio of the VEVs of the two neutral
Higgs bosons (footnote 2) is denoted by tan β. The
parameter μ respects SUSY and is commonly referred
to as the Higgsino mass parameter as it contributes to
the masses of the superpartners of the Higgs boson.
The masses of sparticles and couplings at the energy
scale of experimental interest can be obtained via the
RG evolutions of these parameters [10]. Some example
of masses at the EW scale are

mg̃ ≈ 2.7m1/2 , (2)

where Mg̃ is the mass of the gluino, the superpartner
of the gluon. The squark masses of the first two gener-
ations are

m2

ũL
≈ m2

0
+ 4.9m2

1/2
, m2

ũR
≈ m2

0
+ 4.6m2

1/2
. (3)

It turns out that the up-type squarks belonging to the
second generation (c̃L and c̃R) have exactly the same
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mass. The masses of the down type squarks (d̃L, d̃R, s̃L

and s̃R) have the same mass as the corresponding up
type squark except for relatively small EW symmetry
breaking corrections. The mass degeneracy between
u and c type squarks and that between d and s type
squarks are sufficient to suppress the FCNC processes.
This is one of the attractive features of the mSUGRA
model.

The numerical coefficients in Eqs. (2) and (3) are de-
termined by the gauge interactions of the sparticle con-
cerned and the universal strong interaction determines
their magnitudes to a large extent although there are
sub-dominant EW contributions. This in fact is the
main reason for the near degeneracy of all squarks be-
longing to the first two generations.

In principle the Yukawa interactions of the fermions
in the SM also contribute to the RG evolutions of the
soft masses of their superpartners. But these interac-
tions proportional to the fermion masses are practically
negligible for the light quarks of the first two genera-
tions. However the situation is very different for the
third-generation. For example, large mt (the top quark
mass) ensures that the contribution of the top quark
Yukawa coupling to the evolution of the masses, e.g. of
the top squarks (t̃L and t̃R) may make these sparticles
significantly lighter than the squarks belonging to the
first two generations. The experimental constraints on
the FCNC processes mediated by the t̃ squarks are not
very stringent and relatively light t̃L,R are consistent
with the data.

We recall that in the SM a negative mass squared
parameter of the Higgs boson is introduced rather ar-
bitrarily. This leads to the spontaneous breakdown
of EW symmetry which yields positive masses to all
particles of the SM including the Higgs boson. In
mSUGRA the Higgs mechanism occurs naturally. The
mass squared of the Higgs boson (m2

0) is positive at
the GUT scale. However the subsequent RG evolution
makes it negative at the EW scale. This triggers spon-
taneous break down of EW symmetry. This radiative
EW symmetry breaking mechanism [11] adds one more
feather to the cap of the mSUGRA model.

In the next section we shall review the expected sig-
natures of the mSUGRA model at the LHC and in sec-
tion 4 we shall do the same for others models of SUSY
breaking.

3. SUSY Searches at the LHC

Two collaborations ATLAS and CMS6 will indepen-

6A large number of Indian physicists from different research in-
stitutes and universities are members of the CMS collaboration.

dently look for signals of SUSY and other new physics
candidates, if any, with all purpose detectors. At the
LHC, two protons each of energy 7 TeV, will collide
head on at a centre of mass energy

√
S = 14 TeV

and they will break up into constituents of the pro-
ton, namely, gluons, quarks and antiquarks, collectively
known as partons. It is mainly the strong interac-
tion of the partons via QCD, which leads to observ-
able processes with large cross sections. However as
we shall see below, the EW interactions of quarks and
antiquarks also produce important signals al beit with
smaller cross sections.

At the LHC the particles of the SM like top quarks,
gauge bosons (W,Z), etc. will be produced in very large
numbers. The sparticles, if they exist will also be pro-
duced, but with somewhat smaller cross sections since
they are likely to be significantly heavier than the cor-
responding particles. Separating the signatures of spar-
ticle production from the huge SM background is the
main challenge confronting the SUSY searchers at the
LHC.

In order to fully appreciate the mass reach of the
LHC, let us briefly recollect the sparticle mass limits
from LEP and Tevatron Run II – the best limits ob-
tained to date. The highest CM energy attained by
LEP was 209 GeV and the mass limts on most of the
sparticles accessible to LEP were extended almost to
the kinematic limit (i.e. ≈ 100 GeV) in the clean envi-
ronment of an e+ − e− collider7 [12,13].

The CDF and D0 collaborations8 have been looking
for the sparticles since the dawn of the Tevatron ex-
periments nearly 20 years ago [13]. As noted earlier
these limits are usually model dependent. Assuming
that there are five flavours of squarks of L and R type
and each has approximately the same mass as the gluino
(mq̃ ≈ mg̃ = m̃) the CDF collaboration obtained the
limit m̃ > 392 GeV. For heavier squarks mq̃ = 600 GeV,
the gluino mass limit is mg̃ > 280 GeV [14]. The D0
collaboration obtained similar limits [15].

3.1. Sparticle Production at the LHC

If the mass of the strongly interacting sparticles (the
gluinos (g̃) and the squarks (q̃), the superpartners of
gluons and quarks respectively) are within the kine-
matic reach of the LHC, which roughly corresponds to
mg̃, mq̃ ≤2.5 TeV, they will produce observable signals.
As already noted in the introduction these sparticles

7The limits on the LSP and the sneutrino masses are more model
dependent and may be well below the kinematic limit in some
scenarios.
8A large number of Indian physicists from different universities
and institutes have been participating in the D0 experiment.
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will be produced in pairs according to R-parity conserv-
ing SUSY models. At the partonic level some typical
reactions are

qq̄, gg → g̃g̃, q̃q̃∗, (4)

qq → q̃q̃, (5)

qg → q̃g̃, (6)

qq̄, gg → t̃1 t̃
∗

1
. (7)

Since the dynamics of QCD at high energies is fairly
well known the cross sections of the above processes are
essentially controlled by the masses of the final state
sparticles [16]. These masses, in turn are determined
by the SUSY breaking mechanism. Signals of sparti-
cle production is, therefore somewhat model dependent.
In this section we shall, however concentrate on some
generic features of sparticle production which are fairly
model independent.

The inclusion of the process in Eq. (7), which is
nothing but a special example of q̃q̃∗ production, de-
serves further clarifications. In the MSSM, the third-
generation squarks (q̃L, q̃R; Q = t,b) require special
attention. After soft SUSY breaking, many of the spar-
ticles in Tables 1 and 2 do not represent the physical
states. In fact suitable mixtures of the states listed in
the above tables correspond to the observable states
expected to be produced at the LHC or other future
colliders. Consider the L and R type sfermions f̃L and
f̃R, which are the superpartners of the chiral fermions
fL and fR, where f represents any quark or lepton
flavour in the SM. These sfermions can mix via the
mass squared matrix

M2

f̃
=

[
m2

LL
mf Ãf

mf Ãf m2

RR

]
, (8)

where the matrix elements are given by

m2

LL
= m2

f
+ m2

f̃L

+ (I3

f
− qf sin2 θW ) cos 2β M2

Z

m2

RR
= m2

f
+ m2

f̃R

+ qf sin2 θW cos 2β M2

Z

Ãf = Af − μ(tan β)−2I
3
f . (9)

Here m
f̃L,f̃R

are the soft masses for the L and R type
sfermions, mf is the mass of the corresponding fermion
(e.g. a quark or a lepton) and Af is another SUSY
breaking parameter. The parameter μ and tan β have
already been defined. The other SM parameters ap-
pearing in Eqs. (8) and (9) are not particularly relevant
for our present discussion. The effects of mixing de-
pend on mf in the off diagonal terms. These terms are

therefore, much smaller than m
f̃L,f̃R

for the first two
generations. Only for the mixing between the super-
partners of the top quark the off diagonal terms in the
mass matrix could be important due to large mt (the
soft breaking term At may also be large). This may lead
to sizable splitting between two physical states t̃1 and
t̃2.

