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Abstract In Split-SUSY with BRpV we show that the
Gravitino DM solution is consistent with experimental evi-
dence as regards its relic density and life time. We arrive
at this conclusion by performing a complete numerical and
algebraic study of the parameter space, including constraints
from the recently determined Higgs mass, updated neutrino
physics, and BBN constraints on NLSP decays. The Higgs
mass requires a relatively low Split-SUSY mass scale, which
is naturally smaller than usual values for reheating temper-
ature, allowing the use of the standard expression for the
relic density. We include restrictions from neutrino physics
with three generations, and we notice that the gravitino decay
width depends on the atmospheric neutrino mass scale. We
calculate the neutralino decay rate and find it consistent
with BBN. We mention some implications on indirect DM
searches.

1 Introduction

Current measurements from the Large Hadron Collider
(LHC) are starting to put stringent bounds on the supersym-
metry (SUSY) spectrum and cross sections. In particular, the
bounds on the masses of scalar particles are reaching the
TeV scale. For instance, ATLAS and CMS constraints from
inclusive squark and gluino searches in scenarios with con-
served R-Parity and neutralino LSP can be found in [1,2],
in which ATLAS excludes squark masses up to 1.7 TeV in
mSUGRA/CMSSM scenarios for mg̃ = mq̃ . Scenarios con-
sidering R-Parity violation (RpV) have been recently inves-

a e-mail: gfc24@hep.phy.cam.ac.uk
b e-mail: mad@susy.fis.puc.cl
c e-mail: mjguzman@iafe.uba.ar
d e-mail: bapanes@if.usp.br

tigated in [3,4], in which CMS excludes top squark masses
below 1020(820) GeV depending on the specific RpV cou-
plings. Also, long-lived squark and gluino R-hadrons have
been studied in [5,6], in which CMS excludes top squark
masses below 737(714) GeV depending on the selection cri-
teria. Notice that gluino bounds are similar in magnitude
and even harder than squark constraints. However, sleptons
are in general less constrained (see, for instance [7,8] for
a phenomenological analysis). In the chargino–neutralino
(weakino) sector, the constraints from direct production are
less stringent because production cross sections are smaller.
For instance, ATLAS and CMS constraints on chargino and
neutralino masses in R-Parity conserved models with gaug-
ino LSP have been investigated in [9–14] and R-Parity vio-
lating models are studied in [15,16]. Without loss of gener-
ality, weakinos which are much lighter than 1 TeV are still
allowed.

Having this in mind, in this work we consider a nowa-
days empirically attractive flavor of SUSY, which is denom-
inated Split Supersymmetry (Split-SUSY) [17,18]. In this
setup, the mass of scalars except for the Higgs boson are
placed universally at the scale m̃, which is high enough to
account for collider bounds on squarks and sleptons. Con-
cerning the gaugino sector, we require moderate weakino
masses and a relatively heavier gluino. A detailed study of
LHC constraints on Split-SUSY is beyond the scope of this
work. Preliminary studies in this direction can be found in
[19–26]. In Split-SUSY, since m̃ � 1 TeV the Higgs mass
has to be fine-tuned. Nevertheless, in the original articles it
is argued that there is a much larger fine-tuning associated
to the cosmological constant. It is also worth recalling that
this model retains interesting properties, such as gauge cou-
plings unification, naturally suppressed flavor mixing, and
a dark matter candidate. Furthermore, considering that the
ATLAS and CMS collaborations have reported the observa-
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tion of a Higgs-like particle [27,28], it has been shown that
in Split-SUSY it is possible to accommodate the observed
Higgs mass [29–32], which imposes some constraints in the
plane (m̃, tan β).

Concerning the neutrino sector, it has been shown that
square mass differences and mixing angles can be repro-
duced in Split-SUSY by introducing BRpV terms plus a
gravity-inspired operator [33]. In this work we study this
approach using updated data on neutrino observables [34].
Consequently, the presence of these BRpV terms implies
that the lightest Split-SUSY neutralino is overly unstable and
therefore unable to play the role of dark matter. On the bright
side, we show that the neutralino life time is short enough
to avoid Big Bang Nucleosynthesis (BBN) restrictions
[35–38].

