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These are interesting times for theoretical and experimen-
tal high energy physics. Nearly five decades after the Higgs
particle theoretical prediction (1964), the ATLAS and CMS
experiments of the Large Hadron Collider (LHC) at CERN
confirmed (4 July 2012) the existence of the Higgs boson
of the Standard Model (SM) and, implicitly, its associated
(Brout–Englert–Higgs) mechanism of electroweak (EW)
symmetry breaking. This confirmation is a great triumph
of theoretical high energy physics and, in particular, of the
principle of symmetries that modern physics is based upon,
introduced early last century by E. Noether.

Supersymmetry (SUSY) is a new symmetry that relates
bosons and fermions, which has strong support at both
the mathematical and the physical level. At the mathemat-
ical level, SUSY avoids the restrictions of the Coleman–
Mandula no-go theorem by the introduction of spinorial gen-
erators (supercharges) that makes SUSY the only possibility
in which space-time beyond Poincaré and internal symme-
tries of the S-matrix can be combined consistently (Haag–
Lopuszanski–Sohnius). The existence of a super-Poincaré
(graded Lie) algebra and its representations (superfields) fur-
ther supported this new symmetry on strong mathematical
grounds. Moreover, if imposed as a local symmetry, general
relativity is included automatically (supergravity). It is then
no surprise that SUSY is also a fundamental ingredient in
string theory where it plays such a crucial role, even if no
trace of this symmetry is left at low energies.

At the physical level, the motivation is even stronger, when
applied to the Standard Model, to obtain a (minimal) super-
symmetric extension of it that could be valid at energies as
low as the TeV scale. The motivation is that TeV-scale SUSY
solves the mass hierarchy problem of the SM and stabilizes
the EW scale in the presence of quantum corrections, by
ensuring an improved ultraviolet behavior of the theory. TeV-
scale SUSY is consistent with a dynamical (radiative) elec-

a e-mail: ignatios.antoniadis@cern.ch
b e-mail: dumitru.ghilencea@cern.ch

troweak symmetry breaking which in the Standard Model is
not explained, being an ad-hoc input. Further, in SUSY mod-
els the unification of the fundamental forces in Nature (weak,
strong, and electromagnetic) is naturally achieved, to realize
a long-held dream of high energy physics. This unification
picture is completed by the unification with gravity, as done
in various string models, like the weakly coupled heterotic
string. SUSY also provides an interesting dark matter can-
didate, consistent with thermal relic abundance calculations,
which may soon be detected by accelerator- or satellite-based
experiments. All these features rely to a large extent on the
existence of low, TeV-scale SUSY, which is thus accessible
at the ongoing LHC experiments. Exact, non-perturbative
results are also possible in the presence of SUSY. The con-
sistency of all these theoretical and phenomenological advan-
tages of SUSY made it become the most popular candidate
for “new physics” beyond the Standard Model.

One initial drawback of this theory is that it more than
doubles the SM spectrum, something regarded with seri-
ous skepticism by some experimentalists and even theorists.
SUSY predicts a plethora of new particles (superpartners)
that so far were not detected by large and small scale physics
experiments. In particular the constraints from the first run
of the LHC (7 and 8 TeV) restricted significantly the param-
eter space of various minimal supersymmetric models, such
as the constrained minimal supersymmetric standard model.
Another problem is an increased fine tuning (instability) of
the EW scale in some simple models, which may question the
success of SUSY in solving the hierarchy problem that moti-
vated its introduction in the first place. These problems point
to the breaking mechanism of SUSY, whose details remain
somewhat mysterious.

These are, however, early days in the great effort to detect
SUSY experimentally. Until Run 2 of the LHC (13 and 14
TeV) is performed and completed it is difficult to make defi-
nite statements about the existence of TeV-scale SUSY, even
in minimal models. So far, the existence of a Higgs boson, in
a (perturbative) region perfectly well compatible with SUSY,
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gives us hope that this scalar particle is only one of many other
scalars that we so far failed to discover. Why should there be
only a single scalar particle, but so many fermions and gauge
bosons? The optimist would even say that we already have
a scalar particle and with a mass range, both predicted by
SUSY, the Higgs boson, so we must be on the right track.

The current volume intends to be a review of these ideas,
following the development of SUSY from its very early days
up to present. The order of the contributions should pro-
vide the reader with the historical development as well as the
latest theoretical updates and experimental constraints from
particle accelerators and dark matter searches. It is a great
pleasure to bring together in this volume contributions from
people who initiated or contributed significantly to the devel-
opment of this theory over so many years. For a balanced
point of view, the volume also includes a (last) contribution
that attempts to describe the physics beyond the Standard
Model in the absence of SUSY.

Beloved by many theorists or shunned by as many exper-
imentalists, the idea of SUSY remains attractive. We are for-
tunate that the LHC has good chances to clarify the question
if SUSY really exists near the TeV scale. Its experimental
confirmation would certainly dominate particle physics for
many decades to come with an impact that is hard to imagine
at this moment. The alternative is that this scale is pushed
higher and higher, moving this beautiful idea further away
from our experimental reach. This would make theorists won-
der whether they pinned their hopes for too long on a single,
most beautiful but elusive idea and whether the time is ripe
to re-consider our view on physics near the TeV scale.

Geneva, March 2014.
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Abstract We describe the early evolution of theories with
fermion–boson symmetry.

1 Introduction

By the 1940s, physicists had identified two classes of ‘ele-
mentary’ particles with widely different group behavior,
bosons and fermions. The prototypic boson is the photon
which generates electromagnetic forces; electrons, the essen-
tial constituents of matter, are fermions which satisfy Pauli’s
exclusion principle. This distinction was quickly extended to
Yukawa’s particle (boson), the generator of Strong Interac-
tions, and to nucleons (fermions). A compelling characteri-
zation followed: matter is built out of fermions, while forces
are generated by bosons.

Einstein’s premature dream of unifying all constituents of
the physical world should have provided a clue for that of
fermions and bosons; yet it took physicists a long time to
relate them by symmetry. This fermion–boson symmetry is
called ‘supersymmetry’.

Supersymmetry, a necessary ingredient of string theory,
turns out to have further remarkable formal properties when
applied to local quantum field theory, by restricting its ultravi-
olet behavior, and providing unexpected insights into its non-
perturbative behavior. It may also play a pragmatic role as
the glue that explains the weakness of the elementary forces
within the Standard Model of Particle Physics at short dis-
tances.

2 Early hint

In 1937, Wigner [1], with some help from his brother-in-
law, publishes one of his many famous papers ‘On Unitary
Representations of the Inhomogeneous Lorentz Group’. He

a e-mail: ramond@phys.ufl.edu

was then at the University of Wisconsin at Madison, a refugee
from Princeton, which had denied him tenure. It was not an
easy paper to read, but its results were very simple: there
were five types of representations labeled by the values of
P2 ≡ pμ pμ = m2, one of the Poincaré group’s Casimir
operator.

All but two representations describe familiar particles
found in Nature. Massive particles come with momentum
p, spin j, and 2 j + 1 states of polarization, e.g. electrons and
nucleons with spin 1/2. There are also four types of massless
representations with spin replaced by helicity (spin projec-
tion along the momentum). The first two describe massless
particles with a single helicity (photons with helicity±1), or
half-odd integer helicity, such as “massless” neutrinos with
helicity +1/2.

The last two representations O(Ξ) and O ′(Ξ) describe
states which look like massless ‘objects’, particle-like in
the sense that they have four-momentum, but with bizarre
helicities: each representation contains an infinite tower
of helicities, one with integer helicities, the other with
half-odd integer helicities. These have no analogues in
Nature.1

Physicists were slow in recognizing the importance of
group representations, even though Pauli provided the first
solution of the quantum-mechanical hydrogen atom using
group theory. Wigner’s paper does not seem to have moved
any mountains, and infinite spin representations were simply
ignored, except of course by Wigner.

Yet, O(Ξ) and O ′(Ξ) contained important information:
they are ‘supersymmetric partners’ of one another!

3 Hadrons and Mesons

Symmetries were gaining credence among physicists, not
as a simplifying device but as a guide to the organiza-

1 ‘Infinite spin’ representations do not appear in the Poincaré decom-
position of the conformal group.
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tion of Nature. Wigner and Stückelberg’s ‘supermultiplet
model’ unified SU(2) isospin and spin. Once Gell-Mann
and Ne’eman generalized isospin to SU(3), it did not
take long for Gürsey and Radicati [2], as well as Sakita
[3], to propose its unification with spin into SU(6). Pseu-
doscalar and vector mesons (bosons) were found in the
35 representation of SU(6), while the hadrons (fermions)
surprisingly lived in 56, not in 20 [3], as expected by
the statistics of the time. This non-relativistic unification
proved very successful, both experimentally and conceptu-
ally, since it led to the hitherto unsuspected color quantum
number.

In 1966, Miyazawa [4] proposed further unification. His
aim was to assemble the fermionic 56 and the bosonic 35 into
one mathematical structure, such as SU(9) but at the cost of
disregarding spin-statistics.

To explain the bounty of strange particle discovered in the
1950s, Sakata had proposed to explain mesons as T T bound
states of the spin one-half triplet

T = ( p, n, Λ ).

Miyazawa adds a pseudoscalar triplet

t = ( K+, K 0, η ),

to the Sakata spinor triplet. The hadron octet would then
be described by another bound state, T t̄ , but he could not
describe the spin three-half baryons decimet in the 56.

He introduces a toy model with two fundamental con-
stituents, a spin one-half and a spin zero particle, p =
(α↑, α↓, γ ). The nine currents

p†λi p =
{

Fi , i = 0, 1, 2, 3, 8;
Gi , i = 4, 5, 6, 7,

satisfy a current algebra with both commutators and anti-
commutators

[
Fi , Fj

] = i fi jk Fk,[
Fi , G j

] = i fi jk Gk,{
Gi , G j

} = di jk Fk,

a ‘generalized Jordan algebra’ which he calls V (3). This is
the first example, albeit non-relativistic, of a superalgebra,
today called SU(2/1) with even part SU(2)×U (1).

In 1967, he expanded his construction [5], to general
superalgebras he calls V (n,m)with the idea of including the
decimet. Alas, the phenomenology was not as compelling as
that of SU(6); two of the quarks inside a nucleon do not seem
to live together in an antitriplet color state.

In 1969, Berezin and G. I. Kac [6,7] show the mathemati-
cal consistency of graded Lie algebra which contains both
commutators and anticommutators; they give its simplest

example generated by the three Pauli matrices σ+, σ−, σ3.
Physical applications are not discussed, although Berezin’s
advocacy of Grassmann variables in path integrals was no
doubt a motivation.

4 Dual resonance models

In the 1960s, physicists had all but given up on a Lagrangian
description of the Strong Interactions, to be replaced by
the S-matrix program: amplitudes were determined from
general principles and symmetries, locality, causality, and
Lorentz invariance. Further requirements on the ampli-
tudes such as Regge behavior and its consequent boot-
strap program were still not sufficient to determine the
amplitudes.

In 1967, Dolen et al. [8] discovered a peculiar relation
in π − N scattering. At tree-level, its fermionic s-channel
(π N → π N ) is dominated by resonances (Δ++, …), as
shown by countless experiments. On the other hand, its
bosonic t-channel (π π̄ → N N ) is dominated by the ρ-
meson. Using the tools of S-matrix theory in the form of
‘finite energy sum rules’, they found that the Regge shadow of
the bosonic t-channel’s ρ-meson averaged the fermionic res-
onances in the s-channel! This was totally unexpected, since
these two contributions, described by different Feynman dia-
grams, should have been independent. Was this the additional
piece of information needed to fully determine the amplitudes
of Strong Interactions? This early example of fermion–boson
kinship led, through an unlikely tortuous path, to modern
supersymmetry.

An intense theoretical search for amplitudes where the
s- and t-channel contributions are automatically related to
one another followed. Under the spherical cow principle,
spin was set aside and the search for DHS-type amplitudes
focused on the purely bosonic process ω→ πππ [9]. Soon
thereafter, Veneziano [10] proposed a four-point amplitude
with the desired crossing symmetry,

A(s, t) ∼ Γ (−α(s))Γ (−α(t))
Γ (−α(s)− α(t) ,

where α(x) = α0 + α′x is the linear Regge trajectory. It
displays an infinite number of poles in both s-channel s >
0, t < 0 and t-channel s < 0, t > 0.

Veneziano’s construction was quickly generalized to n-
point ‘dual’ amplitudes. The infinite series of poles were
recognized as the vibrations of a string [11–13].

The amplitudes were linear combinations of tree chains
which factorize into three-point vertices and propagators. A
generalized coordinate emerged [14] from this analysis

Qμ(τ) = xμ + τ pμ +
∞∑

n=1

1√
2nα′

(
anμeinτ − a†

nμe−inτ
)
,

1232Reprinted from the journal
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with an infinite set of oscillators[
anμ, a†

mν

]
= δnm gμν.

The vertex for emitting a particle of momentum kμ from the
linear chain was simple

V (k, τ ) =: eik·Q(τ ):.

Out of its corresponding generalized momentum

Pμ(τ) = dQμ

dτ
, (1)

one derived the operators

Ln = 1

2π

π∫
−π

dτeinτ :PμPμ: ≡ 〈:PμPμ:〉n,

which satisfy the Virasoro algebra2

[ Lm , Ln ] = (m − n)Ln+m + D

12
m(m2 − 1)δm,−n .

Its finite subalgebra, L0, L±, the Gliozzi algebra, generates
conformal transformations in two dimensions. The propaga-
tor was given by

1

(α′L0 + 1)
.

5 Superstrings

The Klein–Gordon equation for a point particle

0 = p2 + m2 = 〈Pμ〉0〈Pμ〉0 + m2,

could then be interpreted as a special case of

0 = 〈PμPμ〉0 + m2

suggesting a correspondence [15] between point particles and
dual amplitudes,

〈A〉〈B〉 → 〈A B〉.
Fermions should satisfy the Dirac equation

0 = γμ pμ + m = 〈Γμ〉0〈Pμ〉0 + m.

This requires a generalization of the Dirac matrices as
dynamical operators

γμ → Γμ = γμ + iγ5

∞∑
n=0

(
bnμeinτ + b†

nμe−inτ
)

2 A c-number is added anachronistically.

where the oscillators are Lorentz vectors3, which satisfy anti-
commuting relations

{bnμ, b†
nμ} = δnm gμν,

the sum running over the positive integers.
This led me to propose the string Dirac equation in the

winter of 1970 [16], which readily followed from that corre-
spondence:

0 = 〈Γμ Pμ〉0 + m.

The basic Dirac algebra, {γ · p, γ · p} = p2 is seen to be
generalized to an algebra with both commutator and anti-
commutators

{Fn, Fm} = 2Ln+m, [Ln, Fm] = (2m − n)Fm+n,

where Fn = 〈ΓμPμ〉n , and these new Ln’s also satisfy the
Virasoro algebra, but with a different c-number.

Neveu and Schwarz then compute the amplitude for a dual
fermion emitting three pseudoscalars with the Yukawa vertex

Γ5:eik·Q(τ ):, Γ5 = γ5(−1)
∑

b†
n ·bn ,

and find that the resulting amplitude contains an infinite num-
ber of poles in its fermion–antifermion channel, and even
identify the residue of the first pole [17]!

A new model with bosonic poles and vertices emerges,
written in terms of an infinite tower of anticommuting vector
oscillators,

{brμ, b†
sν} = δrs gμν, r, s = 1

2 ,
3
2 , . . ..

The triple boson vertex is given by

VN S(k, τ )k
μ = Hμ(τ):e

ik·Q(τ ):,

where

Hμ(τ) =
∑

r=1/2,3/2,...

[
brμe−irτ + b†

rμeirτ
]
.

These are the building blocks of the ‘Dual Pion model’ [18,
19], published in April 1971. The algebraic structure found in
the generalized Dirac equation remains the same, producing
a super-Virasoro algebra which decouples unwanted modes
[20], with Γμ replaced by Hμ, through the operators

Gr = 〈H · P〉r , r = 1
2 ,

3
2 , . . ..

The close relation of the two sectors is soon after formal-
ized by Gervais and Sakita [21] who write them in terms of
a world-sheet σ -model, with different boundary conditions,
symmetric for the fermions, antisymmetric for the bosons.
They call the transformations generated by the anticommut-
ing Virasoro operators, supergauge transformations, the first
time the name ‘super’ appears in this context.

3 Later was it realized that this made sense only in ten space-time dimen-
sions where the little group is the spinor–vector schizophrenic SO(8).

3123 Reprinted from the journal
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The following years saw the formulation of the RNS (NSR
to some) ‘Dual Fermion Model’, generating dual amplitudes
with boson and fermion legs. It lived in ten space-time dimen-
sions, with states determined in terms of transverse fermionic
and bosonic harmonic oscillator operators.

In the fermionic ‘R-sector’, the spectrum of states is
spanned by the fermionic ground state, u|0 > where u is
a fixed 32-dimensional spinor, annihilated by both trans-
verse bosonic and fermionic oscillators, ani and bni , i =
1, 2 . . . , 8, and integer n. The fermion masses are determined
by

α′m2
R =

∞∑
n=1

n
[
a†

n · an + b†
n · bn

]
.

The bosonic ‘NS-sector’ spectrum starts with a tachyon, |0 >
annihilated by the same ani , but also by the NS fermionic
oscillators bri , where r runs over half-integers. The boson
masses satisfy

α′m2
N S =

∞∑
n=1

na†
n · an +

∑
r= 1

2

rb†
r · br − 1

2
.

But there were idiosyncrasies. The correspondence
between Neveu–Schwarz and the dual fermion states differed
for states with an even number (G ≡ (−1)

∑
b†

r ·br = −1) of
b†

r , and states with an odd number, and there is a tachyon in
the even number spectrum, at α′m2

N S = −1/2.
In 1976, Gliozzi et al. [22] noticed that the NS tachyon can

be eliminated by requiring an odd number of anticommuting
operators in the bosonic spectrum, (G = −1). The NS ground
state

α′m2
N S = 0: b†

1i |0〉,
now consists of eight bosons, transforming as the vector
(=spinor) SO(8) representation. The first excited states are

α′m2
N S = 1: b†

1
2 i

b†
1
2 j

b†
1
2 k
|0〉, b†

1
2 i

a†
1 j |0〉, b†

3
2 i
|0〉,

that is, 128 = 56(8.7.6/1.2.3)+ 64(8.8)+ 8 bosonic states,
and so on.

In their next step, they show that the R ground state solu-
tion could also be reduced to eight fermionic degrees of
freedom. In ten dimensions, while a spinor has naturally 32
degrees of freedom, they showed that one can impose both
chiral and Majorana (reality) restrictions on it, and reduce
the spinor to eight dimensions: the spinor (=vector) SO(8)
representation

α′m2
R = 0: ψα|0〉, α = 1, 2 . . . 8.

The first excited state of the R-sector consists of

α′m2
R = 1: b†

1iψα|0〉, a†
1 jψα|0〉,

with 128 = 8.8 + 8.8 fermionic states! This was no acci-
dent, and using one of Jacobi’s most obtuse relations, they
showed that this equality obtained at all levels. Indeed this
was supersymmetry, with the same number of bosons and
fermions, albeit in ten space-time dimensions.

Fermion–boson symmetry, born in its world-sheet realiza-
tion, reappears as supersymmetry in ten-dimensional space-
time.

Meanwhile, behind the iron curtain, …

6 Russians

In March 1971, there appears a remarkable and terse paper
by Gol’fand and Likhtman [23,24] who extend the Poincaré
algebra generated by Pμ and Mμν to ‘bispinor generators’,
Wα and Wβ , which generate spinor translations.

Cognizant that spin–statistics requires anticommutating
spinors, they arrive at the parity-violating algebra

{W,W } = [Pμ, Pν
] = 0, {W,W } = (1+ γ5)

2
γμPμ.

(2)

assuming no other subalgebra of the Poincaré group. With
little stated motivation, they have written down the N = 1
superPoincaré algebra in four dimensions!

They identify its simplest representation: two ‘scalar her-
mitean’ fields φ(x) and ω(x), and one left-handed spinor
field ψ1(x), of equal mass, the earliest mention of the Wess–
Zumino supermultiplet. They do not consider auxiliary fields
nor display the transformation properties of these fields.
However, they show the spinor generators as bilinears in
those fields

W = (1+ γ5)

2

∫
d3x

[
φ∗
↔
∂0ψ1(x)+ω(x)

↔
∂0ψ

c
1 (x)

]
.

(3)

They also describe that the massive vector multiplet fol-
lows with the vector field Aμ(x), a scalar field χ(x) and a
spinor field ψ2(x). They write down its spinor current

W = (1+γ5)

2

∫
d3x

[
χ
↔
∂0ψ2(x)+Aμ(x)

↔
∂0 γμψ2(x)

]
.

(4)

This ground-breaking paper ends with the difficult task of
writing interactions. Self-interactions of the WZ multiplet are
not presented, only its interactions with a massive Abelian
vector supermultiplet. This, the last formula in their paper, is
a bit confusing since φ and ω now appear as complex fields
(setting ω = 0 and replacing the complex φ by φ + iω is
more what they need), but it contains now-familiar features,
such as the squared D-term.

Gol’fand and Likhtman had firmly planted the flag of
supersymmetry in four dimensions.
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Interestingly, physicists on both sides of the iron curtain
seemed oblivious to this epochal paper.

Likhtman [25] seems to be the only one who followed up
on this paper. He notices that the vacuum energy cancels out
because of the equal number of mass bosons and fermions
with the same mass. He finds scalar masses only logarith-
mically divergent, which he mentions in a later publication
[26].

In December 1972, in an equally impressive paper, Volkov
and Akulov [27,28] want to explain the masslessness of neu-
trinos in terms of an invariance principle. They note that the
neutrino-free Dirac equation is invariant under the transfor-
mations

ψ → ψ + ζ, xμ→ xμ − a

2i
(ζ †σμψ − ψ†σμζ ),

where ζ is a global spinor. When added to the Poincaré gener-
ators, they form a group, of the type Berezin and G. I. Kac had
advocated [6,7] for algebras with commuting and anticom-
muting parameters. The translation of ψ makes the neutrino
akin to a Nambu–Goldstone particle with only derivative
couplings.

There follows a Lagrangian that describes its invariant
interactions, which we can identify as a non-linear represen-
tation of supersymmetry.

The end of their paper contains this remarkable sentence
‘We note that if one introduces gauge fields corresponding to
the(se) transformations, then, as a consequence of the Higgs
effect, a massive gauge field with spin 3/2 arises, and the
Goldstone particles with spin 1/2 vanish’. This remark is
followed in October 1973, when Volkov and Soroka [29,
30] generalize their transformations to local parameters and
show explicitly that the fermionic Nambu–Goldstone particle
indeed becomes a gauge artifact. Thus was born what became
known as the ‘Super Higgs Effect’.

7 Wess–Zumino

In October 1973, Wess and Zumino [31] generalize the
world-sheet supergauge transformations of the RNS model
to four dimensions.

Their’s is the paper that launched the massive and system-
atic study of supersymmetric field theories in four dimen-
sions.

The scalar (now called chiral or Wess–Zumino) multi-
plet is introduced. It consists of two real scalar bosons, A
and B, a Weyl (Majorana) fermion ψ and two auxiliary
fields F and G. Supergauge transformations generate the
algebra

δA = iαψ, δB = iαγ5ψ,

δψ = ∂μ(A − γ5 B)γ μα+n(A − γ5 B)γμ∂μα+Fα+Gγ5α

δF = iαγ μ∂μψ + i

(
n − 1

2

)
∂μαγ

μψ

δG = iαγ5γ
μ∂μψ + i

(
n − 1

2

)
∂μαγ5γ

μψ,

where α is an ‘infinitesimal’ anticommuting spinor, and n is
an integer assigned to the multiplet. With impressive alge-
braic strength, they are shown to close on both conformal
and chiral transformations. In particular, two transforma-
tions with parameters α1 and α2 result in a shift of xμ by
iα1γμα2.

The free Lagrangian for the scalar multiplet follows:

LW Z =−1

2
∂μA∂A− 1

2
∂μB∂μB− i

2
ψγμ∂

μψ+ 1

2
(F2+G2).

It is not invariant under supergauge transformations but since
it transforms as a derivative, the action is invariant. To intro-
duce invariant interactions, they derive the calculus necessary
to produce covariant interactions, by assembling two scalar
multiplets into a third, etc.

They also introduce the vector supermultiplet, consisting
of four scalar fields, D,C,M, N , a vector field vμ, and two
spinor fields χ and λ, on which they derive the supergauge
transformations. By identifying the vector field with the chi-
ral current generated by a scalar multiplet

vμ = B∂μA − A∂μB − 1

2
iψγ5γμψ,

and following it through the algebra, they express all the
vector multiplet fields as quadratic combinations of the scalar
supermultiplet. In particular D = 2LW Z .

Finally, they notice that one can drop some of these fields,
C, N ,M , and χ , without affecting the algebra (soon to be
called the Wess–Zumino gauge), and write the vector multi-
plet Lagrangian in a very simple form:

LV = − 1

4
vμνv

μν − 1

2
iλγμ∂

μλ+ 1

2
D2.

This paper contains many of the techniques that were soon
to be used in deriving many of the magical properties of
supersymmetric theories in four dimensions.

In December 1973, Wess and Zumino present the one-
loop analysis [32] of an interacting Wess–Zumino multi-
plet, and find remarkable regularities: the SUSY tree-level
relations are not altered by quantum effects, the vertex cor-
rection is finite (leaving only finally where they find that
one has only wave function renormalization), and finally the
quadratic divergences of the scalar and pseudoscalar fields
cancel. As it was realized later, this addresses the “gauge hier-
archy problem”, and strongly suggests SUSY’s application
to the Standard Model.
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8 Representations

The representations of the supersymmetry algebra were first
systematically studied by Gell-Mann and Ne’eman (unpub-
lished). They mapped the algebra in light-cone coordinates
to a Fermi oscillator, and they found that in supersymmetry,
the massless representations of the Poincaré group assemble
into two states with helicities separated by one-half

(
λ± 1

2
, λ

)
,

and with the same light-like momentum, yielding an equal
number of bosons and fermions. The simplest is λ = 0,
with a real scalar and half a left-handed Weyl fermion. How-
ever, CPT-symmetric local field theories require the other half
of the Weyl fermion, ( 1

2 , 0)+ (0,− 1
2 ), which describes one

Weyl fermion and a complex scalar boson, the ingredients of
the Gol’fand–Likhtman–Wess–Zumino multiplet.

The massless gauge supermultiplet, (1, 1
2 )+ (− 1

2 ,−1),
describes a gauge boson, and its companion Weyl (Majorana)
fermion describes the gaugino.

The supergravity supermultiplet (2, 3
2 )+ (− 3

2 ,−2) con-
tains the graviton and the gravitino, remarkably the ingredi-
ents of interacting supergravity [33,34]

They extend their analysis to the case of N supersymme-
tries. Disregarding particles of spin higher than two, they find
two cases with manifestly self-conjugate supermultiplets.

First, we have an N = 4 supermultiplet, with helicities

(1)+ 4
( 1

2

)+ 6(0)+ 4
(− 1

2

)+ (−1),

and led in 1976 to the N = 4 superYang–Mills theory [35],
which was found much later to have magical properties, such
as an enhanced conformal symmetry, and ultraviolet finite-
ness!

Second, we have N = 8 supergravity with helicities

(2)+ 8
( 3

2

)+ 28(1)+ 56
( 1

2

)+ 70(0)

+56
(− 1

2

)+ 28(−1)+ 8
(− 3

2

)+ (−2),

which also led to a fully interacting theory, N = 8 Super-
gravity [36].

Massive representations of supersymmetry can be assem-
bled using a group theoretical Higgs mechanism. The mas-
sive vector representation contains a Dirac spinor, a massive
vector, and a scalar particle

(
1, 1

2

)+ (−1,− 1
2

)+ (0,− 1
2

)+ (0, 1
2

)
,

all of equal mass, as considered by Gol’fand and Likhtman.

9 Towards the supersymmetric standard model

With the Wess–Zumino paper, the flood gates had been
opened [37]. In short order, a supersymmetric version [38]
of QED is written down, with Abelian gauge invariance, in
which the Dirac electron spinor is accompanied by two com-
plex spin zero fields. In January 1974, Salam and Strathdee
[39,40] assemble the fields within a supermultiplet into one
superfield with the help of anticommuting Grassmann vari-
ables. The same authors [41] coin the word ‘super-symmetry’
in a May 1974 paper which generalizes supersymmetry to
Non-Abelian gauge interactions.

Before applying supersymmetry to the real world, several
conceptual problems must be resolved. Firstly, the absence
of fermion–boson symmetry at low energies requires it to be
broken. Secondly, its application to the electroweak theory
demands the extension of the Higgs mechanism. Finally, the
known particles must be assigned to supermultiplets.

In 1974, Fayet and Iliopoulos [42] produce the first paper
on spontaneous breaking of supersymmetry in theories with
a gauged Abelian symmetry by giving its D auxiliary field
a constant value. Their proposal is remarkably simple, just
add to the Lagrangian for a U (1) vector multiplet a D-term

LF I
V = LV + ξD.

This extra term violates neither Abelian gauge invariance
nor supergauge invariance, since its supergauge variation is a
total derivative. The resulting field equation 〈D〉0 = ξ yields
a theory where both gauge and supergauge invariances are
broken.

A year later, O’Raifeartaigh [43] invents a different
way to spontaneous breaking of supersymmetry, in theories
with several interacting scalar supermultiplets. Its simplest
model involves three scalar supermultiplets with equations
of motion

F1 = −mφ∗2 − 2λφ∗1φ∗3 , F2 = −mφ∗1 , F3 = λ(M2−φ2
1
∗
),

where m,M , and λ are parameters. There are no solutions
for which all three Fi vanish, and supersymmetry is broken.
From these two early examples, the auxiliary fields are the
order parameters of SUSY breaking.

Both schemes yielded an embarrassing massless Gold-
stone spinor, which may have impeded the application of
supersymmetry4. None of these authors were aware of
Volkov’s papers.

The second hurdle is the generalization of the Higgs mech-
anism to supersymmetry. This is done in the context of an
unusual model by Fayet [44] in December 1974. Like Volkov

4 In 1976, Weinberg and Gildener note that supersymmetry could
explain a low mass scalar boson, but bemoan that it would produce
a massless fermion!
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and Akulov before, Fayet builds models where the elec-
tron neutrino is the Goldstone spinor from the breakdown
of supersymmetry5 using the FI mechanism.

Although the model building in this paper did not sur-
vive the test of time, two important and more perma-
nent concepts emerged. One is that the Higgs mechanism
applies, but two scalar supermultiplets are needed to achieve
SU(2) × U (1) → U (1) electroweak breaking, in accord
with the number of surviving scalars in the massive vector
supermultiplets—also the existence of R-symmetry, a new
kind of continuous symmetry acting on both the fields and
the Grassmann parameters of the superfields.

It was not until July 1976 that Fayet [45] generalizes the
Weinberg–Salam (soon to be called the Weinberg–Salam–
Glashow, and then Standard) model to SUSY. Its distinctive
features are

• There are two scalar superfields, S, T , (today’s Hu,d ) for
EW breaking.
• Leptons and quarks are the fermions inside scalar super-

multiplet.
• We have a continuous R-symmetry.

The particle content is the ‘minimal supersymmetric model’
(MSSM). Some kinks still need to be ironed out, having to do
with SUSY breaking ( à la Fayet–Iliopoulos in this paper),
which produces a massless Goldstone spinor. The continuous
R-symmetry in this paper behaves like a ‘leptonic’ number,
but it prevents the spinor gluons from acquiring a mass.

Today, we know that SUSY breaking is an active area of
theoretical research, even without the presence of a Gold-
stone fermion, eaten by the Super-Higgs mechanism.

10 SUSY today

By stopping this history of fermion–boson symmetry in 1976,
we rob the reader of the many wonderful concepts since dis-
covered, but they are more than adequately covered in the
articles in this volume.

The seeds of today’s SUSY research were planted in these
early papers.

Almost 40 years later, superstring theories have blos-
somed into a dazzling array of connected theories; the study
of N = 4 superYang–Mills theories is an active field of
research, as is the possible finiteness of N = 8 supergravity.

The Hamiltonian is no longer fundamental, but derived
from translations along SUSY’s fermionic dimensions.

Few doubt the existence of a deeper connection between
bosons and fermions, but opinions differ at which scale it

5 In 1974, the Standard Model was not yet ‘standard’, and many authors
were still presenting alternatives.

will be revealed: the breaking of supersymmetry remains as
mysterious as ever.

Yet, the recent discovery of a low mass Higgs particle
suggests that the universe displays more symmetry at shorter
distances.

Today, SUSY is unfulfilled, beloved by theorists, but so
far shunned by experiments.

In the words of the late Sergio Fubini, ‘We do not know if
supersymmetry is just a beautiful painting to put on the wall,
or something more’.
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Abstract Supersymmetric extensions of the standard mo-
del lead us to expect superpartners for all particles, spin-0
squarks and sleptons and spin- 1

2 gluinos, charginos, and neu-
tralinos, with an odd R-parity making the lightest one sta-
ble. The electroweak breaking is induced by a pair of spin-0
doublets, leading to several charged and neutral BE-Higgs
bosons. These theories also lead to gauge/Higgs unification
by providing spin-0 bosons as extra states for spin-1 gauge
bosons within massive gauge multiplets. In particular, the
125 GeV/c2 boson recently observed at CERN, most likely
a BE-Higgs boson associated with the electroweak break-
ing, may also be interpreted, up to a mixing angle induced
by supersymmetry breaking, as the spin-0 partner of the Z
under two supersymmetry transformations. We also discuss
how the compactification of extra dimensions, relying on R-
parity and other discrete symmetries, may determine both the
grand-unification and the supersymmetry-breaking scales.

1 Introduction

Is there a “superworld” of new particles? Could half of the
particles at least have escaped our observations? Do new
states of matter exist? After the prediction of antimatter by
Dirac, supersymmetric extensions of the standard model lead
to anticipate the possible existence, next to quarks and lep-
tons, of associated spin-0 squarks and sleptons, with the glu-
ons, W±, Z , and photon also associated with new super-
partners, gluinos, charginos and neutralinos [1–5]. These
new states are characterized by a quantum number called
R-parity related to baryon and lepton numbers, obtained from
a discrete remnant of a continuous U (1)R symmetry acting
chirally on the supersymmetry generator, broken to R-parity
by the gravitino and gluino masses [6,7].

The spontaneous breaking of the electroweak symmetry
is induced, in contrast with the standard model [8,9], by a

a e-mail: fayet@lpt.ens.fr

pair of spin-0 doublets responsible for charged-lepton and
down-quark masses, and up-quark masses, respectively [1–
3]. This leads to expect charged spin-0 bosons H±, and addi-
tional neutral ones. Such theories possess many attractive fea-
tures, providing in particular a natural place for fundamental
spin-0 bosons next to spin-1 and spin- 1

2 particles, and the pos-
sibility of associating spin-1 with spin-0 particles within mas-
sive gauge multiplets of supersymmetry. We keep waiting for
signs of superpartners [10,11] and additional Brout–Englert–
Higgs bosons [12,13], beyond the one recently found at the
CERN LHC [14,15].

This new boson with a mass close to 125 GeV/c2 may
actually be interpreted (up to a mixing angle, possibly small,
induced by supersymmetry breaking) as a spin-0 partner of
the spin-1 Z within a massive gauge multiplet of supersym-
metry, providing within a theory of electroweak and strong
interactions the first example of two known fundamental par-
ticles of different spins related by supersymmetry—in spite
of their different electroweak properties.

We shall review here the main steps followed in the con-
struction of the supersymmetric standard model, parallel to
related developments in N = 2 and N = 4 supersym-
metric theories. These more speculative theories may also
be expressed using extra compact dimensions, which may
play an essential role in the breaking of the supersymme-
try and grand-unification symmetries at the compactification
scale(s) [16–18]. We also refer the reader to the standard
review articles [19–22], and leave more detailed discussions
on the present status of supersymmetric theories, including
the role of neutralinos as possible dark matter candidates and
the effect of the new particles on gauge-coupling unification,
to subsequent contributions to this volume.

2 Relate bosons with fermions, yes, but how?

To begin with, according to common knowledge, supersym-
metry relates, or should relate, bosons with fermions:
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Bosons︸ ︷︷ ︸
integer spin

SUSY←→ Fermions︸ ︷︷ ︸
half-integer spin

. (1)

But can such an idea be of any help in understanding the
real world of particles and interactions? Could one relate, for
example, mesons with baryons,

Mesons←→ Baryons? (2)

as attempted by Miyazawa in the 1960s [23,24] within a non-
relativistic framework? Or in a more modern way dealing
now with fundamental particles, can one relate the bosons,
messengers of interactions, with the fermions, constituents
of matter, to arrive at some sort of unification

Forces←→ Matter? (3)

This would be very attractive, but unfortunately things do not
work out that way.

Indeed it turns out that supersymmetry should associate
known bosons with new fermions, and known fermions with
new bosons. While this is now often presented as obvious,
it was long taken, and even mocked, as a sign of the irrele-
vance of supersymmetry. Still, part of the utopic association
(3) between forces and matter may turn out to be relevant
in the case of dark matter, for which supersymmetric theo-
ries provide a natural candidate in connection with R-parity
conservation (cf. (92,93) in Sect. 7).

The supersymmetry algebra{
{Q, Q̄} = − 2 γμPμ

[Q, Pμ] = 0
(4)

relates supersymmetry transformations with spacetime trans-
lations. It was introduced in the years 1971–1973 [25–28]
with various motivations, including: is it at the origin of parity
non-conservation [26], or is the neutrino a Goldstone particle
[27]? More interestingly, the intimate connection of super-
symmetry with spacetime translations implies that a theory
invariant under local supersymmetry transformations must
include general relativity, leading to supergravity theories
[29–31].

However, even knowing about the mathematical existence
of such an algebra, with bosonic and fermionic degrees of
freedom jointly described using superfields [32,33], funda-
mental bosons and fermions do not seem to have much in
common. It is hard to imagine how they could be related by
a spin- 1

2 generator, in a relativistic theory. Beyond the obvi-
ous fact that bosons and fermions have different masses, to
which we shall return later, the gauge bosons, mediators of
interactions, and the quarks and leptons do not have the same
gauge quantum numbers.

In addition supersymmetric gauge theories [34–36] sys-
tematically involve spin- 1

2 Majorana fermions, unknown in
Nature (with a possible exception for neutrinos in case lep-
ton number turns out not to be exactly conserved). In con-

trast known fundamental fermions, quarks and leptons, cor-
respond to Dirac spinors carrying conserved quantum num-
bers, baryon number B and lepton number L . These are even
known, or were known in the past, as fermionic numbers,
to emphasize that they are carried by fundamental fermions
only, not by bosons. Of course this no longer appears as nec-
essary today, now that we got familiar with supersymmetric
extensions of the standard model and ready to accept the
possible existence of spin-0 bosons, squarks and sleptons,
carrying B and L almost by definition [2,3], but this was
once viewed as quite a heretic hypothesis. Furthermore, just
attributing B and L to squarks and sleptons does not neces-
sarily guarantee that these quantum numbers are going to be
conserved, at least to a sufficiently good approximation. This
is also where R-symmetry and R-parity are going to play an
essential role [2–5].

Altogether supersymmetry first seemed irrelevant to the
description of the real world, and many physicists kept this
point of view for quite some time.

3 General features

3.1 The specificities of spontaneous supersymmetry
breaking

There is also the difficult question of how to obtain a spon-
taneous breaking of the supersymmetry. This is by far not
trivial owing to the specificities of its algebra, allowing one
to express the hamiltonian from the squares of the four com-
ponents of the supersymmetry generator, as

H = 1

4

∑
α

Q2
α . (5)

It implies that a supersymmetric vacuum state must have a
vanishing energy, which first seemed to prevent any sponta-
neous breaking of supersymmetry to possibly occur [37]. In
any case such a breaking should lead to a massless spin- 1

2
Goldstone fermion, unobserved.

Nevertheless, in spite of this apparently general argument,
spontaneous supersymmetry breaking turned out to be possi-
ble, although it is very severely constrained. Indeed in global
supersymmetry, instead of simply trying to make a super-
symmetric vacuum state unstable, as one would normally do
for any ordinary symmetry, one has to arrange for such a
symmetric state to be totally absent, as it would otherwise
have vanishing energy and be stable owing to the relation (5)
between the hamiltonian and supersymmetry generator.

Such a very special situation may be obtained using either
a mechanism relying on a U (1) gauge group and associated
ξD term included in the Lagrangian density [38]. Or using
an appropriate set of chiral superfields including at least a
gauge singlet one with its corresponding σ F term from a
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linear term in the superpotential [39,40], interacting through
a suitable superpotential carefully chosen with the help of an
R symmetry [1]. These models also lead to the systematic
existence of classically flat directions of the potential (val-
leys) associated with classically massless particles (moduli
or pseudomoduli ), in connection with the fact that one makes
it impossible for all auxiliary components to vanish simulta-
neously; and this in a generic way, thanks to the use of an R
symmetry.

In most situations on the other hand, spin-0 fields gen-
erally tend, in order to minimize the energy, to adjust their
vacuum expectation values so that all auxiliary fields van-
ish simultaneously, with supersymmetry remaining con-
served. At the same time the other symmetries may well
be, quite easily, spontaneously broken, including charge and
color gauge symmetries if some charged-slepton or squark
fields were to acquire non-vanishing v.e.v.’s. This would
be, also, a real disaster ! In practice one will always have
to pay sufficient attention to the supersymmetry-breaking
mechanism, so that all squarks and sleptons (and charged
BE-Higgs bosons) acquire large positive mass2 (i.e. no
tachyons), and the vacuum state preserves electric charge and
color as required, avoiding charge-or-color-breaking (CCB)
minima.

3.2 Gluino masses and metastable vacua

Note that metastable vacuum states with a very long lifetime
may have to be considered, separated by a potential barrier
from a lower-energy stable minimum of the energy, for which
charge or color symmetries could be spontaneously broken.
This may the case, in particular, in the presence of addi-
tional spin-0 gluon fields introduced in [7] to turn gluinos into
Dirac particles, with an underlying motivation from extended
supersymmetry [41,42].

Gluinos would remain massless in the presence of an
unbroken continuous R symmetry, also denoted U (1)R , act-
ing chirally on them. Gluino mass terms, however, may be
generated radiatively from their Yukawa couplings to a new
set of massive messenger-quark superfields vectorially cou-
pled to gauge superfields, sensitive both to the source of
supersymmetry breaking (e.g. through auxiliary-component
v.e.v.’s < F > or < D >), and to a source of R-symmetry
breaking, for Majorana gluinos [7]. It is, however, difficult to
generate radiatively large gluino masses, unless one accepts
to consider really very large masses for messenger quarks,
as frequently done now.

One can also generate in this way a Dirac gluino mass
term, which preserves the continuous R-symmetry. The new
spin-0 gluon fields introduced to turn gluinos into Dirac
particles, now called “sgluons”, tend, however, to acquire
radiatively generated negative mass2 from their couplings to
messenger quarks [7, footnote 5], so that the corresponding

desired vacuum state must be stabilized in order to avoid
color breaking.

This may be done by adding in the Lagrangian density
a direct gauge-invariant chiral-octet-superfield mass term,
breaking explicitly the U (1)R symmetry down to R-parity.
It includes, next to a “sgluon” mass2 term, a direct �R =
±2 gluino Majorana mass term for the second octet of
“paragluinos” breaking the continuous U (1)R . This Majo-
rana mass term splits the Dirac gluino octet into two Majo-
rana mass eigenstates through the see-saw mechanism for
Dirac gluinos. This one is formally analogous to the see-saw
mechanism for neutrinos that became popular later. While the
color-preserving vacuum, with massive gluinos, gets locally
stabilized in this way, it is only metastable [7, footnote
6], an interesting feature compatible with phenomenologi-
cal requirements also occurring in other situations, which
attracted some attention later [43].

Let us return to Majorana gluinos. Their mass terms are not
forbidden in the supergravity framework where the gravitino
acquires a mass m3/2 so that R-symmetry gets reduced to R-
parity, allowing for direct gaugino mass terms [6], which may
be generated from gravity-induced supersymmetry breaking.
Jointly with the direct higgsino mass term μ (or effective
mass term μeff ), these terms allow for both charginos to be
heavier than mW , as is now necessary [44–46].

3.3 The fate of the Goldstone fermion, and related
interactions of a light gravitino

A massless Goldstone fermion appears in spontaneously bro-
ken globally supersymmetric theories, which is in princi-
ple viewed as an embarrassment. This Goldstone fermion,
however, may be eliminated by the super-Higgs mechanism
within supergravity theories [29–31,47]. Still it may actu-
ally survive under the form of the ± 1

2 polarization states
of a massive but possibly very light spin- 3

2 gravitino. But
a very light gravitino still behaves as a (quasi-massless)
spin- 1

2 goldstino according to the equivalence theorm of
supersymmetry [6], in which case we get back to our start-
ing point, still having to discuss the fate of the Goldstone
fermion !

Thanks to R-parity, however, this Goldstone fermion,
being R-odd, has no direct couplings to ordinary parti-
cles only. It couples bosons to fermions within the multi-
plets of supersymmetry, i.e. ordinary particles to superpart-
ners (as yet unseen), in a way fixed by the boson-fermion
mass spectrum through the supercurrent conservation equa-
tion. Furthermore, its interactions may be much weaker
than weak interactions, if the supersymmetry-breaking scale
parameter (

√
d or

√
F), related to the gravitino mass by

m3/2 = κd/
√

6 = κF/
√

3 with κ2 = 8πG N , is suffi-
ciently large [5,6]. Supersymmetry is then said to be bro-
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ken “at a high scale”, the spin- 1
2 polarization states of

such a light gravitino behaving as an “almost-invisible”
goldstino.

The gravitino is then the lightest supersymmetric particle,
or LSP, with a very-weakly interacting [48] and thus early
decoupling gravitino appearing as a possible candidate for
the non-baryonic dark matter of the Universe [49,50]. With
such a light gravitino LSP, the next-to-lightest supersymmet-
ric particle (NLSP), usually a neutralino, is expected to decay,
possibly with a long lifetime, according to

neutralino→ γ + unobserved gravitino, (6)

leading to an experimental signature through the production
of photons + missing energy-momentum, as is the case in the
so-called GMSB models.

Conversely, how the spin- 1
2 Goldstone fermion (goldstino)

field couples to boson-fermion pairs determines how the
boson and fermion masses get split within the multiplets of
supersymmetry [5,6].

4 Electroweak breaking with two spin-0 doublets

4.1 Introducing R symmetry, and U (1)A, in a two-doublet
model

One of the initial difficulties in supersymmetric theories
was to construct massive Dirac spinors carrying a conserved
quantum number that could be attributed to leptons, although
supersymmetric theories involve self-conjugate Majorana
fermions which in principle cannot carry such a quantum
number. This led to the definition of R-symmetry, first
obtained within a toy model for “leptons”, soon reinterpreted
as the charginos and neutralinos of the supersymmetric stan-
dard model [1].

This first supersymmetric electroweak model [1] was
obtained from a related pre-SUSY 2-spin-0-doublet vector-
like one [51], that was actually an “inert-doublet model”,
close to being a supersymmetric theory. This one already
included a Q symmetry precursor of the R symmetry, acting
on the two doublets (ϕ′′ = h1 and ϕ′ = hc

2) according to

h1 → eiα h1, h2 → eiα h2 . (7)

This Q symmetry, jointly with U (1)Y , allowed one to rotate
independently the two doublets h1 and h2, restricting the
structure of the Yukawa and quartic couplings very much
as for Higgs and higgsino doublets within supersymmetry.
There it acts according to

H1 (x, θ)
Q→ eiα H1 (x, θ e− i α),

H2 (x, θ)
Q→ eiα H2 (x, θ e− i α), (8)

allowing in particular for a μ H1 H2 mass term in the super-
potential (with the Higgs mass parameter μ equal to the hig-
gsino one m).

This original definition of the Q-symmetry acting on the
supersymmetry generator was then modified into the now-
familiar definition of R-symmetry, acting according to

H1 (x, θ)
R→ H1 (x, θ e− i α),

H2 (x, θ)
R→ H2 (x, θ e− i α), (9)

so as to leave h1 and h2 invariant and survive the electroweak
breaking induced by < h1> and < h2> , while forbidding
a μ H1 H2 mass term in the superpotential.

Going from Q to R was done through the relation

R = Q U−1 . (10)

The additional U (1) symmetry also defined in [1], later called
U (1)A, transforms h1 and h2 as in (7) but commutes with
supersymmetry, in contrast with Q and R. It acts according
to

H1
U (1)A→ eiα H1, H2

U (1)A→ eiα H2, (11)

also forbidding the μH1 H2 term in the superpotential (as
what was called later a U (1)P Q symmetry), with its defini-
tion extended to act axially on quark and lepton fields and
superfields [2,3]. Just as U (1)A (and in contrast with Q), R
symmetry forbids a μ H1 H2 mass term in the superpoten-
tial. This one was then replaced by an “R-invariant” trilin-
ear coupling λ H1 H2S with an extra singlet S transforming
according to

S(x, θ)
R→ e2 i α S(x, θ e− i α),

S
U (1)A→ e−2iα S. (12)

This continuous R-symmetry gets subsequently reduced
to R-parity, in the presence of Majorana gravitino and gaug-
ino mass terms.

4.2 Avoiding an “axion”

The μ term first considered in [1] does not allow one to
have both < h1> and < h2> non-zero, then leading to a
massless chargino. Indeed even in the presence of the weak-
hypercharge ξD′ term splitting the h1 and h2 mass2 terms
apart from μ2 we only get a non-vanishing v.e.v. for one
doublet, the other being “inert”. Taking μ = 0 to allow for
v1 and v2 non-zero, with tan β = v2/v1 (then denoted tan δ =
v′/v′′), would only fix the difference v2

2−v2
1, leaving us with

two flat directions associated with the chiral superfield

HA = H0
1 sin β + H0

2 cosβ, (13)

leading to two classically massless spin-0 bosons, h A and A.
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Indeed the field

A = √2 Im ( h0
1 sin β + h0

2 cosβ), (14)

orthogonal to the Goldstone combination zg =
√

2 Im(−h0
1

cosβ + h0
2 sin β) eaten away by the Z , is associated with

the breaking of the U (1)A symmetry in (11). It corresponds
to an axionlike or even axion pseudoscalar once quarks get
introduced, present in the mass spectrum [1–3] together with
its corresponding real part,

h A =
√

2 Re ( h0
1 sin β + h0

2 cosβ) (15)

(“saxion”). Both would remain classically massless in the
absence of the extra singlet S, with superpotential interac-
tions breaking explicitly the U (1)A symmetry.1 But there was
no need then to explain how we got rid of such an unwanted
spin-0 “axion” A by breaking explicitly the U (1)A symme-
try; indeed this notion was brought to attention three years
later [52,53], in connection with a possible solution to the
C P problem.

Avoiding such an “axion” and classically massless asso-
ciated scalar h A was done through an explicit breaking of the
U (1)A symmetry (now often known as a PQ symmetry). It
was realized through the superpotential interactions f (S) of
an extra singlet S coupled through a trilinear superpotential
term λ H1 H2S. This one is invariant under U (1)A, defined
in [1] as

H1
U (1)A→ eiα H1, H2

U (1)A→ eiα H2,

S
U (1)A→ e−2iα S . (16)

The superpotential interactions f (S), including terms pro-
portional to S, S2 or S3, break explicitly U (1)A, so that a
massless or light axionlike spin-0 boson A, in particular, is
avoided. (This one may of course reappear with a small mass,
in the presence of a small explicit breaking of U (1)A, as e.g.
in the U (1)A limit of the NMSSM, with a small κ3 S3 super-
potential term.)

Selecting among possible f (S) interactions, including S,
S2 or S3 terms as in the general NMSSM, the sole linear term
proportional to S presented the additional interest of leading
to an “R-invariant” (nMSSM) superpotential [1]

W = λ H1 H2 S + σ S. (17)

Indeed H1, H2, and S transform as

H1,2 (x, θ)
R→ H1,2 (x, θ e− i α),

S(x, θ)
R→ e2 i α S(x, θ e− i α), (18)

1 With tan β = v2/v1 ≡ tan δ = v′/v′′, h◦1 = ϕ′′◦, h0
2 = ϕ′0∗, the

complex field ϕ′′0∗ sin δ+ϕ′0 cos δ = ( h0
1 sin β+h0

2 cosβ )∗, massless
in the absence of S [1], represents the would-be axionlike boson A in
(14) and associated scalar h A.

so that the superpotential (17) transforms with R = 2 accord-
ing to

W (x, θ)
R→ e2 i α W (x, θ e− i α), (19)

as required for its last F component to be R-invariant.
We then get a conserved additive quantum number R car-

ried by the supersymmetry generator and associated with this
unbroken U (1)R symmetry, in fact the progenitor of R-parity,
Rp = (−1)R . Such a superpotential has also the interest
of triggering spontaneous electroweak breaking even in the
absence of any supersymmetry breaking, in contrast with the
MSSM.

Another possibility to avoid the would-be “axion” A is to
eliminate it by gauging the extra U (1)A (taking f (S) = 0
and assuming anomalies appropriately canceled), as in the
USSM [2,3].

5 Gauge/BE-Higgs unification within supersymmetry

5.1 The massive gauge multiplet for the Z boson

In the first electroweak model [1] the Goldstone fermion was
related to the photon by supersymmetry. I.e. the spin- 1

2 Gold-
stone fermion, now called the goldstino, was identical to the
spin- 1

2 partner of the photon, known as the photino. Only
charged particles are then sensitive to supersymmetry break-
ing, namely the W±, the charged BE-Higgs boson H± (then
called w±) and their associated charginos. The neutral ones,
uncoupled to the photon and thus to the goldstino, still remain
mass-degenerate implying at this stage [1]

m Z = m (Dirac zino) = m (neutral spin-0 BEH boson).

(20)

The Dirac zino is obtained from chiral gaugino and higgsino
components transforming in opposite ways under R sym-
metry, according to

gaugino
R→ eγ5α gaugino,

higgsino
R→ e−γ5α higgsino. (21)

This R quantum number, first presented as a toy-model “lep-
ton number”, was reinterpreted as corresponding to a new
class of R-odd particles, known as charginos and neutrali-
nos.

In present notations, < h0
i >= vi/

√
2 with tan β =

v2/v1 replacing the original tan δ = v′/v′′ = v2/v1, the
Goldstone field eaten away by the Z is described by zg =√

2 Im (− h0
1 cosβ + h0

2 sin β ), orthogonal to the pseu-
doscalar combination A in (14). Together with the corre-
sponding real part denoted by z in [1],2

2 There we defined z = ϕ′′01 cos δ − ϕ′01 sin δ = √2 Re ( h0
1 cosβ −

h0
2 sin β ). We include here an optional change of sign in the definition

(22) of z, to avoid a − sign for large tan β.
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z = √2 Re (− h0
1 cosβ + h0

2 sin β), (22)

it is described by the chiral superfield combination,

Hz = − H0
1 cosβ + H0

2 sin β = z + i zg√
2
+ · · · , (23)

orthogonal to

HA = H0
1 sin β + H0

2 cosβ = h A + i A√
2
+ · · · (24)

describing the pseudoscalar A as in (14). This scalar z is, inde-
pendently of the value of β, the spin-0 field getting related
with the Z under supersymmetry, with a mass term

− 1

2
m2

Z z2 (25)

in the Lagrangian density.
One of the first implications of supersymmetric theories is

thus the possible existence, independently of tan β, of a neu-
tral spin-0 BE-Higgs boson degenerate in mass with the Z ,
i.e. of mass (say mh , for the reader used to MSSM notations)

mh 	 91 GeV/c2 up to supersymmetry-breaking effects.

(26)

Neutral (or charged) spin-0 BE-Higgs bosons get associated
with massive gauge bosons, and related inos, within massive
gauge multiplets of supersymmetry [1], according to

Z
SU SY←→ 2 Majorana zinos

SU SY←→ neutral spin-0 BEH boson .

(27)

The two Majorana zinos are obtained, in the usual formalism,
from mixings of neutral gaugino and higgsino components
transforming under R as in (21). The continuous R symme-
try gets subsequently reduced to R-parity through the effects
to the μ term (directly included as in the MSSM, or possibly
resurrected from a translation of S), and direct gaugino mass
terms (m1/2) generated from supergravity or radiative correc-
tions. These have �R = ±2 and mix neutralinos into four
Majorana mass eigenstates, from the two Majorana zinos in
(20), the photino and the neutral higgsino described by HA,
as in the MSSM. There may also be more, as in the presence
of additional N/nMSSM or USSM singlinos described by the
singlet S or an extra-U (1) gauge superfield.

5.2 Yukawa couplings “of the wrong sign” for the z, spin-0
partner of the Z

The new boson found at CERN with a mass close to 125
GeV/c2 [12–15], believed to a BE-Higgs boson associated
with the electroweak breaking, may well also be interpreted,
in general up to a mixing angle as we shall see, as a spin-0
partner of the 91 GeV/c2 Z boson under two infinitesimal
supersymmetry transformations.

We can compare the z field in (22) with the SM-like scalar
field,

hSM =
√

2 Re ( h0
1 cosβ + h0

2 sin β), (28)

so that

< hSM | z > = − cos 2β. (29)

The two fields are at an angle π − 2β in field space, getting
very close for large tan β. The spin-0 z, directly related with
the Z under supersymmetry, tends for large tan β to behave
very much as the SM-like hSM.

Furthermore, while the SM-like scalar field hSM has
Yukawa couplings to quarks and charged leptons

mq,l

v
= 21/4 G1/2

F mq,l , (30)

the z field, spin-0 partner of the spin-1 Z , has almost-identical
Yukawa couplings

mq,l

v
2 T3 q,l = 21/4 G1/2

F mq,l 2 T3 q,l , (31)

simply differing by a relative change of sign for d quarks
and charged leptons (with 2 T3 d,l = −1) which acquire their
masses through< h0

1 >, as compared to u quarks. This may
also be understood from the expression of the axial part in the
weak neutral current JμZ = Jμ3 − sin2 θ Jμem, proportional to
Jμ3 ax, the Z boson coupled to JμZ getting its mass by eliminat-
ing the would-be Goldstone boson zg that is the pseudoscalar
partner of the spin-0 z, as seen from (23).

The z has, however, reduced trilinear couplings to the W±
and Z , by a factor − cos 2β, with⎧⎪⎪⎨
⎪⎪⎩

(z V V ) couplings = (hSM V V ) couplings × (− cos 2β),

(z f f ) couplings = (hSM V V ) couplings

×
(

2T3 f =
{+1 u, c, t
−1 d, s, b; e, μ, τ

})
.

(32)

The expected production of a spin-0 z in the Z Z∗ or W W ∗
decay channels would then be decreased by cos2 2β as com-
pared to a SM boson, with respect to fermionic quark and
lepton channels (the change of sign in d-quarks and charged-
lepton couplings also affecting the z→ γ γ decay).

But the z field does not necessarily correspond to a mass
eigenstate, and further mixing effects induced by supersym-
metry breaking must be taken into account, as discussed soon
for the MSSM in Sect. 5.4.

Additional information on the production and decay rates
of the new boson may tell whether it can originate from a
single doublet as in the standard model, or if two doublets
h1 and h2 are also allowed or possibly required. The role of
the spin-0 combination z in (22) as related to the Z by two
supersymmetry transformations is then guaranteed if super-
symmetry is indeed relevant, even if no “supersymmetric
particle” has been found yet.
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The observation of a new spin-0 particle with a mass not
too far from m Z , possibly related to the Z by supersymme-
try, thus appears as an important indication in favor of this
symmetry.

According to this gauge-Higgs unification (already within
N = 1 theories in four dimensions), BEH bosons naturally
appear as extra spin-0 states of massive spin-1 gauge bosons.
This, in spite of the fact that they have different gauge-
symmetry properties—thanks to the spontaneous breaking
of the electroweak symmetry. We also have, in a similar way,

W± SU SY←→ 2 Dirac winos
SU SY←→ charged spin-0 boson H±,

(33)

with a mass term

− m2
W |H±|2 , (34)

up to supersymmetry-breaking effects. This is why the
charged boson now known as H±, appearing as a spin-0
partner of the massive W±, was initially denoted w± in [1].

5.3 Charged and neutral spin-0 BE-Higgs bosons as
described by W± and Z massive gauge superfields

Even more remarkably, these massive spin-1, spin- 1
2 , and

spin-0 particles may all be described by (neutral or charged)
massive gauge superfields [54,55]. This is true in spite
of their different electroweak gauge-symmetry properties,
spin-1 fields transforming as a gauge triplet and a singlet
while spin-0 BEH fields transform as electroweak doublets;
although gauge and BE-Higgs bosons have very different
couplings to quarks and leptons, BEH bosons being cou-
pled proportionally to masses as seen from (31), in contrast
with gauge bosons. This may first appear very puzzling but
is elucidated in [55].

To do so we must change picture in our representation
of such spin-0 bosons. The previous z and w± (≡ H±)
cease being described by spin-0 components of the chi-
ral doublet BEH superfields H1 and H2, to get described,
through a non-polynomial change of fields, by the lowest
(C) components of the Z and W± superfields, now massive.
This explicit association between massive gauge bosons and
spin-0 BEH bosons can be realized in a manifestly supersym-
metric way (at least for the Z superfield for which supersym-
metry stays unbroken at this stage) by completely gauging
away the three (Goldstone) chiral superfields H−1 , H+2 , and
Hz = − H0

1 cosβ+H0
2 sin β, taken identical to their v.e.v.’s:

H−1 ≡ H+2 ≡ 0,

Hz = − H0
1 cosβ + H0

2 sin β ≡ − v√
2

cos 2β. (35)

The corresponding < H0
1 > = v1/

√
2 and < H0

2 > =
v2/
√

2 generate mass terms 1
2 m2

Z |Z |2 and m2
W |W+|2 for

the gauge superfields Z(x, θ, θ̄ ) and W±(x, θ, θ̄ ). The pre-
vious z and w± (≡ H±) get described by the lowest (C)
spin-0 components of these massive Z and W± superfields,
expanded as

Z(x, θ, θ̄ ) = CZ (x)+ · · · − θσμθ̄ Zμ(x)+ · · · ,
W±(x, θ, θ̄ ) = C±W (x)+ · · · − θσμθ̄ Wμ±(x)+ · · · .

(36)

Their last (C) components now correspond to physical
dynamical degrees of freedom describing, through non-
polynomial field transformations, linearized as

z = m Z CZ + · · · , w± = mW C± + · · · , (37)

the spin-0 BE-Higgs fields previously referred to as z and
w±, now known as H± [55]:

massive gauge superfields now describe also spin-0 BEH fields!
(38)

Their subcanonical (“χ”) spin- 1
2 components also corre-

spond to physical degrees of freedom, describing (again
through non-polynomial field transformations) the spin- 1

2
fields previously known as higgsinos.

We then keep only

HA = H0
1 sin β + H0

2 cosβ = h A + i A√
2
+ · · · , (39)

as an (“uneaten”) chiral superfield, describing as in (14,15)
the pseudoscalar A = √2 Im ( h0

1 sin β + h0
2 cosβ) and

associated scalar h A =
√

2 Re ( h0
1 sin β + h0

2 cosβ).

5.4 The BE-Higgs boson as spin-0 partner of Z ,
in the MSSM and beyond

This applies in particular to the specific model known as the
MSSM, here expressed as including the soft dimension-2
supersymmetry-breaking gauge-invariant mass term

− m2
A |h1 sin β − hc

2 cosβ|2 . (40)

It may be considered as an “inert-doublet” mass term, chosen
to vanish for < h0

i > = vi/
√

2 with tan β = v2/v1. This
term thus does not modify the vacuum state considered, ini-
tially taken as having a spontaneously broken supersymmetry
in the gauge-and-Higgs sector, with the photino playing the
role of the Goldstone fermion so that the mass equalities (20)
applies for neutral particles, with m2

H± = m2
W for charged

ones [1–3].
The gauge-and-Higgs sector, first considered with a spon-

taneously broken supersymmetry, admits two neutral classi-
cally flat directions of the potential, associated with the scalar
and pseudoscalar fields h A and A described by the initially
massless chiral superfield HA = H0

1 sin β + H0
2 cosβ in
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(13,39). There is indeed initially, in the absence of the inert-
doublet mass term (40), a classically massless pseudoscalar

A = √2 Im ( h0
1 sin β + h0

2 cosβ), (41)

associated with the breaking of the U (1)A symmetry h1 →
eiα h1, h2 → eiα h2 in (7, 16) [1], which acquires a mass
m A from the added soft supersymmetry-breaking terms (40)
that break explicitly U (1)A.

Defining{
ϕsm =h1 cosβ + hc

2 sin β,
ϕin =h1 sin β − hc

2 cosβ,
(42)

the two previously flat directions associated with A and h A

get lifted by the mass term (40) for the inert combination ϕin.
With

|ϕin|2 = | h1 sin β − hc
2 cosβ |2 = |H+|2 + 1

2
A2

+1

2
|√2 Re (h0

1 sin β − h0
2 cosβ) |2 (43)

it also provides an additional supersymmetry-breaking con-
tribution m2

A to m2
H± in addition to the supersymmetric one

m2
W , so that

m2
H± = m2

W + m2
A. (44)

Adding the supersymmetric contribution m2
Z from (22, 25)

and supersymmetry-breaking one m2
A from (40, 43) we get

directly the 2× 2 spin-0 scalar mass2 matrix

M2◦ =
(

c2
β m2

Z + s2
β m2

A − sβcβ (m2
Z + m2

A)

− sβcβ (m2
Z + m2

A) s2
β m2

Z + c2
β m2

A

)
, (45)

verifying

Tr M2◦ = m2
H + m2

h = m2
Z + m2

A,

det M2◦ = m2
H m2

h = m2
Z m2

A cos2 2β,
(46)

so that

m2
H,h =

m2
Z + m2

A

2

±
√√√√
(

m2
Z + m2

A

2

)2

− m2
Z m2

A cos2 2β

(+ radiative corrections). (47)

This implies the well-known relation mh < m Z | cos 2β|
at the classical level, up to radiative corrections which must
be significant if one is to reach 	 125 GeV/c2 from a clas-
sical value between 0 and m Z . This classical value of mh

can approach m Z for large tan β with large m A i.e. large
supersymmetry-breaking effects. We must then also count on
significant quantum corrections from large supersymmetry
breaking (e.g. from very heavy stop squarks), if the resulting
mh is to reach the observed 	 125 GeV/c2.

These scalar mass eigenstates behave for large m A as
⎧⎪⎪⎨
⎪⎪⎩

H → √2 Re ( h0
1 sin β − h0

2 cosβ)
with large mass m H 	 m A,

h → hSM =
√

2 Re (h0
1 cosβ + h0

2 sin β)
with standard-model couplings.

(48)

Indeed ϕsm = h1 cosβ + hc
2 sin β in (42) is the “active”

SM-like Higgs doublet acquiring a v.e.v., with hSM coupled
as in the standard model. The h field, presumably to be asso-
ciated with the 125 GeV/c2 boson observed at CERN, is
very close to the z in (22) for large tan β, thus justifying an
almost complete association of this 125 GeV /c2 boson with
the spin-1 Z , as indicated by (29).

But we do not want to stick too closely to the specific case
of the MSSM, as we felt from the beginning that its 2-doublet
structure ought to be extended to the extra singlet S with a
trilinear superpotential coupling λ H1 H2S. It is now very
strongly constrained, in many of its interesting regions in
parameter space. Furthermore this extra N/nMSSM singlet
S introduced by turning the μ parameter into a dynamical
superfield in superspace according to

μ → μ(x, θ) = λ S(x, θ), (49)

leads to a new quartic spin-0 coupling independent of the
gauge couplings, which helps making the lightest BE-Higgs
boson sufficiently heavy. Indeed the lightest neutral spin-0
mass may already be equal to m Z at the classical level, even
before any breaking of the supersymmetry, and independently
of tan β [1]. This is in sharp contrast with the MSSM for
which it would at best vanish (for μ = 0) or worse, in
which one does not even get any electroweak breaking in
the absence of supersymmetry breaking (for μ 
= 0).

But let us now turn to another direction explored in a
parallel way, leading us from N = 1 supersymmetric theories
with a continuous U (1)R symmetry to N = 2 and N = 4
theories, naturally expressed in an extended spacetime with
extra compact dimensions, before coming back to the N = 1
supersymmetric standard model in Sect. 7.

6 From R-symmetry to N = 2 and N = 4
supersymmetry, and extra dimensions

6.1 F-breaking of supersymmetry, with R-symmetry

Let us return to the second classical mechanism of spon-
taneous breaking of the global supersymmetry, relying on
non-vanishing v.e.v.’s for auxiliary F-components of chiral
superfields [39,40]. In order to do so the superpotential must
be very carefully chosen to avoid the existence of one or usu-
ally several supersymmetric vacuum states with vanishing
energy, which would necessarily be stable, with supersym-
metry remaining conserved.
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Indeed for n interacting chiral superfields, the set of n ana-
lytic equations Fi (ϕ j ) = 0 (of degree 2 at most for a renor-
malizable theory) for n complex variables ϕ j has solutions
in almost all situations, excepted very special ones. All aux-
iliary F components can then vanish simultaneously, leading
to a stable vacuum state (or usually several vacuum states)
for which supersymmetry is preserved, with <H> = 0.

This choice of suitable superpotentials, for which such
supersymmetric vacua are totally avoided (rather than just
been made unstable, which is not possible here as discussed
in Sect. 3.1) is realized with the help of an additional R
symmetry [1] acting chirally on the supersymmetry generator
according to

Q
R→ e−γ5α Q. (50)

It relies both on R = 2 and R = 0 chiral superfields trans-
forming according to

�(x, θ)
R→ ei R� α �(x, θ e− i α), (51)

products of superfields being allowed in the superpotential
only if they verify

∑
R� = 2.

The original example of [39] involves, in nMSSM-like
notations, two chiral doublets H1 and H2 having R = 0,
interacting with a triplet T and a singlet S having R = 2,
through the superpotential

W = H1 (λ τ .T + λ′S) H2 + σ S, (52)

with a global SU (2)×U (1) electroweak-like symmetry. It is
a global version of the electroweak model [1] with the gauge
superfields omitted, supplemented with an additional triplet
T next to the (N/nMSSM) singlet S, already having in mind
for its gauged version an N = 2 extended supersymmetric,
or “hypersymmetric” theory [41], with (H1, H2) describing
an N = 2 (matter) hypermultiplet.

We thus have in this model of spontaneous supersymmetry
breaking through auxiliary F-component v.e.v.’s the same
number of R = 0 and R = 2 chiral superfields, four in
each case. (This is also in connection with the underlying
N = 2 structure of the model when it is gauged, and its extra
global SU (2) symmetry acting on the N = 2 supersymmetry
generators, softly broken through the weak-hypercharge ξD′
and/or σ FS terms). They transform under R as in (9,12),
according to⎧⎪⎪⎨
⎪⎪⎩

H1,2 (x, θ)
R→ H1,2 (x, θ e− i α) ,

S(x, θ)
R→ e2 i α S(x, θ e− i α) ,

T (x, θ)
R→ e2 i α T (x, θ e− i α) .

(53)

R-symmetry requires that the superpotential W be a linear
function of the R = 2 superfields, S, and T , the triplet T
being excluded by the SU (2) electroweak-like symmetry. It
excludes in particular a μ H1 H2 superpotential term, so that
W transforms with R = 2 as in (19) [1,39].

With such suitably chosen superpotentials [39,40] all aux-
iliary F-components cannot vanish simultaneously, the set of
equations Fi (ϕ j ) = 0 being constructed so as to have no solu-
tion, thanks in particular to the requirement of R-symmetry.
As a result supersymmetry gets spontaneously broken. A sys-
tematic consequence of this mechanism is the existence of an
infinite set of inequivalent classically degenerate vacua asso-
ciated with classically flat directions (valleys) corresponding
to classically massless particles (pseudomoduli) other than
Goldstone bosons.

This includes in particular two classically flat directions
associated with the spin-0 component of one of the R = 2
chiral superfields, leading to the possibility of discussing,
depending on radiative corrections, the spontaneous (or
quasi-spontaneous) breaking of R-symmetry. It would lead
to a massless R Goldstone boson, if the R symmetry is non-
anomalous; or to an R-axion, as the R symmetry, which acts
axially on gluinos, is usually anomalous [56].

6.2 From N=1 with a U (1)R symmetry to N=2

We now consider the global SU (2)×U (1) symmetry of this
model of interacting chiral superfields [39] as returning to
local, as in [1] extended by an extra chiral triplet T next
to the nMSSM singlet S. For a special choice of the trilinear
superpotential couplingsλ andλ′ in (52) in terms of the gauge
couplings g and g′ the gaugino fields (λL ) described by the
electroweak gauge superfields may be related to the spin- 1

2
fermion fields (ζL ) described by the singlet and triplet chiral
superfields S and T through an extra global SU (2) symmetry,
also acting on the two spin-0 doublets (ϕ′′ = h1 and ϕ′ = hc

2)
described by H1 and H2 but not on their higgsino counter-
parts. It thus acts on the N = 2 supersymmetry generators
themselves, now transforming as a chiral doublet under this
SU (2) symmetry [41].

Then
(
λL

ζL

)
→ SU (2) doublets of N = 2 gauginos (54)

transform as (global) SU (2) doublets of left-handed spinors
with R = 1. This places the fermions ζL in adjoint chi-
ral multiplets on the same footing as the adjoint chiral λL

associated with the Majorana gauginos in the gauge multi-
plets, upgrading ζL up to a new gaugino status. λL and ζL

in (54) globally behave as an isodoublet of gauginos, for an
enlarged N = 2 extended supersymmetry (“hypersymme-
try”) algebra. The two chiral doublets H1 and H2 responsible
for electroweak breaking jointly describe electroweak dou-
blets of spin- 1

2 and spin-0 fields forming an N = 2 “hyper-
multiplet”. Each hypermultiplet describes a Dirac spinor and
two complex spin-0 fields, i.e. 4 fermionic + 4 bosonic field
degrees of freedom.
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This additional SU (2) symmetry leading to N = 2 super-
symmetry requires H1 and H2 to interact with trilinear super-
potential couplings as in (52) but fixed by g and g′ according
to λ = g/

√
2, λ′ = g′/

√
2, so that

W = 1√
2

H1 (g τ .T + g′S) H2 + σ S, (55)

the trilinear superpotential terms getting totally fixed by the
gauge couplings.

D-breaking and F-breaking mechanisms for N = 1 spon-
taneous supersymmetry breaking then get unified within
N = 2. It allows for an abelian ξD′ term responsible for
D-breaking within a non-abelian theory [1] to be rotated into
a related σ FS term responsible for F-breaking [39], through
a global SU (2) rotation acting on the N = 2 supersymmetry
generators [41]. This theory involves triplet and singlet chiral
superfields T and S, next to the H1 and H2 doublets, with a
superpotential first restricted by R-invariance as in (52), then
by the (softly broken) global SU (2) as in (55). In this spe-
cific example the two Goldstone fermions (goldstinos) are
the two photinos, related to the photon and two additional
spin-0 photons by N = 2 supersymmetry. Only charged par-
ticles are then sensitive at lowest order to the spontaneous
breaking of the supersymmetry. Neutral ones remain mass
degenerate within two N = 2 gauge multiplets, a massless
one with the photon and a massive one associated with the Z .

Indeed the two neutral (N = 1) gauge superfields associ-
ated with W3 and W ′ (i.e. the Z and photon superfields) join
the four neutral chiral ones T3, S, H0

1 , and H0
2 to describe,

ultimately, a massive N = 2 gauge multiplet (with the Z ,
4 Majorana zinos and five spin-0 bosons), and a massless
one (with the photon, two Majorana photinos and two spin-0
photons). This leads us to discuss again gauge/BE-Higgs uni-
fication, this time within N = 2 theories.