9 In mSUGRA type models the top squarks may also
be light due RG evolution of their masses (Section 2).
For a large region of the parameter space the lighter
physical state (t̃1) can be significantly lighter than the
other squarks due to these two effects. Therefore light
t̃1 pairs can be produced with substantial rates at the
LHC.

In Fig. 2 the lowest order cross sections for gluino
and squark pair production in various combinations are
shown along with that for t̃1 − t̃1

∗
pair production [17].

In this figure q̃ collectively represent degenerate L and
R type squarks of all flavours except t̃. It is also as-
sumed that mg̃ = mq̃. Notice that the cross sections
fall rapidly with the masses. For mg̃, mq̃ = 1 TeV,
e.g. the total squark-gluino pair production cross sec-
tion is ∼ 4–5 pb. Thus for an integrated luminosity of
L = 10 fb−1 about 40,000–50,000 squark-gluino pairs
will be produced.10 For the same m

t̃1
, about 100 stop

squark pairs are expected.
The existence of a light top squark may lead to

several other important consequences. For example
in some models t̃1 may turn out to be the next-to-
lightest supersymmetric particle (NLSP). This leads to
the interesting possibility that the t̃1 - LSP annihilation
might have been the dominant dark matter producing
process in the early universe (see the article by Baer
and Tata in this volume for further details). Other im-
portant consequences of the light t̃1 scenario will be
reviewed later.

In addition to the dominant production processes,
Eqs. (4, 5, 6 and 7), the EW gauginos - two charginos
(χ̃∓

i
; i = 1–2) and four neutralinos (χ̃0

j
; j = 1–4) may

also be produced with smaller but observable rates.
The indices i and j increase in the order of increas-
ing mass of the sparticle. The charginos are linear

9The mixing between the superpartners of the bottom quark and
the τ lepton may also be large especially if tan β is large.
10Luminosity is an important parameter of any collider experi-
ment. The product of the cross section of a process and luminos-
ity gives the number of events produced per second. Integrated
luminosity is the luminosity accumulated over some interval of
time. At the LHC L = 10 fb−1 will be accumulated in about
two years (1 fb−1 = 1000 pb−1) inspite of the low luminosity
phase during the first two-three years. This should be compared
with the rather optimistic goal of collecting 9 fb−1 at the Teva-
tron Run II by the end of 2010 after approximately nine years of
running. In the high luminosity phase the LHC is expected to
collect 100 fb−1 per year.
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Figure 2. Gluino and squark pair production cross sec-
tions at the LHC, from [17]

combinations of W̃± (the superpartners of the charged
W bosons) and H̃± (the superpartners of the charged
Higgs bosons). On the other hand the neutralinos are
linear combinations of W̃3 (the superpartners of the
neutral W boson), B̃ (the superpartners of the neu-
tral U(1) gauge boson B) and H̃1,2 (the superpartners
of the two neutral Higgs bosons). In most models the
lightest neutralino (χ̃0

1) is assumed to be the LSP.
They are produced by quark and anti-quark annihi-

lations, mediated by photons, W/Z gauge bosons and
squarks. The initial quark and, in particular, the anti-
quark flux in the proton are rather low at the LHC.
Moreover the underlying interactions are EW in nature.
As a result the production rates are comparatively low
at the LHC. Although, in principle, all combinations of
charginos and neutralions can be produced, the domi-
nant ones are

qq̄′ → χ̃∓
1

χ̃±
1

, χ̃∓
1

χ̃0

2, χ̃0

1χ̃
0

2 . (10)

It should be noted that the cross sections of the above
processes are not controlled by the masses of the final
state particles alone. The compositions of the charginos
and neutralinos also determine the magnitude of cross
sections. These compositions in turn are controlled by
the parameters

M1, M2, μ, tan β , (11)

where M2, M1 - the soft masses for SU(2) and U(1)
gauginos respectively, μ and tanβ are already defined.
Obviously the cross sections for these processes are
more parameter space dependent than that of squark-
gluino production. As an example we note that, the

cross section for the χ̃∓
1

χ̃0
2

chargino-neutralino pair pro-
duction is at the sub pb level for m

χ̃
∓

1
, mχ̃

0
2
∼200 GeV.

The associated production of g̃ and q̃ with charginos
and neutralinos are also possible. For example,

gq → q̃χ̃ (12)

is an allowed process, where χ̃ stands for either
charginos (χ̃∓

i
; i = 1–2) or neutralinos (χ̃0

j
; j = 1–

4). The cross sections for the associated production
are also dependent on the masses of produced sparti-
cles and as well as the SUSY parameters in Eq. (11)
due to the presence of one EW vertex. Typical cross
sections of these processes are at a few pico barn level
for the range of masses ∼200–300 GeV.

Finally it would be incomplete unless we mention the
pair production of sleptons via the Drell Yan like mech-
anisms

qq̄ → �̃�̃∗, ν̃�ν̃
∗

�
(� = e, μ, τ) (13)

qq̄′ → ν̃��̃
∗ + ν̃∗

�
�̃ (14)

mediated by Z/γ/W through s-channel. Because of
the low initial quark flux and energy suppression as
these interactions are s-channel processes, the produc-
tion cross sections are rather tiny (∼ O(fb)) for m

�̃
,

mν̃ ∼ 200 GeV.
One important point to be noted here is that the

leading order (LO) cross sections as shown in Fig. 1
have been obtained in the lowest order in perturbation
theory. They involve significant theoretical uncertain-
ties due to the choice of the QCD scale and the pa-
rameterisation of parton distributions inside the pro-
ton. One can reduce some of these uncertainties by
including more terms in the perturbative series for the
cross section.

Since the dominant sparticle productions take place
via strong interaction these higher order corrections are
expected to be substantial. Generally, the relative im-
portance of these corrections is given by the K-factor
defined by the ratio K = σNLO

σLO
, where σNLO is the

cross section including the next-to-leading order terms.
The K factors can be substantially large ranging from
∼ 1.1–1.6 [18]. In predicting the sparticle production
rates one should take care of this K-factor appropri-
ately.

3.2. SUSY Signals at the LHC

Once SUSY particles, dominantly gluinos and squarks
are produced, they eventually decay to almost mass-
less leptons and quarks along with the lightest neu-
tralino (χ̃0

1) - the LSP - via a long decay chain involving
the charginos and the neutralinos in the intermediate
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states. The long cascade decay processes, of course,
depend on the relative magnitudes of mg̃ and mq̃. Ac-
cordingly, there are two possibilities: (a) mg̃

>∼ mq̃ (b)
mg̃

<∼ mq̃. The decay chain for case (a) is

g̃ → qq̃; q̃ → qχ̃∓
i

, qχ̃0

j
(15)

and in case (b) we have

q̃ → qg̃; g̃ → qq̄′χ̃∓
i

, qq̄χ̃0

j
. (16)

Finally, the chargino and neutralino states decay to
ordinary light fermions and the lightest neutralino

χ̃±
i
→ f1f̄2χ̃

0

1
, (17)

χ̃0

j
→ f3f̄3χ̃

0

1
. (18)

Here fi’s stand for appropriate quarks and leptons.
In Eqs. (15, 16) the g̃/q̃ decay branching ratios (BRs)
depend on their masses and on the SUSY parameters
space Eq. (11). Typically the BRs of the gluino are
g̃ → qq̄′χ̃±

1
(50–60%), qq̄χ̃0

2
(35–30%), qq̄χ̃0

1
(15–10%)

for a wide region of the parameter space. Squark decays
to charginos and neutralinos have almost the same rel-
ative rates. The lighter chargino (χ̃±

1
) decays, Eq. (17),

follow roughly the same branching ratio as W decays
but the BRs of χ̃0

2
decay depend sensitively on the

SUSY parameter space. For example, if the sleptons
are light, i.e if m

l̃
is small and χ̃0

2 is gaugino domi-
nated then, this neutralino will have relatively large
BR to leptonic decay channels. The heavier chargino
and neutralino states also decay to lighter particles ac-
companied by Higgs scalars [17]

χ̃0

i
→ φχ̃0

k
, (i > k)(φ = h, H, A, ),

χ̃±
2

→ H±χ̃0

1

→ W±χ̃∓
1

,

where h, H and A are the three neutral Higgs bosons
and H± is the charged Higgs boson in the MSSM. The
sleptons which are produced via Eq. (14) also end up
with light fermions and χ̃0

1, �̃ → �χ̃0
1.

