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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.
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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 n, [3,4]:

9 3Hn, — (o) <n2 — 2 ) (1
dr X ¢ X X.eq

where the effective thermally averaged annihilation cross
section, (oeffv), 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 ny ¢q: the expansion of the Universe, which occurs
with the rate H, and the DM annihilations, characterized by
the rate Iann = 1, (oetrv). The present value of n, 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 itis 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 M p 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
Qq, 0% 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

(Qu. Q) = —2(0")3 Pi )

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-
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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 by &,
containing the matter fermions or scalars and their superpart-
ners, and the vector multiplets, V = gV, T“, containing the
gauge bosons and their superpartners, the gauginos, one for
each SM group generator 7 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 (&) and
of the Kidhler potential, K (@', @*), 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 Kéhler potential as

Liin = / d*0d*0 K j@* eV @I )

where the subscript i*, j indicate derivative with respect to
the fields @*, @/, respectively. K;x; is the Kihler metric
and gives the non-trivial structure of the scalar manifold as a
non-linear o model. The scalar potential is instead given by

K/M?2 ji* W2
Voot = € P F;K'" Fpx — 3—2 + D-terms @)
M
P
where K /" is the inverse metric to K+ and F; = W;+K; %
3

is the F-term corresponding to the chiral field &*. In the limit
of global SUSY, i.e. Mp — o0, the potential reduces to the
simple well-known expression

Voot = ) |Wi|* + D-terms )

1

assuming (as we will always do from now on) that the Kéhler
metric is canonical, i.e. Kjxj ~ §;; + O(M;z).

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 = iy QH, — dyaQHy — eyeLHy + wH,Hy  (6)



Eur. Phys. J. C (2014) 74:2703

Page 3 of 16 2703

where we have suppressed generation indices, but where the
Yukawa couplings y; 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. H, and H, 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 p-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

1
Wnmssm = Wmssm + ASH, Hy + §KS3 7

where A and k 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 Z; symmetry, R-
parity, which distinguishes between particles and superpar-
ticles. Such terms are given by

Wrps = pu'" Li H,
AL Ljer + 3N L Qjdi + 2" uid iy (8)

where the couplings AYK, AUk 3"k and 11/F 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:

1 ey~ = e
Lot = —5 > (Miridi+he)—Lim{ L -emle
i

L N R - e L
(0] mQQ umsu dmad

—m3, Hy H, —m3, HjHq + A[W] )

where the three sets of gauginos (one for each factor
of the SM gauge group) are denoted by A;, with i =

~ ~ ~ = ~

1,2,3.0, L, u,d, e are the scalar superpartners in the multi-
plets O, L, %, d, e and the corresponding mass matrices are
labeled with the same letters (family indices are suppressed).
With this notation Q1 = (i, dy.), U = ', 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.

AlWussm] = — (it ay OH, +daq OHy + ¢ae LHy
+bH,Hy + 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 m,, for the gauginos, a single
mass m for the scalar particles and a single trilinear parame-
ter A for the three matrices a,, aq and a.. The b parameter is
traded for tan 8 = v, /vy, where v, and v, are the VEVs of
the two neutral Higgs fields, while |u] 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 )le, with
i =1,...,4.These mass eigenstates consist of four indepen-
dent linear combinations involving the neutral electroweak
gauginos (B and W) and the neutral Higgsinos (FIL? and I:IL? ).
The mixing between these states is a direct consequence of
the electroweak symmetry breaking. In the gauge-eigenstate
basis, represented here by the array ¢ = (l}, WO, ﬁg, I:IL?),
the neutralino mass term in the MSSM Lagrangian can be
writen as —%WTM)?OI// + h.c., where the neutralino mass
matrix M)?" reads as follows [1,2,20,25]:

M, 0 —g'va/V2  gv/V2
~ 0 M» gua/N2  —gu/V2
P —g'va/V2 gua/V2 0 —

g/vu/\/i _gvu/\/E —H 0

The diagonal entries of this matrix, namely M7 and M>, 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 Band WO, M 1 and M» can be
chosen real and positive without loss of generality. Analo-
gously, by a phase redefinition of the Higgs fields, vs and v,
can be taken real and positive. The off-diagonal terms pro-
portional to p arise from the w-term in the superpotential (6).
The phase of 1, 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*M;(oN_1 = diag(mio, e, mﬁ)),
where m POERRERE L) are the masses of the four neutralinos.
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The matrix N relates mass and gauge eigenstates as follows:
%Y = N;;¥;, 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 N;;), the MSSM superpotential, and
the quantum numbers of its constituents: the SU(2) singlet
B, the neutral components of the SU(2) doublets (HY, ﬁ )
and (H;, H), and the neutral component of the SU(2)
triplet (W, WO), 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’ S, mixes with the gauge eigenstates
1:1(9 and H?. 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
((F;), (D%)) in field space. The gravitino mass is in general
given by

Wlek/(2M3)
(wierres)

11
W (11)

m3p =
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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