6.3 Gauge/BE-Higgs unification in N = 2

As we just saw the N = 2 associations

γ
N=2←→ 2 Majorana photinos
N=2←→ two neutral spin-0 photons, (56)

and

Z
N=2←→ four Majorana zinos

N=2←→ five neutral spin-0 bosons, (57)

were initially obtained in the N = 2 (hypersymmetric)
SU (2)×U (1) electroweak model [41], with the N = 2 super-
symmetry spontaneously broken through one, or a combina-
tion, of the D-breaking [1,38] and F-breaking [39] mecha-
nisms, becoming equivalent and unified within N = 2. The
two associated goldstinos are then the two gaugino partners
of the photon, known as photinos, within a N = 2 gauge

multiplet. As for N = 1 in [1] boson-fermion mass split-
tings are felt only by charged particles. Neutral ones remain
mass-degenerate at the classical level within the massive Z
and massless photon multiplets of N = 2 supersymmetry, as
shown above in (56, 57).

Extending (56) to QCD leads to

gluons
N=2←→ 2 Majorana gluino octets
N=2←→ 2 neutral spin-0 gluon octets.

(58)

Extending (57) to the W± requires four doublet BE-Higgs
superfields H1, H ′1, and H2, H ′2 rather than the usual two, so
as to describe, altogether, a massive N = 2 gauge multiplet
said to be of type I as for the Z multiplet in (57) (cf. Sect. 6.6
soon), with

W± N=2←→ 4 Dirac winos
N=2←→ five charged spin-0 bosons.

(59)

This attractive property of gauge-Higgs unification applies
to other gauge bosons including those associated with grand-
unified theories, or with an extra-U (1) gauge group. These
theories may also be obtained from an extended spacetime
with additional compact dimensions [16–18,42,57], with

spin-0 photons, gluons, . . . ↔ extra components of six-

dimensional gauge fieldsV μ̂ =
⎛
⎝Vμ

V 5 = a
V 6 = b

⎞
⎠ , (60)

etc. The latter associations correspond to a different type
of gauge/BE-Higgs unification as compared to the one dis-
cussed earlier for N = 1 supersymmetry in Sect. 5 [1,54,55].
This one was conceptually more subtle by relating spin-1
and spin-0 fields with different gauge-symmetry properties,
in contrast with (60). Both types are physically relevant and
get combined when dealing with supersymmetric GUTs with
extra dimensions [16–18,57]. This also corresponds, in four
dimensions, to different types of massive gauge multiplets of
N = 2, of types I, II, or III, as will be discussed in Sect. 6.8.

This opens the question of the breaking of the N = 2
supersymmetry, even harder than for N = 1 especially if we
also aim at a realistic theory with quarks and leptons acquir-
ing masses from Yukawa couplings to spin-0 doublets, and
without abandoning too much of the extended symmetries
that the theory is supposed to have. Before that, let us pursue
for a while in the direction of further increasing the symme-
try.

6.4 From N=2 to N=4

A further step in this direction of increasing the symmetry is
obtained with a N = 2 supersymmetric Yang–Mills theory
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describing a N = 2 gauge multiplet interacting with a mass-
less spin- 1

2 -spin-0 hypermultiplet in the adjoint representa-
tion of the gauge group. This leads to (P. Fayet, unpublished,
1976) [42]⎧⎨
⎩

N = 2 supersymmetric Y-M theory
with N = 2 adjoint “matter” hypermultiplet
→ N = 4 supersymmetric Y-M theory,

(61)

involving a set of four chiral adjoint gauginos
⎛
⎜⎜⎝
λL

ζ1L

ζ2L

ζ3L

⎞
⎟⎟⎠→ SU (4)-quartet of N = 4 gauginos. (62)

They transform as a quartet of the global SU (4) (∼ O(6))
symmetry group acting on the set of N = 4 supersymmetry
generators, also transforming as a chiral quartet of SU (4).
These theories describe, from the three chiral adjoint N = 1
superfields involved, a SU (4) sextet of spin-0 fields in the
adjoint representation of the gauge group, so that

N = 4 gauge multiplet

= (
1 spin-1 + 4 spin- 1

2 + 6 spin-0
)

adjoint gauge fields. (63)

These N = 4 supersymmetric Yang–Mills theories may
be obtained directly from N = 2 theories in four dimen-
sions (P. Fayet, 1976) [42], or equivalently from dimensional
reduction of a N = 1 supersymmetric Yang–Mills theories in
10 dimensions [58,59]. They involve a single gauge coupling
with no arbitrary Yukawa or quartic couplings, and are totally
fixed in four dimensions up to the choice of the Yang–Mills
group, and vacuum state for which gauge symmetry may
be spontaneously broken. This implies, however, a reduced
flexibility taking us farther away from a realistic theory of
particles and interactions.

6.5 Spontaneous generation of central charges in N = 2 or
4 supersymmetry algebras

A remarkable feature of such N = 2 and N = 4 theories is
that the supersymmetry algebra gets spontaneously modified
when the Yang–Mills symmetry gets spontaneously broken
[42]. Indeed an intriguing phenomenon occurs, which had to
be properly elucidated before asserting that we are actually
dealing with a bona fide N = 4 supersymmetry algebra,
supposed to be{ {Qi , Q̄ j } =− 2 γμPμ δi j ,

[Qi , Pμ] = 0.
(64)

But when the Yang–Mills symmetry gets spontaneously bro-
ken, with the N = 4 supersymmetry generators Qi remain-
ing unbroken, we generate a new sort of massive multiplet,

necessarily complex. Each one describes one spin-1, four
Dirac spin- 1

2 , and 5 spin-0 fields, with (6+10) bosonic + 16
fermionic degrees of freedom altogether [42]. This corre-
sponds to a massive multiplet of particles with maximum
spin 1, which, however, is not a representation of the N = 4
supersymmetry algebra (64) ! So, what is going on?

Actually the supersymmetry algebra (64) is valid up to
field-dependent gauge-transformations (and terms propor-
tional to field equations of motion). When the Yang–Mills
symmetry gets spontaneously broken through the transla-
tion of some of the adjoint spin-0 gauge fields, these field-
dependent gauge transformations acquire spontaneously
generated constant parts. They correspond to some of the
unbroken Yang–Mills generators, now promoted to abelian
as the other Yang–Mills generators, with which they would
not commute, get spontaneously broken. They thus belong
to the center of the (super)symmetry algebra.

These spontaneously generated central charges then
appear in the right-hand side of the anticommutation rela-
tions (64) [42]. This extended supersymmetry algebra gets
thus spontaneously modified, to include central charges in
its anticommutation relations. This leads to the same kind of
algebra as in [60], even if its conclusions cannot be applied
directly as its conditions of validity are not met.

As we shall see these central charges play an essential role
in the framework of grand-unification [61,62], when moving
from the standard model to a grand-unification gauge group
like SU (5) or O(10), ….

6.6 Massive multiplets for N = 2 grand unification
with gauge/BE-Higgs unification

Modifying the algebra, spontaneously or not, to include cen-
tral charges on the right-hand side of the anticommutation
relations (64) allows for new massive multiplets (sometimes
referred to as BPS) to appear as representations of this alge-
bra. We get in particular new massive (“short”) multiplets
with maximum spin N/4, instead of N/2 in the absence of
such central charges. The first example is the massive (mat-
ter) hypermultiplet of N = 2, describing a Dirac spin- 1

2 and
two spin-0 particles, all charged, with 4 bosonic + 4 fermionic
degrees of freedom [41]. Another example is the massive
gauge multiplet of N = 4, describing one spin-1, four Dirac
spin- 1

2 , and five spin-0 particles, charged, with 16 + 16 d.o.f.
altogether [42].

The N = 2 massive gauge multiplet such as the Z one
in (57), real, does not admit a central charge. It describes
one spin-1, two Dirac spin- 1

2 (or four Majorana) fermions
and five spin-0 particles, with 8 + 8 d.o.f., and similarly for
the W± multiplet in (59), charged, with 16 + 16 d.o.f.. These
massive gauge multiplets of type I, relevant for the description
of electroweak interactions, do not require a central charge
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(Z ) in the anticommutation relations, even though they may
be complex as for the W± multiplet.

Other types of N = 2 massive gauge multiplets, however,
require a central charge and are necessarily complex. They
play a crucial role in N = 2 extended supersymmetric grand-
unified theories [57]. The massive gauge multiplet of type
II describes one spin-1, two Dirac spin- 1

2 , and one spin-0
particles, all charged, with 8 + 8 d.o.f., times 3 when dealing
with SU (3) antitriplets or triplets. This “smaller” multiplet
is relevant to describe the X±4/3 in a SU (5), O(10) or E(6)
… grand-unified theory, with a central charge Z = ±m X on
the right-hand side of the anticommutation relations of the
N = 2 supersymmetry generators.

Yet another type of multiplet, of type III, has the same
field content as a complex type I multiplet, but with a non-
vanishing value of the central charge Z . It describes one
spin-1, four Dirac spin- 1

2 fermions and five spin-0 particles,
with 16 + 16 d.o.f. as for the W± multiplet, times 3 when
dealing with SU (3) antitriplets or triplets. It is relevant to
describe the Y±1/3 in a grand-unified theory, with a central

charge Z = ±m X , and a mass mY =
√

m2
X + m2

W > |Z | =
m X .

One ultimately gets, in a N = 2 SU (5)-type supersym-
metric GUT, the following X and Y multiplets [57]:
{

X±4/3 N=2←→ 2 Dirac xinos
N=2←→ 1 charged spin-0 boson (type II)

Y±1/3 N=2←→ 4 Dirac yinos
N=2←→ 5 charged spin-0 bosons (type III)

(65)

both with the same value Z = ±m X of the central charge Z .
The mass relation

m2
Y = m2

W + m2
X , (66)

is interpreted by viewing mW and m Z as mass parameters
already present in the five- or six-dimensional spacetime as
a result of the electroweak breaking. m X is associated with
extra components of the momenta along the compact dimen-
sions, m2

W and m2
X both contributing to the Y±1/3 mass2 in

four dimensions, according to (66) [16–18].
This is essential when discussing N = 2 extended super-

symmetric electroweak or grand-unified theories, which now
require four rather than two spin-0 BEH electroweak dou-
blets, or grand-unification quintuplets [16–18,57].

6.7 Electroweak breaking with an unbroken SU (4)
electrostrong symmetry, in six dimensions

N = 2 theories [41,42], and extended N = 2 supersymmet-
ric GUTs may be formulated from a higher (five- or six-)
dimensional spacetime [16–18,57], with

V μ̂ =
⎛
⎝Vμ

V 5 = a
V 6 = b

⎞
⎠ . (67)

In this higher-dimensional space, the SU (5) symmetry is
broken through the BEH-quintuplet v.e.v.’s, providing in six
dimensions equal masses to the Y±1/3 and W∓ gauge fields,
according to

SU (5)
EW breaking−→ SU (4) electrostrong gauge group in

six dimensional spacetime, (68)

with

SU (5) 24

⎧⎨
⎩

g, γ, X±4/3 15 adjoint SU (4),
Y±1/3, W∓ → ( 4̄ + 4 ) quartets,

Z 1 singlet.
(69)

The 15 adjoint SU(4) gauge bosons remain massless in 6d,
the quartet and antiquartet having mass mY = mW in 6d, and
the singlet Z , m Z = mW / cos θ where sin2 θ = 3/8 at this
stage.

6.8 Grand unification and supersymmetry breaking from
extra dimensions

The extra compact space dimensions may then play an essen-
tial role in the breaking of the supersymmetry and grand-
unification symmetries, with boundary conditions involv-
ing continuous or, more interestingly, discrete symmetries,
including R-parity and various parity-like or similar symme-
tries in compact space. The breaking of supersymmetry (i.e.
of the N = 2 supersymmetry generators after reduction to
four dimensions) may be obtained by identifying the action
of performing a complete loop in compact space (e.g. a trans-
lation x6 → x6+ L6 on a flat torus) with a discrete R-parity
transformation, Rp = (−1)3(B−L) (−1)2S .

In a similar way, the breaking of the SU (4) electrostrong
symmetry present in six dimensions may be obtained by
identifying performing a complete loop (e.g. a translation
x5 → x5 + L5 on a torus) with a discrete Z2 GUT-parity
transformation G p. This one may be defined as

GUT-parity G p = G ′ × e
3
5 Y = ± 1, (70)

where G ′ is a global symmetry operator commuting with
SU (5) and supersymmetry. It acts on matter multiplets, asso-
ciated with quarks and leptons including mirror partners, and
BE-Higgs multiplets, in quintuplet representations of SU (5).
The X±4/3 and Y±1/3 fields, and associated supersymmetry
multiplets, have G p = −1 and get excluded from the low-
energy spectrum as a result of the compactification. The glu-
ons, photon, W±, and Z have G p = +1, thus surviving as
massless or light fields as compared to the compactification
scales. Within quintuplet BEH representations electroweak
doublets have G p = +1 and color triplets G p = −1. Gener-
ating m X in this way, in connection with GUT parity, auto-
matically solves the so-called “doublet-triplet splitting prob-
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lem”. The R-parity and GUT-parity operators Rp and G p

have ±1 eigenvalues, and commute.
A breaking of chirality in four dimensions is required if

we are to avoid mirror quarks and leptons in the low-energy
theory. It may be obtained by considering a discrete reflection
symmetry, or rotation of π , in the 2d compact space, trans-
forming x5, x6 into −x5,−x6 in view of identifying oppo-
site points. As the V 5 = a and V 6 = b components of the
V μ̂ gauge fields transform with a − sign, these extra com-
ponents describing four-dimensional fields associated with
spin-0 gluons and photons (or more generally spin-0 elec-
troweak gauge fields), with mirror parity Mp = −1, and
coupling ordinary particles to their mirror partners (also with
Mp = −1), disappear from the low-energy spectrum, as well
as the mirror quarks and leptons to which they would couple.
This operation truncates away half of the states, leaving only
a N = 1 supersymmetry in the low-energy sector after reduc-
tion to four dimensions, without mirror particles nor spin-0
gluons or photons. This one is further reduced to N = 0,
i.e. no surviving supersymmetry below the compactification
scale, using boundary conditions involving R-parity.

This leads to the possibility of fixing the scales associated
with these breakings in terms of the compactification scales
for the extra dimensions [16–18]. With relations like, in the
simplest cases of two flat extra dimensions,⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

m3/2= π

L6
= 1

2R6

(from identification R-parity ≡ translation of L6),

m X = π

L5
= 1

2R5

(from identification GUT-parity ≡ translation of L5).

(71)

This use of discrete boundary conditions, involving for
supersymmetry R-parity rather than a continuous symmetry,
allows one to link rigidly these m3/2 and m X parameters to
the compactification scales. This is in contrast with the initial
approach of [77,78], intended to generate four-dimensional
supersymmetry-breaking parameters of moderate size in an
extended supergravity theory, ignoring all states at the com-
pactification scale.

6.9 Proton stability, and quark and lepton masses

GUT parity also leads to stabilize the proton through the
mechanism of replication of quark and lepton families intro-
duced for N = 2 supersymmetry in four dimensions [63],
a duplication getting sufficient in five or six dimensions to
constitute pairs of SU (5) representations with opposite G p

parities. For example the usual uL and ūL fields, normally
related by SU (5) under which they form a SU (4) sextet, and
coupled through the X±4/3 gauge boson, are now forbidden
to do so by the boundary conditions involving GUT parity.

They can no longer be described by SU (5) components of a
single representation of higher-d fields, as both need to have
GUT parity G p = +1 to survive at low-energy. This requires
a doubling of SU (5) matter representations, not needed for
the four quintuplet BE-Higgs representations in six dimen-
sions, whose triplet components are unwanted at low energy.
Thus

GUT parity→ doubling of matter representations

→ stability of the proton, (72)

at least in the simplest situations considered.
Constructing a mass term for the matter fermions in six

dimensions, however, is normally impossible here, these
being represented by six-dimensional 8-component Weyl
spinors of the same chirality −, as for higgsinos, owing to
supersymmetry [16–18]. Indeed gauginos, of chirality +,
must have six-dimensional Yukawa couplings to both hig-
gsinos and matter fermions. For example the electron and
mirror-electron fields are described by the six-dimensional
Weyl spinors of chirality −,
⎛
⎝ eM R

−−
eL

⎞
⎠ (in an electroweak doublet),

⎛
⎝ eR

−−
eM L

⎞
⎠ (singlet) , (73)

verifying in particular

e(xμ,−x5,−x6) = e(xμ, x5, x6),

eM (x
μ,−x5,−x6) = − eM (x

μ, x5, x6), etc., (74)

for their Mp = + 1 and − 1 field components, respectively.
Quark and lepton fields (and wave functions) are developed
proportionally to cos(2πn5x5/L5) cos(2πn6x6/L6), with
n5 and n6 integers≥ 0, or sin(2πn5x5/L5) sin(2πn6x6/L6).
Mirror quark and lepton fields involve cos(2πn5x5/L5)

sin(2πn6x6/L6) or sin(2πn5x5/L5) cos(2πn6x6/L6), as
for spin-0 gluons and electroweak spin-0 bosons, etc., such
states being absent in the low-energy spectrum, for which
n5=n6=0.

To bypass this obstruction for generating quark and lepton
masses we need to connect upper to lower components, for
different six-dimensional Weyl spinors of chirality − , with
right-handed upper components and left-handed lower ones
as in (73). These Weyl spinors have different electroweak
properties and should connect through a doublet spin-0 six-
dimensional field, in an SU (5) quintuplet.

This may be done by coupling ψ ′−(x μ̂) �5 ψ−(x μ̂) and

ψ ′−(x μ̂) �6 ψ−(x μ̂) to spin-0 quintuplets, with their real and

imaginary parts coupled to ψ ′− �5 ψ− and ψ ′− �6 ψ− very
much as for the fifth and sixth components of a V μ̂ gauge
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field. This requires, however, abandoning Lorentz symme-
try between ordinary and compact dimensions in six dimen-
sions, remembering also that it is in any case broken by the
various boundary conditions used in the compactification.
The six-dimensional Weyl matter fields in the 5̄ and 10 rep-
resentations of SU (5) get coupled to the four spin-0 fields
in quintuplet representations h1 and h2 (with mirror parity
Mp = + 1), and h′1 and h′2 (with Mp = − 1). Only the former
survive at low-energy, acquiring v.e.v.’s v1/

√
2 and v2/

√
2

breaking SU (5) to SU (4) in six dimensions. This generates
six-dimensional mass terms such as

− me ( ē(x μ̂) e(x μ̂)+ ēM (x
μ̂) eM (x

μ̂) ), . . . , (75)

for charged leptons and quarks together with their mirror and
spin-0 partners, with

me = hev1/
√

2 , md = hdv1/
√

2 , mu = huv2/
√

2 . (76)

This also provides a way to escape the sometimes
unwanted GUT mass relations md = me, mμ = ms, mb =
mτ valid at the grand-unification scale. Indeed owing to
the replication of quark and leptons families [63] associ-
ated with GUT parity, d quarks and charged leptons, with
GUT parity +1, now sit in different representations of
SU (5), together with their replicas having GUT parity −1.
(d, e′+), (s, μ′+), (b, τ ′+), and (d ′, e+), (s′, μ+), (b′, τ+)
are thus associated within six quartets of the SU (4) elec-
trostrong gauge group, only e, μ, τ and d, s, b surviving at
low-energy owing to the boundary conditions involving GUT
parity.

N = 2 supersymmetry gets reduced to N = 0 in the four-
dimensional low-energy theory by the compactification pro-
cess. Heavy states carrying compact momenta remain orga-
nized in a N = 2 spectrum, before it gets broken in the
compactification process using R-parity. This leads to the
four-dimensional spectrum
⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

m2(q, l, and mirrors) = m2
lq +

(
2πn5

L5

)2 +
(

2πn6
L6

)2
,

n5, n6 integer,

m2(q̃, l̃, and smirrors) = m2
lq +

(
2πn5

L5

)2 +
(

2πn6
L6

)2
,

n5 integer, n6 half-integer,

(77)

using (74) for counting the states at each level, with e.g. two
electron and two mirror electron states, etc., for each set of
integers (n5 
= 0, n6 
= 0).

For n5 = 0 i.e. below the GUT scale, the spectrum starts
e.g. with the electron at m2

e , two selectrons and two mir-
ror selectrons at m2 = m2

e + (π/L6)
2, an electron and a

mirror electron at m2 = m2
e + (2π/L6)

2 and so on, etc.;
and similarly for all particles from the six-dimensional spec-
trum already obtained for the X, Y,W, Z , γ , and gluon mul-
tiplets of supersymmetry, combined with the compactifica-
tion using R-parity, GUT parity, and reflection symmetry in
compact space. (But we might also consider, to better respect

the underlying extended supersymmetry, generating six-
dimensional masses only for quarks and leptons with n5 =
n6 = 0, leaving (s)quarks, (s)leptons and (s)mirror particles
carrying compact momenta massless in six dimensions.)

Two of the four six-dimensional spin-0 doublets, h1 and
h2, with Mp = +1, remain in the low-energy spectrum,
breaking spontaneously the electroweak symmetry and gen-
erating quark and lepton masses. h′1 and h′2, with Mp = −1,
couple quarks and leptons to their mirror partners but do not
survive in the low-energy spectrum. The four-dimensional
theory has the same content as the standard model at low-
energy, but with the two spin-0 doublets h1 and h2 making
possible the gauge/BE-Higgs unification that is one of the
most interesting features of supersymmetric theories.

6.10 Consequences for the grand unification
and supersymmetry-breaking scales

Independently of specific aspects on quark and lepton mass
generation, that may still be further discussed or questioned,
this indicates that supersymmetry may only show up man-
ifestly through the presence of R-odd superpartners at the
compactification scale, i.e.

m(R-odd superpartners) ≈ compactification scale. (78)

This one is not necessarily directly tied to the electroweak
scale, especially as the electroweak breaking can be directly
formulated in the higher five- or six-dimensional spacetime,
independently of the compactification scale. It may even be
quite high, especially if we consider that two compactifi-
cation scales of comparable order may determine both the
supersymmetry and the grand-unification scales, as hinted to
by (71). This would imply

m(R-odd superpartners) ≈ GUT scale, (79)

seriously decreasing the hope of finding directly superpart-
ners very soon. On the positive side, however, it would
alleviate or solve the difficulties associated with flavor-
changing neutral current processes induced by squark or slep-
ton exchanges. The possible stability of the proton in this
framework might allow for the grand-unification scale to be
lower than usually expected …

7 Back to the supersymmetric standard model

7.1 The need for superpartners

Let us now return to the more familiar story of simple
(N = 1) supersymmetric theories, in four spacetime dimen-
sions. Irrespectively of all the difficulties, one first had to find
which bosons and fermions could be related. One may try as
a warm-up exercise the tentative associations
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⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

photon
?←→ neutrino,

W± ?←→ e±,
gluons

?←→ quarks,
. . .

(80)

But we have no chance to realize in this way systematic
associations of known fundamental bosons and fermions,
especially as we know more fundamental fermionic field
degrees of freedom, describing quarks and leptons (90), than
bosonic ones (28, including the newly found boson). In addi-
tion these fields have different gauge and internal (B and L)
quantum numbers.

Still the exercise of trying to relate, within a first elec-
troweak model, the photon with a “neutrino” and the W−
with an “electron”, accompanyied by a “heavy electron” and
charged BE-Higgs boson H−, turned out to be very fruitful.
While illustrating how far one could go when trying to relate
known particles and the limitations of this approach, it pro-
vided through a reinterpretation of its fermions as charginos
and neutralinos the electroweak sector of supersymmetric
extensions of the standard model [1]. The initial need for a
conserved quantum number carried by the “lepton” candi-
dates led to a U (1)R symmetry acting chirally on the super-
symmetry generator according to

Q
R→ e−γ5α Q. (81)

Both doublets h1 and h2 used for the electroweak break-
ing having R = 0, this continuous R-symmetry survives this
breaking, leading to an additive quantum number R differing
by±1 unit between bosons and fermions within multiplets of
supersymmetry, gauge and BE-Higgs bosons having R = 0,
and their superpartners, known as gauginos and higgsinos,
R = ±1. The would-be “neutrino”, however, uncoupled to
the Z , cannot be interpreted as a νe or νμ, the ντ being still
unknown. It has to be viewed as a neutrino of a new type, a
“photonic neutrino” that became the photino [2,3]. The “lep-
ton” candidates are thus interpreted as charginos and neu-
tralinos, providing the electroweak gauge-and-Higgs sector
of the supersymmetric standard model.

We also have to deal with the systematic appearance of
self-conjugate Majorana fermions, while Nature seems to
know only Dirac fermions. How can we obtain the usual
Dirac fermions, and attribute them conserved quantum num-
bers like B and L? This problem gets more acute as baryon
number B and lepton number L are carried by fundamen-
tal fermions only, quarks and leptons, not by bosons. This
gets impossible to realize in a supersymmetric theory where
bosons and fermions are related. It also seemed to make
supersymmetry irrelevant to the real world. The solution con-
sists first in accepting the existence of Majorana fermions as
belonging to a new class of particles. The photon gets associ-
ated with its own new “neutrino”, a photonic neutrino called

in 1977 the photino; and similarly for the gluons associated
with gluinos, etc. [2,3,6]. The Majorana fermions of super-
symmetry are thus identified as gluinos and neutralinos, or
they combine into charginos. At the same time one introduces
new bosons carrying baryon and lepton numbers, known as
squarks and sleptons—although this does not necessarily
guarantee yet that B and L will always remain conserved
at least to a sufficiently good approximation.

Supersymmetry thus does not relate directly known
bosons and fermions. All particles get associated with new
superpartners, according to
{

known bosons ←→ new fermions,
known fermions ←→ new bosons.

(82)

This was long mocked as a sign of the irrelevance of super-
symmetry. But times have changed, and the same feature
now gets frequently viewed, rather naively, as an “obvious”
consequence of the supersymmetry algebra.

7.2 The basic ingredients

However, even after accepting the introduction of superpart-
ners one still has to face another potential problem. With so
many spin-0 particles, including squarks and sleptons car-
rying B and L , how can we get interactions mediated by
spin-1 gauge bosons, avoiding unwanted squark and slep-
ton exchanges that would lead to B and L violations? R-
parity plays here an essential role by automatically forbid-
ding direct exchanges of squarks and leptons between quarks
and leptons, which might otherwise lead to proton decay at
a much too high rate.

The required ingredients for a supersymmetric extension
of the standard model are [2,3]
⎧⎪⎪⎨
⎪⎪⎩

1) SU (3)× SU (2)×U (1) gauge superfields,
2) chiral quark and lepton superfields,
3) the two doublet BE-Higgs superfields H1 and H2,

4) a trilinear superpotential Wl,q responsible for q and l masses.

(83)

We must use two doublet Higgs superfields. With a single
one, say H1, we could only construct, from W̃ −L+R and h̃ −1L ,

a single massive Dirac chargino h̃ −1L+W̃ −R acquiring its mass
from < h◦1 >, getting stuck with a surplus massless chiral
chargino W̃ −L . Two doublet Higgs superfields now called

H1 =
(

H0
1

H−1

)
and H2 =

(
H+2
H0

2

)
(84)

are required to get two massive Dirac charginos (or actually
winos) from gaugino (λ−= W̃ −L+R) and higgsino ( h̃ −1 L and

(h̃ +2 L)
c) components.

To account for B and L conservation the superpotential
W should be taken as an even function of quark and lepton
superfields i.e. invariant under R-parity [2,3]. It includes the
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trilinear terms

Wl,q = he H1 . Ē L + hd H1 . D̄ Q − hu H2 . Ū Q . (85)

H1 and H2 are separately responsible for charged-lepton and
down-quark masses, and up-quark masses, respectively, with

me = he v1/
√

2 , md = hd v1/
√

2 , mu = hu v2/
√

2 , (86)

and tan β = v2/v1. This tends to favor a smaller v1 as com-
pared to v2 i.e. a large tan β, in view of the large mass of the
t quark as compared to b.

The superpotential Wl,q is also “invariant” under the con-
tinuous R symmetry (53) under which [1–3]
⎧⎪⎪⎨
⎪⎪⎩

V (x, θ, θ̄ )
R→ V (x, θ e− i α, θ̄ ei α),

H1,2 (x, θ)
R→ H1,2 (x, θ e− i α),

(L , Q, Ē, D̄, Ū )(x, θ)
R→ ei α (L , Q, Ē, D̄, Ū )(x, θ e− i α),

(87)

so that it transforms according to Wl,q (x, θ) → e2 i α

Wl,q (x, θ e− i α) as in (19). TheμH1 H2 superpotential mass
term, however, does not, the higgsino mass term transforming
chirally under R (as a gaugino mass term but in the oppo-
site way). The superpotential Wl,q is also invariant under the
extra U (1)A symmetry under which [1–3]

⎧⎪⎪⎨
⎪⎪⎩

V (x, θ, θ̄ )
U (1)A→ V (x, θ, θ̄),

H1,2 (x, θ)
U (1)A→ ei α H1,2 (x, θ),

(L , Q, Ē, D̄, Ū )(x, θ)
U (1)A→ e−i α/2 (L , Q, Ē, D̄, Ū )(x, θ),

(88)

as in (16). The μH1 H2 mass term, however, is not, the hig-
gsino mass term transforming chirally under U (1)A.

A continuous R-invariance, however, would force Majo-
rana gluinos to remain massless. It must get reduced
to R-parity, so that gluinos, in particular, can acquire a
mass. This also applies to the gravitino, and to gravity-
induced supersymmetry-breaking terms including gaugino
mass terms [44,45,64–67]. (We leave aside the possibility
of Dirac gluinos [7] considered in Sect. 3.2 and in theories
with extra dimensions [16–18] as discussed in Sect. 6.8, with
Dirac gluinos at the compactification scale, making some-
what obsolete the other usual mechanisms for generating
supersymmetry-breaking terms.)

Indeed massless or light gluinos would combine with
quarks, antiquarks and gluons to form light R-hadrons,
R-mesons g̃qq̄ and R-baryons g̃qqq [4,7,68]. They are
expected to decay into ordinary hadrons plus unobserved
neutralinos (taken at the time as photinos or very light grav-
itinos) carrying away missing energy-momentum. They were
not observed, leading to consider massive gluinos, with the
U (1)R symmetry group reduced to its discrete Z2 R-parity
subgroup, with Rp = (−1)R . The existence of gluinos lighter
than ∼ 1 TeV/c2 has now been explored at LHC, and often
excluded in this mass range in many situations of interest.

R-parity is thus simply

Rp = (−1)R

=
{+1 for gauge and BEH bosons, quarks and leptons,
−1 for superpartners.

(89)

As (−1)2S ≡ (−1)3B+L for ordinary particles, it may be
reexpressed as [4]

Rp = (−1)R ≡ (−1)2S (−1)3B+L , (90)

or equivalently (−1)2S (−1)3(B−L). This symmetry, if con-
served, requires that supersymmetric particles be produced
in pairs, their decays producing again particles of Rp = −1
(or an odd number of them), the “lightest supersymmetric
particle”, or LSP, being stable.

The LSP is usually taken as a neutralino, although other
superpartners may also play this role. The pair-production of
supersymmetric particles [2,3], first considered for gluinos
[4,68], sleptons [69–71], and photinos [72,73], then extended
to many processes at much higher energies [10,11,46],
should ultimately lead to two unobserved neutralinos, the
famous “missing energy-momentum” signature often used
to search for supersymmetry. These neutralinos may have
interactions of roughly weak-interaction strength, although
there magnitude depends significantly of the mass spectrum,
including squark and slepton masses.

Once we accept that supersymmetry does not relate
directly known bosons and fermions, we have to account
for the fact that superpartners have not been observed, which
requires them to be sufficiently heavy. If a few GeV/c2 or
� 15 GeV/c2 could be sufficient in the late 1970s or early
1980s [68–71], at the time of PETRA and PEP experiments,
we know now, from LEP, Fermilab, and LHC experiments
[10,11,46], that superpartners, excepted possibly some of
the neutralinos, should be rather heavy, i.e. more than ≈ 1
TeV or so in most cases for strongly interacting squarks
and gluinos. Indirect constraints, discussed in other articles
in this volume, may point in the direction of even heavier
squarks and sleptons, to avoid unwanted flavor-changing neu-
tral current effects, depending also on the structure of the
supersymmetry-breaking terms considered.

The mass splittings between squarks and quarks would
be generated in global supersymmetry from the auxiliary
< D > ’s of neutral gauge superfields [1,38] and < F> ’s
of chiral ones [39,40] most notably H 0

1 and H 0
2 , in connec-

tion with the supercurrent conservation equation [6], result-
ing in the mass sum rule [5]

� m2(squarks) = �m2(quarks)

×
⎧⎨
⎩

in global supersymmetry,
up to radiative corrections,
with SU (3)×SU (2)×U (1) or SU (5) gauge group.

(91)
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Table 1 Minimal particle content of the supersymmetric standard
model. The gaugino fields W̃3 and W̃ ′ mix with the higginos h̃◦1, h̃◦2
into four Majorana neutralinos; or more, as in the presence of an extra
N/nMSSM singlet S coupled through a λ H1 H2 S superpotential

For the first family, m2(ũ1)+m2(ũ2)+m2(d̃1)+m2(d̃2) =
2 (m2

u + m2
d), so that one of the squarks should have a

very small or in fact negative mass2, then leading to a
charge and color-breaking vacuum state as discussed in
Sect. 3.1. Making all squarks heavy, initially done through
the < D > from an extra U (1) with non-vanishing axial
couplings [2,3], is now usually realized by generating soft
supersymmetry-breaking terms from supergravity or radia-
tive corrections, in “gravity-mediated” or “gauge-mediated”
models [22,44,45,64–67], characterized, in the latter case,
by a very light gravitino LSP.

Once they acquire a sizable-enough mass as from gravity-
induced gaugino mass terms, these weakly interacting neu-
tralinos [48] (or WIMPs, for “weakly interacting massive
particles”), stable from R-parity conservation, can annihilate
sufficiently to satisfy cosmological constraints. They became
natural candidates for the non-baryonic dark matter of the
Universe, as soon as the need for such particles became man-
ifest [74–76]. With the neutral gaugino fields W̃3 and W̃ ′
mixing with the higginos h̃◦1, h̃◦2 into Majorana neutralinos,
according to

{W3, W ′; h◦1, h◦2; . . .}
SU SY←→ {W̃3, W̃ ′; h̃◦1, h̃◦2; . . .}︸ ︷︷ ︸

neutralinos

, (92)

the association

neutral gauge (γ, Z , . . .) and BEH bosons (h, H, A, . . .)

←→ dark matter (93)

serves as a substitute for (3), now relating the mediators of
electroweak forces (or mass generation) to dark matter, rather
than normal matter. The neutralino sector, and thus the LSP
which serves as a natural dark matter candidate, may also
involve an extra higgsino (singlino) described by a chiral sin-
glet superfield S coupled to H1 and H2 through a λ H1 H2 S
superpotential as in the N/nMSSM, or another gaugino asso-
ciated with an extra U (1) as in the USSM.

The quartic interactions of the doublets h1 and h2 now
appear as electroweak gauge interactions, with a well-
specified potential [1]

Vquartic = g2 + g′2

8
(h†

1 h1 − h†
2 h2)

2 + g2

2
|h†

1 h2|2 , (94)

present in all versions of the supersymmetric standard model,
from the MSSM to the N/nMSSM, USSM, etc. These quar-
tic Higgs couplings, now fixed by the electroweak gauge cou-
plings g and g′, to (g2+g′2)/8 and g2/2 , are responsible for
the mass terms m2

W and m2
Z for the charged and neutral spin-0

BEH fields w± (≡ H±) and z that appear as spin-0 partners
of the W± and Z . This is at the root of the gauge/BE-Higgs
unification described in Sect. 5, and resulting mass relations.

7.3 Turning μ into a dynamical superfield variable
in superspace

One can introduce as in [1] (μ being then called m) the
μ H1 H2 superpotential term, leading to the mass terms

Vμ = μ2 (h†
1 h1 + h†

2 h2) . (95)

But even in the presence of the weak-hypercharge ξD′ term
splitting the h1 and h2 mass2 terms apart from μ2 we cannot
get non-vanishing v.e.v.’s for both h1 and h2 but only for one
of them, the other being “inert”, getting stuck with a mass-
less chargino. Adding a soft term proportional to h1h2 that
would cure the problem but at the price of making the the-
ory non-supersymmetric was not considered, at the time, as a
valid option. Theμ H1 H2 term is also not invariant under the
continuous R symmetry, which would requireμ to transform
according to μ → e2iαμ. The μ parameter was thus made
dynamical in superspace by being promoted to a superfield
variable μ(x, θ) through the introduction of the extra singlet
S, with the replacement

μ→ μ(x, θ) = λ S(x, θ) so that μ H1 H2 → λ H1 H2 S.

(96)

The resulting superpotential W reads, when R-invariance is
not required,

W = λ H1 H2 S [+μ H1 H2] + f (S)+Wlq , (97)

with

f (S) = κ

3
S3 + μS

2
S2 + σ S, (98)

as in the general NMSSM.
The additional requirement of R-invariance (i.e. U (1)R)

was initially intended to get an additive quantum number R
carried by Dirac fermions, leading to Dirac neutralinos and
charginos. Demanding R-invariance (acting as in (18, 87))
reduced the singlet superpotential f (S) to the sole linear term
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f (S) = σ S of the nMSSM, with

W = λ H1 H2 S + σ S + Wlq . (99)

The extra trilinear and bilinear terms κ
3 S3 and μS

2 S2,
excluded by the continuous R as well as the μ term, pos-
sibly regenerated from < S > according to

μeff = λ < S >, (100)

may be reintroduced if we do not insist on this symmetry
(as required for Majorana gluino and gravitino masses). This
leads to the chargino (wino) mass matrix

M =
(

m2 mW
√

2 sin β
mW
√

2 cosβ μeff

)
, (101)

where non-diagonal terms respect the continuous R while
diagonal ones violate it by �R = ±2. Having both m2 and
μeff different from zero is essential to have both charginos
(winos) heavier than mW , as now necessary [44–46].

The μ parameter, although “supersymmetric” (and possi-
bly regenerated from < S > as μeff ) may be protected from
being too large as it comes in violation of both the continuous
R-symmetry and the chiral U (1)A acting according to [1]

H1,2 (x, θ)
R→ H1,2 (x, θ e− i α),

H1,2(x, θ)
UA→ eiα H1,2(x, θ).

(102)

The same continuous R symmetry may prevent gluino and
other gaugino masses from being too large. It is even so effi-
cient in doing so that it makes difficult to generate significant
gluino masses from radiative corrections involving messen-
ger quarks [7] unless these are taken really very heavy (intro-
ducing a new scale much larger than electroweak scale). μ
and gaugino mass parameters (m1/2) may then naturally be
of the same order, i.e.

μ (or μeff ) ≈ mgauginos ≈ mgravitino in view of R symmetry.

(103)

A further advantage of the dynamical change μ → λ S
comes with the introduction of new quartic couplings in the
potential, independent of gauge couplings. The doublet mass
terms for h1 and h2 get replaced by λ2 |s|2 (h †

1 h1 + h †
2 h2),

with the quartic potential (94) replaced as in [1] (where λ2

was called h2/2, with tan β = v2/v1 ≡ tan δ = v′/v′′) by

V = g2 + g′2

8
(h†

1 h1 − h†
2 h2)

2 + g2

2
|h†

1 h2|2

+
∣∣∣∣ λ h1h2 + ∂ f (s)

∂s

∣∣∣∣
2

+ λ2 |s|2 (h †
1 h1 + h †

2 h2) + · · · .
(104)

The extra quartic coupling

V λ
quartic = λ2 |h1 h2|2 + λ2 |s|2 (h †

1 h1 + h †
2 h2) (105)

comes in addition to the (g2 + g′2)/8 and g2/2 terms in
(94) and is essential to make all spin-0 BE-Higgs bosons
sufficiently heavy. It now leads to

m 2
h ≤ m 2

Z cos2 2β + λ2 v2

2
sin2 2β (+ rad. corr.),

(106)

i.e. to an upper bound larger than m Z (+ radiative correc-
tions), for λ >

√
(g2 + g′2)/2 so that λv/

√
2 > m Z , inde-

pendently of tan β. This makes it much easier to obtain a
lightest spin-0 mass of 125 GeV/c2 in the N/nMSSM, with-
out having to rely on large contributions from radiative cor-
rections involving very heavy stop quarks. If sizable enough,
the coupling λ of the trilinear superpotential λ H1 H2S also
makes it easier to consider smaller tan β that may be≈ 1, in
contrast with the MSSM which tends to require large tan β.

8 Conclusions and perspectives

Our first aims were to understand how supersymmetry may
allow for a description of fundamental particles and interac-
tions, and discuss resulting implications. At the time weak
interactions through neutral currents were just recently dis-
covered, the structure of the weak neutral current unknown,
the W± and Z hypothetical, with a lower limit on mW as low
as about 5 GeV/c2 in 1974. No fundamental spin-0 boson
was known, and many physicists did not really believe in
their existence, preferring to think of spontaneous symme-
try breaking as induced by v.e.v.’s for bilinear products of
fermion fields. Lots of efforts were made developing theo-
ries trying to avoid such unwanted fundamental spin-0 fields
and particles [79–83].

In contrast supersymmetric theories, leading to superpart-
ners with extra charged and neutral BE-Higgs bosons from
the two electroweak spin-0 doublets [1–5], provide a natural
framework for fundamental spin-0 fields by relating them to
chiral spin- 1

2 ones (and spin-1 fields as we saw), so that

spin-0 fields acquire, within supersymmetry,

equal dignity as spin- 1
2 ones. (107)

Spin-0 mass parameters are equal, up to supersymmetry-
breaking effects, to spin- 1

2 ones, free from quadratic diver-
gences, all benefiting from remarkable non-renormalization
properties [37].

The electroweak scale is the most natural one where to
search for supersymmetric particles, with supersymmetry
usually expected to show up a not-too-high scale, now typ-
ically considered to be � a few TeV at most. But no super-
symmetric particle has shown up yet, with lower limits on
squarks and gluinos often reaching 	 TeV scale [10,11].
Still we keep hoping that the next round of LHC experiments
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will lead to a direct discovery of the new superpartners. In
between, the finding at CERN of a new particle likely to be a
spin-0 BE-Higgs boson [12–15] seems to indicate that we are
indeed on the right track, in contrast with other anticipations
about the nature of electroweak breaking.

At which energy scale we may expect to find supersym-
metric particles depends on the magnitude of the parameters
describing supersymmetry breaking, in connection with the
amount of breaking of the continuous R symmetry. Gaugino
mass parameters (m1/2 i.e. m1,m2,m3) break both super-
symmetry and R symmetry, while the higgsino mass param-
eter μ (or μeff if regenerated from < S >) also comes in
violation of R symmetry, making natural for them to be of
the same order.

Squark and slepton supersymmetry-breaking mass2

parameters (m2◦) may be of this same order, as frequently
considered. Or they could be significantly larger as they do
not violate R symmetry, leading one to consider situations
such as

m(q̃, l̃) ≈ m◦
{� ?
≈ ?

}
,

mgauginos ≈ μeff � a few mW to TeV . (108)

One may also consider other situations, e.g. with moderate
m◦ as compared to very large m3/2 and μeff . What should be
the mass scale for the new particles, if it is not ∼ TeV scale
as was commonly expected, remains an open question.

As supersymmetry breaking and electroweak breaking are
in general two independent phenomena, we should take seri-
ously the possibility that their breaking scales be of differ-
ent magnitudes. The supersymmetry-breaking scale could
then be significantly larger, especially if a new physical
phenomenon not directly related to electroweak breaking is
involved in this process, such as the compactification of an
extra dimension.

This could fix the supersymmetry-breaking scale in terms
of the compactification scale (≈ h̄/Lc) using R-parity and
other discrete symmetries for the boundary conditions in
compact space. Identifying

performing a complete loop in compact space

≡ R-parity transformation, (109)

we get relations like m3/2 ≈ π/L (or 1/(2R)), in the sim-
plest case [16–18]. We may then face the eventuality that
superpartner masses be considerably larger than the presently
accessible ≈ TeV scale, especially if the compactification
of extra dimensions also sets the scale for grand-unification
breaking. This may tell us that supersymmetry should only
show up manifestly through the presence of R-odd super-
partners at the compactification scale, i.e.

m(R-odd superpartners) ≈ compactification scale? (110)

This one is not necessarily directly tied to the electroweak
scale, especially as the electroweak breaking can be directly
formulated in the higher five- or six-dimensional spacetime
(where it leaves an electrostrong symmetry unbroken), inde-
pendently of the compactification scale. It may be quite high,
especially if two similar compactification scales determine
both the supersymmetry and the grand-unification scales, as
hinted to by (71). This would imply

m(R-odd superpartners) ≈ GUT scale?? (111)

with the further possibility that the GUT scale be lower than
usually considered, in connection with the possible stability
of the proton associated with GUT parity.

Fortunately, supersymmetric theories also lead to gauge/
BE-Higgs unification by providing spin-0 bosons as extra
states for spin-1 gauge bosons within massive gauge multi-
plets, in spite of their different gauge-symmetry properties
(and independently of extra dimensions) [1,54,55]. Massive
gauge superfields now describe spin-0 BE-Higgs bosons,
next to massive spin-1 gauge bosons. In particular, the 125
GeV/c2 boson recently observed at CERN may also be inter-
preted, up to a mixing angle induced by supersymmetry
breaking, as the spin-0 partner of the Z under two super-
symmetry transformations,

spin-1 Z
SU SY←→SU SY←→ spin-0 BEH boson, (112)

providing the first example of two fundamental particles
of different spins related by supersymmetry. Supersymme-
try may thus be tested in the gauge-and-BE-Higgs sector at
present and future colliders, in particular through the proper-
ties of the new boson, even if R-odd supersymmetric particles
were still to remain out of reach for some time.

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
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Abstract A review of direct searches for new particles pre-
dicted by Supersymmetry (SUSY) after the first run of the
LHC is proposed. This review is based on the results provided
by the ATLAS and CMS experiments.

1 Introduction

Ernest Rutherford once said at the beginning of the twenti-
eth century ‘Theorists play games with their symbols while
we discover truths about the Universe’. This was before the
birth of the Bohr atom and quantum mechanics. At the begin-
ning of the twenty-first century this sentence can probably be
reverted, as the predictions of the theory are so successful that
experimental discoveries of the last 40 years perfectly fit in
the Standard Model (SM) theory framework. In this respect,
the systematic exploration of the electroweak (EW) scale
at the Large Hadron Collider (LHC) [1] could have repre-
sented an even greater confirmation of the theory predictions
since most Beyond Standard Model (BSM) theories and, in
particular, low-energy Supersymmetry (SUSY) expect new
particles with masses close to the EW scale. As it will be
discussed extensively in this article, this is clearly not the
case. The direct searches conducted at the first LHC run by
the general purpose experiments ATLAS [2] and CMS [3]
did not reveal the presence of any new particle beyond that
of the Standard Model. In contrary, the Standard Model is
now fully established by the discovery of the Higgs boson
[4,5].

The article is based on currently published results obtained
at a center-of-mass energy of

√
s = 8 TeV for an integrated

luminosity of 20 fb−1 of LHC data. In case they are not avail-
able, previous results, obtained with

√
s = 7 TeV and 5 fb−1

of LHC data, are discussed. The most important analyses are
based on 8 TeV LHC data, either from ATLAS or CMS (or

a e-mail: isabell.melzer-pellmann@cern.ch
b e-mail: pascal.pralavorio@cern.ch

both). Therefore, even if the fully final result from Run 1
has not yet been published for all individual search channels,
lessons for SUSY discussed here are not expected to change.

This article is organized as follows: First, a brief recap
of the SUSY framework used for the LHC searches is pro-
posed in Sect. 2. Then the experimental challenges faced by
the ATLAS and CMS experiments in terms of object recon-
struction and background modeling are explained in Sect. 3.
The limit setting procedure is also briefly summarized in this
section. The discussion of the results is split in three dif-
ferent sections, representing the main avenues of the SUSY
searches at LHC: gluino and squarks of first/second genera-
tion at the energy frontier in Sect. 4, third-generation squarks
in Sect. 5, and electroweak SUSY in Sect. 6. All assume R-
parity conservation and prompt decay of the SUSY particles.
Section 7 is devoted to escape routes beyond R-parity con-
servation and prompt decays, as well as more exotic SUSY
scenarios. Prospects with the coming runs of LHC and the
conclusions are discussed in Sects. 8 and 9, respectively.

2 SUSY framework for the search at LHC

This section provides the reader with the minimum vocabu-
lary and knowledge needed to understand the experimental
results presented later in this article.

As discussed elsewhere in this review, SUSY [6,7] can
be realized in many different ways. Even if the LHC can-
not explore the full SUSY phase space, it can probe exten-
sively the low-energy (or weak-scale) realization of N = 1
SUSY, called the Minimal Supersymmetric Standard Model
(MSSM) [8]. This model predicts new particles, called spar-
ticles, that are superpartners of each SM particle in the chiral
multiplets, as shown in Fig. 1. A new quantum number, R-
parity, is created and defined as PR = (−1)2s+3B+L , where
s is the spin, B the baryon number and L the lepton num-
ber. It is negative/positive for SUSY/SM particles. Therefore,
the sparticles have the same quantum numbers as their SM
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Fig. 1 SUSY particles in
MSSM [8]

partners, except for the spin which differs by half a unit,
and R-parity. The spectrum is characterized by 25 elemen-
tary scalars and 10 elementary fermions without counting the
SM particles.

For self-containment, we just recap the names and main
characteristics of the new particles. To generate the masses
of the up- and down-type fermions, the SM Higgs sector is
extended by adding another SU (2)L complex doublet. Each
doublet has a vacuum expectation value (vev) labeled vu and

vd , constrained by the SM Higgs vev, v (v =
√
v2

u + v2
d ).

Their ratio is traditionally written tan β = vu/vd . As a result,
eight mass eigenstates exist after electroweak (EW) symme-
try breaking: three neutral Higgs bosons (h0, the one with the
lightest mass, H0 and A0), two charged Higgs bosons (H±)
and three Goldstone bosons (G0, G±), ‘eaten’ to give masses
to the Z and W± bosons. The Higgs boson discovered by
ATLAS and CMS is assumed to be the lightest neutral Higgs
of the MSSM (h0), since it possesses similar properties to
the SM one when m2

A0 � m2
Z and tan β > 1 (also called the

decoupling limit).1 The squarks (̃q) and sleptons (̃l) are the
spin-0 partners of the SM fermions. Similarly, winos (W̃

0
,

W̃
±

), binos (B̃
0
), and higgsinos (H̃

0
u , H̃

0
d , H̃

+
u , H̃

−
d ) are the

spin-1/2 superpartners of the electroweak bosons. To com-
plete the list, colored gluinos (̃g) and the gravitino (G̃) are
the partners of the gluon and graviton. With this setup, the
number of fermions and bosons is equalized and the Light-
est SUSY Particle (LSP) is stable if R-parity is conserved.

1 It could still be H0, implying that h0 is lighter and still to be discovered;
but this is presently disfavored by the data [9].

Note also that left- and right-handed fermions have two dif-
ferent SUSY partners f̃L ,R that can mix in f̃1,2, provided the
SM partner is heavy, like in the third generation. Similarly,
the wino, bino, and higgsino, governed by the gauge eigen-
state mass terms M1,M2, andμ, mix to give four neutralinos
(χ̃0

1,2,3,4) and four charginos (χ̃±1,2). To simplify the discus-
sion of results in this sector, this article often considers one
of the three typical scenarios, shown in Fig. 2. Each corre-
sponds to a different χ̃0

1 flavor: (a) bino-like, (b) wino-like or
co-NLSP [10], and (c) higgsino-like. The last one is favored
by naturalness arguments, as discussed in the next paragraph.

When choosing the parameters such that the hierarchy or
naturalness problem is solved within the MSSM [11], strin-
gent constraints appear on the masses of the new predicted
particles, especially the ones which are most closely related
to the Higgs, as can be seen in Fig. 3. Interestingly, there
was no experimental sensitivity to this spectrum before the
startup of the LHC. Moreover, by design, the LHC is per-
fectly suited to access this particular region of phase space,
already with its first run at

√
s = 7−8 TeV. Searches for

hints in this particular spectrum generally shape the analysis
strategy at the LHC.

In the MSSM framework, three main theoretical unknowns
influence the search direction: the LSP nature, the compres-
sion (or not) of the SUSY spectra, and the status of R-parity.
For the first one, experimental constraints restrict the LSP to
be the lightest neutralino (χ̃0

1 ) or the almost massless grav-
itino. In the latter case, the final states are increased com-
pared to the former. The reason is that the Next-to-Lightest
SUSY Particle (NLSP) which can be any of the SUSY par-
ticles (squark, gluino, slepton, chargino or neutralino) will

30 123Reprinted from the journal
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Fig. 2 Three possible EW SUSY mass spectra depending of the relative values of the M1,M2, and μ parameters

Fig. 3 Natural SUSY particle mass spectra giving less than 10 % tun-
ing [13]

decay to the gravitino and the SM partner of the NLSP [12].2

The second MSSM theory unknown is the difference (ΔM)
between the mass of the highest sparticle produced at the
LHC (MSUSY) and the LSP (MLSP), resulting in compressed
or open spectra, i.e. soft or hard objects in the final state. The
third MSSM theory unknown is the status of R-parity. In a
plain vanilla MSSM scenario R-parity is conserved (RPC),
but it could well be violated (RPV) or even a continuous
symmetry. It is important to mention that in the huge MSSM
phase space long-lived particles decaying within the detector
or even outside often exist. This situation could arise from the
low mass difference between two sparticles in the spectrum,
very weak coupling to the LSP, very small R-parity Yukawa
couplings, etc.

2 The most ‘natural’ situation is that the NLSP is the χ̃0
1 (Fig. 3), whose

decay will depend on its flavor (bino-, wino- or higgsino-like of Fig. 2)
and results in χ̃0

1 → γ G̃, χ̃0
1 → γ /ZG̃ or χ̃0

1 → Z/h0G̃ decays,
respectively. The relative proportion of γ , Z and h0 depends also on
other parameters θW or tan β.

Fig. 4 Cross sections of several SUSY production channels [14],
superimposed with Standard Model process at

√
s = 8 TeV. The right-

handed axis indicates the number of events for 20 fb−1

Typical SUSY cross sections of pair-produced sparticles
at the LHC are given in Fig. 4—for two different sparti-
cles mass degeneracy is assumed.3 Since each SM particle
and its superpartner belong to the same multiplet, the spar-
ticle decay generally involves the SM partner and the LSP.
However, due to the high number of new particles many dif-

3 Following an ATLAS–CMS agreement [14], all SUSY cross sections
are calculated in the MSSM at NLO precision in the strong coupling
constant, including the resummation of soft gluon emission at next-
to-leading-logarithmic (NLO + NLL) accuracy, using PROSPINO and
NLL-fast [15–19].
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Fig. 5 Typical decay of a colored SUSY particle at LHC. The two
cases shown at the bottom of the SUSY spectrum correspond to the two
considered LSP types

ferent decays are possible depending on the sparticle mass
spectrum, generating long decay chains. Plain vanilla MSSM
searches are therefore characterized by pair-produced parti-
cles, two LSPs escaping the detection and long decay chains
involving jets and/or leptons and photons as depicted in
Fig. 5. Note that for the gravitino LSP scenario, the mass
difference with the NLSP is always sizeable in the natu-
ral spectrum, O(100) GeV, because the gravitino is almost
massless. If the masses of all colored particles are too high
to be produced at LHC, the production may be dominated by
chargino–neutralino pair production, resulting in less com-
plicated final states, generally containing several leptons.
Finally, non-prompt sparticle decays can generate striking
signatures as displayed in Fig. 6.

3 Experimental challenges for SUSY searches at LHC

This section is mainly addressed to non-experts in LHC anal-
yses and analysers or theorists who want to understand better
the many experimental facets of a SUSY analysis at LHC.

Discovering SUSY at the LHC is an extremely challeng-
ing task, even within the restricted framework of the MSSM.
First, every corner of the parameter space needs to be cov-

ered, including all possible decay channels which provide a
high number of final states with different mixtures of recon-
structed objects (photon, electron, muon, tau, jets, b-jets,
missing transverse energy). Second, due to the presence of
many scalars and weakly interacting particles, cross sec-
tions are generally extremely tiny with respect to the SM
background (cf. Fig. 4). In the plain vanilla MSSM sce-
nario, the few signal events are generally located in the tails
of the kinematic distributions, requiring challenging trig-
ger, powerful discriminating variables and accurate back-
ground modeling in a complicated region of the phase space.
In other SUSY scenarios where R-parity is violated and/or
non-prompt decays are possible, the experimental challenge
generally shifts to taking the best performance of each sub-
detector to improve secondary vertex reconstruction, timing
resolution, jet substructure reconstruction, lepton coverage,
etc. Therefore, SUSY searches provide an excellent way to
push the detector and analyser capabilities to their best.

This section is organized as follows. Experimental mat-
ters, i.e. LHC data, trigger and detector/object performance
relevant for SUSY searches, are treated in Sect. 3.1. Com-
monly used discriminating variables for the design of the
signal regions are then discussed in Sect. 3.2 and methods
to estimate the remaining background in these signal regions
are described in Sect. 3.3. Finally, the limit setting tools and
SUSY models used for interpretations are briefly reviewed
in Sects. 3.4 and 3.5, respectively.

3.1 LHC data and detector performance

After a brief reminder of the main characteristics of the LHC
data (Sect. 3.1.1), ATLAS and CMS detectors (Sect. 3.1.2),
the object and detector performance relevant to SUSY
searches are discussed (Sects. 3.1.3 and 3.1.4).

3.1.1 LHC data

The LHC is a particle collider at CERN, ‘probably the largest
and the most complex machine ever constructed by humans’
[20]. It is housed in a 27 km long tunnel∼100 m underground
and is ultimately designed to collide proton beams at a center-
of-mass energy of up to

√
s = 14 TeV at a rate of 40 MHz.

Fig. 6 Possible signatures from
non-prompt sparticle decay
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Fig. 7 LHC luminosity
recorded by the CMS
experiment

Fig. 8 Corresponding number
of pile-up events as a function of
time

The first proton–proton run of the LHC (Run 1) lasted from
March 2010 to December 2012 with

√
s = 7 TeV and 8 TeV,

and collisions every 50 ns. It was extremely successful and
provided more than 20 fb−1 in 3 years, as shown in Fig. 7.
Because of the increase of the proton density per bunch and
the tuning of the beam optics, the number of interactions per
beam crossing (pile-up) increased regularly during Run 1
to reach more than 30 at the end of 2012; see Fig. 8. This
increases the complexity of the event reconstruction, as dis-
cussed later. For practical considerations, unless mentioned
otherwise, searches presented in this article make use of the
full
√

s = 8 TeV dataset.

3.1.2 ATLAS and CMS detectors

Four large detectors have been built at the collision points.
Among these, ATLAS and CMS are the two general-purpose
experiments. Because of the huge complexity of the detectors
that can cope with very high collision rate and high pile-up
conditions, world-wide collaborations of a few thousands of
physicists and engineers were set up, giving these projects
the flavor of a modern cathedral, dedicated to science.

The interesting particles are produced over the full solid
angle down to small polar angles (θ ) with respect to the
incoming beams (a fraction of a degree corresponding to
pseudorapidities of |η| up to 5, where η = − ln[tan(θ/2)])
and in the full azimuth 0 ≤ φ ≤ 2π . The transverse plane

plays a special role for LHC analyses: the vectorial sum of
all particle momenta produced by the collision is null and it
is the bending plane in the central part. Therefore, selections
generally rely on transverse momenta, labeled pT.

The two detectors are based on two different technologies
for the central magnets that are used to bend the charged par-
ticle trajectories: CMS uses a 4-T superconducting solenoid
magnet of 3 m radius, fully containing the trackers and the
calorimeters, while ATLAS chose a smaller central solenoid
(2 T and 1.2 m radius), complemented by outer toroids. These
choices influence the design of all detector technologies
[21].

Inner tracking systems measure the momentum of charged
particles, which are bent by the magnetic field. To achieve
this, ATLAS and CMS have designed tracker systems pro-
viding a similar geometrical coverage (over |η| < 2.4−2.5).
They are based on the same silicon detector technology
near the interaction vertex, i.e. below 50 cm, with a silicon
pixel and strip tracker, providing around 10 precision points
per track. However, they differ considerably at larger radii:
ATLAS uses straw-tube detectors (TRT), allowing 35 extra
measurements per track in the bending plane for |η| < 2.0,
with drift-time information for momentum measurements
and pattern recognition, while CMS extends the silicon-
strip technology up to a radius of ∼110 cm. Stand-alone
tracker performance is generally better for CMS because of
the higher magnetic field.
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The electromagnetic (EM) calorimeter is the key system
for measuring the kinematics of electrons and photons. CMS
chose ∼75000 scintillating PbWO4 crystals with an excel-
lent energy resolution but extremely low light yield, while
ATLAS built a granular lead/liquid argon sampling calorime-
ter with ∼200k channels. This last technology is robust and
well known, with poorer energy resolution at low energy, but
comparable to CMS in the 0.1–1 TeV energy range.

Key parameters for the hadronic calorimeters are the cov-
erage up to |η| < 5 for both ATLAS and CMS, the depth in
interaction length (λ ∼10) and the sampling fraction, three
times better in ATLAS than in CMS [21].

Finally, the muon spectrometers are also quite different: in
ATLAS they can provide an independent and high-accuracy
measurement of muons over |η| < 2.7 coverage, whereas
CMS relies on a combined measurement of muon chambers
and inner tracker up to |η| < 2.4.

The ability of ATLAS and CMS to use more than 90 % of
the high-quality data delivered by the LHC for physics anal-
yses demonstrates the excellent functioning of both experi-
ments.

3.1.3 Object reconstruction performance relevant to SUSY
searches

Because of different detector concepts, the final-state recon-
struction differs quite a lot between ATLAS and CMS.

In ATLAS, electrons, photons, and jets are seeded by
calorimeter clusters. Electrons and photons are eventually
combined with the tracker information. In CMS, all final-
state particles are reconstructed with the particle-flow method
[22], generally seeded in the inner detector and further com-
bined with the information from all sub-detectors.

Jets are reconstructed using the anti-kt jet clustering algo-
rithm [23,24] with a distance parameter of 0.4 and 0.5 for
ATLAS and CMS, respectively. After calibration, pile-up
corrections and cleaning, jets are generally considered only
above pT > 20 GeV. The jet energy scale uncertainty
(and the jet energy resolution to a lesser extent) is generally
the dominant systematic uncertainty for R-parity conserving
strong production. It is lower than 2 % for pT > 100 GeV,
degrading to 4 % for jets with pT = 20 GeV [25,26].

Identifying b-jets from light-quark and gluon jets is cru-
cial for all third-generation searches and is possible thanks to
secondary vertex information provided by the tracker. Ded-
icated algorithms are used by ATLAS [27] and CMS [28].
Typically with a 60–70 % b-jet identification efficiency, a
light-quark jet rejection between 100 and 1000 is obtained
depending on pT andη. Similarly, hadronically decaying taus
can be separated from light-quark jets with O(10) less rejec-
tion power than for a b-jet assuming a 60 % tau identification
efficiency [29].

Leptons are key ingredients for SUSY searches targeting
compressed spectra, EW production, and/or RPV final states.
Due to trigger requirements, the leading lepton has to be gen-
erally above 20–25 GeV in pT, but it is possible to lower the
pT down to 6–7 GeV in analyses considering multi-leptons.
Further separation from jets is obtained by requiring the lep-
tons to be isolated in the calorimeters and/or the tracker.

A crucial variable for SUSY searches at the LHC is
the magnitude of the missing transverse momentum vector
(Emiss

T ). In ATLAS, it is based on the vector sum of trans-
verse momenta of jets, leptons and all calorimeter clusters
not associated to such objects (within |η| < 5). In CMS,
it is based on all particles reconstructed by the particle-
flow method which compensate for the lower calorimeter jet
energy resolution. Because of the hadronic environment, fake
Emiss

T can arise from jet mismeasurements which can be effi-
ciently removed by rejecting events where a high-energetic
jet (or lepton) and Emiss

T are close-by (with a relative angle
of Δφ( j, Emiss

T ) < 0.4). Detector malfunctions and poorly
instrumented regions can cause high Emiss

T as well. In some
lepton-veto analyses, Hmiss

T is considered, i.e. the vectorial
sum of jets above few tens of GeV in pT, to decrease the
sensitivity to low-energy jets coming from pile-up.

Obviously the very first experimental challenge at the
LHC is the trigger. In Run 1, ATLAS and CMS concentrated
their efforts on single triggers (Emiss

T , multi-jets, electrons,
and muons), but they also allocated a part of the bandwidth to
combined triggers (di- and multi-leptons, jets + Emiss

T , sev-
eral central jets, leptons in combination with large hadronic
energy, etc.) which are more analysis-specific.

3.1.4 Detector performance relevant to SUSY searches

Performance of specific sub-detectors are crucial to detect
non-prompt sparticle decays or heavy stable charged particles
which are slowly moving (β = v/c < 0.9).

In this respect, the tracker provides a lot of relevant infor-
mation: (i) the ionization energy loss (dE /dx) measured in
the silicon detectors, significantly higher for low β than for
minimum ionizing particles, (ii) characteristics of displaced
vertices via dedicated algorithms, and (iii) for ATLAS a con-
tinuous outer tracker, the TRT, to identify late decays. Note
that RPC searches generally veto long-lived particles decay-
ing in the tracker by imposing impact parameter requirements
to reject cosmic muons.

Low-β particles or particles coming from long-lived par-
ticle decays in the tracker will arrive late in the calorime-
ter. The excellent timing resolution of the ATLAS and CMS
EM calorimeters, around 0.3–0.4 ns per cell, is a very pow-
erful tool to discriminate against SM particles. In the case
of ATLAS, stand-alone pointing capability can also be used.
Similarly, the excellent control of the calorimeter noise yields
sensitivity to late-decaying particles trapped in the detector.
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Finally, the time-of-flight measured in the muon spectrom-
eter can be exploited as well. Stand-alone resolution of the
order of 5 % or better can be achieved over the whole η
range of the spectrometer. It can be ultimately improved by
combining information with the calorimeter; see for example
[30].

3.2 Discriminating variables

In RPC searches, the main background for SUSY signals
is generally caused by processes involving particles with
masses close to the weak scale (W, Z, H, top), or QCD multi-
jet production with real or fake Emiss

T ; see Fig. 4. These pro-
cesses can have cross sections that are up to ten orders of
magnitude higher than the SUSY signal. Therefore, finding
SUSY at the LHC requires to design signal regions (SR) by
exploiting at best the main characteristics of the decay cas-
cade: the presence of two stable LSPs, whose momentum
is directly proportional to Emiss

T , and/or long decay chains
involving jets, i.e. large calorimeter activity in the event. The
latter is efficiently measured by the scalar sum, HT, of the
transverse energy of reconstructed objects (for some analy-
ses, only a part of the objects can also be considered). Rect-
angular cuts can then be applied on HT and Emiss

T (or Hmiss
T ).

Sensitivity can be improved by taking advantage of the
correlation between HT and Emiss

T and by computing meff =
HT + Emiss

T , called the effective mass [31]. This is illus-
trated in Fig. 9. The other advantage is that meff can be
linked to characteristic SUSY parameters like MSUSY, the
mass of the highest colored object, MLSP, the LSP mass, and
their mass difference ΔM ; see Fig. 5. Typically meff will

Fig. 9 Illustration of the variables used in a standard SUSY search for
strong production at LHC with one-lepton, three jets and Emiss

T final state
[33]. For completeness the variable Emiss

T /
√

HT is also represented in
this plane

peak at 1.8(M2
SUSY − M2

LSP)/MSUSY [32]. For open spectra
(ΔM = MSUSY − MLSP > O(500) GeV), this value is well
above the SM background which has no correlation between
Emiss

T and HT, and therefore peaks at lower values. However,
for compressed spectra (ΔM < 500 GeV), meff loses its sep-
aration power and selection requirements have to be relaxed,
or other discriminant variables have to be used.

An alternative approach, which can also served as a cross-
check, is to take advantage of the kinematic distribution of the
decay of two heavy sparticles (typically gluinos or squarks
around 1 TeV). By grouping the reconstructed objects in two
hemispheres, two mega-jets can be formed and kinematic
properties used to distinguish signal from SM background.
Two common variables are αT [34], the ratio of the pT of the
second hardest jet and the invariant mass formed from the
two hardest jets, and Razor [35]. In the former case, SM dijet
events are back-to-back and trail off at αT = 0.5, whereas a
SUSY signal can be asymmetric (causing αT > 0.5) because
of the presence of the LSP in the decay. For Razor, the idea is
to use the transverse and longitudinal information to recon-
struct the mass MR of the two mega-jets in the rest frame of
the two-jet system (R-frame). For signal with open spectra
MR will peak at MSUSY and at mt or mW for tt and WW
events. Other quantities related to the R-frame (transverse
mass, Lorentz boost) can be used to increase the discrimina-
tion against the background.

If the presence of lepton(s) is required, several types
of invariant transverse masses could be considered as dis-
criminant variables. The simplest case corresponds to the
single lepton channel. There, the leptonic W-boson back-
ground, either coming from W (+jets) or tt production, is
efficiently removed by requiring that the transverse mass
mT is above the W mass. This variable is defined as

mT ≡
√

2Emiss
T pl

T(1− cos(Δφ)), where pl
T is the trans-

verse momentum of the lepton and Δφ the difference in
the azimuthal angle between the lepton and the Emiss

T direc-
tion. The mT variable has an end-point for backgrounds con-
taining a single leptonically decaying W boson, while sig-
nal events contain additional Emiss

T due to the LSPs, lead-
ing to an excess at large mT. When two leptons are con-
sidered the best discriminant variables are the generalized
transverse masses mT2 [36–38] and mCT [39,40]. It can be
applied for example to search for direct slepton production
l̃
+̃

l
− → l1l2χ̃0

1 (p1)χ̃
0
1 (p2). mT2 minimises the larger of the

two transverse masses and is defined as

m2
T2= min

p1T+p2T=Emiss
T

{
max

(
m2

T

(
l1, p1

)
,m2

T

(
l2, p2

))}
(1)

while mCT is a simple combination of the visible decay prod-
ucts and is defined as

m2
CT = [ET(l1)+ ET(l2)]2 − [pT(l1)− pT(l2)]2, (2)
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with ET =
√

p2
T + m2. In both cases—assuming that lep-

tons are massless—a signal end-point is defined by (m2

l̃
± −

m2
χ̃0

1
)/m

l̃
± while the tt’s end-point is (m2

t − m2
W)/mt ∼

135 GeV, providing a very powerful discriminating vari-
able for open spectra, i.e. m

l̃± − Mχ̃0
1
> O(100 GeV). This

approach can be applied to all sparticle direct production
(where the sparticle decays as SM partner and the LSP). As
for meff , if SUSY is discovered this will provide a way to
measure sparticle masses. Other possibilities exist for mass
constraining variables and are described in Ref. [41].

3.3 Background modeling

As just discussed, the signal regions are generally located in
extreme regions of the phase space which are not necessarily
well understood and described in simulation. As a conse-
quence, the number of remaining background events in the
signal region needs to be estimated as precisely as possible
(to increase the sensitivity to the SUSY signal), preferably
without relying only on simulation. Several methods using
data in the background determination are possible, e.g. a semi
data-driven approach using background enriched ‘control’
regions (CR) in data, or even a fully data-driven approach.

The fully data-driven approach is particularly suited for
background processes with very large cross sections and
fake Emiss

T -like dijet production, fake lepton/photon in lep-
tonic/photonic channels and long-lived particle searches. The
first type of background is estimated with the jet smearing
method, where the jet response for well-measured and badly
measured jets is estimated in dedicated samples (see more
details in [42]). The second type of background is estimated
by counting the number of leptons/photons passing a loose
lepton/photon selection but failing a tight one. With the mea-
sure of the true and fake lepton/photon efficiency to pass or
fail the tight criteria from dedicated orthogonal samples, it is
possible to estimate the number of fake leptons/photons in the
tight selection. Finally, background to long-lived particles is
estimated with a template method.

The semi data-driven approach is particular suited for SM
processes with large cross section, as top-quark, W-, or Z-
boson production. The definition of the control region is a
trade-off between kinematic requirements as similar as pos-
sible to the signal region to minimize systematics, the high-
est achievable purity and minimization of the contamination
from potential signal. This is illustrated in Fig. 10. The sim-
ulation is normalized to the event yield in the control region
(scale factor), and the background in the signal region is esti-
mated by extrapolating the background level via simulation
from the control region to the signal region (transfer factor).

Determination from Monte Carlo simulations only is gen-
erally adequate for backgrounds that are expected to be very
small in the signal region (e.g. diboson production for strong

Fig. 10 Parameters entering in the design of a control region

SUSY searches), or for rare processes with very small cross
sections (e.g. ttH or triboson production).

Monte Carlo (MC) simulated event samples therefore
play a central role in SUSY analyses. They allow not only
to develop and validate the analysis procedure but also, in
many cases, to evaluate the SM backgrounds, and to calcu-
late the acceptance and efficiency of the studied signal sam-
ples. SUSY analyses rely heavily on the progress made in
the last 20 years in the calculations and simulation of high
Q2 processes in hadronic collisions. Simulated samples of
top (including ttW and ttZ) and W- or Z-boson production
with multiple jets are produced with multi-parton genera-
tors such as ALPGEN [43], SHERPA [44] or MADGRAPH
[45], with (in some cases) up to six additional partons in the
matrix element. The next-to-leading-order (NLO) generators
MC@NLO [46] and POWHEG [47–49] are generally used
for top or diboson production. Parton shower and fragmen-
tation processes are simulated with either HERWIG [50] or
PYTHIA [51].

All SM backgrounds are then fed into a Geant4-based
[52] model of the CMS or ATLAS detector. Due to the large
amount of signal points, the signal events are usually pro-
cessed with a fast detector simulation [53,54]. The effect of
multiple proton–proton collisions from the same or different
bunch crossings is included in all simulations by overlaying
minimum bias events onto hard-scattering events. The dis-
tribution of the number of interactions per bunch crossing is
reweighted in the simulation to match the data.

Systematics are often estimated by comparing two gener-
ators of the same type, by using different parton distribution
functions, and by changing the factorization, renormaliza-
tion, and matching scales. The choice of the generator is
made case-by-case and is analysis dependent: RPC strong
production searches with a large number of jets generally use
multi-parton generators, whereas EW production searches
preferably use next-to-leading order generators.

3.4 Limit extraction

After all cuts have been applied, the number of data events n
is counted in the signal region (‘cut-and-count’ method). It is
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compared to the expected number of SM events to enter the
signal region. For that, a likelihood function for observing nB

background events in the signal region is constructed as the
product of Poisson probability distributions for event counts
in the signal region and each of the main control regions, and
of constraints for systematic uncertainties on the expected
yields, called nuisance parameters.4 The Poisson probability
density functions also include free parameters, for example to
scale the expected contributions from the major backgrounds.
The free parameters and nuisance parameters are adjusted to
maximize the likelihood function. The result of the likelihood
fit includes therefore a set of estimates and uncertainties for
the background in the SR5. The significance of an excess is
the probability that a background-only experiment is more
signal-like than observed and is computed following the CLs
prescription [55].

If no excess is observed, limits at 95 % confidence level
(CL) are set. Note that to obtain more constraining limits,
some analyses make use of the discriminant variable shape.
For each public result, efficiency maps are provided to allow
theorists to test their own models. Following an ATLAS–
CMS agreement, the numbers quoted for exclusion refer to
the observed limit minus one standard deviation.

3.5 SUSY models for interpretation

The sensitivity of the SUSY searches are estimated by three
complementary approaches, given that it is not possible to
cover the entire parameter phase space.

First, constrained SUSY models, where boundary condi-
tions at a high energy scale reduce the number of param-
eters to a few making it realistic to scan systematically,
are tested. Benchmark models are MSUGRA/CMSSM [56–
60], minimal GMSB [61] and AMSB [62,63] models. Each
model corresponds to a particular SUSY breaking messen-
ger: gravity for the former and the latter and gauge bosons
for GMSB. Similarly the LSP is generally the bino-like χ̃0

1
for MSUGRA/CMSSM, the wino-like χ̃0

1 for AMSB, and
always the gravitino for GMSB.