In order to account for the dark matter paradigm, we
extend the Split-SUSY with BRpV model by adding a min-
imally coupled gravitino sector. We consider that gravitinos
are thermally produced during the reheating period which fol-
lows the end of inflation, for which we mostly follow [39,40].
We show that, as long as m̃ is small enough in comparison
to the reheating temperature TR , the standard expressions for
the thermal gravitino relic density are still valid in our sce-
nario. This is due to the fact that Split-SUSY is equivalent
to the MSSM at energy scales greater than m̃. Interestingly,
this condition on m̃ is quite consistent with the requirements
obtained from computations of the Higgs mass. Let us note
that there are other Split-SUSY models, where Higgsinos are
also heavy [31], where it is possible to reconcile larger val-
ues of m̃ with the Higgs mass. Thus, we use the standard
expressions for the gravitino relic density, but we consider
the Split-SUSY RGEs [18] for the parameters involved, in
order to verify that this model reproduces the current val-
ues for the dark matter density [41]. Moreover, taking into
account the R-Parity violating gravitino–matter interactions
we address the finite gravitino life time in detail. It becomes
important to compute this quantity because we need a meta-
stable dark matter candidate. It is also necessary to con-
trast the gravitino decay, together with its branching ratios to
different final states, against experimental constraints com-
ing from indirect dark matter detection via gamma rays,
electron–positron pairs, neutrinos, etc. [42,43]. Since the
gravitinos considered in our work are very long-lived, their
potential effects in the early universe [44–46] are not further
studied.

The paper is organized as follows. In Sect. 2 we summa-
rize the low-energy Split-SUSY with BRpV setup together
with the main features concerning the computation of the
Higgs mass, neutrino observables, and the neutralino decay.
In Sect. 3 we explain the details of the computation of the
gravitino relic density and show that it is equivalent, up to
RGE flow of the parameters, to standard MSSM calculations.
Moreover, we compute the gravitino life time in order to study

the viability of the gravitino as a dark matter candidate, but
also to show the particular interplay between neutrino physics
and gravitino dark matter in our scenario. Conclusions are
stated in Sect. 4.

2 Split supersymmetry

Split Supersymmetry is a low-energy effective model derived
from the MSSM, with all the sfermions and all the Higgs
bosons, except for one SM-like Higgs boson, decoupled at a
scale m̃ � 1 TeV. The latest experimental results from the
LHC favors this model, since no light sfermions have been
seen in the laboratory. On the contrary, Split-SUSY makes
no restriction on the masses of the charginos and neutrali-
nos, and they can be as light as the electroweak scale. This
is not contradicted by the experimental results, since direct
production of neutralinos and charginos have a smaller pro-
duction cross section, and for this reason the constraints on
their masses are less restrictive.

The Split-SUSY Lagrangian is given by the following
expression:

Lsplit
susy = Lsplit

kinetic + m2 H† H − λ

2
(H† H)2

−
[

Yuq Lu Riσ2 H∗ + Ydq LdR H + Yel LeR H

+ M3

2
˜G˜G + M2

2
˜W ˜W + M1

2
˜B˜B + μ˜H T

u iσ2 ˜Hd

+ 1√
2

H†(g̃uσ ˜W + g̃′
u
˜B)˜Hu

+ 1√
2

H T iσ2(−g̃dσ ˜W + g̃′
d
˜B)˜Hd + h.c.

]

, (1)

where first we have the Higgs potential for the SM-like Higgs
field H , with m2 the Higgs mass parameter and λ the Higgs
self interaction. Second, we have the Yukawa interactions,
where Yu , Yd , and Ye are the 3 × 3 Yukawa matrices, which
give mass to the up and down quarks and to the charged
leptons after the Higgs field acquires a non-zero vacuum
expectation value (vev). As in the SM, this vev satisfies
〈H〉 = v/

√
2, with v2 = 2m2/λ and v = 246 GeV. In

the second line of Eq. (1) we see the three gaugino mass
terms and the Higgsino mass parameter μ. Finally, in the
third line we have the new couplings g̃u , g̃′

u , g̃d , and g̃′
d

between Higgs, gauginos, and Higgsinos. These couplings
are related to the gauge couplings through the boundary
conditions,

g̃u(m̃) = g(m̃) sin β, g̃d(m̃) = g(m̃) cosβ,

g̃′
u(m̃) = g′(m̃) sin β, g̃′

d(m̃) = g′(m̃) cosβ, (2)

valid at the Split-SUSY scale m̃. The couplings diverge from
these boundary conditions due to the fact that the RGE are
affected by the decoupling of the sfermions and heavy Higgs
bosons. The angle β is defined as usual by the relation
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tan β = vu/vd , where vu/
√

2 and vd/
√

2 are the vevs of
the two Higgs fields Hu and Hd . Note that this definition
makes sense only above the scale m̃.