As has already been noted the quarks and leptons
in the final state will indicate an apparent imbalance
of energy-momentum. This happens because the LSP
escapes detection. In hadron colliders the momentum
imbalance in the longitudinal direction, i.e. along the
beam direction, cannot be tested as the fragments of
colliding hadrons follow that direction and remain un-
detected. However in the transverse direction, i.e. per-
pendicular to the beam direction, the missing trans-
verse energy (E/

T
), which is an experimental observ-

able related to the missing transverse momentum, can

be measured. This momentum imbalance is a charac-
teristic signature of SUSY.

The quarks in the final stage of SUSY cascade decays
cannot be observed directly. In fact each of them goes
through non-perturbative processes like fragmentation
and hadronisation and end up into a narrow stream of
charged and neutral hadrons. These particles enter into
a part of the detector called the hadron calorimeter and
deposit energy in a cluster like forms. These clusters
are called jets. These jets are the important observables
in collider experiments. Photons and electrons (muons)
are detected in the electromagnetic calorimeter (muon
chambers).

Generically, any sparticle pair production followed by
the cascade decays (Eqs. (15–18)) of the members of the
pair at hadron colliders lead to the signal

n − leptons+m − jets+E/
T
; n, m = 0, 1, 2, 3..... (19)

The long sequence of steps involved in production
and detection of the SUSY signals are studied by Monte
Carlo simulation which is implemented by packages
called event generators [19]. Some of the commonly
used and publicly available generators which can sim-
ulate a large number of SM or SUSY processes are
HERWIG [20], ISAJET [21], PYTHIA [22] etc. In addi-
tion there are generators dedicated to specific processes.
The prospects of detecting SUSY of various shades and
stripes at the LHC experiments have been assessed by
simulations using these generators. It should, how-
ever be noted that the non-perturbative processes men-
tioned above cannot be computed by using the standard
techniques of field theory. Various models have been de-
veloped to study them. The event generators employ
these models. Although many of the generators have so
far been successful in explaining data up to Tevatron
Run II, the reliability of these generators at the LHC
has to be tested against the data on well understood
SM processes collected during the early stages of the
experiment. Only after a generator has been validated
in the above way it can be used to study signals of new
physics with confidence.

There are experimental challenges as well. For exam-
ple, measuring E/

T
in an experiment with the desired

accuracy is a non-trivial task. Moreover, there are var-
ious sources of fake E/

T
. For example, detector effects

like instrumental noise, hot or dead channels or cracks
in between different parts of the detectors give some
amount of fake E/

T
. Therefore, in order to establish

SUSY signals based on E/
T

convincingly, it is crucial to
understand very precisely the fake E/

T
and to develop

a method for eliminating it.
In the LHC experiment a huge number of events will



166 A. Datta, M. Guchait and S. Roy

be produced. Only a small fraction of them will be of
interest and will be stored. These are known as physics
events. The ratio of the events stored to the total num-
ber of events produced is ∼ 10−10–10−9. Even the
physics events will mostly consist of the known particles
like the W, Z, top quark, bottom quark, etc. If we are
lucky and nature is kind to us, then some new particles
may be produced with comparatively low rates. It is
indeed a very challenging task to pick up the events sig-
naling new physics out of the debris, called background
or noise, mainly due to the SM processes.

The standard technique is to apply some selection
criteria based on the kinematic properties of the sig-
nals from the new particles. As for example, a lepton,
electron or muon, as well as a jet is selected off-line
provided it transverse momentum (PT ) or energy (ET )
is above a certain minimum value which is quite com-
mon in the SM processes. This value is often referred
to as a kinematical cut or simply a cut. As already dis-
cussed a strong cut on E/

T
is a powerful weapon in the

arsenal of a SUSY searcher. Of course, the magnitude
of these cuts depend on the nature of the signal and
and the SM background events. In addition there are
many other kinematic observables, like angular correla-
tion among different final state particles, sum of their
energies, etc. Suitable cuts are applied on these observ-
able with a goal to optimise the signal to background
ratio. One should also worry about the instrumental
backgrounds and design suitable selection cuts to elim-
inate them. The dominant SM backgrounds which can
give the same type of event topology as the SUSY sig-
nals are

pp → W/Z + jets , (20)

pp → tt̄ + jets , (21)

pp → QCD (jets) (22)

with leptonic or hadronic decay of W/Z and top
quark decay, t → bW → bf f̄ ′(f=�, q). More-
over, there are other sub-dominant SM process e.g.
WW/WZ/ZZ + jets, etc. which can mimic the SUSY
signals. For the clean detection of signal it is often
needed to suppress the SM backgrounds by factor of
∼ 104–105. We will see in a later section that using
some experimental techniques and some kinematic se-
lection cuts, the level of SM backgrounds can indeed be
brought down to a negligible level.

The discovery potential of SUSY is usually studied
in the literature on the basis of a variety of models pre-
dicting different type of final states (Sections 2 and 4).
However for illustration we will discuss in this section

SUSY signals at the LHC within the framework of the
mSUGRA model. The SUSY signals in other scenarios
will be taken up in a later section.

In the mSUGRA model, as discussed in section 2,
there are only five free parameters specified at some
unification scale and the relevant parameters at the en-
ergy of experimental interest can be obtained via the
RG equations [10]. A set of these parameters, therefore
completely determines the SUSY signals correspond-
ing to a point in the mSUGRA parameter space. Sev-
eral representative points, better known as the bench-
mark points are chosen such that the members of the
set reflects different characteristics of SUSY signals.
Both the CMS and the ATLAS collaborations have per-
formed Monte Carlo studies on the feasibility of dis-
covering SUSY with their detectors in this way. In the
following we shall present results mainly based on the
analysis by the CMS group [23].

We present in Fig. 3 the simulated E/
T

distribution
for SUSY events (the upper black curve) with only
jets in the final state corresponding to one such bench
mark point (LM1). This plot is made by full simula-
tion11 [23]. Along with the signal distribution, the dis-

Figure 3. Missing ET distribution for SUSY events and
SM backgrounds with purely hadronic final states [23]

tributions of the same observable for several SM back-
grounds, Eqs. (20–22) are also shown. The signal is
found to be well above the total background.

11In full simulation all possible detector effects are taken into
account.
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Recall that due to the long cascade decay chains in
the signal events comparatively large multiplicities of
jets and leptons appear. They are also harder as they
originate from comparatively heavy sparticles like g̃, q̃.
Therefore, a variable, called the effective mass, defined
by the scalar sum of E/

T
and the ET of the four leading

jets

Meff =

4∑
j=1

|Ej

T
| + |E/

T
| (23)

will show a striking difference in its distribution in
SUSY signal and SM background events. In Fig. 4 we
present the distribution of Meff obtained by the AT-
LAS collaboration [24] for illustration. In this figure

Figure 4. Effective mass Meff distribution for SUSY
events and SM backgrounds with 1 lepton + jets in the
final states [24]

both the signal and the total background contributions
are shown. Clearly the E/

T
and as well as Meff dis-

tributions will indicate unambiguously the existence of
SUSY provided we have a complete understanding of
the sources of fake E/

T
.

We present in Fig. 5, the CMS discovery reach of
SUSY in the m0–m1/2 plane for different final state
topologies corresponding to an integrated luminosity of
1 fb−1 [23] which will be accumulated during the first
few months of data taking (footnote 10). The search
channels with promising discovery potentials are now
described briefly.