Second, we have topological or simplified models [64–
66] where only a few SUSY particles are involved, while
the masses of all other SUSY particles are set to multi-
TeV values, out of range at the LHC. The cascade decay
of the remaining particles to the LSP, typically with zero or
one intermediate step, is only characterized by the particle
masses. These models are particularly suited for direct spar-
ticle production.

4 Nuisance parameters are modeled by a Gaussian probability density
function with a width given by the size of the uncertainty.
5 The procedure is checked by building ‘validation regions’ in between
the control and the signal and comparing with data.

Finally, results can also be interpreted in phenomenolog-
ical MSSM (pMSSM) [67] models where the number of
MSSM parameters is reduced to 19 by assuming the absence
of new sources of flavor changing neutral currents and CP
violation and universality of the first and second generation.
By sampling a limited number of pMSSM parameters, the
sensitivity of the searches to more ‘realistic’ configurations of
SUSY particle masses and branching ratios can be assessed.

4 Gluino and first/second generation of squarks

In the MSSM, TeV-scale squarks and gluinos produced in pp
collisions will decay promptly in long decay chains contain-
ing mainly quark and gluon jets and the LSP. SUSY events are
therefore characterized by multiple energetic jets as well as
transverse missing energy (Emiss

T ) originating from the unde-
tected LSP energies; see Fig. 5. Depending on the sparticle
present (or not) in between the squarks/gluinos and the LSP,
charged lepton(s) and/or photons could also appear in the cas-
cade. This section summarizes the present status of searches
for gluinos and first/second-generation squarks when the χ̃0

1
is the LSP (Sect. 4.1) and when the gravitino is the LSP
(Sect. 4.2).

4.1 SUSY models with χ̃0
1 as LSP

To improve the sensitivity to these models, searches are
usually divided in lepton-veto (Sect. 4.1.1) and leptonic
(Sect. 4.1.2) searches. The former target more inclusive or
generic scenarios, while the latter are generally more optimal
for specific models. In both cases, requiring that some jets
are originating from a b quark can increase the sensitivity
(Sect. 4.1.3). A summary is given in Sect. 4.1.4.

4.1.1 Lepton-veto searches

The preferred gluino (squark) decay modes are g̃ → q̃q
(̃q→ qχ̃0

1 , q̃g), which generate signatures with two to ≥10
jets. Low jet multiplicities probe squark–squark (two jets or
more), squark–gluino (three jets or more) or gluino–gluino
(four jets or more) production. Additional jets compared to
the tree level processes originate from initial- and final-state
radiation jets (ISR/FSR) or from the presence of a top quark
in the decay chain. In the last case, an increase of sensitivity is
possible by requiring the presence of one or several b-tagged
jets (see Sect. 4.1.3 for more details).

Several optimizations are possible, depending on the dis-
criminating variables chosen, and this section only discusses
the already published results based on rectangular cuts on
Emiss

T and HT [68], Hmiss
T and HT [69] on one side and
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Fig. 11 Example of a discriminating variable: the Emiss
T significance

from [70]

Emiss
T significance [70] on the other side. As an example

Fig. 11 shows the Emiss
T significance distribution. The SM

background, composed of W + jets, Z(→ νν) + jets, tt and
QCD multi-jets, peaks at low Emiss

T significance value. A typ-
ical SUSY signal, where gluinos of mass 900 GeV are pair
produced and decay each to a tt pair and a LSP of mass of
150 GeV, leads to much higher values. The signal region is
defined as Emiss

T /
√

HT > 4 GeV1/2.
In all lepton-veto analyses, the challenge is to properly

estimate backgrounds that are poorly modeled by Monte
Carlo simulations: the QCD multi-jet background is obtained
with a jet smearing method or a template method for the
Emiss

T significance search. Z(→ νν) + jets estimate relies
on a close-by Standard Model process like γ + jets or
Z(→ μμ) + jets samples. W + jets and tt are estimated
by designing control regions close to the signal regions—
requiring one lepton for example. Note that other searches
with meff or Razor as discriminating variables will become
available soon. Searches with αT are only available for half
the luminosity of the 2012 data [71]. All these analyses are
generally more powerful than [68–70] but will not change
the overall picture given in the rest of this section.

All these searches are particularly efficient for open spec-
tra where the mass difference between the LSP and the
gluino/squark is large (ΔM > O(500)GeV), providing high-
energetic jets. This is for example the case in the constrained
SUSY model MSUGRA/CMSSM where the two most rele-
vant parameters, the universal scalar and fermion masses at
Grand Unified Theory (GUT) scale, m0 and m1/2, are var-

Fig. 12 Typical exclusion limit at 95 % CL from the lepton-veto inclu-
sive search in the MSUGRA/CMSSM scenario [70]

ied to construct a grid of points.6 Figure 12 shows the lim-
its obtained with the Emiss

T significance search. Squark and
gluino masses at the EW scale are proportional to the m0 and
m1/2 parameters and shown by the isolines, which indicate
that gluino and degenerate squark masses below 1.2 TeV are
excluded. For equal degenerate squark and gluino masses a
limit of 1.3 TeV is reached.

Another way to represent the power of the lepton-veto
searches is to use simplified models where g̃→ qqχ̃0

1 decays
are enforced. Here again a limit of 1.2 TeV on the gluino
mass is obtained (for massless LSPs); see Fig. 13. How-
ever, for more compressed spectra the limits degrade and
LSP masses cannot be excluded beyond 500 GeV. A simi-
lar situation occurs when considering mass-degenerate light
flavor squarks forced to decay as q̃ → qχ̃0

1 ; see Fig. 14.
Compared to the gluino situation, the limits are degraded to
800 GeV for squark masses (again in the case of massless
LSPs), and LSP masses cannot be excluded beyond 300 GeV.
These limits are reduced to 400 and 100 GeV, respectively,
when only one light squark is considered.

Overall these results represent an increase of about
one order of magnitude compared to the previous limits
from Tevatron and LEP. From the lepton-veto analyses, the
strongest limits are obtained for the gluino in open SUSY
spectra, and they exclude a large part of the favored region
from naturalness (cf. Fig. 3).

6 The other fixed parameters (tan β, A0, and the sign of μ) are chosen
to accommodate a 126 GeV Higgs mass.
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Fig. 13 Exclusion limits at 95 % CL on the gluino–gluino production
in the gluino–LSP mass plane [68]. The gluino always decays as g̃→
qqχ̃0

1 and all other SUSY particles are decoupled
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Fig. 14 Exclusion limits at 95 % CL on the squark–squark production
in the squark–LSP mass plane [68]. The squark always decays as q̃→
qχ̃0

1 and all other SUSY particles are decoupled

4.1.2 Leptonic searches

Requiring one or two isolated leptons (electron orμ) on top of
multi-jets and Emiss

T allows to probe other regions of parame-
ter space, and especially more compressed mass spectra. The
lepton generally comes from W leptonic decays originating
from chargino, top or from slepton decay. Experimental chal-
lenges drastically change: lepton triggers can be exploited
and requirements on jet kinematics can be reduced. Lower-
ing cuts on Emiss

T and HT is possible since the multi-jet QCD
background is naturally suppressed by the presence of iso-

lated lepton(s). Very soft leptons (in the 6–25 GeV range) are
also considered to probe the compressed gluino–chargino–
LSP case [72]. Finally, other variables exist like the trans-
verse mass mT, which efficiently reduces tt and W + jets back-
grounds by requiring mT > mW, as discussed in Sect. 3.2.
This allows one to compensate the loss due to the leptonic
branching ratio(s) when comparing with lepton-veto analy-
ses. While this works well for single-lepton analyses to be
competitive with lepton-veto analyses, this is generally not
sufficient when two leptons are considered.7 In that case, it
is more advantageous to consider two leptons of same-sign
since this signature is almost not produced by SM processes
and appears naturally in many SUSY decays. The two rea-
sons are: (i) gluinos are Majorana particles and produced in
pairs, therefore if leptons are present in each leg they have
50 % probability to be of same-sign, (ii) multi-W final states
occur frequently through top and chargino decays and lep-
tonic W decay will ensure the presence of two same-sign
leptons in most cases. For a same-sign dilepton analysis, the
main background is caused by the rare ttX (X = h0,Z,W)
SM processes, fake leptons and mis-measured lepton charge
because of the process l → lγ → lll where l inherits most
of the energy of the original lepton.

4.1.3 Multi b-tagged jet searches

As for leptons, identifying b-tagged jets in the multi-jet final
states can be a precious help, especially together with lep-
tons. This is particularly true for the decay g̃→ t̃t→ ttχ̃0

1 ,
favored by the natural mass spectrum. This will provide four
tops + Emiss

T final states. Several dedicated analyses have
been designed to reach this striking final state and obtain
extra sensitivity compared to lepton-veto analyses described
in Sect. 4.1. Reducing the dominant tt → W+W−bb back-
ground is possible when considering (i) a single isolated lep-
ton and at least five jets, two or three of which are identified as
b-tagged jets [73], (ii) two same-sign leptons with one, two or
three b-tagged jets [74].8 The best sensitivity is obtained by
the former, which can exclude gluino masses up to 1.3 TeV
for LSP masses below 600 GeV, assuming a 100 % branch-
ing ratio for the decay g̃ → t̃t → ttχ̃0

1 χ̃
0
1 . The same-sign

dilepton analysis allows one to probe the compressed spec-
tra part when one top is off-shell. The relative strengths of the
different analyses for this model can be judged from Fig. 15.
Similar results are obtained for g̃→ b̃bL→ bbχ̃0

1 χ̃
0
1 .

7 This final state could be very useful to determine SUSY parameters
but is generally not for discovery.
8 The case of three b-tagged jets without a lepton is also considered but
no public results exist yet at

√
s = 8 TeV.
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4.1.4 Summary

Ultimate limits from the first LHC run on gluino and squark
masses when the χ̃0

1 is the LSP will be obtained by com-
bining all lepton-veto and leptonic analyses—many results
are still to come. However, it is already fair to say that the
most important constraint from the LHC experiments is the
exclusion of the gluino mass below 1 TeV for open spectra.
This fairly generic limit excludes a great part of the favored
region from naturalness (cf. Fig. 3). Since the gluino mass is
governed by only one parameter (M3) and enters in the top
squark and EWKino masses through loop corrections, this
has the general effect to pull up the whole natural spectrum
[75]. Compressed spectra are still poorly explored, but more
work is still going on to exploit monojet-like final states pro-
vided by ISR/FSR. Extra sensitivity will also be brought by
analyses based on reduced lepton and jet thresholds—this is
possible when the peak luminosity decreases at the end of a
LHC run. Another important information is coming from the
LSP mass constraint which can reach up to 600 GeV in lep-
tonic analyses, though it is less generic than the gluino limit.
Finally, squark-mass constraints are more model-dependent
and single squark-mass limits are at most of the order of
500 GeV.

4.2 SUSY models with G̃ as LSP

SUSY scenarios where the gravitino is the LSP generate a
variety of final states driven by the NLSP-gravitino coupling.

While some of these final states are common with Sect. 4.1,
when the NLSP is the gluino or a squark, some need the
development of new dedicated analyses, when NLSP is a
slepton, chargino or neutralino. The most natural solution is
χ̃0

1 as the NLSP, leading to final states with extra γ , Z or h0,
depending on the SUSY parameters.

Among all possible final states, the ones containing pho-
tons, jets and Emiss

T from the gluino/squark cascade could
have escaped searches described in Sect. 4.1. In this case,
the most dangerous background is caused by multi-jet or
γ + jets events when the jet is mimicking a photon. This
background type can be drastically reduced with a good pho-
ton/jet rejection—measured to be O(104) in the H → γ γ

channel—and by requiring a high value for Emiss
T . The other

type of background are SM electroweak processes, especially
W(→ eνe)γ , where the electron is reconstructed as a photon
and true Emiss

T is caused by the neutrino. In both cases, data-
driven methods are used for the background estimate. As an
example, the distribution of Emiss

T , the main discriminating
variable for the γ γ searches is shown in Fig. 16. A high
sensitivity is observed for the SUSY signal at high Emiss

T .
Assuming a bino-like χ̃0

1 NLSP, Fig. 17 shows that it is pos-
sible to exclude gluino masses below 1 TeV regardless of the
NLSP mass [76].

When the χ̃0
1 is higgsino-like, the preferred solution from

naturalness arguments, χ̃0
1 → h0(→ bb)G̃ final states is

expected. No analysis presently attempts to search for a 4b+
Emiss

T final state. However, assuming that χ̃0
1 is also partly

bino-like, the signature will be γ + b + Emiss
T and this has

been searched for. A second photon and a lepton veto are
applied to remain orthogonal with other searches and remove
final states with leptonic W decays [78]. In this case also the
gluino mass limit reaches values around 1 TeV, as shown in
Fig. 18.
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Fig. 17 Exclusion limits at 95 % CL on the gluino–gluino production
in the gluino–LSP mass plane from the diphoton + Emiss

T analysis [76].
The simplified model assumes a bino-like NLSP and a gravitino LSP.
The other sparticle masses are assumed to be decoupled

Fig. 18 Exclusion limits at 95 % CL on the gluino–gluino production
in the gluino–LSP mass plane from the γ + b + Emiss

T analysis [78].
The simplified model assumes a higgsino-like NLSP. The other sparticle
masses are assumed to be decoupled

All other NLSP cases are generally already well covered
by the searches discussed in Sect. 4.1 [12]. However, it is
possible to gain a bit in sensitivity by searching for one or
two τ + jets+ Emiss

T final states [79,80], especially when τ̃
is the NLSP or co-NLSP with other sleptons. In this case, it
is possible to combine with a 2-lepton + jets + Emiss

T search
[72] and even a 3-lepton + jets + Emiss

T search [81]. In all
cases, the gluino mass limit is always above 1 TeV.

As for models with the χ̃0
1 as LSP, SUSY scenarios where

the G̃ is the LSP provide strong constraints on sparticle
masses and particularly on the gluino mass which is gen-
erally excluded below 1 TeV whatever the NLSP nature and
mass are. Less stringent limits are obtained for squarks. It
is worth to note that these conclusions are based on 7 TeV
results—presently only one 8 TeV result is available.

5 Third generation of squarks

As already discussed in Sect. 2, naturalness predicts light
third-generations squarks. Another motivation for the third-
generation squarks to be the lightest colored sparticles is that
the squark mass eigenstates (̃q1, q̃2) depend on orthogonal
combinations of the gauge eigenstates (̃qR, q̃L), e.g. for the
lighter squark given by q̃1 = q̃L cos(Θq̃)+ q̃R sin(Θq̃). The
off-diagonal elements of the mass matrixΘq̃ are proportional
to the mass of the SM partner particle, the Higgs-related
parameters μ and tan β. Therefore, the mass of the t̃1, pre-
dominantly t̃R, can be small due to the large top quark mass,
and the b̃1 mass is expected to be light for large tan β. For
small tan β the b̃L is still expected to be small due to the
effects of the large top Yukawa coupling, as it is part of the
doublet containing t̃L.

The following two sections review the status of the
searches for models with χ̃0

1 being the LSP (Sect. 5.1), and
the G̃ being the LSP (Sect. 5.2).

5.1 SUSY models with χ̃0
1 as LSP

If the third-generation squarks are lighter than gluinos, they
are likely to appear in gluino decay chains. But if the gluino
masses are too heavy to be produced at the LHC energy,
searches for direct third-generation squark pair production
might be the only way to observe them, even though these
branching ratios are more than one order of magnitude lower
than those for gluino–gluino production (see Fig. 4).

For top squarks, the possible decays and therewith con-
nected search strategies depend on the masses of the acces-
sible particles. Assuming that the t̃1, the χ̃±1 and the χ̃0

1 are
the only accessible SUSY particles, the possible decays in
the m t̃1

− mχ̃0
1

parameter plane are displayed in Fig. 19.

Fig. 19 Overview of the possible top squark decays depending on the
mass of the t̃1 and the χ̃0

1
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The most obvious decay chain is given for m t̃1
> mt +

mχ̃0
1
: here the top squark will decay either likẽ t→ tχ̃0

1 or̃ t→
bχ̃±1 , where χ̃±1 → W±χ̃0

1 , with cross sections depending
on the χ̃±1 mass. In both cases this gives two W bosons,
resulting in a large probability to have (at least) one electron
or muon in the final state. Hence, the searches requiring zero
or one lepton in the final state are the strongest. Zero-lepton
searches are expected to have a slightly higher reach in the
t̃1 mass for low χ̃0

1 masses, while one-lepton analyses tend
to reach closer to the diagonal line at m t̃1

− mχ̃0
1
= mt . The

region around this line is very difficult to cover with current
searches, as the kinematics of the decay are similar to the
SM top decay kinematics. An option to test this parameter
space exists for cases where the t̃2 is not too heavy either.
A decay chain to search for would be t̃2 → Z̃t1. Requiring
same-flavor dileptons from the Z boson decay in addition
to a lepton from the t̃1 → tχ̃0

1 decay provide a powerful
background rejection [82].

When the t̃1 is lighter than the top, in the region defined by
mb+mW+mχ̃0

1
< m t̃1

< mt+mχ̃0
1

the top squark will decay

as t̃→ bχ̃±1 , with the subsequent decay χ̃±1 →W±χ̃0
1 . This

can best be tested with an analysis requiring two leptons and
two b-tagged jets, which also has sensitivity to the three-body
decay t̃ → bW±χ̃0

1 , which becomes important for high χ̃±1
masses. Also a one-lepton search has sensitivity in this area,
as shown below.

For m t̃1
< mb+mW+mχ̃0

1
, the t̃1 is expected to decay to

cχ̃0
1 . This case is best tested with a monojet analysis, which

can contain a charm-tag as well, which is not yet published.
The results of top squark searches are discussed in Sect. 5.1.1.

Searches for the decay of the bottom squark via b̃1 →
bχ̃0

1 , are usually performed in zero-lepton analyses requiring
two b-tagged jets, as no prompt leptons are expected from
b decays. If m

b̃1
> mt + mχ̃0

1
, the decay b̃1 → tχ̃−1 , with

χ̃−1 →W−χ̃0
1 , is open as well, and searches with lepton sig-

natures are again advisable, e.g. a same-sign dilepton search
is well suited due to the low SM background in this channel.
For b̃ decays to a bottom quark and χ̃0

2 , the χ̃0
2 can decay

with a certain probability to a Z or Higgs boson and χ̃0
1 . The

additional boson could be tagged to further reduce the back-
ground. The results of bottom squark searches are discussed
in Sect. 5.1.2.

5.1.1 Search for direct top squark production

The first search [83] discussed here is focused on the direct
production of two top squarks, with two possible decay
modes of the top squark: t̃ → tχ̃0

1 and t̃ → bχ̃±1 , with
χ̃±1 → W±χ̃0

1 , for which a one-lepton final state is a favor-
able final state.

Fig. 20 Exclusion limits at 95 % CL on the top squark pair production
in the top squark–LSP mass plane for a simplified model assuming
t̃→ tχ̃0

1 [83]. All other sparticles are decoupled

The dominant tt background, where both W bosons decay
leptonically, is reduced by the quantity mW

T2, which is defined
as the minimum mother particle mass compatible with all
transverse momenta and mass-shell constraints [84]. This
variable is similar to the mT2 variable (cf. Sect. 3.2). mW

T2
has by construction an end-point at the top-quark mass in the
case of a dileptonic top-quark decay, where one lepton is not
identified or lies outside the acceptance of the analysis. In
the search for the decay t̃→ tχ̃0

1 , the dilepton tt background
is further suppressed by requiring that three of the jets in the
event are consistent with the t→ bW→ bqq decay chain.

The exclusion limits are shown in Fig. 20 for the simplified
model describing t̃→ tχ̃0

1 . Here the top is unpolarized, and
a maximum limit of 620 GeV for the top squark mass and of
225 GeV for the χ̃0

1 mass can be set. In the case of 100 %
right-handed tops one would expect leptons with larger pT

leading to a larger acceptance, and hence to an extension
of the limit at high masses by 25–50 GeV. Accordingly, a
100 % left-handed top would reduce the limit by the same
amount. Also, one has to take into account that the simplified
model assumes a probably too optimistic branching fraction
of 100 %. If the branching fraction would be reduced to 60 %
with no possibility to detect other decay chains, the excluded
limit would drop to m t̃ < 500 GeV and mχ̃0

1
< 125 GeV.

Effects of similar size are also observed for the simplified
model describing t̃ → bχ̃±1 , with χ̃±1 → W±χ̃0

1 . Figure 21
shows this model for the unpolarized chargino, left–right
symmetric Wχ̃0

1 χ̃
±
1 coupling, and the mass parameter of the

χ̃±1 set to mχ̃±1
= xm t̃ + (1 − x)mχ̃0

1
with x = 0.5. For

a larger mass parameter (with x = 0.75) the excluded top
squark and χ̃0

1 mass is shifted up by about 25–50 GeV, while
for a lower mass parameter (x = 0.25) the limit becomes
slightly weaker. For right-handed charginos and right-handed
Wχ̃0

1 χ̃
±
1 couplings the limit is up to 50 GeV stronger, while it

is weaker for other combinations of polarizations of chargino
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Fig. 21 Exclusion limits at 95 % CL on the top squark pair production
in the top squark–LSP mass plane for a simplified model assuming
t̃→ bχ̃±1 , with χ̃±1 →W±χ̃0

1 . The χ̃±1 mass parameter is x = 0.5 (see
text) [83]. All other sparticles are decoupled

and Wχ̃0
1 χ̃
±
1 couplings. Searches for top squarks can also be

performed in 2-lepton final states [85], and lead to slightly
less stringent results, which are compatible with the 1-lepton
search results.

In summary, top squarks around 600 GeV can be excluded
for χ̃0

1 masses lower than 200 GeV, assuming that χ̃±1 and χ̃0
1

are the only lighter SUSY particles, in which case the branch-
ing fractions for the investigated decays are large. This result
excludes for the first time a large part of the phase space
allowed by naturalness. Here it should be mentioned that
the limit is not so strong for models with rich EWKino and
slepton spectra with masses below the top squark mass. In
such models many more decay chains may open up, lead-
ing partly to very soft objects in the final state and there-
fore deteriorating the acceptance and hence the achievable
limit.

5.1.2 Search for direct bottom squark production

Assuming b̃1 → bχ̃0
1 , direct bottom squark production are

searched for by requiring a lepton-veto, two b-tagged jets
and a moderate amount of missing energy due to the LSPs
(Emiss

T > 150 GeV) [86]. Further discriminating variables are
the minimum angle Δφ between the Emiss

T vector and either
of the three highest-pT jets, which is expected to be larger
for signal than for background from multi-jet events, and a
requirement on the contransverse mass mCT (cf. Sect. 3.2),
which is displayed in Fig. 22.

Figure 23 shows the exclusion limit for direct bottom
squark pair production. Bottom squark masses up to 620 GeV
and χ̃0

1 masses up to 260 GeV are excluded at 95 % CL. Up
to bottom squark masses of 300 GeV, mass differences of at
least 50 GeV between b̃ and χ̃0

1 can be excluded. Again, these
limits correspond to a branching fraction of 100 %. If a lower

Fig. 22 The mCT distribution with all selection criteria applied except
for the mCT thresholds [86]

Fig. 23 Exclusion limits at 95 % CL on the bottom squark pair pro-
duction in the bottom squark–LSP mass plane for a simplified model
assuming b̃→ bχ̃0

1 [86]. All other sparticles are decoupled

branching fraction of 60 % and no possibility to detect other
decay chains are assumed, the limit drops to m b̃ < 520 GeV
and mχ̃0

1
< 150 GeV. Note that this search is also sensitive to

the direct production of top squarks with subsequent decay to
t̃→ bχ̃±1 , with χ̃±1 →W±χ̃0

1 . The sensitivity of this search
is comparable to the one-lepton search discussed above for
small chargino–neutralino mass differences of a few GeV,
where the leptons are too soft to be detected.

The results of the same-sign dilepton search [74], dis-
cussed in Sect. 4.1.2, can also be interpreted in terms of
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a direct bottom squark search, where the bottom squarks
are pair-produced and then each decay as b̃ → tχ̃−1 , with
χ̃−1 → W−χ̃0

1 (and charge conjugate, respectively). Here,
same-sign dileptons can originate from leptonic top-quark
and W-boson decays. Bottom squark masses below 500 GeV
can be excluded for chargino masses up to 350 GeV and neu-
tralino masses up to 150 GeV, if mχ̃0

1
/mχ̃±1

= 0.5. Slightly
higher neutralino masses, up to 180 GeV can be excluded for
mχ̃0

1
/mχ̃±1

= 0.8.
In summary, directly produced bottom squark have been

searched for the first time in the region predicted by natural-
ness. Bottom squark masses below 600 GeV up to χ̃0

1 masses
of 250 GeV can be excluded assuming large branching frac-
tions to the examined final states.

5.2 SUSY models with G̃ as LSP

GMSB models where only thẽ tR and the higgsinos are acces-
sible [87] provide a perfect example of a natural scenario. The
lightest chargino and the two lighter neutralinos are almost
pure higgsinos and therefore nearly mass degenerate, which
corresponds to scenario (c) of Fig. 2. The following decay is
therefore considered: t̃R → χ̃+1 b → f f ′χ̃0

1 b → f f ′h0(→
γ γ, bb)G̃b where f and f′ are low-energetic quarks or lep-
tons. SM background events are suppressed by requiring the
invariant mass of two photons to be within the Higgs mass
window, exploiting the sidebands for the background estima-
tion. In addition, two b-tagged jets are required, originating
from the top squark decay. As shown in Fig. 24, top squark
masses below 360 to 410 GeV are excluded, depending on
the higgsino mass. Note that the direct χ̃+1 χ̃

−
1 production

channel can have a similar final state when b-tagged jets are
coming from one of the h0. Considering this decay therefore
increases the sensitivity for low χ̃0

1 mass and top squark mass
above 300 GeV, where the χ̃+1 χ̃

−
1 production cross section

dominates over direct top squark production.
For the top squark decay considered, other final states

can occur as well. First the two Higgs bosons could decay
as h0 → ZZ → llll instead of γ γ /bb. Second the lightest
neutralino could also decay as χ̃0

1 → Z(→ ll)G̃ giving Zh0

or even ZZ final states. In all of these cases, the multi-lepton
analysis [81], described in Sect. 4.2, is particularly sensitive.
Models with a branching ratio of 100 % for χ̃0

1 → ZG̃ and a
branching ratio of 50 % for each χ̃0

1 decay are considered. As
shown in Fig. 25, for a branching ratio of 100 % to Z bosons
and G̃, top squark masses below 510 GeV can be excluded
for χ̃±1 masses of up to 450 GeV. The limits for the other two
cases are weaker.

In summary, the mass reach of GMSB top squark searches
is about 200 GeV weaker than for models with χ̃0

1 as LSP.
No dedicated bottom squark search in the GMSB model is
published yet, but a similar limit should be obtained since the

Fig. 24 Exclusion limits at 95 % CL on the top squark pair production
in the top squark–LSP mass plane for a simplified model assuming
t̃R → χ̃+1 b. Further assumptions are that χ̃+1 is higgsino-like, χ̃0

1 is the
NLSP decaying as χ̃0

1 → h0G̃ and G̃ is the LSP [87]
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Fig. 25 Exclusion limits at 95 % CL on the top squark pair production
in the top squark–LSP mass plane for a simplified model assuming
t̃ → χ̃+1 b. Further assumptions are that χ̃+1 is higgsino-like, χ̃0

1 is the
NLSP decaying as χ̃0

1 → ZG̃ and G̃ is the LSP [81]

final-state b̃1 → χ̃0
1 b is very similar to that of the top squark

(̃t1 → χ̃+1 b → f f ′χ̃0
1 ) when the low-energetic fermions f

and f′ are not reconstructed.

6 Electroweak SUSY sector

In natural SUSY, many weakly interacting particles are
expected to be close to the EW scale. Searches for neutral
and charged Higgses with positive R-parity are presented
in Sect. 6.1. Searches for partners of the Higgses and elec-
troweak gauge bosons, called electroweakinos (EWKinos),
are discussed in Sect. 6.2. Finally, the limits on the sleptons
are discussed in Sect. 6.3.
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6.1 SUSY Higgses

As already mentioned in Sect. 2, the Higgs boson discovered
is assumed to be the lightest neutral Higgs of the MSSM (h0).
It is worth to note that a value of 126 GeV is close to the upper
mass bound possible for h0 in MSSM and requires O(1 TeV)
top squark mass or a fine-tuned value of top squark mixing.
This creates a tension with the natural SUSY spectrum where
the top squark mass should be 600 GeV maximum. Results
of searches are extensively discussed in [9] of this review.
This section therefore proposes only a short summary.

Extra neutral and charged Higgses, which preferentially
couple to the most massive down-type fermions, are actively
searched. At tree level, their masses only depend on tan β
and mA0 .9 At LHC, neutral Higgses are produced singly or
accompanied by b-jet(s) and decay via τ+τ−, bb and more
marginally μ+μ− final states. Charged Higgses with lower
masses than the top quark will predominantly appear in the
top decay via t→ bH±. When charged Higgses have higher
masses than the top quark, they will be produced in associa-
tion with top and bottom quarks. In both cases, they mainly
decay via H± → τ±ν. Results from searches favor neutral
and charged SUSY Higgses with masses higher than h0, even
if no model-independent limits exist yet.

It is worth to mention that more intricate searches are also
investigated. For example, searches for a topology in which a
H0 decays via a cascade of lighter charged and neutral Higgs
bosons10 have been performed by ATLAS [88].

6.2 EWKinos

As discussed in Sect. 2, neutralino and chargino masses are
obtained by mixing gauge eigenstates. The sensitivity to the
three typical scenarios shown in Fig. 2 and corresponding
to (a) bino-like, (b) wino-like, and (c) higgsino-like χ̃0

1 are
now reviewed both for χ̃0

1 (Sect. 6.2.1) and the gravitino
(Sect. 6.2.2) being the LSP.

6.2.1 SUSY models with χ̃0
1 as LSP

At LHC, most efforts concentrate on processes involving the
two lightest neutralinos (χ̃0

1 , χ̃0
2 ) and the lightest chargino

(χ̃±1 ). Assuming that the EWKinos are the lightest sparticles
of the spectrum (Fig. 3), the main production occurs via the
s-channel exchange of a virtual gauge boson. EWKinos then
naturally decay as χ̃0

2 → Z/h0(∗)χ̃0
1 and χ̃±1 → W(∗)χ̃0

1 .
Given the low values of cross sections compared to SM back-
grounds, searches are conducted most of the times for lep-

9 For charged Higgses m2
H± = m2

A + m2
W at tree level. Other SUSY

parameters enter via radiative corrections and are fixed to particular
benchmark values, chosen to exhibit certain MSSM features.
10 H0 →W∓H± →W∓W±h0 →W∓W±bb.

Fig. 26 Exclusion limits at 95 % CL on the χ̃±1 χ̃0
2 production in the

χ̃±1 -LSP mass plane [76] for a simplified model assuming χ̃±1 and χ̃0
2 are

mass degenerate and decay via χ̃±1 → W±(∗)χ̃0
1 and χ̃0

2 → Z0(∗)χ̃0
1 .

All other SUSY particles are decoupled

tonic decays of Z and W, giving 1–4 leptons + Emiss
T final

states. Note that an excess in these channels could well be
the only SUSY signal at LHC if colored sparticles are too
heavy or decay through intricate chains.

At LHC, scenario (a) with bino-like χ̃0
1 and wino-

dominated χ̃0
2 and χ̃±1 is the most favorable scenario, espe-

cially when the mass difference between χ̃0
2 and χ̃±1 and

the LSP allows for on-shell Z, h0, and W. The highest cross
section is coming from χ̃±1 χ̃0

2 production, covered by a 3-
lepton + Emiss

T search. Most sensitive signal regions require
the three leptons to be electrons or muons (the leading one
should have pT > 25 GeV) and the invariant mass of the
two same-flavor opposite-sign leptons (mSFOS) to be close
to the Z-boson mass. Further discrimination is obtained by
selecting ranges of Emiss

T and mT (formed with Emiss
T and the

lepton not forming the SFOS lepton pair). The search sensi-
tivity is driven by the ability to reduce and control the WZ
background. Assuming mass degeneracy between χ̃±1 and
χ̃0

2 , stringent limits are obtained on EWKinos: mχ̃0
2 ,χ̃
±
1
<

340 GeV for LSP masses lower than 70 GeV are excluded
[89].11 Recent efforts were made to cover the case where
Z and/or W are not on-shell and where h0 is present in the
decay. This is done by considering bins of mSFOS outside the
Z-mass and requiring the presence of tau-lepton(s). In this
case the reducible background coming from jets or photons
faking leptons is also of importance and could dominate over
WZ, altering the sensitivity to this more compressed EWKino

11 Note that with no mass degeneracy these upper bounds can be sig-
nificantly lower.
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mass spectrum. However, together with the increase in lumi-
nosity and

√
s, this provides considerable improvement over

7 TeV results, even if the compressed scenario case still has
poor sensitivity.

The 3-lepton + Emiss
T final state is less favorable for sce-

nario (a) where M1 � μ < M2, since the χ̃±1 χ̃0
2 production

cross section is divided by 3 due to the lower coupling of
the higgsino to SM gauge bosons. Similarly scenario (b) suf-
fers from the too large χ̃±1 –χ̃0

2 mass difference. Finally, no
sensitivity is expected from scenario (c) because of the close-
ness of χ̃±1 , χ̃0

2 , and χ̃0
1 , resulting in too soft objects in the

final state. To partially recover the sensitivity, other chan-
nels with 2-lepton + Emiss

T final state targeting the search for
χ̃+1 χ̃

−
1 → W+(→ l+ν)W−(→ l−ν)χ̃0

1 χ̃
0
1 and χ̃+1 χ̃0

2 →
W+(→ qq′)Z0(→ l−l+)χ̃0

1 χ̃
0
1 are being developed [76]. In

scenario (a) for massless χ̃0
1 , the former excludes chargino

masses in the range 100 < mχ̃±1
< 160 GeV while the lat-

ter extends further the χ̃±1 /χ̃0
2 mass limit to 410 GeV; see

Fig. 26. Other modes like χ̃+1 χ̃0
1 → W+(→ l+ν)χ̃0

1 χ̃
0
1 and

χ̃0
2 χ̃

0
1 → Z0(→ l+l−)χ̃0

1 χ̃
0
1 are not yet explored due to the

very low cross section and overwhelming inclusive W and
Z cross section. Finally, even in the most favorable scenario
(a), χ̃0

1 χ̃
0
1 and χ̃0

2 χ̃
0
2 productions are heavily suppressed at

production level—O(1 fb) for 100 GeV χ̃ mass—and cannot
be searched for at LHC even in dedicated monojet analyses
[90,91].

6.2.2 SUSY models with G̃ as LSP

As for the strong production, new final states and search
possibilities can emerge when the gravitino is the LSP. In
scenario (a), the final state will contain two additional pho-
tons, reducing drastically the background from gauge bosons
and therefore increasing the reach in mass. Reinterpreting the
two 2-photons + Emiss

T analysis described in Sect. 4.2, and
considering χ̃±1 χ̃0

1 production which have the highest cross
section, exclude mχ̃±1

< 500 GeV independently of the χ̃0
1

mass [77]. Similarly scenario (b) implies χ̃±1 → W+G̃ and
χ̃0

1 → γ /ZG̃ and it could be searched for in the 1-lepton + 1-
photon channel, but no publication exists yet. Finally, sce-
nario (c) is accessible thanks to the decay χ̃0

1 → γ /Z/h0G̃
where the branching ratios to γ , Z, and h0 depend primarily
on tan β and on the mass difference between χ̃0

1 and G̃. In
the case of Z-rich higgsino (low tan β value and positive μ),
final states with 4-leptons + Emiss

T or 2-leptons + 2-jets will
provide interesting sensitivity, as shown in Fig. 27 for the
2011 LHC data [92]. Mixed Z/h0 (higher tan β value) sce-
narios can be covered by 2-leptons + 2b + Emiss

T final states.
h0-rich higgsino scenarios (low tan β value and negative μ)
can be covered by 4b + Emiss

T .
More complicated situations can occur beyond the three

scenarios discussed in Fig. 2. For example, if M1 and μ are
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Fig. 27 Exclusion limits at 95 % CL on the production cross section
of higgsino-like EWKinos χ̃0

1 , χ̃0
2 ,χ̃±1 . The decay of the NLSP χ̃0

1 →
Z0(∗)G̃ is forced and all other SUSY particles are decoupled [92]

approximately equal and the NLSP is a bino/higgsino admix-
ture, large branching ratios to photons and Higgs bosons are
generated. The 1b + photon + Emiss

T final state, described in
Sect. 4.2, can exclude χ̃0

1 masses between 200 and 400 GeV,
see Fig. 18.

In conclusion, EWKino searches provide presently much
weaker constraints on the natural SUSY scenario than the
strong production searches. Limits are still model-dependent
and rely on many assumptions. More results are still expected
in the near future, and ultimately the limits should be set in
the pMSSM to understand better how complete the current
searches are. Given that, it is fair to say that a complete explo-
ration of this sector is still to come and will greatly benefit
from the high luminosity program of LHC.

6.3 Sleptons

Sleptons (̃e, μ̃, τ̃ , and ν̃) are governed by five parameters:
masses of the left-handed and right-handed ẽ/μ̃, which are
assumed to be mass degenerate in the MSSM, masses of
the left-handed and right-handed staus and the stau mix-
ing angle. ν̃ masses can be related to the charged slep-
ton parameters. From naturalness arguments O(1 TeV) slep-
ton masses are expected: the very low slepton production
cross section, see Fig. 4, will therefore prevent their discov-
ery. However, searching for O(500 GeV) sleptons could be
achievable with high luminosity. The reason is that these
very low cross sections with respect to EWKino production,
are largely recovered by the more favorable branching ratio
BR(̃l

+ → l+χ̃0
1 ) = 100 % compared to leptonic branching
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Fig. 28 Exclusion limits at 95 % CL on the slepton–slepton production
in the slepton-LSP mass plane. The slepton decay l̃ → lχ̃0

1 is forced
and all other SUSY particles are decoupled [93]

ratios of W and Z. Lepton searches rely almost entirely on
the very powerful discriminant variables like mT2 or mCT

and electron(s) or muon(s) in the final states (presently no
sensitivity is obtained for staus). Like in the direct bottom
squark search (Fig. 22), the edge of slepton events with
m

l̃
−mχ̃0

1
>O(100 GeV) appears far above the top and WW

background ones.
The most promising final state is 2-lepton + Emiss

T , com-

ing from l̃
+̃

l
− → llχ̃0

1 χ̃
0
1 . Mass degenerate left- and right-

handed selectrons and smuons are excluded below 325 GeV
masses for massless neutralinos, largely exceeding the LEP
limit for right-handed smuons as shown in Fig. 28 [93].
Upper limits for left- and right-handed slepton masses are
also obtained and give 250 GeV and 300 GeV for massless
neutralinos.

Direct slepton production can also be accessed when the
gravitino is the LSP. Various final states can be considered
depending on the nature of the NSLP generating final states
very similar to the EWKino searches. A particular interesting
one corresponds to the NSLP slepton scenario where right-
handed ẽ/μ̃ decay to an electron/muon and a right-handed
τ̃R gives a tau and a gravitino. This generates a multi-lepton
final state where the lepton multiplicity depends on the tau
decay [81]. τ̃R masses can then be excluded up to 200 GeV.

To be complete, a very favorable situation arises if the
sleptons are interleaved between χ̃0

2 /χ̃
±
1 and χ̃0

1 in scenario
(a). Two cases can be envisaged: assume that all sleptons
are mass degenerate (a1) and consider that only τ̃ and ν̃τ
are light (a2). In both cases, the EWKinos will couple to the
sleptons generating 2-leptons + Emiss

T and 3-lepton + Emiss
T

final states with higher σ× BR than in the direct slepton or

direct EWKino case discussed previously in this section. If
the slepton masses are exactly in between χ̃0

2 /χ̃
±
1 and χ̃0

1 ,
mass limits reached in Fig. 26 are increased by a factor 2 to
3 for scenario (a1) and remain similar for scenario (a2) [89].

7 Escape routes: R-parity violation, long-lived particle
searches and beyond MSSM signatures

Given the absence of signal from plain vanilla MSSM sig-
natures, it is of paramount importance to look at scenarios
where R-parity is violated (Sect. 7.1) and/or sparticle decays
are not prompt (Sect. 7.2). In both cases, the stringent limits
discussed in Sects. 4, 5 and 6 generally do not apply. Push-
ing further this idea, sensitivity to signatures appearing in
scenarios beyond MSSM are also discussed in Sect. 7.3.

7.1 R-parity violation searches

R-parity conservation implies pair production of the super-
partners and requires the lightest superpartners to be stable,
leading to typical missing transverse energy signatures in the
detector. If R-parity is not conserved these constraints do not
exist anymore and dedicated searches need to be performed.

In RPV scenarios, the current limits of the proton decay
can be met if only either B or L (and not both) is violated
and the violation is sufficiently small [94]. Such models can
also accommodate non-zero neutrino masses and neutrino
oscillations. The RPV superpotential WRPV includes three
trilinear terms parameterized by the 48 Yukawa couplings
λi jk , λ′i jk , λ′′i jk :

WRPV= 1

2
λi jk Li L j Ēk+λ′i jk Li Q j D̄k+λ′′i jkŪi D̄ j D̄k, (3)

where i, j, k are generation indices, L and Q the SU (2)L

doublet superfields of the leptons and quarks, and Ē , D̄ and
Ū the SU (2)L singlet superfields of the charged leptons and
the up- and down-type quarks.

The nature of the LSP—which is neutral and colorless
in R-parity conserving models—might be different in RPV
models and might be charged and/or carry color as well.

Searches for models with leptonic RPV interactions
(λi jk 
= 0 or λ′i jk 
= 0) are discussed in Sects. 7.1.1 and 7.1.2,
respectively, while the quark RPV interactions (λ′′i jk 
= 0)
are reviewed in Sect. 7.1.3. Because of present constraints
on RPV couplings, the values considered are generally in the
range O(10−2−10−5). If the phase space for the LSP decay
is very small (λ < 10−5), it might also be long-lived. Such
cases are covered in Sect. 7.2.

7.1.1 Search for leptonic RPV interactions (λi jk 
= 0)

With leptonic RPV interactions, multi-lepton final states are
expected, which is particularly favorable at LHC where the
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Fig. 29 Emiss
T distribution for events with at least four leptons and no

Z-boson candidates. ‘SUSY ref. point 1’ is a simplified model point
defined by mχ̃±1

= 500 GeV and mχ̃0
1
= 300 GeV, while ‘SUSY

ref. point 2’ is a MSUGRA/CMSSM model point defined by m1/2 =
860 GeV and tan β = 37 [95]

QCD background overwhelmingly dominates. The plethora
of models considered is discussed in terms of the same order
as for the RPC models, starting with strong production, then
focusing on the third-generation, EWKino production and,
finally, slepton production.

As a first example, a search with four or more leptons
(electrons or muons) in the final state is discussed [95].
A non-zero coupling of λ121 is chosen as a representative
model. To veto low-energy resonances, the invariant mass of
any opposite-sign same-flavor pair must be above 20 GeV
and outside a window around the Z-boson mass. Two signal
regions according to different signal scenarios are defined.
The first one requires Emiss

T > 50 GeV to be sensitive to
models with missing energy originating from neutrinos. As
an illustration, the Emiss

T distribution is displayed in Fig. 29.
The other one is tuned to scenarios with a large multiplic-
ity of high-pT objects originating from heavier sparticles, by
requiring meff > 300 GeV.

The strong production case is considered by looking
at a full model, taken from Ref. [96], and tested in a
MSUGRA/CMSSM parameter plane (m1/2, tan β), for m0,
A0 both zero, μ positive, and λ121 = 0.032 at the unifica-
tion scale. In this model, the τ̃1 is the LSP and it decays
through a virtual slepton or sneutrino as τ̃1 → τeμνe or
τ̃1 → τeeνμ. Values of m1/2 below 820 GeV are excluded
for 10 < tan β < 40. Note, however, that weak processes
contribute to the SUSY pair production, dominating for
m1/2 > 600 GeV. Therefore, a corresponding gluino mass
below 1 TeV is excluded in this model.

Multi-lepton final states can also arise when gravitino is
the LSP and all right-handed sleptons are flavor degenerate
—known as slepton co-NLSP scenario. Pair-produced gluinos
and squarks eventually decay to the χ̃0

1 , which further decays
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Fig. 30 Exclusion limits at 95 % CL in the squark and gluino mass
plane for a GMSB RPV model with λ123 = 0.05 [97]

to a slepton and a lepton, with the (right-handed) slepton
decaying further to another lepton and the gravitino, yielding
four leptons in the final state. Gluino masses below 1.2 TeV
and squark masses below 1 TeV can be excluded with a 7 TeV
analysis [97], assuming an RPV coupling of λ123 = 0.05, as
shown in Fig. 30.

Leptonic RPV interactions can also arise in a search for
direct top squark production [98], where each top squark
decays to a top quark and an intermediate on- or off-shell bino
which decays further through leptonic RPV interactions (λ122

or λ233), via χ̃0∗
1 → li+ν j + lk or χ̃0∗

1 → νi+ l j+ lk , where
the indices i, j, k refer to the ones in Eq. (3). The signature of
direct top squark pair production with RPV decays is different
from the one of RPC models, which implies a large amount
of missing energy. In the RPV search, three or more isolated
leptons (including hadronic τ candidates) and one or more
b-tagged jets are required, but only low Emiss

T . Instead meff

is used as discriminating variable.
The limits are extracted in the bino top squark mass plane,

and found to be approximately independent of the bino mass.
Top squark masses below 1020 GeV can be excluded for
bino masses of 200 to 1300 GeV for a non-zero λ122, and top
squark masses below 820 GeV for a non-zero λ233.

The results of the 4-lepton + Emiss
T search [95], discussed

at the beginning of this section, can also be interpreted in a
simplified model where the lightest chargino and neutralino
are the only sparticles with masses below the TeV scale. The
pair-produced charginos decay each into a W boson and bino-
like χ̃0

1 as in scenario (a) of Fig. 2. The LSP then decays
through a virtual slepton or sneutrino as χ̃0

1 → eμνe or χ̃0
1 →

eeνμ with a branching fraction of 50 % each. The width of the
χ̃0

1 is fixed to 100 MeV to ensure prompt decays. Choosing
the best expected limit for each of the model points, with the√

s = 7 TeV data, chargino masses up to about 500 GeV are
excluded for LSP masses between 100 and 540 GeV in the
simplified model.
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Fig. 31 Observed and predicted invariant eμ-mass distribution. Signal
simulations are shown for sneutrino mass of 500 GeV, λ′311 = 0.11, and
λ132 = 0.07 [99]

In RPV SUSY, single sneutrinos can be produced via λ′311
coupling and then decay through λi jk couplings to lepton
pairs of different flavor. Searches for such scenarios have
been performed in all possible combinations of different-
flavor dilepton selections [99]. An example for a possible
signal that is compatible with current exclusion limits on the
strength of the RPV interactions from precision low-energy
experiments [100], expectation, is given in Fig. 31 for the eμ
channel. Sneutrino masses of up to 1.6 TeV are excluded in
the eμ selection (for λ′311 = 0.11 and λ132 = 0.07), where
the mass resolution is better than in the channels including
hadronically decaying tau leptons. The latter lead to sneutrino
mass exclusion limits of the order of 1.1 TeV for the same
RPV interaction strength.

To summarize, as leptonic RPV interactions usually lead
to signatures with many leptons, most scenarios are well cov-
ered with the current searches, and often result in sparticle
mass limits that are stronger than those of RPC searches.

7.1.2 Search for semi-leptonic RPV interactions (λ′i jk 
= 0)

Such signatures are specifically covered by the HERA exper-
iments [101,102], which put stringent limits on the coupling
between the first and second generation due to the nature of
the unique e±p accelerator. Therefore, LHC searches focus
more on the third generation, as detailed below.

Signatures of models where the top squarks are light,
while the other squarks and gluinos are decoupled, resemble
those of third-generation leptoquarks. Trilinear RPV opera-
tors allow the lepton-number-violating decay t̃1 → τb with
a coupling λ′333 
= 0, resulting in the same final state as from
third-generation leptoquark decay, with similar kinematics.

Fig. 32 Exclusion limits at 95 % CL for RPV top squark decay in the
top squark-LSP mass plane with non-zero λ′233 coupling. The region
inside the curve is excluded. The different regions, A, B, C, D, and
E, mark different kinematic regions with different top squark decay
products [98]

They can be tested by dedicated searches for τ and b quarks
in the final state [103]. With 7 TeV data, top squarks up to
525 GeV are excluded assuming a simplified model with a
branching ratio of 100 % for t̃1 → τb.

The top squark search [98], discussed in Sect. 7.1.1, can
also be exploited for semileptonic RPV interactions (λ′233),
via χ̃0∗

1 → li + q j + qk or χ̃0∗
1 → νi + q j + qk , where

the indices i, j, k refer to the ones in Eq. (3). Limits are set
for λ′233, where different kinematic regions lead to different
allowed decays, ranging from two-body decays (for mt +
mχ̃0

1
< m t̃1

) to four-body decays (e.g. for mχ̃0
1
> m t̃1

>

2mt). The resulting excluded region is shown in Fig. 32.
In summary, the signatures of semi-leptonic RPV interac-

tions are similar to those expected in leptoquark decays. The
LHC experiments can complement these searches with anal-
yses including the third generation, where the most stringent
limits up to now could be achieved.

7.1.3 Search for quark RPV interactions (λ′′i jk 
= 0)

The quark RPV interactions described by λ′′i jk can be well
tested with multi-jet resonance searches [104,105]. We here
discuss an analysis searching for three-jet resonances [106],
which tests two different RPV Yukawa couplings. While one
search is inclusive, testing λ′′122, the other one requires at
least one jet of each resonance decay to be b-tagged and
is sensitive to λ′′113 and λ′′223. The jet-ensemble technique
[107,108] is used to combine the six highest-pT jets into all
possible unique triplets.

Limits are set on the gluino pair-production cross section
times the branching fraction as a function of the gluino mass,
as shown in Fig. 33. Gluinos with masses below 650 GeV
decaying to light-flavor jets can be excluded. Decays includ-
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Fig. 33 Exclusion limits at 95 % CL on the production cross section
of pair-produced gluinos for the inclusive RPV multi-jet search [106]

ing heavy-flavor jets can be excluded for even larger gluino
masses, between 200 and 835 GeV.

Two other approaches exist. The first one counts the num-
ber of six-jets events above a given pT threshold to search for
high mass gluinos and the second one takes profit of the large
boost of the low-mass gluinos [109]. With 7 TeV data, gluino
masses up to 666 and 255 GeV can be excluded, respectively.
The limit of the first approach is expected to reach 1 TeV with
8 TeV data.

Another scenario is given by a gluino decay to two quarks
and one χ̃0

1 , which then further decays through a λ′′i jk interac-
tion to three quarks, leading to final states with ten jets when
gluino pair production is assumed. A search for such scenar-
ios is currently performed, but it has not yet been published.

The results of the same-sign dilepton search [74], dis-
cussed in Sect. 4.1.2, can also be interpreted in an RPV model,
where gluinos are pair-produced and decay to three quarks via
g̃→ tbs(tbs), testing the λ′′323 coupling. In this decay 50 %
of the W bosons are expected to be same-sign, when both
W bosons decay leptonically. As shown in Fig. 34, gluino
masses up to 860 GeV can be excluded.

In summary, a plethora of models with different RPV inter-
actions exists, and those with the most striking signatures
have been tested up to now, excluding a large phase space,
but leaving holes for more complicated signatures still to
be found with more data. This still leaves a large parameter
space for not-yet-detectable RPV SUSY.

7.2 Long-lived particle searches

As no metastable particles are present in the Standard Model,
long-lived particle searches are generally free of SM back-
ground. In turn, they require a deep understanding of the
detector performance, which represents the only background,
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Fig. 34 Exclusion limits at 95 % CL on the production cross section
of pair-produced gluinos for the same-sign dilepton analysis including
heavy-flavor jets [74]

as discussed in Sect. 3.1.4. Metastable particles appear gen-
erally in the SUSY GUT theory framework [110–114]. They
arise in three main situations: very low mass difference
(≤O(1 GeV)) between a SUSY particle and the LSP in
RPC models, very weak R-parity violation, i.e. λ, λ′ or
λ′′ ≤ O(10−5), or very weak coupling to the gravitino in
GMSB models. Depending on the SUSY mass spectrum, the
metastable particle can be colored (squarks and gluinos) or
not (sleptons, lightest chargino or neutralino). The experi-
mental signatures probed at LHC are now reviewed by going
from the left to the right of Fig. 6.

Non-pointing photons arise in GMSB models where the
NLSP is the lightest neutralino with bino-like flavor, i.e. sce-
nario (a) of Fig. 2. If the coupling strength with the gravitino
is weak, the χ̃0

1 lifetime is in the range O(0.1–100 ns) acces-
sible by the experiments, provided the χ̃0

1 mass is close to
the EW scale. In the EM calorimeter, non-pointing photons
exhibit a singular geometric shape for the energy deposit and
a late arrival. Results of the search are shown in Fig. 35 in
the χ̃0

1 lifetime–mass plane.12 The stronger limits obtained by
ATLAS [116] for long lifetimes are explained by the stand-
alone pointing capability of its calorimeter, whereas at short
lifetimes CMS exploits better the correlation between Emiss

T
and photon energy [117]. Non-pointing photons are not the
only possibility in GMSB models. NLSP χ̃0

1 will give non-
pointing Z or Higgs. Slepton or squark/gluino NLSPs will
give non-pointing leptons or jets. However, in all of these
cases, no public results exist yet.

Reconstructing a displaced vertex with high mass and
many tracks is undoubtedly a striking sign of new physics,
as shown in Fig. 36. SUSY models with χ̃0

1 LSP and very
small RPV couplings can provide a plethora of possibili-
ties: with leptons (electrons, muons or taus) attached to the

12 Weaker limits from converted photons reconstructed by the tracker
as an electron–positron pair are not shown [115].
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Fig. 35 Exclusion limits for non-pointing photon searches at 95 % CL
in the mass–lifetime plane of the χ̃0

1 , assumed to be bino-like NLSP

Fig. 36 Mass–track multiplicity plane of the displaced vertex selected
by the ATLAS search. One muon is also asked to point to the displaced
vertex. The SUSY model considered has 700 GeV squarks, 500 GeV
χ̃0

1 and λ′2i j = 0.3× 10−5 [118]

displaced vertex or without leptons. While the latter case
requires tracker and calorimeter information (cluster size,
track multiplicity pointing to the cluster, etc.), the former
relies on a dedicated tracking algorithm for non-standard
displaced-vertex reconstruction. To date the only publicly
available search interpreted in SUSY models is the one from
ATLAS [118]. SUSY models with the simplified decay chain
q̃/̃g → q/qq + χ̃0

1 → q/qq + μqi q j are excluded for
χ̃0

1 lifetimes below 1 m and squark (gluino) masses below
0.7 (0.9) TeV. Other searches looking for long-lived neutral
bosons decaying in two leptons [119] could be useful to reject
some SUSY models—though it is not yet done. In this case
the displaced vertex is required to be at a distance of more
than five standard deviations from the primary vertex in the
transverse plane. Similar study is ongoing with two jets.

Fig. 37 Exclusion limit at 95 % CL for disappearing track searches in
mass-lifetime plane of the χ̃±1 [120]

AMSB [62,63] provides a well motivated case for
metastable charginos, since χ̃±1 and χ̃0

1 are almost degen-
erate and mχ̃±1

− mχ̃0
1
≥ 140 MeV. The situation is similar

to scenario (b) of Fig. 2. The chargino therefore decays after
O(10 cm) to undetectable particles, a soft pion and the LSP.
This will cause the chargino track to ‘disappear’. When pro-
duced directly (χ̃+1 χ̃−1 , χ̃±1 χ̃0

1 ) with an additional jet from
initial-state radiation to trigger the event, one (or two) tracks
may have no/few associated hits in the outer region of the
tracking system. The continuous TRT tracking of the outer
part of the ATLAS inner detector gives sensitivity to this sig-
nature. With the additional requirement of a high-energetic
isolated track, regions beyond the LEP limits can be excluded
in the lifetime–mass plane of the chargino, as shown in Fig. 37
[120]. Although originally motivated by AMSB, this result is
largely model independent and fits also predictions in many
‘unnatural’ SUSY models [121–124], where the chargino and
the LSP are the only accessible sparticles at LHC.

If the gluino and the LSP are almost mass degenerate, the
gluino lifetime could be long enough for it to hadronize in R-
hadrons (̃gqq, g̃qqq′) or R-gluino balls (̃g g).13 These com-
posite particles are detector-stable, highly ionizing, slowly
moving (i.e. non-relativistic) and could change sign when
they interact with the detector material. The signature can
thus be a detector-stable charged particle, but also a charged
particle turning neutral, or even a charged particle turning
neutral and turning back charged. To fully explore all pos-
sibilities one needs to combine all possible detector mea-

13 A similar reasoning applies to squarks.
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Fig. 38 Lower mass limit at 95 % CL on different scenarios for long-
lived particles [125]

surements: βγ 14 from the pixel detector by inverting the
Bethe–Bloch function, and β from the calorimeter and muon
spectrometer by measuring the arrival time in these devices.
Together with the measure of the particle momentum p in the
tracker, or in the muon spectrometer, the composite particle
mass m = p/(βγ ) can be inferred.

Events are selected by dedicated slow muon or Emiss
T

triggers—the latter case is justified by the modest calorime-
ter energy depositions of the R-hadrons combined with high-
energetic jets from initial-state radiation. The background is
evaluated by building templates for p, β, and βγ in signal
depopulated regions (like in Fig. 36, signal regions are gen-
erally background free). Non-colored particles can also be
detector-stable and behave like heavy muons. Therefore, the
analysis techniques are similar to the ones used for colored
particles. However, in that case, the best performing signal
regions are the ones requiring two detector-stable slepton
candidates.

The current mass limits from detector-stable particles are
presented in Fig. 38 [125]—note that the ATLAS results
are still those from the 7 TeV run [30]. Because no Stan-
dard Model backgrounds exist, the limits obtained are gener-
ally higher than in the prompt-decay case. This is especially
true for top and bottom squarks and staus—where no limits
on the direct production exist in the RPC prompt case. The
gluino masses below 1.2 TeV are excluded independent of
the hypotheses made for the interaction of the R-hadrons and
R-gluino balls.

A fraction of these slow-moving particles may come to
rest within the detector volume and only decay later as

14 The variable β is the particle velocity and γ is the Lorentz boost.

Fig. 39 Exclusion limit at 95 % CL for the stopped gluino searches in
mass-lifetime plane of the gluino [126]

g̃ → qqχ̃0
1 , gχ̃0

1 . A particular case is given when this hap-
pens in the calorimeter. The signature consists of a high-
energetic jet(s) in absence of collisions. The main back-
ground is then caused by calorimeter noise bursts, cosmic
rays with high energy deposit or beam halo—the leading
background. Gluinos below 850 GeV are excluded for a
gluino lifetime between 10 µs and 15 min; see Fig. 39 [126].
This signature is generally present in unnatural SUSY mod-
els, where the gluino and the LSP are the only accessible
sparticles at the LHC.

7.3 Beyond MSSM

The MSSM has firmly been established since 30 years and
serves as a basis for most of the SUSY searches at the
LHC. However, many possible extensions exist, as shown
in Fig. 40. With mild departure from MSSM parsimony, they
could explain the current absence of SUSY signals at LHC.
In addition, they generally predict new signatures that could
be searched for at LHC. We briefly review here the status of
these beyond MSSM searches.

The first category of models adds a gauge-singlet super-
field to the MSSM. More specifically in the NMSSM [128],
two additional Higgs bosons and one neutralino (singlino, S̃)
are added to the MSSM. The extra Higgs are searched for as
a peak around 10 GeV in the invariant di-muon mass [129].
The naturalness constraints from the 126 GeV Higgs mass
are relaxed and singlino-like LSPs with very small couplings
are possible—changing the phenomenology of the SUSY
EW sector. Because of this addition, these models predict
final states with multi-leptons and Emiss

T . Even if no dedi-
cated searches exist yet at LHC, reinterpretations of present
EWKino searches, presented in Sect. 6, have already started
to constrain NMSSM models [130]. Apart from NMSSM,

52 123Reprinted from the journal



Eur. Phys. J. C (2014) 74:2801 Page 25 of 29 2801

Fig. 40 SUSY phase space and associated theories [127]

another popular model is stealth SUSY [131], where the
invisible singlet and singlino are mass degenerate and light,
which reduces drastically the amount of Emiss

T —all SUSY
cascade decays end like S̃ → S(→ jj)G̃ with a poorly
boosted G̃. Experimental signatures comprise a low Emiss

T ,
displaced vertex and high-multiplicity final states including
photons and a high number of b-jets. CMS already places a
limit on stealth scenarios where S decays via a photon [132].
Limits of 1.5 TeV on squarks initiating cascade decays are
obtained. More refined searches are currently going on.

The second category of models postulates the gluino to
be of Dirac type instead of Majorana as in the MSSM.15

This happens in theories which extend the R-parity con-
cept to a continuous symmetry (MRSSM [133]), hybrid
N = 1/N = 2 model [134] and Supersoft SUSY (SSSM
[135]). For the two first models, a new particle (the sgluon)
completes the MSSM multiplet composed of gluons and
gluinos. In all models, the constraint on the gluino mass in
the natural spectrum is relaxed since the radiative corrections
are truncated. Because of that, gluino–gluino cross sections
are expected to be lower than in the MSSM, weakening the
current constraint. The sgluon provides also new signatures
to search for. Above a mass of 350 GeV, sgluons dominantly
decay in two tops. They can for example be searched for by
asking two same-sign leptons (no public results are presently
available). At lower mass, sgluons decay in two gluons, giv-
ing a pair of two-jet resonances with equal mass. A unique
pairing of the four highest energetic jets is achieved for each
event by minimizing the pairwise separation. A peak in the
dijet mass distribution is then searched for, while the shape
and the normalization of the multi-jet background are esti-

15 It can also be the case for other gauginos but only the gluino is
considered since LHC limits are generally quite strong on the gluino
mass.

Fig. 41 Exclusion limits at 95 % CL on the sgluon pair production
cross section as a function of the sgluon mass [136]

mated by a data-driven method. Sgluons are excluded for
masses below 300 GeV; see Fig. 41 [136]. It is interesting to
note that this signature, unique in BSM models at LHC, is
limited at low mass by the multi-jet energy trigger threshold
and therefore strong limits are already obtained with the first
run at 7 TeV in 2010.

8 SUSY prospects at LHC beyond the first run

The LHC program is approved until 2022. In this program,
the center-of-mass energy will be 13 TeV at the restart and it
should reach gradually 14 TeV. Expected luminosities are
∼100 fb−1 at the end of 2017 and ∼300 fb−1 in 2022.
A possible extension, called High-Luminosity-LHC (HL-
LHC), is planned from 2024 to 2030–2035 (Run 3) and could
deliver ultimately ∼3000 fb−1. The average number of pile-
up events per bunch crossing is expected to rise up to 140
in 2030. Expected discovery sensitivities and exclusion lim-
its have recently been extracted by ATLAS and CMS for
benchmark processes of plain vanilla MSSM, i.e. R-parity
conservation and χ̃0

1 LSP [137,138].
With the increase in beam energy in 2015, the strong

SUSY cross sections are greatly enhanced, opening a new
phase space to explore with already a low integrated luminos-
ity recorded (1–10 fb−1). A few examples are given here for
sparticles at the energy frontier. The cross section for gluino–
gluino production (with squarks decoupled) is enhanced by
more than a factor of 20 for gluino masses of around 1.3 TeV.
The cross section for the pair production of squarks of the
first/second generation as well as for third-generation squarks
rises by about a factor of 10 for squark masses of 800 GeV.
With 300 fb−1, mass degenerate squarks (of the first and
second generation) and gluinos of up to 2.7 TeV could be
discovered with 5σ significance. For higher gluino (squarks)

53123 Reprinted from the journal



2801 Page 26 of 29 Eur. Phys. J. C (2014) 74:2801

masses, e.g. 3.5 TeV, squark (gluino) masses could be dis-
covered up to 2.5 (2) TeV. With the HL-LHC, a gain of about
300 GeV in the mass range is expected. Finally, the top squark
could be discovered up to masses of about 800 (1000) GeV
with 300 (3000) fb−1, assuming a 100 % branching ratio to
a top quark and a χ̃0

1 .
Searches for electroweak particles like neutralinos and

charginos benefit more from the large expected integrated
luminosity than for the increase in

√
s due to their low cross

sections. By the end of Run 3, neutralinos (χ̃0
2 ) and charginos

(χ̃±1 ) decaying to Zχ̃0
1 and Wχ̃0

1 , respectively, as in scenario
(a) of Fig. 2, can be discovered up to a mass of 700 GeV
for χ̃0

1 masses of up to 200 GeV with a 5σ significance.
In the case of no signal, the exclusion limits are about 200
to 300 GeV higher. Some sensitivity is also expected in the
compressed and more natural scenario (c) of Fig. 2 where the
χ̃0

1 is higgsino-like.
In summary, the full harvest of the LHC, including the HL-

LHC, could explore the largest part of the most interesting
weak-scale SUSY phase space, which will remain a hot topic
to be tested for at least the next two decades.

9 Conclusions

ATLAS and CMS, the two general-purpose LHC experi-
ments, have developed a coherent and ambitious program to
search for new particles at the energy frontier, O(0.1–1 TeV)
with 25 fb−1 of proton–proton collision data with center-of-
mass energies of 7 and 8 TeV. These efforts were successful:
a Higgs boson of 126 GeV mass was discovered after two
years of running, closing the list of Standard Model particles
to be found.

This discovery fits with expectations from the minimal
realization of N = 1 SUSY, a.k.a. weak-scale SUSY or
MSSM. However, this model also predicts new particles at
the energy frontier that could solve the gauge hierarchy prob-
lem of the Standard Model, i.e. the quadratic divergence of
the Higgs mass at higher energy. Assuming that R-parity is
conserved, the plain vanilla SUSY solution predicts a ‘nat-
ural’ or low fine-tuning mass spectrum composed of gluino
masses around 1 TeV, top squark and left-handed bottom
squark masses around 500 GeV, and chargino/neutralino
masses below 500 GeV. All other SUSY particles could be
of much higher mass. In this framework, the two favored
LSP candidates could be the lightest neutralino or the grav-
itino. ATLAS and CMS experiment have probed, by direct
searches, the uncharted heart of the MSSM spectrum, attract-
ing high attention from the community. To date, these ded-
icated searches, mainly based on the presence of multi-jets
and Emiss

T (but not only these), have not revealed any sign of
new physics.

Not all results from Run 1 are currently available but the
following general conclusions could be drawn: the gluino
mass, governed by only one SUSY parameter, M3, could
be excluded below 1 TeV irrespective of the SUSY mass
spectrum in between the gluino and the LSP, and the nature
of the LSP. This conclusion applies well for open SUSY
spectra, i.e. a mass difference between gluino and the LSP
above O(500 GeV). But the excluded gluino mass region
should be lowered to 600 GeV when considering more and
more compressed spectra, because the jet and Emiss

T softening
decreases the acceptance—the presence of isolated lepton(s)
can partially correct for that.

Constraints on squarks of the first and second generation
are generally softer and less general, since mass degeneracy
between families is often assumed. A strong focus was put on
the third squark generation (top and bottom squark) because
of their particular position in the natural spectrum. When
top and bottom squarks are directly produced, final states
are generally less complex than for the gluino and squarks
of the first and second generation and composed of mul-
tiple b-jets and lepton(s). Dedicated searches dramatically
shrink the allowed window, but they are (presently) unsuc-
cessful. As an illustration, holes in the top squark searches are
presently located near the top mass funnel, m

t̃
= mt +mχ̃0

1
,

for mχ̃0
1
>100 GeV, at low mass difference between top

squark and χ̃0
1 or in very intricate top squark decay chains.

The weak SUSY sector (charginos, neutralinos, and slep-
tons) is also probed extensively at LHC. Because of the
lower cross section, the Standard Model background is only
reducible considering multi-lepton final states. These leptons
are provided by the leptonic decay of the W, Z, Higgs and/or
sleptons. Compared with the other sectors no strong general
conclusions are drawn (yet) because of the high number of
possible final states and the complexity of the sector gov-
erned by around 10 parameters. Nonetheless, constraints are
generally always going beyond the LEP ones, and biting the
natural spectrum in many cases.

Therefore it is fair to say that even if not all 8 TeV results
are currently available, plain vanilla MSSM is under high
pressure. More definitive conclusions will come when all
these results will be interpreted with a full scan of the main
19–20 MSSM parameters (some assumptions are made on
the other 105-19 parameters), which will happen in 2014.
Meanwhile, more focus has been put on searches for long-
lived particles, R-parity violating scenarios and new theoret-
ical ideas (Stealth SUSY, Dirac gauginos, extra gauge-singlet
superfield) that provide many striking signatures, generally
background free and relying more on detector performance.
Such scenarios are in most cases compatible with the absence
of experimental evidence for plain vanilla MSSM. A huge
number of possibilities exist and the most important ones
have been covered (or are worked on), with presently no sign
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of SUSY. It is interesting to note that the gluino mass is con-
strained to be above 1 TeV in the models that have been
considered.

All these direct searches for new particles have been com-
plemented by indirect searches, which we briefly mention
for completeness. At LHC, the main improvement comes
from the measurement of the B0

s → μ+μ− branching ratio,
where the leading SUSY contributions involve SUSY Hig-
gses (A0 and H0) in penguin diagrams. Good agreement with
the Standard Model was found [139,140], and no irreducible
limit exists on SUSY models. Other indirect evidence for
new physics could be found when searching for the flavor-
changing decay of the top quark like t→ cH, which is very
strongly suppressed in the Standard Model BR = O(10−15).
Contributions from SUSY Higgses in virtual loops of the
decay amplitude can enhance the cross section significantly,
by factors up to nine orders of magnitude. Nevertheless, up
to now, no evidence for this decay has been found when con-
sidering H→WW, ZZ, ττ leptonic decay [69] and H→ γ γ

decay [141].
A new phase of exploration will be opened in 2015 with the

restart of the LHC at higher energy. But the present situation
after the first run could well fit an Ernest Rutherford quote:
‘An alleged scientific discovery has no merit unless it can be
explained to a barmaid’. We can now happily discuss with
the barmaid of the SM bar, but we could not yet find the door
of the SUSY bar!
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Abstract The data from the first run of the LHC at 7 and
8 TeV, together with the information provided by other exper-
iments such as precision electroweak measurements, flavour
measurements, the cosmological density of cold dark matter
and the direct search for the scattering of dark matter parti-
cles in the LUX experiment, provide important constraints on
supersymmetric models. Important information is provided
by the ATLAS and CMS measurements of the mass of the
Higgs boson, as well as the negative results of searches at the
LHC for events with E/T accompanied by jets, and the LHCb
and CMS measurements of BR(Bs → μ+μ−). Results are
presented from frequentist analyses of the parameter spaces
of the CMSSM and NUHM1. The global χ2 functions for the
supersymmetric models vary slowly over most of the param-
eter spaces allowed by the Higgs mass and the E/T search,
with best-fit values that are comparable to the χ2 for the
standard model. The 95 % CL lower limits on the masses of
gluinos and squarks allow significant prospects for observing
them during the LHC runs at higher energies.

1 Introduction

The discovery of a Higgs boson at the LHC [1,2] has given
new heart to advocates of supersymmetry [3]. Its mass is
consistent with the predictions of minimal supersymmetric
models that the lightest Higgs boson should weigh �130 GeV
[4–11]. Indeed, the measured value of mh lies in the range
where new physics seems to be required to stabilize the elec-
troweak vacuum [12], which might well be supersymme-
try [13]. Moreover, the measurements of Higgs couplings to
other particles are consistent with the predictions of many
supersymmetric models, which are close to those in the stan-
dard model. There are no signs so far of the deviations from
the standard model couplings that are characteristic of mod-

a e-mail: john.ellis@cern.ch

els in which electroweak symmetry breaking is driven by
some new dynamics [14].

On the other hand, neither are there any signs for other
types of new physics, such as might be responsible for dark
matter in the form of massive, weakly interacting particles
whose production could be inferred in searches for events
with jets and missing transverse energy, E/T at the LHC.
Supersymmetry with conserved R parity is one such model
that suggests the existence of a dark matter particle that
was in thermal equilibrium in the early Universe and should
weigh ∼ 1 TeV if it is to have the appropriate cosmolog-
ical relic density [15]. It is assumed here that the lightest
supersymmetric particle (LSP) that constitutes the dark mat-
ter is the lightest neutralino χ [16,17], though there are other
candidates such as the gravitino. Important constraints on
such dark matter models are imposed by direct and indi-
rect searches for dark matter, as well as by LHC searches
for E/T events, none of which have found convincing
signals [18].

Even if R conservation is assumed, the interpretation of
all these constraints is quite model dependent. For simplicity,
we consider here only the minimal supersymmetric extension
of the standard model (the MSSM), though there are well-
motivated extensions, e.g., to include any extra singlet super-
field (the NMSSM [19]). The MSSM already has over 100
parameters, and it is natural to consider simplifying hypothe-
ses such as minimal flavour violation (MFV), in which all
flavour violation is related to Cabibbo–Kobayashi–Maskawa
mixing [20,21]. In principle, this model has six additional
CP-violating phases [22], but upper limits on electric dipole
moments offer no suggestion that they are large. Many studies
of experimental constraints focus on versions of the MSSM
with MFV in which the soft supersymmetry-breaking con-
tributions to sfermion, Higgs and gaugino masses, m0 and
m1/2, respectively, as well as trilinear couplings A0, are
constrained to be universal at some high input scale (the
CMSSM) [23–32], or in generalizations in which the soft
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supersymmetry-breaking contributions to Higgs masses are
allowed to be non-universal but equal (the NUHM1) [33–35].
One example of a more restrictive model is minimal super-
gravity (mSUGRA), in which the gravitino mass is forced to
be equal to the input scalar mass: m3/2 = m0, and the tri-
linear and bilinear soft supersymmetry-breaking parameters
are related: A0 = B0 + m0.

As we shall see, the LHC E/T searches impose strong
constraints on models with universal soft supersymmetry-
breaking parameters such as the CMSSM, NUHM1 and
mSUGRA, stimulating interest in ‘natural’ models in which
the third-generation squarks are much lighter than those of
the first and second generations, for which experiments give
weaker constraints. Also, searches for specific E/T+ jets
signatures have been interpreted within simplified models in
which these topologies are assumed to be the dominant super-
symmetric signatures. There has also been interest in using
searches for E/T+ monojet, monophoton and mono-W/Z
topologies to look for the direct pair-production of dark mat-
ter particles without passing via the cascade decays of heavier
sparticles.

In view of its importance for constraining supersymmet-
ric models, in Sect. 2 of this review there is a discussion
of Higgs mass calculations and their uncertainties, as well
as indications of their implications for the parameter spaces
of supersymmetric models. Section 3 presents some results
of global fits [36] to the CMSSM and NUHM1 using the
full E/T data from Run 1 of the LHC at 7 and 8 TeV [37],
the measurement by CMS and LHCb of BR(Bs → μ+μ−)
[38–42], and the latest constraints on dark matter scattering
from the LUX experiment [43]. These results include 95 %
CL lower limits on sparticle masses and the prospects for dis-
covering them in Run 2 of the LHC at 13/14 TeV. Section 4
summarizes some pertinent results within other frame-
works such as mSUGRA, ‘natural’ and simplified models.
Finally, Sect. 5 draws some conclusions for supersymmetric
model-building.