1 \/ o IF|
msp = ——— <F-F’.‘KU eK/MP>~—
GERVETYA A NTE

where F; is the F-term of the ith 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
M; are given by the dominant F'-term suppressed by the mes-
senger masses, naturally smaller than Mp. In those type of

12)
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models itis 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 f,, which
is constrained by axion physics considerations [41] to lie
between 10°—10'% 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
v 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 atoo large DM—nucleon scattering cross section, which is
experimentally excluded [43]. One possibility to reconcile ¥
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 v—v—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 100GeV [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 g,. 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 m, ~ g)z( 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 §2, ~ (H*/n”;()(mi /g?(), where H and n,
are evaluated at the time ¢* of the DM chemical decoupling.
Hence in this framework 2, 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]:

R 0 =y / By Lo 1) (13)
do my vl

[V|<Vmin

where fg 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, 7y ) is the minimum DM veloc-
ity required to transfer an energy Q to the detector nuclei,
m, is the DM mass and o, the DM-nucleon scattering cross
section. The energy-dependent function y (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 a, and
a3y, appearing in the contact interactions
a3 XxGq  and a2 XV v xGv vug (14)
which in the non-relativistic limit lead to a spin-independent
and to a spin-dependent DM-nucleus interaction, respec-
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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 xy" xgy.q 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 o 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 10GeV, 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 XENONI100 [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 m, versus spin-independent DM-nucleon
scattering cross section o, 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 10GeV (100 GeV) range
and spin-independent cross sections smaller than roughly
10~ cm? (10~%° cm?) 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 m, versus spin-independent
DM-nucleon scattering cross section o, 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 y-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
0 from the direction of the galactic center, at an energy E is
given by [1,2]:

96,8y = >dNi<E>fd 2(r(s, 0))
dea2 "’ " dam2 7V 4E A
l.

0.5.

15)

where (ov) is the average velocity-weighted annihilation
cross section, % is the differential energy spectrum of the
i particles produced per annihilation and the integral of the
squared DM mass density, p)z( (1), is computed along the line
of sight s, where r(s, ) 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.

y-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 7° 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
= ff AZ f

W) > wEWT hoH, Z it
W3- zz h,H %P

XA = ZA h.H.Z 70
W70 — zh(ZH) A Z %P

AH — WEHT Ah H it
10%) — hh(HH) h, H pad

) — AA h, H %P

10%0 — An(AH) A Z %P

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
listis 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 y-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 10-300GeV 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
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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 y-
ray observations have also played a major role in the con-
text of DM searches. The identification of a 130GeV y-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 y-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 o [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 y-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 x 1072° cm? s=! (‘the thermal cross
section’) for DM particles with a mass less than 10GeV
(15GeV), assuming that the dominant annihilation channel
is bb (t177) [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, mo) 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



Eur. Phys. J. C (2014) 74:2703

Page 9 of 16 2703

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~! 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:
gq — (X7 > ()Z?Ei) + ()E?FF). In the case of direct
gaugino production, instead, DM can be produced in various
way. As an example, we mention here the decay chain: gg —
Wt — GVereF) + (70¢+v), 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 y -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 (o v)/ mi
versus spin-independent scattering cross section o, 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 (ov) /mi smaller
than 1073! cm? s~! Gev—2 (and to o, > 10~ pb )
will be explored by ton-scale direct detection experiments
but not by indirect searches, on the contrary, regions with
op < 10~!'" pb will be probed by indirect searches (if
(av)/mi > 10730 cm? 57! 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
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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 10~1> — 10719 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

do; 1 dnN;
0,E)=——(E)
dEdS2 dmt,m, dE

dspy (r(s.0) (16)

lo.s.

where 1, is the DM decay time, % 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 2-0 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 y-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 Wt combining
the WW and tt constraints from y-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 y-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 pair ™+ ~. 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 x 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

/i

3 x 1078 on the bilinear R-parity breaking strength € ~ “7
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~!! for
axino masses around the GeV [34]. Regarding the claim of a
tentative line at 130GeV 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].

Soif we require the gravitino to be heavier than ~100keV, !
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

_ M, T mapn \2
- —1.8x 1073 ( )
T, RPC.G A0S (200 GeV) 1 MeV

M -3 f 2
-2 1
ToReea = 311077 (m) (m)

! 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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e M\ e N2
Ty pirpy ~ 1.4 x 10 S(zooc;w) (10_9) (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 € 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. T < 10712 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
7 mass above 300GeV 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
y, it would be possible to distinguish e.g. between gravitino
or axino LSP [129,176].
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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 arange 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 my,, the favored regions in the plane
(m1/2, mp) [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 X, approaches the value
O.S(mtg + mtgz), where m;, and m;, are the masses of the stop
mass eigenstates. In both scenarios low values of m/; 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 o [186]) has motivated studies where
this result was put in relation with the Fermi-LAT 130 GeV y -
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 y-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 10” 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.

@ Springer
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