Figure 5. Discovery potential of the CMS experiment
for 1 fb−1 luminosity [23]

• Jets + missing transverse energy (E/
T
).

This inclusive signal corresponding to the best discov-
ery reach (see the solid line in Fig. 5) is due to gluino
and squark production followed by their cascade de-
cays to purely hadronic final states (Eqs. (15–18)). The
dominant SM background is due to the Z + jets events
with Z → νν giving missing energy like signal events.
Other sources of SM backgrounds are tt̄, WW, single
top and pure QCD events. These backgrounds are sup-
pressed by judiciously chosen kinematic cuts. From the
squark and gluino mass formulae in terms of m0 and
m1/2 (Section 2), it follows that for m0

<∼ 1 TeV, gluinos
with mass mg̃ ∼ 1300–1400 GeV can be observed even
at this low luminosity. However for m0

>∼ 1 TeV, the
squark mass becomes large yielding low rates leading a
drop in the discovery reach.
• Single μ + Jets + E/

T

In this signal final states containing at least one muon
are considered. This muon may arise in the cascade
decay chain due to the leptonic decay of a chargino
Eq. (17). or a neutralino Eq. (18), where muons may
also come from W or Z decays appearing in the de-
cay cascade. Because of the relatively low BR of lep-
tonic decays of χ̃∓

1
, which is about 11% for each species

of letpons, the signal rates are depleted to some ex-
tent. However due to the presence of a high pT muon
the SM backgrounds, especially the background from
pure QCD jets are small and consequently, the signal
to background ratio large. In Fig. 5 the discovery reach
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for this channel is shown by the long dashed line. At low
values of m0 squarks are light making χ̃∓

1
χ̃±

1
and χ̃∓

1
χ̃0

2

production rates large. They contribute dominantly
to this final state along with g̃ and q̃ pair production
making this channel the main discovery channel. On
the whole this channel gives the best discovery reach
after jet + E/

T
channel.

In summary squark and gluino masses of about
1.5 TeV are within the striking range of the LHC for
a nominal integrated luminosity of 1 fb−1. This is al-
ready far above the mass reach of the Tevatron, the
most powerful collider before the advent of the LHC.
The above reach can be further extended to 2 TeV for
an integrated luminosity of about 10 fb−1 [23]. With
accumulating integrated luminosity larger regions of
the SUSY parameter space will be accessible to the
LHC experiments. For 300 fb−1 squark gluino masses
upto 2.5 TeV can be probed but the precise mass reach
is rather model dependent.

It is also seen from the Fig. 5 that several other search
channels have reasonable reaches although they do not
look like discovery channels. In fact large regions of the
m0–m1/2 parameter space are covered by more than one
search channel. The observation of the signal in multi-
ple channels may provide additional information about
the underlying theory. For example, the existence of a
Z or the lightest Higgs boson in the final state would
strongly suggest the presence of a χ̃0

2
in the decay cas-

cade.
So far we have focused on generic SUSY signals which

are events of the type n-lepton + m-jet + E/
T
. It is

encouraging to note that the relative sizes of the sig-
nals corresponding to different m and n can distinguish
between different regions of the mSUGRA parameter
space. For example, the region corresponding to low
m0 allowed by dark matter data has three distinct re-
gions. These regions can be distinguished by the above
characteristics [25]. Since the ratio of the number of
events in two different channels originating from the
same production processes are practically independent
of major theoretical uncertainties like the QCD scale
dependence, this approach can indeed be helpful in ob-
taining additional information.

The particles belonging to the third-generation lead
to special collider signatures. For example, the jets
from the decay of B-hadrons (hadrons containing a b-
quark) do not point to the collision vertex since the B,
with a relatively large life time, travels a measurable
distance away from this point before it decays. The
jets from the hadronic decays of a τ contains very few
hadrons compared to other jets. The jets coming from
B or τ decays can be identified by the LHC experi-

ments with large efficiency. Using the b-jet tagging or
τ tagging facilities at the LHC, important additional
information can be extracted from SUSY signals. For
example χ̃0

2
can decay into a τ+–τ− pair with very large

BR particularly for large tan β. In this case the τ slep-
ton turns out to be much lighter than the other sleptons
due to the RG effects and mixing as discussed in sec-
tions 2 and 3. Thus χ̃0

2 decays mediated by this spar-
ticle dominantly goes to di-tau pairs. The members of
the τ -pair are often polarised. This polarisation can
be further exploited to improve the prospect of SUSY
search at the LHC [26].12

CMS has also looked for SUSY signals in the di-tau
channel and have found a reasonable reach. However
even for moderately large tan β some of the low m0 re-
gions of the parameter space allowed by the dark matter
data discussed above can lead to final states with many
tagged τ and b-jets [25,27]. The importance of flavour
tagging in identifying SUSY signals has been noted by
several groups [28].

Another interesting region of the parameter space in
the mSUGRA model is the ‘focus point’ region [29].
This is one of the few regions in the mSUGRA model
consistent with the dark matter data (footnote 4). In
this region characterised by large m0, the squarks and
the sleptons are too heavy to be detected at the LHC.
However the gluino may well be within the reach of the
LHC. Even in this region the top squark can be rela-
tively light due to RG evolution (Section 2)13. As a re-
sult the gluino decays, though mediated by all squarks
in principle, will be dominantly mediated by the lighter
top squark. Thus they primarily decay into channels in-
volving large number of t and b quarks. Some of these
b quarks come directly from gluino decays and others
from t decays. Consequently b-jet tagging can again
be employed to distinguish the focus point signals from
the ones from other mSUGRA regions as well as from
the SM background [30].

3.3. Measurements of Masses at the LHC

So far we have discussed the prospects of discovering
SUSY via different signals at the LHC. However the
mere existence of these signals is not a conclusive evi-
dence for SUSY. It is necessary to measure the mass,
charge and other quantum numbers of each superpar-
ticle to identify the SUSY model chosen by nature. In
this section we describe briefly the first few steps of
achieving this goal. In our example, the second lightest

12See the article by Guchait and Roy in this volume for further
details.
13Mixing effects (Section 3) are unlikely to be very significant
here since m0 >> mt.
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neutralino in a squark decay cascade decays to dilep-
tons

χ̃0

2 → �+�−χ̃0

1

which is a generic decay in many SUSY models (Fig. 6).
This decay may occur via a two body decay mode if
mχ̃

0
2

> m
�̃

(mZ + mχ̃
0
1
), χ̃0

2
→ �̃� → ��χ̃0

1
( χ̃0

2
→

Zχ̃0
1
→ ��χ̃0

1
), otherwise it goes into three body modes

mediated by an off-shell slepton or Z boson. In the

Figure 6. A simple decay chain containing a χ̃0
2 decay

into the dilepton channel

case of three body decay, the distribution of dilepton
invariant mass m�� shows a sharp edge and the position
of the end point is exactly equal to mχ̃

0
2
−mχ̃

0
1
. At the

end points the dilepton system and χ̃0
1

are at rest in the
χ̃0

2 rest frame, so from the measurements of dilepton
four vectors, it is possible to determine the four vector
of χ̃0

1
and hence the four vectors of χ̃0

2
. The mass of

χ̃0
1 can also be determined from the kinematics. And

eventually adding the four momentum of the correct jet
in the event with that of χ̃0

2
it is possible to reconstruct

the mass of the origin of the χ̃0
2 (either a g̃ or a q̃).

In case of two body decay of χ̃0
2
, the edge of dilepton

invariant mass distribution can be expressed in terms
of m

�̃
and the neutralino masses

mmax

��
= mχ̃

0
2

√√√√1 −
m2

�̃

m2

χ̃
0
2

√√√√1 −
m2

χ̃
0
1

m2

�̃

.