2 The Higgs mass and supersymmetry

As is well known, the two complex Higgs doublets of the
MSSM have eight degrees of freedom, of which three give
masses to the W± bosons and to the Z0 via the electroweak
symmetry breaking, leaving five physical Higgs bosons in
the physical spectrum: two neutral Higgs bosons h, H that
are CP-even (scalar), one neutral boson A that is CP-odd
(pseudoscalar), and two charged bosons H±. The tree-level
masses of the scalar supersymmetric Higgs bosons are

m2
h,H =

1

2

(
m2

A+m2
Z ∓

√
(m2

A+m2
Z )

2−4m2
Am2

Z cos2 2β

)

(1)

where tan β is the ratio of Higgs v.e.v.s, from which we see
that mh is bounded from above by m Z . 1 However, there are
important radiative corrections to mh (1) [4–11], of which
the most important is the one-loop correction due to the top
quark and stop squark:

�m2
h =

3m4
t

4π2v2 ln

(
mt̃1mt̃2

m2
t

)
+ · · · , (2)

where mt̃1,2 are the physical masses of the stops. We see in

(2) that the correction�m2
h depends quartically on the mass

of the top, and it implies that the mass of the lightest Higgs
boson may be as large as

mh � 130 GeV. (3)

for stop masses of about a TeV, consistent with the ATLAS
and CMS measurements [1,2].

If one wishes to use (2) to estimate the stop mass scale, it
is clear that the answer is exponentially sensitive to the Higgs
mass, and it is therefore important to refine the one-loop cal-
culation. Several codes are available that provide complete
two-loop calculations and include the leading dependences of
three- and higher-loop contributions on the strong coupling
αs and the top Yukawa coupling αt . It is also important to
estimate the theoretical uncertainty in the calculation of mh

for given values of the supersymmetric model parameters,
which is typically ∼ 1.5 to 3 GeV. In the following, results
from theFeynHiggs 2.10.0 code for calculating mh are
used, which is a significant improvement over previous ver-
sions. As an example of the importance for inferences about
the supersymmetric mass scale from the measured value of
mh , Fig. 1 displays the (m1/2,m0) plane in the CMSSM for
tan β = 30, μ > 0 and A0 = 2.5m0 [44].

The brown shaded wedge at large m1/2 and small m0 is
excluded because there the LSP would be the charged τ̃1,
whereas the lighter stop, t̃1, would be the LSP. Adjacent to
these wedges are narrow blue strips where the relic LSP den-
sity falls within the range favoured by astrophysics and cos-
mology. Measurements of b→ sγ exclude the region shaded
green, whereas in the pink region the discrepancy between
the standard model and experimental values of the anomalous
magnetic moment of the muon, gμ−2, could be explained by
supersymmetry [51]. The 95 % CL limit on E/T + jets events
at the LHC [37] is represented by the purple line, and the
green lines represent 68 and 95 % CL limits from the value of
BR(Bs → μ+μ−)measured by the CMS and LHCb experi-
ments [38–42]. Finally, the black lines are contours of mh cal-
culated with the current version2.10.0of theFeynHiggs
code [45–50], which includes the leading and next-to-leading

1 This upper limit appears because the quartic Higgs coupling λ is
fixed in the MSSM to be equal to the square of the electroweak gauge
coupling, up to numerical factors.
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Fig. 1 The allowed regions in the (m1/2,m0) plane for tan β = 30 and
A0 = 2.5m0 [44]. The line styles and shadings are described in the text.
The section of the dark blue coannihilation strip in the range m1/2 ∈
(840, 1,050) GeV is compatible with the constraints from BR(Bs →
μ+μ−) (green lines marking the 68 and 95 % CL) [38–42] and the
ATLAS 20/fb MET search (purple line) [37], as well as with the LHC
m H measurement. Good consistency with all the constraints is found
if the improved FeynHiggs 2.10.0 code [45–50] is used (black
lines): results from a previous version of FeynHiggs are indicated by
red dotted lines

log(mt̃/mt ) terms in all orders of perturbation theory, as cal-
culated using the two-loop renormalization-group equations
(RGEs). The red dashed lines are calculated with an earlier
version of FeynHiggs, which did not include these refine-
ments, and we see that the mh contours diverge significantly
at large m1/2, in particular. We also see that there is a region
with (m1/2,m0) ∼ (1,200, 600)GeV that is compatible with
dark matter and laboratory constraints (except for gμ−2) and
corresponds to mh ∼ 125 GeV according to the latest ver-
sion ofFeynHiggs, whereas the earlier version would have
yielded mh < 124 GeV [44].

Smaller values of tan β would yield smaller values of mh ,
and larger values of tan β would be more tightly constrained
by BR(Bs → μ+μ−), though values of tan β � 50 may
be compatible with all the constraints. Smaller values of A0

would also yield smaller values of mh along the strip near
the boundary of the τ̃1 LSP wedge where the appropriate
dark matter density is obtained, and this dark matter strip
would only extend to lower m1/2 in this case. There is a
second dark matter strip close to the boundary with the t̃1
LSP region, but mh is too small except possibly at very large
values of m0 [44]. In general, CMSSM models with an LHC-
compatible value of mh do not make a significant contribution
to resolving the gμ − 2 discrepancy [51].

3 Global fits in the CMSSM and NUHM1

After this first taste of the interplay between the LHC E/T ,
mh , BR(Bs → μ+μ−), dark matter and other constraints,
and their potential implications for models, I now present
some results from a global fit to the relevant data within the
CMSSM [36]. These are compared with the results of a fit
within the NUHM1, which offers, in principle, new ways to
reconcile some of the constraints discussed in the previous
section.

These fits are based on a frequentist approach devel-
oped by the MasterCode collaboration [52–69], and the
MultiNest tool is used to sample the CMSSM and
NUHM1 parameter spaces [70–72]. The globalχ2 function is
calculated including precision electroweak observables such
as MW and measurements at the Z0 peak, as well as gμ − 2.
Also included is a full suite of flavour observables such as
b→ sγ and B → τν as well as BR(Bs → μ+μ−) [36]. In
addition to the dark matter density, a contribution from the
LUX direct search [43] for the scattering of astrophysical
dark matter is also included.

Figure 2 displays (m0,m1/2) planes in the CMSSM (left
panel) and the NUHM1 (right panel), both with μ > 0.2 The
best-fit points are indicated by green stars, the �χ2 = 2.30
contours, which correspond approximately to the 68 % CL
are shown as red lines, and the�χ2 = 5.99 contours, which
correspond approximately to the 95 % CL are shown as blue
lines. The results of the current fit [36] are indicated by solid
lines and solid stars, whilst the dashed lines and open stars
represent the results of fits to the data used in [61], reanalyzed
using the current version of MasterCode.

In both the CMSSM and the NUHM1, we see two
distinct regions: a smaller region around (m0,m1/2) ∼
(500, 1,000)GeV and a larger region extending to larger val-
ues of (m0,m1/2. The low-mass regions correspond to the τ̃1

coannihilation strip mentioned in the previous section, and in
the high-mass regions other mechanisms bring the relic LSP
density into the range allowed by astrophysics and cosmol-
ogy, notably rapid LSP annihilation via direct-channel H/A
resonances when mχ ∼ m H/A/2, and neutralino–chargino
coannihilation, which becomes more important when the
LSP has a significant Higgsino component. The extra param-
eter in the NUHM1 Higgs sectors offers more possibilities
for these effects, enabling the relic density constraint to satis-
fied at larger values of m1/2 and smaller values of tan β than
in the CMSSM [44].

As we see in Table 1, the minimum values of χ2 in the
low- and high-mass regions differ by less than unity in both
the CMSSM and the NUHM1. In the case of the CMSSM, the
contribution from gμ − 2 is smaller in the low-mass region,
but the contribution from the ATLAS jets + E/T search is

2 Results for the CMSSM with μ < 0 can be found in [36].
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Fig. 2 The (m0,m1/2) planes in the CMSSM (left), and the NUHM1
(right), after implementing the ATLAS E/T , BR(Bs → μ+μ−), mh ,
dark matter density, LUX and other relevant constraints [36]. The results
of the current fits are indicated by solid lines and filled stars, and fits

to previous data [61] using the same implementations of the constraints
are indicated by dashed lines and open stars. The red lines denote
�χ2 = 2.30 contours (corresponding approximately to the 68 % CL),
and the red lines denote �χ2 = 5.99 (95 % CL) contours

Table 1 The best-fit points found in global CMSSM and NUHM1 fits
withμ > 0, using the ATLAS E/T constraint [37], and the combination
of the CMS and LHCb constraints on BR(Bs → μ+μ−)[38–42]. We
list the parameters of the best-fit points in both the low- and the high-
mass regions in Fig. 2. The overall likelihood function is quite flat in
both the CMSSM and the NUHM1, so that the precise locations of the
best-fit points are not very significant, and we do not quote uncertainties.
This table is adapted from [36]

Model Region Minimum
χ2

m0 (GeV) m1/2
(GeV)

tan β

CMSSM Low-mass 35.8 670 1,040 21

High-mass 35.1 5,650 2,100 51

NUHM1 Low-mass 33.3 470 1,270 11

High-mass 32.7 1,380 3,420 39

larger. This is also the case in the NUHM1, but other observ-
ables such as A f b(b) and A�(SLD) also contribute differ-
ences in χ2 between the low- and high-mass regions that are
O(1) [36]. In general, the global χ2 function varies little over
much of the (m0,m1/2) planes explored. Also, the value of
χ2 at the global minimum in the CMSSM is not significantly
different from that in the standard model, whereas that in the
NUHM1 is∼ 2 lower [36]. The CMSSM and NUHM1 con-
fer no convincing advantages over the standard model in the
global fits reported here.

Comparing the current fits (solid lines and filled stars) with
the results of fits to the data available in mid-2012 (dashed
lines and open stars) reanalyzed with the current versions of
FeynHiggs and other codes, we see that the overall exten-
sions and shapes of the regions allowed at the 95 % CL and
favoured at the 68 % CL are quite similar [36]. There is
some erosion of the preferred regions at low m1/2, due to
the stronger ATLAS jets + E/T limit, but the most notice-
able features are the shifts to larger masses of the best-fit
points. However, as noted above, the differences between the
values of the global χ2 function in the low- and high-mass

regions are not significant. The lower-mass regions would
require less fine-tuning and hence seem more natural [73–
75]. However, the interpretation of the degree of naturalness
is uncertain in the absence of a more complete theoretical
framework.

Figure 3 displays the one-dimensional χ2 functions for
some sparticle masses in the CMSSM (left) and the NUHM1
(right) [36]. The upper panels are for the gluino mass mg̃ ,
and the lower panels are for a generic right-handed squark
mass mq̃R . The χ2 function for mg̃ in the CMSSM falls
almost monotonically, whereas the otherχ2 functions exhibit
more structure, corresponding to the structures visible in the
(m0,m1/2) planes in Fig. 2. In each case, the χ2 functions
have been pushed up at low mass by the ATLAS jets + E/T

limit, as seen by comparing the solid and dotted lines.
The χ2 function for the mass of the lighter stop squark

mt̃1 in the CMSSM, shown in the upper left panel of Fig. 4,
exhibits a local minimum at mt̃1 ∼ 1,000 GeV and a
local maximum at mt̃1 ∼ 2,000 GeV [36]. On the other
hand, the χ2 function for mt̃1 in the NUHM1, shown in the
upper right panel of Fig. 4, exhibits a local maximum at
mt̃1 ∼ 1,000 GeV and a local minimum at mt̃1 ∼ 2,000 GeV,
followed by another local maximum at mt̃1 ∼ 2,600 GeV.

The lower panels of Fig. 4 show the χ2 functions for the
lighter stau in the CMSSM (left) and the NUHM1 (right). In
both cases, we see that low masses are strongly disfavoured,
and that the χ2 functions are almost flat above 1,000 GeV,
with local maxima at m τ̃1 ∼ 700 GeV.

There is no indication of a preferred supersymmetric mass
scale, but one may set the following 95 % CL lower limits in
GeV units [36]:

mg̃ > 1,810 (CMSSM), 1,920 (NUHM1),

mq̃R > 1,620 (CMSSM), 1,710 (NUHM1),

mt̃1 > 750 (CMSSM), 1120 (NUHM1),

m τ̃1 > 340 (CMSSM), 450 (NUHM1).

(4)
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Fig. 3 The one-dimensional χ2 likelihood functions in the CMSSM
(left) and the NUHM1 (right) for the gluino mass mg̃ (upper) and a
generic right-handed squark mass mq̃R (lower) [36]. In each panel, the
solid line is derived from a global analysis of the present data, and

the dotted line is derived from an analysis if the data set used in [61],
using the same implementations of the mh and dark matter scattering
constraints

For comparison, estimates of the supersymmetry discov-
ery reach of the LHC with 14 TeV can be found in [76],
e.g., the (m0,m1/2) plane displayed in Fig. 5. It was esti-
mated in [76] that the 5σ discovery reach for squarks and
gluinos with 300/fb of high-energy luminosity should be to
mg̃ ∼ 3, 500 GeV and mq̃R ∼ 2,000 GeV if mχ � mg̃,mq̃R ,
and similar sensitivities are expected in the CMSSM and the
NUHM1. The discovery range with 3,000/fb of luminosity
would extend a few hundred GeV further, so large parts of the
CMSSM and NUHM1 parameter spaces will be accessible
in future runs of the LHC.

On the other hand, the lower panels in Fig. 4 and the
95 % CL lower limits on m τ̃1 given in (4) suggest, within
the CMSSM and NUHM1, that the lighter stau and other
sleptons may lie beyond the reach of a low-energy e+e−
collider. However, it should be emphasized that this obser-
vation is necessarily model dependent, as there is no direct
information on m τ̃1 . If the universality assumptions of the
CMSSM and the NUHM1 were to be modified appropriately,
one might be able to explain the gμ − 2 discrepancy as well
as offering more hope for τ̃1 detection in e+e− collisions.

Figure 6 displays the (mχ , σ
SI
p ) planes in the CMSSM

(left) and the NUHM1 (right), again with solid (dashed) lines
representing the current analysis [36] and the constraints of
[61], respectively, the red (blue) lines representing 68 (95) %
CL contours, respectively, with the filled (open) green stars
denoting the corresponding best-fit points. We see that values
of σ SI

p in range 10−47 � σ SI
p � 10−43 cm2 are allowed in

the CMSSM at the 95 % CL, though the best-fit point yields
σ SI

p � 10−46 cm2. In the NUHM1, the range of σ SI
p preferred

at the 68 and 95 % CL extends to lower values � 10−48 cm2,
whilst the best-fit point yields σ SI

p ∼ 10−45 cm2, higher
than the CMSSM best-fit value. These global fits indicate
that σ SI

p may lie considerably below the current upper limit
from the LUX experiment [43], though significantly above
the level of the background from neutrino scattering, and
hence potentially accessible to future experiments searching
for the scattering of astrophysical dark matter.

There have been several claims to have observed signa-
tures of the scattering of relatively low-mass dark matter par-
ticles, which could not be accommodated within the class
of universal models discussed here. Moreover, these claims
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Fig. 4 The one-dimensional χ2 likelihood functions for mt̃1 (upper)
and m τ̃1 (lower) in the CMSSM (left) and the NUHM1 (right) [36].
In each panel, the solid line is derived from a global analysis of the

present data, and the dotted line is derived from an analysis if the data
set used in [61], using the same implementations of the mh and dark
matter scattering constraints

Fig. 5 The physics reach of the LHC in the (m0,m1/2) plane provided
by searches for squarks and gluinos assuming that the LSP mass is
negligible [76]. The different colours represent the production cross
section at 14 TeV. The solid (dashed) lines display the 5σ discovery
reach (95 % CL exclusion limit) with 300/fb and 3,000/fb, respectively

were not easy to reconcile with other negative results, e.g.,
from XENON100, and seem now to have been ruled out by
the first results of the LUX experiment [43]. Likewise, there

are various claims to have observed what might be indirect
signatures of annihilations of astrophysical dark matter parti-
cles that are also difficult to accommodate within the class of
models discussed here, and that will not be discussed further.

4 Alternative approaches

The above results were in the CMSSM and NUHM1 frame-
works, and they are quite specific to those models. This sec-
tion contains some discussions of other models and proposals
for model-independent analyses of LHC data.

4.1 mSUGRA

As already mentioned, mSUGRA is a more restrictive frame-
work than the CMSSM, since the gravitino mass is equal to
the scalar mass: m3/2 = m0, and the trilinear and bilin-
ear soft supersymmetry-breaking parameters are related:
A0 = B0 + m0. The former relation restricts the part of
the (m1/2,m0) plane in which the lightest neutralino is the
LSP, and the second relation allows the value of tan β to be
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Fig. 6 The (mχ , σ
SI
p ) planes in the CMSSM (left) and the NUHM1

(right) [36]. In both panels, the solid lines are derived from a global
analysis of the present data, and the dotted lines are derived from an
analysis of the data used in [61], with the current implementations of the

mh and σ SI
p constraints. The red lines denote the�χ2 = 2.30 contours,

the blue lines denote the �χ2 = 5.99 contours in each case, and the
filled (open) green stars denote the corresponding best-fit points
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Fig. 7 The (m1/2,m0) plane in a mSUGRA model with A0/m0 = 2
[44]. In addition to the line and shade conventions used in Fig. 1, the
values of tan β derived from the electroweak vacuum conditions are
shown as solid grey contours

fixed at each point in the (m1/2,m0) plane by the electroweak
vacuum conditions. Figure 7 displays a typical mSUGRA
(m1/2,m0) plane for the particular choice A0/m0 = 2 [44].
The same conventions as in Fig. 1 are used to represent the
experimental and cosmological density constraints, and the
grey lines are contours of tan β. There is a (brown) wedge
of the plane where the LSP is the lighter stau, flanked by a
neutralino LSP region at larger m0 = m3/2 and a gravitino
LSP region at smaller m0 = m3/2. The ATLAS E/T search
is directly applicable only in the neutralino LSP region, and
would require reconsideration in the gravitino LSP region.

In addition, in this region there are important astrophysical
and cosmological limits on long-lived charged particles (in
this case staus). The (purple) ATLAS E/T constraint inter-
sects the (dark blue) dark matter coannihilation strip just
above this wedge where m1/2 ∼ 850 GeV, and the (green)
BR(Bs → μ+μ−) constraint intersects the coannihilation
strip at m1/2 ∼ 1,050 GeV. The portion of the coannihilation
strip between this value and its tip at m1/2 ∼ 1,250 GeV is
consistent with all the constraints. In particular, in this section
of the coannihilation strip the nominal value of mh provided
by FeynHiggs 2.10.0 is ∈ (124, 125)GeV, compatible
with the experimental measurement within the theoretical
uncertainties due to the 1–2 GeV shift in mh found in the
new version of FeynHiggs, whereas the previous version
would have given mh < 124 GeV.

4.2 ‘Natural’ models

In view of the absence of supersymmetry in conventional
jets + E/T searches, the fact that the lighter stop squark t̃1
is lighter than first- and second-generation squarks in many
models (as we saw earlier in the cases of the CMSSM and the
NUHM1), and the fact that the naturalness (or fine-tuning)
argument applies most strongly to the stop, there have been
many studies of so-called ‘natural’ models in which it is
assumed that mt̃1 � mq̃R ,mg̃ . Figure 8 summarizes the
results of dedicated stop searches by the CMS Collaboration
[77]. We see explicitly that the sensitivity of search depends
on the stop decay mode assumed as well as the LSP mass
assumed, and we should recall that in a realistic model stop
decays may not be dominated by a single mode. So far, the
dedicated stop searches do not impinge significantly on the
parameter spaces of the CMSSM and the NUHM1, but this
may change in the future.
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Fig. 8 Exclusion limits from stop searches by the CMS Collaboration
[77]

4.3 Simplified models

Another approach has been to benchmark supersymmetric
searches by assuming simplified models in which some spe-
cific cascade signature is assumed to dominate sparticle pro-
duction and decay at the LHC. For example, it might be
assumed that the gluinos are much lighter than all the squarks
and decay dominantly into q̄qχ final states. Figure 9 shows
the exclusion limits obtained by the CMS Collaboration from
a search for pair-production of gluinos in this heavy-squark
limit followed by decays into q̄qχ final states with 100 %
branching ratios [77]. We see that this search also does not
reach the 95 % CL lower limits in the CMSSM and the
NUHM1 that were discussed earlier. We also note that such
simplified models are in general over-simplified, in that typi-
cal branching ratios are<100 %, on the one hand, and realis-
tic models may be tackled simultaneously using several sig-
natures in parallel. A possible way forward building on the
simplified model approach may be to parameterize a realistic
model in terms of the probabilities with which specific model
signatures occur and combine different signatures with a ‘mix
and match’ approach to obtain the overall sensitivity to that
model [78].

4.4 Combining searches

An interesting step in this direction was taken in [79], where
it was shown that certain combinations of searches yield a
sensitivity to a class of models that is almost independent of
the specific parameters of the model within that class. The
idea here was to combine searches for E/T + jets without
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Fig. 9 Exclusion limits from searches by the CMS Collaboration in
the simplified model topology g̃g̃→ q̄qq̄qχχ [77]

Fig. 10 The confidence levels for excluding a class of ‘natural-like’
supersymmetric models by combining searches at 7 TeV for several
different topologies: E/T + jets without leptons, with a single lepton
and with same- and opposite-sign dileptons [79]

leptons, with a single lepton and with same- and opposite-
sign dileptons, and apply them to a class of ‘natural-like’
supersymmetric spectra. As can be seen in Fig. 10 where this
approach was applied to 7 TeV data, the confidence level with
which a particular set of gluino, third-generation squark and
LSP masses (mg̃ = 1 TeV, mq̃3 = 700 GeV, mχ = 100 GeV)
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Fig. 11 It is shown in the left
panel that, in the effective field
theory (EFT) approximation,
monojet searches are more
sensitive than the XENON100
search for a spin-dependent
dimension-6 interaction of the
form (χ̄γμγ5χ)(q̄γμγ5q)/
2.
However, the right panel shows
that this conclusion depends on
the mass controlling the form
factor of the dimension-6
interaction [80]

could be excluded was found to be essentially independent of
other details of the spectrum and associated branching ratios.

4.5 Monojet searches

In all the above searches, the production and cascade decays
of heavier supersymmetric particles were considered. A dif-
ferent approach, which aims to be more model independent,
is to look directly for pair-production of LSPs χ with the sig-
nature of an accompanying monojet (due predominantly to
initial-state gluon radiation) or electroweak boson (γ , W± or
Z0). The idea was to use such searches to constrain higher-
dimensional operators that could also mediate the scattering
of astrophysical dark matter. In particular, it was hoped that
this approach would clarify the confusion that existed for
a long time about possible experimental hints for low-mass
cold dark matter particles.

This approach looks promising for the case of spin-
dependent dark matter scattering via an effective dimension-
6 operator of the form (χ̄γμγ5χ)(q̄γμγ5q)/
2, as seen in the
left panel of Fig. 11 [80]. However, one should remember that
the kinematics of dark matter scattering (which has a very
small space-like momentum transfer) and pair-production
(where the momentum transfer is time-like and > 4m2

χ ).
This raises the possibility that there may be a non-trivial
form factor for the effective operator, which could suppress
the sensitivity in the LHC searches for monojets, etc.. The
right panel of Fig. 11 illustrates the potential importance of
this effect. Whereas the LHC limit appears stronger than the
XENON100 limit in the effective field theory (EFT) limit
(left panel), we see that the XENON100 limit may actually
be stronger, depending on the details of the theory underlying
the EFT model [80]. That said, this approach is an interest-
ing supplement to more conventional E/T + jets searches,
and may play an increasingly important rôle in searches for
supersymmetry and other new physics when the LHC restarts
at high energy.

5 Summary and prospects

The first run of the LHC leaves a bittersweet taste in the
mouths of high-energy physicists. On the one hand, the
ATLAS and CMS Collaborations have discovered a Higgs
boson, an experimental Holy Grail since it was first postu-
lated in 1964. On the other hand, they have found no trace
of any other new physics, in particular no sign of supersym-
metry. However, the appearance of an apparently elementary
Higgs boson poses severe problems of naturalness and fine-
tuning, so theorists should rejoice that they have new chal-
lenges to meet. Supersymmetry still seems to the present
author to be the most promising framework for responding
to these challenges, and I argue that the LHC measurements
of the low mass and standard model-like couplings of the
Higgs boson provide additional circumstantial arguments for
supersymmetry.

The LHC searches for supersymmetry, the Higgs mass, the
measurement of BR(Bs → μ+μ−) and other experiments,
notably those on dark matter, can be combined in global fits
to the parameters of specific supersymmetric models [36,62–
69]. The two examples discussed here are the CMSSM and
the NUHM1: analyzing models with more parameters in
an equally thorough way would be far more computation-
ally intensive. Results of global fits to the CMSSM and the
NUHM1, including best-fit points, regions preferred at the
68 % CL and allowed at the 95 % CL have been presented in
this paper, as well as 95 % CL lower limits on some sparticle
masses. Within these models, there are reasonable prospects
for discovering supersymmetry at the LHC at higher energy,
as well as for observing the scattering of astrophysical dark
matter.

Various alternative approaches to supersymmetry phe-
nomenology have also been discussed, including ‘natural’
models, simplified models, combined analyses of benchmark
signatures, and searches for monoboson events. Although
none of these impinges significantly on the CMSSM and
NUHM1 parameter spaces, all of them are likely to play
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greater rôles in future studies of supersymmetry at the LHC
at higher energies, particularly as interest broadens to a wider
range of models.

We await with impatience the advent of high-energy LHC
running with increasing luminosity.
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Abstract The implications of the discovery of the Higgs
boson at the LHC with a mass of approximately 125 GeV
are summarised in the context of the minimal supersymmet-
ric extension of the Standard Model, the MSSM. Discussed
are the implications from the measured mass and produc-
tion/decay rates of the observed particle and from the con-
straints in the search for the heavier Higgs states at the LHC.

1 Introduction

The historical discovery by ATLAS and CMS of a particle
with a mass of approximately 125 GeV [1,2] and proper-
ties that are compatible with those of a scalar Higgs boson
[3–8] has far reaching consequences not only for the Stan-
dard Model (SM) of the electroweak and strong interactions,
but also for new physics models beyond it. This is particu-
larly true for supersymmetric theories (SUSY) [9–11] that
are widely considered to be the most attractive extensions of
the SM as they naturally protect the Higgs mass against large
radiative corrections and stabilise the hierarchy between the
electroweak and Planck scales, besides of allowing for the
unification of the three gauge coupling constants and provid-
ing a good candidate for the dark matter in the universe, the
lightest SUSY particle.

In the minimal supersymmetric extension of the SM
(MSSM), two Higgs doublet fields Hu and Hd are required
to break the electroweak symmetry, leading to a physical
spectrum with five Higgs particles: two CP-even, h and H , a
CP-odd, A, and two charged, H±, states [6,8]. Two param-
eters are needed to describe the MSSM Higgs sector at the
tree level: one Higgs mass, which is generally taken to be
that of the pseudoscalar boson MA, and the ratio of vacuum
expectation values of the two Higgs fields, tan β = vd/vu ,
expected to lie in the range 1 � tan β � 60. The masses of
the CP-even h, H and the charged H± states, as well as the

a e-mail: djouadi@th.u-psud.fr

mixing angle α in the CP-even sector are uniquely defined in
terms of these two inputs at tree level, but this nice property
is spoiled at higher orders [12–28].

At high MA values, MA � MZ , one is in the so-called
decoupling regime [29] in which the neutral CP-even state h
is light and has almost exactly the properties of the SM Higgs
boson, i.e. its couplings to fermions and gauge bosons are the
same as the standard Higgs, while the other CP-even H and
the charged H± bosons become heavy and mass degenerate
with the A state, MH ≈ MH± ≈ MA, and they decouple
from the massive gauge bosons. In this regime, the MSSM
Higgs sector thus looks almost exactly like the one of the SM
with its unique Higgs boson.

There is, however, one major difference between the two
cases: while in the SM the Higgs mass is essentially a free
parameter (and should simply be smaller than about 1 TeV in
order to ensure unitarity in the high-energy scattering of mas-
sive gauge bosons), the lightest MSSM CP-even Higgs parti-
cle mass is bounded from above and, depending on the SUSY
parameters that enter the important quantum corrections, is
restricted to Mmax

h ≈ 90–130 GeV. The lower value comes
from experimental constraints, in particular Higgs searches
at LEP [30,31], while the upper bound assumes a SUSY-
breaking scale that is not too high, MS � O (1 TeV), in
order to avoid too much fine-tuning in the model. Hence, the
requirement that the MSSM h boson coincides with the one
observed at the LHC, i.e. with Mh ≈ 125 GeV and almost
SM-like couplings as the LHC data seem to indicate, would
place very strong constraints on the MSSM parameters, in
particular the SUSY scale MS , through their contributions to
the radiative corrections to the Higgs sector. This comes in
addition to the limits that have been obtained from the search
of the heavier Higgs states at the LHC, as well as from the
negative search for supersymmetric particles.

In this review, we summarise the implications of the avail-
able LHC Higgs results for the MSSM Higgs sector. We
first discuss the consequences of the Mh measured value for
the various unconstrained (with the many free parameters
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defined at the weak scale) and constrained (with parame-
ters obeying some universal boundary conditions at the high
scale) versions of the MSSM. We then discuss the impact of
the measured production and decay rates of the observed par-
ticle on the various Higgs couplings and, hence, the MSSM
parameters. The impact of the negative search of the heavy
H, A and H± states is summarised. An outlook is given in a
concluding section.

2 Implications of the Higgs mass value

2.1 The Higgs masses in the MSSM

In the MSSM, the tree-level masses of the CP-even h and
H bosons depend only on MA and tan β. However, many
parameters of the MSSM such as the masses of the third
generation stop and sbottom squarks mt̃i ,mb̃i

and their tri-
linear couplings At , Ab enter Mh and MH through quantum
corrections. In the basis (Hd , Hu), the CP-even Higgs mass
matrix can be written in full generality as

M2 = M2
Z

(
c2
β −sβcβ

−sβcβ s2
β

)
+ M2

A

(
s2
β −sβcβ

−sβcβ c2
β

)

+
(
ΔM2

11 ΔM2
12

ΔM2
12 ΔM2

22

)
(1)

where we use the short-hand notation sβ ≡ sin β etc. and
introduce the radiative corrections by a general 2× 2 matrix
ΔM2

i j . One can then easily derive the neutral CP even Higgs
boson masses and the mixing angle α that diagonalises the h
and H states, H = cosαH0

d+sin αH0
u and h = − sin αH0

d+
cosαH0

u :

M2
h/H =

1

2

(
M2

A + M2
Z +ΔM2

11 +ΔM2
22 ∓ N

)
(2)

tan α = 2ΔM2
12 − (M2

A + M2
Z )sβ

ΔM2
11 −ΔM2

22 + (M2
Z − M2

A)c2β + N
(3)

N =
√

M4
A + M4

Z − 2M2
A M2

Z c4β + C

C = 4ΔM4
12 + (ΔM2

11 −ΔM2
22)

2 − 2(M2
A − M2

Z )

×(ΔM2
11 −ΔM2

22)c2β − 4(M2
A + M2

Z )ΔM2
12s2β

(4)

The by far leading one-loop radiative corrections to the
mass matrix of Eq. (1) are controlled by the top Yukawa
coupling, λt = mt/v sin β with v = 246 GeV, which appears
with the fourth power. One obtains a very simple analytical
expression for the radiative correction matrix ΔM2

i j if only
this contribution is taken into account [12–14]

ΔM2
11 ∼ ΔM2

12 ∼ 0 , (5)

ΔM2
22 ∼ ε =

3m̄4
t

2π2v2 sin2 β

[
log

M2
S

m̄2
t
+ X2

t

M2
S

(
1− X2

t

12M2
S

)]

where MS is the geometric average of the two stop masses
MS = √mt̃1mt̃2 defined to be the SUSY-breaking scale and
Xt is the stop mixing parameter given by Xt = At−μ/ tan β
with μ the higgsino mass parameter; m̄t is the running MS
top quark mass to account for the leading two-loop QCD
corrections in a renormalisation-group improved approach
(some refinements can be include as well).

Other soft SUSY-breaking parameters, in particularμ and
Ab (and in general the corrections controlled by the bottom
Yukawa coupling λb = mb/v cosβ, which at large value of
μ tan β become relevant) as well as the gaugino mass param-
eters M1,2,3, provide a small but non-negligible correction to
ΔM2

i j and can thus also have an impact on the loop correc-
tions [15,16,25–28].

The maximal value of the h mass, Mmax
h is given in the

leading one–loop approximation above by

M2
h

MA�MZ→ M2
Z cos2 2β +ΔM2

22 (6)

and is obtained for the choice of parameters [25–28]:

– a decoupling regime with heavy A states, MA ∼ O(TeV);
– large values of the parameter tan β, tan β � 10;
– heavy stops, i.e. large MS values and we choose in general

MS ≤ 3 TeV to avoid a too large fine-tuning [32,33];
– a stop trilinear coupling Xt =

√
6MS , the so-called max-

imal mixing scenario that maximises the stop loops [34].

If the parameters are optimised as above, the maximal h
mass value can reach the level of Mmax

h ≈ 130 GeV.
An important aspect is that in the decoupling regime

MA � MZ , the heavier CP-even and the charged Higgs
states become almost degenerate in mass with the CP-odd
state, MH ≈ MH± ≈ MA, while the mixing angleα becomes
close to α ≈ π

2 −β making the couplings of the light h state
to fermions and massive gauge bosons SM-like, and decou-
pling the H, H± from the weak bosons as is the case for the
state A by virtue of CP invariance.

In this section, we discuss the implications of the measured
mass value of the observed Higgs boson at the LHC [35–62]
that we identify with the lightest state h of the MSSM. We
consider the phenomenological MSSM [63] in which the rel-
evant soft SUSY parameters are allowed to vary freely (but
with some restrictions) and constrained MSSM scenarios
such as the minimal supergravity (mSUGRA) [64–67], gauge
mediated (GMSB) [68–72] and anomaly mediated (AMSB)
[73–75] supersymmetry-breaking models (for a review, see
again Ref. [8]). We also discuss the implications of such an
Mh value for scenarios in which the supersymmetric spec-
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Fig. 1 The maximal value of the h boson mass as a function of Xt/MS
in the pMSSM when all other soft SUSY-breaking parameters and
tan β are scanned (left) and the contours for the Higgs mass range 123

< Mh < 127 GeV in the [MS, Xt ] plane for some selected range of
tan β values (right); from Ref. [35]

trum is extremely heavy, the so-called split SUSY [76–78] or
high-scale SUSY models [79,80]. Finally, a new parametri-
sation of the Higgs sector, which uses the crucial information
Mh = 125 GeV, is discussed [81].

2.2 Implications for the phenomenological MSSM

In an unconstrained MSSM, there is a large number of
soft SUSY-breaking parameters, O(100), but analyses can
be performed in the so-called “phenomenological MSSM”
(pMSSM) [63], in which CP conservation, flavour diago-
nal sfermion mass and coupling matrices and universality
of the first and second sfermion generations are imposed.
The pMSSM involves then 22 free parameters in addition to
those of the SM: besides tan β and MA, these are the higgsino
mass μ, the three gaugino masses M1,2,3, the diagonal left-
and right-handed sfermion mass parameters m f̃L ,R

and the
trilinear sfermion couplings A f .

As discussed above, an estimate of the upper bound on
Mh can be obtained by including the corrections that involve
only the parameters MS and Xt . However, to be more precise,
one could scan the full pMSSM 22 parameter space in order
to include the subleading corrections. To do so, one can use
RGE programs such as Suspect [82] which calculate the
Higgs and superparticle spectrum in the MSSM including
the most up-to-date information [25].

To obtain the value Mmax
h with the full radiative correc-

tions, a large scan of the pMSSM parameters in an uncorre-
lated way was performed [35,36] in the domains:

1 ≤ tan β ≤ 60, 50 GeV ≤ MA ≤ 3 TeV,

−9 TeV ≤ At , Ab, Aτ ≤ 9 TeV,

50 GeV ≤ m f̃L
,m f̃R

,M3 ≤ 3 TeV,

50 GeV ≤ M1,M2, |μ| ≤ 1.5 TeV. (7)

The results are shown in Fig. 1, where, in the left-hand
side, the obtained maximal value Mmax

h is displayed as a func-
tion of the ratio of parameters Xt/MS . The resulting values
are confronted to the mass range 123 GeV ≤ Mh ≤ 127 GeV
when the parametric uncertainties from the SM inputs such
as the top quark mass and the theoretical uncertainties in the
determination of Mh are included1.

For MS � 1 TeV, only the scenarios with Xt/MS values
close to maximal mixing Xt/MS ≈

√
6 survive. The no-

mixing scenario Xt ≈ 0 is ruled out for MS � 3 TeV, while
the typical mixing scenario, Xt ≈ MS , needs large MS and
moderate to large tan β values. From the scan, one obtains
a maximum Mmax

h = 136, 126 and 123 GeV with maximal,
typical and zero mixing, respectively.

What are the implications for the mass of the lightest stop
state t̃1? This is illustrated in the right-hand side of Fig. 1,
where the contours are shown in the [MS, Xt ] plane in which
one obtains 123 < Mh < 127 GeV from the pMSSM scan;
the regions in which tan β � 3, 5 and 60 are highlighted.
One sees again that a large part of the parameter space is
excluded if the Higgs mass constraint is imposed. In partic-
ular, large MS values, in general corresponding to large mt̃1
are favoured. However, as MS = √mt̃1mt̃2 , the possibility
that mt̃1 is of the order of a few 100 GeV is still allowed,
provided that stop mixing (leading to a significant mt̃1,mt̃2
splitting) is large [36,57–59].

1 This uncertainty is obtained by comparing the outputs of SuSpect
and FeynHiggs [83] which use different schemes for the radiative
corrections: while the former uses the DR scheme, the latter uses the
on-shell scheme; the difference in the obtained Mh amounts to ≈ ±2–
3 GeV in general. To this, one has to add an uncertainty of±1 GeV from
the top quark mass measurement at the Tevatron, mt = 173 ± 1 GeV
[85]. Note that it is not entirely clear whether this mass is indeed the
pole quark mass. A more rigorous determination of the pole mass from
the measured top-pair cross section at the Tevatron gives a lower value
with a larger uncertainty, mpole

t = 171± 3 GeV [84].
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Fig. 2 The maximal value of the h boson mass as a function of tan β (left) and MS (right) with a scan of all other parameters in various constrained
MSSM scenarios. The range 123 < Mh < 129 GeV for the light h boson mass is highlighted. From Ref. [35]

Masses above 1 TeV for the scalar partners of light quarks
and for the gluinos are also required by the direct searches
of SUSY particles at the LHC [86,87], confirming the need
of high MS values. Nevertheless, relatively light stops as
well as electroweak sparticles such as sleptons, charginos and
neutralinos are still possible allowing for a “natural SUSY”
[33] in spite of the value Mh ≈ 125 GeV. Nevertheless, the
present LHC SUSY searches [86,87] are constraining more
and more this natural scenario.

2.3 Implications for constrained MSSM scenarios

In constrained MSSM scenarios (cMSSM), the various soft
SUSY-breaking parameters obey a number of universal
boundary conditions at a high energy scale, thus reducing the
number of basic input parameters to a handful. The various
soft SUSY-breaking parameters are evolved via the MSSM
renormalisation group equations down to the low energy
scale MS where the conditions of proper electroweak sym-
metry breaking (EWSB) are imposed.

Three classes of such models have been widely dis-
cussed in the literature. There is first the minimal super-
gravity (mSUGRA) model [64–67] in which SUSY-breaking
is assumed to occur in a hidden sector which communi-
cates with the visible sector only via flavour-blind gravita-
tional interactions, leading to universal soft breaking terms,
namely a common m1/2,m0, A0 values for the gaugino
masses, sfermion masses and sfermion trilinear couplings.
Then come the gauge mediated [68–72] and anomaly medi-
ated [73–75] SUSY-breaking (GMSB and AMSB) scenarios
in which SUSY-breaking is communicated to the visible sec-
tor via, respectively, gauge interactions and a super-Weyl
anomaly.

These models are described by tan β, the sign of μ and
a few continuous parameters. Besides of allowing for both
signs of μ, requiring 1 ≤ tan β ≤ 60 and, to avoid excessive
fine-tuning in the EWSB conditions, imposing the bound

MS = MEWSB < 3TeV, we adopt the following ranges for
the input parameters of these scenarios:

mSUGRA 50 GeV ≤ m0 ≤
3 TeV

50 GeV
≤ m1/2 ≤
3 TeV

|A0| ≤ 9 TeV

GMSB 10 TeV ≤ Λ ≤
1000 TeV

1 ≤ Mmess/Λ ≤
1011

Nmess = 1

AMSB 1 TeV ≤ m3/2 ≤
100 TeV

50 GeV ≤ m0 ≤
3 TeV

Hence, in contrast to the pMSSM, the various parame-
ters which enter the radiative corrections to Mh are not all
independent in these constrained scenarios, as a consequence
of the relations between SUSY-breaking parameters that are
set at the high-energy scale and the requirement that elec-
troweak symmetry breaking is triggered radiatively for each
set of input parameters. The additional constraints make that
it is not possible to freely tune the parameters that enter the
Higgs sector to obtain the pMSSM maximal value of Mh . In
order to obtain even a rough determination of Mmax

h in a given
constrained SUSY scenario, it is necessary to scan through
the allowed range of values for the basic input parameters.

Using again the program Suspect, a full scan of these
scenarios has been performed in Ref. [35] and the results for
Mmax

h are shown in the left-hand side of Fig. 2 as a function
of tan β, the input parameter that is common to all mod-
els, and in the right-hand side of the figure as a function of
MS . In the adopted parameter space of the models and with
the central values of the SM inputs, the obtained upper h
mass value is Mmax

h ≈121 GeV in the AMSB scenario, i.e.
much less that 125 GeV, while in the GMSB scenario one has
Mmax

h ≈122 GeV (these values are obtained for tan β ≈ 20).
Thus, clearly, these two scenarios are disfavoured if the light-
est h particle has indeed a mass in the range 123–127 GeV and
MS � 3 TeV. In mSUGRA, one obtains Mmax

h = 128 GeV
and, thus, some parameter space would still survive the Mh

constraint.
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The upper bound on Mh in these scenarios can be qualita-
tively understood by considering in each model the allowed
values of the trilinear coupling At , which essentially deter-
mines the stop mixing parameter Xt and thus the value of Mh

for a given scale MS . In GMSB, one has At ≈ 0 at relatively
high scales and its magnitude does not significantly increase
in the evolution down to the scale MS ; this implies that we
are almost in the no-mixing scenario which gives a low value
of Mmax

h as can be seen from Fig. 1. In AMSB, one has a non-
zero At that is fully predicted at any renormalisation scale
in terms of the Yukawa and gauge couplings; however, the
ratio At/MS with MS determined from the overall SUSY
breaking scale m3/2 turns out to be rather small, implying
again that we are close to the no-mixing scenario. Finally, in
the mSUGRA model, since we have allowed At to vary in a
wide range as |A0| ≤ 9 TeV, one can get a large At/MS

ratio, which leads to a heavier Higgs particle. However,
one cannot easily reach At values such that Xt/MS ≈

√
6

so that we are not in the maximal-mixing scenario and
the higher upper bound on Mh in the pMSSM cannot be
reached.

In the case of mSUGRA, one can study several interest-
ing special cases: the no-scale scenario with m0 ≈ A0 ≈ 0
[88,89], the scenario m0 ≈ 0 and A0 ≈ − 1

4 m1/2,
which approximately corresponds to the constrained next-
to-MSSM (cNMSSM) [90,91], A0 ≈ −m0, which corre-
sponds to a very constrained MSSM (VCMSSM) [92], and a
non-universal Higgs mass model (NUHM) [93] in which the
soft SUSY-breaking scalar mass terms are different for the
sfermions and for the two Higgs doublet fields.

In two particular cases, namely the “no-scale” and the
“approximate cNMSSM” scenarios, the upper bound on Mh

is much lower than in the more general mSUGRA case and,
in fact, barely reaches Mh ≈ 123 GeV. The main reason
is that these scenarios involve small values of A0 at the
GUT scale, A0 ≈ 0 for no-scale and A0 ≈ − 1

4 m1/2 for
the cNMSSM, which lead to At values at the weak scale
that are too low to generate a significant stop mixing and,
hence, one is again close to the no-mixing scenario. Thus,
only a very small fraction of the parameter space of these
two sub-classes of the mSUGRA model survive if we impose
123 < Mh < 127 GeV. These models should thus have a
very heavy sfermion spectrum as a value MS � 3 TeV is
required to increase Mmax

h . In the VCMSSM case, the value
Mh 
 125 GeV can be reached as |A0| can be large for large
m0, A0 ≈ −m0, allowing for typical mixing.

Finally, since the NUHM is more general than mSUGRA
as we have two more free parameters, the [tan β,Mh] area
shown in Fig. 2 is larger than in mSUGRA. However, since
we are in the decoupling regime and the value of MA does
not matter much (as long as it a larger than a few hundred
GeV) and the key weak-scale parameters entering the deter-
mination of Mh , i.e. tan β,MS and At are approximately the

same in both models, one obtains a bound Mmax
h that is only

slightly higher in NUHM compared to the mSUGRA case.
In these constrained scenarios and, in particular in the gen-

eral mSUGRA model, most of the scanned points giving the
appropriate Higgs mass correspond to the decoupling regime
of the MSSM Higgs sector and, hence, to an h boson with a
SM–Higgs cross section and branching ratios. Furthermore,
as the resulting SUSY spectrum for Mh = 125 ± 2 GeV is
rather heavy in these scenarios (easily evading the LHC lim-
its from direct sparticle searches [86]), one obtains very small
contributions to observables like the anomalous muon mag-
netic moment (g − 2)μ and to B-physics observables such
as the rates BR(Bs → μ+μ−) or BR(b→ sγ ) [94]. Hence,
the resulting spectrum complies with all currently available
constraints. In addition, as will be discussed later, the cor-
rect cosmological density for the LSP neutralino required by
recent measurements [95] can easily be satisfied. The Mh

value provides thus a unique constraint in this decoupling
regime.

2.4 Split and high-scale SUSY models

In the preceding discussion, we have always assumed that the
SUSY-breaking scale is relatively low, MS � 3 TeV, which
implies a natural SUSY scenario [33] with supersymmetric
and heavier Higgs particles that could be observed at the
LHC. However, as already mentioned, this choice is mainly
dictated by fine-tuning considerations which are a rather sub-
jective matter as there is no compelling criterion to quantify
the acceptable amount of tuning. One could well abandon
the SUSY solution to the hierarchy problem and have a very
high MS , which implies that, except for the lightest h boson,
no other scalar particle is accessible at the LHC or at any
foreseen collider.

This argument has been advocated to construct the so-
called split SUSY scenario [76–78] in which the soft SUSY-
breaking mass terms for all the scalars of the theory, except
for one Higgs doublet, are extremely large, i.e. their common
value MS is such that MS � 1 TeV (such a situation occurs
e.g. in some string motivated models [96]). Instead, the mass
parameters for the spin- 1

2 particles, the gauginos and the hig-
gsinos, are left in the vicinity of the EWSB scale, allowing
for a solution to the dark matter problem and a successful
gauge coupling unification, the two other SUSY virtues. The
split SUSY models are much more predictive than the usual
pMSSM as only a handful parameters are needed to describe
the low-energy theory. Besides the common value MS of the
soft SUSY-breaking sfermion and one Higgs mass parame-
ters, the basic inputs are essentially the three gaugino masses
M1,2,3 (which can be unified to a common value at MGUT

as in mSUGRA), the higgsino parameter μ and tan β. The
trilinear couplings A f , which are expected to have values
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Fig. 3 The value of h boson mass as a function of the SUSY scale MS for several values of tan β = 1, 2, 5, 50 in the split-SUSY (left) and
high-scale SUSY (right) scenarios. From Ref. [35]

close to the EWSB scale set by the gaugino/higgsino masses
that are much smaller than MS , will play a negligible role.

Concerning the Higgs sector, the main feature of split
SUSY is that at the high scale MS , the boundary condition
on the quartic Higgs coupling is determined by SUSY:

λ(MS) = 1

4

[
g2(MS)+ g′2(MS)

]
cos2 2β. (8)

where g and g′ are the SU(2) and U(1) gauge couplings. Here,
tan β is not a parameter of the low-energy effective theory
as it enters only the boundary condition above and cannot be
interpreted as the ratio of the two Higgs vevs.

If the scalars are very heavy, they will lead to radiative cor-
rections in the Higgs sector that are significantly enhanced
by large logarithms, log(MS/MEWSB) where MEWSB ≈
|μ|,M2. In order to have reliable predictions, one has to
properly decouple the heavy states from the low-energy the-
ory and resum the large logarithmic corrections; in addition,
the radiative corrections due to the gauginos and the hig-
gsinos have to be implemented. Following the early work
of Ref. [76–78], a comprehensive study of the split SUSY
spectrum has been performed in Ref. [97]. All the features
of the model have been implemented in the code SuSpect
[82] upon which the analysis presented in Ref. [35] and sum-
marised here is based.

One can adopt an even more radical attitude than in split
SUSY and assume that the gauginos and higgsinos are also
very heavy, with a mass close to the scale MS ; this is the
case in the so-called high-scale SUSY model [79,80]. Here,
one abandons not only the SUSY solution to the fine-tuning
problem but also the solution to the dark matter problem by
means of the LSP and the successful unification of the gauge
couplings. However, there will still be a trace of SUSY at low
energy: the matching of the SUSY and low-energy theories
is indeed encoded in the Higgs quartic coupling λ of Eq. (8).

Hence, even if broken at very high scales, SUSY would still
lead to a “light” Higgs whose mass will give information on
MS and tan β.

The treatment of the Higgs sector of the high-scale SUSY
scenario is similar to that of split SUSY: one simply needs to
decouple the gauginos and higgsinos from the low-energy
spectrum (in particular remove their contributions to the
renormalisation group evolution of the gauge and Yukawa
couplings and to the radiative corrections to Mh) and set
their masses to MS . The version of the program Suspect
which handles the split SUSY case can be adapted to also
cover the M1 ≈ M2 ≈ M3 ≈ |μ| ≈ MS case.

Using this tool, a scan in the [tan β,MS] plane has been
performed to determine the value of Mh in the split SUSY and
high-scale SUSY scenarios; in the former case, MEWSB ≈√|M2μ| ≈ 246 GeV was chosen for the low scale. The
results are shown in Fig. 3, where Mh is displayed as a func-
tion of MS for selected values of tan β in both split (left plot)
and high-scale (right plot) SUSY.

As expected, the maximal Mh values are obtained at high
tan β and MS values and, at the scale MS ≈ 1016 GeV at
which the couplings g and g′ approximately unify in the split
SUSY scenario, one obtains Mh ≈ 160 GeV for the higher
tan β = 50 value. Not included is the error bands in the SM
inputs that would lead to an uncertainty of about 2 GeV on
Mh , which is now mainly due to the 1 GeV uncertainty on
mt . In addition, the zero-mixing scenario was assumed as
the parameter At is expected to be much smaller than MS ;
this approximation might not be valid for MS values below
10 TeV and a maximal mixing At/MS =

√
6 would increase

the Higgs mass value by up to 10 GeV at MS = O(1 TeV)
as was discussed earlier for the pMSSM. In the high-scale
SUSY scenario, one obtains a value Mh ≈ 142 GeV (with
again an uncertainty of approximately 2 GeV from the top
mass) for high tan β values and at the unification scale MS ≈
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1014 GeV [79,80]. Much smaller Mh values, in the 120 GeV
range, can be obtained for lower scales and tan β.

Hence, the requirement that the Higgs mass is in the range
123 � Mh � 127 GeV imposes strong constraints on the
parameters of these two models. For this mass range, very
large scales are needed for tan β ≈ 1 in the high-scale SUSY
scenario, while scales not too far from MS ≈ 104 GeV are
required at tan β � 1 in both the split and the high-scale
scenarios. In this case, SUSY should manifest itself at scales
much below MGUT if Mh ≈ 125 GeV.

2.5 Splitting the Higgs and sfermion sectors

In the previous high-scale scenarios, the Higgs mass param-
eters were assumed to be related to the mass scale of the
scalar fermions in such a way that the masses of the heav-
ier Higgs particles are also of the order of the SUSY scale,
MA ≈ MS . However, this needs not to be true in general and
one can, for instance, have a NUHM-like scenario where the
Higgs masses are decoupled from those of the sfermions. If
one is primarily concerned with the MSSM Higgs sector, one
may be rather conservative and allow any value for MA irre-
spective of the SUSY-breaking scale MS . This is the quite
“model-independent” approach that has been advocated in
Refs. [98–101]: take MA as a free parameter of the pMSSM,
with values ranging from O(100 GeV) up to O(MS), but
make no restriction on MS , which can be set to any value,
even very high.

An important consequence of this possibility is that it
reopens the low tan β region, tan β � 3, which was long
thought to be forbidden if one requires a SUSY scale MS �
1 TeV, as a result of the limit Mh � 114 GeV from the nega-
tive search of a SM-like Higgs boson at LEP [31]. If the SUSY
scale is large enough, these small tan β values would become
viable again. To estimate the required magnitude of MS , one
can still use Suspect in which the possibility MS � 1 TeV
is implemented [97] with the full set of radiative corrections
up to two loops included. In Fig. 4, displayed are the contours
in the plane [tan β,MS] for fixed mass values Mh = 120–
132 GeV of the observed Higgs state (these include a 3 GeV
theoretical uncertainty and also a 3 GeV uncertainty on the
top quark mass [84] that is conservatively added linearly in
the extreme cases). The maximal mixing Xt =

√
6MS sce-

nario is assumed with 1 TeV gaugino/higgsino mass param-
eters.

One observes that values of tan β ≈ 1 are possible and
allow for an acceptable Mh value provided the scale MS

is large enough. For instance, while one can accommo-
date a scale MS ≈ 1 TeV with tan β ≈ 5, a large scale
MS ≈ 20 TeV is required to obtain tan β ≈ 2; to reach the
limit tan β = 1, an order of magnitude increase of MS will be
required. Outside the decoupling regime, the obtained MS for
a given Mh value will be of course larger. For completeness,

Fig. 4 Contours for fixed values Mh = 120, 123, 126, 129 and
132 GeV in the [tan β,MS] plane in the decoupling limit MA � MZ ;
the “LEP2 contour” for Mh = 114 GeV is also shown

also shown is the contour for the LEP2 limit Mh = 114 GeV
which illustrates the fact that tan β ≈ 1 is still allowed pro-
vided that MS � 20 TeV.

2.6 A new parametrisation of the Higgs sector

It was pointed out in Refs. [98,102–104] that when the mea-
sured value of the h boson mass Mh = 125 GeV is taken
into account, the MSSM Higgs sector with solely the dom-
inant radiative corrections included can be again described
with only two free parameters such as tan β and MA as was
the case at tree level. In other words, the dominant radiative
corrections that involve the SUSY parameters are fixed by
the value of Mh . This observation leads to a rather simple
parametrisation of the MSSM Higgs sector.

More specifically, let us assume that in the 2×2 matrix for
the radiative corrections to the CP-even Higgs mass matrix
Eq. (1), only the leadingΔM2

22 entry of Eq. (5) that involves
the by far dominant stop–top sector contribution is taken
into account; this is the so-called ε approximation and its
refinements [15,16,28]. In this ΔM2

22 � ΔM2
11,ΔM2

12
limit, one can simply trade ΔM2

22 for the by now known h
mass value Mh = 125 GeV and obtain

M2
H =

(
M2

A + M2
Z − M2

h

) (
M2

Z c2
β + M2

As2
β

)
− M2

A M2
Z c2

2β

M2
Z c2
β + M2

As2
β − M2

h

α = − arctan

(
(M2

Z + M2
A)cβsβ

M2
Z c2
β + M2

As2
β − M2

h

) (9)

This was called the habemus MSSM or hMSSM in Ref. [81].
However, this interesting and simplifying feature has to

been demonstrated for all MSSM parameters and, in par-
ticular, one needs to prove that the impact of the subleading
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Fig. 5 The variation of the mass MH and the mixing angleα are shown
as separate vertical colored scales, in the plane [MS, Xt ] when the
full two loop corrections are included with and without the subleading

matrix elements ΔM2
11 and ΔM2

12. MA = 300 GeV, tan β = 5 or and
30 are taken and the other parameters are varied as described in the text
[81]

correctionsΔM2
11 andΔM2

12 is small. To do so, a scan of the
pMSSM parameter space using the program SuSpect, in
which the full two-loop radiative corrections to the Higgs sec-
tor are implemented, has been performed [81]. For a chosen
(tan β,MA) input set, the soft-SUSY parameters that play an
important role in the Higgs sector are varied in the following
ranges: |μ| ≤ 3 TeV, |At , Ab| ≤ 3MS , 1 TeV≤ M3 ≤ 3 TeV
and 0.5 TeV ≤ MS ≤ 3 TeV (≈3 TeV is the scale up to
which programs such as SuSpect are expected to be reli-
able). The usual GUT relation between the weak scale gaug-
ino masses 6M1 = 3M2 = M3 has been assumed and
Au, Ad , Aτ = 0 has been set (these last parameters have
little impact on the radiative corrections). The MSSM Higgs
sector parameters have been computed all across the param-
eter space, selecting the points which satisfy the constraint
123 ≤ Mh ≤ 129 GeV when uncertainties are included. For
each of theses points, the Higgs parameters have been com-
pared to those obtained in the simplified MSSM approxima-
tion, ΔM2

11 = ΔM2
12 = 0, with the lightest Higgs boson

mass as input. While the requirement that Mh should lie in
the range 123–129 GeV has been made, Mh was allowed
to be different from the one obtained in the “exact” case
ΔM2

11,ΔM2
12 �= 0.

Displayed in Fig. 5 are the differences between the values
of the mass MH and the mixing angle α that are obtained

when the two possibilities ΔM2
11 = ΔM2

12 = 0 and
ΔM2

11,ΔM2
12 �= 0 are considered. This is shown in the

plane [MS, Xt ] with Xt = At − μ cot β when all other
parameters are scanned as above. The A boson mass was
fixed to MA = 300 GeV (a similar result was obtained for
MA ≈ 1 TeV) and two representative values tan β = 5 and 30
are used. The conservative approach of plotting only points
which maximise these differences has been adopted.

In all cases, the difference between the two MH values
is very small (in fact, much smaller than the H boson total
decay width ΓH ), less than a few percent, while for α the
difference does not exceed≈0.025 for low values of tan β, but
at high tan β values, one can reach the level of≈0.05 in some
rare situations (large values of μ, which enhance the μ tan β
contributions). Nevertheless, at high enough tan β, we are
far in the decoupling regime already for MA � 200 GeV and
such a difference does not significantly affect the couplings
of the h and H bosons which, phenomenologically, are the
main ingredients.

Hence, even when including the full set of radiative correc-
tions, it remains a good approximation to use Eq. (9) to derive
the parameters MH and α in terms of the inputs tan β,MA

and the measured Mh value.
In the case of the charged Higgs boson (whose physics

is described by tan β,MH± and eventually α), the radiative
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Fig. 6 The SM-like Higgs
boson branching ratios in the
mass range 120–130 GeV (left)
and its production cross sections
at proton colliders as a function
of the c.m. energy (right) [107]

corrections to MH± are much smaller for large enough MA

and one has, at the few percent level in most cases (which is
again smaller than the total H± decay width),

MH± 

√

M2
A + M2

W . (10)

In conclusion, this approximation allows to ignore the
radiative corrections to the Higgs masses and their compli-
cated dependence on the MSSM parameters and to use a
simple formula to derive the other parameters of the Higgs
sector, α, MH as well as MH± . This considerably simpli-
fies phenomenological analyses in the MSSM Higgs sector
which up to now rely either on large scans of the parameter
space (as in the previous subsections) or resort to benchmark
scenarios in which most of the MSSM parameters are fixed
(as is the case of Ref. [105] for instance).

3 Implications of the Higgs production rates

3.1 Light Higgs decay and production at the LHC

In many respects, the Higgs particle was born under a very
lucky star as the mass value of≈125 GeV (although too high
for a natural SUSY) allows to produce it at the LHC in many
redundant channels and to detect it in a variety of decay
modes. This allows detailed studies of the Higgs properties
as will be discussed in this section.

We start by summarizing the production and decay at
the LHC of a light SM-like Higgs particle, which should
correspond to the lightest MSSM h boson in the decou-
pling regime. First, for Mh ≈ 125 GeV, the Higgs mainly
decays into bb̄ pairs but the decays into W W ∗ and Z Z∗ final
states, before allowing the gauge bosons to decay leptoni-
cally W → �ν and Z → �� (� = e, μ), are also significant.
The h → τ+τ− channel (as well as the gg and cc̄ decays

that are not detectable at the LHC) is also of significance,
while the clean loop induced h → γ γ mode can be easily
detected albeit its small rates. The very rare h → Zγ and
even h → μ+μ− channels should be accessible at the LHC
but only with a much larger data sample. This is illustrated
in the left-hand side of Fig. 6, where the decay branching
fractions of a SM-like Higgs are displayed for the narrow
mass range Mh = 120–130 GeV

On the other hand, many Higgs production processes have
significant cross sections as is shown in the right-hand side
of Fig. 6, where they are displayed at a proton collider at
various past, present and foreseen center of mass energies for
a 125 GeV SM-like Higgs boson; the MSTW parton densities
[106] have been used.

While the by far dominant gluon fusion mechanism gg→
h (ggF) has extremely large rates (≈20 pb at

√
s = 7–8 TeV),

the subleading channels, i.e. the vector boson fusion (VBF)
qq → hqq and the nHiggs-strahlung (HV) qq̄ → hV with
V = W, Z mechanisms, have cross sections which should
allow for a study of the Higgs particle already at

√
s � 8

TeV with the amount of integrated luminosity, ≈25 fb−1,
which has been collected by each experiment. The Higgs–
top associated process pp→ t t̄h (ttH) would require higher
energy and luminosity.

This pattern already allows the ATLAS and CMS exper-
iments to observe the Higgs boson in several channels and
to measure some its couplings in a reasonably accurate way.
The channels that have been searched are h → Z Z∗ →
4�±, h → W W ∗ → 2�2ν, h → γ γ where the Higgs is
mainly produced in ggF with subleading contributions from
hj j in the VBF process, h → ττ where the Higgs is pro-
duced in association with one (in ggF) and two (in VBF) jets,
and finally h→ bb̄ with the Higgs produced in the HV pro-
cess. One can ignore for the moment the additional search
channels h → μμ and h → Zγ for which the sensitivity is
still too low with the data collected so far.
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Fig. 7 The signal strengths on the SM Higgs boson in the various search channels provided by ATLAS [108] and CMS [109] with the data collected
so far at

√
s = 7+8 TeV

A convenient way to scrutinise the couplings of the pro-
duced h boson is to consider their deviation from the SM
expectation. One then considers for a given search channel
the signal strength modifier μ, which, with some approxi-
mation, can be identified with the Higgs production cross
section times decay branching fractions normalised to the
SM value. For the h→ X X decay channel, one would have
in the narrow width approximation,

μX X |th = σ(pp→ h→ X X)

σ (pp→ h→ X X)|SM

= σ(pp→ h)× BR(h→ X X)

σ (pp→ h)|SM × BR(h→ X X)|SM
. (11)

which, from the experimental side would correspond to

μX X |exp 
 N ev
X X

ε × σ(pp→ h)|SM × BR(h→ X X)|SM × L
(12)

where N ev
X X is the measured number of events in the X X

channel, ε the selection efficiency and L the luminosity.
ATLAS and CMS have provided the signal strengths for

the various final states with a luminosity of, respectively,
≈5 fb−1 for the 2011 run at

√
s = 7 TeV and ≈20 fb−1 for

the 2012 run at
√

s = 8 TeV. The constraints given by the
two collaborations are shown in Fig. 7.

When the various analysed Higgs search channels are
combined, this leads to a global signal strength [108,109]

ATLAS : μtot = 1.30± 0.30

CMS : μtot = 0.87± 0.23 (13)

which shows a good agreement with the SM expectation.
In fact, when the ATLAS and CMS values are combined,

one finds a global signal strength that is very close to unity,
implying that the observed Higgs is rather SM-like.

Hence, already with the rather limited statistics at hand,
the accuracy of the measurements in Eq. (13) is reaching
the 20 % level for the ATLAS and CMS collaborations. This
is at the same time impressive and worrisome. Indeed, as
mentioned earlier the main Higgs production channel is the
top and bottom quark loop mediated gluon fusion mecha-
nism and, at

√
s = 7 or 8 TeV, the three other mechanisms

contribute at a level below 15 % when their rates are added
and before kinematical cuts are applied. The majority of the
signal events presently observed at the LHC, in particular in
the main search channels h → γ γ, h → Z Z∗ → 4�, h →
W W ∗ → 2�2ν and, to a lesser extent, h → ττ , thus come
from the ggF mechanism which is known to be affected by
large theoretical uncertainties.

As a matter of fact, although the cross section σ(gg→ h)
is known up next-to-next-to-leading order (NNLO) in pertur-
bative QCD (and at least at NLO for the electroweak interac-
tion) [110], there is a significant residual scale dependence
which points to the possibility that still higher order contribu-
tions beyond NNLO cannot be totally excluded. In addition,
as the process is of O(α2

s ) at LO and is initiated by gluons,
there are sizable uncertainties due to the gluon parton distri-
bution function (PDF) and the value of the coupling αs . A
third source of theoretical uncertainties, the use of an effec-
tive field theory (EFT) approach to calculate the radiative
corrections beyond the NLO approximation, should in prin-
ciple also be considered [111,112]. In addition, large uncer-
tainties arise when the gg → h cross section is broken into
the jet categories h+0 j, h+1 j and h+2 j [113]. In total, the
combined theoretical uncertainty has been estimated to be of
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orderΔth ≈ ±15 % by the LHC Higgs cross section working
group [110] and it would increase up to Δth ≈ ±20 % if the
EFT uncertainty is also included2 [112].

Hence, the theoretical uncertainty is already at the level
of the accuracy of the cross section measured by the ATLAS
and CMS collaborations, Eq. (13). Another drawback of the
analyses is that they involve strong theoretical assumptions
on the total Higgs width since some contributing decay chan-
nels not accessible at the LHC are assumed to be SM-like and
possible invisible Higgs decays in scenarios beyond the SM
are supposed not to occur.

In Ref. [107], following earlier work [114–117], it has
been suggested to consider the decay ratios DX X defined as

Dp
X X =

σ p(pp→ h→ X X)

σ p(pp→ h→ V V )
(14)

= σ p(pp→ h)× BR(h→ X X)

σ p(pp→ h)× BR(h→ V V )
(15)

= Γ (h→ X X)

Γ (h→ V V )
∝ c2

X

c2
V

(16)

for a specific production process p = ggF,VBF,VH or all
(for inclusive production) and for a given decay channel
h → X X when the reference channel h → V V is used. In
these ratios, the cross sections σ p(pp→ h) and hence, their
significant theoretical uncertainties will cancel out, leaving
out only the ratio of decay branching fractions and hence of
partial decay widths. These can be obtained with the program
HDECAY [118] which includes all higher order effects and
are affected by much smaller uncertainties. Thus, the total
decay width which includes contributions from channels not
under control such as possible invisible Higgs decays, do
not appear in the ratios Dp

X X . Some common experimental
systematical uncertainties such as the one from the lumi-
nosity measurement and the small uncertainties in the Higgs
decay branching ratios also cancel out. We are thus, in prin-
ciple, left with only with the statistical uncertainty and some
(non common) systematical errors. The ratios DX X involve,
up to kinematical factors and known radiative corrections,
only the ratios |cX |2/ |cV |2 of the Higgs reduced couplings
to the particles X and V compared to the SM expectation,
cX ≡ gh X X/gSM

h X X .
For the time being, three independent ratios can be con-

sidered: Dγ γ , Dττ and Dbb. Dγ γ is the ratio of the inclusive
ATLAS and CMS di-photon and Z Z channels that are largely

2 Note that also in the VBF process, despite the fact that the inclusive
cross section has only a few percent combined scale and PDF uncer-
tainty [110], the contamination by the gg → h + 2 j channel makes
the total uncertainty in the h + j j final “VBF” sample rather large.
Indeed O(30 %) gg → h + 2 j events will remain even after the spe-
cific cuts that select the VBF configuration have been applied, and the
rate is affected by a much larger uncertainty than the inclusive gg→ h
process, up to 50 % when one adds the scale and PDF uncertainties
[113].

dominated by the ggF mechanism; Dττ is the signal strength
ratio in the ττ and W W searches where one selects Higgs
production in ggF with an associated jet or in the VBF pro-
duction mechanism; Dbb is the ratio of the h → bb̄ and
h → W W decays in hV production for which the sensitivi-
ties are currently too low.

In order to test the compatibility of the couplings of the
Mh = 125 GeV Higgs state with the SM expectation, one
can perform a fit based on the χ2

R function

χ2
R =

[
DggF
γ γ − μγγ

μZ Z
|ggF
exp

]2

[
δ
(
μγγ
μZ Z

)
ggF

]2 +
[

DV H
bb − μbb

μW W
|V h
exp

]2

[
δ
(
μbb
μW W

)
V h

]2

+
[

DggF
ττ − μττ

μW W
|ggF
exp

]2

[
δ
(
μττ
μW W

)
ggF

]2 +
[

DVBF
ττ − μττ

μW W
|VBF
exp

]2

[
δ
(
μττ
μW W

)
VBF

]2

(17)

The errors δ(μX X/μV V ) are computed assuming no cor-
relations between the different final state searches. The uncer-
tainties on the ratios are derived from the individual errors
that are dominated by the experimental uncertainties as one
expects that the theoretical uncertainties largely cancel out
in the ratios Dγ γ , Dbb and Dττ .

For the signal strengths above, the theoretical uncertain-
ties have to be treated as a bias (and not as if they were
associated with a statistical distribution) and the fit has to be
performed for the two extremal values of the signal strengths:
μi |exp±δμi/μi |th with the theoretical uncertainty δμi/μi |th
conservatively assumed to be ±20 % for both the gluon and
the vector boson fusion mechanisms (because of the contam-
ination due to gg→ h + 2 j in the latter case) and ≈5 % for
hV associated production.

3.2 Fit of the Higgs couplings and their ratios

A large number of analyses of the Higgs couplings from the
LHC data have been performed in the SM and its extensions
and a partial list is given in Refs. [119–150].

In the MSSM, the couplings of the CP-even Higgs parti-
cles h and H to gauge bosons and fermions, compared to the
SM Higgs couplings, are changed by factors that involve the
sine and the cosine of the mixing angles β and α. Outside
the decoupling regime where they reach unity, the reduced
couplings (i.e. normalised to their SM values) of the lighter
h state to third generation t, b, τ fermions and gauge bosons
V = W/Z are for instance given by

c0
V = sin(β − α), c0

t = cosα/ sin β, c0
b = − sin α/ cosβ

(18)
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They thus depend not only on the two inputs [tan β,MA],
as occurs at tree level, but, a priori, on the entire MSSM
spectrum as a result of the radiative corrections, in the same
way as the Higgs masses. In principle, as discussed earlier,
knowing tan β and MA and fixing Mh to its measured value,
the couplings can be determined in general. However, this is
true when only the radiative corrections to the Higgs masses
are included. Outside the regime in which the pseudoscalar A
boson and the supersymmetric particles are very heavy, there
are also direct radiative corrections to the Higgs couplings
not contained in the mass matrix of Eq. (1) and which can
alter this simple picture.

First, in the case of b-quarks, additional one-loop vertex
corrections modify the tree–level hbb̄ coupling: they grow as
mbμ tan β and can be very large at high tan β. The dominant
component comes from the SUSY–QCD corrections with
sbottom–gluino loops that can be approximated by Δb 

2αs/(3π) × μmg̃ tan β/max(m2

g̃,m2
b̃1
,m2

b̃2
) [151]. Outside

the decoupling regime the cb coupling reads

cb ≈ c0
b × [1−Δb/(1+Δb)× (1+ cot α cot β)] (19)

with tan α → −1/ tan β for MA � MZ . A large Δb would
significantly alter the dominant h → bb̄ partial width and
affect the branching fractions of all other decay modes.

In addition, the ht t̄ coupling is derived indirectly from the
gg → h production cross section and the h → γ γ decay
branching ratio, two processes that are generated by triangu-
lar loops. In the MSSM, these loops involve not only the top
quark (and the W boson in the decay h→ γ γ ) but also con-
tributions from supersymmetric particles, if not too heavy.
In the case of gg→ h production, only the contributions of
stops is generally important. Including the later and working
in the limit Mh � mt ,mt̃1,2 , the coupling ct from the ggF

process3 is approximated by [152]

ct ≈ c0
t

[
1+ m2

t

4m2
t̃1

m2
t̃2

(
m2

t̃1
+ m2

t̃2
− X2

t

) ]
(20)

which shows that indeed, t̃ contributions can be very large
for light stops and for large stop mixing. In the h → γ γ

decay rate, because the t, t̃ electric charges are the same, the
ht t̄ coupling is shifted by the same amount. If one ignores
the usually small contributions of the other sparticles (to be
discussed in the next subsection), the ht t̄ vertex can be simply
parametrised by the effective coupling of Eq. (20).

We note that the h couplings to τ leptons and c quarks do
not receive the direct corrections of Eqs. (19) and (20) and
one should still have cc = c0

t and cτ = c0
b. However, using

ct,b or c0
t,b in this case has almost no impact in practice as

3 In the case of the production process gg/qq̄ → ht t̄ , it is still c0
t ,

which should describe the ht t̄ coupling, but the constraints on the h
properties from this process are presently very weak.

these couplings appear only in the branching ratios for the
decays h → cc̄ and τ+τ−, which are small and the direct
corrections should not be too large. One can thus, in a first
approximation, assume that cc = ct and cτ = cb. Another
caveat is due to the invisible Higgs decays which are assumed
to be absent and which will be discussed later.

Hence, because of the direct corrections, the Higgs cou-
plings cannot be described only by β and α as in Eq. (18). To
characterise the Higgs particle at the LHC, it was advocated
that at least three independent h couplings should be consid-
ered, namely ct , cb and cV = c0

V [81]. One can thus define
the following effective Lagrangian:

Lh = cV ghW W hW+μ W−μ + cV gh Z Z h Z0
μZ0μ − ct yt ht̄L tR

−ct ychc̄LcR − cb ybhb̄LbR − cb yτhτ̄LτR + h.c.

(21)

where yt,c,b,τ = mt,c,b,τ /v are the Yukawa couplings of the
heavy SM fermions, ghW W = 2M2

W /v and gh Z Z = M2
Z/v

the hW W and H Z Z couplings and v the SM Higgs vev.
In Ref. [81], a three-dimensional fit of the h couplings

was performed in the space [ct , cb, cV ], assuming cc = ct

and cτ = cb as discussed above and of course the custodial
symmetry relation cV = cW = cZ , which holds in supersym-
metric models. The results of this fit are presented in Fig. 8
for ct , cb, cV ≥ 0. The best-fit value for the couplings, with
the
√

s = 7+8 TeV ATLAS and CMS data turns out to be
ct = 0.89, cb = 1.01 and cV = 1.02.

In scenarios where the direct corrections in Eqs. (19) and
(20) are not quantitatively significant (i.e. considering either
not too large values of μ tan β or high sfermion masses),
one can use the MSSM relations of Eq. (18) to reduce the
number of effective parameters down to two. This allows to
perform two-parameter fits in the planes [cV , ct ], [cV , cb]

Fig. 8 The best-fit region at 68 % CL for the Higgs signal strengths
in the [ct , cb, cV ] space [81]. The three overlapping regions are for the
central and extreme choices of the theoretical prediction for the Higgs
rates including uncertainties
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Fig. 9 Best-fit regions at 68 % and 99 % CL for the Higgs signal
strengths and their ratios in the plane [ct , cb]. The best-fit point is indi-
cated in blue. From Ref. [81]

and [ct , cb]. As an example, the fit of the signal strengths
and their ratios in the [ct , cb] plane is displayed in Fig. 9.
In this two-dimensional case, the best-fit point is located at
ct = 0.88 and cb = 0.97, while cV 
 1. Note that although
for the best-fit point one has cb � 1, actually cb � 1 in most
of the 1σ region.

Using the formulae Eq. (9) for the angle α and using
the input Mh ≈ 125 GeV, one can make a fit in the plane
[tan β,MA]. This is shown in Fig. 10, where the 68, 95 and
99 % CL contours from the signal strengths and their ratios
are displayed when the theory uncertainty is taken as a bias.
The best-fit point when the latter uncertainty is set to zero
is obtained for the values tan β = 1 and MA = 557 GeV,
which implies for the other parameters using Mh = 125 GeV
: MH = 580 GeV, MH± = 563 GeV and α = −0.837 rad,
which leads to cos(β − α) 
 −0.05. Such a point with
tan β ≈ 1 implies an extremely large value of the SUSY
scale, MS = O(100)TeV, for Mh ≈ 125 GeV. One should
note, however, that the χ2 value is relatively stable all over
the 1σ region. Hence, larger values of tan β (and lower val-
ues of MA) could also be accommodated reasonably well by
the fit, allowing thus for not too large MS values. In all, cases
one has MA � 200 GeV though.

3.3 An excess in the γ γ channel?

In the early LHC data, a significant excess in the h → γ γ

detection channel was observed, raising the hope that it could
be the first signal for physics beyond the SM. This excess has

Fig. 10 Best-fit regions for the signal strengths and their ratios in the
plane [tan β,MA]; the best point is in blue [81]

unfortunately faded away with more statistics and with the
full 25 fb−1 data collected at

√
s = 7+8 TeV, there is now only

a≈ 2σ excess in ATLAS which measures μγγ = 1.6± 0.3,
while the signal strength measured by the CMS collaboration
isμγγ = 0.9±0.3, which is SM-like. Nevertheless, it would
be interesting to briefly discuss this excess as, besides the fact
that it has triggered a vast literature, the h→ γ γ channel is
the one where new physics, and SUSY in particular, is most
likely to manifest itself.

First, it has been realised early that this excess, if not due
to a statistical fluctuation, can be easily explained or reduced
in the context of the SM by invoking the large theoretical
uncertainties that affect the production times decay rate in the
dominant channel, gg→ h→ γ γ . This is shown in Fig. 11,
where the ATLAS and CMS ratios Rγ γ ≡ μγγ and their
combination, obtained with the ≈ 10 fb−1 data collected at√

s = 7+8 TeV, is compared to the theory uncertainty bands
obtained by the LHC Higgs group [110] and in Ref. [112]. It
is clear that including the theory uncertainty as a bias helps
to reduce the discrepancy between measurement and expec-
tation and e.g. the excess reduces to 1.3σ from the original
� 2σ value.

Ignoring this option, let us summarise the various possi-
bilities that could explain this excess in the context of the
MSSM. Deviations of μγγ from the SM value may be due
to modifications of either the production cross section or the
decay branching fraction or to both. The h decay branching
fractions may be modified by a change of the h total decay
width. Since the dominant decay mode is h→ bb̄, a change
of the effective hbb̄ coupling by the direct vertex correc-
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Fig. 11 The value of μγγ given by the ATLAS and CMS collabora-
tions with the ≈10 fb−1 data collected at

√
s = 7 and 8 TeV, as well as

their combination, compared to two estimates of the theoretical uncer-
tainty bands; from Ref. [153]

tions of Eq. (19) outside the decoupling regime can change
all other Higgs rates including h → γ γ . The total width
can also be modified by additional decay channels to SUSY
particles and the only ones that are allowed by experimen-
tal constraints are invisible decays into the LSP that will be
discussed later.

Nevertheless, these two possibilities would not only affect
the h → γ γ rate but also those of other channels such as
h→ Z Z where no excess has been observed. It is thus more
appropriate to look at deviation in the h→ γ γ loop induced
decay only. In the MSSM, the h → γ γ process receives
contributions from scalar top and bottom quarks, staus and
charginos as briefly is summarised below.

– Light stops: as already discussed, the Mh = 125 GeV
constraint requires large MS = √mt̃1mt̃2 and/or Xt val-
ues. If mt̃1 � 500 GeV, one should have maximal mix-

ing Xt ≈
√

6MS and, in this case, the ht̃1 t̃1 coupling of
Eq. (20) is large and leads to a sizeable change of the
gg → h → γ γ rate; cf. Fig. 12 (left). However, an
enhancement of the h → γ γ rate is over-compensated
by a suppression of σ(gg → h) that seems not to occur.
μγγ is enhanced only in the no-mixing case, Xt ≈ 0,
which requires very heavy stops which decouple from the
amplitude [57–59,152].

– Light sbottoms: a light b̃R state does not conflict with
the Mh value as its corrections to the mass are small.
For mb̃1

� 500 GeV, it contributes to the hgg loop
but it reduces the gg → h production rate; Fig. 12
(right). In turn, it has little impact on the h → γ γ rate
because of the largely dominating W loop and the small
b̃1 electric charge. For mb̃1

� 1 TeV, as indicated by
direct LHC searches,μγγ is unaffected by sbottoms loops
[152].

– Light staus: they lead to the largest contributions and have
received most of the attention in the literature; see e.g.
Ref. [154–156]. For low m τ̃L/R values, a few 100 GeV, and
large mixing Xτ = Aτ − μ tan β, with tan β ≈ 60 and
|μ|=0.5–1 TeV, the lighter stau state has a mass close to
the LEP2 bound, m τ̃1 ≈ 100 GeV and its coupling to the
h boson, ghτ̃ τ̃ ∝ mτ Xτ , is huge. The τ̃1 contribution can
hence significantly increase BR(h → γ γ ), up to 50 %
[154–156], but this occurs only for extreme choices of the
parameters.

– Light charginos: the hχ+i χ
−
i couplings are in general small

and are maximal when the χ±i states are almost equal
higgsino–wino mixtures. For a mass above 100 GeV and
maximal couplings to the h boson, the χ±1 contributions
to the h→ γ γ rate do not exceed the 10–15 % level (with
a sign being the same as the sign of μ) [157,158].

Fig. 12 The deviation of μγγ
from its SM expectation from
stop (left) and sbottom (right)
contributions in various
scenarios to the
σ(gg→ h)× BR(h → γ γ )

rate; from Ref. [152]
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Fig. 13 The neutralino relic density log10(Ωχh2) as a function of mχ0
1

compatible with BR(h → χ0
1χ

0
1 ) ≥ 15 % (green) and the LHC Higgs

data at 90 % CL (light green). The horizontal lines show the WMAP
constraint on Ωχh2. From Ref. [149]

Of course, different contributions can sum up resulting in
more sizeable shifts. However, a 50 % deviation of the rate
is unlikely and occurs only in extreme situations.

3.4 Invisible Higgs decays?

Invisible decays can also affect the properties of the observed
h particle. In the MSSM, because of the LEP2 constraints, the
only possible invisible channel for the h boson is into pairs of
the LSP neutralinos, h→ χ0

1χ
0
1 . BRinv can be important for

mχ̃0
1
< 60GeV and for not too large M1 and |μ| values which

make the LSP a higgsino–gaugino mixture with significant
couplings to the h state. Such an LSP would have the relic
density Ωh2 required by the WMAP results [95] since it
will annihilate efficiently through the s-channel exchange of
the h boson. However, BRinv should be small in this case.
This is exemplified in Fig. 13, where log10(Ωχh2) is shown
as a function of mχ0

1
for the pMSSM points that satisfy the

LHC Higgs constraints and BR(h → χ0
1χ

0
1 ) ≥ 15 %. Only

a small area in the region 30 � mχ0
1

� 60 GeV fulfils these
conditions.

The invisible Higgs decay width can be constrained indi-
rectly by a fit of the Higgs couplings and in particular with
the signal strength μZ Z , which is the most accurate one and
has the least theoretical ambiguities. Γ inv

H enters in the sig-
nal strength through the total width Γ tot

H , μZ Z ∝ Γ (H →
Z Z)/Γ tot

H withΓ tot
H = Γ inv

H +Γ SM
H andΓ SM

H calculated with
free coefficients c f and cV . The resulting 1σ or 2σ ranges
are shown in Fig. 14, where c f is freely varied while cV = 1
[150]. This gives Γ inv

H /Γ SM
H � 50 % at the 95 % CL if the

assumption c f = cV = 1 is made.
A more model independent approach would be to per-

form direct searches for missing transverse energy. These

Fig. 14 1σ and 2σ domains from μZ Z for cV = 1 in the plane
[c f , Γ

inv
H /Γ tot

H ] [150]. The dependence on the theory uncertainties are
shown by the black curves that indicate the other possible extreme
domains. The direct upper limit on Γ inv

H from direct searches at LHC
for cV = c f = 1 [159] is also shown

have been conducted by ATLAS [159] and CMS [163] in the
pp→ hV process with V → j j, �� and in the VBF channel,
qq → qq ET/ . As an example, we show in Fig. 15 (left) the
CMS results for the Higgs cross section times BRinv versus
Mh when the two channels are combined. For Mh ≈ 125
GeV a bound BRinv � 50 % is obtained at the 95 % CL.

A more promising search for invisible decays is the mono-
jet channel. In the ggF mode, an additional jet can be emitted
at NLO leading to gg → hj final states and, because the
QCD corrections are large, σ(H + 1 j) is not much smaller
than σ(h+0 j). The NNLO corrections besides significantly
increasing the h+ 0 j and h+ 1 j rates, lead to h+ 2 j events
that also occur in VBF and VH. Hence, if the Higgs is cou-
pled to invisible particles, it may recoil against hard QCD
radiation, leading to monojet events.

In Refs. [160–162], it has been shown that the monojet
signature carries a good potential to constrain the invisible
decay width of a ≈ 125 GeV Higgs boson. In a model inde-
pendent fashion, constraints can be placed on the rates

RggF
inv =

σ(gg→ h)× BR(h→ inv.)

σ (gg→ h)SM
(22)

Recent monojet searches made by CMS and ATLAS [164,
165] are sensitive to Rinv close to unity. This is shown in Fig
15 (right) where the best-fit region to the LHC Higgs data is
displayed in the Brinv–cgg plane, where cgg is the deviation
of σ(gg → h) from the SM expectation [160]. For the SM
value cgg = 0, Brinv � 20 % is disfavoured at 95 % CL while
for cgg > 0, a larger rate is allowed, up to Brinv ∼ 50 %.
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Fig. 15 Left: the Higgs cross section times invisible Higgs decay
branching ratio normalised to the total SM cross section in the com-
bined hV and VBF channels from CMS with the ≈ 20 fb−1 data at
8 TeV [163]. Right: 68 % CL (light green) and 95 % CL (dark green)

best-fit regions to the combined LHC Higgs data. The black region is
excluded by the monojet constraints while the red region is excluded
by the ATLAS Z + E/T search [159]; from Ref. [160]

The Higgs invisible rate and the dark matter detection rate
in direct astrophysical searches are correlated in Higgs-portal
models. Considering the generic cases of scalar, fermionic
and vectorial dark matter particles χ that couple only to the
Higgs, one can translate in each case the LHC constraint
BR(h → inv.) into a constraint on the Higgs couplings to
the χ particles. It turns out that these constraints are compet-
itive with those derived from the bounds on the dark matter
scattering cross section on nucleons from the best experiment
so far, XENON [95].

This is shown in Fig. 16, where the maximum allowed
values of the scattering cross sections are given in the
three cases assuming BRinv

χ � 20 %. The obtained spin-
independent rates σ SI

χp are stronger than the direct limit from

the XENON100 experiment in the entire Mχ � 1
2 Mh range.

In other words, the LHC is currently the most sensitive dark
matter detection apparatus, at least in the context of simple
Higgs-portal models.

3.5 Determination of the Higgs parity

Apart from the measurement of the couplings, one also needs
in principle to establish that the observed Higgs state is indeed
a CP even scalar particle and hence with JPC = 0++ quan-
tum numbers4. It is known that the Higgs to vector boson
(hV V ) coupling is a possible tool to probe these quantum
numbers at the LHC [170,171]. This can be done by studying

4 To be more general, the spin of the particle needs also to be deter-
mined. The observation of the h → γ γ decay channel rules out the
spin-1 case by virtue of the Landau–Yang theorem [167,168] and leaves
only the spin 0 and ≥2 possibilities. The graviton-like spin-2 option is
extremely unlikely and, already from the particle signal strengths in
the various channels, it is ruled out in large classes of beyond the SM
models; see e.g. Ref. [169].

Fig. 16 Bounds on the spin-independent direct detection cross section
σ SI
χp in Higgs-portal models derived for an invisible branching fraction

of 20 % (colored lines) for a 125 GeV Higgs. These are compared to the
current and future direct bounds from the XENON experiment (black
lines). From Ref. [166]

various kinematical distributions in the Higgs decay and pro-
duction processes. One example is the threshold behaviour
of the MZ∗ spectrum in the h → Z Z∗ → 4� decay channel
and another is the azimuthal distribution between the decay
planes of the two lepton pairs arising from the Z , Z∗ bosons
from the Higgs decay. These are sensitive to both the spin
and the parity of the Higgs.

With the 25 fb−1 data collected so far, the ATLAS and
CMS collaborations performed a matrix-element likelihood
analysis which exploits the kinematics and Lorenz structure
of the h → Z Z∗ → 4� channel to see whether the angular
distributions are more compatible with the 0+ or 0− hypoth-
esis (as well as the spin-2 possibility) [172,173]. Assuming
that it has the same couplings as the SM Higgs boson and
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Fig. 17 Discrimination
between the 0+ and 0− parity
hypotheses for the observed
Higgs boson using the
kinematics of the
h → Z Z∗ → 4� channel by the
ATLAS (left) and CMS (right)
collaborations with the data
collected at 7+8 TeV [172,173]

that it is produced mainly from the dominant ggF process, the
observed particle is found to be compatible with a 0+ state
and the 0− possibility is excluded at the 97.8% confidence
level or higher; see Fig. 17.

Other useful diagnostics of the CP nature of the Higgs
boson that also rely on the different tensorial structure of the
hV V coupling can be made in the VBF process. It was known
since a long time that in this channel, the distribution in the
azimuthal angle between the two jets produced in association
with the Higgs discriminates a CP-even from a CP-odd state
[174]. This has been extended recently to other observables
in this process, like the rapidity separation between the two
jets [175–178].

Recently, the VBF channel pp → H j j has been reanal-
ysed in the presence of an anomalous hV V vertex that
parametrises different spin and CP assignments of the pro-
duced Higgs boson [178]. The anomalous hV V coupling
is introduced by allowing for an effective Lagrangian with
higher dimensional operators, which include four momen-
tum terms which are absent in the SM. It was shown that the
kinematics of the forward tagging jets in this process is highly
sensitive to the structure of the anomalous coupling and that
it can effectively discriminate between different assignments
for the spin (spin-0 versus spin-2) and the parity (CP-even
versus CP-odd) of the produced particle. In particular, it was
found that the correlation between the separation in rapidity
and the transverse momenta of the scattered quarks, in addi-
tion to the already discussed distribution of the azimuthal jet
separation, can be significantly altered compared to the SM
expectation.

This is exemplified in Fig. 18, where the difference in
rapidity between tagging jets (Δy j j ) for each of the higher
dimensional operators in the hV V couplings is displayed.

These kinematical variables define new corners of the
phase space that have not been explored by the experiments
at the LHC to probe anomalous hV V couplings and to check
the Higgs parity. In addition, some of these observables sig-

Fig. 18 Normalised distribution of the difference in rapidity between
the scattered jets in VBF for each of the SM and BSM operators (spin-2,
CP-even and CP-odd) individually [178]

nificantly depend on the c.m. energy and strong constraints
on anomalous couplings can be obtained by performing mea-
surements at the LHC with energies of

√
s = 8 and 14 TeV.

Finally, the associated hV production channel can be used
as the invariant mass of the V h system as well as the pT

and rapidities of the h and V bosons are also sensitive to
anomalous hV V couplings.

Nevertheless, there is a caveat in the analyses relying
on the hV V couplings. Since a CP-odd state has no tree-
level V V couplings, all the previous processes project out
only the CP-even component of the hV V coupling [179–
182] even if the state is a CP-even and -odd mixture.
Thus, in the CP studies above, one is simply verifying a
posteriori that indeed the CP-even component is projected
out.

A better way to measure the parity of the Higgs boson is to
study the signal strength in the h→ V V channels [150,183].
Indeed, the hV V coupling takes the general form gμνhV V =
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Fig. 19 Best-fit regions at 68, 95 and 99 % CL in the plane [1 −
c2

V ,Im(ct ) for |ct |2 = |c f |2 = 1. Superimposed are the best-fit regions
when including a theory uncertainty of ±20 % [150]

−icV (M2
V /v) gμν where cV measures the departure from

the SM: cV = 1 for a pure 0+ state with SM-like couplings
and cV ≈ 0 for a pure 0− state. The measurement of cV

should allow to determine the CP composition of the Higgs
if it is indeed a mixture of 0+ and 0− states.

However, having cV �= 1 does not automatically imply
a CP-odd component: the Higgs sector can be enlarged
to contain other states hi with squared hi V V couplings
Σi c2

Vi
g2

hi V V that reduce to the SM coupling g2
hV V . This is

what occurs in the MSSM with complex soft parameters [170,
171]: one has three neutral states h1, h2 and h3 with indefinite
parity and their CP-even components share the SM hV V cou-
pling, c2

V1
+c2

V2
+c2

V3
= 1. But in all cases, the quantity 1−c2

V
gives an upper bound on the CP-odd contribution to the hV V
coupling.

Using μV V and the ratios μγγ /μV V and μττ /μV V as in
Eq. (17), it was demonstrated that the particle has indeed a
large CP component, �50 % at the 95 % CL, if the Higgs
couplings to fermions are SM like. This is shown in Fig. 19,
where one sees that the pure CP-odd possibility is excluded at
the 3σ level, irrespective of the (mixed CP) Higgs couplings
to fermions provided that |c f |2 = 1.

4 Implications from heavy Higgs searches

We turn now to the constraints on the MSSM Higgs sector
that can be obtained from the search of the heavier H/A and
H± states at the LHC and start with a brief summary of their
production and decay properties.

4.1 H,A,H± decays and production at the LHC

The production and decay pattern of the MSSM Higgs bosons
crucially depend on tan β. In the decoupling regime that is
indicated by the h properties, the heavier CP-even H boson
has approximately the same mass as the A state and its inter-
actions are similar. Hence, the MSSM Higgs spectrum will
consist of a SM-like Higgs h ≡ HSM and two pseudoscalar-
like particles, Φ = H/A. The H± boson will also be mass
degenerate with the Φ states and the intensity of its cou-
plings to fermions will be similar. In the high tan β regime,
the couplings of the non-SM like Higgs bosons to b quarks
and to τ leptons are so strongly enhanced, and the couplings
to top quarks and massive gauge bosons suppressed, that the
pattern is rather simple.

This is first the case for the decays: the Φ → t t̄ channel
and all other decay modes are suppressed to a level where
their branching ratios are negligible and the Φ states decay
almost exclusively into τ+τ− and bb̄ pairs, with branching
ratios of BR(Φ → ττ) ≈ 10 % and BR(Φ → bb̄) ≈ 90 %.
The H± boson decay into τντ final states with a branch-
ing fraction of almost 100 % for H± masses below the
tb threshold, MH± � mt + mb, and a branching ratio
of only ≈10 % for masses above this threshold while the
rate for H± → tb will be at the ≈90 % level in most
cases.

Concerning the production, the strong enhancement of the
b-quark couplings at high tan β makes that only two pro-
cesses are relevant in this case: gg → Φ fusion with the
b-loop included and associated production with b-quarks,
gg/qq̄ → bb̄ + Φ, which is equivalent to the fusion pro-
cess bb̄ → Φ when no additional final b-quark is present.
All other processes, in particular VΦ, t t̄Φ and VBF have
suppressed rates. In both the bb̄ and the gg fusion cases,
as MΦ � mb, chiral symmetry holds and the rates are
approximately the same for the CP-even H and CP-odd
A bosons. While σ(gg → Φ) is known up to NLO in
QCD [184], σ(bb → Φ) is instead known up to NNLO
[185,186].

The most powerful search channel for the heavier MSSM
Higgs particles at the LHC is by far the process pp→ gg+
bb̄ → Φ → τ+τ−. The precise values of the cross section
times branching fraction for this process at the LHC have
been updated in Refs. [110,112] and an assessment of the
associated theoretical uncertainties has been made. It turns
out that, in the production cross section, the total uncertainty
from scale variation, the PDFs and αs as well as from the b-
quark mass are not that small:ΔTHσ(pp→ Φ)×BR(Φ →
ττ) ≈ ±25 % in the entire MΦ range probed at the LHC at√

s = 8 TeV; Fig. 20.
Besides the QCD uncertainty, three other features could

alter the rate σ(pp→ Φ → ττ) in the MSSM and they are
related to the impact of the SUSY particle contributions:
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Fig. 20 The combined σ(pp → A) × BR(A → ττ) rate with theo-
retical uncertainties with and without the branching ratio; in the inserts,
shown are the uncertainties when the rates are normalised to the central
values. From Ref. [112]

(i) In the case of H (A does not couple to identical
sfermions), there are squark (mainly stop) loops that
contribute in addition in the gg → H process. But as
they are damped by powers of m̃2

Q for MH � 2m2
Q ,

these contributions should be small for m̃ Q � 1 TeV,
in particular at high tan β where the b-contribution is
strongly enhanced.

(ii) The vertex correction to the Φbb̄ couplings, Δb of
Eq. (19), grows as μ tan β and can be very large in
the high tan β regime. However, in the full process
pp → Φ → τ+τ−, this correction appears in both
the cross section and the branching fraction and largely

cancels outs as one obtains, σ × BR × (1 − Δb/5). A
very large contributionΔb ≈ 1 changes the rate only by
20 %, i.e. less than the QCD uncertainty.

(iii) The possibility of light sparticles would lead to the open-
ing of H/A decays into SUSY channels that would
reduce BR(Φ → ττ ). For MΦ � 1 TeV, the only pos-
sibilities are decays into light neutralinos or charginos
and sleptons. These are in general disfavoured at high
tan β as theΦ → bb̄+ττ modes are strongly enhanced
and dominant.

Thus, only in the unlikely cases where the decay H →
τ̃1τ̃1 has a branching rate of the order of 50 %, the squark
loop contribution to the gg → H process is of the order
50 %, or the Δb SUSY correction is larger than 100 %, and
one can change the pp→ Φ → ττ rate by≈25 %, which is
the level of the QCD uncertainty. One thus expects σ(pp→
Φ) × BR(Φ → ττ) to be extremely robust and to depend
almost exclusively on MA and tan β.

Finally, for the charged Higgs boson, the dominant search
channel is in H± → τν final states with the H± bosons pro-
duced in top quark decays for MH± � mt −mb ≈ 170 GeV,
pp → t t̄ with t → H+b → τνb. This is particularly true
at high tan β values when BR(t → H+b) ∝ m̄2

b tan2 β is
significant. For higher H± masses, one should rely on the
three-body production process pp → tbH± → tbτν, but
the rates are presently rather small.

In the low tan β regime, tan β � 5, the phenomenology of
the heavier A, H, H± bosons is richer [98,187–190]. Start-
ing with the cross sections, we display in Fig. 21 the rates for
the relevant production processes at the LHC with

√
s = 8

TeV assuming tan β = 2.5. For smaller tan β values, the rates
except for pp→ H/A+ bb̄ are even larger as the H/A+ t t
and H V V couplings are less suppressed.

Fig. 21 The production cross sections of the MSSM heavier neutral Higgs bosons at the LHC at
√

s = 8 for tan β = 2.5; only the main production
channels are considered [98]
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Fig. 22 The H/A/H± decay
branching ratios as functions of
the Higgs masses for
tan β = 2.5 [98]

Because of CP invariance which forbids AV V couplings,
there is no AV and Aqq processes while the rates for associ-
ated t t̄ A and bb̄A are small because the Att (Abb) couplings
are suppressed (not sufficiently enhanced) compared to the
SM Higgs. Only the gg → A process with the dominant
t and sub-dominant b contributions included provides large
rates. The situation is almost the same for H : only gg→ H
is significant at MH � 300 GeV and tan β � 5; the VBF and
HV modes give additional small contributions for tan β ≈ 1.
For H±, the dominant production channel is again top quark
decays, t → H+b for MH± � 170 GeV as for tan β � 5,
the mt/ tan β piece of the H±tb coupling becomes large;
for higher H± masses, the main process to be considered is
gg/qq̄ → H±tb.

Turning to the H/A/H± decay pattern, it can be rather
involved at low tan β. A summary is as follows for tan β � 3;
see also Fig. 22, where the rates are shown for tan β = 2.5.

– Above the t t̄ (tb) threshold for H/A(H±), the decay
channels H/A → t t̄ and H+ → t b̄ are by far domi-
nant for tan β � 3 and do not leave space for any other
mode.

– Below the t t̄ threshold, the H → W W, Z Z decay rates
are still significant as gH V V is not completely suppressed.

– For 2Mh � MH � 2mt , H → hh is the dominant H
decay mode as the Hhh self-coupling is large at low tan β.

– For MA � Mh + MZ , A → h Z decays would occur but
the A→ ττ channel is still important with rates �5 %.

– In the case of H±, the channel H+ → W h is important
for MH± � 250 GeV, similarly to the A→ h Z case.

Hence, many decay and production channels need to be
considered in this low tan β regime.

4.2 Constraints from the LHC Higgs searches

The most efficient channel to probe the heavier MSSM Higgs
bosons is by far pp → gg + bb → H/A → τ+τ−.
Searches for this process have been performed by ATLAS
with ≈5 fb−1 data at the 7 TeV run [191] and by CMS with
≈5+12 fb−1 data at the 7 and 8 TeV runs [192]. Upper limits
on the production cross section times decay branching ratio
have been set and they can be turned into constraints on the
MSSM parameter space.

In Fig. 23, the sensitivity is displayed of the CMS pp→
Φ → ττ analysis with 17 fb−1 of data in the [tan β,MA]
plane. The excluded region, obtained from the observed limit
at the 95 % CL, is drawn in blue. The dotted line represents the
median expected limit which turns out to be weaker than the
observed limit. As can be seen, this constraint is extremely
restrictive and, for values MA � 250 GeV, it excludes almost
the entire intermediate and high tan β regimes, tan β � 5.
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Fig. 23 The expected and observed exclusion limits in the [tan β,MA]
plane in the CMS search of the MSSM neutral Higgs bosons in the
channels pp → h/H/A → τ+τ− with ≈ 17 fb−1 data collected at√

s = 7+8 TeV [192]

The constraint is less effective for a heavier A boson, but even
for MA ≈ 400 GeV the high tan β � 10 region is excluded
and there is even sensitivity to large values MA ≈ 800 GeV
for tan β � 50.

There are, however, some caveats to this exclusion limit as
discussed previously. The first one is that there is a theoretical
uncertainty of order of ±25 % that affects the gg → Φ and
bb̄ → Φ production cross sections which, when included,
will make the constraint slightly weaker as one then needs
to consider the lower value predicted for the production rate.
A second caveat is that SUSY effects, direct corrections to
the production and H/A decays into sparticles, could alter
the rate. However, as previously argued, σ(pp → Φ) ×
BR(Φ → ττ) is robust against these SUSY effects and the
latter will unlikely make a substantial change of the cross
section times branching fraction. Finally, the constraint is
specifically given in the maximal mixing scenario Xt/MS =√

6 with MS = 1 TeV. The robustness of σ × BR makes
that the exclusion limit is actually almost model independent
and is valid in far more situations than the “MSSM Mmax

h
scenario” quoted there, an assumption that can be removed
without any loss.

In fact, the exclusion limit can also be extended to the
low tan β region which, in the chosen scenario with MS = 1
TeV, is excluded by the LEP2 limit on the lighter h mass (the
green area in the figure) but should resurrect if the SUSY
scale is kept as a free parameter. Note also that H/A bosons
have also been searched for in the channel gg → bb̄Φ with
Φ → bb̄ (requiring more than three tagged b jets in the final
state) but the constraints are much less severe than the ones
derived from the ττ channel [193].

Fig. 24 The H± limits from ATLAS with
√

s = 8 TeV and ≈20 fb−1

data in the channel t → bH+ → bτν [194]

Turning to the H+ boson [194,195], the most recent
result has been provided by the ATLAS collaboration using
the full ≈20 fb−1 data collected at

√
s = 8 TeV. The H±

search as been performed using the τ plus jets channel
with a hadronically decaying τ lepton in the final state. For
MH± � 160 GeV, the results are shown in Fig. 24. Here,
the relevant process is top quark decays, t → H+b with
the decay H+ → τν having a branching ratio of almost
100 % at moderate to high tan β. For these high values, the
H+tb coupling has a component ∝ mb tan β, which makes
BR(t →! H+b) rather large. Almost the entire tan β � 10
region is excluded by the ATLAS analysis.

In addition, the branching fraction for the decay t → bH+
is also significant at low tan β values, when the component of
the coupling gtbH+ ∝ m̄t/ tan β becomes dominant. On the
other hand, the branching fraction for the decay H± → τν

does not become very small as it has competition only from
H+ → cs̄, which, even for tan β ≈ 1, does not dominate.
Hence, the rates for pp → t t̄ with t → bH+ → bτν
are comparable for tan β ≈ 3 and tan β ≈ 30 and the pro-
cesses can also probe the low tan β region. This is exem-
plified in Fig. 24 where one can see that the entire area
below tan β ≈ 5 is also excluded. There remains then, for
H± masses close to 90 GeV (where the detection efficiency
is lower) and 160 GeV (where one is limited by the phase
space), the intermediate area with tan β ≈ 5–10 where the
H±tb coupling is not strongly enhanced.

This ATLAS search has been extended to larger values
of MH± where the charged Higgs is produced in association
with top quarks, gb → t H+, but the constraints are poor
(only the region tan β � 50 is excluded for MH± = 200–
300 GeV) as the cross section for this process is low.

The reopening of the low tan β region allows to consider
a plethora of very interesting channels for the heavier Higgs
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bosons to be also investigated at the LHC: heavier CP-even H
decays into massive gauge bosons H → W W, Z Z and Higgs
bosons H → hh, CP-odd Higgs decays into a vector and a
Higgs boson, A→ h Z , CP-even and CP-odd Higgs decays
into top quarks, H/A → t t̄ , and even the charged Higgs
decay H± → W h. These final states have been searched
for in the context of a heavy SM Higgs boson or for new
resonances in some non-SUSY beyond the SM scenarios and
the analyses can be adapted to the case of the heavier MSSM
Higgs bosons. They would then allow to cover a larger part of
the parameter space of the MSSM Higgs sector in a model-
independent way, i.e. without using the information on the
scale MS and more generally on the SUSY particle spectrum
that appear in the radiative corrections.

In Ref. [98] a preliminary analysis of these channels
has been performed using current information given by the
ATLAS and CMS collaborations in the context of searches
for the SM Higgs boson or other heavy resonances (in partic-
ular new Z ′ or Kaluza–Klein gauge bosons that decay into t t̄
pairs). The results are shown in Fig. 25 with an extrapolation
to the full 25 fb−1 data of the 7+8 TeV LHC run (it has been
assumed that the sensitivity scales simply as the square root
of the number of events). The sensitivities from the usual
H/A → τ+τ− and t → bH+ → bτν channels are also
shown. The green and red areas correspond to the domains
where the H → V V and H/A→ t t̄ channels become con-
straining. The sensitivities in the H → hh and A → h Z
modes are given by, respectively, the yellow and brown areas
which peak in the mass range MA = 250–350 GeV that is
visible at low tan β values.

Fig. 25 The estimated sensitivities in the various search channels for
the heavier MSSM Higgs bosons in the [tan β,MA] plane: H/A→ ττ ,
H → W W + Z Z , H/A → t t̄ , A → h Z and H → hh [98]. The
projection is made for the LHC with 7+8 TeV and the full 25 fb−1 of
data collected so far. The radiative corrections are such that the h mass
is Mh = 126 GeV

The outcome is impressive. These channels, in particular
the H → V V and H/A→ t t̄ processes, are very constrain-
ing as they cover the entire low tan β area that was previously
excluded by the LEP2 bound up to MA ≈ 500 GeV. Even
A→ h Z and H → hh would be visible at the current LHC
in small portions of the parameter space.

4.3 Could the observed state be the heavier H boson?

Let us briefly discuss the possibility, raised with the early
LHC data, that the observed particle is the heavier MSSM
H boson, as advocated for instance in Refs. [60–62,105].
The possibility MH ≈ 125 GeV, with H couplings close to
those of the SM Higgs, occurs for low values of MA,≈100–
120 GeV, and moderate values of tan β, ≈ 10. In this case,
H has approximately SM-like properties, while h has a mass
of order 100 GeV or below and suppressed couplings to vec-
tor bosons. A dedicated scan for this region of parameter
space has been performed [36] and the results were con-
fronted with the measured Higgs mass Mh = 123–129 GeV
and couplings that comply with the LHC ≈ 10 fb−1 data
collected at

√
s = 7+8 TeV. Both the signal strengths in the

various search channels of the observed Higgs boson and the
limits from the pp → τ+τ− channel obtained by the CMS
collaboration have been considered.

It was found that among the large flat scan with 108 points,
only ≈ 2× 10−5 of the generated points would remain after
imposing these LHC constraints. These points were then
excluded by applying the constraints from flavour physics
[94] (see also Ref. [196]), mainly the radiative decay b→ sγ
and dark matter constraints [95] (as they do not satisfy the
constraint of 10−4 < Ωh2 < 0.155 when accounting for
all uncertainties). The updated pp → τ+τ− search per-
formed by CMS with 17 fb−1 data, which excludes all values
tan β � 5 for MA � 250 GeV as shown in Fig. 23, now def-
initely rules out this scenario.

This is exemplified in Fig. 26, where we zoom in the
[MA, tan β] plane for low values of the inputs and apply the
constraints listed above. The small region in which the H
boson was allowed to be the observed state (black points) by
the previous H/A→ τ+τ− CMS search (dashed blue line)
is excluded by the new data (in red). In fact, the latest ATLAS
limits from H± searches given in Fig. 24 also exclude now
the possibility MA ≈ 100–120 GeV and, hence, the scenario
where H is the observed Higgs state5.

5 Note that the recent pp → ττ and H+ → τν limits also exclude
the so-called “intense coupling regime” [197,198], in which the three
neutral Higgs bosons could be light and close in mass.
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Fig. 26 The parameter space [MA, tan β] with points for the heavier
H boson to be observed with a mass in the range 123–129 GeV (light
grey points) and after flavour and dark matter relic density constraints
(black points) [36]. The CMS excluded regions from the 2011 and 2012
Φ → τ+τ− searches are shown by the dashed blue and continuous red
lines, respectively

4.4 Higgs production with SUSY particles

Finally, let us comment on the possibility of the Higgs bosons
being produced in processes involving sparticles. First of all,
there is the option of Higgs decays into SUSY particles. In
the case of the lighter h boson, the only possibility when the
LEP2 constraints are taken into account is the decay h →
χ0

1χ
0
1 , which has been discussed in the context of invisible

Higgs decays in Sect. 3.4. In view of the strong LHC limits
on squark masses, the only SUSY channels of the heavier
H/A/H± states that might be kinematically open would be
the decays into chargino, neutralinos and sleptons. For H/A,
these decays have been discussed in the context of the τ
searches as they might reduce the H/A → ττ branching
fractions but no specific search for these SUSY final states
has been performed so far.

Turning to associated Higgs production with sparticles,
the most important process was expected to be pp →
t̃1 t̃1+ Higgs which could benefit from the possibly large
Higgs–stop coupling [199–202]. The large value of MS and
hence the lightest stop mass from the current constraint
makes this process unlikely. Another possibility would be
associated production with staus where the phase space
could be more favourable but the rates are in general much
smaller.

The only channel which could lead to a detectable sig-
nal with the data collected so far would be Higgs particles
from decays of charginos and neutralinos. In particular the
decays χ0

2 → χ0
1 h, with χ0

2 directly produced in associa-
tion with χ±1 in the process pp → χ0

2χ
±
1 leading a lepton,

a Higgs (decaying either into bb̄ or into multi-leptons via
h→ Z Z∗,W W ∗) and missing energy [203–208].

Fig. 27 The interpretations of the CMS results from the combination
of all lepton and E/T searches with ≈20 fb−1 data collected at

√
s =

8 TeV. The expected and observed limits on the pp → χ0
2χ
±
1 cross

section times theχ0
2χ
±
1 → W hχ0

1χ
0
1 branching fraction (with the green

band is for experimental uncertainties) is compared to the theoretical
prediction [209]

The CMS collaboration has reported the results for
searches of leptons and missing energy with a luminosity
of ≈20 fb−1 data collected at

√
s = 8 TeV [209]. They set

a limit on the cross section times branching ratio for the
possible SUSY process pp → χ0

2χ
±
1 with χ0

2 → χ0
1 h and

χ±1 → Wχ0
1 . As can be observed from Fig. 27, where the

cross section times branching ratio is displayed as a function
of the masses mχ±1

= mχ0
2

(with the assumption that the LSP
neutralino is very light, mχ0

1
= 1 GeV), the data show no

excess over the SM backgrounds.

5 What next?

The last 2 years were extremely rich and exciting for particle
physics. With the historical discovery at the LHC of a Higgs
boson by the ATLAS and CMS collaboration crowned by a
Nobel price this fall, and the first probe of its basic properties,
they witnessed a giant step in the unravelling of the mecha-
nism that breaks the electroweak symmetry and generates the
fundamental particle masses. They promoted the SM as the
appropriate theory, up to at least the Fermi energy scale, to
describe three of Nature’s interactions, the electromagnetic,
weak and strong forces,

However, it is clear that these 2 years have also led to
some frustration, as no signal of physics beyond the SM has
emerged from the LHC data. The hope of observing some
signs of the new physics models that were put forward to
address the hierarchy problem, which is deeply rooted in the
Higgs mechanisms, with supersymmetric theories being the
most attractive ones, did not materialise.

The discovery of the Higgs boson and the non-observation
of new particles has nevertheless far reaching consequences
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for supersymmetric theories and, in particular, for their
simplest low-energy formulation, the MSSM. The mass of
approximately 125 GeV of the observed Higgs boson implies
that the scale of SUSY-breaking is rather high, at least
O(TeV). This is backed up by the limits on the masses of
strongly interacting SUSY particles set by the ATLAS and
CMS searches, which in most cases exceed the TeV range
[86,87]. This implies that if SUSY is indeed behind the stabil-
isation of the Higgs mass against very high scales that enter
via quantum corrections, it is either fine-tuned at the per-
mille level at least or its low-energy manifestation is more
complicated than expected.

The production and decay rates of the observed Higgs
particles, as well as its spin and parity quantum numbers, as
measured by the ATLAS and CMS collaborations with the
≈25 fb−1 data collected at

√
s = 7 and 8 TeV, indicate that its

couplings to fermions and gauge bosons are approximately
SM-like. In the context of the MSSM, this implies that we
seem to be in the decoupling regime and this 125 GeV particle
can be only identified with the lightest h boson, while the
other H/A/H± states must be heavier than approximately
the Fermi scale. This last feature is also backed up by the
constraints from direct searches of these heavier Higgs states
at the LHC.

This drives up to the question that is now very often asked
in particle physics (and elsewhere): what to do next? The
answer is, for me, obvious: we are only in the beginning of
a new era.6 Indeed, it was expected since a long time that
the probing of the EWSB mechanism will be at least a two
chapters story. The first one is the search and the observa-
tion of a Higgs-like particle that will confirm the scenario
of the SM and most of its extensions, that is, a spontaneous
symmetry breaking by a scalar field that develops a non-zero
vacuum expectation value. This long chapter has just been
closed by the ATLAS and CMS collaborations with the spec-
tacular observation of a Higgs boson. This observation opens
a second and equally important chapter: the precise determi-
nation of the Higgs profile and the unravelling of the EWSB
mechanism itself.

A more accurate measurement of the Higgs couplings to
fermions and gauge bosons will be mandatory to establish the
exact nature of the mechanism and, eventually, to pin down
effects of new physics if additional ingredients beyond those
of the SM are involved. This is particularly true in weakly
interacting theories such as SUSY in which the quantum
effects are expected to be small. These measurements could
be performed at the upgraded LHC with an energy close to

6 One can rightfully use here the words of Winston Churchill in Novem-
ber 1942 after the battle of El Alamein (which in Arabic literally means
“the two flags” but could also mean “the two worlds” or even “the two
scientists”!): “Now, this is not the end; it is not even the beginning to
the end; but it is, perhaps, the end of the beginning”.

√
s = 14 TeV, in particular if a very high luminosity, a few

ab−1, is achieved [210–212].
At this upgrade, besides improving the measurements per-

formed so far, rare but important channels such as associated
Higgs production with top quarks, pp → t t̄h, and Higgs
decays into μ+μ− and Zγ states could be probed. Above
all, a determination of the self-Higgs coupling could be made
by searching for double Higgs production e.g. in the gluon
fusion channel gg → hh [213–215]; this would be a first
step towards the reconstruction of the scalar potential that
is responsible of EWSB. A proton collider with an energy√

s = 30 to 100 TeV could do a similar job [212].
In a less near future, a high-energy lepton collider, which is

nowadays discussed in various options (ILC, TLEP, CLIC,μ
collider) would lead to a more accurate probing of the Higgs
properties [216–224], promoting the scalar sector of the the-
ory to the high-precision level of the gauge and fermionic
sectors achieved by LEP and SLC [30].

Besides the high precision study of the already observed
Higgs, one should also continue to search for the heavy
states that are predicted by SUSY, not only the superpar-
ticles but also the heavier Higgs bosons. The energy upgrade
to ≈14 TeV (and eventually beyond) and the planed order
of magnitude (or more) increase in luminosity will allow to
probe much higher mass scales than presently.

In conclusion, it is not yet time to give up on supersym-
metry and on new physics in general but, rather, to work
harder to be fully prepared for the more precise and larger
data that will be delivered by the upgraded LHC. It will be
soon enough to “philosophise” in 2 years from now, when the
physics landscape will become clearer.
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Abstract Given that there is currently no direct evidence
for supersymmetric particles at the LHC it is timely to re-
evaluate the need for low scale supersymmetry and to ask
whether it is likely to be discoverable by the LHC running at
its full energy. We review the status of simple SUSY exten-
sions of the Standard Model in the light of the Higgs dis-
covery and the non-observation of evidence for SUSY at the
LHC. The need for large radiative corrections to drive the
Higgs mass up to 126 GeV and for the coloured SUSY states
to be heavy to explain their non-observation introduces a lit-
tle hierarchy problem and we discuss how to quantify the
associated fine tuning. The requirement of low fine tuning
requires non-minimal SUSY extensions and we discuss the
nature and phenomenology of models which still have per-
fectly acceptable low fine tuning. A brief discussion of SUSY
flavour-changing and CP-violation problems and their reso-
lution is presented.

1 Introduction

To date, the data from the LHC running at 8 TeV has shown
no indication of supersymmetric partners of the Standard
Model states nor, indeed, any indication of other physics
‘Beyond the Standard Model’ (BSM). Moreover the discov-
ery of a new state whose properties look just like those of the
Higgs boson predicted by the Standard Model has led to a re-
evaluation of the need for such BSM physics. In this paper we
will briefly review the reasons why supersymmetry was and
still is the most promising extension of the Standard Model
(SM) and why the new supersymmetric states are expected
to be relatively low in mass and accessible to discovery when
the LHC runs at its full energy.

The SM provides an amazingly precise description of the
strong, weak and electromagnetic interactions of the funda-
mental states of matter, the quarks and leptons. However,

a e-mail: g.ross1@physics.ox.ac.uk

there are several reasons to think that it is incomplete. The
SM does not have a viable candidate for dark matter. The
measurement of neutrino masses and the observation of non-
trivial mixing in the lepton sector certainly require an exten-
sion of the original formulation of the SM—the most ele-
gant possibility is to add right-handed (RH) neutrinos, which
restores the symmetry between quarks and leptons and allows
for neutrino masses and mixing. It has a large number of unre-
lated parameters needed to describe the strengths and prop-
erties of the fundamental interactions and the masses and
mixing angles of the quarks and leptons suggesting there is
a more fundamental theory capable of fixing these parame-
ters. Although the Standard Model does provide a measure
of unification between the weak and electromagnetic inter-
actions it falls short of a complete unification of the fun-
damental forces. There is also no mechanism in the orig-
inal SM for baryogenesis or an explanation of the strong
CP problem. Lastly, and most pressing, the Standard Model
suffers from the hierarchy problem, namely the difficulty
in field theory of separating mass scales so that the elec-
troweak scale is expected to be driven close to any high scale
associated with BSM physics, such as the Planck scale or
the Grand Unified (GUT) scale. Given the importance of
looking for evidence of BSM physics, particularly timely in
view of the LHC programme, let us address these reasons in
turn.

The need for dark matter is certainly important but does
not, by itself, set the scale for the new physics. It could, for
example, be due to axions associated with a very high scale of
new physics, perhaps even as high as the Planck scale, and
evidence for it may not be accessible at laboratory energy
scales. Similarly the new physics associated with neutrino
masses could be very large. Indeed if the RH neutrinos have
mass close to the GUT scale the smallness of the observed
(LH) neutrino’s mass is naturally explained via the see-saw
mechanism.

The possibility of further unification is certainly appeal-
ing and there is significant circumstantial evidence in favour
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of it. In particular it is notable that the SM representations of
the quarks and leptons of a single family fit neatly in the
relatively simple 5̄ + 10 representation of a SU(5) GUT.
This immediately explains the fact that the charges of the
quarks are third integrally quantised relative to the charged
leptons, the 1/3 factor coming from the fact that quarks come
in three colours. Moreover the underlying SU(5) symme-
try explains why both the quark and the lepton electroweak
SU(2) doublets are left-handed. The resulting simplicity is
further enhanced if the GUT group is enlarged to SO(10) for
all the states of a single family fit into a single 16 dimen-
sional representation of SO(10). Moreover the remaining
state needed to complete the 16 dimensional representation
requires the existence of a right-handed neutrino and thus
naturally allows for neutrino masses and mixing. Of course
it is important that the Higgs should also fit into a GUT mul-
tiplet and, in the original simple formulations, this led to a
problem because the coloured Higgs partners required by the
GUT have not been observed. Indeed they are required to be
super-heavy or absent if nucleon decay is to be sufficiently
suppressed and this led to the need for very large GUT rep-
resentations that somewhat reduced the elegance of the GUT
paradigm. However, the more recent approaches based on an
underlying string unification have provided an elegant expla-
nation for the absence of light coloured partners as they can
be projected out at the stage of compactification and the asso-
ciated breaking of the gauge group by Wilson lines, without
the need for large GUT representations.

The existence of an underlying GUT also leads to rela-
tions amongst the parameters of the SM, most importantly the
SU(3)× SU(2)×U(1) gauge couplings. In SU(5) or SO(10)
there is a single gauge coupling and, using the renormali-
sation group (RG) equations, it is straightforward to deter-
mine the strong, electromagnetic and weak couplings at low
scales, as measured in the laboratory, in terms of the unified
gauge coupling and the unification scale. Eliminating these
unknowns leads to a relation between the gauge couplings
at low energies. In the non-supersymmetric case this relation
fails by more than 11 standard deviations but, in a supersym-
metric GUT, the relation is accurate to better than 5 % for the
case of light (TeV scale) supersymmetric (SUSY) partners.
However, as the dependence of this relation on the SUSY
masses is only logarithmic, it is not possible to say that gauge
coupling unification requires that the SUSY states should be
within the reach of the LHC.

This leaves the need to solve the hierarchy problem as the
only unambiguous reason to expect new states at a mass scale
accessible to direct discovery at the LHC. The problem arises
if the SM is an effective field theory descending from new
physics at a high scale, such as the GUT scale or the string
or Planck scale. In this case the radiative corrections that
arise in field theory connect the low and high scale sectors
and prevent a separation of the electroweak breaking scale

from the high scale associated with BSM physics. Support
for the idea that the SM is an effective field theory (EFT)
comes from the fact that it predicts that the only elemen-
tary spin-one states in the theory should be associated with a
local gauge principle and that the only fermions in the theory
should be chiral. This immediately follows because the only
symmetry capable of forbidding a vector boson mass is a
local gauge symmetry and the only symmetry capable of for-
bidding a fermion mass is a chiral symmetry; in the absence
of such symmetries one would expect the states to have the
high scale mass associated with the new scale of physics. It
is significant that this is just what is found in the SM. The
gluons, the photon and the W and Z bosons are the gauge
bosons coming from the SU(3)× SU(2)×U(1) local gauge
symmetry. The fermions are chiral with respect to the SU(2)
gauge group, the LH fermions transform as SU(2) doublets
and the RH fermions transform as SU(2) singlets. Moreover
the EFT description requires that the unbroken gauge interac-
tions should be vectorlike, as observed, otherwise there can
be no fermion masses.

This pleasing agreement of the SM structure with that
required by an EFT is broken by the scalar sector because
there is no symmetry that forbids a scalar mass. As a result
the EFT expectation is that the Higgs mass and the associ-
ated electroweak breaking scale should be at the high scale.
Even if for some reason the Higgs mass does not arise at tree
level radiative corrections are expected to generate it close to
the high scale. This is the hierarchy problem. The solutions
that have been suggested require new physics at a low scale,
potentially accessible to discovery at the LHC. In this review
I will concentrate on the supersymmetric possibility in which
the Higgs mass is forbidden by a combination of supersym-
metry (SUSY) and a chiral symmetry. In this case the SUSY
extension of the SM fits in perfectly with the EFT picture. It
also allows for a consistent underlying unified theory, GUT
or string based, that gives the precision prediction relating
the gauge couplings and string-based models can even pre-
dict the correct unification scale in therms of the string or
Planck scale. Indeed, due to the inevitable coupling between
the Higgs and the scalars responsible for GUT breaking at a
high scale, the SUSY extension of the GUT is an essential
feature of unification.

The discovery of a Higgs candidate at 126 GeV [1,2] has
lent some support to the SUSY paradigm but at the same
time made it more difficult to realise. The support comes
because the Higgs mass lies in the relatively small range
favoured by SUSY. Moreover the observed properties of the
candidate Higgs are just what are expected of an elementary
state whose interactions are in the perturbative domain, as is
expected in SUSY with gauge coupling unification. Thus at
least the simplest composite Higgs explanation of the hier-
archy problem looks less likely than the SUSY explanation.
The fact that the Higgs looks very much like the SM Higgs
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is not an argument against SUSY for, in the limit the SUSY
breaking is large, the properties of the SUSY Higgs very
closely approximate those of the SM Higgs. The difficulty
comes from the relatively high mass of the Higgs that typ-
ically requires significant fine tuning in SUSY models due
to the need of large radiative corrections to the Higgs mass
and the corresponding need for heavy SUSY states. This
fact largely maps out the possible nature of SUSY exten-
sions of the SM after the Higgs discovery for it limits the
available parameter space and structure of SUSY models
and may indicate the need for a non-minimal SUSY exten-
sion of the SM. In this paper we consider these possibili-
ties in more detail and the prospects for SUSY discovery
at LHC14.

The structure of the paper is as follows. In Sect. 2 the
status of simple SUSY models after the Higgs discovery is
reviewed and their implications for the masses of the coloured
SUSY states, particularly relevant to the LHC. In Sect. 3
we discuss the hierarchy problem and the quantitative ‘fine
tuning’ measure of the hierarchy problem that is needed to
obtain a prediction for the SUSY partner mass scale and
the prospects for finding SUSY at the LHC. In Sect. 4 we
review the applications of the measure to SUSY extensions
of the SM and discuss whether there remain viable SUSY
theories capable of solving the ‘little’ hierarchy problem, the
particular SUSY signals implied by them and the prospects
for testing them at the LHC. In Sect. 5 we discuss SUSY
implications for flavour physics in the light of the constraints
the LHC results have imposed on SUSY, concentrating on the
most sensitive flavour-changing and CP-violating processes.
Finally in Sect. 6 we present a summary and our conclusions.

2 Status of simple SUSY models after the Higgs

In this section we briefly review the status of fits to data of the
simplest and most studied of the SUSY extensions of the SM,
taking account of the Higgs discovery, the limits on SUSY
states coming from the LHC and other experiments and the
constraints imposed by the observed dark matter abundance.

In such models the Higgs mass is strongly constrained.
At tree level it is bounded by the Z mass but there can
be sizeable radiative contributions increasing it. However,
these contributions cannot be made arbitrarily large unless
the SUSY breaking scale is taken so high that unacceptable
fine tuning is needed to generate the EW breaking scale. The
125 GeV Higgs lies at the upper end of this range. On the
one hand it may be considered a success for the SUSY pre-
diction of a light Higgs with couplings in the perturbative
domain. On the other hand it is sufficiently heavy for consid-
erable fine tuning of the fundamental parameters of the model
to be needed, at least in the minimal implementations of
SUSY.

In the next section we will quantify this fine tuning but
in this section we choose to ignore it, assuming that the
underlying theory fixes the necessary correlations between
the parameters needed to get the correct EW breaking scale
or that higher dimension operator contributions due to new
states at a higher scale are present (cf. the discussion in
Sect. 4.4). The spectrum of the simplest models is that of
the MSSM with the minimal set of chiral super fields, φi ,
needed to accommodate the matter fields of the SM plus the
two Higgs doublets needed to give mass to the up and down
quarks. The scalar potential then has the form

V (φi )=
∣∣∣∣∂W

∂φi

∣∣∣∣
2

+
(

A0W (3)+B0W (2)+h.c.
)
+m2

0φ
iφ∗i ,

(1)

where W is the superpotential for the matter fields given by

WMSSM = WYukawa +Wμ

WYukawa = ye Hd Lec + yd Hd Qdc + yu Hu Quc

Wμ = μHu Hd , (2)

The form of the SUSY breaking terms assumed here is that of
the constrained MSSM (CMSSM) with scalar mass univer-
sality, applicable at some initial scale, MX , which is usually
associated with the Grand Unification scale. In these equa-
tions the family and SU(2) indices have been suppressed,
W (3) is the trilinear part of the superpotential and W (2) is
the bilinear part. Gaugino mass universality characterised by
m1/2 is also assumed at the same input scale MX .

Minimisation of the Higgs potential leads to two vacuum
conditions at the weak scale, which can be expressed as

μ2 = m2
1 − m2

2 tan2 β + 1
2 m2

Z (1− tan2 β)+�(1)μ
tan2 β − 1+�(2)μ

(3)

and

Bμ = −1

2

(
m2

1 + m2
2 + 2μ2

)
sin 2β +�B, (4)

where m1,2 are the soft supersymmetry-breaking Higgs
masses (evaluated at the weak scale), tan β is the ratio of the
two Higgs vacuum expectation values, and �B and �(1,2)μ

are loop corrections [3–5]. Using these relations we see that
the CMSSM can be defined by m1/2, m0, A0, tan β and the
sign of μ.

The Higgs mass is given by [6–8]

m2
h � m2

Z cos22β + 3

(4π)2

[
ln

M2
S

m2
t
+ X2

t

m2
t̃

(
1− X2

t

12m2
t̃

)]

(5)

where M2
S = m ˜tL

m ˜tR
, Xt = A0−μ cot β and the parameters

are evaluated at the EW scale. From this one may see that
to get large radiative corrections requires a large stop mass
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the latest version of the SSARD code [79]. The interpretations of the shadings and contour colours are described in the text

and/or Xt , leading to very heavy coloured SUSY states in the
TeV range.

2.1 CMSSM fits

Several groups [9–59] have performed detailed CMSSM fits
to the LHC data from Atlas and CMS [60,61]. In these mod-
els the lightest SUSY particle (LSP), usually a combination
of a neutralino and a Higgsino, is stable and a dark mat-
ter (DM) candidate. The fits that we discuss require that the
DM should saturate at or be below the preferred cosmolog-
ical range �CDMh2 = 0.112 ± 0.006 [62], where h is the
present Hubble expansion rate in units of 100 km/s/Mpc. In
addition the dark matter should be consistent with the direct
detection bounds, the strongest in the mass range of inter-
est being that of XENON100 [63]. Constraints are also pro-
vided by flavour physics, especially b → sγ [64–67] and
Bs → μ+μ− [68–73]. The LHCb measurement of the latter
with a value close to the SM prediction provides particularly
strong constraints on the large tan β region. In addition the
measured value [74,75] of the anomalous magnetic moment
of the muon, gμ−2, plays a significant role in the fits. We will
discuss further aspects of flavour-changing and CP-violation
constraints in Sect. 5.

In Fig. 1 we show the results of a recent fit [54] to all
the available data, including the latest LHCb measurement
of Bs → μ+μ−, for the parameters m0 and m1/2 as a func-
tion of the Higgs mass contours (red dashed lines). In each
panel, the region at high m1/2 and low m0 where the τ̃1 is
the LSP is shaded brown, as is the region at low m1/2 and
high m0 where the stop becomes the LSP (or tachyonic).
The regions excluded by b → sγ are shaded green, those

favoured by gμ − 2 are shaded pink, and those favoured
by �χh2 are shaded dark blue1. The LEP chargino exclu-
sion is shown as a near-vertical dashed black line at small
m1/2 [76]. The ATLAS exclusion from the absence of miss-
ing transverse energy events (MET) is shown by the pur-
ple lines. Also shown as solid green lines are three contours
of BR(Bs → μ+μ−)/BR(Bs → μ+μ−)SM = 1.65, 1.5
(the present 95 % CL upper limit from LHCb and combined
experiments), and 1.3 (the 68 % upper limit from LHCb).

Over the range shown in the (m0,m1/2) plane a large value
for A0 is needed to get to the observed Higgs mass2. For larger
values of tan β the Higgs mass increases but the Bs → μ+μ−
rate still requires that m0 and m1/2 are above 1 TeV. However,
taking account of the dark matter constraint, for tan β = 10,
Mh does not grow above ∼121 GeV, whereas for tan β =
40 there is compatibility for m1/2 ≥ 1 TeV along the stau
co-annihilation strip (SC) close to the stau LSP boundary3.
This region is also compatible with the LHC MET constraint,
but not with the supersymmetric interpretation of gμ − 2.
Interestingly the sensitivity of upcoming direct DM searches
will be sufficient to test the most likely regions of the CMSSM
DM space providing complementary tests to the LHC SUSY
searches. LUX will be sensitive to a substantial proportion
of the favoured regions and XENON1T will cover almost

1 For reasons of visibility the wider strips 0.06 < �χh2 < 0.2 are
shown here.
2 Mh = 125.7± 1.0 GeV [1,2] although, including theoretical errors,
values greater than 122 GeV are probably acceptable.
3 The focus point (FP) region, in which the DM unpolarised annihilation
cross section is enhanced by a significant Higgsino component of the
LSP, is excluded by the XENON100 bound.
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all of the rest. This complementarity is important because
the majority of points have a very heavy Higgsino LSP, of
O(1 TeV), possibly beyond the reach of LHC14.

In the absence of the fine tuning constraint the upper
bound on the SUSY mass spectrum comes from the require-
ment that the SUSY LSP should provide the observed dark
matter abundance. For example, a recent Baysian fit [77]
finds mg̃ = 3.4 TeV, mt̃ = 2.8 TeV, mũL = 3.5 TeV and
mχ = 700 GeV4 as the most probable values suggesting that
even LHC14 may not discover evidence for SUSY.

2.2 Beyond the CMSSM

As we have seen, the LHC and dark matter constraints have
forced the CMSSM parameter space into a tight corner that
requires large values of tan β, A0 and m1/2 and a correspond-
ingly heavy SUSY spectrum. However, by extending the
parameters of the model the fit constraints can be more readily
satisfied, particularly that of obtaining acceptable dark matter
abundance. One possibility is to allow the Higgs masses to
differ from the squark and slepton masses at the initial scale
[16,18,80–93] and in this case it is not difficult to find regions
of the parameter space where the cosmological cold dark
matter density falls within the preferred range, even if the
sparticle masses are relatively large, as required by the LHC
MET and Mh constraints. For example [54], this may happen
in a transition region where the χ LSP has a relatively large
Higgsino component, a region disfavoured in the CMSSM by
the XENON100 upper limit on cold dark matter scattering.
Another possibility is to lower the initial scale, MX , which
compresses the spectrum making more co-annihilation pro-
cesses important, thus suppressing the relic density below
the range expected in the CMSSM. While these generalisa-
tions of the CNMSSM open up the phase space of acceptable
solutions they still require large values of the SUSY breaking
parameters corresponding to heavy SUSY spectra similar to
those found in the CMSSM.

2.2.1 The CNMSSM

Another possibility that has been widely studied is to increase
the particle content, for example by adding a gauge singlet
chiral super field, S. The simplest version of this, the NMSSM
(for reviews see [94,95]), has the superpotential

WNMSSM = λSHu Hd + κ
3

S3 +WYukawa, (6)

where additional terms are forbidden by the Z3 symmetry
of WNMSSM. This lacks the bare μ term of the CMSSM,
Eq. (2), but an effective term, μeff , is generated at the stage
of EW breaking when the scalar component of S acquires a

4 These values are close to the favoured upper values in [78].

vacuum expectation value (VEV). The advantage of this is
that μeff is automatically of the order of the EW breaking
scale in comparison to the MSSM case in which the symme-
tries allow an arbitrarily large μ term. In the constrained ver-
sion of the model (CNMSSM) the soft SUSY breaking terms
associated with the Higgs sector at the initial scale have the
form

Vsoft = m2
0|Hu |2 + m2

0|Hd |2 + m2
S|S|2

+
(
λA0SHu Hd + 1

3
κA0S3 + h.c.

)
, (7)

with scalar mass universality assumed for all scalars apart
from the new singlet. In this case the parameters of the
CNMSSM may be chosen as m0,m1/2, A0, tan β, λ,mS and
the sign of μeff .

Several groups have analysed the NMSSM after the Higgs
discovery [96–118]. Here we present results from a very
recent study [118] that takes account of the measurement
of Bs → μ+μ−. In the upper figures of Fig. 2 we present the
results of a CNMSSM Baysian fit showing (mo,m1/2) planes
for μeff > 0. Because of the additional singlet scalar state
there are two CP even Higgs states involving mixtures of the
EW doublet and singlet states. Two cases are shown, case 1 in
which the lightest CP even Higgs has mass mh1 = 125.8 GeV
and case 2 in which the second lightest CP even Higgs has
mass mh2 = 125.8 GeV. Note that in the second of the top
figures the right-hand favoured region is already excluded by
XENON100 so in both cases both the squarks and the gluinos
are in the TeV range with the gluinos typically heavier than
the squarks.

In the lower figure of Fig. 2 we show the (mh1,mh2)

planes for these two cases. One may see from the first figure
that the second state, which is mainly singlet, is expected
to be very heavy, in the TeV range, while in the second
figure the mainly singlet state can be relatively light but,
because of its small doublet component, would not have
been detected at LEP. Not shown here is an interesting third
case in which both Higgs states have mass in the 126 GeV
region.

The fit to the model shows that in case 1 there are two
viable DM regions, one, the A-funnel region in which neu-
tralinos annihilate through the resonance with the lightest
pseudoscalar and a second (SC) in which the dominant anni-
hilation process is through stau-coannilation. In the upper left
figure the SC region is that including the best fit point, while
the AF region corresponds to the top part of the plot. Both
regions lie below the XENON100 limits but will be partly
probed by XENON1T. In case 2 the best fit region is again
SC and its interaction cross section lies below even the sensi-
tivity of XENON1T. However, the other region corresponds
to the focus point region and is already inconsistent with the
XENON100 bound.
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Fig. 2 CNMSSM marginalised 2D posterior pdf in the (m0,m1/2)

plane for case 1 (top left), and case 2 (top right) and in the (mh1 ,mh2 )

plane for case 1 (bottom left), and case 2 (bottom right). The 68 % cred-
ible regions are shown in dark blue, and the 95 % credible regions in

light blue. The stars denote the best fit points. In the top figures the solid
black (dashed grey) line shows the CMS and ATLAS hadronic 95 %
C.L. exclusion bound

The favoured values for the SUSY mass spectrum fol-
lowing from the requirement that the SUSY LSP should
provide the observed dark matter abundance gives mg̃ =
2.8 TeV, mt̃ = 2.2 TeV, mũL = 3.0 TeV and mχ =
600 GeV as the most probable values, slightly lower than
that found for the CMSSM, but still in the range that may be
beyond LHC14 discovery.

3 The hierarchy problem

As these simple models demonstrate the non-observation
of SUSY states, or indeed any significant deviations from

the SM, drives the SUSY partner mass scale into the TeV
region. Indeed, if one ignores the hierarchy problem, it can
be made arbitrarily high if there is a non-SUSY explanation
for dark matter. This emphasises the importance of the hier-
archy problem for it is really only the SUSY solution to the
hierarchy problem that has led us to expect low-scale SUSY,
accessible to LHC discovery.

A very simple illustration of the hierarchy problem was
given in [119] and follows from expanding the formula for the
Z mass in Eq. (3) in terms of the input parameters. Allowing
for different gaugino and scalar masses at the input scale,
MX , and simplifying by working at tree level one finds, for
example for tan β = 2.5,
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M2
Z

2
= −0.87μ2(MX )+ 3.6 M2

3 (MX )

−0.12 M2
2 (MX )+ 0.007 M2

1 (MX )

−0.71 m2
HU
(MX )+ 0.19 m2

HD
(MX )

+0.48 (m2
Q(MX )+ m2

U (MX ))

−0.34 At (MX )M3(MX )− 0.07 At (MX )M2(MX )

−0.01 At (MX )M1(MX )+ 0.09 A2
t (0)

+0.25 M2(MX )M3(MX )+ 0.03 M1(MX )M3(MX )

+0.007 M1(MX )M2(MX ). (8)

One may see that for the input parameters much greater than
MZ it is necessary to fine tune the parameters to arrange for
significant cancellation between the terms. For the case these
parameters are at the TeV scale this fine tuning is more than
1 part in 100. This is the hierarchy problem and it clearly gets
worse as the input parameters increase.

Of course if the underlying theory relevant at MX requires
correlations between the input parameters the fine tuning may
be reduced. As an example of this we consider the CMSSM
case with universal scalar masses m0 and universal gaugino
masses m1/2. In this case Eq. (8) becomes

M2
Z

2
= −0.87μ2(MX )+ 3.78 m2

1/2 + 0.44 m2
0

−0.42 A0 m1/2 + 0.09 A2
0. (9)

It is instructive to consider why the coefficient of m0 is
relatively small in the CMSSM. The dominant terms in the
RG equation for m2

Hu
, which sets the EW scale, involving

m0 are those proportional to the square of the top Yukawa
coupling, yt and can be integrated to give

m2
Hu

(
Q2
)
= m2

Hu

(
M2

X

)
+ 1

2

(
m2

Hu

(
M2

X

)

+m2
Q3

(
M2

X

)
+ m2

u3

(
M2

X

))
⎡
⎢⎣
(

Q2

M2
X

) 3y2
t

4π2

− 1

⎤
⎥⎦ (10)

= m2
0

⎛
⎜⎝1+ 3

2

⎡
⎢⎣
(

Q2

M2
X

) 3y2
t

4π2

− 1

⎤
⎥⎦
⎞
⎟⎠ , (11)

where we have used the fact that in the CMSSM all the scalar
masses are equal unification scale. When the factor in square
brackets is -2/3 the coefficient of m2

0 vanishes—this is known
as the focus point (FP) [120–124]. Remarkable the focus
point is close to the electroweak scale explaining the small-
ness of the coefficient of m2

0 in Eq. (9). Clearly the appear-
ance of such focus points affect the bounds on the SUSY
spectrum coming from the hierarchy problem because the
dependence of the other scalars, the squarks and sleptons,
on m2

0 is not suppressed and consequently, for models with
the focus point, they can be much heavier than the Higgs.

This nicely illustrates how correlations amongst the initial
parameters can significantly reduce the fine tuning needed.

3.1 Fine tuning measures

In order to quantify the fine tuning needed to keep the elec-
troweak scale much lower than the SUSY masses several
fine tuning measures have been suggested [125,126]. Two
frequently used are �m and �q where

�m = max
∣∣�γi

∣∣ , �q =
(∑

�2
γi

)1/2
,

�γi =
∂ ln v2

∂ ln γ 2
i

, γi = m0,m1/2, μ0, A0, . . . . (12)

Here the basic measure �γi roughly determines the relative
magnitude of the term proportional to the parameter γi on
the RHS of Eq. (8) to the LHS. A value of 100 means that the
cancellation between terms on the RHS should be accurate
to 1 part in 100. Typically one term dominates in which case
�m and�q are nearly equal but in the case that there are sev-
eral comparable terms �q would seem the more reasonable
measure.

3.2 The likelihood origin of the fine tuning measure

Of course the difficult question to answer when using such
measures to limit the SUSY spectrum is how large the fine
tuning measure can reasonably be? However, it has recently
been shown how the measure arises when performing a like-
lihood fit to the data [127–130] and this allows us to give a
quantitative estimate for acceptable fine tuning.

When testing a SUSY model with a given set of param-
eters (such as γi ), one should in principle marginalise (i.e.
integrate) the likelihood L over unrelated, ‘nuisance’ param-
eters that can be determined well from the data and are not
of interest in the final result. Examples of such parameters
are those already present in the Standard Model such as the
Yukawa couplings. In the case of SUSY one may also inte-
grate over the dependent parameters, the VEVs vu,d of the
SUSY Higgs Hu,d which are fixed by the vacuum minimisa-
tion constraints and which determine the EW breaking scale
characterised by MZ . If one chooses to do this, then the con-
strained likelihood is given by

L(data|γi ) ∝
∫

dv d(tan β)δ(m Z − m0
Z )

× δ ( f1(γi ; v, β, yt , yb)) δ ( f2(γi ; v, β, yt , yb))

L(data|γi ; v, β, yt , yb). (13)

where v2 = v2
u + v2

d and tan β = vu/vd . L(data|γi ;β, v,
yt , yb) is the likelihood to fit the data with a particular set of
values for γi , yt,b, etc. (the associated χ2 is given by χ2 =
−2 ln(L)), while L(data|γi ) is the (‘constrained’) likelihood
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in the presence of the EW constraints and is a function of γi

only. The functions fi are the solutions to the minimisation
equations given by

f1(γi ; v, β, yt , yb, . . .) ≡ v −
(
−m2

λ

)1/2

,

f2(γi ; v, β, yt , yb, . . .) ≡ tan β − tan β0(γi , v, yt , yb),

γi = {m0,m1/2, μ0, A0, B0},
(14)

where m2 and λ are the effective Higgs mass and quartic cou-
pling, functions of the underlying parameters of the theory
as in [127].

Of particular relevance here is the delta function involv-
ing f1 which constrains some combination of the param-
eters of the theory. We may choose the residual indepen-
dent variables to lie in the surface, S, in γκ space defined by
the EW constraint f1(γ

S
i ; v0, β, ỹt (β), ỹb(β)) = 0. In this

case we have δ( f1(zi )) = (1/|∇ f1|) δ[
n.(
z − 
zS)], where

n = ∇ f1/|∇ f1| is the unit vector normal to the surface S,

z has components z1, . . . , zn and 
zS lies on S, f (zS

i ) = 0.
With this, and taking zi = ln γi , Eq. (13) can be written as

L(data|γi ) = 1

�q
δ

(
n∑

i=1

nq(ln γi − ln γ S
i )

)

×L (data|γi ; v0, β, ỹt (β), ỹb(β)) |β=β0(γi )

(15)

where nq are the components of the normal unit vector and
�q is the fine tuning in quadrature defined in Eq. (12) with
v → ṽ. For independent variables, γi , this relation is only
satisfied if all γi = γ 0

i , for all i , i.e. if the f1 = 0 constraint
is satisfied.

This shows that it is the constrained likelihood that should
be maximised when fitting data, i.e. one should maximise the
ratio of the unconstrained likelihood to the fine tuning�q . If
the fine tuning is large it reduces the overall likelihood. The
terms of the associated χ2 (χ2

new) and unconstrained (χ2
old)

likelihoods are related by

χ2
new = χ2

old + 2 ln�. (16)

This relation can be used to infer what can be regarded as
the ‘acceptable’ upper bound of the fine tuning requiring
that�q � exp(nd/2)where nd f is the number of degrees of
freedom. If this is satisfied thenχ2 per degree of freedom will
not be significantly worsened. For simple SUSY extensions
of the SM such as the CMSSM nd f = O(10), which requires
�� 1005.

5 See [128,129] for a detailed analysis of various SUSY models.

3.3 The real hierarchy problem

We have introduced the hierarchy problem in the context
of supersymmetry but, given the lack of evidence for BSM
physics at the LHC or in precision tests of the SM, it may be
appropriate to make a few comments about claims that, even
in the context of the SM, there is no hierarchy problem. It
has become customary to introduce the hierarchy problem by
noting that in the SM at leading order there is a quadratically
divergent contribution to the Higgs mass coming from a top
quark loop giving

δm2
Hu
∼ −3|y2

t |
4π2 �

2. (17)

In a renormalisable theory this divergent term is cancelled by
a counter term but, taking the cutoff to be at a very high scale,
this cancellation must be hierarchically precise. However,
the quadratic divergence is not the real hierarchy problem
in the sense that the divergent term is independent of the
scale at which the mass is measured. Thus if, at a very high
scale, there is a reason, such as underlying scale invariance
or SUSY, for there to be no mass term it will not reappear at
lower scales. The real hierarchy problem [131] arises when
there are heavy states of mass MX to which the Higgs couples
which give corrections of the form

δm2
Hu
(Q2) ∝ y2 M2

Xln

(
�2

M2
X + Q2

)
. (18)

Even if the mass vanishes at a high scale it reappears at a lower
scale and, for it to be small at the electroweak scale, requires
a precise cancellation with other terms. In a supersymmetric
model this cancellation is between contributions involving
different components of a supermultiplet and is automatic
due to the symmetry. Thus in a SUSY GUT the term in
Eq. (18) is cancelled up to terms suppressed by �2

SUSY/M2
X

where�SUSY is the SUSY breaking scale in the GUT sector.
For the case of scale invariance the idea is that it is softly bro-
ken so that at high energy scales the breaking terms are small
and the underlying scale invariance ensures that the quadratic
terms is cancelled by the counter term. However, as the SM
is not scale invariant its beta functions do not vanish and thus
must change at some scale, M, to the scale invariant result.
Even if the origin of the mass scale, M, is non-perturbative it
has been shown recently [132] that the Higgs mass has cor-
rections of O(M). Thus to protect the Higgs mass, the scale
M , corresponding to the onset of BSM physics, is limited to
the TeV scale, otherwise the hierarchy problem reappears.

3.4 Fine tuning and the initial scale

For pedagogic reasons we introduced the fine tuning mea-
sure in the context of the CMSSM in which the low energy
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structure of the MSSM spectrum is determined by param-
eters defined at a high (unification) scale. Such high scale
models usually introduce large logarithmic enhancements in
the fine tuning measure coming from the RG continuation
to the electroweak breaking scale. As is exemplified by the
scalar focus point structure discussed above the logarithmic
enhancement may be significantly reduced if there are rela-
tions between the SUSY breaking parameters that an under-
lying theory might provide. It is perhaps interesting to ask
what is a reasonable estimate for the minimum fine tuning
that could come from a (presently unknown) underlying the-
ory providing such relations. To quantify this, note that in the
MSSM the electroweak scale, characterised by the Z mass,
is given by

M2
Z

2
= m2

Hd
+�d

d − (m2
Hu
+�u

u ) tan2 β

tan2 β − 1
− μ2 (19)

where �u
u and �d

d are one-loop contributions coming from
the states that couple to the Higgs. Requiring that the theory
be parameterised by just these terms, with no information
about the underlying UV completion, leads to the ‘EW’ fine
tuning measure [133–136] given by the maximum value of
the individual terms6. We have

�EW = Max

×
(∣∣∣∣∣
|m2

Hu
tan2 β

tan2 β − 1

∣∣∣∣∣ ,
∣∣∣∣ �

u
u tan2 β

tan2 β − 1

∣∣∣∣ , . . . , |μ2|
)/

(M2
Z/2).

(20)

In this case one can take squark and gluino masses to be very
heavy because only �u

u and �d
d are sensitive to the radiative

corrections. The dominant correction comes from the top
squark loop

�u
u ≈

3y2
t

16π2 m2
t̃

(
ln
(

m2
t̃ /Q2

)
− 1

)
. (21)

The EW fine tuning is determined by the SUSY spectrum
and, for acceptable fine tuning, �EW < 30, one can have
stop (and other) squarks with mass as high as 5 TeV. Further
it requires |μ| < 300 GeV corresponding to the existence of
light Higgsino states that may be visible at an e+e− collider
with ECM > 600 GeV producing W̃+1 W̃−1 , Z̃1 Z̃1 and Z̃2 Z̃2

production. Gluinos can also be very heavy in which case the
small mass gap of O(10 GeV) between W̃1− Z̃2 and Z̃2− Z̃1

makes detection of Higgsino pair production difficult because
the visible decay products are soft.