In case of q̃ → qχ̃0
2 decay, there are also similar end

points for the q� and qll. These end pints are expected
to be measured within a good accuracy ∼ 10% [23].
Once these measurements are performed, it is possible

to determine the masses of mχ̃
0
1
, mχ̃

0
2
, m

�̃
, mq̃. Recently,

quite a few new ideas have been proposed to reconstruct
the sparticle masses from different observables [31].
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Figure 7. Invariant mass distribution of same flavour
distributions [23]

Figure 7 presents the distribution of dilepton invari-
ant mass of same flavour leptons after subtracting the
background due to SUSY and SM. It is shown after a
full simulation that end points can be measured within
an uncertainty of ∼ 1 GeV [23].

4. Other Models of Mediation of SUSY Break-

ing

We have seen in the previous sections that the phe-
nomenology of minimal supergravity has been very well
studied with the lightest neutralino as the LSP over
most of the parameter space. In this section we re-
view some other mechanisms of SUSY breaking where
the modes of communicating this breaking from the
hidden sector to the observable sector MSSM are dif-
ferent. In particular, we discuss the LHC signatures of
gauge-mediated SUSY breaking (GMSB) and anomaly-
mediated SUSY breaking (AMSB) as well as signatures
of models which are generalisation of mSUGRA, like
models with non-universal scalar and gaugino masses
and split-SUSY.

4.1. Gauge Mediated Supersymmetry Breaking

In gauge mediated SUSY breaking [32] the basic idea is
to introduce new supermultiplets, not included in the
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MSSM, as the messenger fields (Section 2).14 They cou-
ple to the hidden sector which is the source of SUSY
breaking. These messengers carry SM quantum num-
bers and, consequently couple directly to the SM gauge
fields and the corresponding gauginos. Although the
messenger fields do not couple to the sfermions in the
lowest order, these couplings arise in higher orders of
perturbation theory. The SUSY breaking in the hidden
sector is thus communicated to the observable sector
and soft masses and other SUSY breaking terms are
generated.

One of the attractive features of gauge mediation is
that the soft masses of squarks and sleptons depend
only on their gauge quantum numbers. Thus for exam-
ple, squarks of the same type (say, ũ and c̃) are mass
degenerate. In this way mass degeneracies required for
suppressing FCNC effects in all sectors are guarantied.

For the sake of completeness we now review very
briefly the theoretical ingredients of GMSB. The read-
ers mostly interested in the LHC phenomenology may
skip the next two paragraphs and directly move to
the sparticle spectrum and collider signatures. In the
simplest case, let us assume that the messenger fields

are a set of left-handed chiral supermultiplets ψ̂,
¯̂
ψ

and they have specific transformation properties un-
der the SM gauge group. They are taken to be vec-
torlike with respect to the SM gauge interaction (i.e.
¯̂
ψψ̂ are SM singlet). We assume that they couple to
a gauge-singlet superfield S through a superpotential :

Wmess = ySψ̂
¯̂
ψ. Both scalar and auxiliary components

of the superfield S acquires VEVs, denoted by 〈S〉 and
〈FS〉 respectively. This way the fermionic and scalar
component of the messengers get different masses :
m2

fermions
= |y〈S〉|2, m2

scalars
= |y〈S〉|2 ± |y〈FS〉|. In

the messenger spectrum 〈FS〉 �= 0 leads to SUSY vio-
lation and since the messenger fields are charged under
the SM gauge groups, the gauginos of the MSSM can
receive masses at one-loop. The scalars of the MSSM
get leading contribution to their masses at the two-loop
level.

If we assume that the messengers come in complete
multiplets of the SU(5) global symmetry, and are very

14A supermultiplet consists of a particle and its superpartner
(e.g. the uL quark and the squark ũL form a supermultiplet of
MSSM). More formally a spin-1/2 particle (a quark or a lepton)
and the corresponding sparticle can be looked upon as the compo-
nents of a ‘matter’ superfield or a chiral superfield of L or R type.
However a superfield also consists of unphysical particles called
auxiliary components. Similarly a SM gauge boson, the corre-
sponding gaugino and unphysical particles are components of a
gauge superfield or a vector superfield. Usually the MSSM La-
grangian is written interms of these superfields, since a superfield
as a whole has simple properties under SUSY transformations.

close in mass, then approximate unification of gauge
couplings will occur at the GUT scale MU . In such
a case if we consider the messengers to consist of N5

copies of the 5 + 5̄ of SU(5), then we have for the
gaugino masses
Ma = αa

4π
ΛN5 (a = 1, 2, 3).

Here we have introduced one more mass scale Λ ≡
〈FS〉/〈S〉. Here αa = g2

a
/4π and the ga are the three

gauge couplings of the SM. Theses gaugino masses are
the running gaugino masses at an RG scale Q0 corre-
sponding to the average mass of the heavy messenger
particles : Q0 ∼ Mmess ∼ y〈S〉. For the MSSM scalars
we have
m2

φi
(Q0) = 2Λ2N5

∑
3

a=1

(
αa

4π

)2
Ca(i),

where Ca(i) are the quadratic Casimir invariants of the
representation of φi under the SM group. One should
note here that the gaugino and scalar masses are in the
same order in α. The requirement of gauge coupling
unification demands that for messenger masses of order
106 GeV or less, one needs N5 ≤ 4. The trilinear soft
terms are much smaller and one can assume them to be
zero at the messenger scale Q0. The LEP constraints
on the sparticle masses and the requirement that the
gluino mass is <∼ 1 TeV restrict Λ in the range 30 TeV
<∼ Λ <∼ 120 TeV.

In the GMSB spectrum the strongly interacting spar-
ticles, the squarks and the gluino, are the heaviest since
their soft masses are generated by the strong gauge in-
teractions with the messenger sector. The soft masses
of the sleptons and the EW gauginos are generated
by weaker interactions. These sparticles are therefore,
somewhat lighter. However the most distinctive fea-
ture of GMSB is that the gravitino (G̃) is the LSP.
This can have very important consequences for collider
physics [33] (see below). The mass of the gravitino
is roughly in the range 1 eV <∼ m3/2

<∼ 1 GeV. Since
gravity is too weak, the direct production of gravitino
in experiments is highly suppressed. However since this
is the LSP, all the other SUSY particles will eventually
decay into final states containing the gravitino leading
to missing energy.

The decay width of a sparticle X̃ into its SM part-
ner X and a gravitino (more precisely the longitudinal
goldstino component) is

Γ(X̃ → XG̃) =
m5

X̃

16πF 2

(
1 − m2

X
/m2

X̃

)4
. (24)

Here
√

F is the fundamental scale of SUSY breaking
and is typically ∼ 100 TeV. The decay width (the decay
length) of X̃ is larger (smaller) for smaller F .

The collider signals in GMSB depends sensitively
on the nature of the next-to-lightest SUSY particle
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(NLSP). As we have discussed in an earlier paragraph,
the answer to this question is model dependent. Nev-
ertheless, there are only a few distinct possibilities. We
have noted above that the gaugino masses scale like N5,
while the scalar masses like

√
N5. As a result the slep-

tons will tend to be lighter than the EW gauginos for
larger values of N5. Thus for lower values of N5, say,
N5 = 1, the lightest neutralino, which is usually bino
like is the LSP over most of the parameter space. The
NLSPs can also be the right (R)-type sleptons (ẽR, μ̃R

and τ̃R). This possibility is favoured if N5 is larger.
For large value of tanβ the stau (τ̃ ) turns out to be
lighter than the other two R-sleptons due to mixing and
RG effects and becomes the sole NLSP in most cases.
There is another possibility called the neutralino-stau
co-NLSP scenario where signatures of neutralino NLSP
and stau NLSP are both present.

The decay length of the (Eq. (24)) NLSP depends on
the fundamental SUSY breaking scale and so a mea-
surement of the decay length gives a measurement of
the fundamental SUSY breaking scale

√
F . Depending

on the decay length, the NLSP can decay inside the de-
tector or outside. In the former case it may either decay
promptly with a small life time or its life time may be
large enough to produce an observable secondary vertex
which can be reconstructed.

If the NLSP is the lightest neutralino then the dom-
inant decay mode is χ̃0

1
→ γ + G̃. For a neutralino

NLSP, its prompt decay into a photon and a grav-
itino (which escapes detection) can produce the inclu-
sive γγ + ET/ events at the LHC [34] and at the Teva-
tron [35]. For relatively light squarks and gluinos the
production of these strongly interacting sparticles dom-
inantly contribute to the signal. If on the other hand
the squarks and gluinos are very heavy, the dominant
contributions come from chargino and neutralino pro-
duction. It has been shown that with an integrated
luminosity of 10 fb−1, the LHC experiments can probe
values of Λ <∼ 400 TeV, corresponding to mg̃ ≤ 2.8 TeV.
Here mg̃ is computed from its theoretical mass formula.
This mass reach is certainly comparable to what we
have in mSUGRA.

If the neutralino NLSP decays inside the detector
with a long enough decay length then displaced sec-
ondary vertices appear. As a result the highly energetic
photon from the neutralino NLSP decay is in general
non-pointing (i.e. it may not be pointing to the inter-
action point). In this case the signal is again γγ + ET/
events along with measurable decay lengths. This could
be considered as the ‘smoking gun’ signature of GMSB.

The masses of the slepton (�̃) and the neutralino can
be determined at the LHC from events with a lepton

and a non-pointing photon arising from the cascade de-
cay �̃ → �χ̃0

1
→ �γG̃ [36]. The slepton �̃ may be copi-

ously produced at the LHC from the gluino or squark
cascades involving χ̃0

2
and χ̃±

1
. A Monte Carlo simula-

tion with the ATLAS detector shows that the masses
could be measured with an error of 3% for O(100) �γ
pairs. The fitted masses are shown in Fig. 8. The fit
results are m

�̃
= 162.1 GeV and mχ̃

0
1

= 117.0 GeV,
while the input values are 161.7 GeV and 117.0 GeV,
respectively. In Ref. [37] it has been shown that the

Figure 8. Distributions of the fit results of (a) the slep-
ton mass m

�̃
and (b) the neutralino mass mχ̃

0
1
. Results

of Gaussian fitting are also shown. Taken from Ref. [36]

well studied γγ inclusive Higgs signal can be used at
the LHC to test GMSB models in which a heavy neu-
tral Higgs boson decays into two light neutralinos, the
latter yielding two photons and missing energy.

If on the other hand a right handed slepton happens
to be the NLSP it decays by �̃R → � + G̃. At the LHC
pair production of NLSP sleptons with prompt decay
to gravitino can give rise to final states �+�− + ET/ .
However, this signal suffers from large irreducible back-
grounds. On the other hand, production of heavier
states cascading to �̃R can give clean signatures with
multiple leptons. For example, �̃L�̃L pair production
followed by the cascade decays �̃±

L
→ �̃+

R
�−�± can pro-

duce final states 6� + ET/ which do not suffer from SM
backgrounds [38].

If the charged slepton decay takes place inside the
detector with a measurable decay length, then one can
observe very clear heavily ionising charged tracks with
a kink. The “kinks” are sudden turns in the track of a
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charged particle. In this case the kinks appear where
the charged lepton and the gravitino are being emmit-
ted. As in the case of neutralino NLSP, a measure-
ment of the decay length distribution can give a direct
measure of the fundamental SUSY breaking scale. If
the decay �̃ → � + G̃ takes place outside the detector,
then the signature of GMSB would be two heavily ion-
izing charged tracks without missing energy. This is
a very non-standard signature of SUSY and is easily
detectable [39].

4.2. Anomaly-mediated Supersymmetry Break-

ing Models

Anomaly-mediated supersymmetry breaking (AMSB)
involves a higher dimensional supergravity theory
where the hidden sector and visible sector superfields
are localised on two distinct parallel three-branes sep-
arated by a distance ∼ rc (rc is the compactification
radius) in the extra dimension [40]. Assuming one
single extra dimension, the flavour-violating terms are
suppressed by factors like e−rcM5 , where M5 is the 5-
dimensional Planck scale. So as long as rcM5 � 1, the
dangerous FCNC terms are absent.

The AMSB scenario can be described in terms of a 4-
dimensional effective theory below the scale μc (∼ r−1

c
)

where only 4-dimensional supergravity fields are as-
sumed to propagate in the bulk. The whole process
can be studied with the help of a “compensator” su-
perfield Φ whose scalar and auxiliary components get
VEVs according to 〈Φ〉 = 1 + 〈FΦ〉θ2. The auxiliary
field acquires VEV (〈FΦ〉) through its coupling to SUSY
breaking sector. It also couples to the visible sector
fields due to an anomalous violation of super-conformal
invariance at the quantum level (super-Weyl anomaly).
This causes SUSY breaking to show up in the visible
sector and hence the name anomaly-mediated SUSY
breaking. Denoting the VEV of the auxiliary compo-
nent as FΦ from now on, the resulting soft terms are

Ma =
βga

ga

FΦ; ay =
βy

y
FΦ;

m2

f̃
= −1

4

(
∂γ

∂g
βg +

∂γ

∂y
βy

)
|FΦ|2 , (25)

where appropriate beta functions (βg,y) and anomalous
dimensions (γ) are to be considered. It should also be
noted that FΦ ∼ m3/2, the gravitino mass.

The analytic expressions for the scalar and gaugino
masses are renormalisation group invariant, and thus,
can be computed at the low-energy scale. However at
low energies, it predicts the existence of tachyonic slep-
tons. Several solutions to this problem exist but here we
will consider the minimal AMSB model wherein a con-

stant term m2
0

is added to all the scalar squared masses
thereby making the slepton squared masses sufficiently
positive. As a consequence, the RG invariance is lost
and one needs to consider the expressions in Eq. (25) as
the boundary conditions at the unification scale (MU ).

The minimal AMSB (mAMSB) model is described by
just four parameters : m3/2, m0, tanβ (the ratio of two
Higgs VEVs) and sign(μ). The magnitude of μ is deter-
mined by requiring correct EW symmetry breaking. A
particularly interesting feature of the mAMSB model is
that the ratios of the respective U(1), SU(2) and SU(3)
gaugino mass parameters M1, M2 and M3, at low en-
ergies turn out to be |M1| : |M2| : |M3| :: 2.8 : 1 : 7.1.
An immediate consequence is that the lighter chargino
and the lightest neutralino are both almost exclusively
a Wino and, hence, nearly degenerate in mass (each
with mass approximately equal to M2). A very small
mass splitting (ΔMχ̃1

∼ 200 MeV) is generated at
the tree level as well as from the one-loop corrections.
The gravitino mass is much larger than the MSSM soft
terms. Left and right charged sleptons of first two-
generations are nearly mass degenerate. The staus are
somewhat split in mass with almost maximal mixing.
In this model, the squarks are always much heavier than
the sleptons due to larger contributions from the strong
coupling constant.

The lighter chargino is long-lived with the dominant
decay mode χ̃±

1
→ χ̃0

1
+ π±. This would typically re-

sult in a short heavily ionising charged track and/or
a characteristic soft pion in the detector [41]. This
is the ‘smoking gun’ signature of anomaly mediation
with a Wino LSP, and is applicable beyond the minimal
model. These charginos can be triggered on when pro-
duced in association with jets. It has been shown that
for Tevatron Run II with 2 fb−1 luminosity, one could
discover chargino masses up to 300 GeV [41]. In order
to distinguish this scenario from GMSB with long-lived
sleptons, correlations between particle masses and cross
sections may be used. A similar analysis has been per-
formed also at the LHC for the high luminosity run [42].