A low scale of EW fine tuning does not mean there is no
fine tuning but leaves open the possibility that there is an
underlying theory with this SUSY spectrum that is not fine

6 Of course, this assumes that the underlying theory does not correlate
the terms in this equation. To date no theory capable of doing this has
been proposed.

tuned. Below we discuss UV complete models that do predict
correlations among the MSSM SUSY breaking parameters
which can achieve such low levels of fine tuning while pre-
serving the successful prediction following from gauge cou-
pling unification. In these models the mass of the coloured
states are much more constrained than the upper bound com-
ing from EW fine tuning. They do, however, have the ten-
dency to produce compressed spectra.

4 Fine tuning constraints on SUSY in the light of the
Higgs discovery

As we have stressed the hierarchy problem provides the main
motivation for low-scale SUSY, accessible to the LHC. In this
section we will discuss the extent to which the postulate that
SUSY solves the little hierarchy problem has been tested7 and
the prospects for a definitive test at LHC14. This will involve
a discussion of non-minimal implementations of SUSY that
can reduce the fine tuning and, in turn, suggest new signatures
relevant to future LHC SUSY searches. In the main we will
concentrate on the case that the initial scale at which the
fundamental parameters are defined is close to the Grand
Unified scale as is natural in GUTs and is consistent with
the precision prediction of gauge coupling unification that
follows in SUSY GUTs.

4.1 Fine tuning of the CMSSM

In the CMSSM the Higgs mass is given by Eq. (5). The
heavier the Higgs mass is the larger the radiative correction
that is needed. Before the LHC start-up the bound on the
Higgs mass was 114 GeV corresponding, for small Xt , to
MS ≈ 500 GeV. The measurement of the Higgs mass close
to 126 GeV increases this to MS ≈ 1 TeV. Thus the Higgs
discovery has pushed the SUSY threshold for the stops up
and this leads to the need for significantly greater fine tuning.
Of course one must also allow for the Xt contribution and
perform a fit to all the available data. The result of such a fit
[138] that was performed before the LHC start-up is shown in
Fig. 3 where the fine tuning,� ≡ �m , is shown as a function
of the Higgs mass; note that the LEP bound on the Higgs
mass was not included in the fit. The origin of the structure
is due to two factors: the fall as the Higgs mass increases
is due to the fact that the effective quartic interaction, λeff ,
increases, reducing the sensitivity of the EW breaking VEV,
v2 = m2

eff/λeff to changes inλeff . The sharp rise as the Higgs
mass further increases is due to the fact that the sensitivity
of m Hu to m0 in Eq. (11) increases rapidly as Q2 ∼ m2

Hu

grows above (115 GeV)2. Also shown in the figure is the

7 For an earlier comparative study see [137].
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Fig. 3 Two-loop fine-tuning versus Higgs mass for the scan over
CMSSM parameters with no constraint on the Higgs mass. The solid
line is the minimum fine-tuning with (αs ,Mt ) = (0.1176, 173.1 GeV).
The dark green, purple, crimson and black coloured regions have a
dark matter density within �h2 = 0.1099 ± 3 × 0.0062 (i.e. 3σ sat-
uration) while the lighter coloured versions of these regions lie below
this bound. The colours and their associated numbers refer to different
LSP structures as described in [138]. Regions 1, 3, 4 and 5 have an
LSP which is mostly bino-like. In region 2, the LSP has a significant
Higgsino component

dark matter abundance colour coded [138] according to the
dominant annihilation mechanism. The purple points with
low fine tuning lie close to the focus point discussed above
and one may see that before the LHC there are points in the
parameter space scan with fine tuning less than 10, close to
the LEP bound on the Higgs mass. As noted above, the points
in the FP region have significant Higgsino component and the
lowest fine tuned points are in conflict with the XENON100
bounds. However, the most significant effect ruling out the
low fine tuned points is the measurement of the Higgs mass.
For a Higgs mass in the range mh = 126 ± 3 GeV the fine
tuning,�m , is greater than 300, unacceptably large given the
constraint of Eq. (16).

4.2 Beyond the CMSSM

Of course the CMSSM is only one particular version of the
MSSM expressing the more than 100 SUSY parameters in
terms of just 5 fundamental ones. One may ask if there are
other MSSM parameter choices with lower fine tuning that
remain to be tested. However, this is not so easy as the
CMSSM has the scalar focus point that, cf. Eq. (11), de-
sensitises the EW breaking scale to the common scalar mass
m0 and in this sense represents the class of models capable
of minimising, at least part, of the fine tuning measure. In
contrast, gauge mediated supersymmetry-breaking models
do not have a common scalar mass and as a result the fine
tuning in them may be larger [139,140] even though they
may have a lower initial scale, MX .

To do better than the CMSSM requires identifying a sys-
tematic way to reduce fine tuning. In this subsection we

discuss whether the fine tuning can be reduced by theoreti-
cally well-motivated modifications of the CMSSM boundary
conditions for the SUSY breaking parameters. In the next
subsection we consider the possibility that the fine tuning is
reduced through an extension of the particle content of the
MSSM.

4.2.1 Natural SUSY

In natural SUSY the universality of squark masses is relaxed
with much lighter stop squarks than those associated with
the first two generations [141,142]. As we discuss in Sect. 5
the suppression of flavour-changing neutral currents and CP-
violating effects place strong constraints on the first and sec-
ond generation squarks favouring their mass to be in the TeV
region. However, the constraint on the stop squarks is very
mild and this has led to the suggestion that they may be quite
light, much less than a TeV. This is consistent with present
LHC bounds due to the reduction in the ET missing signals
compared to that for the first two generation squarks. Since
a large contribution to fine tuning comes from the sensitivity
of the EW scale to the stop quark mass one may hope that
fine tuning will be substantially reduced. However, this turns
out not to be the case because it is still necessary to have
significant radiative corrections to the Higgs mass to drive it
to 126 GeV and, for light stops, this must come from another
sector of the theory, reintroducing large fine tuning. Recent
studies [143,144] finds the fine tuning is at least 400 for the
case the initial scale, MX , at which the parameters are defined
is close to the GUT scale, unacceptably large by the crite-
rion in Eq. (16). Even in the case that the initial scale is low,
such as in gauge mediation, there is no significant fine tuning
advantage of a light stop if the gluino is in the TeV range and
the fine tuning is still in the 1 % range. Interestingly [143]
notes that this conclusion can be evaded in the case that the
gluinos have a Dirac rather than a Majorana mass although
a very recent study [144] has found the fine tuning is still
severe, � ∼ 100.

4.2.2 Gaugino focus point

The second possibility that has been suggested is that there
is a further focus point associated with the gauginos that
reduces the sensitivity of the EW breaking scale to m1/2

8.
This can occur if the initial values of the gaugino masses
have special, non-universal, ratios [145–155]. The origin
of the gaugino focus point may be seen from the RG
equation

8 As we shall discuss this can reduce the fine-tuning to an acceptable
level. This conflicts with the conclusion of [144] which does not allow
for such correlations between soft SUSY breaking terms.
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Fig. 4 Analytic results for the gaugino focus point scale contours (in
units of Tev) in the MSSM for tan β = 2, 3, 10 from left to right.
The points and the grey line correspond to specific models with non-

universal gaugino masses; see text for details. The contours do not
change much for larger tan β

16π2 d

dt
m2

Hu
= 3

(
2|yt |2

(
m2

Hu
+ m2

Q3
+ m2

u3

)
+ 2|at |2

)

−6g2
2 |M2|2 − 6

5
g2

1 |M1|2. (22)

The first term on the RHS implicitly includes the effect of the
gluino contribution to the squark masses. Although this is of
higher order, since the QCD coupling is quite large, it gives
a significant contribution that is comparable to that coming
from the last two terms. Indeed if the gluino mass at the EW
scale is similar to that of the Wino there is a cancellation
between these terms that reduces the sensitivity of m2

Hu
to

the gaugino masse9. In Fig. 4 we show an approximate ana-
lytic estimate of the focus point scale (the scale at which the
cancellation is exact) as a function of the initial gaugino mass
ratios, a, b = M1,2(MX )/M3(MX ). The smallest fine tuning
corresponds to values of a and b for which the gaugino focus
point scale is close to the electroweak scale. For moderate
a, the value |b| ∼ 2.5 − 3 corresponds to such a low-scale
gaugino focus point.

Of course, if arbitrary values of the parameters a and b are
chosen, the contribution to the overall fine tuning from�a,b

should also be included in the analysis above, which typically
spoils the improvement in fine tuning. However, if a and b are
fixed by the underlying theory such contributions are absent.
As discussed in [145–155] values of a and b in the low-
focus-point region occur naturally in a variety of models. To
illustrate this we show in the first plot of Fig. 4 the predicted
points for the SU(5), SO(10) and E6 GUT models (denoted
by circles, squares and diamonds, respectively) considered
in [157]. GUT models with F terms in 75 or 200 of SU(5),
in 210 or 770 of SO(10) and in the corresponding represen-

9 Another advantage is that the accuracy of the prediction for gauge
coupling unification is also improved [156].

tations of ‘flipped SO(10)’ embedded in E6 predict gaugino
mass ratios in the intermediate and low fine tuning region.
Green triangles represent the OII orbifold model for various
choices of the discrete Green Schwarz parameter, δGS [158].
The values δGS = −5,−6,−7 are optimal from the point of
view of fine tuning. For comparison we also show points rel-
evant for mirage mediation [147,159,160], where soft terms
receive comparable contributions from gravity (modulus)
and anomaly mediated SUSY breaking. In this case gaug-
ino masses at the GUT scale have the following form:

Ma = m3/2

(
� + bag2

a

)
(23)

where ga is the relevant gauge coupling, ba is its β-function
coefficient, while � describes the relation between modulus
and anomaly mediated contributions. This prescription for
gaugino masses as a function of � generates the grey line
in Fig. 4 in the (a, b) parameter space. If � is a continuous
parameter there should be an additional contribution �� to
the overall fine tuning. However, specific string models fix
the value of �. Four examples are shown in Fig. 4 by the blue
inverted triangles:

(i) the minimal setup of KKLT-type moduli stabilisation
in type II B string theory [161–163],

(ii) a model with vacuum uplifting via hidden sector matter
superpotentials [161],

(iii) and (iv) the Mini Landscape of orbifold compactifi-
cations in heterotic string theory [164] with SU(4) and SU(5)
hidden sector gauge groups; the type II B string theory model
with vacuum stabilisation by F terms of hidden sector mat-
ter superpotentials predicts values of a and b in the low fine
tuning region.

Given that there are models that naturally have the gaugino
focus point at the EW scale it is interesting to ask how the
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Fig. 5 Dependence of the fine tuning on the Higgs mass. The light red
points are before any cuts while the dark red points take into account
cuts on the SUSY masses and the relic neutralino abundance. The left

plot is uniform in the density of the input parameters, their density
reflects the likelihood for finding a viable point. The right plot shows
additional points where we zoomed into regions of small fine tuning

overall fine tuning is affected. We consider the case of the
MSSM with the CMSSM spectrum modified to allow for
non-universal gaugino masses at the unification scale (the
(C)MSSM) and requiring gauge coupling unification. The
results of a fit to all the available data including the DM
abundance is shown in Fig. 5 where it can be seen that there
are some points, with a and b in the low fine tuned regions of
Fig. 4, with fine tuning less than 100, marginally acceptable
by the criterion of Eq. (16).

Due to the additional flexibility in the gaugino sector, a
large variety of LSP compositions is possible. For points sat-
isfying the relic abundance upper bound the LSP is mainly
composed of wino and Higgsino, with typically only a very
small bino component. Unlike the case for the CMSSM the
direct detection cross section lies below the Xenon100 limit
with the bulk of the points more than two orders of magni-
tude below. The correct relic abundance seems to be more
easily achieved with a Higgsino-like LSP. A recent discus-
sion of the phenomenology of the low fine tuned points can
be found in [165].

4.3 Beyond the MSSM

The MSSM is the minimal extension of the SM, minimal
in the sense that the fewest new states have been included
when building a SUSY model. Could it be that non-minimal
extensions reduce the fine-tuning constraints on SUSY and
have not yet been experimentally tested?

4.4 Operator analysis

A useful way to look such extensions is to allow for a general
modification of the MSSM by adding higher dimension oper-

ators [166–173] that correspond to the effective field theory
that results from integrating out additional heavy degrees of
freedom, of mass M∗, and ask if such operators can reduce
fine tuning. There is a unique leading dimension 5 operator
with the form

L = 1

M∗

∫
d2θ f (X)(Hu Hd) (24)

where X = θθm0 and m0 is the SUSY breaking scale.
This gives contributions to the scalar potential of the form

V = (|hu |2 + |hd |2)(χ1huhd + h.c.)

+1

2
(χ2(huhd)

2 + h.c.) (25)

whereχ1 = 2 f (0)μeff/M∗, χ2 = −2 f ′(0)m0/M∗ andμeff

is the effectiveμ term. Note that the χ1 term is supersymmet-
ric so there are associated corrections involving Higgsinos
that will generate Higgsino mass terms of the same order of
magnitude as the correction to the Higgs mass terms (once
the Higgs acquire their VEVs). However, in practice these
corrections are going to be of O(10 GeV), important to get
a Higgs mass of 125 GeV but small compared to the Hig-
gsino mass coming from the μeff term. For this reason we
concentrate on the effect in the scalar sector.

The fine tuning of this model has been analysed in [174]
where it was shown that the fine tuning is significantly
reduced by the first term of Eq. (25) while the second term
only gives a modest reduction. The dominant effect comes
from the contribution of Eq. (25) to the Higgs mass after
electroweak breaking and, due to the fact that the first term
involves an extra power of hu , it gives the larger contribution.

The obvious question is what new physics can give rise to
the first operator corresponding to this term. The answer is
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through the integration out of a new heavy gauge singlet or
SU(2) triplet superfield coupling to the Higgs sector. Inter-
estingly the operator is not generated in the NMSSM, the
simplest singlet extension of the MSSM, as it requires an
explicit mass term for the singlet super field10 We refer to
this model as the generalised NMSSM (the GNMSSM).

4.5 The GNMSSM superpotential

The most general extension of the MSSM by a gauge singlet
chiral superfield consistent with the SM gauge symmetry has
a superpotential of the form

W = WYukawa + 1

3
κS3 + (μ+ λS)Hu Hd + ξ S + 1

2
μs S2

(26)

≡ WNMSSM + μHu Hd + ξ S + 1

2
μs S2 (27)

where WYukawa is the MSSM superpotential generating the
SM Yukawa couplings andWNMSSM is the ‘normal’ NMSSM
with a Z3 symmetry. One of the dimensionful parameters can
be eliminated by a shift in the VEV vs . We use this freedom
to set the linear term in S in the superpotential to zero, ξ = 0.

The form of Eq. (12) seems to make the hierarchy prob-
lem much worse as the SM symmetries do not prevent arbi-
trarily high scales for the dimensionful mass terms. How-
ever, these terms can be naturally of the order of the SUSY
breaking scale if there is an underlying Z R

4 or Z R
8 symme-

try [176,177]. Before SUSY breaking the superpotential is
of the NMSSM form. However, after supersymmetry break-
ing in a hidden sector with gravity mediation soft super-
potential terms are generated but with a scale of order the
supersymmetry-breaking scale in the visible sector charac-
terised by the gravitino mass, m3/2. With these the renormal-
isable terms of the superpotential take the form

WZ R
4
∼ WNMSSM + m2

3/2 S + m3/2 S2 + m3/2 Hu Hd ,

(28)

WZ R
8
∼ WNMSSM + m2

3/2 S (29)

where the∼ denotes that the dimensional terms are specified
up to O(1) coefficients. Clearly the Z R

4 case is equivalent
to the GNMSSM. After eliminating the linear term in S the
Z R

8 case gives a constrained version of the GNMSSM with
μs/μ = 2κ/λ.

Note that the SUSY breaking also breaks the discrete R
symmetry but leaves the subgroup Z R

2 , corresponding to the

10 Very recently it has been pointed out [175] that it is possible to
enhance the effect of the second term in Eq. (25) for the case that the
singlet field acquires a Dirac rather than a Majorana mass. This also
leads to a significant reduction in fine tuning even for a singlet with
mass in the multi TeV range.

usual matter parity, unbroken. As a result the lightest super-
symmetric particle, the LSP, is stable and a candidate for dark
matter.

4.6 Fine tuning in the GNMSSM

Several groups have recently analysed the fine-tuning impli-
cations of the GNMSSM [178–184]. Requiring that the cou-
plings remain in the perturbative domain up to the Planck
scale, the resulting fine tuning has been explored in detail for
the simplified case of universal boundary conditions for the
SUSY breaking parameters (CGNMSSM) [178,179]. Note
that this goes beyond the operator analysis as we do not
require that the singlet mass need not be large compared to the
other parameters of the theory and thus cannot be integrated
out. However, even allowing for the additional contribution
to the Higgs mass coming from the singlet couplings, the
regions of this model corresponding to low fine tuning have
essentially been ruled out by a combination of LHC non-
observation of SUSY and dark matter (DM) abundance. In
particular the DM abundance has to be reduced below the
‘over-closure’ limit and this is dominantly through stau co-
annihilation that is only effective for relatively low m0 and
m1/2 and hence sparticle masses in the reach of LHC8.

For the case of non-universal gaugino masses (the (C)
GNMSSM) the situation changes because the LSP can now
have significant Wino/Higgsino components that ensures its
efficient annihilation. In Fig. 6 we show the results of a scan
[184] over the region of parameter space which allow for
a rather large Higgs mass corresponding to large λ, (which
implies smallish κ and small tan β). The minimal fine tuning
after the cuts were imposed is below 20, perfectly acceptable
by the criterion of Eq. (16), and there are significant areas of
low fine tuning remaining to be explored by LHC14.

To infer something about the typical phenomenology of
the low fine tuned regions we consider viable points with
fine tuning below 100. Similar to the case of the CGN-
MSSM the viable points have a large supersymmetric singlet
mass parameter, leading to heavy singlet states. In detail this
constraint comes from the need to achieve acceptable elec-
troweak breaking consistent with the universality of scalar
masses at the high scale and is why such boundary condi-
tions are inconsistent with the NMSSM. Allowing for non-
universal Higgs masses solves this problem for the MSSM
and in the case of the GNMSSM it will allow for lighter
singlet states.

In the universal scalar mass case considered here, the sin-
glet states are always heavy and the dominant effect is the
change to the Higgs mass that reduces the fine tuning as was
found in the CGNMSSM with universal gaugino masses.
However, as mentioned above, the region of parameter space
of the CGNMSSM that solves the little hierarchy problem
has essentially been ruled out by a combination of LHC non-
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Fig. 6 Dependence of the fine tuning on the lightest Higgs mass in
the (C)GNMSSM. The light blue points are before any cuts while the
dark blue points take into account cuts on the SUSY masses and the
relic neutralino abundance. The left plot is uniform in the density of

the input parameters, their density reflects the likelihood for finding a
viable point. The right plot shows additional points where we zoomed
into regions of small fine tuning. The minimal fine tuning after the cuts
were imposed is below 20; requiring a = b = 1 it is about 80

Fig. 7 (i) The dark matter direct detection cross section as a func-
tion of the neutralino mass. It has been scaled (i.e. multiplied with
(�h2)th/0.1199) to account for cases with underabundant neutralinos.
Also shown is the latest bound from XENON100. (ii) The dark matter
composition, that is, the bino, Wino and Higgsino fraction of the LSP,
as a function of the relic density. Mostly bino-like LSPs are shown in

blue, mostly Wino-like LSPs are shown in red and mostly Higgsino-like
LSPs are shown in green, where mostly means a fraction>0.5. (iii) The
distribution of bino-, Wino-, and Higgsino-like LSPs in the a−b plane.
For all points, in addition to the SUSY and Higgs cuts, a fine tuning
� < 100 was imposed. The grey points are before the fine tuning cut

observation of SUSY and dark matter abundance. For the
case of non-universal gaugino masses the situation changes
because the LSP can now have significant non-bino com-
ponent to allow for its efficient annihilation. In Fig. 7 we
show the direct detection cross section versus the mass of
the lightest neutralino together with the latest bound from
XENON100 as well as the dark matter composition as a
function of the relic density. As has been observed in pre-
vious studies [185,186] of other models, it may be seen that
the mass is in the TeV range, most often Higgsino-like. It can
be seen that almost all of the points are below the XENON100
direct detection limit. Regarding the composition we see that
for the correct relic density or an underabundance the LSP
is mainly composed of wino and Higgsino, with typically

only a very small bino component. As in the MSSM the cor-
rect relic abundance seems to be more easily achieved with
a Higgsino-like LSP. Note that, as is the case for all cases
involving universal squark and slepton masses [137], it is
not possible to significantly reduce the discrepancy of SM to
g − 2.

In Fig. 8 we show typical masses of the superpartners in
the low fine tuned region. It can be seen that points with fine
tuning below 100 can have gluino masses beyond 2 TeV and
squark masses around 3 TeV. The squarks can be much heav-
ier due to a contribution from m0. This is limited by the fine
tuning implications of a heavy stop unless one is near the
scalar focus point. In the CMSSM these points were ruled
out by direct dark matter searches as the LSP had signifi-
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Fig. 8 Mass spectrum of points with fine tuning � < 100 and all other cuts imposed

cant Higgsino component but in the case of non-universal
gauginos this is no longer true. It is also possible that m0

is small and the scalar masses are driven by the Gluino and
Wino masses. In this case the squark masses will not be much
heavier than the gluino although one must worry about slep-
tons being too light—in particular the neutrino should not
be the LSP as this possibility has been ruled out by direct
dark matter searches. For the case of heavy squarks the LHC
signal is dominantly gluino pair production and decay, but
this may be significantly reduced because of the compressed
spectrum. Covering the whole of the low fine tuned region
will be challenging and will require looking for signals sen-
sitive to compressed spectra [187,188].

4.7 Other approaches

Several other ideas have been suggested to reduce fine tuning.
One possibility is that R-parity violation reduces the LHC
bounds on SUSY states. This come about because such R-
parity violation allows the SUSY state to decay and, if this
is dominantly into visible energy, the missing energy signals
will be diluted. Of particular interest are the baryon number
violating operators λi, j,kU c

i Dc
j Dc

k that lead to SUSY decay

into quarks11. Such effects have been widely explored [191–
203]; however, a recent analysis [144] concludes that the fine
tuning is still very large in these models unless, of course, as
discussed above one allows for correlations between MSSM
parameters and/or an extension of the MSSM spectrum.

Another way of reducing the fine tuning that has been
mentioned in Sect. 3.4 is to lower the scale at which the fun-
damental parameters are defined. This is the case for gauge

11 Through simple discrete symmetries [189,190] such terms can arise
without the appearance of lepton number violating operators and unac-
ceptable rates of nucleon decay.

mediation where the relevant scale is given by the gauge
mediator mass. Detailed analyses of realistic models of gen-
eral gauge mediation [139,140,204] find that the fine tuning
may be reduced by a factor of 2 when the mediation scale
is reduced from the GUT scale of O(1016 GeV) to a scale
of O(106 GeV). This reduction is quite modest and will still
require extensions beyond the MSSM of the form discussed
above to achieve acceptable fine tuning.

Finally it has been suggested that one should ignore the
fine tuning problem altogether [205–207], perhaps appealing
to anthropic arguments to justify the existence of a light Higgs
capable of generating the EW breaking scale. Even so a case
can be made for an underlying SUSY theory with phenomena
accessible to the LHC. The reason is that the SUSY gauginos
may be lighter than the underlying SUSY breaking scale due
to chiral symmetry (an R-symmetry) broken at a lower scale.
In this ‘split SUSY’ case the SUSY scalars, the squarks and
the sleptons, are heavy, beyond the LHC reach, while the
gauginos are quite light. The gauginos provide the dominant
contribution to the difference in the beta functions between
the SUSY case and the SM case and thus the success of
SUSY gauge coupling unification is maintained12. Further,
as for conventional SUSY, if the gauginos are light they can
provide a viable dark matter candidate. Split SUSY has been
widely studied but, due to lack of space and inclination, we
do not discuss it further here.

5 SUSY and flavour physics

As we have seen the LHC results have significantly increased
the lower bound on the masses of SUSY states. This in

12 Indeed by adjusting the mass of the heavy SUSY scalars the agree-
ment with the observed gauge couplings can be improved.
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turn has implications for flavour physics and it is perhaps
timely to re-examine the constraints on SUSY coming from
the absence of flavour-changing neutral currents (FCNC)
and CP-violating effects [208]. In supersymmetric models
flavour-changing and CP-violating effects can be signifi-
cantly enhanced relative to the SM, driven by processes
involving squarks and leptons. In particular such models
introduce new sources of CP violation such as the phase
of the μ term or of the diagonal A0 parameters which, if
unsuppressed, lead to unacceptable electric dipole moments
(EDM)—the SUSY CP problem. They also generate signifi-
cant contributions to processes such as K 0, K̄ 0 mixing and
μ→ eγ .

In the latter case the branching ratio for this process is
given by (see, e.g., [209])

BR(μ→ e γ ) ≈ 10−6C

⎛
⎝ |m2

μ̃RẽR
|

m2
l̃R

⎞
⎠

2 (
100 GeV

ml̃R

)4

< 2.4× 10−12, (30)

and it is very tightly constrained by the recent measurement
[210] as can be seen on the right-hand side. Indeed, for ml̃R

∼
100 GeV the flavour-changing off-diagonal mass term must
be very small, m2

μ̃R ẽR
/m2

l̃R
� 10−3. Clearly if the lepton mass

is above 1 TeV this constraint is weakened considerably.
Similarly, the bounds on EDMs impose strong constraints

on the SUSY CP-violating phases. In a simplified approach
where all relevant phases are taken to be of the same order φ
and all soft masses are set to be of the order m0 the different
dipole moments are given by [211,212],

de ∼ 10−25e cm × sin φ

(
300 GeV

m0

)2 ( tan β

3

)

< 1.05× 10−27e cm (31)

dn ∼ 10−24e cm × sin φ

(
300 GeV

m0

)2 ( tan β

3

)

< 2.9× 10−26e cm

dHg ∼ 10−26e cm × sin φ

(
300 GeV

m0

)2 ( tan β

3

)

< 2.1× 10−28e cm,

with the current limits [213–217] given on the right-hand side
of the equations, requiring

1

sin φ
∼ 100

(
tan β

3

) (
300 GeV

m0

)2
∼ 100

(
300 GeV

m0

)2
.

(32)

Again we see that TeV scale SUSY significantly eases the
bound on the CP-violating phase although there is still need
for small CP-violating phases, φ.

These estimates apply models that have no intrinsic mech-
anism to solve the flavour problem but the rates are consider-
ably reduced in models in which there is family symmetry to
generate viable Yukawa couplings and their related masses
and mixing angles. In this case one starts with a CP-invariant
theory (compactified 4D theories in string theory often are
CP invariant—CP being a discrete relic of the higher dimen-
sional Lorentz group). CP is then spontaneously broken by
the familon VEVs that spontaneously break the family sym-
metry. Via the Froggatt Nielsen mechanism the familions
generate the CP-violating Yukawa couplings in the flavour-
changing sector where it is observed to be large. CP vio-
lation in the flavour conserving sector, where it is small, is
driven by the flavour changing couplings and consequently is
suppressed by powers of small mixing angles. The resulting
models do not realise exact minimal flavour violation (MFV)
as the soft A-terms do not have exactly the same structure
as the Yukawa couplings and lead to additional FCNC and
CP-violating effects. However, these corrections are also sup-
pressed by powers of small mixing angles.

Detailed estimates for various SUSY models of this type
have been made [218–220]. As an example of the expected
rates we consider a supergravity model with an SU(3) fam-
ily symmetry that, while unbroken, guarantees the degener-
acy of squarks and sleptons in a given representation of the
gauge group13. CP-violating and flavour-changing couplings
are generated when the symmetry is spontaneously broken.
Then the rate forμ→ eγ characterised by the mass insertion
parameter, |(δ�LR)12| [222–224], is given by

|(δ�LR)12| ≈ 1×10−4 A0

100 GeV

(200 GeV)2

〈m̃l〉2LR

10

tan β

(
ε

0.13

)3

|y1| |x123 − x23 − x� | . (33)

where ε̄ is the expansion parameter determining the mixing
in the down quark charged lepton sector [225] (of the order
of the Cabibbo angle) and y1 and x123,23,� are parameters
that are typically of order 1. The parameter y1 is the coeffi-
cient of the leading super potential term generating the lepton
mixing and x123,23,� are the coefficients multiplying the nat-
ural magnitudes of the F terms of the familon fields. For the
EDM one finds for the relevant mass insertion parameters
[218–220]

|Im(δu
LR)11| ≈ 2× 10−7 A0

100 GeV

(
500 GeV

〈m̃u〉LR

)2 (
ε

0.13

)3 ( ε

0.05

)2

|y f
1 + y f

2 | |x123 − x23 − x� | sin φ1,

|Im(δd
LR)11| ≈ 5× 10−7 A0

100 GeV

(
500 GeV

〈m̃d 〉LR

)2 (
ε

0.13

)5 10

tan β

|y f
1 + y f

2 | |x123 − x23 − x� | sin φ1,

13 For a more general analysis and comparison with MFV expectations,
see [221].
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|Im(δ�LR)11| ≈ 2× 10−7 A0

100 GeV

(
200 GeV

〈m̃e〉LR

)2 (
ε

0.13

)5 10

tan β

|y f
1 + y f

2 | |x123 − x23 − x� | sin φ1, (34)

where ε is the expansion parameter determining the mixing
in the up quark sector, y f

i are the analogues of y1 in the quark
sector and φ1 is a CP phase associated with the VEV of the
relevant familon field.

The present experimental bound from the non-observation
of μ → eγ is |(δ�LR)12| ≤ 10−5, which is in some tension
with this bound, requiring, for example, m̃l = 600 GeV if the
remaining factors in Eq. (33) are of O(1). For the EDMs the
most stringent bound comes from mercury and corresponds
to |Im(δd

LR)11| < 6.7×10−8 and requires m̃d = 1, 500 GeV
if the other factors are of O(1).

It is interesting that the SUSY mass scales needed for con-
sistency with the FCNC and CP-violating bounds are close
to the increased mass scales needed to accommodate the
125 GeV Higgs mass, suggesting that the experimental limits
on CP and FCNC may be quite close to the actual rates14.

6 Summary and conclusions

The discovery of a Higgs candidate at 126 GeV may be seen
as a success for the idea that there is a low-scale SUSY exten-
sion of the SM because the Higgs mass lies in the relatively
small range favoured by SUSY. Moreover the observed prop-
erties of the candidate Higgs are just what are expected of an
elementary state whose interactions are in the perturbative
domain, as is expected in SUSY with gauge coupling unifi-
cation. However, there is no doubt that evidence for SUSY
is overdue in the sense that the naive expectation is that there
should be SUSY partners of SM states with EW scale masses,
accessible at LEP. The non-observation, to date, of coloured
SUSY states at the LHC has made this discrepancy consid-
erably worse as such states are pushed up to the TeV scale.
This discrepancy is exacerbated by the Higgs discovery, as
its mass lies at the upper end of the anticipated range and, at
least in simple models, requires large radiative corrections to
the Higgs mass and the corresponding need for large SUSY
breaking parameters. Fits to the simple models, the CMSSM
and the CNMSSM, show that they are under considerable
pressure with only a very small region of parameter space
consistent will all available data including the dark matter
abundance and direct dark matter searches.

To sharpen the test of SUSY as a solution to the (little)
hierarchy problem it is necessary to quantify the level of fine

14 This depends on the O(1) assumption for the values of the x, y
parameters. While this is the most natural value there is a mechanism
capable of suppressing the rates a bit more, by an extra power of ε in
|Im(δu

LR)11| and of ε in |Im(δd
LR)11| and |Im(δl

LR)11|, respectively (for
further details see [220]).

tuning needed to generate the observed EW scale in the pres-
ence of TeV-scale SUSY. Recent work has shown that, for
the case that the EW breaking scale is treated as a nuisance
variable, the fine tuning measures of fine tuning commonly
used can be derived from a likelihood fit of the SUSY model
to the present data. The advantage of this is that one can put
an upper bound on the fine tuning consistent with an accept-
able fit to the data. Applying this to simple SUSY exten-
sions of the SM, namely the CMSSM and the CNMSSM,
gives unacceptably large values of fine tuning, confirming
the naive expectation. However, this does not mean that the
possibility that SUSY solves the little hierarchy problem has
already been excluded because it may be that non-minimal
implementations of SUSY are not heavily fine-tuned. Fine
tuning is strongly dependent both on the nature of the soft
SUSY breaking terms and on the spectrum of the particular
SUSY extension of the SM and both possibilities have been
explored.

As is illustrated by the scalar focus point in the CMSSM
and CNMSSM that results from the assumption of degenerate
scalars at the initial (unification) scale, correlations between
the soft parameters can reduce the fine-tuning substantially.
The only other theoretically well-motivated focus point that
has been found corresponds to gaugino masses that are non-
degenerate at the initial scae so that the gluino and winos are
close in mass at the EW scale. Modifying the initial condi-
tions for gaugino masses in the CMSSM and CNMSSM to
achieve this does result in a considerable reduction in fine
tuning but it is still uncomfortably large.

The effect of a new states beyond those of the MSSM
has, for the case these states are very heavy, been explored
in a model independent way via the introduction of higher
dimension operators. This shows that, even for the mass of the
additional states in the multi TeV region, the fine tuning can
be substantially reduced, largely by generating an additional
contribution to the Higgs mass, reducing the need for very
large SUSY breaking terms. The simplest way to generate
the operator most significant for the reduction in fine tuning
requires the addition of a singlet super field to the MSSM,
as in the NMSSM. However, it requires a generalisation of
the usual NMSSM through the addition of explicit EW scale
mass terms for the Higgsinos and the singlet, something that
can be ensured by a discrete R-symmetry. Analysis of this
model shows that with the normal constrained initial spec-
trum the fine tuning is still uncomfortably large but allowing
for non-universal gaugino masses there is a substantial region
of the parameter space for which the fine-tuning drops to per-
fectly acceptable level even for squarks and the gluino with
masses in the (1–3) TeV region. Indeed the fine tuning is close
to the minimum found for the variation of the parameters at
a low (EW) scale only, showing that it is possible to achieve
such low fine tuning in a UV complete theory that preserves
the success of gauge coupling unification. The large mass of

115123 Reprinted from the journal
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the coloured SUSY states, together with the fact that often
the low fine tuned spectra are considerable compressed, cor-
responding to low ET missing signals, means that it may be
difficult to test the model fully even at LHC14. Dark matter
can be consistent with the WMAP bounds and direct detec-
tion limits, the expectation of all the models analysed being
that the LSP should be heavy, of O(1 TeV), and most often
with a substantial Higgsino component. However, the scat-
tering cross section can be very low so that the low fine tuned
region will not be fully tested even by XENON1T.

An associated effect of the increased bound on the SUSY
masses is that the constraints from flavour-changing neutral
currents and CP violation are significantly reduced. It is still
necessary that the new CP-violating phases associated with
the flavour singlet sector be small but this can be readily done
in models with an underlying family symmetry. However,
this provides only a relatively modest suppression and the
expectation is that processes such as μ → eγ and electric
dipole moments will be close to their present limits.
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Abstract We review the status of different dark-matter can-
didates in the context of supersymmetric models, in particular
the neutralino as a realization of the WIMP mechanism and
the gravitino. We give a summary of the recent bounds in
direct and indirect detection and also of the LHC searches
relevant for the dark-matter question. We also discuss the
implications of the Higgs discovery for the supersymmet-
ric dark-matter models and give the prospects for the future
years.

1 Introduction

One among the most compelling pieces of evidence for
physics beyond the Standard Model (SM) of particle physics
is the presence of an unidentified dark-matter (DM) compo-
nent in the observed Universe. This ‘dark-matter problem’
consists in the lack of a microscopic theory for the invis-
ible form of matter which determines the motion of stars
and galaxies in many astronomical systems, supports the
large scale cosmological structure formation and constitutes
about 80 % of the total matter in the Universe [1,2]. Postu-
lated to explain the high-velocity dispersion of galaxies in a
nearby galaxy cluster in 1933 by Zwicky, the DM hypothe-
sis is nowadays corroborated by a plethora of complemen-
tary cosmological and astrophysical observations. Surveys
performed from the largest structures we see in the Uni-
verse, namely galaxy clusters, down to dwarf and low sur-
face brightness galaxies provide incontrovertible evidence in
favor of the existence of a DM component in the Universe.
Within the picture one obtains combining this variety of infor-
mation, DM behaves like a dissipation-less and collision-less
fluid manifesting itself only gravitationally. The microscopic
nature of the DM component of the Universe remains, how-
ever, unknown.

a e-mail: covi@theorie.physik.uni-goettingen.de

One of the most popular attempts to solve the DM prob-
lem is the celebrated paradigm where the DM candidate is a
weakly interacting massive particle (WIMP). In this scenario
DM is made of a beyond-the-Standard-Model (BSM) parti-
cle, which is stable, initially in thermal equilibrium in the
early Universe and decoupling as a non-relativistic species.
The present cosmological density for such a state scales
approximately with the inverse of its pair annihilation rate
into lighter SM particles, and it can be accurately calculated
by solving the Boltzmann equation for the WIMP number
density nχ [3,4]:

dnχ
dt
= −3Hnχ − 〈σeffv〉

(
n2
χ − n2

χ,eq

)
(1)

where the effective thermally averaged annihilation cross
section, 〈σeffv〉, accounts for DM annihilations and coan-
nihilations. Its expression in terms of particle couplings and
the details of the thermal average can be found in Refs. [3,4].
Qualitatively, Eq. (1) tells us that the present WIMP number
density is determined by the competition of two phenomena
leading to a departure from the WIMP equilibrium number
density nχ,eq: the expansion of the Universe, which occurs
with the rate H , and the DM annihilations, characterized by
the rate Γann = nχ 〈σeffv〉. The present value of nχ is inde-
pendent from the initial conditions, whose memory is erased
in the thermal equilibrium phase. In practice, Eq. (1) has to be
solved numerically and the very precise determination of the
relic density achieved by current CMB experiments turns out
to be a very tight constraint for many of the WIMP models
proposed in the literature. The popularity of this framework
relies on its very rich phenomenology and its straightforward
implementation in many BSM models.

Another equally possible way to produce DM is instead
to relax the assumption of equilibrium and consider the ther-
mal evolution of the particle’s abundance in the primordial
plasma from a particular initial density, often taken to be zero
after the inflationary dilution. In such a case, depending on
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the couplings and mass of the DM candidate, different anni-
hilation or decay rates into such particles allow one to match
the present DM energy density. For this mechanism, usually
candidates interacting very weakly are favored since it is vital
that the particles do not reach thermal equilibrium. Here we
will discuss in fact particles with non-renormalizable cou-
plings suppressed by a large mass scale, like the Planck
mass MP for the gravitino or the Peccei–Quinn scale for the
axino. The thermal-plasma contribution to their present abun-
dance is often proportional to the maximal thermal bath tem-
perature, since the non-renormalizable couplings are more
effective at high temperature [5–10]. Otherwise also thermal
bath particle decays in equilibrium can give a sufficiently
large contribution to the DM density in what is called the
‘FIMP’ mechanism [11–15], which is instead independent
of the initial conditions and temperature. Within this frame-
work there is also the possibility to generate a DM population
still exploiting the WIMP mechanism, via the decay of the
decoupled WIMP into the lighter and more weakly interact-
ing state. Such a scenario has been called the ‘SuperWIMP’
mechanism [16–18].

Supersymmetry (SUSY) is one of the most popular exten-
sions of the SM and is flexible enough to offer DM candidates
of both types, as we will discuss in detail in the following.
After a brief introduction to the basics of SUSY, presented in
Sect. 2, we review first the most popular SUSY dark-matter
candidates, in Sect. 3, and then the strategies designed to
detect them, in Sect. 4. Section 5 is devoted to the impact of
the Higgs discovery on the field of particle dark matter, while
our summary and outlook are presented in Sect. 6.

2 SUSY in a nutshell

We give here the basic concepts regarding SUSY and fix the
notation, which will be needed in the next sections. A more
complete treatment of the subject can be found in [19,20] or
in the other reviews of this Journal.

SUSY is a unique extension of the Poincaré symme-
try, which is enlarged to include also fermionic generators
Qα, Q†α̇ . Here we will discuss only the case of a single addi-
tional fermionic generator and its conjugate corresponding
to N = 1 SUSY. The new generators satisfy the algebra

{Qα, Q†
β̇
} = −2(σμ)αβ̇ Pμ (2)

and SUSY is therefore intrinsically connected to translations
and space-time diffeomorphisms leading directly to gravity
in the case of the promotion of SUSY from a global to a local
symmetry.

The principal characteristic of supersymmetric models is
that every particle has to be part of a supersymmetric mul-
tiplet consisting of different states of the same representa-

tion under the SM gauge group, but a different representa-
tion under the Lorentz group (i.e. different spin). The basic
building blocks are the chiral multiplets, here denoted byΦ i ,
containing the matter fermions or scalars and their superpart-
ners, and the vector multiplets, V = gVaT a , containing the
gauge bosons and their superpartners, the gauginos, one for
each SM group generator T a and gauge coupling g. SUSY
not only offers a plethora of new particles, including DM
candidates, but it also provides a perturbative framework for
extending the SM and solving some of its shortcomings, like
the hierarchy problem, and it allows for gauge coupling unifi-
cation at a high scale and therefore points to a possible Grand
Unification of the SM gauge group [20].

Let us turn now briefly to the case of a local supersym-
metric model. The spectrum of the theory includes not only
chiral and vector multiplets, but also a gravity multiplet, con-
sisting of a spin-2 graviton and a spin-3/2 superpartner, the
gravitino. The Lagrangian of such a model can be written
as a function of the holomorphic superpotential W (Φ i ) and
of the Kähler potential, K (Φ i , Φ∗i ), a hermitian function of
the chiral multiplets satisfying the gauge symmetries of the
SM model, and the gauge symmetry Killing vectors [19]. The
kinetic terms and the gauge couplings of the chiral multiplets
(at lowest order in gravity and in a Minkowski background)
are generated by the Kähler potential as

Lkin =
∫

d2θd2θ† Ki∗ jΦ
∗i e2VΦ j (3)

where the subscript i∗, j indicate derivative with respect to
the fields Φ∗i , Φ j , respectively. Ki∗ j is the Kähler metric
and gives the non-trivial structure of the scalar manifold as a
non-linear σ model. The scalar potential is instead given by

Vpot = eK/M2
P

[
Fj K ji∗Fi∗ − 3

|W |2
M2

P

]
+ D-terms (4)

where K ji∗ is the inverse metric to Ki∗ j and Fi = Wi+Ki
W

M2
P

is the F-term corresponding to the chiral fieldΦ i . In the limit
of global SUSY, i.e. MP →∞, the potential reduces to the
simple well-known expression

Vpot =
∑

i

|Wi |2 + D-terms (5)

assuming (as we will always do from now on) that the Kähler
metric is canonical, i.e. Ki∗ j ∼ δi j +O(M−2

P ).
The superpotential of the MSSM contains in general

quadratic and cubic interaction terms and has the form (we
adopt here the same notation of [20])

WMSSM = uyu Q Hu − dyd Q Hd − eye L Hd + μHu Hd (6)
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where we have suppressed generation indices, but where the
Yukawa couplings yi are matrices in family space. Here the
chiral superfields Q, L denote the SM SU(2) doublets, while
u, d, e are the SU(2) singlets. Hu and Hd are the Higgs SU(2)
doublets chiral multiplets required to correctly achieve the
SM particles mass generation and gauge anomaly cancel-
lation. Note that the only dimensional term is the μ-term,
which has to be at the electroweak scale to allow a ‘natural’
electroweak symmetry breaking. In a simple extension of
the MSSM by a SM singlet multiplet S, the Next to Minimal
Supersymmetric SM (NMSSM) [21–23], such scale can be
obtained dynamically from another cubic term and a vacuum
expectation value of the singlet. The superpotential then reads

WNMSSM = WMSSM + λSHu Hd + 1

3
κS3 (7)

whereλ and κ are constants. The gauge symmetries of the SM
actually allow also additional renormalizable terms, which
give rise to fast proton decay and are therefore usually for-
bidden by invoking an additional discrete Z2 symmetry, R-
parity, which distinguishes between particles and superpar-
ticles. Such terms are given by

WRPB = μ′i Li Hu

+λi jk Li L j ek + λ′i jk Li Q j dk + λ′′i jkui d j dk . (8)

where the couplings λi jk, λ′i jk , λ′′i jk and μ′i carry family
indices. If R-parity is unbroken, the lightest supersymmetric
particle (LSP) is stable since R-parity forbids its decay into
SM particles. These superpotential terms must therefore van-
ish or be strongly suppressed to retain a supersymmetric DM
candidate in the form of the LSP. In the presence of SUSY
breaking, the Lagrangian includes also soft terms, i.e. mass
terms for the gauginos and the scalar fields and bilinear and
trilinear scalar terms:

Lsoft = −1

2

∑
i

(Miλiλi + h.c.)− L̃† m2
L L̃ − ẽ m2

e ẽ
†

−Q̃† m2
Q Q̃ − ũ m2

u ũ
† − d̃ m2

d
d̃

†

−m2
Hu

H∗u Hu − m2
Hd

H∗d Hd +A[W ] (9)

where the three sets of gauginos (one for each factor
of the SM gauge group) are denoted by λi , with i =
1, 2, 3.Q̃, L̃, ũ, d̃, ẽ are the scalar superpartners in the multi-
plets Q, L , u, d, e and the corresponding mass matrices are
labeled with the same letters (family indices are suppressed).
With this notation Q̃1 = (̃uL , d̃L), ũ1 = ũ∗R and similarly for
the other particles [20]. A[W ] contains all the scalar bilinear
and trilinear terms corresponding to the bilinear and trilinear
terms in the superpotential W , e.g.

A[WMSSM] = −( ũ au Q̃ Hu + d̃ ad Q̃ Hd + ẽ ae L̃ Hd

+bHu Hd + h.c.). (10)

The simplest realization of the MSSM, the constrained
MSSM (cMSSM), corresponds to taking at the GUT scale
a single universal mass scale m1/2 for the gauginos, a single
mass m0 for the scalar particles and a single trilinear parame-
ter A for the three matrices au, ad and ae. The b parameter is
traded for tan β = vu/vd , where vu and vd are the VEVs of
the two neutral Higgs fields, while |μ| is set by the require-
ment of radiative electroweak breaking. All quantities are
then extrapolated to lower energies via the relevant RGEs.
In other realizations, like the phenomenological MSSM
(pMSSM), the different mass scales are disentangled and
more parameters introduced directly at the electroweak scale.

3 SUSY dark-matter candidates

3.1 Neutralino

The most studied supersymmetric DM candidate is in many
respects the lightest neutralino [24]. In the R-parity conserv-
ing MSSM there are four neutralinos in the mass spectrum
of the theory and they are commonly denoted by χ̃0

i , with
i = 1, . . . , 4. These mass eigenstates consist of four indepen-
dent linear combinations involving the neutral electroweak
gauginos (B̃ and W̃ 0) and the neutral Higgsinos (H̃0

d and H̃0
u ).

The mixing between these states is a direct consequence of
the electroweak symmetry breaking. In the gauge-eigenstate
basis, represented here by the array ψ = (B̃, W̃ 0, H̃0

d , H̃0
u ),

the neutralino mass term in the MSSM Lagrangian can be
writen as − 1

2ψ
T Mχ̃0ψ + h.c., where the neutralino mass

matrix Mχ̃0 reads as follows [1,2,20,25]:

Mχ̃0=

⎛
⎜⎜⎝

M1 0 −g′vd/
√

2 g′vu/
√

2
0 M2 gvd/

√
2 −gvu/

√
2

−g′vd/
√

2 gvd/
√

2 0 −μ
g′vu/

√
2 −gvu/

√
2 −μ 0

⎞
⎟⎟⎠ .

The diagonal entries of this matrix, namely M1 and M2, stem
from the gaugino mass terms present in the soft SUSY break-
ing Lagrangian (9). Because of the freedom to perform a
phase redefinition of the fields B̃ and W̃ 0,M1 and M2 can be
chosen real and positive without loss of generality. Analo-
gously, by a phase redefinition of the Higgs fields, vd and vu

can be taken real and positive. The off-diagonal terms pro-
portional toμ arise from theμ-term in the superpotential (6).
The phase ofμ, which cannot be reabsorbed by further phase
redefinitions, is assumed to be zero in the vast majority of
the analyses, to avoid potentially dangerous CP-violations.
The neutralino mass matrix can be diagonalized by a uni-
tary matrix N such that N∗Mχ̃0 N−1 = diag(mχ̃0

1
, . . . ,mχ̃0

4
),

where mχ̃0
1
, . . . ,mχ̃0

4
are the masses of the four neutralinos.
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The matrix N relates mass and gauge eigenstates as follows:
χ̃0

i = Ni jψ j , where in this expression the indices i and j
label, respectively, mass and gauge eigenstates. Depending
on the values of the soft SUSY breaking parameters, the
lightest neutralino can also be the LSP and thus a stable DM
candidate for unbroken R-parity.

The neutralino interactions are determined by its compo-
sition (i.e. the matrix Ni j ), the MSSM superpotential, and
the quantum numbers of its constituents: the SU(2) singlet
B̃, the neutral components of the SU(2) doublets (H̃0

d , H̃−d )
and (H̃+u , H̃0

u ), and the neutral component of the SU(2)
triplet (W̃±, W̃ 0), characterized by the hypercharges 0,−1/2,
1/2 and 0, respectively. The gauge and Yukawa interactions
allowed in the R-parity conserving MSSM for the neutralino
constituents are shown if Fig. 1 in the form of Feynman dia-
grams. From these one can construct the full list of neutralino
Feynman rules in the mass eigenstate basis, given for instance
in [26].

The definition of the neutralino given here in the context
of the MSSM can be straightforwardly generalized to the
case of the NMSSM. In this model, the fermionic compo-
nent of S, the ‘singlino’ S̃, mixes with the gauge eigenstates
H̃0

d and H̃0
u . As a result, in the mass spectrum of the the-

ory there are five neutralino-like particles and the lightest of
them has been studied by many authors as a DM candidate
(see for instance [27] and references therein). A phenomeno-
logically interesting feature of this scenario is the existence
of new interaction vertices (compared to the MSSM) due to
the enlarged Higgs sector of the theory, which now includes
three CP-even neutral Higgs bosons and two CP-odd neutral
Higgs bosons [23].

3.2 Gravitino

In local supersymmetric models we have also an electromag-
netically and gauge-neutral DM candidate, i.e. the gravitino,
the superpartner of the graviton. In fact, as soon as SUSY
is promoted to a local symmetry, gravity is automatically
included in the model and to complement the spin-2 graviton
field, a spin-3/2 fermion must be added to the particle spec-
trum. The gravitino plays the role of ‘gauge fermion’ for
SUSY and becomes massive via the SuperHiggs mechanism
as soon as such symmetry is broken by any F or D-term hav-
ing a non-vanishing expectation value.The Goldstino field,
providing the spin 1/2 component of the massive gravitino is
given by a combination of the chiral fermions and gauginos
along the SUSY breaking direction singled out by the vector
(〈Fi 〉, 〈Da〉) in field space. The gravitino mass is in general
given by

m3/2 =
〈
|W |eK/

(
2M2

P

)〉
M2

P

(11)

Fig. 1 Feynman diagrams for the neutralino constituents. We adopt
here the same notation of Ref. [20]

where the brackets denote here the vacuum expectation value.
Imposing that the cosmological constant/vacuum energy in
Eq. (4) vanishes, gives, if all the D-terms vanish, also the
relation

m3/2 = 1√
3MP

√〈
Fi F∗j K i j∗eK/M2

P

〉
∼ |F |√

3MP
(12)

where Fi is the F-term of the i th chiral superfield and F
denotes the VEV of the largest non-vanishing F-term. In
comparison, the SUSY breaking masses of the other super-
partners are proportional to F , but they can contain a differ-
ent mass scale suppression. In particular within the gauge-
mediated SUSY breaking scenario [28], the gaugino masses
Mi are given by the dominant F-term suppressed by the mes-
senger masses, naturally smaller than MP . In those type of

124 123Reprinted from the journal



Eur. Phys. J. C (2014) 74:2703 Page 5 of 16 2703

models it is therefore natural to have a gravitino as the lightest
supersymmetric particle.

The gravitino couplings are dictated by gravity and SUSY
and suppressed by the Planck mass as all gravity couplings.
On the other hand, the Goldstino couples directly to the super-
current in a derivative way and has therefore enhanced cou-
pling in the limit of large hierarchy between the gravitino and
the other sparticle masses. The general gravitino couplings
can be found in [19,29,30].

3.3 Axino

Another neutral superparticle that can play the role of DM
is the axino, the superpartner of the axion field. It arises nat-
urally in extensions of the SM including also the Peccei–
Quinn [31] solution to the strong CP problem in a supersym-
metric setting [32,33]. The axino is a spin-1/2 fermion and it
is univocally defined (and nearly massless) only in the limit
of unbroken SUSY [34]. In that case in fact the whole axion
supermultiplet, including the axino and the saxion as scalar
partner of the pseudoscalar axion, is protected by the Gold-
stone nature of the axion and it is massless as long as one
neglects the explicit symmetry breaking coming from QCD
instantons effects. On the other hand, as soon as SUSY is
broken, the axino acquires a mass and also mixes with the
other neutral fermions rendering its mass and phenomenol-
ogy strongly model dependent. Note that some axion models
of the DFSZ-type [35,36] introduce an axion coupling to the
Higgs fields in a similar way to the singlino couplings in the
NMSSM, mixing in general the axino with the neutralinos,
but the two models differ in the presence of cubic or quadratic
couplings for the singlet field.

If the main axion/axino couplings are only with the QCD
sector, as happens instead in the KSVZ-type models [37,38],
the neutralino mass matrix retains an eigenstate strongly
aligned with the axion direction and decoupled from the
rest of the spectrum. In that case the phenomenology sim-
plifies as one can approximate the axino couplings with the
supersymmetrized axion ones [8]. Note that this requires
to extrapolate the axion couplings to high scale, which
may not always be possible [39,40]. Then the axino cou-
plings are suppressed by the axion decay coupling fa , which
is constrained by axion physics considerations [41] to lie
between 109–1012 GeV. The axino is therefore naturally very
weakly interacting and can be a realization of the Super-
WIMP mechanism if the reheat temperature is very low
[8,16] or be produced by thermal decays or scatterings [8–
10,12,39,40,42].

3.4 Other candidates

A variety of DM models have been developed in the literature
where the DM properties are to some extent influenced by the

ones of the SM neutrinos. The MSSM left-handed sneutrino
ν̃ has been excluded long ago as DM candidate because of its
sizable coupling with the Z boson, which leads to a too large
annihilation cross section (implying a too small relic density)
and a too large DM–nucleon scattering cross section, which is
experimentally excluded [43]. One possibility to reconcile ν̃
DM with observations is to add to the MSSM spectrum a new
superfield (for each neutrino flavor) whose bosonic compo-
nent, the right-handed sneutrino, mixes with the left-handed
sneutrino [44]. This mixing reduces the strength of the dan-
gerous ν̃–ν̃–Z coupling, eventually leading to an acceptable
phenomenology for the lightest sneutrino mass eigenstate,
which in this context qualifies as a viable scalar DM can-
didate. A Higgs boson mass of 125–126 GeV restricts the
allowed supersymmetric configurations to regions in param-
eter space where the mixed sneutrino has a mass of the order
of 100 GeV [45]. At the same time in this class of theories
different implementations of the seesaw mechanism provide
a procedure to generate the correct masses for the light SM
neutrinos (see for instance [46]). On the other hand the cou-
pling to the Z boson of a pure right-handed sneutrino is
exactly zero, a property which makes the right-handed sneu-
trino phenomenologically safe as non-thermal ‘FIMP’-like
DM candidate [13], but at the same time essentially impos-
sible to detect if the underlying theory is the MSSM. A phe-
nomenologically more interesting DM candidate is the right-
handed sneutrino in the context of the NMSSM [47]. In this
case the coupling of the right-handed sneutrino to the Higgs
bosons is enhanced by new interactions which are controlled
by the extra parameters of the superpotential (7) and therefore
make this DM candidate potentially detectable by the next
generation of ton-scale direct detection experiments. Other
classes of models where the right-handed sneutrino appears
as an interesting DM candidate are those which incorporate
a low scale seesaw mechanism, such as the one described in
Ref. [48].

We conclude this section with an alternative to the WIMP
paradigm: the WIMPless scenario [49]. In this class of SUSY
theories the field content is divided in three sectors: a visible
(or MSSM) sector, the SUSY breaking sector and, finally,
the hidden sector which contains the DM candidate. In these
models the SUSY breaking is mediated to the hidden sector
by gauge interactions of arbitrary strength gχ . As for the
familiar gauge-mediated SUSY breaking mechanism, this
setup implies that the DM candidate acquires after SUSY
breaking a mass of the order of mχ ∼ g2

χ F/M , where the
parameters F and M parameterize the F-term and VEV of
the SUSY breaking field. Assuming a standard thermal his-
tory in the hidden sector, the present DM density for this
model scales as Ωχ ∼ (H∗/n∗χ )(m2

χ/g4
χ ), where H and nχ

are evaluated at the time t∗ of the DM chemical decoupling.
Hence in this framework Ωχ depends on F and M only,
for what concerns particle physics. This implies that in this
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class of theories the relic density matches the observations
for a broad range of DM couplings and masses, making this
scenario phenomenologically very interesting.

4 SUSY dark-matter detection

In the following we will review the current status of SUSY
DM searches focusing separately on two different classes of
DM candidates. First we will concentrate on the neutralino
which is the archetypal WIMP and has couplings of elec-
troweak strength and a mass typically varying between a few
GeV up to tens of TeV. Then we will move to a second class
of particles, like the gravitino, whose interactions are much
weaker than the electroweak force (e.g. in principle down to
gravitational strength) and that are characterized by a larger
range of possible masses. These candidates are commonly
dubbed SuperWIMPs.

4.1 SUSY WIMPs

4.1.1 Direct detection

The aim of the direct detection technique [53] is to mea-
sure the energy released by Milky Way DM particles when
scattering off nuclei in underground detectors. In the case
of DM–nucleus spin-independent interactions, the differen-
tial rate of scattering events expected in a direct detection
experiment, dR/dQ, is given by [1,2,25]:

dR

dQ
(Q) = γ (Q) σp

mχ

∫
|v|<vmin

d3v
f
(v, t)

|v| (13)

where f
 is the time-dependent local DM distribution func-
tion in the detector rest frame normalized at the value of the
local DM density, vmin(Q,mχ ) is the minimum DM veloc-
ity required to transfer an energy Q to the detector nuclei,
mχ is the DM mass and σp the DM-nucleon scattering cross
section. The energy-dependent function γ (Q) incorporates
the details of the detector.

The calculation of the DM–nucleus scattering cross sec-
tion has been performed in various supersymmetric exten-
sions of the SM (and we refer the reader to Ref. [54,55]
for details regarding these computations). In the vast major-
ity of the proposed scenarios—for instance in the case of
a neutralino within the MSSM—this calculation reduces to
the determination of the couplings, often denoted by α2q and
α3q , appearing in the contact interactions

α3q χ̄χ q̄q and α2q χ̄γ
5γ μχ q̄γ 5γμq (14)

which in the non-relativistic limit lead to a spin-independent
and to a spin-dependent DM–nucleus interaction, respec-

tively. In the MSSM, these operators are the only velocity-
independent operators relevant for the neutralino–nucleus
scattering. For Dirac DM candidates, instead, a vector cou-
pling of the form χ̄γ μχ q̄γμq is also allowed. A complete
classification of the non-relativistic operators allowed by
Galilean invariance as well as by energy and momentum con-
servation and relevant for the DM–nucleus scattering can be
found in [56].

Several experiments have currently reached the sensitiv-
ity to start probing the WIMP paradigm using different target
materials and detection principles, including the detection of
an annual modulation signal associated with the time varia-
tion of the expected DM scattering rate in the detector due
to the motion of the Earth relative to the Sun. Three collab-
orations, namely CRESST, CoGeNT and CDMS have also
published results compatible with the detection of a small
number of candidate signal events, which were not possible
to ascribe to any of the considered background sources [57–
59]. There is not a general consensus regarding the inter-
pretation of these results and the picture is further compli-
cated by the 8.9 σ C.L. detection of a modulation signal
made by the DAMA/LIBRA experiment [60]. This finding
has been not confirmed by other experiments and its interpre-
tation in terms of dark mass and scattering cross section is in
very strong tension with the results of other experiments, in
particular of XENON100 [61], which is currently excluding
the regions of the plane DM mass versus spin-independent
scattering cross section favored by DAMA as well as the
low WIMP mass regions favored by CRESST, CoGeNT,
and CDMS. A neutralino with a mass close to 10 GeV, as
required by these experiments, might be generated by relax-
ing the assumption of gaugino mass unification [62] (see
also [63,64] for alternative approaches) while DM isospin
violating interactions seem the only possibility to reconcile
DAMA with XENON100 [65]. In addition, several experi-
ments are also probing the spin-dependent DM interactions
using nuclei with unpaired protons as target materials (e.g.
see Ref. [66]).

The impact of these results on the search for SUSY
WIMPs is remarkable. In Fig. 2 we report the regions in the
plane DM mass mχ versus spin-independent DM-nucleon
scattering cross sectionσp favored by three independent anal-
yses of the MSSM [50–52] (see also [67,68] for other studies
exploring larger mass ranges and finding a big region at the
TeV scale where DM is a Higgsino-like neutralino). Several
supersymmetric configurations appear already excluded by
current direct detection searches. Moreover, the next gener-
ation of ton-scale experiments will be able to probe the vast
majority of the presently allowed configurations. However,
DM candidates with a mass in the 10 GeV (100 GeV) range
and spin-independent cross sections smaller than roughly
10−45 cm2 (10−49 cm2) will be very difficult (if not impos-
sible) to discover even with the next generation of direct
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Fig. 2 Regions in the plane DM mass mχ versus spin-independent
DM-nucleon scattering cross section σp favored by three independent
global fits of the MSSM to a variegated sample of observations includ-
ing the latest LHC data, low energy observables, cosmological limits
as well as DM searches. The blue contours include the 95 % credi-
ble regions found in Ref. [50] employing log-priors, while the red
and green countours represent the 95 % C.L. favored regions deter-
mined in Refs. [51,52]. The solid black line corresponds to the present
XENON100 exclusion limit. The black dashed curve represents instead
the sensitivity of XENON-1T after 1 year of data

detection experiments, since an experiment sensitive to such
a low scattering cross sections would also measure the
large flux of solar and atmospheric neutrinos which would
therefore constitute a copious and irreducible background
source [69].

The interpretation of a DM direct detection signal in terms
of DM properties is significantly affected by the uncertainties
in local DM density [70], in the local DM velocity distribu-
tion function [71,72] and by the current limited knowledge
of the nuclear form factors as well as of the matrix elements
determining the DM-nucleon couplings [73]. For these rea-
sons DM halo independent approaches to the WIMP direct
detection have been proposed [74–78] as well as multiple
targets analyses [79].

4.1.2 Indirect detection

Alternatively, DM could be revealed through the observation
of SM particles produced in space by DM annihilations or
decays [1,2] (the latter possibility applies to long-lived DM
candidates and will be reviewed in Sect. 4.2). This detec-
tion strategy is known as the DM indirect detection tech-
nique. WIMPs are expected to copiously annihilate in galac-
tic and extragalactic regions where the DM density is large

compared to the present mean cosmic density. Annihilation
products of particular interest are γ -rays [80]—which prop-
agate along geodesics and provide therefore direct informa-
tion on the region where the associated annihilations have
occurred—and antimatter [81] (e.g. positrons, antiprotons or
exotic nuclei like antideuterons [82], etc…), which is also
produced by standard astrophysical sources (e.g. pulsars) but
nevertheless sub-leading in space. In both cases the expected
energy spectra exhibit a kinematical cutoff associated with
the mass of the DM candidate, a feature which can be used
to separate the DM signal from possible astrophysical back-
grounds which (with a few exceptions) are characterized by
power laws decreasing with energy.

The flux of charged annihilation products observable on
top of the atmosphere is calculated solving a transport equa-
tion for the propagation and diffusion of these particles in
the galactic magnetic field. This can be done either numeri-
cally [83] or semi-analitically, expanding in Bessel functions
the space and energy distribution function of the DM anni-
hilation products (see for instance Ref. [84]). For neutral
annihilation products of type i , such as photons and neutri-
nos, the observable differential flux in a direction at an angle
θ from the direction of the galactic center, at an energy E is
given by [1,2]:

dΦi

dEdΩ
(θ, E) = 1

4πm2
χ

〈σv〉dNi

dE
(E)

∫
l.o.s.

dsρ2
χ (r(s, θ))

(15)

where 〈σv〉 is the average velocity-weighted annihilation
cross section, dNi

dE is the differential energy spectrum of the
i particles produced per annihilation and the integral of the
squared DM mass density, ρ2

χ (r), is computed along the line
of sight s, where r(s, θ) is the distance from the galactic
center. Therefore, we clearly see that regions in space with a
high concentration of DM are good targets to look for such
annihilations. For Majorana DM candidates Eq. (15) has to
be divided by a factor of 2.
γ -rays from DM annihilations can be produced either

through a prompt emission or as a byproduct of various pro-
cesses, including the hadronization of charged annihilation
products forming a π0 subsequently decaying in a pair of
photons and the inverse Compton of relativistic charged par-
ticles upscattering low energy photons from CMB, starlight
and interstellar radiation [85].

A study of the signal-to-noise ratio shows that optimal
targets are [86]: the galactic center (with a large expected
DM signal but also a large astrophysical background), dwarf
spheroidal galaxies (which are among the most DM domi-
nated environments), the galactic halo (including the associ-
ated substructures) and, finally, massive nearby galaxy clus-
ters. DM can be also gravitationally trapped in astrophysical
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Table 1 s-channel and t-channel tree level two-body neutralino anni-
hilations allowed in the MSSM [2]

Final state s-channel t-channel

χ̃0
1 χ̃

0
1 → f̄ f A, Z f̃

χ̃0
1 χ̃

0
1 → W±W∓ h, H, Z χ̃±i

χ̃0
1 χ̃

0
1 → Z Z h, H χ̃0

i

χ̃0
1 χ̃

0
1 → Z A h, H, Z χ̃0

i

χ̃0
1 χ̃

0
1 → Zh(Z H) A, Z χ̃0

i

χ̃0
1 χ̃

0
1 → W±H∓ A, h, H χ̃±i

χ̃0
1 χ̃

0
1 → hh(H H) h, H χ̃0

i

χ̃0
1 χ̃

0
1 → AA h, H χ̃0

i

χ̃0
1 χ̃

0
1 → Ah(AH) A, Z χ̃0

i

objects like the Sun and annihilate at their center producing
a potentially observable flux of energetic neutrinos [87].

The DM annihilation cross section has been calculated
in various supersymmetric models. In the MSSM there are
different classes of two-body final states allowed at tree
level [1,2,88] (we neglect here coannihilations, which are
instead crucial to calculate the DM relic density). A complete
list is shown in Table 1, where we assumed that the neutralino
is the DM candidate. In addition, there are also three-body
final states which can play an important role in the context of
the DM indirect detection, in particular those involving a sin-
gle photon or electroweak gauge boson emitted as final state
radiation or by the particle mediating the annihilation (the
so-called virtual internal bremsstrahlung) which can lead to
interesting spectral features in the γ -ray band [89]. Detailed
calculations of the associated annihilation cross sections have
been presented by various groups [90,91] and also imple-
mented in publicly available numerical codes [92]. At one
loop a pair of photons [93] or one photon accompanied by one
Z -boson [94] can be also produced. These monochromatic
lines are clearly distinguishable by standard astrophysical
backgrounds but unfortunately loop-suppressed.

The last 4 years of observations in the field of indirect DM
searches have been particularly rich of interesting results.
Regarding DM searches in the antimatter channel, the obser-
vation of an ‘anomalous’ rise in the positron fraction mea-
sured by the PAMELA satellite [95] and possibly related to a
nearby primary source of positrons has triggered a vigorous
debate in the literature concerning the DM interpretation of
this signal. Though pulsars might explain this observation
as well [96,97], a clear and universally accepted interpre-
tation of this phenomenon is still missing. Recently, a rise
in the positron fraction in the 10–300 GeV range has been
also observed by the AMS-02 space observatory [98], pro-
viding therefore a remarkable confirmation of the PAMELA
results. Likely, future data from the AMS-02 experiment will
finally clarify this intriguing puzzle. The PAMELA satellite
has also provided accurate measurements of the antiproton

flux on top of the atmosphere [99] which are, however, in
excellent agreement with expectations from standard astro-
physical sources. In addition, during the past few years γ -
ray observations have also played a major role in the con-
text of DM searches. The identification of a 130 GeV γ -ray
line in the direction of the galactic center in the Fermi-LAT
data [89,100] has stimulated an intense discussion regard-
ing its nature. Though a monochromatic γ -ray line at these
energies has been often referred to as the ‘smoking gun’ for
DM searches, the global significance of this signal is con-
stantly decreasing (currently quoted at 1.5 σ [101]), while
the amount of data taken is increasing. Significant results
have been also achieved observing the galactic center with
HESS, a system of imaging atmospheric Cherenkov tele-
scopes designed to investigate cosmic γ -rays in the energy
range from tens of GeV to tens of TeV. Finally, observa-
tions in the radio band have also provided valuable results
for DM searches through the synchrotron emission gener-
ated by relativistic charged particles produced by DM matter
annihilations in the galactic magnetic field [102].

These data significantly limit the allowed regions in the
plane DM mass versus annihilation cross section and conse-
quently drastically impact the space of allowed supersym-
metric configurations. For instance, the latest Fermi-LAT
data from the observation of 25 dwarf spheroidal satel-
lite galaxies constrain the DM annihilation cross section
to be less than 3 × 10−26 cm3 s−1 (‘the thermal cross
section’) for DM particles with a mass less than 10 GeV
(15 GeV), assuming that the dominant annihilation channel
is b̄b (τ+τ−) [103]. The thermal cross section is commonly
taken as an important reference when extracting bounds from
indirect detection measurements, since it represents the cross
section required for thermal WIMPs to match the observed
relic density. This value can, however, drastically be differ-
ent if the expansion rate of the Universe before DM decou-
pling is not the one expected from General Relativity, as typi-
cally occurs for instance in Scalar-Tensor theories of gravity
and in certain models with extra spatial dimensions [104].
Indeed, a larger expansion rate, for example, implies an ear-
lier DM chemical decoupling and therefore a larger DM
density at decoupling which has thus to be compensated
by a larger annihilation cross Section [105,106]. This phe-
nomenon induces a distortion in the allowed regions of the
(m1/2,m0) plane of the cMSSM [107].

4.1.3 LHC searches

WIMPs could be also produced in high-energy proton–
proton collisions at the LHC. Different final states are in
principle relevant for DM searches. One of the most popu-
lar channel to look for DM is a final state involving a single
jet or a single photon produced in association with missing
transverse momentum. This class of processes is generically
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expected in all models where there is an effective contact
interaction involving two DM particles and two quarks (not
only in SUSY theories). The single jet (or the single photon)
is radiated by one of the initial state quarks. In the case of
DM searches in mono-jet (and analogously for the mono-
photon) events, the most relevant source of SM background
consists in the production of a Z boson in association with
a jet, with the Z boson decaying into a neutrino pair, or
in the W plus jet production, with the W boson decaying
into a neutrino and a misidentified lepton. Current measure-
ments performed by the ATLAS and CMS collaborations
focused on these channels are consistent with SM expec-
tations [108,109]. A similar strategy currently pursued at
LHC consists in searching for DM in events with a hadroni-
cally decaying W or Z boson. Also the study of this channel
has, however, reported results which are consistent with SM
expectations [110]. More recently, it has been proposed to
search for a DM signal in mono-lepton events resulting from
the production of a pair of DM particles in association with a
W boson subsequently decaying into a lepton and a neutrino.
The latest analysis of this channel performed using data cor-
responding to 20 fb−1 of integrated luminosity at

√
s = 8

TeV center-of-mass energy has found no indications of a DM
signal [111].

In addition to these search strategies, which as already
mentioned would also apply to non-SUSY WIMPs, there
are different studies which instead aim at identifying DM
explicitly assuming that the underlying theory is SUSY. An
interesting example of this type of analyses is the search
for neutralino DM in events involving direct slepton or
gaugino production in final states with two or three lep-
tons and missing transverse momentum [112,113]. In the
case of the direct production of sleptons, which occurs via
a supersymmetric version of the Drell–Yan process, the fol-
lowing chain of decays leads to neutralino DM production:
q̄q → �̃±�̃∓ → (χ̃0

1 �
±) + (χ̃0

1 �
∓). In the case of direct

gaugino production, instead, DM can be produced in various
way. As an example, we mention here the decay chain: q̄q →
χ̃0

2 χ̃
±
1 → (χ̃0

1 �
±�∓) + (χ̃0

1 �
±ν), where DM is produced in

association with three leptons in the final state. Again, current
searches are consistent with SM expectations [112,113]. The
same conclusion also applies to another channel relevant for
SUSY DM, namely the search for strongly produced super-
symmetric particles in decays with two leptons and missing
transverse momentum [114].

There are two main approaches to extract from these LHC
searches limits on the DM mass and couplings. A first pos-
sibility consists in modeling the DM interactions within an
effective field theory framework and then assuming that only
certain operators are relevant when studying DM at col-
lider [115]. This approach has the advantage of establishing
explicit correlations between LHC observables, e.g. missing
transverse momentum distributions, and other DM proper-

ties, such as for instance the DM-nucleon scattering cross sec-
tion. The drawback of this approach is that it might provide an
oversimplified picture of the real DM properties [116,117].
Alternatively the LHC searches for DM can be interpreted
within specific particle physics framework, like for instance
the pMSSM, where the SUSY spectrum is described by
approximately O(10) parameters. In this case the large num-
ber of parameters tends to weaken the possibility of directly
relating the LHC results to other DM detection strategies.
Nevertheless, focusing on certain classes of supersymmet-
ric configurations, interesting correlation patterns have been
identified even in the pMSSM framework [118].

4.1.4 Complementarity of the different detection strategies

The detection strategies presented in this section probe dis-
tinct WIMP properties and are therefore complementary.
This allows on the one hand to independently verify a hypo-
thetical DM discovery made by one of the mentioned experi-
mental techniques, on the other hand to experimentally probe
a large set of different DM models.

Direct detection experiments and LHC searches can be
combined in different ways. One can combine the associated
measurements in a global fit to infer the properties of the
underlying DM model [50] or, alternatively, use the results
from one of these detection strategies to predict, within a
certain particle physics framework, DM signals in the other
class of experiments. For instance, LHC (real and simu-
lated) data have been often used in the literature to try to
reconstruct the DM-nucleon scattering cross section within
the MSSM [119]. There have been recently also attempts to
use simulated results from the next generation of ton-scale
direct detection experiments to forecast certain classes of
missing energy distributions observable at the LHC [118].
In this case, the basic idea is that although the direct detec-
tion technique is directly sensitive only to the DM mass and
scattering cross section, indirectly this class of experiments
has also the potential to constrain the parameters, or cer-
tain combinations of parameters, which most crucially enter
the calculation of specific DM production cross sections at
the LHC. An illustrative example of this approach can be
found in Ref. [118], where this idea is applied to a light neu-
tralino thermally produced in the early universe via resonant
annihilations mediated by the CP-even Higgs boson. In this
scenario a hypothetically discovered direct detection signal
can be translated into a prediction for the missing energy
distribution associated with a LHC final state involving three
leptons and missing energy. Similar approaches to the ones
presented here have been also investigated to perform com-
bined analyses of DM searches at LHC and in space via γ -ray
observations [120,121].