It has been shown that with an integrated luminosity
of 10 fb−1, the dilepton plus jets plus ET/ channel of-
fers the reach at the LHC to values of the gluino mass
(mg̃) ∼ 2.5 TeV for low values of m0. For large m0,
the reach is mg̃ ∼ 1.3 TeV where the best signature is
typically 0 or 1 isolated lepton plus jets plus ET/ [43].
The presence of terminating tracks due to the long-lived
chargino in the signal events could help to distinguish
the mAMSB model from other SUSY breaking medi-
ation model. The discovery potential of the LHC has
also been investigated for the mAMSB model, using the
ATLAS fast detector simulator, including track recon-
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struction and particle identification. It has been found
that with 100 fb−1 of integrated luminosity the search
will reach upto 2.8 TeV in the squark mass and 2.1 TeV
in the gluino mass for a 5σ discovery [44]. In Fig. 9, the
number of χ̃+

1
s which would be produced at the LHC

and decay within a fiducial volume in the active ma-
terial of the ATLAS tracker is plotted as a function of
m0 and m3/2.

Figure 9. The number of χ̃±
1

→ χ̃0
1 decays expected

within the central region of the ATLAS detector (|η| <
2) with transverse decay vertices between 100 mm and
800 mm from the interaction point for integrated lumi-
nosity of 100 fb−1. The initial track from the chargino
is required have pT > 10 GeV. ΔMχ̃1

is < 200 MeV.
Figure is taken from Ref. [44]

4.3. Non-universal Gaugino and Scalar Masses

Most studies on the signatures of SUSY at the LHC, are
based on the assumption that the gaugino masses are
universal at the unification scale as in the mSUGRA
model. There is, however no compelling theoretical
reason for such a choice. In a supersymmetric grand
unified theory (SUSYGUT) like the SU(5) grand uni-
fied model, gaugino masses are generated by the VEV
of the auxiliary scalar component FΦ of a superfield Φ
in the gauge kinetic function f(Φ) (see below). When
the scalar field is chosen to be a singlet under the GUT
group the gaugino masses turn out to be universal usu-
aly parametrised by a single parameter m1/2. If on
the other hand a GUT non-singlet scalar is chosen non-

universal gaugino masses emerge but these masses are
related by calculable group theoretic factors (Table 3).

For the more theoretically oriented readers we sum-
marise in the next few lines the basic mechanism of
generating non-universal gaugino masses. The readers
only interested in the LHC signatures can directly go
to Table 3 and the discussions following Eq. (28).

The function f(Φ) is an analytic function of the chi-
ral superfields Φ in the theory [45]. It should be noted
that the chiral superfields Φ consist of a set of gauge
singlet superfields Φs and gauge non-singlet superfields
Φn, respectively, under the grand unified group. If the
auxiliary part FΦ of a chiral superfield Φ in the f(Φ)
gets a VEV, then gaugino masses arise from the cou-
pling of f(Φ) with the field strength superfield W a. The
Lagrangian for the coupling of gauge kinetic function
with the gauge field strength is written as

Lgk =

∫
d2θfab(Φ)W aW b + H.c. , (26)

where a and b are gauge group indices [for example,
a, b = 1, 2, ..., 24 for SU(5)] and repeated indices are
summed over. The gauge kinetic function fab(Φ) is

fab(Φ) = f0(Φ
s)δab +

∑
n

fn(Φs)
Φn

ab

MP

+ · · · , (27)

where as described above the Φs and Φn are the singlet
and non-singlet chiral superfields, respectively. Here
f0(Φ

s) and fn(Φs) are functions of gauge singlet super-
fields Φs and MP is some large scale. When FΦ gets
a VEV 〈FΦ〉, the interaction (26) gives rise to gaugino
masses

Lgk ⊃ 〈FΦ〉ab

MP

λaλb + H.c. , (28)

where λa,b are gaugino fields.
We now illustrate the generation of non-universal

gaugino masses in the framework of the group SU(5).
Since the gauginos belong to the 24-dimensional ad-
joint representation of the gauge group, FΦ can belong
to any of the following representations appearing in the
symmetric product of the two 24-dimensional represen-
tations of SU(5):

(24⊗ 24)
Symm

= 1⊕ 24⊕ 75⊕ 200. (29)

In the minimal case, FΦ is assumed to be in the sin-
glet representation of SU(5). This corresponds to equal
gaugino masses at the GUT scale. However, Φ can be-
long to any of the non-singlet representations 24, 75,
and 200 of SU(5). In that case, the gaugino masses are
unequal but related to one another via the representa-
tion invariants [46]. It should be kept in mind that an
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FΦ MG

1
MG

2
MG

3
MEW

1
MEW

2
MEW

3

1 1 1 1 0.14 0.29 1
24 –0.5 –1.5 1 –0.07 –0.43 1
75 –5 3 1 –0.72 0.87 1
200 10 2 1 1.44 0.58 1

Table 3. Ratios of gaugino mass parameters at the GUT
scale in the normalisation MG

3
= 1 and at the elec-

troweak scale in the normalisation MEW
3

= 1 at the
one-loop level.

arbitrary combination of these different representations
is also allowed.

In Table 3, we display the ratios of the resulting gaug-
ino masses at tree level for FΦ belonging to different
representations of SU(5). Clearly, the non-singlet rep-
resentations have characteristic mass relationships for
the gauginos at the GUT scale. The resulting relations
at the EW scale, using the renormalisation group (RG)
evolution (Section 2) at the one-loop level are also dis-
played.

The phenomenology of supersymmetric models with
non-universal gaugino masses has been considered e.g.
in [47–52] and very recently in [53–56] in the context of
the LHC. The phenomenology of supersymmetric mod-
els depends crucially on the compositions of neutrali-
nos and charginos. Hence, it is extremely important
to investigate the changes in the experimental signa-
tures with the changes in the composition of neutralinos
and charginos which arise because of the non-universal
gaugino masses at the GUT scale.

In Ref. [56] a multichannel analysis of SUSY sig-
nals has been carried out at the LHC for a number of
non-universal representations breaking the SU(5) and
SO(10) GUT groups. These channels include jets +
ET/ , same-sign-dileptons (SSD), opposite-sign-dileptons
(OSD), trileptons + jets + ET/ and single lepton +
jets + ET/ . The results have been compared with those
coming from the universal gaugino masses. It has been
found that the most useful way to discriminate among
the various cases is to look for the ratios of events rates
in various channels. Hadronically quiet trilepton chan-
nels were studied in [54].

If the squarks and gluinos are light enough, their pro-
duction cross sections are large at the LHC. The light
neutralinos χ̃1,2 are typical decay products of g̃ and q̃.
Following [17] it was already noted in section 3.2 that
the neutral Higgs bosons can be copiously produced in
the decay of χ̃2, if the mass difference between χ̃2 and
χ̃1 is large enough. At the LHC heavy higgs (H/A)

search may be difficult for low and medium tanβ val-
ues [17,57]. The cross section for H/A production de-
creases rapidly for masses around ∼ 280 GeV/c2. Thus
the discovery region is not expected to cover these high
Higgs mass values even with high luminosity unless the
cross section is boosted by high tan β. As the squark,
gluino production rates are largely independent of the
value of tanβ, Higgs production via χ̃2 decays have
been found to be particularly interesting. It is, there-
fore, worthwhile to revisit the prospect of Higgs search
in these channels in models with non-universal gaugino
masses.

Production of Higgs bosons via χ̃2 → χ̃1 h/H/A in
models where gaugino mass patterns are as in the sin-
glet and 24 representation (Table 3) was studied in [47].
It was found for sample parameters that only the light-
est Higgs could be produced in the model with sin-
glet, while also the heavy Higgses, H and A, could be
produced from the cascade in the model with 24 rep-
resentation. Recently the role of gaugino mass non-
universality (in a model independent framework) in the
context of Higgs productions has been discussed in [55].