Direct and indirect detection searches are also highly com-
plementary [122,123]. In the MSSM this has been clearly
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shown in Ref. [122], where through a scan of the cMSSM
parameter space the authors prove that in the plane 〈σv〉/m2

χ

versus spin-independent scattering cross section σp, direct
and indirect detection experiments probe orthogonal regions.
Focusing for instance on the expected sensitivity of the
next generation of imaging Cherenkov telescope arrays and
assuming a set of dwarf spheroidal galaxies as target regions,
in Ref. [122] it is shown that portions of the cMSSM param-
eter space corresponding to values of 〈σv〉/m2

χ smaller
than 10−31 cm3 s−1 GeV−2 (and to σp > 10−11 pb )
will be explored by ton-scale direct detection experiments
but not by indirect searches, on the contrary, regions with
σp < 10−11 pb will be probed by indirect searches (if
〈σv〉/m2

χ > 10−31 cm3 s−1 GeV−2) remaining inaccessi-
ble to direct detection experiments.

4.2 SUSY SuperWIMPs

In the case of particles with interactions much weaker than
the electroweak one, the chances of DM detections are much
more limited than for WIMPs. Nevertheless in particular
models where the DM candidate is unstable or couples with
more strongly interacting particles, like in the case of grav-
itino or the axino, the situation is still promising.

4.2.1 Direct detection

The direct detection of particles like the gravitino is unfor-
tunately very difficult, since the scattering cross section
is strongly suppressed and practically always below the
unavoidable neutrino background. In fact the elastic scatter-
ing of a gravitino against the nucleus must proceed through
the supergravity dimension-six four-fermion contact inter-
action or through two single-gravitino vertices, giving a
rate suppressed by four powers of the Planck mass. In
models where R-parity is violated, also the inelastic scat-
tering of the gravitino into a neutrino is possible, which
is instead suppressed only by two powers of the Planck
scale and the smallness of the R-parity coupling. Unfortu-
nately for values of such coupling compatible with indirect
detection bounds, the rate is also in this case unobservable
[30]. Also the axino interaction with quarks is unfortunately
too strongly suppressed to give rise to a measurable sig-
nal. We can conclude therefore that a confirmed DM sig-
nal in a direct detection experiment would be very difficult
to reconcile with the hypothesis that DM is a gravitino or
axino.

4.2.2 Indirect detection

It has been realized few years ago that gravitino LSP and
other SuperWIMPs can be retained as good DM candidates

even if R-parity is slightly broken and the LSP is no more
stable [124,125]. In fact in most cases the lifetime of the DM
particle can still be long enough to exceed the lifetime of
the Universe by many orders of magnitude. In the case of
the gravitino such small R-parity breaking would be actu-
ally quite welcome, since it allows one to avoid any Big
Bang Nucleosynthesis (BBN) constraint coming from the
(too) late decay of the Next to Lightest Supersymmetric Par-
ticle (NLSP) [126]. Indeed in the presence even of a tiny
violation coupling above 10−12−10−10, most of the NLSPs
decay quickly in SM particles before BBN [125]. For other
DM candidates like the axino the BBN constraints are less
severe [127–129] and therefore the introduction of R-parity
breaking perhaps less compelling, but still even in that case
the possibility of a decaying DM candidate remains open
[34]. Note that, on the other side, the R-parity breaking cou-
plings cannot be too large if one wants to retain the baryonic
asymmetry [130,131].

If the DM is not stable, we may be able to detect its decay
in our galactic neighborhood or from any of the astrophysical
targets discussed already in Sect. 4.1.2. The differential flux
of SM particles produced by decaying DM is given by

dΦi

dEdΩ
(θ, E) = 1

4πτχmχ

dNi

dE
(E)

∫
l.o.s.

dsρχ(r(s, θ)) (16)

where τχ is the DM decay time, dNi
dE is the differential energy

spectrum of the SM particles of type i and energy E produced
per decay and the last integral is computed along the line of
sight. From this expression, we expect from decaying DM
a very different spatial distribution of the signal compared
to the annihilation case. Moreover the strength of the signal
is not very strongly dependent on the particular DM pro-
file density and therefore the bounds are much less affected
by astrophysical uncertainties [132]. Note also that, contrary
to the case of WIMPs, there is here no direct connection
between the DM decay and the DM production mechanism
and therefore there is no natural expectation for the DM life-
time.

The decay channels of gravitino DM depend on the partic-
ular realization of R-parity breaking. In the case of bilinear R-
parity breaking, the main decay channels are into a neutrino
and a gauge boson, i.e. photon, Z or Higgs, or a charged lepton
and a W . The exact branching ratios depend on the gravitino
mass and the supersymmetric spectrum. For a light grav-
itino below the W threshold, the decay goes into a neutrino
and photon, giving rise to the possibility of the smoking-gun
signal of a photon line. For particular configurations of the
gaugino masses or low m3/2, the gravitino decay can be suf-
ficiently suppressed to allow for R-parity breaking couplings
able to generate also the neutrino masses [133]. In general
though, the Fermi-LAT data set a strong bound on the DM
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Fig. 3 A compilation of 2-σ exclusion limits in the plane DM mass
versus mean DM lifetime for different decay channels. For the gravitino
decay in models with bilinear R-parity violation, we give the limits from
Fermi-LAT γ -ray line searches from [135] rescaled according to the
gravitino branching ratio in [137,146] as the light blue (short-dashed)
line. Moreover for the same gravitino decaying DM model the blue
band corresponds to the limits from antiprotons recently computed in
[143]. The size of this band incorporates the uncertainties in the assumed
galactic diffusion model. As an indication of the reach of other channels
for the same gravitino models, we also give a conservative estimate on
the bounds on the dominant gravitino decay channel Wτ combining
the W W and ττ constraints from γ -rays [145] in the green band and
positrons [144] in the brown (dashed-dotted) line. Finally to compare to
more general decaying DM candidates, we also give in the black dashed
line the exclusion limit obtained using the continuum γ -ray data from
the Fermi-LAT and in the red solid line the exclusion limit derived using
the AMS-02 positron flux observations in [145] and [144], respectively.
These two analyses apply to generic decaying DM models where the
DM candidate dominantly decays into a pairμ+μ−. Also we show with
the green (dotted) line projected limits from ICEcube on the decay into
two neutrinos [147]

lifetime in a photon line of the order of 5×1028 s [134,135],
excluding the R-parity breaking parameter space giving ori-
gin to neutrino masses, if the gravitino is heavier than few
GeV. The spectra from gravitino decay in bilinear R-parity
models have been computed in [132,136–139]. In the case
of trilinear R-parity breaking, also three-body decays can be
important, because the two-body decay only arises at one-
loop level [140–142]. As for the case of DM annihilation,
until now no clear signal for a DM decay has been found
so far. Interpreting the present data as a constraint in the
case of gravitino DM, we obtain limits on its lifetime as
shown in Fig. 3 collecting results on the bilinear R-parity
breaking model from [30,135,143] and adapting results from
[144,145].

These gravitino lifetime limits can be reinterpreted in
bilinear R-parity breaking models in a limit of the order

3× 10−8 on the bilinear R-parity breaking strength ε ∼ μ′i
μ

below the W� channel [135] and in even more stringent
limits at larger gravitino masses [143]. For the axino case,
since the couplings are less suppressed, the R-parity break-
ing interaction has instead to be of the order of ∼ 10−11 for
axino masses around the GeV [34]. Regarding the claim of a
tentative line at 130 GeV in the Fermi-LAT data [89,100],
such a line signal may occur naturally with the correct
intensity in bilinear R-parity breaking models, both from
gravitino [148,149] or axino [150] DM decay, but unfor-
tunately the morphology of the signal region, which appears
strongly concentrated in the galactic center [100,151], is
not well-fitted by the more broadly distributed decaying
DM signal [148]. On the other hand, decaying gravitino
DM can accommodate the positron excess observed by
PAMELA [138] and AMS-02 [152].

4.2.3 LHC searches

For SuperWIMP DM the direct production at the LHC is in
many cases too suppressed to allow to measure the DM can-
didate directly. The single-gravitino production rate at LHC
has been computed in [153] and it results in a visible mono-
jet signal only for very light gravitino with mass well below
1 eV. Such a gravitino could only be considered as a subdom-
inant hot DM component, since the case of dominant hot DM
is excluded by large scale structure observations [154,155].

So if we require the gravitino to be heavier than∼100 keV,1

the first evidence for gravitino (or axino) would be given by
the observation of the strongly interacting superpartners like
the gluino or the squark, as already discussed in the neu-
tralino case. The only difference is the modification of the
decay chains, and the possibility to have the final decay of the
NLSP into gravitino, axino or SM particles in the detector.

We can therefore distinguish two broad classes of sig-
natures depending on the NLSP lifetime: either the NLSP
decays in the detector or it is stable on collider timescales. In
general the NLSP decay can proceed either via the R-parity
conserving (RPC) or the R-parity violating (RPV) couplings
and the corresponding lifetimes, assuming e.g. a pure Bino
NLSP, are

τ
χ,RPC,G̃ = 1.8× 10−3 s

(
M1

200 GeV

)−5 ( m3/2

1 MeV

)2

τχ,RPC,ã = 3.1× 10−2 s

(
M1

200 GeV

)−3 ( fa

1011 GeV

)2

1 This lower value for a Cold DM candidate is usually quoted for a clas-
sical thermal relic. In reality the boundary between Warm and Cold DM
is fuzzy and depends strongly on the production mechanism, ensuing
velocity distribution and possibly presence of other DM components,
see e.g. [155].
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τχ,bilRPV ∼ 1.4× 10−6 s

(
M1

200 GeV

)−1 ( ε

10−9

)−2
(17)

where we consider the RPC decays into photon and grav-
itino/axino, and the bilinear R-parity breaking decay into
an electroweak gauge boson and a lepton, with ε denoting
again the overall bilinear R-parity breaking coupling (for
more details see e.g. [156]). We see from the time-scales
involved that the neutralino decay is prompt (without resolv-
able second vertex, i.e. τ ≤ 10−12 s) only for very small
gravitino mass, very large Bino mass or large R-parity break-
ing couplings, which are already excluded by indirect detec-
tion observations. Therefore the classical collider analysis for
gauge-mediated SUSY breaking models [28] or RPV mod-
els [157] with prompt vertices does not apply to the scenario
of SuperWIMP DM.

Much more probable are displaced vertices, as studied
in [156,158–161], and in that case, if the decay can be
observed, the type of daughter particles will give informa-
tion on the model and the presence of R-parity violation.
The phenomenology expected depends strongly on the type
of NLSP and its decay channels. The signal from a long-
lived neutralino (N)LSP, produced by squark and providing
a muon in the final state, has been recently analyzed by the
ATLAS collaboration [162,163] up to decay length of 1 m
with no evidence of excess above the SM background. Still
many other possible NLSPs and decay channels are yet unex-
plored.

If instead the NLSP appears stable in the detector, then the
most favorable case for detection is if the NLSP is charged. In
the case of a slepton NLSP, an electromagnetically charged
track could be observed in the tracker and an escaping ‘heavy
muon’ in the muon chambers [164–169], giving an unmis-
takable signal that a long decay and therefore a very weakly
interacting sector is present in the model. Recent LHC anal-
yses are given in [170–172] and they reach limits on the
τ̃ mass above 300 GeV for direct production. Also colored
metastable NLSP can give a rich signal, hadronizing into
R-hadrons, that can also change sign of the electric charge
while they are moving in the detector [164]. The LHC col-
laborations are looking for such exotic metastable particles,
and CMS sets already very strong constraints on the collider-
stable stop and gluino (N)LSP, reaching a lower limits of the
order of about 800 and 1,200 GeV, respectively [172,173].
ATLAS is performing similar searches [170,174].

Note that a charged NLSP could also be captured in the
detector or the surrounding material and open up the possibil-
ity to detect the decay in the periods of no collider operation
[175], as long as the detectors are kept switched on. Moreover
if one could store a stau NLSP and measure not only the dom-
inant decay, but also the radiative decay with an additional
γ , it would be possible to distinguish e.g. between gravitino
or axino LSP [129,176].

For a detector-stable neutral NLSP, like the neutralino or
the sneutrino, instead, the phenomenology is very similar to
the classical supersymmetric WIMP scenario discussed in
Sect. 4.1.3.

4.2.4 Complementarity of the different detection strategies

If a DM signal will be seen in any of the above channels,
it will be important to compare and check the signatures
also in an independent channel. In the case of gravitino DM
with RPV, this may be possible since the gravitino and NLSP
decay derive from the same coupling and, especially for neu-
tralino NLSP, they are strongly correlated [156]. Therefore
from the observation of a particular DM mass and lifetime in
indirect detection, one could infer at least a range of expected
NLSP lifetimes and masses. On the other hand, measuring
RPV at the LHC would surely strongly restrict the possible
DM candidates, and it would give a prediction of the pos-
sible SuperWIMP indirect detection rate, depending on the
DM mass. In this scenario the direct detection measurement
could instead be vital to disentangle the case of neutral NLSP
from the WIMP scenario, e.g. excluding the possibility that
a neutralino seen at LHC could be the DM.

Of course if the LHC will be able to measure the com-
plete supersymmetric spectrum and estimate some of the neu-
tralino mixings, also detailed studies and checks on the possi-
ble DM production mechanisms could be realized extending
our knowledge of the cosmological history to the electroweak
scale or beyond [177–179].

5 Dark matter and the Higgs boson

The discovery of a new bosonic state at the LHC whose mass
is close to 126 GeV—plausibly (one of) the celebrated Higgs
boson(s)—has influenced in various ways the last year of the-
oretical research in particle and astroparticle physics. Though
the DM properties could be in principle unrelated to those of
the Higgs boson, in the vast majority of the theoretical frame-
works considered to quantitatively address the DM problem,
the Higgs boson discovery indirectly impacts the allowed
configurations in the parameter space of the underlying DM
theory. The indirect influence of the Higgs boson mass on the
nature of the DM candidate has been quantified by various
groups through global fits of the most popular beyond the SM
theories to large data sets including the latest LHC discovery
and bounds obtained from the null result of searches for new
physics [50–52].

In the context of the cMSSM the latest LHC Higgs
boson mass measurement has significantly pushed towards
larger values of m1/2 the favored regions in the plane
(m1/2,m0) [50]. This is mainly a consequence of the fact
that global fits without the Higgs boson mass measure-
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ment tend to prefer Higgs boson masses below 120 GeV.
The requirement of reproducing the observed value for the
Higgs mass therefore entails specific supersymmetric config-
urations characterized either by large stop masses, enhanc-
ing the Higgs mass thorough sizable stop-loop corrections,
or by maximal mixing in the stop sector, which occurs
when the stop mixing parameter Xt approaches the value
0.5(m2

t̃1
+m2

t̃2
), where mt̃1 and mt̃2 are the masses of the stop

mass eigenstates. In both scenarios low values of m1/2 are
not allowed.

The impact of a Higgs boson mass close to 126 GeV has
also been discussed in the NMSSM [180] and in the con-
text of the pMSSM [181], where the large dimensionality of
the underlying parameter space allows one to accommodate
more smoothly the latest LHC results. We refer the reader to
the review of this series by John Ellis for further details of
the role of the Higgs discovery in the context of SUSY global
fits. We note only that in general a heavy spectrum is less eas-
ily reconciled with the present DM density, since the anni-
hilation cross section determining the WIMP relic density
becomes weaker with increasing masses and therefore the
abundance larger. Nevertheless even in the simple cMSSM
there are surviving islands of acceptable neutralino number
densities compatible with heavy spectra, for example in the
Higgsino/Wino scenarios, which could give a stronger direct
detection signal, or also along the stau-neutralino coannihi-
lation strip. In the latter case though, the degeneracy between
the NLSP and LSP needed to give the observed DM density
is so strong that such a region may be excluded soon by LHC
searches for metastable massive charged particles [182].

In connection to the case of SuperWIMP DM, instead, a
heavy spectrum is not in general a problem, since it actu-
ally relaxes in part the BBN bounds, thanks to the shorter
NLSP lifetime. Moreover for large NLSP masses it is easier
to exploit the SuperWIMP production mechanism also for
charged NLSPs. On the other hand, one has to admit that a
heavy supersymmetric particle spectrum increases as well the
thermal production contribution to the present DM density
tightening the upper bound on the reheat temperature [183].
Recent analyses of gravitino DM in different MSSM realiza-
tions after the Higgs discovery are given in Refs. [184,185].

Though all LHC measurements are consistent with SM
expectations, the observation of a Higgs diphoton rate some-
what larger than expected (the ATLAS collaboration reports
a deviation close to 1.5 σ [186]) has motivated studies where
this result was put in relation with the Fermi-LAT 130 GeV γ -
ray line in models where DM is coupled to the Higgs boson.
A simple unified description of the two phenomena has been
proposed in Ref. [187], which provides a concrete realization
within the NMSSM of a scenario where sizable DM annihi-
lations into photons are associated with an enhanced Higgs
diphoton rate.

6 Summary and outlook

We have reviewed here different supersymmetric DM can-
didates, discussing in particular the two extreme cases of
the neutralino WIMP and the much more weakly interacting
gravitino/axino. In both cases we are still missing a convinc-
ing signal, though the LHC as well as direct and indirect
detection experiments are already putting interesting con-
straints on the parameter space of the basic supersymmetric
models. On the other hand, the supersymmetric framework
for DM is still very flexible and viable regions for (nearly)
any type of supersymmetric DM are open in more general
settings and not only in those.

We would like to stress again that galactic and extra-
galactic DM searches provide information on a different
sector of the DM theory than that more directly probed at
the LHC and that data from all available sources will be
absolutely needed to identify univocally the DM particle.
In this respect we can look forward to a very productive
time in the next decade since, while LHC will push the high-
energy exploration further, hopefully finding soon some type
of beyond the SM physics, direct and indirect detection exper-
iments will continue to search for DM. XENON 1-ton, for
instance, is expected to start the scientific phase in 2015,
essentially in parallel with the high-energy run of the LHC.
The Cherenkov Telescope Array, an observatory for ground-
based γ -ray astronomy, is currently completing the prepara-
tory phase while AMS-02 will continue taking high-quality
data for many more years. Also the astrophysical aspects of
the DM problem will be probed in depth in the next years
through the Gaia space observatory, launched in November
2013 to measure the kinematical properties of about 109 stars
in our galaxy.

In the best case scenario, there is still a reasonable hope
of a contemporary detection of DM in all three detection
strategies and in many different experiments, allowing to
test thoroughly both the WIMP hypothesis and the super-
symmetric nature of DM. In absence of a signal at the LHC,
direct and indirect detection experiments may nevertheless
be able to pinpoint a WIMP in the near future. On the other
hand, for the case of SuperWIMPs the LHC searches are
not yet optimized, but they will surely come to maturity in
the next run, allowing to cover most of the supersymmet-
ric parameter space, as long as the mass scales are within
reach. In the worst case scenario, instead, where no DM sig-
nals will be identified in the next decade with the differ-
ent techniques presented here, we would have nevertheless
learned that many of our current paradigms, like for instance
the WIMP mechanism, need to be revised in favor of differ-
ent and more flexible approaches, showing once again that
Nature is often more rich and sophisticated than what one
might expect at first.
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Abstract String theory constructions towards the MSSM
allow us to identify some general properties that could be
relevant for tests at the LHC. They originate from the geo-
metric structure of compactification and the location of fields
in extra-dimensional space. Within the framework of the het-
erotic MiniLandscape we extract some generic lessons for
supersymmetric model building. Among them is a specific
pattern of SUSY breakdown based on mirage mediation and
remnants of extended supersymmetry. This leads to a split
spectrum with heavy scalars of the first two families of quarks
and leptons and suppressed masses for gauginos, top partners
and Higgs bosons. The models exhibit some specific form of
hidden supersymmetry consistent with the high mass of the
Higgs boson and all presently available experimental con-
straints. The most compelling picture is based on precision
gauge coupling unification that might be in the kinematic
reach of the LHC.

1 Introduction

The standard model (SM) of particle physics and its min-
imal supersymmetric extension (MSSM) are under exper-
imental investigation at the Large Hadron Collider (LHC)
and other high energy physics experiments. The recent dis-
covery of the Higgs boson [1,2] has strong impact on the
SM and the MSSM. While these models were constructed to
understand particle physics at the TeV scale from a bottom-
up perspective, it would be of interest to extend them to
higher energies and find a consistent ultraviolet (UV) com-
pletion. The UV extrapolation of the MSSM seems to be
consistent with a grand unified (GUT) picture where all the
gauge interactions are derived from a unified group struc-
ture. The inclusion of gravitational interactions would point
to a UV-completion within superstring theory. In such a
unified scheme we would then hope for a better under-

a e-mail: nilles@th.physik.uni-bonn.de

standing of the many free parameters of the SM and the
MSSM.

The construction of particle physics models from string
theory started with great enthusiasm in the mid-1980s trig-
gered by the seminal paper of Green and Schwarz [3], sug-
gesting unified gauge groups like SO(32) and E8×E8. Mean-
while we can look back at model constructions within the
framework of heterotic theories, type I, type IIA and B as
well as M- and F-theory.1

Unfortunately string theories do not lead exclusively to
the SM or MSSM at low energies. These models are not
a generic part of the so-called “Landscape” of string the-
ories. To find them (if at all) we have to look at specific
spots and corners of this landscape. The task of string phe-
nomenology is thus an effort to see whether the MSSM can be
embedded in string theory (rather than derive it directly from
string theory). Once such embeddings are found we can then
try to extract common properties shared by the successful
models as possible “predictions” of string theory. Relevant
issues concern gauge-Yukawa unification, gauge-Higgs uni-
fication, a solution to the μ-problem, the flavor structure and
the absence of exotics.

String theory is defined in d = 10-dimensional space-time
while SM and MSSM reside in d = 4. Properties of the d = 4
models depend crucially on the compactification of the extra
spatial dimensions. Here it is not only the geometry of the
compact manifold, but also the geographic localization of the
fields on that manifold. Essentially all low-energy physics is
given by these geometrical and geographical properties. This
includes the possible appearance of scale hierarchies within
the framework of string theories. They could come from loca-
tions of enhanced symmetry at corners of the moduli space
of the extra-dimensional manifold. String model building is
thus a map of the “Landscape” of extra dimensions to the
“Landscape” of string vacua with SM or MSSM structure.
Such an analysis requires the construction of a vast amount

1 For recent reviews and a comprehensive list of references see [4–8].
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of possible string vacua followed by a selection of acceptable
MSSM candidates.

Given the apparently enormous amount of string vacua
we have to establish some useful rules where to look first.
In Sect. 2 we shall discuss these rules followed by a dis-
cussion of the compactification in Sect. 3. This will lead to
the construction of the so-called Minilandscape [9–11] in
Sect. 4. In Sect. 5 we shall extract lessons from the Mini-
landscape, most notably for the Higgs system, the top-quark
Yukawa coupling, the flavor symmetries and a specific pat-
tern of supersymmetric breakdown. Explicit model building
towards tests at the LHC will be treated in Sect. 6. In Sect. 7
we shall give a conclusion and outlook.

2 Some useful rules

The MSSM has special properties that point towards a spe-
cific UV-completion. We have the gauge group SU(3) ×
SU(2)×U (1), three families of quarks and leptons and one
pair of Higgs doublets. Evolution of gauge coupling constants
shows unification at a scale of few times 1016 GeV. Neutrino
mass spectra are consistent with a see-saw mechanism that
requires a right handed neutrino with Majorana mass at a sim-
ilar scale. One family of quarks and leptons fits exactly into
one 16-dimensional spinor representation of SO(10). The
families come in three identical repetitions. SO(10) (and its
subgroups SU(5) or SU(4)×SU(2)×SU(2)) represents the
most economical GUT-extension of SU(3)×SU(2)×U (1).
While quarks and leptons come in complete representa-
tions of the GUT group, the Higss multiplet is incomplete
(known as the doublet-triplet splitting problem in the SU(5)
framework). Apart from the gauge symmetries the MSSM
contains many more (approximate) discrete symmetries to
explain the flavor structure and the stability of the pro-
ton.

This leads us to postulate the following rules for the
embedding of the SM in string theory [12,13]:

– include spinor representations of SO(10) for chiral matter
multiplets and the description of quarks and leptons,

– allow simultaneously for split GUT-multiplets in case of
Higgs fields (to solve the “doublet-triplet splitting” prob-
lem),

– repetition of families does not come from an enlarged
gauge group but is understood as a result of the topological
properties of compactified space,

– consider N = 1 supersymmetry in d = 4 to allow for
gauge coupling unification

– select specific corners of moduli space (of the compact
manifold) to allow for enhanced discrete symmetries.

From the string theory point of view we can also deduce
some tendency towards a grand unified picture, where in par-
ticular E8 plays a crucial role. E8 is the largest exceptional
group.

In d = 4 it does not allow for chiral fermion represen-
tations. This is different in d = 10 and E8 is a valid GUT
group provided the symmetry is broken during the process of
compactification. But how does this connect to the success-
ful grand unified gauge groups SU(5) and/or SO(10). There
is a well-defined chain to descent from E8 to smaller groups
by chopping off a node of the Dynkin diagram. This leads
to E7, then to E6 and E5. E5 is not an exceptionalgroup: it

Fig. 1 E8 is the maximal exceptional group

Fig. 2 The next smaller is E7

Fig. 3 E6 allows for chiral representation in d = 4

Fig. 4 E5 coincides with D5 = SO(10)

Fig. 5 E4 is equivalent to A4 = SU(5)

Fig. 6 E3 connects to the standard model gauge group
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coincides with D5 = SO(10). Further steps in the chain are
E4 = A4 = SU(5) and E3 = SU(3)×SU(2)makes contact
to the real world (the breakdown of the symmetries in terms
of Dynkin diagrams is illustrated in Figs. 1, 2, 3, 4, 5, 6).

While E8 looks esoteric from the point of view of the low-
energy effective field theory it appears naturally in the frame-
work of string theory. This is obvious for the E8×E8 heterotic
string, but we can also find E8 as a nonperturbative enhance-
ment in M- and F-theory. Since the latter two only have a qual-
itative description at strong coupling, we shall concentrate
here on a discussion in the framework of heterotic E8 × E8

string [14,15], where a fully consistent global string con-
struction is possible. Even here the MSSM is not generic but
will require the selection of special corners in moduli space
with enhanced discrete symmetries. Some remnants of grand
unification and spinors of SO(10) will be present as well.

3 The process of compactification

Celebrated examples for compactification to d = 4 with
N = 1 supersymmetry [16] are Calabi–Yau manifolds. They
are beautiful objects (see Fig. 7) but quite difficult to con-
struct. While we can make some reliable statements on topo-
logical properties, a more detailed description of the metric
is barely possible. In addition Calabi–Yau compactification
gives a “generic” description of moduli space and we might
miss some of the “corners” of moduli space that are relevant
for the appearance of small parameters in the low-energy
effective action.

We thus need an approximation that is simple enough to
allow for specific calculations in the framework of string the-
ory. In addition it should encode all the topological properties

Fig. 7 An impression of a Calabi–Yau manifold

Fig. 8 A two-dimensional Z2 orbifold

of the Calabi–Yau manifold and provide an intuitive geomet-
rical picture of the location of fields in extra dimensions. In
our approach we shall use the notion of (flat) orbifold com-
pactifications [17–20] of the E8 × E8 heterotic string.2

Orbifolds are spatially flat objects with the exception of
fixed points (fixed tori) where curvature contributions are
localized (see Fig. 8 for an illustration). The flatness allows
an exact treatment in the framework of conformal field the-
ory and the geometric picture is simple and intuitive. We
encounter several sectors that characterize the location of
fields in extra dimensions:

– d = 10 untwisted sector with fields traveling throughout
the six compactified dimensions (bulk)

– d = 6 twisted sector (fixed tori in compactified extra
dimensions)

– d = 4 twisted sector (fixed points in extra dimensions)

In addition there is also a “localization” of gauge fields
in extra dimensions in the sense that we find different effec-
tive gauge groups at different loci of fields. To illustrate this
we shall consider an explicit example discussed in [13] (see
Fig. 9). We find different manifestations of gauge symme-
try at different fixed points. The fields located at the fixed
points will come with the representations of that group. So
if the electron lives at the SO(10) fixed point it will come
in a full spinor representation of SO(10). At other points we
might have split representations with respect to SO(10). So
the Higgs fields should not be localized at an SO(10) fixed
point. Otherwise they would come in a full 10-dimensional
representation of SO(10) and there would be SU(3) triplets
in addition to the desired SU(2) doublets of the MSSM. The
d = 4 gauge group is the common subgroup of the gauge
groups at the various fixed points, here the SM gauge group
SU(3)× SU(2)×U (1) (see Fig. 10).

This leads to a picture called “Local Grand Unification”.
In d = 4 the gauge group is SU(3) × SU(2) × U (1) while

2 For other approaches see [21–31].
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Fig. 9 The gauge symmetries at the various fixed points for a specific
model constructed in Ref. [13]

Fig. 10 The gauge symmetries at the various fixed points and their
common subgroups. In the present model this leads to the standard
model gauge group in the four-dimensional effective theory [13]

the gauge symmetry is enhanced at certain fixed points (fixed
tori) in extra dimensions. The scheme keeps the good proper-
ties of grand unification like the complete GUT family struc-
ture for quarks and leptons. It avoids the problems like com-
plicated d = 4 GUT breaking and the doublet-triplet splitting
problem via the appearance of split multiplets. It is obvious
that in such a picture the key properties of the d = 4 effec-
tive theory will depend crucially on the geography of fields
in extra dimensions.

4 A MiniLandscape

To complete this program we have to construct explicit mod-
els of MSSM structure. With a sufficiently large sample of
such models we should then be able to identify “fertile”
patches of the string landscape and analyse the successful
models to check for regularities. A first attempt to do so was
an analysis of heterotic E8 × E8 models within the orbifold

compactification Z6 I I . We will not repeat the details here, as
they are explained in [9–11,32–35]. Meanwhile these inves-
tigations have been extended to the Z2×Z2 case [13,36], Z12

[37,38], Z2×Z4 [39] and Z8 [40]. All these constructions are
based on a grand unified picture at some intermediate stage.
This is one of the reasons for their success. If you start with a
grand unified picture it is much more likely to find successful
models. Partially this comes from the fact that one family of
quarks and lepton fits into the 16-dimensional spinor repre-
sentation of SO(10) as we have discussed in Sect. 2.

As we have stressed before, we expect the geometry and
the localization of fields in compactified dimensions to be
important for properties of the low-energy MSSM effective
action. Therefore we need models that are not only consistent
vacua of string theory, but we also need explicit information
as regards the “geography” of fields in extra dimensions. By
now these two properties are only available in the orbifold
constructions mentioned above. Let us illustrate this in the
case of the Z6 I I orbifold. These consist of a Z2 twist θ and
a Z3 twist ω. We consider the six-dimensional compactified
space as a product of three tori as shown in Fig. 11.

The fields on the orbifold can now be associated to specific
sectors. First there are the fields in the untwisted sector. These
are the fields that exist already on the torus and can therefore
freely move through six-dimensional compactified space (so
they are bulk fields that actually live in full ten-dimensional
space-time). In addition we have twisted fields attached to
various sectors. They do not live in the full bulk, but they
are confined to fixed points and fixed tori in compactified
space. For Z6 I I we have three twisted sectors as shown in
Figs. 12, 13 and 14, one of them with fixed points and two
of them with fixed tori. For a given MSSM-candidate model
we shall then be able to identify exactly the location of all
the fields. These properties will be important for the interac-
tions between fields in the given model. Fields that live close
to each other (or have sufficient overlap) will couple more
strongly than those at remote corners of extra-dimensional
space.

Fig. 11 The bulk of six-dimensional compactified space. Fields in the
untwisted sector can freely move in the bulk

Fig. 12 The sector of Z2 twist (θ sector) with fixed torus

140 123Reprinted from the journal



Eur. Phys. J. C (2014) 74:2712 Page 5 of 13 2712

Fig. 13 The sector of Z3 twist (ω sector) with fixed torus

Fig. 14 The sector of Z6 twist (θω sector) with fixed points

The construction principle for the models has been
given in refs. [9–11]. One identifies models at the orb-
ifold fixed points with enhanced gauge and discrete sym-
metries (in this construction we typically find several addi-
tional U (1)- symmetries). One of the U (1)-symmetries is
anomalous and thus induces a nontrivial Fayet–Iliopoulos
(FI) term. As a result some singlet fields will develop non-
trivial vacuum expectation values that break the additional
U (1)-symmetries and allow a decoupling of exotics. As
there is a small parameter ε involved,3 this analysis can
be done using effective field theory methods. It requires
a scan of F- and D-flat directions in the effective poten-
tial. The resulting models will then inherit the symme-
tries at the orbifold point in a slightly broken form and
various hierarchies in the model can be obtained in the
spirit of the Frogatt–Nielsen mechanism [41]. This will be
instrumental for the discussion of Yukawa couplings of the
MSSM. Small parameters appear as powers of ε and are
the source for the appearance of mass hierarchies (e.g. the
μ-term) in the low-energy effective theory. With a sufficiently
large sample of candidate models we can now “experimen-
tally” study the properties of these models and try to extract
some lessons for further model building.

5 Lessons from the MiniLandscape

All the models have gauge group SU(3)× SU(2)×U (1) in
the observable sector and possibly some hidden sector gauge
group which might be relevant for supersymmetry break-
down (which we will not discuss here in detail). They have
three families of quarks and leptons and exactly one pair
of Higgs doublets Hu and Hd . All potential Higgs triplet
pairs are removed and the doublet-triplet splitting problem is
solved. Still there remains the question of a possible μHu Hd

3 In the models of the MiniLandscape the parameter ε is typically of
the order 1/10 to 1/100.

term and we shall therefore start our discussion with the
Higgs system.

5.1 Lesson 1: the Higgs doublets

The Higgs system is vector-like and a μ-term μHu Hd is
potentially allowed. As this is a supersymmetric term we
would like to understand why it is small compared to the
GUT scale: This is the so-called μ-problem. To avoid the
problem one could invoke a symmetry that forbids the term.
However, we know thatμhas to be nonzero and the symmetry
has to be broken and this might reintroduce theμ-term again.
In string theory the problem is even amplified since typically
we find several (say N) Higgs doublet pairs at the orbifold
point. In the procedure to remove exotics (as described above)
we have to make N − 1 pairs heavy while keeping one light.
So this last doublet has to resist the mechanism that allows to
remove the others. In fact in many constructions to “solve”
theμ-problem in this way the smallμ-parameter is the result
of a specific fine tuning of parameters arranged in such a way
to remove all doublet pairs except for one, and we do not con-
sider this as a satisfactory solution. Part of the models of the
MiniLandscape are in this class, but fortunately only very
few.

Most of the models provide one Higgs-doublet pair that
resisted all attempts to remove them. At first we were sur-
prised by this result and expected a “hidden” symmetry to
be at work. In fact we could identify an underlying discrete
R-symmetry [10] that protected the μ-parameter. In some
cases this R-symmetry [42–44] was only approximate and
could therefore allow a μ-parameter at a higher order in the
superpotential sufficiently suppressed by a high power of the
Fayet–Iliopoulos parameter (ε).

Where does this come from? Is there a common property
in the models that is the source of this astonishing result?
Indeed there is! In all of these models the Higgs fields Hu

and Hd live in the untwisted sector! This is quite a special
situation: Higgs pairs in d = 4 come from gauge fields in
extra dimensions and this is called “gauge-Higgs unifica-
tion”. Technically the Higgs fields correspond to continuous
Wilson lines in the sense described in [45,46]. But why does
it lead to a solution of the μ-problem? The Higgs pair is
nontrivially extended in the bulk. Therefore it might be in
a nontrivial representation of the extra-dimensional Lorentz
group SO(6) of SO(9, 1). The group SO(6) treats bosons
and fermions differently and can thus provide the required
(discrete) R-symmetry to control the μ-term. This is the first
lesson from the MiniLandscape: The Higgs doublets live in
the untwisted sector and are thus bulk fields (by now this has
been confirmed in other constructions, like Z2 × Z2 [13,36]
and Z2 × Z4 [39]). We believe that this result derived from
the MiniLandscape might be of much more general validity.
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The R-symmetry forbids a constant term in the superpo-
tential as well. This has two important consequences

– SUSY vacua are Minkowski vacua with vanishing vac-
uum energy

– SUSY breakdown requires a nontrivial constant in the
superpotential, thus breaks the R-symmetry and relates
μ to the value of the gravitino mass.

The MiniLandscape gives a solution to the μ-problem via
an approximate (discrete) R-symmetry. Looking in detail at
the models we find that the term Hu Hd in the superpotential is
neutral under all selection rules. Thus if a term f (Φi )Hu Hd

(where f (Φi ) is a polynomical of singlet fields) is allowed
in the superpotential, a term f (Φi ) is allowed as well. This
is reminiscent of an earlier discussion of Casas and Munoz
[47] in field theoretical models. To repeat the first lesson of
the MiniLandscape: Higgs fields live in the untwisted sector,
they are bulk fields.

5.2 Lesson 2: the top quark

The large mass of the top quark requires a large top-quark
Yukawa coupling (in contrast to the Yukawa couplings for
the first two families which should be small compared to the
gauge couplings). String theory has only one coupling for
gauge and Yukawa couplings. A trilinear top-quark Yukawa
coupling Hut t̄ would be of order of the gauge couplings and
thus lead to gauge-Yukawa unification.

In the construction of models of the MiniLandscape we
required a Yukawa coupling at the trilinear level to accom-
modate a heavy top quark. Other Yukawa couplings could
be suppressed within the framework of a Frogatt–Nielsen
mechanism.

Inspection of the location of the top quark yields a second
lesson of the MiniLandscape: both (t, b) and t̄ reside in the
untwisted sector as well. This guarantees maximal overlap
with the bulk field Hu and leads to gauge-Yukawa unification
in a natural way.4 Typically the top quark is the only matter
field with trilinear Yukawa coupling. The location of the other
fields of the third family is strongly model-dependent, but in
general they are distributed over various sectors: the third
family could be called a “patchwork family”.

5.3 Lesson 3: first two families of quarks and leptons

They are found to be located at fixed points in extra dimen-
sions (Fig. 14). As such they live at points of enhanced sym-
metries (both gauge and discrete). The presence of these dis-

4 An exception is the Z2×Z2-orbifold, which does not allow for quarks
and leptons in the untwisted sector. For a detailed discussion see refs.
[13,36].

crete symmetries is the reason for the suppressed Yukawa
couplings. In the Z6 I I example shown in the figure the
two families live at adjacent fixed points in the third extra-
dimensional torus. In fact one family is located at a =
b = c = 1 the other at a = b = 1 and c = 3 (see
Fig. 14). This leads to a D4 family symmetry [48,49] that
forbids sizeable flavor changing neutral currents and thus
relieves the so-called “flavor problem”. The geometric rea-
son for small Yukawa couplings is their minimal overlap with
the bulk Higgs fields. This leads to Yukawa couplings of
higher order and a hierarchical generation of masses within
the Frogatt–Nielsen mechanism. The FI-term provides the
small parameter ε that controls the pattern of the masses. The
first two families also live at points of enhanced gauge sym-
metries and enjoy the successful properties of “local grand
unification”.

5.4 Lesson 4: the pattern of SUSY breakdown

The question of supersymmetry breakdown is a complicated
process and we shall try to extract some general lessons
that are rather model-independent. Specifically we would
consider gaugino condensation in the hidden sector [50–53]
(realized explicitly in the MiniLandscape [54]).

A reasonable value for the gravitino mass can be obtained
if the dilaton is fixed at a realistic value for the grand uni-
fied gauge coupling αGUT ∼1/24. The discussion needs the
study of moduli stabilization, which, fortunately, we do not
have to analyse here in detail. In fact we can rely on some
specific pattern of supersymmetry breaking which seems to
be common in various string theories, first observed in the
framework of Type IIB theory [55–61] and later confirmed
in the heterotic case [62,63]: so-called “mirage mediation”.
Its source is a suppression of the tree-level contribution in
modulus mediation (in particular for gaugino masses and A-
parameters). The suppression factor is given by the logarithm
of the “hierarchy”

log(MPlanck/m3/2)

which numerically is of the order 4π2. Non-leading terms
suppressed by loop factors can now compete with the tree-
level contribution. In its simplest form the loop correc-
tions are given by the corresponding β-functions, leading to
“anomaly mediation” if the tree-level contribution is absent.
The mirage scheme is therefore a combination of modulus
and mirage mediation. At the GUT scale soft terms (say gaug-
ino masses) receive a universal contribution from modulus
mediation while the contribution of loops splits the spectrum
proportional to the β-function. As the β-function for SU(3)
is negative this leads to a suppressed value of the gluino mass
at the GUT scale while the contributions to the wino and bino
are increased. As the evolution of couplings to lower ener-
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Fig. 15 The evolution of gaugino masses in mirage mediation. The
scale of equality of the gaugino masses depends on the ratio of modulus
versus anomaly mediation. For details see Ref. [59]

gies is determined by the same β-functions one is lead to a
situation that gaugino masses coincide at some intermediate
scale: the mirage point (see Fig.15).

The location of this point depends on the relative strength
of modulus and anomaly mediation. It could be as low as the
TeV scale. We can thus summarize the main properties of
mirage mediation:

– gaugino masses and A-parameters are suppressed com-
pared to the gravitino mass by the factor log(MPlanck/m3/2)

– we obtain a compressed pattern of gaugino masses (as the
SU(3) β-function is negative while those of SU(2) and
U (1) are positive)

– soft scalar masses m0 are more model-dependent. In gen-
eral we would expect them to be as large as m3/2 [57].

This picture of mirage mediation is a quite generic prop-
erty of string theory and has been explicitly discussed within
type IIB and the heterotic string theory. It is a consequence of
the mechanism to fine tune the vacuum energy to the observed
value.

The models of the MiniLandscape inherit this generic pic-
ture of suppressed and compressed gaugino masses and sup-
pressed A-parameters. But they also teach us something new
on the soft scalar masses: and this leads to lesson 4 of the
MiniLandscape. The scalars (Higgses as well as squarks and
sleptons) reside in various sectors that feel SUSY in different
ways: some of them enjoy extended SUSY (at the tree level).
If we consider the untwisted sector we know that it is obtained
from simple torus compactification of the D = 10 theory and
this leads to extended N = 4 supersymmetry in D = 4. Soft
terms are protected (at least at tree level) by this symmetry
(and broken by loop corrections when they communicate to
sectors with a smaller amount of supersymmetry). Sectors
with fixed tori feel a remnant N = 2 supersymmetry and
might be protected as well. The fields in sectors with fixed

points feel only N = 1 SUSY and are not further protected
[64,65]. Within the framework described here we would then
expect soft terms m0 ∼ m3/2 for the first two families. Other
scalar fields, in particular the Higgs bosons and the scalar
partners of the top quark, feel a protection from extended
SUSY and are therefore suppressed compared to m3/2 (by a
loop factor of order 1/4π2).

The pattern of soft terms in the models of the MiniLand-
scape can thus be characterized by two scales: the gravitino
mass m3/2 and a second scale suppressed by a factor of order
of 1/4π2. As a result of mirage mediation and the conse-
quences of extended SUSY we see a characteristic hierar-
chical pattern. Higgs bosons, stops, gaugino masses and A-
parameters are suppressed compared to the gravitino mass
while squark and sleptons of the first two families are heavy.
In addition we expect a compressed spectrum of gaugino
masses at the TeV scale. This constitutes lesson 4 of the
MiniLandscape.

6 Connections to LHC results

At the moment this is written (summer 2013) we have two
important results from the first run of the LHC at center of
mass energy 7–8 TeV. These are

– the discovery of the Higgs boson at a mass of 125–126
GeV providing the last missing piece of the standard
model

– apparent absence of any sign of physics beyond the stan-
dard model

Given the high expectations for new physics signals at
LHC both results put severe constraints on the parameter
space of the MSSM. One might even ask the question whether
this is still compatible with the MSSM. Does the string-
inspired scheme we are discussing here survive the exper-
imental results of the LHC?

6.1 Qualitative string “predictions”

There is no convincing way known to predict the Higgs mass
directly within the models of the MiniLandscape. We have
to accommodate it as an experimental fact. Pre-LHC we had
the lower limit of 114 GeV for the Higgs mass from the LEP
experiments. Within the MSSM we had thus a possible range
of 114–130 GeV. The string-inspired scheme discussed here
can, however, say something about the SUSY spectrum. The
two most important results are:

– the spectrum of SUSY particles exhibits a hierarchy of
scales separated by the value of log(MPlanck/m3/2). This
implies that the gravitino mass m3/2 has to be very large,
presumably even bigger than 10 TeV or more. Otherwise
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gaugino masses would be too small and already ruled out
experimentally. This leads to heavy masses m0 ∼ m3/2

for the scalars of the first two generations. This, in addi-
tion to the presence of the D4 family symmetry, relieves
potential tension in the absence of flavor changing neu-
tral currents. Unfortunately we do not have a theoretical
upper limit of m0 ∼ m3/2 from the MSSM and the string-
inspired system. A limitation on m0 ∼ m3/2 would need
some prejudice concerning the fine tuning one is willing
to tolerate.

– a compressed spectrum of gaugino mass as given by the
mirage mediation scheme. Recall that in the case of uni-
versal gaugino masses at the GUT scale we would have
the ration M1 : M2 : M3 ≈ 1 : 2 : 6 at the electroweak
scale. In the mirage scheme this ratio depends on the rel-
ative size of the contributions of modulus mediation and
anomaly mediation. The spectrum is typically more com-
pressed even to a point where M1 ≈ M2 ≈ M3 at the TeV
scale [67].

The compression of the gaugino mass scale has several
characteristic consequences:

– missing energy signals at LHC will be less efficient to
detect SUSY particles.

– there will be a reduced fine-tuning problem because the
gluino mass is suppressed.

– we could achieve precision gauge unification.
– in the presence of an ultra-compressed spectrum we might

solve potential problems of the thermal relic abundance
of dark matter candidates.

We shall discuss these issues in detail later when we con-
sider explicit models.

6.2 Lessons from LHC

The value of the Higgs mass is compatible with the MSSM
but hints to a rather high value of masses of SUSY particles
(see Fig.16).

We are thus driven to a corner of parameter space with
large SUSY scale MSUSY. For this reason there are already
many attempts in the literature to build models beyond the
MSSM. Here we shall stick to the discussion of the MSSM
since we do not think that the absence of experimental signals
for physics beyond the SM, at this moment, is a sufficient
motivation to go beyond the MSSM.

In fact we note that the high value of the Higgs mass leads
to high MSUSY in the MSSM. It should therefore be not too
surprising that LHC has not found signs of SUSY in the first
run. MSUSY might be too large for supersymmetry to be just
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Fig. 16 Constraints on the SUSY spectrum [66] from LEP. In the
MSSM a Higgs mass of 126 GeV leads to the region of “heavy SUSY”

around the corner and one might even fear that the energy
reach of LHC14 might not be sufficient.

6.3 Towards explicit models

We have the parameters m3/2 and m0 in the multi-TeV range,
while other parameters like m3 (stops), A and gaugino masses
(m1/2) are suppressed by a factor of O(1/4π2) and could be
accessible at the LHC. An important role is played by the
mirage parameter 	, which gives the ratio of modulus to
anomaly mediation for gaugino masses. It defines the com-
pression of the spectrum of gaugino masses. Model build-
ing along these lines has been discussed explicitly in refs.
[64,65]. We shall here only explain the outcome and skip the
details. Not surprisingly, the high value of the Higgs mass
limits the parameter space drastically. We illustrate this with
the plot in Fig. 17. The green regions are excluded for a Higgs
mass outside the range of 124–128 GeV. The gravitino mass
is pushed to values far beyond 10 TeV, and for the benchmark
point shown here, the gluino mass is 3 TeV, beyond current
LHC reach.5 The scheme leads to some version of “hidden
SUSY” that will be difficult to test at LHC. One reason is
the high value of m3/2 (forced upon us by the high value of
the Higgs mass) another one the compressed gaugino spec-
trum that hides SUSY even in the cases where the gluino
is accessible to production at the LHC. With a compressed
spectrum the mass difference between the gluino and the
lightest neutralino (LSP) is smaller than in the standard case.

5 Lower values for gluino masses are possible, as will shall discuss
later.
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Fig. 17 Parameter scan for a benchmark model with a gluino mass of
3 TeV. The green regions are inconsistent with a Higgs mass in the range
of 124–128 GeV (for details see [64]). The hatched region indicates the
reach of direct searches for SUSY (as of summer 2012). It illustrates
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In the decay of the gluino the LSP thus will have less kinetic
energy and this reduces the “missing energy” signal of the
escaping LSP. This poses a severe challenge for the LHC as
we shall see in more detail in the next subsection. The LSP
is the prime candidate for cold dark matter in the universe.
Within the general scenario the quest for a correct thermal
relic density rules out a large part of the parameter space
[65]. Still the parameter space of the scheme is sufficiently
large to be consistent with all presently known experimental
and cosmological constraints. We need more experimental
results to clarify the situation.

6.4 Precision supersymmetry

Let us therefore consider a special corner of the parame-
ter space that is theoretically well motivated. There are two
strong arguments for supersymmetry:

– solution to the electroweak hierarchy problem
– gauge coupling unification.

The latter one is motivated by the evolution of gauge cou-
plings in the MSSM as well as theoretical arguments from
string theory that only provides one fundamental coupling. It
might thus be interesting to take these arguments as serious
as possible and demand precision gauge coupling unifica-
tion (PGU) within a scheme of minimal fine tuning [68]. The

evolution of gauge coupling is given by

1

g2
i (MGUT)

= 1

g2
i (MZ )

− bMSSM
i

8π2 ln

(
MGUT

MZ

)
+ 1

g2
i,Thr

We assume that the threshold corrections vanish at the high
scale. Thus they come exclusively from the MSSM spectrum

1

g2
i,Thr

= bMSSM
i − bSM

i

8π2 ln

(
MSUSY

MZ

)

with the SUSY breakdown scale MSUSY. To quantify preci-
sion gauge unification (PGU) we define

ε3 =
g2

3(MGUT)− g2
1,2(MGUT)

g2
1,2(MGUT)

and demand ε3 = 0. The relation between ε3 and MSUSY is
given in Fig. 18, and ε3 = 0 leads to MSUSY ∼ 2 TeV. We
now have to determine MSUSY in a given model. In the case
that all the supersymmetric partners have the same mass M,
then MSUSY = M . For non- universal masses we have an
effective scale

MSUSY ∼
m32/19

W̃
m12/19

h̃
m3/19

H

m28/19
g̃

Xsfermion

where mW̃ , mh̃, m H and mg̃ denote the mass of the wino,
the higgsino, the heavy Higgs and the gluino, respectively.
Within this class of models considered here the effect of
sfermions is small [68]: Xsfermion ≈ 1. Let us first examine
the value of MSUSY in the so-called CMSSM (i.e. the MSSM
with universal gaugino masses m1/2 at the GUT scale). At
the weak scale we would have the gaugino mass ratio [67]

M1 : M2 : M3 = 1 : 2 : 6
and the effective SUSY scale reads

MSUSY � 0.3
(

m12
h̃

m4
1/2 m3

H

)1/19
Xsfermion
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∋ 3

p recision unification
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Fig. 18 Precision gauge unification (ε3 = 0) requires a SUSY scale
around 2–3 TeV [68]
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To reach a scale MSUSY ≈ 2 TeV as required by precision
gauge unification this leads to a large higgsino mass

mh̃ � 20TeV×
(

TeV

m1/2

)
1/3

(
TeV

m H

)
1/4

As mh̃ ∼ μ ∼ 20 TeV we will have a severe fine-tuning
problem. Since we require a minimal amount of fine tuning
we shall discard the CSSM as a natural framework to obtain
precision gauge unification. Are there alternatives?

The string-inspired pattern of the SUSY breaking scheme
discussed earlier exhibits mirage mediation and a com-
pressed gaugino mass spectrum. The gaugino masses can
be written as

Mi = m3/2

16π2

(
	 + bMSSM

i g2
)

where m3/2 denotes the gravitino mass and 	 parametrizes
the modulus mediated contribution to gaugino masses. This
leads to

M1 : M2 : M3 = (	 + 3.3) : 2(	 + 0.5) : 6(	 − 1.5)

and exhibits a strong compression of gaugino masses for
small 	 (and even an unphysical region where the gluino is
the lightest gaugino). Now let us have another look at MSUSY:

MSUSY ∼
m32/19

W̃
m12/19

h̃
m3/19

H

m28/19
g̃

Key observation is the fact that an increase of the gluino mass
reduces MSUSY. In the case of a compressed spectrum with
wino and gluino masses of similar size we obtain PGU (i.e.
MSUSY ∼ 2 TeV) for a smaller value of μ and therefore less
fine tuning. This is illustrated in Fig. 19.
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g

2m
Χ 1

m 3 2 50 TeV
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Fig. 19 Gluino mass versus μ for various values of 	. Green regions
are consistent with small 	 and an ultra-compressed spectrum of gaug-
ino masses satisfying PGU [68]

g

Fig. 20 Neutralino versus gluino mass for a sample of benchmark
models that satisfy PGU with a compressed gaugino mass spectrum
[68]. Current limits from LHC are still weak

The green regions are consistent with PGU. We see that
rather small values of mg̃ and μ ∼ mh̃ allow for PGU, both
in the kinematic reach of the LHC. Known results from LHC
might thus constrain the models and even rule them out. To
check the validity of the model, we have generated a large
data sample [68] with random input parameters that lead to
successful PGU. In Fig. 20 we provide a scatter plot of those
parameters and include present limits from LHC (ATLAS
search [69] and CMS results for b-jets and missing energy
[70]; for a detailed discussion see [68]). Present LHC limits
are weak. Only a small part of the parameter space is ruled
out. The strongly compressed gaugino mass spectrum makes
it difficult to detect even rather light gluinos. It will be inter-
esting to see the discovery potential for the LHC in the next
run, as large parts of the parameter space are kinematically
accessible.

More restrictions on the model could come from the
requirement of the correct thermal relic abundance of the
lightest supersymmetric particle (LSP) as a candidate for cold
dark matter. Prime candidates are the bino and the higgsino.
Due to its small annihilation cross section, the bino density
from thermal production typically exceeds the observed dark
matter density by far. Higgsinos, on the other hand, undergo
efficient annihilation into third generation quarks or gauge
bosons, and co-annihilations with the charged higgsino fur-
ther enhance their cross section. Hence, the relic density of
a higgsino LSP might typically be below the dark matter
density. In mirage mediation, the gaugino masses are non-
universal at the high scale and lead to highly compressed
gaugino spectrum at the weak scale as a consequence of PGU.
This enhances the possibility for co-annihilations which is
favorable for the dark matter density. In Fig. 21 we com-
pare the neutralino relic density for the sample points with
or without imposing PGU.
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Fig. 21 Distribution of the thermal neutralino relic density for the
benchmark sample with (solid) or without (dashed) the assumption
of precision gauge coupling unification [68]
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Fig. 22 Neutralino proton cross section for the benchmark points with
successful PGU [68]. The current limit from XENON100 direct dark
matter search is shown. The latter is only applicable if the lightest neu-
tralino accounts for all dark matter of the universe

Models with PGU seem to be able to accomodate the
correct relic density rather easily. Reach and limits from
direct detection of these dark matter candidates are shown in
Fig. 22.

Future experiments might probe a significant part of the
parameter space of the models.

7 Conclusion

As we have seen it is a long way from string theory via the
MSSM to LHC physics. To test these ideas we need con-
sistent string theory constructions that allow explicit deter-
mination of spectrum and interactions to be confronted with
the data. At this point only the models of the heterotic Mini-
Landscape satisfy both criteria. Given these models we can
try to extract some generic properties from the successful
MSSM candidates. Essentially these are lessons originated
from the geographic localization of fields in compactified

extra-dimensional space. A coherent picture emerges, Higgs
and top multiplets live in the bulk. This provides a solution to
the μ-problem with an R-symmetry as well as a large value
for the Yukawa coupling of the top quark (to be consistent
with so-called gauge-Yukawa unification). The multiplets of
the first two families are located at fixed points in extra-
dimensional space. They enjoy enhanced gauge- and dis-
crete symmetries that alleviate the flavor problem. A slight
breakdown of these symmetries provides a small parameter
(originated from a Fayet–Iliopoulos term) that could explain
the hierarchies of quark and lepton masses as well as the
μ-parameter. We expect these properties (derived from the
heterotic string theory) to be of more general validity and
should also manifest themselves in constructions based on
type I, type II, M- and F-theory.

In the discussion of SUSY breakdown we can identify a
rather generic scheme: mirage mediation. It has been found
both in Type IIB and heterotic theory and is a consequence
of the mechanism to obtain a small value of the vacuum
energy (compared to the scale of the gravitino mass). The
scheme is characterized by two scales for the soft terms sep-
arated by a factor log (MPlanck/m3/2). Gaugino masses and
A- parameters tend to be at the TeV scale, while gravitino
mass and scalar masses are generically at a higher scale. A
second characteristic property of the mirage scheme is the
possibility of a compressed spectrum of the gaugino masses
as shown in Fig. 23. It leads to hidden SUSY at the LHC and
allows for the correct thermal relic density of the LSP dark
matter candidate.

Within the heterotic scheme we could identify another
important result concerning scalar masses, determined by
the localization properties of the corresponding fields with
a potential protection through extended supersymmetry.
Localized fields as e.g. the scalar partners of quarks and
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Fig. 23 Gaugino masses as a function of α, the ratio of anomaly to
modulus mediated contributions (α is inversely proportional to	 defined
earlier) [62]. We clearly see the possibility of an ultra-compressed spec-
trum around α = 2
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leptons of the first two families only feel N = 1 SUSY
and would be as heavy as the gravitino. Fields at fixed tori or
the bulk feel a hidden N = 2 or N = 4 SUSY and have sup-
pressed masses comparable to those of the gaugino masses.
It is this interplay of symmetries that leads to very specific
properties of the spectrum of superpartners. The scheme is
still consistent with all known experimental data. A large part
of the parameter space is within the kinematical reach of the
LHC at 14 TeV. The next run of the LHC might hopefully
test these ideas.
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Abstract For the closing article in this volume on super-
symmetry, we consider the alternative options to SUSY the-
ories: we present an overview of composite Higgs models in
light of the discovery of the Higgs boson. The small value
of the physical Higgs mass suggests that the Higgs quartic
is likely loop generated; thus models with tree-level quartics
will generically be more tuned. We classify the various mod-
els (including bona fide composite Higgs, little Higgs, holo-
graphic composite Higgs, twin Higgs and dilatonic Higgs)
based on their predictions for the Higgs potential, review the
basic ingredients of each of them, and quantify the amount
of tuning needed, which is not negligible in any model. We
explain the main ideas for generating flavor structure and the
main mechanisms for protecting against large flavor violating
effects, and we present a summary of the various coset mod-
els that can result in realistic pseudo-Goldstone Higgses. We
review the current experimental status of such models by dis-
cussing the electroweak precision, flavor, and direct search
bounds, and we comment on the UV completions of such
models and on ways to incorporate dark matter.

1 Introduction

The discovery of the Higgs boson [1,2] with mass mh ≈
125 GeV has been an important milestone in particle physics.
It allows us for the first time to finally completely fix the
parameters of the SM Higgs potential

V (h) = −μ2|H |2 + λ|H |4, (1.1)

where 〈H〉 = v/
√

2, v = 246 GeV. The resulting experi-
mental values are

μ2
exp ≈ (89 GeV)2, λexp ≈ 0.13. (1.2)

It has also started to seriously weed out and constrain the
once-crowded arena of models of electroweak symmetry

a e-mail: csaki@cornell.edu

breaking and the TeV scale: plain technicolor/Higgsless [3–
6] models are excluded, while the simplest supersymmetric
models have a difficult time reproducing the observed value
of the Higgs mass. The absence of observation of missing
energy events puts strong lower limits on masses of super-
partners. The other articles in this volume [7–14] focus on
reviewing both the history of and the implications of the
Higgs discovery for SUSY. This review focuses on the other
viable option: natural electroweak symmetry breaking from
strong dynamics, where the strong dynamics produces a light
composite Higgs doublet.

The idea of a composite Higgs boson goes back to Georgi
and Kaplan in the 1980s [15–21], where it was also recog-
nized that making it a Goldstone boson could also render
the Higgs lighter than the generic scale of composites. The
idea of composite Higgses has re-emerged in the guise of
warped extra dimensional models in the late 1990s [22–25],
and then in the form of little Higgs models [26,27] in the early
2000s, when the crucial ingredient of collective breaking was
added. Collective breaking was originally [52] inspired by the
deconstruction [28,29] of extra dimensional models where
the Higgs is identified with a component of the gauge field.
This idea was later fully utilized in a warped background in
the holographic composite Higgs models [30,31], building
on important earlier work [32–40]. The generic features of
these constructions have been condensed into a simple 4D
effective description [41,42].

This review aims at explaining the main ideas behind the
various types of composite Higgs constructions, to contrast
their main features, critically compare them and present the
main experimental constraints on them. We will not follow
the historical order of developments: instead we will present
everything from the point of view of a 4D low-energy effec-
tive theory.

We start by explaining the consequences of the recent
measurement of the value of the Higgs mass on the param-
eters of the Higgs potential: both the mass and the quartic
self coupling are independently fixed. A light Higgs mass
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of 125 GeV implies a small quartic, which is more likely to
point toward a loop-induced quartic rather than a tree-level
one. We present a simple parametrization of the potential
suitable for pseudo-Goldstone composite Higgs models and
the tuning necessary to obtain this potential. In Sect. 3 we
classify the various types of composite Higgs models based
on their predictions for the Higgs potential and quantify the
expected amount of tuning in these models. Section 4 con-
tains the discussion of the various possible mechanisms for
generating the Yukawa couplings, and for protecting from
large flavor changing effects. We review the various coset
models that can give rise to realistic patterns of symmetry
breaking with SM-like Higgs bosons in Sect. 5. The signals
and constraints on the composite Higgs models are summa-
rized in Sect. 6, and we finally comment on UV completions
in Sect. 7.

2 The Higgs potential of composite Higgs models
and tuning

One can nicely classify the various types of composite Higgs
models by the size of the Higgs potential and also by the
mechanism that generates the Yukawa couplings, in particu-
lar for the top quark. We will first focus on the generic features
of the potential, in order to categorize in Sect. 3 composite
Higgs models based on the particulars of such a potential,
and finally in Sect. 4 we will discuss the various mechanisms
for the generation of the Yukawa couplings.

While the numerical values of the parameters in the Higgs
potential (1.1) are now fixed, there are several different
dynamical ways in which one can arrive at this potential. We
will make the following assumptions regarding the dynamics
responsible for generating the potential:

• The Higgs is a composite with a scale of compositeness
given by f .
• There is a hierarchy between the Higgs VEV v and the

scale f : v/ f < 1 such that the Higgs potential can be
expanded in powers of h/ f .1

• The Higgs potential is (fully or partially) radiatively gen-
erated. This is generically the case when the Higgs is also
a pseudo-Goldstone boson (pGB). We will also assume
that the potential vanishes in the limit when the SM cou-
plings vanish.

Using these assumptions the leading terms in the Higgs
potential can be parameterized by (using h = √2H ):

�V (h) = g2
SM�

2

16π2

(
−a|h|2 + b

|h|4
2 f 2

)
, (2.1)

1 In most cases this is not even necessary, given that the leading contri-
butions to the potential can be arranged into only two definite functions
of h/ f .

where gSM is a typical SM coupling, the largest of which
corresponds to the top Yukawa g2

SM ∼ Nc y2
t . We have also

introduced the scale �, which sets the overall size of the
potential. Typically, this will be given by the mass of the state
that is responsible for cutting off the quadratic divergence of
the Higgs, so generically� ∼ m∗. To fit the observed Higgs
VEV and mass, the parameters a, b, f and� have to satisfy

(246 GeV)2 = v2 = a

b
f 2,

(125 GeV)2 = m2
h = 4 b v2 g2

SM

16π2

�2

f 2 . (2.2)

We can then classify a composite Higgs model by the mag-
nitudes of the parameters �, a, and b. Before we do so, we
would like to make some important general remarks regard-
ing the perturbative nature of the physics responsible for the
Higgs potential and the consequences of this for fine-tuning.

One of the main physical consequence of the magnitude
of the recently measured Higgs mass is that the physics gen-
erating the Higgs potential should be weakly coupled. The
experimental value of the quartic is λexp ≈ 0.13, which is of
the order expected for a weakly coupled one-loop diagram.
The loop factor L is given by

L = 2
g2

SM(�
2/ f 2)

16π2 ∼ 0.15

(
gSM√
Nc yt

)2 (
�/ f

2

)2

, (2.3)

where the separation between� ∼ m∗ and f determines the
magnitude of the coupling of the states at m∗, g∗ = �/ f .
We can see that for g∗ ∼ 2 the loop is about the right size for
the value of the observed quartic. This leads us to conclude
that the new physics responsible for cutting off the potential
is weakly coupled,

g∗ ≡ �/ f 	 4π, (2.4)

implying that the mass scale for new particles appears much
before the true strong coupling scale �C ∼ 4π f is reached.
While this perturbativity sounds like a welcome news for the
calculability of the Higgs potential, it is also the origin of
the tuning for these composite Higgs models. If the idea of
a true loop-induced potential with a loop factor L ∼ 0.15
is taken seriously, one would also expect the same factor
to set the magnitude of the Higgs mass parameter, yielding
the relation f 2 = μ2/L ≈ v2. However, as we will see in
Sects. 6.1 and 6.3, electroweak precision tests (EWPTs) and
the Higgs coupling measurements imply that f > v, lead-
ing to a tension with the expectation from a generic weakly
coupled loop-induced Higgs potential. This tension is the ori-
gin of the fine-tuning in these models: a fully natural loop-
induced Higgs potential would require f ∼ v, while EWPTs
and Higgs couplings require f > v. In practice the tuning
required to get around this tension is to have several contri-
butions to a and b (along with their associated g2

SM and�2),
which will then partially cancel to give an effective a/b < 1.
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Note that lowering the coupling g∗ is actually not a possi-
bility for finding non-tuned Higgs potentials with larger f :
while formally the relation

μ2 = 2a
g2

SMg2∗
16π2 f 2 (2.5)

can be satisfied for f > v if g∗ is lowered, we actually
know that g∗ f is a physical mass scale where new particles
appear, and can thus not be too low experimentally. Also, in
most models gSM is a derived quantity (from couplings of
several BSM states related to g∗) usually implying relations
of the form gSM < g∗, which also sets a lower bound on
how small g∗ can be. Finally, taking g∗ < gSM would run
counter to the philosophy of composite Higgs models, where
a strongly interacting sector is expected to be responsible for
generating the Higgs potential: in that case g∗ < gSM would
likely require a separate tuning anyways within the strong
sector. Thus we will not consider the possibility of very small
g∗ any further. Instead we will have to be content to live with
some amount of tuning (the specific implementation of the
little hierarchy problem), which we quantify below.

Clearly, the tuning here will be proportional to v2/ f 2. One
simple way of quantifying it is to consider the magnitudes of
the individual terms2 that would contribute to a shift of the
VEV of the Higgs

�v2 = δv2

v2
exp
∼ 1

(246 GeV)2
ai

bi
f 2, (2.6)

where ai and bi are the generic magnitudes of the terms
appearing in the potential (which are then assumed to par-
tially cancel against each other). Since this tuning involves
the ratios of two terms generated in the potential (and since
the magnitudes of the individual terms in the potential are
known) it is better to instead separately consider the tuning
in the mass term and the quartic term in the potential. The
tuning for the mass parameter μ2 is

�μ2 = δμ2

μ2
exp
∼ 1

(800 GeV)2
ai g2

SM,i�
2
i , (2.7)

while the tuning for the Higgs quartic is

�λ = δλ

λexp
∼ 1

32 bi g2
SM,i g

2∗,i , (2.8)

where again ai and bi are the individual contributions to
these terms before any cancelation. Notice that even in the
most favorable situation for �λ, that is, g∗ 
 gSM, an irre-
ducible tuning remains from the mass parameter, given that
�μ2 ∼ ( f/270 GeV)2, where we have taken g2

SM ∼ Nc y2
t ,

and experimentally f > v is required.

2 We write the Higgs potential as V (h) = ∑
i �Vi (h), �Vi (h) =

g2
SM,i �

2
i

16π2 (−ai |h|2 + bi
|h|4
2 f 2 ).

An important consequence of this discussion is that since
the Higgs mass determines the value of the Higgs quartic, it
is no longer reasonable to assume an order one Higgs quartic
(since we know if is fixed to λ ≈ 0.13). One popular way
of reducing the fine-tuning in composite Higgs models was
to assume that while the mass parameter is generated at loop
level, the quartic is generated at tree level (corresponding to
a ∼ 1, b ∼ (4π)2). This would eliminate the tuning in v
(due to the relation v ∼ f/(4π)); however, now the quartic
would come out too large, requiring in turn a tuning in λ to
reduce the Higgs mass to the observed value.

We can summarize the discussion of the tuning in the
Higgs potential in the following way: the experimental data
suggests that both μ2 and λ must be loop suppressed, and to
minimize the tuning one would like f to be as close to v, and
g∗ as close to gSM, as possible.

3 Classification of the composite Higgs models
based on Higgs potential

Based on the discussion of the previous section we can now
classify the various types of composite Higgs models based
on the generic magnitudes of the Higgs mass and quartic
parameters they would be predicting.

3.1 Tree-level mass and quartic: a = O(1), b = O(1),
g∗ ∼ 4π . Bona fide composite Higgs

These models can be regarded as technicolor models with
an enlarged global symmetry, the breaking of which yields
an extra ‘pion’ with the quantum numbers of the Higgs [43].
However, they typically predict a too large Higgs mass term
and quartic coupling, with generically v ∼ f . Even if a is
tuned by an amount ∼ ξ = v2/ f 2, the Higgs is still too
heavy, since λ ∼ g2

SM ∼ Nc y2
t . Thus a second independent

tuning must be made on b. Overall, we can roughly estimate
the tuning required in this class of models as3

� = �μ2 ×�λ ∼ (0.003 %)−1
(

f

1 TeV

)2

. (3.1)

3.2 Loop-level mass, tree-level quartic: a = O(1),
b = O( 16π2

g2∗
), g∗ 	 4π . Little Higgs models

The ‘little’ Higgs models [26,27,44–49] were invented to
provide a fully natural Higgs potential: one automatically
obtains a hierarchy between the Higgs VEV and f : v2/ f 2 

g2∗/16π2 	 1, without tuning. This, however, comes at the
price of increasing Higgs mass: since λ ∼ g2

SM, one would

3 We will be assuming for simplicity that two uncorrelated cancelations,
one in μ2 and another in λ, take place.
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expect mh ∼ 2vgSM ∼ 500 GeV for gSM ∼ 1. While a fully
natural Higgs potential was very appealing before the value
of the Higgs mass was known, once the Higgs mass is pinned
down to 125 GeV one needs to perform additional tunings in
a and b to obtain this mass. Thus the Higgs potential in little
Higgs theories cannot be considered fully natural anymore.
A naive estimate of the tuning involved is given by

� = �μ2 ×�λ ∼ (1 %)−1
(

f

1 TeV

)2 ( g∗√
Nc yt

)2

, (3.2)

where we have taken gSM ∼ 1.4

The crucial ingredient that allows the Higgs mass parame-
ter to become loop suppressed in little Higgs models is called
collective symmetry breaking: the Higgs doublet transforms
under some extended global symmetry, which is not com-
pletely broken by any single interaction term. Since one
needs a chain of these terms to feel the symmetry break-
ing, one-loop diagrams will not be quadratically divergent
and hence will not be cut off by the naive scale of composite-
ness �C = 4π f , but rather at some earlier scale. This lower
scale is set by the masses of the light composite resonances,
m∗ = g∗ f , which are called top partners for the top loop, or
vector partners for the gauge loop. It is technically natural
for the top/vector partners to be lighter than the strong cou-
pling scale�C ∼ 4π f ; in addition, the mechanism of partial
compositeness, which we will discuss in detail in Sect. 4,
naturally realizes light top partners for a sizable degree of
compositeness of the top. Collective breaking then requires
that g∗ must not be much larger than gSM. In particular, this
fact implies that the top/vector partners must be weakly cou-
pled.

Little Higgs models are chosen such that the collective
breaking protects the Higgs mass parameter hence a = O(1),
while a tree-level quartic is generated by means of extra
scalars leading to b = O(16π2/g2∗).5 The collective break-
ing mechanism also ensures that the large tree-level effective
quartic does not lead to enhanced corrections to the Higgs
mass term, the so-called collective quartic [50,51].

3.3 Loop-level mass and quartic: a = O(1), b = O(1),
g∗ 	 4π . Holographic composite Higgs

This is the scenario where the entire Higgs potential is loop
generated. These models need one tuning in the Higgs poten-

4 In most little Higgs models the leading quartic Higgs coupling is not
generated from the same SM coupling than the mass term, the latter
typically arising from top loops.
5 These scalars get ∼ f/v larger mass terms than the Higgs, and they
can thus be consistently integrated out for what the Higgs potential
concerns.

tial of order ξ = v2/ f 2 in order to achieve the right Higgs
VEVv < f . However, once this tuning is achieved, the Higgs
mass will automatically be light. Again the divergences in the
Higgs potential are cut off at the scale of the top and vector
partners. Thus, the generic tuning required in this case scales
as

� = �μ2 ×�λ ∼ (7 %)−1
(

f

1 TeV

)2 ( g∗√
Nc yt

)4

, (3.3)

where g2
SM ∼ Nc y2

t has been taken.
These models were inspired by the AdS/CFT correspon-

dence: some strongly interacting theories can be described
by weakly coupled AdS duals. The existence of such a
dual is intrinsically tied to the presence of ‘weakly’ cou-
pled resonances in the large N regime, with coupling g∗ ∼
4π/
√

N . One can include in this class of models their decon-
structed [52] versions as well, with several sites and links
[53–55].

The holographic composite Higgs models also feature
a version of collective breaking mechanism both in the
gauge and fermion sectors, which is a consequence of extra-
dimensional locality (or theory-space locality, its discrete
version for the deconstructed case) [56]. This protection is
generically absent in the scalar sector for the holographic
Higgs. However, since the quartic is already loop suppressed,
the loop contribution to the Higgs mass from the Higgs
self-interaction will be effectively two-loop suppressed, and
hence it is not dominating even if it is cut off at a scale higher
than the top/vector partners. The same will hold for contri-
butions to the Higgs potential obtained from integrating out
additional GBs. Thus we can summarize the two main dif-
ferences between little Higgs models and holographic com-
posite Higgs models: little Higgs models feature a tree-level
collective quartic b = O(16π2/g2∗), generated from inte-
grating out a particular class of ‘heavy’ GBs [50,51], while
holographic Higgs models have a loop-suppressed quartic.
Collective breaking in little Higgs models will ensure that the
Higgs mass contribution from scalar and self-interactions is
suppressed despite the appearance of a large effective quar-
tic, while no such mechanism is at work in holographic
models. In those models the quartic is simply small, thus
also ensuring the appropriate suppression of the Higgs mass
term.

Then, the collective breaking in holographic Higgs models
affects the Higgs mass term as well as the other pGBs, such
that the Higgs is only lighter than these extra scalars at the
expense of tuning the Higgs VEV, that is, m2

h ∼ Lv2 while
m2

H ∼ L f 2. This is in contrast with little Higgs models,
where generically only the Higgs mass term is protected,
but not the other pGBs, in particular those involved in the
generation of the quartic Higgs coupling. The result in this
case is m2

h ∼ g2
SMv

2 while m2
H ∼ g2

SM f 2, which is the same
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ratio as in holographic Higgs models but without the loop
suppression.

3.4 Twin Higgs: a = O(1), b = O(1)−O( 16π2

g2∗
),

g∗ = gSM

The ‘twin’ Higgs models [57,58] yield the same predic-
tion for a as little Higgs or holographic Higgs models, but
the mechanism to eliminate the quadratic divergences in the
Higgs mass term is based on a discrete Z2 symmetry instead
of collective breaking. Regarding b, the generic prediction is
a loop-level Higgs quartic coupling; thus, as in holographic
Higgs models b = O(1), although when these models were
originally proposed, it was convenient to introduce by hand
a tree-level quartic, such that b = O(16π2/g2∗) and a hierar-
chy v < f was naturally generated, as in little Higgs models.
However, since the overall scale of the Higgs potential is now
known, the latter option is no longer preferred, as discussed
in Sect. 2.

The most important difference with respect to the previous
models is that the partners cutting off the potential do not
necessarily carry SM charges, in particular color. Given the
lack of positive signals of top partners at the LHC, this is
a relatively unexplored scenario in which opportunities for
model building are still open, with the potential to produce
interesting developments.

3.5 Dilatonic Higgs

This scenario is quite different from the previous ones, and it
is not very useful to compare them based on the form of the
Higgs potential. In this case the dilaton (the pGB of spon-
taneously broken scale invariance) is playing the role of the
125 GeV Higgs-like particle [59–65]. The analog state in
the warped extra dimensional models is the radion [66–69],
the studies of which have inspired much of the work in the
general 4D framework. However, for these ‘dilatonic’ Higgs
models it is very important to point out that the dilaton VEV
is not directly related to the electroweak VEV, or in other
words m2

W �= g2〈h〉2/4, unlike for a genuine Higgs. Instead,
the VEV of the dilaton actually fixes the overall scale of the
potential, 〈h〉 ≡ f , relative to a given UV scale μ0. This
explains why in the limit of exact scale invariance the dilaton
potential only contains a quartic term (which itself is con-
sistent with scale invariance). A non-trivial minimum is then
achieved due to explicit scale invariance breaking induced by
the running couplings, which introduces an implicit depen-
dence of gSM on h/μ0, of the form gSM ∼ (h/μ0)

γSM , where
γSM is the anomalous dimension associated to gSM. Further-
more, a minimum with f 	 μ0 only arises naturally for
gSM ∼ 4π at the condensation scale, which is commonly

taken as an indication that the potential of the dilaton is driven
by a non-SM coupling.6

In order for the dilaton to resemble the SM Higgs, f must
accidentally be close to v, for instance if only operators with
the quantum numbers of the SM Higgs condense. Therefore
the experimental constraints in this case go in the opposite
direction that in the previous models, pushing towardsv ∼ f .
Moreover, let us note that the dilaton could actually arise
from a variety of scale invariant ‘strong sectors’, including
those that are ‘weakly’ coupled, that is, g∗ 	 4π . However,
explicit calculations using AdS/CFT imply that the large N
limit associated with this scenario is not preferred, since it
tends to push f � v.

As a final remark in this section, we would like to empha-
size that twisted versions of the models reviewed above also
exist. For instance, due to constraints from electroweak pre-
cision constraints, which affect more significantly the boson
sector of little Higgs models, it is known that it is favored not
to extend the SM gauge group, at the expense of a collective
symmetry breaking in the gauge sector that resembles that of
holographic models. This set-up was first proposed in [70],
and later the littlest Higgs coset SU(5)/SO(5) was realized
à la holographic Higgs, first as a warped extra-dimensional
model in [71] and then using the 4D effective description
[72].

As we have already done in this section, in the following
we use the term ‘partners’ to denote the new light and weakly
coupled states that cut off the Higgs potential.

4 Classification of the composite Higgs models
based on flavor structure

Another important distinguishing feature of the various com-
posite Higgs models is based on the mechanism for gener-
ating Yukawa couplings. The two main alternatives are con-
densation of 4-Fermi operators and partial compositeness.
Further classification of the partially composite case can be
done based on how the appropriate flavor hierarchies are actu-
ally achieved.

4.1 Condensation of 4-Fermi operators

This is the traditional way of obtaining Yukawa couplings in
strongly coupled (technicolor) theories [73,74]: a SM bilin-
ear interacts with the strong sector,

λψ̄LψRO, (4.1)

where O is a scalar operator with the quantum numbers of
the Higgs, for instance O = ψ̄TCψTC in extended techni-

6 Although one possibility is that the coupling of the top to the strong
sector, which is related to its Yukawa, drives the spontaneous breaking
of scale invariance.
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color models. At low energies the operator O interpolates to
a function of the Higgs, therefore giving rise to an ordinary
Yukawa coupling of size

yψ ∼ λ(�F)

(
�C

�F

)d−1

, (4.2)

where λ(�F) is the value of the bilinear coupling at the fla-
vor scale �F, �C ∼ 4π f is the strong sector scale, and d
is the dimensionality of the operator O. This is the mech-
anism relied on in the bona-fide composite Higgs models.
The most refined version of it goes under the name of con-
formal technicolor [75], which tries to explain why the Higgs
has properties similar to an elementary scalar in the Yukawa
interactions where it is linearly coupled, but it is very dif-
ferent from an elementary scalar in the Higgs mass term
where it appears quadratically. Conformal technicolor would
assume that, while the dimensionality of the linear Higgs
operator is close to one, in order to allow a large enough �F

as to satisfy flavor constraints while reproducing the sizable
Yukawa of the top, that of the quadratic one is bigger than
four, rendering it irrelevant. It also departs from the proposal
of walking technicolor [76,77] in that the large-N limit of the
strong gauge group is not taken, to avoid large contributions
to the S-parameter. However, the basic assumption is under
stress from recent general bounds on scaling dimensions in
4D CFTs using conformal bootstrap [78–81].

4.2 Partial compositeness

All the other composite Higgs models use the alternative
mechanism for generating Yukawa couplings known as par-
tial compositeness. Although this mechanism was originally
proposed to address the flavor problem in technicolor mod-
els [82], its power was not appreciated until its realiza-
tion, via the AdS/CFT correspondence, as the localization of
bulk fermions along a warped extra dimension in Randall–
Sundrum models [31,83–87]. Here each SM fermion chiral-
ity couples to a different composite fermionic operator OL,R

of the strong sector,

λLψ̄LOR + λRψ̄ROL. (4.3)

At low energies the state to be identified with the SM
fermion is a mixture of ψL,R and the lowest excitation of
OL,R, which we call 
L,R, to be identified with the vec-
torlike fermionic partners of the SM fermions. The frac-
tion of compositeness of the SM fields is characterized by
the parameters fL,R, which depend on the mixing matrices
λL,R, as well as the fermionic composite spectrum, m
L,R ,
as fL,R 
 λL,R f/m
L,R . Assuming the Higgs is fully com-
posite and has unsuppressed Yukawa couplings Yu,d with the
composites 
L,R, the effective SM Yukawa couplings yu,d

for the SM fermions will be given by

yi j
u = f i

q Y i j
u f j

u , yi j
d = f i

q Y i j
d f j

d . (4.4)

There are two main approaches to obtaining the correct flavor
hierarchy without introducing large flavor violating interac-
tions involving the SM fermions. If the composite sector has
no flavor symmetry, then Yu,d are matrices with random O(1)
elements. In this case a hierarchical structure in the mixing
matrices fL,R can yield the right flavor hierarchies together
with a strong flavor protection mechanism called RS-GIM.
The other option is that the composite sector has a flavor
symmetry, which would then be the source of the flavor pro-
tection. In this case some of the mixing matrices fL,R should
be directly proportional to the SM Yukawas yu,d .

4.2.1 Anarchic Yukawa couplings

The most popular version of partial compositeness is called
the anarchic approach to flavor, where the underlying Yukawa
couplings of the composites Yu,d are generic O(1) numbers
without any structure. The flavor hierarchy in this case arises
due to the hierarchical nature of the mixings between the ele-
mentary and the composite states fL,R, due to large anoma-
lous dimensions of the composite operators OL,R. In this case
the mixing is expected to be given by

fL,R(�C) ∼ fL,R(�F)

(
�C

�F

)dL,R−5/2

, (4.5)

where dL,R are the scaling dimensions of the compos-
ite operators, and fL,R(�F) are the values of the mix-
ing parameters at the flavor scale �F. A hierarchical fla-
vor structure arises naturally for O(1) anomalous dimen-
sions. The CKM mixing matrix arises from the diagonal-
ization of the anarchic Yukawa matrices (4.4) resulting in
hierarchic left and right rotation matrices for the up and
down sectors Li j

u ∼ Li j
d ∼ min( f i

q/ f j
q , f j

q / f i
q ), Ri j

u,d ∼
min( f i

u,d/ f j
u,d , f j

u,d/ f i
u,d). This results in a hierarchical

CKM matrix completely determined by the mixing of the
LH states, and with the relations f 1

q / f 2
q ∼ λ, f 2

q / f 3
q ∼

λ2, f 1
q / f 3

q ∼ λ3 (where λ is the Cabibbo angle), while the

diagonal quark masses are given by mi
u,d = f i

q f i
u,dv.

One of the consequences of this mechanism is that for
states where the mixing is close to maximal, the mass of the
heavy state must be well below the compositeness scale�C.
We can understand this by considering the interplay between
a single composite fermion multiplet with mass m
 = g
 f
and its couplings λL,R with the elementary fermions ψL,R.
The mixing parameter is given by

fL,R = λL,R√
λ2

L,R + g2



. (4.6)

For this to approach unity we need g
 	 4π , in agreement
with our original expectation that the state responsible for
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cutting off the quadratic dependence of the Higgs potential
should appear well below the cutoff scale.

Flavor violations in this anarchic scenario are protected by
the RS-GIM mechanism [87], which is simply the fact that
every flavor violation must go through the composite sector;
thus, all flavor violating operators will be suppressed by the
appropriate mixing factors. For example, a typical �F = 2
4-Fermi operator mediated by a composite resonance of mass
mρ and coupling gρ , will have the structure

f i
q f † j

q f k
q f l†

q

g2
ρ

m2
ρ

q̄i q j q̄kql , (4.7)

leading to a quark-mass dependent suppression of these oper-
ators. As we will review in Sect. 6.2, the RS-GIM mechanism
with completely anarchic Yukawa couplings is not sufficient
to avoid the stringent flavor constraints from the kaon system
or from several dipole operators, pushing the compositeness
scale f to the multi-TeV regime.

4.2.2 Flavor symmetries in the composite sector

Another possible way of protecting the flavor sector from
large corrections is by imposing a flavor symmetry on the
composite sector. In this case we will lose the explanation of
the origin of the flavor hierarchy; however, we might be able
to obtain a setup that is minimally flavor violating (MFV),
or next-to-minimally flavor violating (NMFV). This was first
carried out in the extra dimensional context in [88–90], and
later it was implemented in the four dimensional language
in [91,92]. The flavor symmetry structure is determined by
the flavor structure of the mixing matrices λL,R as well as
the composite Yukawa matrices Yu,d . A flavor invariance of
the composite sector will imply that the composite Yukawas
are proportional to the unit matrix Yu,d ∝ Id3 for the case
with maximal U(3)3 flavor symmetry in the composite sector.
In order to have MFV, we need to make sure that the only
sources of flavor violation are proportional to the SM Yukawa
couplings. The simplest possibility is to make the LH mixing
matrix proportional to the unit matrix, and the RH mixing
matrices proportional to the up- and down-type SM Yukawa
couplings:

λL ∝ Id3, λRu ∝ yu, λRd ∝ yd . (4.8)

This scenario corresponds to the case with composite left-
handed quarks and elementary right-handed quarks, and an
explicit implementation of MFV. However, the fact that the
left-handed quarks are composite will imply potentially large
corrections to electroweak precision observables. The other
possibility is to introduce the flavor structure in the left-
handed mixing matrix. In order to be able to reproduce the full
CKM structure, one needs to double the partners of the LH
quarks to include Qu and Qd : the composite Yukawa of Qu

will give rise to up-type SM Yukawa couplings, while those
of Qd to down-type Yukawas, while their mixings λLu, λLd

are proportional to the SM Yukawas. Hence the ansatz for
right-handed compositeness is

λLu ∝ yu, λLd ∝ yd , λRu ∝ Id3, λRd ∝ Id3, (4.9)

which is also an implementation of MFV.
In the MFV scenarios discussed above the composite sec-

tor has a U(3)3 flavor symmetry, and either the LH or RH
quarks are substantially composite, the degree fixed such
as to reproduce the Yukawa coupling of the top. However,
the light quarks appear to be very SM-like, more so after
LHC dijet production measurements pp→ j j in agreement
with the SM, and it might be advantageous to reduce the
flavor symmetry, allowing only the third generation quarks
to be composites. Furthermore, the models with large flavor
symmetries can significantly influence the predictions for the
Higgs potential. If parts of the first and second generation are
largely composite, along with that of the third, their contribu-
tions to the Higgs potential will be enhanced beyond the usual
expectations. Accordingly, the phenomenology of the fully
MFV models can be significantly modified, as we comment
in Sect. 6. A lot of effort has been put recently into explor-
ing the models where the third generation is split from the
first two. This next-to-minimal flavor violation corresponds
to imposing a U(2)3×U(1)3 or U(3)2×U(2)×U(1) flavor
symmetry on the composite sector: it is phenomenologically
viable or even favored [92–94], keeping the natural expecta-
tions that the Higgs potential is saturated by the top and its
partners. We will discuss the main phenomenological signa-
tures of these scenarios in Sect. 6.2.

Finally, there are other possibilities to reproduce the flavor
structure of the SM while avoiding the constraints from flavor
observables. These rely as well on flavor symmetries. One
scenario, originally proposed in [88], is to assume that all the
mixing matrices λL,R are proportional to the identity, while
all the flavor structure is provided by the composite sector,
that is, Yu,d ∝ yu,d . This setup satisfies the rules of MFV, and
all the SM quarks must have a large degree of compositeness.

One last logical possibility to comply with experiments is
that the composite sector respects C P , given that most of the
bounds come from C P-violating observables. In this case the
Yukawa couplings of the composite sector can be chosen to
be real matrices, while the mixings introduce non-negligible
C P phases if the SM fermions are coupled to more than one
composite operator. It has been shown in [91] that this idea
might give rise to a realistic theory of flavor.

5 Cosets of symmetry breaking

In this section we have compiled the most important symme-
try breaking cosets G/H from which a pseudo-Goldstone–
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Table 1 Symmetry breaking patterns G → H for Lie groups. The third column denotes whether the breaking pattern incorporates custodial
symmetry. The fourth column gives the dimension NG of the coset, while the fifth contains the representations of the GBs under H and SO(4) ∼=
SU(2)L × SU(2)R (or simply SU(2)L × U(1)Y if there is no custodial symmetry). In case of more than two SU(2)s in H and several different
possible decompositions we quote the one with largest number of bi-doublets

G H C NG rH = rSU(2)×SU(2) (rSU(2)×U(1)) Ref.

SO(5) SO(4) � 4 4 = (2, 2) [31]

SU(3)× U(1) SU(2)× U(1) 5 2±1/2 + 10 [30,48]

SU(4) Sp(4) � 5 5 = (1, 1)+ (2, 2) [43,70,95]

SU(4) [SU(2)]2 × U(1) �∗ 8 (2, 2)±2 = 2 · (2, 2) [96]

SO(7) SO(6) � 6 6 = 2 · (1, 1)+ (2, 2) −
SO(7) G2 �∗ 7 7 = (1, 3)+ (2, 2) [97]

SO(7) SO(5)× U(1) �∗ 10 100 = (3, 1)+ (1, 3)+ (2, 2) −
SO(7) [SU(2)]3 �∗ 12 (2, 2, 3) = 3 · (2, 2) −
Sp(6) Sp(4)× SU(2) � 8 (4, 2) = 2 · (2, 2) [96]

SU(5) SU(4)× U(1) �∗ 8 4−5 + 4̄+5 = 2 · (2, 2) [98]

SU(5) SO(5) �∗ 14 14 = (3, 3)+ (2, 2)+ (1, 1) [27,70,72]

SO(8) SO(7) � 7 7 = 3 · (1, 1)+ (2, 2) −
SO(9) SO(8) � 8 8 = 2 · (2, 2) [98]

SO(9) SO(5)× SO(4) �∗ 20 (5, 4) = (2, 2)+ (1+ 3, 1+ 3) [99]

[SU(3)]2 SU(3) 8 8 = 10 + 2±1/2 + 30 [26]

[SO(5)]2 SO(5) �∗ 10 10 = (1, 3)+ (3, 1)+ (2, 2) [46]

SU(4)× U(1) SU(3)× U(1) 7 3−1/3 + 3̄+1/3 + 10 = 3 · 10 + 2±1/2 [48,57,58]

SU(6) Sp(6) �∗ 14 14 = 2 · (2, 2)+ (1, 3)+ 3 · (1, 1) [44,70]

[SO(6)]2 SO(6) �∗ 15 15 = (1, 1)+ 2 · (2, 2)+ (3, 1)+ (1, 3) [49]

Higgs could arise. The result is given in Table 1. Most of
the global symmetry breaking patterns G → H have been
described in the literature, mainly in the context of the little
and holographic Higgs models.

The minimal requirement on the global symmetries of
the strong sector is that the unbroken H must contain an
SU(2) × U(1) subgroup, while the coset G/H must con-
tain a 2±1/2 representation corresponding to the quantum
numbers of the Higgs doublet under SU(2)L×U(1)Y . How-
ever, in order to protect the T -parameter from large correc-
tions, one may instead require the unbroken H to contain
a larger ‘custodial’ symmetry SO(4) ∼= SU(2) × SU(2)
(which in turn contains the previous SU(2) × U(1)). This
ensures that the actual custodial SU(2)C is left unbroken after
the Higgs gets its VEV, avoiding excessively large contribu-
tions to the T -parameter of order ∼ v2/ f 2. In this case the
coset must contain a 4-plet representation of SO(4) (that is
a 4 = (2, 2) of SU(2) × SU(2)). In Table 1 we have intro-
duced the column C to mark the cases with custodial sym-
metry H ⊃ SU(2) × SU(2), with �, while for the cases
with only H ⊃ SU(2) × U(1) this column is left blank.
Notice, however, that if there are GBs in addition to the sin-
gle Higgs which are charged under SU(2)× SU(2), such as
extra doublets or triplets (under either of the two SU(2)s),
the SU(2)C does not generically remain unbroken when all

the scalars get a VEV. In such a case SO(4) is not large
enough, and extra SU(2)s or extra discrete symmetries are
required to ensure an unbroken custodial symmetry. When
there are additional SU(2)s, misaligned VEVs can be allowed
if a large enough ‘custodial’ symmetry is present for SU(2)C
to remain unbroken in the vacuum, while for the case with dis-
crete symmetries, the extra parities must enforce vanishing
VEVs for the additional scalars. We denote the cases without
extra custodial protection with �∗. Aside from symmetries,
the effects of these additional GBs could instead be tamed
by the introduction of additional gauge bosons that eat them.
This would allow the suppression of the dangerous violations
of custodial symmetry if the corresponding gauge coupling
can be taken large, effectively reducing the coset to a smaller
one without the dangerous GBs (we also denote these cases
with �∗).

Several additional comments are in order regarding
Table 1:

(1) Beyond rank 3 this is an incomplete list for Gs. We do
not intend to be exhaustive here.

(2) Further cosets can be obtained stepwise from Table 1
via G → H→ H′ → · · · .

(3) ‘Moose’-type models are obtained by combining sev-
eral copies of the cosets in Table 1. This is the case
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for instance of the minimal moose of [26], given
by [SU(3)2/SU(3)]4, and likewise for other mooses
[46,48].

(4) In little Higgs models it is customary to gauge a sub-
group of G beyond the SM SU(2)L×U(1)Y , in order to
implement the collective breaking in the gauge sector.
Therefore, not all the GBs in Table 1 appear as physical
states in the spectrum. In this regard, the gauge col-
lective breaking in holographic models becomes appar-
ent by extending the symmetry structure, for instance
from SO(5)/SO(4) to [SO(5)]2/SO(5), and gauging a
SO(4) subgroup on one of the factors (or sites), while
the SM SU(2)L × U(1)Y is gauged on the other. We
do not include these possibilities as separate entries in
Table 1.

(5) Finally, little Higgs models with T -parity [100,101] typ-
ically require extra global symmetries (and its breaking)
beyond the model without T -parity they are built from.
For instance, the ‘littlest’ Higgs model SU(5)/SO(5) is
extended with a [SU(2)×U(1)]2/SU(2)×U(1) in [291]
(see [102,290] for other attempts). We do not include
any of these extensions either in Table 1.

It is understood that the global symmetries of the strong
sector contain an unbroken SU(3)C factor that is gauged by
the SM strong interactions, that is, G×SU(3)C. However, sev-
eral models have been proposed that include the color group
in a non-trivial way [103–106]. One of the main motivations
of these models is to provide a rationale for the apparent
unification of forces in the SM. By embedding SU(3)C in
a simple group along with SU(2)L × U(1)Y (for instance
in SO(10), SU(4)1 × SU(4)2 × P12, or SO(11)), the central
charges of the strong sector are the same for all the SM gauge
interactions, thus ensuring that the differential running of the
SM couplings remains the same than in the SM.7 One of the
main implications of these constructions is that some of the
GBs carry color (also known as leptoquarks or diquarks).

At this point, it is worth to note which of these sym-
metry breaking patterns could arise from fermion bilin-
ear condensation 〈ψψ ′〉 [107]. The possible cosets are
[SU(N )]2/SU(N ), SU(N )/SO(N ), or SU(2N )/Sp(2N ),
depending on the representation of ψ,ψ ′ under the strong
gauge group, complex, real, or pseudo-real, respectively. This
fact might be relevant when considering possible UV com-
pletions of the composite Higgs.

Let us end this section by noting that more exotic pos-
sibilities have also been considered for G/H, in particular
non-compact Lie groups. Besides the case of the dilaton, cor-
responding to SO(4, 2)/ISO(3, 1), other possibilities such
as SO(4, 1)/SO(4) have also been considered [108,109],

7 Of course this feature could also be an accidental property of the
strong sector in those cases where SU(3)C is factored out.

although much less investigation has been devoted to these
cases, mainly due to the expectation that their UV completion
is non-unitary.

5.1 The minimal model with custodial symmetry:
SO(5)/SO(4)

The SO(5)/SO(4) is the minimal coset containing custodial
SO(4) ∼= SU(2)L × SU(2)R symmetry that gives rise to a
Higgs bi-doublet (2, 2). The SU(2)L factor and the U(1)Y
inside SU(2)R are gauged by the SM electroweak interac-
tions. Other models with larger cosets that also implement
custodial symmetry reduce to this one when the symmetry
breaking interactions make the other GBs heavy (or they are
gauged away).

This model, whose origin can be traced back to [46] as
a little Higgs moose model, and which was realized as a
warped extra-dimensional construction in [31] (MCHM), has
been thoroughly examined in light of the Higgs discovery.
Besides the well-known fact that a certain degree of tuning
is required to bring downμ2 to the observed value [110,111]
(see [112] for a recent assessment), several approaches have
been recently used to render the potential finite and there-
fore calculable, nailing down the features that the SM part-
ners (top and electroweak) must have in order to reproduce
the observations. Among these it is worth mentioning the
‘moose’ extensions, either SO(5)×SO(5)/SO(5)with extra
SO(4) gauged [113], or SO(5) × SO(5)/SO(5) × SO(4)
with extra SO(5) gauged [114], and the use of the Weinberg
sum rules (an old idea used to compute the pion masses in
the QCD chiral Lagrangian) [115,116].8 The conclusions of
these works are similar to those previously obtained in real-
izations in a warped extra dimension [118], and which we
have explained in Sect. 2: light and weakly coupled top part-
ners are needed, and some tuning, ∼5 %, is needed to push
f somewhat larger than v and comply with the experimental
constraints. We show in Fig. 1 the plot from [116] showing
that at least one of the top partners (in a 1 and 4 represen-
tations of SO(4), with masses m Q1 and m Q4 , respectively)
must be light in order to reproduce the observed Higgs mass.9

8 It has also been shown in this set-up that extra colored vector reso-
nances, or gluon partners, can mildly reduce the Higgs mass prediction
via renormalization effects [117].
9 Exceptions exist to this generic expectation [115,116]. These have
been found in the context of a fully composite tR, thus arising as a
massless chiral composite. In this case tR does not contribute to the
Higgs potential, and the top Yukawa coupling is simply given by yt 

λL, hence the degree of compositeness of tL is fixed. Further, in these
special cases the Higgs quartic is accidentally generated only at y4

t order,
instead of y2

t g2∗ , thus losing the connection small λ − small g∗. Hence
the observed Higgs mass can be reproduced with heavier top partners.
However, this is at the expense of increasing the tuning in μ2 (for fixed
f ), which scales as y2

t g2∗ , as expected.
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Fig. 1 Masses of the top partners Q1 and Q4 that reproduce the Higgs
mass mh = 125 GeV for v2/ f 2 = 0.2, from [116]. The different lines
correspond to different SO(5) embeddings for the top quark. In blue
qL, tR ∈ 5, in red qL, tR ∈ 10 (with Q1 → Q6) and in black qL ∈ 5
and tR ∈ 1

Let us conclude this section with another comment on
the ∼5 % tuning in μ2. This tuning can be accomplished
either by canceling two different top contributions, generi-
cally of O(λ2

L) and O(λ2
R), or by canceling the top versus the

gauge contributions, of O(g2). In this latter case the expec-
tation is, as confirmed in explicit constructions, that the top
and gauge contributions appear with different signs, creat-
ing some degree of cancelation. Assuming that this is the
case, the current upper bound on the gauge partner masses,
mρ 
 2.5 TeV (see Sect. 6.1), gives us a direct clue on where
the top partners should be: the approximate cancelation
Nc y2

t m2
T 
 (9/8)g2m2

ρ yields mT 
 1 TeV. This mass range
will be thoroughly explored in the next phase of the LHC.

6 Signals

The SM partners (new particles light compared to the cutoff
�C ∼ 4π f ) play an important role in the generation of the
Higgs potential in the little, holographic and twin Higgs sce-
narios, which can be considered the weakly coupled versions
of the bona fide composite Higgs case. The potential in these
cases could be affected by large logs, log(�2

C/m2∗), where
again �C is the compositeness scale while m∗ is a generic
mass for the partners, unless another layer of partners is light.
The partners, if present as suggested by the discussion in the
previous section, generically give the leading contribution to
electroweak precision tests (EWPT), in particular S, T , and
Zbb̄. They can also give rise to important flavor transitions
beyond the SM. Also, they modify the couplings of the Higgs

boson, to be taken into consideration along with the intrin-
sic deviations due to the composite nature of the Higgs.10

Finally, such resonances should be produced at colliders, if
they are sufficiently light and coupled to the SM matter. All
of these issues will be discussed in this section.

6.1 Electroweak precision tests

The electroweak precision observables characterize the prop-
erties of the SM gauge bosons and their couplings to the SM
fermions. Since we have not observed any particles beyond
the standard model thus far, it is reasonable to assume that
all new physics states are heavier than the electroweak scale.
This allows us, as a leading approximation, to parametrize
their effects at the electroweak scale and below via higher
dimensional operators with SM fields only.

6.1.1 Universal

Most of the new physics effects are of the ‘universal type’ and
can be encoded in the modifications of the SM gauge bosons’
two-point functions [119–121]. The most relevant effects in
each class can be parametrized by the parameters11 Ŝ, T̂ , W ,
and Y , where the first two generically yield the most stringent
constraints, since the other two are typically suppressed by
extra powers of g2/g2∗ .

There are two generic contributions to the Ŝ parameter
which arise in all composite Higgs models: the UV contri-
bution from heavy spin-1 resonances that can be estimated
as

ŜUV ∼ m2
W

m2
ρ

, (6.1)

and an IR contribution associated with the reduced Higgs
coupling cV to the EW gauge bosons [42]. This second
one can be understood as follows. For mh � m Z , the S-
parameter in the SM scales logarithmically with the Higgs
mass as result of a cancelation of the log-divergent one-
loop contributions of virtual Goldstone and Higgs bosons,
log mh/m Z = log�/m Z − log�/mh . In composite Higgs
models, while the Goldstone boson loop stays the same as in
the SM, the Higgs boson loop is reduced and hence the can-
celation is spoiled, leaving over log�/m Z − c2

V log�/mh .
Thus the S-parameter becomes logarithmically sensitive to
the new physics scale � ∼ mρ to be identified with the
masses of the heavy resonances (of spin 0, 1, or 2) that cou-
ple to the W and the Z [42]

10 Notice that the partners, being composite as is the Higgs, will gener-
ically be affected by higher-dimensional operators, suppressed by suit-
able powers of m∗/�C .
11 Ŝ and T̂ are proportional to the Peskin–Takeuchi parameters Ŝ =
g2/(16π)S and T̂ = αEMT .
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ŜIR 
 ŜSM(m
eff
h ) =

g2

96π2 log

(
meff

h

m Z

)
,

meff
h = mh

(
�

mh

)1−c2
V

. (6.2)

Using a dispersion relation approach [122] one can refine
these estimates and achieve a O(mh/mρ) accuracy in Ŝ at
leading order in g2 if the spectral density of the strong sector
is known. For example, using vector meson dominance as in
[115,122], one finds

Ŝ= g2

96π2

v2

f 2

(
log

mρ

125GeV
−0.29

)
+m2

W

f 2

(
f 2
ρ

m2
ρ

− f 2
a

m2
a

)
,

(6.3)

where fρ,a and mρ,a denote the decay constants and the
masses of vector and axial resonances. The new physics
contribution to Ŝ can be kept under control if m2

ρ is suffi-
ciently large, although this generically introduces some tun-
ing in the Higgs potential, since m2

ρ fixes the scale where
gauge-loop contributions are cut off. Another option is to
invoke some degree of cancelation between different contri-
butions directly in Ŝ, for instance coming from extra scalars
or fermions [123], although these are loop suppressed and
generically model dependent.12 Moreover, in [113] it was
pointed out that fermion loops in composite Higgs models
may provide additional sources of logarithmically enhanced
contributions that can be understood in terms of the running
of the two dimension-6 operators OW,B related to Ŝ [41].

It was recognized long ago [126] that the T̂ -parameter can
be protected against new physics contributions by a custo-
dial symmetry SU(2)C ⊂ SO(4) ∼= SU(2)L × SU(2)R. This
requires that the new sector respects custodial symmetry to
a very high degree, most often forbidding new sources of
breaking beyond those already present in the SM, that is, the
Yukawa coupling of the top and the hypercharge gauge cou-
pling. In particular, it is required that the new states cutting off
the Higgs potential, in particular the vector partners, come in
complete representations of SO(4). This has been explicitly
verified in many little Higgs models, see for instance [127–
129]. In holographic Higgs models this requirement is satis-
fied by construction, since the partners always come in com-
plete representations of the unbroken global symmetry sub-
group, which contains SO(4) [130,131]. In addition, while
the custodial SO(4) is sufficient to protect the T̂ -parameter
when a single Higgs field breaks the electroweak symmetry
spontaneously, as we discussed in Sect. 5 this is not the case
when extra scalar fields charged under SO(4) are present,
additional Higgs doublets, triplets, etc. In these cases, an

12 See e.g. [124,125] for a discussion in the minimal SO(5)/SO(4)
model (MCHM).

Fig. 2 Confidence-level contours (at 65, 95 and 99 %) for Ŝ and T̂
from [132]. The IR contributions alone would imply ξ = v2/ f 2 � 0.1

‘enlarged’ custodial symmetry is required (see [96] for a
detailed explanation of the THDM case).

With custodial protection, the leading corrections to T̂
arise thus at one loop. Analogously to the case for Ŝ, there
is a universal IR contribution from the reduced coupling of
the Higgs boson which can again be estimated in the heavy
Higgs limit as

T̂IR 
 − 3g′ 2

32π2 log

[
mh

m Z

(
�

mh

)1−c2
V
]
. (6.4)

These IR contributions due to the modified Higgs couplings,
Eqs. (6.2) and (6.4), form a line in the Ŝ − T̂ plane. If
these were the only corrections, then they would imply
ξ = v2/ f 2 � 0.1, see Fig. 2 reproduced from [132].

The one-loop contribution from fermions can be even
more important: within the framework of partial compos-
iteness it is generated by insertions of the mixings λL,R and
estimated as [41]

T̂fermions ∼ Nc

16π2

λ4
L f 2

m2



v2

f 2 , (6.5)

which can be the leading contribution. See e.g. [113,124,
125] on concrete realizations and for examples. The above
expression corresponds to the leading term in an expansion
in λL/g
 . However, if the degree of compositeness of the LH
or RH top quark is large, the contributions to T̂ are actually
controlled by m
 [41]. In that case T̂ scales as m2


/m2
ρ , and

it has been shown that such contributions can be positive for
moderate values of m
 ∼ 1 TeV [133].
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Fig. 3 Best fit region for the Zb̄b couplings from [137] favoring small
positive δgRb. The SM is represented by the green point

As shown in Fig. 2, these contributions to T̂ can be very
important in order to bring the model into the Ŝ − T̂ ellipse
and thus reduce the bound on f .

6.1.2 Non-universal

Besides the oblique parameters, strongly interacting models
usually induce non-universal modifications to the couplings
of the top, and due to SU(2)L invariance, also to those of the
left-handed bottom [134,135]. This is due to the necessarily
large coupling of the top quark to the strong sector, in order
to reproduce its large Yukawa coupling. The strongest con-
straints come from measurements of the ZbLb̄L coupling,
sensitive to the masses of the new-physics states. However,
it was shown in [136] that the ZbLb̄L vertex can be protected
from large corrections by a PLR parity symmetry, as long as
the bL embedding does not break it, that is, if bL has −1/2
charge under both SU(2)L and SU(2)R.13 As for the cus-
todial symmetry, when this custodial parity is preserved by
the strong sector, corrections to ZbLb̄L can be kept under
control. Both symmetries yield important consequences for
the quantum numbers and spectrum of the top partner res-
onances (for instance extended representations such as the
4 = (2, 2)).

Figure 3 reproduced from [137] shows the best fit region
with a small positive δgRb where the following parametriza-
tion is used:14

13 Notice that in symmetry breaking cosets with unbroken SO(4), PLR
actually arises as an accidental symmetry of the leading order derivative
Lagrangian [96].
14 There exists another best fit region with a larger negative δgRb.

L = g

cW
Zμb̄γ μ

[(
gSM

Lb + δgL B

)
PL

+
(

gSM
Rb + δgR B

)
PR

]
b. (6.6)

The contribution from fermion loops to δgLb is generi-
cally logarithmically divergent as a result of insertions of the
mixings that break the PLR parity

δgLb

gSM
Lb

∼ y2
t

16π2

v2

f 2 log
�2

m2



. (6.7)

Another sensitive test concerns the anomalous coupling
of the right-handed top and bottom to the Z . This coupling
is tightly constrained by b → sγ measurements. However,
the size of the anomalous coupling is generically suppressed
by yb/yt , yielding mild bounds on the new physics scale, see
for instance [138]. Other top related measurements still lack
of precision [133,139].

In the previous sections we have argued that due to its
contribution to the Higgs potential, fermionic top partners
should be the lightest new physics states. The effects of top-
partners on precision tests, which we have reviewed in this
section, have been thoroughly discussed in the literature,
either in the context of little Higgs models [140], holographic
Higgs models [42,92,125,133,141,142], or in more gener-
ality [132,143].

Finally, let us again note that modified Higgs cou-
plings to electroweak gauge bosons can be indirectly probed
through electroweak precision measurements, Eqs. (6.2) and
(6.4). Such modified couplings arise whenever the operator
(∂μ(H† H))2 is generated, to which new physics contributes
even if the states responsible for taming the Higgs potential
only couple to the Higgs (even if they do not carry elec-
troweak charges in particular). Besides, this operator gener-
ically encodes the non-linear self-interactions of the Higgs,
intrinsic of its GB nature. As such, it will be suppressed by
α/ f 2, with α a numerical factor that depends on the coset
structure.

Also note that the case of a dilatonic Higgs needs to be con-
sidered separately for the EWPTs. Since a composite Higgs-
like dilaton is not embedded into a SU(2) doublet, the argu-
ment before does not directly apply. Actually, the couplings
of the dilaton to the gauge fields agree with those of the SM
Higgs, except for a v/ f suppression. Thus the corrections to
ŜIR and T̂IR are minimized in the limit v/ f → 1, the opposite
limit than in ordinary composite Higgs scenarios.

For a recent model independent analysis of the constraints
from EWPT, see [144].

Another important direction for taming electroweak pre-
cision constraints has been the introduction of T-parity
[100,101]: a Z2 discrete symmetry under which all BSM
states are odd. Such a symmetry ensures that all corrections
to electroweak precision observables from the new states are
at least one-loop suppressed, thus reducing the bounds on the
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masses of the new states. In this case one can obtain a theory
consistent with the electroweak precision observables, even
with new states as light as ∼1 TeV. T-parity has been one
of the leading themes for little Higgs models, and it can of
course also be implemented in the general 4D versions.15

An illustration of the electroweak precision observables in a
little Higgs model with T-parity can be found in [146].

6.2 Flavor and C P violation

The interplay between electroweak symmetry breaking and
the generation of the SM flavor structures has always been
one of the major concerns in composite Higgs models. The
degree of the problem, and thus the importance of the con-
straints, can be understood by the number and expected size
of the flavor structures present in the SM low-energy effective
theory. This crucially depends on the mechanism employed
to generate the SM Yukawas (see Sect. 4).

6.2.1 4-Fermi operators

It has been long known that a simple mechanism to generate
the interactions in Eq. (4.1) gives rise also to unsuppressed
SM flavor violating 4-Fermi interactions

ci jkl

�2
F

qi q j q̄k q̄l , (6.8)

which generically violate the stringent flavor constraints: for
instance from the kaon system, �F > 103−5 TeV, while
allowing for a sufficiently large top mass one would need
�F = O(10)TeV. As explained in Sect. 4.1, this tension can
be relaxed if the dimension of the operator O in Eq. (4.1)
is sufficiently close to one, as long as the dimension of O2

does not decrease below four hence reintroducing the hier-
archy problem.

It is worth mentioning that other alternatives might be
viable, which rely on the flavor dynamics inducing addi-
tional suppression of the operators in Eq. (6.8), either via
the Yukawa couplings, ci jkl ∼ yi j

u,d ykl
u,d , in which case the

bounds on �F can be relaxed close to the scale required to
reproduce the top mass, or effectively imposing MFV, which
could be realized if the couplings of the standard model
fermions to the strong dynamics arise from the exchange
of (supersymmetric) heavy scalars, such as in bosonic tech-
nicolor [147–149]. In the former case new physics is to
be expected in flavor transitions, while in the latter super-
symmetric states remnant of the flavor generation should be
observable.

15 In warped extra-dimensional models one can find constructions with
KK parity [145], which also aim at reducing the tension with elec-
troweak precision measurements.

6.2.2 Anarchic partial compositeness

As discussed in Sect. 4.2, the RS-GIM mechanism of partial
compositeness significantly reduces the contributions to dan-
gerous flavor transitions. However, it has been shown that the
suppression is not quite enough as to provide a fully realistic
theory of flavor. Even though �F = 2 4-Fermi operators

f i
q f † j

q f k
q f l†

q

g2
ρ

m2
ρ

q̄i q j q̄kql (6.9)

are effectively suppressed by four powers of the fermion
masses m/v or CKM entries VCKM, measurements of C P
violation in the kaon system, εK, put stringent bounds on the
LR operators in Eq. (6.9), of the form mρ � 10 gρ

Yd
TeV

[87,91,111,150–152], as well on LL operators. Although
less significant, qualitatively similar bounds on LL operators
arise from C P violation in the B system, mρ � 1 gρ

Yu
TeV.

Given the expectation mρ ∼ gρ f , these type of constraints
bound the combination Yd,u f . In explicit constructions of
the pGB Higgs, the composite Yukawas Yu,d are correlated
with the masses of the composite fermions cutting off the
Higgs potential. These kind of bounds therefore have a sig-
nificant impact on the fine-tuning. In addition, these bounds
have to be contrasted with other potentially problematic fla-
vor observables such as dipole operators

f i
q f † j

q
1

16π2

Y 3
u,d

m2



q̄iσμνFμνq j , (6.10)

generated by loops of composite fermions of mass m
 and
the Higgs. These induce large contributions to b → sγ ,
direct C P violation in ε′/εK, and contributions to the fla-
vor conserving electric dipole moment of the neutron, all
of them scaling with positive powers of Yd ; thus, the con-
straints m
 > αYd TeV, with α ∼ 0.5−2 [91,92,152–154].
All these flavor bounds taken together force the scale of com-
positeness to be above 2 TeV along with composite couplings
g∗=ρ,
 � gSM.16

Moreover, let us notice that the operators in Eq. (6.9)
could also be mediated by the Higgs or other pGBs (of mass
m H ), with the associated enhancement of their coefficients
by (m2

ρ/m2
h)(v/ f )4 or (m2

ρ/m2
H ), respectively.17 However,

it was pointed out in [96,156] that these unwanted effects
can be avoided thanks to the Goldstone nature of these
scalars, as long as the embedding of the SM fermions into
the global symmetries of the strong sector only allows for a
single Yukawa-type operator q̄LqR F(h, H), thus enforcing
the MFV structure in the scalar interactions.18

16 Other relevant effects which could also give rise to important con-
straints on m
 arise from flavor transitions mediated by the Z [155].
17 Higgs mediated FCNCs will arise from the operators q̄i Hq j H† H .
18 Flavor transitions mediated by extra pGBs can also be suppressed
by forbidding their couplings to fermions via symmetries [157,158].

163123 Reprinted from the journal



2766 Page 14 of 25 Eur. Phys. J. C (2014) 74:2766

This is, however, not the case for a dilatonic Higgs, since
the lack of a direct connection with the electroweak VEV
generically implies that the fermion mass matrices and the
dilaton couplings are misaligned. In that case the best alter-
native is to assume that the composite sector is endowed with
flavor symmetries.

Let us briefly comment on the lepton sector. First of
all, given that neutrinos are much lighter than charged lep-
tons, and that their mixings are not hierarchical, it is cer-
tainly plausible that neutrino masses come from a different
source, or enjoy a different generation mechanism. Factor-
ing out the discussion of neutrino mass generation, the con-
straints on partial compositeness for leptons with anarchic
Yukawas come from [152,159,160] the electron EDM, and
μ→ eγ transitions from penguin mediated dipole operators.
The bounds from experimental data are even more stringent
than in the quark sector, which makes the minimal imple-
mentation of leptonic partial compositeness not viable.

The most appealing option thus seems to rely on lepton
flavor global symmetries, enforcing LMFV [161]. Another
option to remove tree-level constraints on lepton partial com-
positeness is by imposing an A4 symmetry on the composite
sector [162], alleviating the tension with the loop-induced
processes. In that case the degree of compositeness of the
leptons must increase in order to yield the proper Yukawa
couplings, with the consequence of light tau partners [163].

6.2.3 U(3)3 symmetric partial compositeness

As review in Sect. 4.2, the scenarios falling into this cate-
gory can be classified as LH or RH quark compositeness. The
degree of compositeness in each case is fixed by the require-
ment fL,R � yt/Yu , in order to reproduce the top mass.
Therefore, in every case the inevitable signal will come from
flavor diagonal 4-quark operators,

g2
ρ

m2
ρ

f 4
L,R(q̄γμq)(q̄ ′γ μq ′), (6.11)

generated from the exchange of heavy resonances of mass
mρ and coupling gρ . These have been recently probed at
the LHC in pp → j j angular distributions. The individual
bounds for the complete set of independent 4-quark oper-
ators, their coefficient normalized to �−2, range between
� � 1− 5 TeV [164]. These place strong constraints on the
degree of compositeness of the quarks, given the identifica-
tion � ∼ f/ f 2

L,R, for mρ ∼ gρ f . Taking the most favorable
situation, that is, fL,R ∼ yt/Yu , the dijets constraints bound
the combination Y 2

u f , again implying large partners masses
as in the anarchic case.

There is another class of constraints that apply only to
LH or RH compositeness. If the LH quarks are compos-
ite, their (flavor diagonal) couplings to W and Z receive

significant corrections, which affect precision observables
such as quark–lepton universality in kaon and β decays
or the hadronic width of the Z [91].19 The corresponding
bounds take the form m
 � 35 fLYuv, which again, taking
fL,R ∼ yt/Yu , implies a strong bound on the partners masses
m
 � 35mt . For the case of RH composite quarks, given
that their coupling to W and Z are still poorly measured (and
can be easily protected by their proper embedding into the
global symmetries of the strong sector), the previous mea-
surements do not yield important constraints. However, flavor
violating LL 4-Fermi operators Eq. (6.9) are still generated
with a significant coefficient (yu y†

u)
2/( f 2Y 4

u f 4
R) [92], which

even though MFV suppressed, still yields Y 2
u f 2

R f � 6 TeV.
Notice in particular that while this constraint prefers fR large,
the dijet bounds push towards fR small.

In summary, flavor models with U(3)3 symmetry are under
a significant stress from recent measurements of dijet produc-
tion at the LHC. With the increase of energy at the next run of
the LHC, such measurements will provide conclusive results
about this possibility.

6.2.4 U(2)3 symmetric partial compositeness and variants

In models where the flavor symmetry is reduced in order to
uncouple the fraction of compositeness of the light genera-
tions and that of the top quark, the compositeness constraints
from measurements of W and Z couplings or dijet production
(discussed above), are irrelevant. Therefore in these scenar-
ios the only phenomenologically relevant flavor constraints
are the consequences of the third generation (LH chirality,
RH, or both) being distinct from the first two. In this case
it is important to point out that the R rotation matrices are
very close to the identity in all the scenarios, with the cor-
responding suppression of the most dangerous LR 4-Fermi
operators in Eq. (6.9) [92,94]. Still the most sensitive flavor
observables come from the kaon and B systems (and the D
system in the case of RH compositeness), as in the anarchic
case, but with correlations among them, depending on the
particular symmetry implementation. Most importantly, the
associated bounds can now be satisfied for relatively low val-
ues of f or the partner masses. This makes the U(2) scenarios
the most favored ones for a natural electroweak scale, while
still offering good prospects of new physics effects in flavor
physics.

Let us conclude this section by commenting on the partic-
ulars of little Higgs models. Although their UV completion is
not a priori determined, thus making an assessment of flavor
and C P violation more model dependent, solely from the
interactions of the low energy degrees of freedom valuable

19 If the compositeness fraction of the LH leptons is equal to that of the
LH quarks, there will be universal shifts in couplings to gauge bosons,
which can be interpreted as a (too large) contribution to the S-parameter.
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lessons can be inferred, which are of course similar to those
discussed in this section. Gauge and top partners contribute
to neutral meson mixing and C P violation, with bounds at
the same level or in some cases milder than those coming
from EWPT [165–171] (and see [140] for a recent review on
the top partners effects).

6.3 Higgs production and decay

Higgs physics is a direct probe of the electroweak symmetry
breaking sector, making the measurement and study of its
couplings one of the major goals in particle physics today.
This is particularly relevant in the composite Higgs scenario,
given that its GB nature unavoidably implies non-linearities
in its couplings to SM fields, i.e. corrections of order v2/ f 2

with respect to the SM predictions. Importantly, this is regard-
less of any new states that might be present in the spectrum,
given that such GB effects cannot be decoupled.

6.3.1 Single-Higgs production

After the Higgs discovery, one of the major enterprises in par-
ticle physics has been the extraction of the linear couplings
of the Higgs to the other SM fields. These are obtained by
fitting the experimental data on σ × B R, see [172–174] and
references therein. The best tested Higgs couplings to date
are those to electroweak gauge bosons h Z Z and hW W (with
less precision), and to massless gauge bosons hgg and hγ γ ,
induced at one loop in the SM. Indirectly, through its contri-
bution to hgg and hγ γ , the coupling to top quarks, ht t̄ is also
being tested. The first results on the coupling to tau leptons
hτ τ̄ and bottom quarks hbb̄ have also been obtained.

In order to make connection with the experimental data
and compare with different models, we parametrize the linear
interactions of the Higgs by the following Lagrangian:

L(h)e f f =
(
cV
(
2m2

W W+μ W−μ + m2
Z Z2

μ

)

−ct mt t̄ t − cbmbb̄b − cτmτ τ̄ τ
) h

v

+
(cγ γ

2
Aμν Aμν + cZγ Zμνγ

μν + cgg

2
Ga
μνGa,μν

) h

v
,

(6.12)

and present in Table 2 the predictions for two distinct com-
posite Higgs models, the SO(5)/SO(4)model of [31], known
as the Minimal Composite Higgs Model (MCHM), and the
dilatonic Higgs following [63]. For the MCHM, we only
include the predictions associated to the GB non-linear nature
of the Higgs, dictated by the symmetry structure of the model,
and we comment on the effects of the light SM partners below,
which in any case give subleading corrections. For the case
of the dilaton the couplings are entirely determined by scale
invariance and its breaking.

Table 2 Coefficients of the linear Higgs couplings in Eq. (6.12), for
the SM, the SO(5)/SO(4) composite Higgs (MCHM), and the dilaton
Higgs

Coupling SM MCHM Dilaton

cV 1
√

1− ξ √
ξ

cψ 1 1−(1+nψ )ξ√
1−ξ (1+ γψ)√ξ

cγ γ 0 0 α
4π (b

(EM)
IR − b(EM)

UV )
√
ξ

cZγ 0 0 α
4π tW

(b(2)IR − b(2)UV)
√
ξ

cgg 0 0 αs
4π (b

(3)
IR − b(3)UV)

√
ξ

In Table 2 we have defined ξ = v2/ f 2, and we notice first
the important fact that in the MCHM the deviations from the
SM scale with ξ ; thus, the SM limit is reproduced for ξ → 0.
This is a common feature of all the composite Higgs models
except for the dilatonic Higgs, where instead the SM limit is
recovered when ξ → 1. For the dilaton, however, this is not
the only requirement to reproduce the SM. The anomalous
dimensions of the SM operators, which encode the explicit
breaking of scale invariance from the SM fields, must also
vanish. These are associated to the Yukawa coupling of the
fermion,ψ = t, b, τ , γψ , and to the gauge field strength ten-

sors, γgi = (b(i)UV − b(i)IR )g
2
i /(4π)

2. Importantly, the interac-
tion of the dilaton with massless gauge fields receives its lead-
ing corrections from the trace anomaly, in contrast with the
MCHM where these corrections arise only after integrating
out light composite states, generically small and not included
in Table 2. Let us also note that for the MCHM, the numeri-
cal factor multiplying ξ in the coupling to electroweak gauge
bosons, 1/2 when expanded in powers of ξ , is fixed by the
SO(5)/SO(4) symmetry. In larger cosets such factor might
be different, for instance in SU(5)/SO(5) it is 1/8. However,
one should bear in mind that if the additional GBs in these
extended cosets are decoupled via large explicit breakings,
the prediction for hV V should approach those of the MCHM
(as long as custodial symmetry is preserved).20 Let us also
point out that the Higgs interactions with fermions depend on
the specific form of the fermion couplings to the composite
sector, in particular on the embeddings into the global sym-
metries. Using the general structure presented in [116] for the
mass of the fermion, mψ(h) ∝ sin(h/ f ) cosnψ (h/ f ), with
mW (h) = g f sin(h/ f )/2, one can derive the cψ presented
in Table 2.

To parametrize this model dependence, the deviations in
the Higgs couplings can be analyzed in general by encod-
ing the effects of new physics in higher-dimensional opera-

20 In the littlest Higgs model of [27], based on the SU(5)/SO(5) coset,
once the extra vector resonances are integrated out and the custodial
breaking triplet VEV is fine-tuned to vanish, one obtains a factor 5/32
[41]. This is far from the MCHM, but only because the corrections
gSM/g∗ are important in that particular realization.
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Fig. 4 Higgs fits from [173]
(left panel) and [182] (right
panel). Left panel Fit to v/ f for
the MCHM with (black) or with-
out (gray) including electroweak
precision data, with nψ = 0
(solid), nψ = 1 (dashed), and
nψ = 2 (dot-dashed). Right
panel Fit to ξ = v2/ f 2 and
cγ γ /ξ from Higgs data, with ε ≡
γψ marginalized in the range 0 �
ε � 0.6. The star is the best-
fit point, while the cross corre-
sponds to a Higgs-like dilaton
limit
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tors involving the Higgs complex doublet field [41,175]. The
most relevant ones are: (1) Universal corrections to all Higgs
couplings, arising as a modification of the Higgs kinetic term
from the operator (∂μ(H† H))2. This is generically generated
by the non-linear structure of the coset interactions, extra
scalars mixing with the Higgs, tree-level exchange of vec-
tor partners, and at one loop by top partners and extra GBs.
Notice that this term gives rise to modified Higgs coupling to
electroweak gauge bosons correlated with the modification
in the couplings to fermions; (2) This correlation is broken by
the operator H† H ψ̄L HψR, which affects only the fermionic
couplings of the Higgs; (3) Given its importance for Higgs
production and decay, the operators H† H F2

μν parametrize
the corrections of the Higgs couplings to massless gauge
bosons. The contributions of these operators to the parame-
ters of Eq. (6.12) can be found in Table 1 of [176].21 Sev-
eral other works have also recently reassessed such effective
Lagrangians in the context of the newly discovered Higgs
boson [177–180]. Given a proper complete basis of opera-
tors for physics beyond the SM, corrections and correlations
on observables can be consistently derived, allowing one for
instance to identify which new physics Higgs signals are still
poorly constrained [179,180]. One particularly interesting
unconstrained channel is the h→ Zγ decay rate [179,181].

The odd case is again that of the dilatonic Higgs [63,182],
where the proper effective Lagrangian disengages the longi-
tudinal components of the W and Z from the Higgs particle,
see for instance [177].

Given all these considerations, we come back to the par-
ticular models discussed above, to show in Fig. 4 left panel
the fit for the MCHM in terms of v/ f (ε in the plot) for
nψ = 0, 1, 2, taken from [173], and in the right panel for the
dilaton in terms of ξ = v2/ f 2 and cγ γ /ξ (φ in the plot) for
γψ (ε in the plot) between 0 and 0.6 and cgg = 0, taken from

21 In that table the contributions of several other operators to a more
complete set of effective interactions of the Higgs are also shown, which
are relevant for 3-body Vψψ Higgs decays, V = W, Z .

[182]. For the MCHM, given the absence of significant devi-
ations from the SM predictions, a lower bound on the com-
positeness scale f � 700 GeV at 1σ level can be obtained

from Higgs couplings measurements only (gray lines), while
f � 1.5 TeV if the electroweak precision data, mostly affect-

ing cV , is included in the fit (black lines). As explained above,
these bounds apply to most of the composite Higgs models,
although they can be somewhat relaxed if there is an extended
GB sector [72,183,184] (see also [185]), or extra contribu-
tions to T̂ as explained in Sect. 6.1. For the Higgs-like dilaton,
if the electroweak precision data is not included there is still
a significant allowed range for ξ around 0.8, correlated with
the values of cγ γ and cgg , which in this case can display
O(1) deviations from the SM. However, if the bound on cV

from EWPT is taken into account, it forces f � 300 GeV

and small anomalous dimensions γψ, γgi 	 1.

At this point it is worth pointing out that deviations in
the ht t̄ coupling and direct contributions to the hgg coupling
both affect the Higgs production channel via gluon fusion.
Given that in models such as the MCHM, the leading new
physics effects modify ct , while for the dilaton it is cgg that
receives the largest corrections, one important subject is to
disentangle them. Several approaches have been proposed to
achieve this: th production [186,187], t t̄h production [188,
189], and hj production [190,191].

It is thus clear that it is very important to identify which
new physics contributions to the Higgs one-loop couplings
to gluons and photons are predicted in scenarios such as the
MCHM due to the presence of light states (the top and vector
partners). Since the Higgs is assumed to be a pGB, these con-
tributions are expected to scale with g2

SM/m2∗, in addition to
the loop factor g2/16π2. Several analyses have considered
such deviations due to the light top partners [192–194], and
the same behavior is expected for the vector partners. In these
corrections collective symmetry breaking plays an impor-
tant role: it basically eliminates the dependence on masses
of the partners, leading to a shift in the hgg coupling which
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scales as v2/ f 2, and independent of g∗ = m∗/ f to leading
order in m2

h/m2∗. This shift is the same as in the ht t̄ cou-
pling to leading order in λ2

L,R/g2∗ . This was first pointed out
in [195] in the holographic Higgs framework, followed by
recent works [196,197]. This pattern of deviations no longer
holds if the partners for the light SM fields, such as the bot-
tom quark, are light. This is due to the fact that light SM
fields do not contribute to loop-mediated Higgs couplings,
while their partners do [196,198]. In this case the hgg and
hγ γ couplings are sensitive to the spectrum of partners, their
corrections scaling with the expected λ2

L,R/m2∗ ratio. Also, if
the low-energy theory contains more than one LR Yukawa-
type operator, non-trivial dependence on m∗ can arise.22 It is
important to point out at this point that the GB suppression
does not hold for h Zγ , since this coupling involves both a
massless and a massive SM gauge boson; thus, it does not
need to be suppressed by the GB symmetry [181].

Finally, notice that in twin Higgs models, where the SM
partners are not charged under the SM gauge symmetries, no
effects are present except through Higgs operators [200].

6.3.2 Double-Higgs production

We begin this section by noticing an important but obvious
point. Since the recently discovered Higgs boson has SM-
like couplings, in particular to the massive gauge bosons
V = W, Z , the unitarization of their scattering amplitudes
V V → V V is accomplished to a high degree by the Higgs
itself, without the need of any new resonances up to at least
∼3 TeV [201–203]. For the case that the Higgs arises as a
4-plet of GBs, the above statement, in effective field theory
language, is equivalent to the confirmation that the opera-
tor (∂μ(H† H))2 is suppressed by a scale f hierarchically
larger than the electroweak scale. Furthermore, in this case
the properties of the W and Z are intrinsically tied to those of
the Higgs boson, and as such their behavior at high energies
is completely correlated by the SO(4) symmetry. Because of
this, the high energy behavior of double Higgs production
does not offer a new (compared to W W scattering) avenue
where beyond the SM behavior might be expected. How-
ever, two important comments are in order. First, there is a
composite Higgs candidate which does not exhibit the above
features by construction: the dilatonic Higgs. Second, the
production of Higgs boson pairs can be affected by several
other new-physics effects, as we now show.

As in the previous section, we parametrize the double
interactions of the Higgs by a phenomenological Lagrangian
[204]

22 Besides, Higgs plus jet production has been shown to display a higher
sensitivity to the top partners masses and couplings [199].

Table 3 Higgs couplings in Eq. (6.13) for the SM, the MCHM, and the
dilaton

Coupling SM MCHM Dilaton

dV 1 1− 2ξ ξ

dψ 0 −ξ(1+3nψ−(1+nψ )2ξ)
2(1−ξ)

1
2γψξ

dgg 0 0 − αs
8π (b

(3)
IR − b(3)UV)ξ

c3 1 1−(1+ñψ )ξ√
1−ξ

1
3 (5+ dβ/dλ)

√
ξ

L(h2)
eff =

(
dV

2

(
m2

W W+μ W−μ + m2
Z Z2

μ

)

−dt mt t̄ t − dbmbb̄b − dτmτ τ̄ τ

)
h2

v2

+
(

dgg

2
Ga
μνGa,μν

)
h2

v2 −
c3

2

m2
h

v
h3 , (6.13)

and present in Table 3 the predictions for the MCHM of [31]
and the dilatonic Higgs [63]. For the MCHM we omit again
the effects of the light SM partners, but we comment on those
below. As for the linear Higgs couplings, the deviations from
the SM vanish in the limit ξ → 0 for the MCHM, as well
as in other models where the Higgs boson belongs to the
same multiplet as the scalars eaten by the W and the Z . Once
again, the dilaton mimics the SM prediction in the opposite
limit ξ → 1, along with vanishing anomalous dimensions,
except for one notable exception, the trilinear Higgs self-
interaction c3. This can be understood by noticing that the
SM result c3 = 1 is reproduced if the perturbation explicitly
breaking scale invariance is a pure mass term, as in the SM,
since then dβ/dλ = −2 (where in the SM case λ = μ). How-
ever, the natural realization of the Higgs-like dilaton scenario
(with a sufficiently light dilaton) implies dβ/dλ ∝ m2

d/�
2
C ,

which makes this a subleading contribution. This fact then
establishes double-Higgs production as the key test to distin-
guish the dilatonic Higgs scenario from an ordinary Higgs.
Let us also note that for the MCHM the numerical fac-
tor multiplying ξ in dV is again fixed by the SO(5)/SO(4)
symmetry, and for larger cosets these coefficients could be
different. This also applies to double Higgs couplings to
fermions, which are embedding dependent, and which we
have derived again from mψ(h) ∝ sin(h/ f ) cosnψ (h/ f ).
The prediction for c3 in the MCHM is more model depen-
dent, since it depends on what the leading contribution to the
Higgs potential is. We have assumed here that it is of the
form V (h) = cos1+ñψ (h/ f )(α − β cos1+ñψ (h/ f )). All this
model dependence can again be encoded in the coefficients
of higher-dimensional operators beyond the SM, in partic-
ular (∂μ(H† H))2, H† H ψ̄L HψR, H† H G2

μν , and (H† H)6,
for dV , dψ , dgg , and c3, respectively [201]. In any case it is
important to stress that double-Higgs production via gluon
fusion is not only sensitive to the trilinear Higgs coupling, but
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also to the hht t̄ and hhgg couplings. The actual sensitivity
is more promising for the latter rather than the former [204].
The effects of the top partners on these couplings have also
been studied [193], with the important result that the process
gg → hh gets sizable contributions, contrary to the expec-
tations for single-Higgs production in gg→ h.

Let us conclude this section with more comments on the
high energy behavior of W, Z and h scattering. We stress the
fact that in most composite Higgs models at the high ener-
gies the relation A(W+W−→hh) 
 A(W+W− → Z Z) is
expected to hold due to the Higgs being part of an SO(4)
vector, unlike for the dilaton. The relation between the
linear and double dilaton couplings to the massive gauge
bosons V = W, Z ensures that the growth with energy
in V V → hh is absent at leading order A(W+W− →
hh) 
 (dV − c2

V )(s/v
2) = 0. However, this relation is

affected by higher derivative terms, such as ∂μh∂νh∂μ∂νh
or 2m2

V VμVν∂μh∂νh. The first of these operators breaks the
h → −h parity symmetry present in the chiral Lagrangian
of the MCHM (a property that is shared by all the composite
Higgses except for the dilaton). The feasibility of probing
these interactions at the LHC is quite limited, with better
perspectives at a linear collider [205].

6.3.3 Invisible decays

Composite Higgs models providing a dark matter candidate
may predict invisible Higgs decays which in turn affect the
various branching ratios into visible final states. Because of
the small Higgs width in the SM, �SM ∼ 10−5mh , even
relatively small couplings of the Higgs boson to dark matter
(or to other undetectable final states) may result into relatively
large modifications of the branching ratios. CMS has placed
a direct upper bound of 69 % (at 95 % CL) on the invisible
branching ratio in the VBF channel [206]. The upper bounds
on the Higgs invisible branching ratio in the Zh associated
production channel are 75 % from CMS [207], and 65 % from
ATLAS [208]. The invisible Higgs branching ratio is also
constrained indirectly by B Rinv � 0.6 [209,210] obtained
from fitting the Higgs couplings. Milder bounds in the 35–
50 % range can be obtained by allowing variations of the
Higgs couplings to gluons and photons in the fit [173,174].

6.4 Direct searches

The SM partners are constrained indirectly from electroweak,
flavor, and Higgs physics, as we have reviewed in the previ-
ous sections. Already from LEP the bounds on generic vector
partners is quite strong, mρ � 2.5 TeV. On the other hand
pre-LHC bounds on fermion partners were less constraining,
and LHC Higgs couplings measurements are not contribut-
ing much to the bounds on the partner masses. Nevertheless,
these indirect measurement can be sensitive to the UV prop-

erties of the models around the strong coupling scale �C,
while direct searches do not have that problem. The latter
thus constitute a direct probe of the fine-tuning in any given
model.

There are many studies on the phenomenology of the SM
partners, either in little Higgs [211–214] or in holographic
Higgs models [215,216]. We will classify them based on the
spin.

Spin-1 gauge partners: These vector resonances are
the WH, ZH gauge boson partners in little Higgs models
[217,218], in warped extra dimensions they are the KK
gauge bosons [219–221], or generically they are simply ρ
mesons. These states could have played an important role
[203] in the unitarization of the W W scattering amplitudes;
however, since the Higgs couplings are SM-like there is
not much need for that. Therefore their main role is to
tame the radiative contributions to the Higgs potential from
the SU(2)L × U(1)Y gauge bosons. For studies of the 4D
general effective Lagrangians describing these fields see
[202,203,222].

Due to the strong indirect bounds, we focus on the limit
of strong coupling gρ � g (which increases the mass of
the ρ to several TeV). These resonances have coupling gρ
to the composite states (including the Higgs and longitu-
dinal gauge bosons), while the coupling to quarks, leptons
and transverse gauge boson are expected to be significantly
smaller, g2/gρ (unless one has a U(3) flavor symmetry [223]
and light quark compositeness or simply gρ ∼ g, though the
latter is disfavored by EWPTs). Note that these latter cou-
plings are not necessary to cut off the Higgs potential. In
this case the branching ratios of the ρ are dominated by the
decays ρ → W W,W Z ,W h, Zh. Also decays to t t̄ are plau-
sible given the assumption of the compositeness of the top.
Moreover, given the necessary hierarchy implied by the con-
straints and the fine-tuning arguments, decays to top partners
could actually dominate. The production of the ρ is expected
to be dominated by single Drell–Yan production, through
their mixing with the W and Z . Another important channel
might be associated production with jets if they are coupled
more strongly to light quarks. At a linear collider, effects on
e+e− → f f̄ due to the ρ have been studied for instance in
[218].

While 4D models do not necessarily include them, exci-
tations of the gluon are an integral part of most extra dimen-
sional models, and they have been thoroughly investigated
[224–226]. In fact this is one of the most prominent signals
of the extra dimensional versions, due to the enhanced pro-
duction rate of the KK gluons at hadron colliders. In fact,
it is possible that such color-octet excited states show up in
generic models as well, since some of the fields in the com-
posite sector must be charged under color in order to be able
to generate the top partners (even though the mass of the
gluon partners has no direct connection with naturalness).
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Fig. 5 Preliminary CMS bounds from run 1 of the LHC on the pro-
duction of spin 1 resonances. Left panel bound on ρ± using decays to
W Z , from [227]. Right panel bound on the KK gluon decaying to t t̄ ,

from [229]. Note that the dashed curve is for a Z ′, the KK gluon bound
from the same plot is around 2.5 TeV

The direct searches at ATLAS and CMS are most sensi-
tive to ρ± production with decays to W Z . The final CMS
run 1 bound is mρ � 1.1 TeV at 95 % CL (∼20 fb−1 at
8 TeV) [227], see Fig. 5 left panel. One obtains similar bounds
in ATLAS [228] although the integrated luminosity in the
most recent analysis is somewhat lower ∼14 fb−1, leading
to a slightly reduced bound. Important constraints can arise
also from resonance searches in t t̄ production. The result-
ing bounds depend on the degree of compositeness of the
top, generically for the ρ they are milder than those from
W Z searches. On the other hand for the KK gluon this
is the leading channel, since the branching ratio is usually
strongly dominated by t t̄ . The resulting run 1 CMS bound
is mG � 2.5 TeV at 95 % CL (∼20 fb−1 at 8 TeV) [229]
(and again slightly weaker for ATLAS due to less luminosity
[230]). Notice that if the decays to t t̄ and t b̄ are non-negligible
then the B R to V V and V h will be reduced; thus, the above
bounds can be weakened (to date no analysis for a combined
bound in both channels has been performed).

Spin-1/2 top partners: The investigation of the phe-
nomenology and collider physics of the top partners has
been initiated in the framework of the Little Higgs models
[231], for recent analyses in this context see [140,232]. As
discussed throughout this review, these states are also pre-
dicted in the warped extra-dimensional models or pure 4D
descriptions [233–238] as they are responsible for taming the
radiative contributions to the Higgs potential from the top
quark. Recent analyses of 4D effective Lagrangian descrip-
tions parametrizing the most general possible interactions of
the top partners can be found in [239–242].

The properties of the top partners depend on their quan-
tum numbers under the global symmetries of the compos-
ite sector. If custodial SO(4) is assumed, it is common to

find a 4 (required to couple to qL) and 1 (required to couple
to tR). In almost all composite models they are triplets of
color (the exception being twin Higgs models). Searches are
typically classified by their electric charges: T5/3, T2/3, and
T−1/3 ≡ B, although even more exotic charges have been
proposed e.g. T8/3 [243], arising from a 9 of SO(4).

The phenomenology of the top partners depends on their
production and decay. The leading gluon fusion initiated pro-
duction is more model independent. However, single produc-
tion via W, Z exchange is also very important for relatively
heavy states. Their decays are usually fixed by symmetry. The
Goldstone boson equivalence theorem mostly fixes the cou-
plings and therefore the decay rates: (1) B R(T → Zt) 

B R(T → ht) 
 B R(T → W+b)/2 for the T2/3 singlet
under SO(4) (or SU(2)L). (2) B R(B → W−t) 
 1 for the B
doublet (under SU(2)L). (3) B R(T → Zt) 
 B R(T → ht)
for the T2/3 doublet (under SU(2)L). (4) B R(T → W+t) 

1 for the T5/3 doublet (under SU(2)L). It is important to recall
that this is somewhat dependent on the spectrum. There could
be cascade decays or extra light GBs that can reduce the
branching ratios [244,245]. The phenomenology of compos-
ite light generations with various flavor symmetries can be
found in [246].

The 95 % CL final run 1 bounds from CMS using∼20 fb−1

luminosity at 8 TeV are shown in Fig. 6: mT5/3 � 800 GeV
left panel [247], mT2/3 � 700 GeV for the singlet, middle

panel [248], m B̃ � 700 GeV right panel [249], where B̃
is asinglet under SU(2)L; thus, B R(B̃ → Zb) 
 B R(B̃ →
hb) 
 B R(B̃ → W−t)/2. The references also contain limits
for ‘non-standard’ B R. Reference [250] recast experimental
searches for single and doubly produced top partners and
showed that the single-lepton search could be more sensitive
than the same-sign lepton search.
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The most recent ATLAS bounds are for slightly lower
luminosity ∼14 fb−1 at 8 TeV, yielding somewhat milder
bounds. The ATLAS analyses are organized by collider sig-
natures and thus they apply to several top partners: lepton plus
jets corresponding to mainly T2/3 → ht is found in [251],
T2/3 → W+b is in [252], same-sign dileptons correspond-
ing to all possible kinds of T2/3 and B decays (singlets and
doublets under SU(2)L) [253], and Z plus jets correspond-
ing mainly to T2/3 → Zt and B → Zb decays (singlets as
well as doublets) can be found in [254]. These analyses also
provide limits as a function of branching ratios.

6.5 Dark matter

Dark matter (DM) candidates in composite models are of
several nature. We can find partners of the SM states that
enjoy a protecting global or discrete symmetry that renders
them stable. Alternatively, the coset space G/H may have
non-trivial homotopy groups and give rise to topologically
conserved charges.

Non-trivial homotopy groups πn(G/H) lead to (2 − n)-
dimensional defects such as domain walls (n = 0), strings
(n = 1), and magnetic monopoles (n = 2) whose cosmo-
logical abundances were studied e.g. in [255]. The case of
Skyrmions,π3(G/H) �= 0, has been explored recently within
Little Higgs models in [256,257] where it was shown that
the geometric annihilation cross-section σ = π〈r2〉 may
account for the observed DM relic density provided a quite
large Skyrme parameter is chosen. One generic problem of
the models based on skyrmions is the stability of their masses
and sizes which is achieved by balancing two operators with
different dimensions, going beyond the regime of validity
of the EFT. Nevertheless, there exist 5D realizations [258]
where the size of the skyrmion is in fact larger than the inverse
cutoff of the theory and the predictions can thus be trusted.

Models with extra conserved U(1)s were proposed origi-
nally within technicolor models [259,260] where the lighest

‘technibaryon’ (which may or may not be a PNGB) is sta-
ble and can have the observed DM relic density [261–263],
which is typically linked to the ordinary baryon asymmetry,
similarly to the case of asymmetric DM models [264].

Other models with conserved U(1) baryon and lepton
numbers have been considered within holographic versions
of composite grand unified theories [103,106,265] where the
U (1)s are gauged and then spontaneously broken at the UV
brane. Similarly to R parity in SUSY, the resulting accidental
Zn symmetry is enough to ensure DM stability over cosmo-
logical time scales [266].

Models with large cosets may give stable PNGBs by
invoking suitable discrete symmetries acting on G/H. For
example, the next-to-minimal composite Higgs model O(6)/
O(5) studied in [267] features an extra PNGB η, which is a
SM singlet stabilized by one of the O(6) parities, η → −η.
Interestingly, the model is particularly predictive in the region
of parameter space that is consistent with the latest bounds
from the LUX [268] and XENON100 [269] experiments.
In particular, the η can provide all the relic DM abundance,
while naturally accommodating all the constraints, by choos-
ing mη � 100 GeV and f ∼ 1 TeV. In this case, the annihila-
tion cross-section mediated by the Higgs boson is controlled
only by f , which fixes all the PNGB derivative coupling
terms of the states parametrizing the coset as

L = 1

2
(∂μη)

2 + 1

2 f 2

(
∂μ|H |2 + 1

2
∂μη

2
)2

. (6.14)

Notice also that in the regime mη < mh/2 bounds from the
invisible B R of the Higgs boson are among the strongest in
this scenario [267].

Models with T-parity [100,101] naturally contain a dark
matter candidate, the lightest T-odd particle. Within little
Higgs models this often turns out to be the partner of the
neutral gauge boson B. A lot of work has been devoted to
analyzing the viability of this scenario [270–273].
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7 UV completions

The models presented here are all effective theories with a
cutoff scale �C 
 4π f ∼ 5–10 TeV. An important ques-
tion is what these theories would look at a scale beyond
the cutoff, which is not too far above the LHC energies.
This motivates the search for UV completions. Assuming
that one wants to avoid reintroducing the hierarchy prob-
lem, UV completions generically fall into two categories.
The first are non-supersymmetric strongly coupled theories
similar to QCD/technicolor, but with modified dynamics. In
this case one needs to guess the right symmetry breaking pat-
tern and low-energy degrees of freedom, which should then
be verified by lattice simulations. The second are supersym-
metric UV completions, which may also involve some strong
dynamics (but is usually under control due to the added con-
straint of supersymmetry).

One should emphasize that there are several different ways
of trying to combine the pGB Higgs ideas with supersymme-
try. In many cases, the low-energy theory (at a few 100 GeV)
is actually a SUSY theory, which due to the pGB nature of the
Higgs has interesting properties different from the ordinary
MSSM. These include so-called super-little Higgs [274–280]
and buried Higgs [281,282] models. A particularly interest-
ing SUSY model is where only the idea of partial compos-
iteness is implemented [283,284]—due to SUSY there is
no need to further protect the Higgs potential. Partial com-
positeness could rather raise the physical Higgs mass, and
also it could provide a reason for hierarchical soft breaking
terms [285]. Purely composite SUSY Higgs models usually
go under the name of ‘fat Higgs’ [286,287]. While all of
these models contain some of the ingredients used in the
non-SUSY pGB composite Higgs models, they are not true
UV completions, since there is no regime where the theory is
truly non-supersymmetric composite Higgs model, with only
a composite Higgs, the top partners and the vector partners
in the spectrum. An attempt at such a SUSY UV comple-
tion for the MCHM was recently proposed in [288,289]: the
effective theory below 10 TeV is the SO(5)/SO(4) MCHM
with top and vector partners (and perhaps a few scalar super-
partners of the top partners). Other superpartners show up at
10 TeV. The model is based on the SO(4)m magnetic dual of
a strongly coupled electric SO(N) theory, where the flavor
symmetries contain an additional SO(5) factor. A different
type of SUSY UV completion is based on a weakly coupled
SUSY theory, a concrete example has been worked out for
the case of little Higgs models in [290,291].

The non-supersymmetric UV completions include a stron-
gly coupled (non-QCD-like) SO(7) theory for the littlest
Higgs model [292], as well as condensing 4-Fermi opara-
tors à la NJL [293].

Of course many of the composite Higgs models originate
from extra dimensional constructions. These have their own

cutoff scales, which depends on the parameters of the theory.
The theory below the cutoff generically describes the first few
weakly coupled KK Modes of the theory, the lightest of which
can be identified with the top and gauge partners. However,
to find a true UV completion one either needs to find a string
theory construction, or use a deconstructed version without
elementary scalars.
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