In [53] the discovery potential of the neutral Higgs
bosons in the representation 24 was studied and the
results were compared with those obtained with uni-
versal gaugino masses. The event selection is based
on the requirement of four energetic jets, large missing
ET, separation of the jets into two hemispheres and the
reconstruction of the Higgs boson mass from two jets
tagged as b jets. The event generation and simulation
were performed and the results were made public in
the CMS framework [58]. The discovery potential in
the (mA–tanβ) plane is shown in Fig. 10, where mA

is the mass of the CP-odd Higgs boson. The discovery
region extends to H/A masses of ∼210 GeV/c2 around
tan β = 10 and to ∼190 GeV/c2 around tanβ = 30. For
∼ 190 GeV/c2 the low tan β region was covered with
> 5σ significance down to tanβ = 2.

There is also scope for non-universality in scalar
masses which can have interesting implications for the
signatures at the LHC. It is known for quite some
time that non-universal soft SUSY breaking terms for
the scalars at a very high scale, may arise naturally
within the supergravity framework [59–61]. For exam-
ple, non-universal soft SUSY breaking terms may arise
at the GUT scale due to renormalisation group evolu-
tions from the Planck scale to the GUT scale [60]. On
the other hand, if the rank of a GUT group is reduced
by spontaneous symmetry breaking, one may obtain
D-term contributions to scalar masses [61]. The size of
these new contributions to scalar masses can be com-
parable to the universal mass m0 in mSUGRA. These
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Figure 10. CMS discovery potential at 5σ level for
q̃, g̃ → χ̃1H/A → χ̃1bb in the representation 24 with
an integrated luminosity of 10 fb−1. No systematic un-
certainties are included

contributions will in general have different values for
different members of the same GUT multiplet which
can lead to non-universal squark and slepton masses at
the GUT scale. These non-universal terms are gener-
ation independent and do not lead to additional prob-
lems related to FCNCs. The low energy spectrum in
these cases evolves from these high scale inputs. Be-
cause of these non-universalities of the scalar masses at
a very high scale, the low energy sparticle spectrum can
be very different from the universal scalar mass (m0)
case and the signatures at the LHC can also become
significantly distinct. Non-universalities in the scalar
masses may affect the SUSY signals through the gluino
branching ratios as well as through the total squark-
gluino production cross section [62]. Recently, the sig-
natures at the LHC for the cases with high-scale scalar
non-universality have been studied in various channels
such as like and opposite sign dileptons, inclusive and
hadronically quiet trileptons, inclusive jets, etc. [54,63].
It has been observed that these non-universalities affect
the ratios of various final states produced through the
decay cascades of sparticles. A more detailed discussion
of these issues is beyond the scope of this article.

4.4. Split Supersymmetry

Let us discuss a more recent and very interesting sce-
nario, namely split SUSY which assumes a very large
splitting between the soft scalar and fermion masses in
the MSSM. In order to understand this scenario better,
let us first recall that the naturalness criterion has been
one of the guiding principles in the formulation of the
MSSM. This criterion demands that the masses of the
superpartners should be somewhere around 1 TeV or so.

However, the naturalness criterion is incompatible with
the tiny cosmological constant. An important question,
therefore arises. Is it possible to abandon the principle
of naturalness and maintain the nice phenomenological
aspects of the MSSM at the same time?

It has been argued [64] that the successful unifica-
tion of gauge couplings of the MSSM can be retained
even when all the scalars of the theory, except one fine-
tuned light Higgs boson lie far above the EW scale. In
this scenario, despite the loss of the original motiva-
tion to cure the hierarchy problem, one can still find a
supersymmetric theory which is free of many of the un-
desirable features of the MSSM such as the flavour and
CP problem, fast proton decay via dimension five oper-
ators, a tightly constrained mass of the lightest Higgs,
etc. The gauginos and Higgsinos of this theory are cho-
sen to lie near the TeV scale to ensure gauge coupling
unification at MU ∼ 1016 GeV as well as a stable LSP
in the desirable mass range. These features describe
the scenario of split SUSY.

Split SUSY is an effective theory in which the heavy
scalars are integrated out and assumed to have degen-
erate mass m̃. The coupling constants at the scale m̃
are obtained by matching the Lagrangian describing
the effective theory with the interaction terms of the
SUSY Higgs doublets Hu and Hd. The Higgs doublet
h = −cosβεH∗

d
+ sinβHu is fine-tuned to have a small

mass term. One can identify a minimal split SUSY
model described by four parameters : (1) the common
mass m̃, (2) tanβ, (3) the Higgsino mass parameters
μ(MU ) at the GUT scale and (4) the gluino mass mg̃.
It has been shown that certain special constraints [65]
are imposed on the parameter space of the minimal
split SUSY model by the infrared fixed point of the top
Yukawa coupling. In order to study the RG evolution
of various masses and couplings from the unification
scale down to the EW scale, one should remember that
between the unified scale MU and the scale of heavy
scalars m̃, the theory is described by the MSSM fields
and we should use the MSSM RG equations in that re-
gion. Below the scale m̃, one should use the spectrum
of split SUSY with gauginos and higgsinos included in
the two-loop evolution.

Phenomenologically the most interesting feature of
this scenario is that the gluinos are long-lived due to
large squark masses which mediate their decays. Nega-
tive searches for anomalously heavy isotopes suggest
that m̃ <∼ 1013 GeV for 1 TeV gluino. In colliders
these long-lived gluinos can produced displaced ver-
tices. These gluinos can also hadronise into colour sin-
glet states (called R-hadrons). If these states are neu-
tral then they lose energy through hadronic interactions
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and if they are charged then they can deposit energy in
the form of ionisation [66]. These types of signatures of
the long-lived gluions are the ‘smoking gun’ signatures
of split-SUSY. Collider phenomenology of split-SUSY
models were also considered in [67]. It was found that
the long-lived gluino can be discovered at the LHC even
if their masses are above 2 TeV.

5. Conclusion

In this work we have reviewed how various SUSY break-
ing mechanisms lead to different soft masses of the spar-
ticles at very high energies (Sections 2, 4.1–4.4). These
masses in turn lead to model dependant sparticle spec-
trum at the energy scale of experimental interest (the
EW scale). The nature of the lightest supersymmetric
particle which carries the missing energy as well as the
decay cascades of the heavier sparticles are also differ-
ent in various SUSY breaking scenarios of contemporay
interest. This has very interesting implications for cos-
mology and collider physics.

The expected SUSY signatures at the LHC have
been studied by Monte carlo simulations. The generic
n − leptons + m − jets + E/

T
; n, m = 0, 1, 2, 3.. signa-

tures are primarily due to squark-gluino production
with large cross sections followed by cascade decays of
these sparticle. Even if the squarks and gluinos have
masses as large as 2.5 TeV, they are likely to be within
the striking range of the LHC in most models and in
most cases the jets + E/

T
signal appears to be the most

potent search channel. However, a characteristic sig-
nature of GMSB (Section 4.1), which distinguishes it
from other SUSY breaking mechanisms, is the addi-
tional abundance of photons in the final states - a smok-
ing gun signal.

The other search channels with different values of m
and n may provide complementary information. The
flavour tagging facilities at the LHC like b-jet tagging
and τ -jet tagging may be helpful in identifying specific
regions of the parameter space (Section 3.2 and refer-
ences there in).

In order to establish SUSY beyond doubt it is essen-
tial to reconstruct the masses and other quantum num-
bers of the sparticles - a daunting task indeed. Mass
reconstruction is possible in some favourable scenarios
(Section 3.3 and 4.1 and references there in).

Several mechanisms of SUSY breaking predicts long
lived sparticles providing ‘smoking gun’ signals of the
underlying models. Examples are the next-to-lightest-
supersymmetric particle of the GMSB model (either the
lightest neutralino or a τ -slepton), the lighter chargino
of the AMSB model and the gluino in split SUSY.

The charged tracks or displaced vertices associated with
these long lived spartcles will be tantalising to observe.

Physics at the LHC promises to be stimulating for
many years to come!
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