In the following sections we are going to study some
observables that are useful for constraining the Split-SUSY
scenario. However, as we are also interested in neutrino
physics and cosmology, we are required to extend the previ-
ous Lagrangian by adding BRpV contributions and a grav-
itino sector. Therefore, for numerical results and figures
we consider a scan on the 14-dimensional extended Split-
SUSY parameter space, which contains the three soft masses,
the Higgsino mass, the Split-SUSY scale, tan β, six BRpV
parameters and the reheating temperature. The details of this
scan are shown in Appendix A, where we specify the free
parameters and some motivations for the chosen intervals.
Here we just want to emphasize that some important experi-
mental constraints, such as the Higgs mass, updated neutrino
observables, and the dark matter density, are considered for
the final selection of points. A systematic study of collider
constraints considering the successful points of this scan is
left for future work.

2.1 Higgs mass

We start this section pointing out that the latest ATLAS
SM combined results report a value of m H = 126.0 ±
0.4(stat)± 0.4(sys)GeV [27]. Meanwhile, CMS collabora-
tion has reported m H = 125.3 ± 0.4(stat) ± 0.5(syst)GeV
[28]. Thus, in our scan we impose the constraint 125 GeV <

m H < 127 GeV to every point in the parameter space.
In order to properly compute the Higgs mass in Split-

SUSY, we consider the effects of heavy decoupled particles
on the theory at low energy, through the matching condi-
tions at m̃, plus the resum of large logarithmic corrections
proportional to log(m̃/Mweak) by means of the renormaliza-
tion group equations (RGEs). Thus, in practice, we follow
the same procedure as [29,47]. Considering these aspects,
we determine the scale-dependent Lagrangian parameters
that are relevant for the Higgs mass computations. After-
wards, the Higgs mass is obtained from the sum of the
tree-level contribution, which is proportional to λ(Q), plus
quantum corrections resulting from top and gaugino loops.
Although the computed Higgs mass should be independent
of the scale, it turns out that the truncation of the computa-
tions at some finite loop order produces a small scale depen-
dence. Thus, it is customary to choose Q = Mt , with Mt the
top mass, because at this scale the quantum corrections are
sub-leading.

We compute the quartic coupling λ(Mt ), and the rest of
couplings and masses which are necessary to compute the
radiative corrections to the Higgs mass, by using our own
numerical implementation of Split-SUSY RGEs, which we
take from reference [18]. Besides the matching conditions
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Fig. 1 Correlation between m̃ and tan β in Split-SUSY derived from
the observed Higgs mass constraint. In color code we plot the value of
the ratio m H /126 GeV

for Split-SUSY gauge couplings given in Eq. (2), we also
take into account the matching condition for λ(Q) at m̃,

λ(m̃) = 1

4

[

g2(m̃)+ g′2(m̃)
]

cos2 2β, (3)

which relates the quartic Higgs coupling to the gauge cou-
plings and tan β. In Split-SUSY the threshold corrections to
the Higgs quartic coupling resulting from integrating out the
stops are very small, thus the boundary value for λ(m̃) is just
given by the tree-level value. Since the boundary conditions
are given at different scales, we solve the RGEs by an iter-
ative algorithm that finalizes when the numerical values of
the considered parameters converge.

In Fig. 1 we check the correlation between m̃ and tan β
derived from the Higgs mass constraint in Split-SUSY, which
for instance can be compared to [17,32,47,48]. We see that
the Split-SUSY scale approaches 4 TeV, as minimum, for
increasing values of tan β. Indeed, it must satisfy m̃ ≤ 8 TeV
already for tan β ≥ 8. However, greater values of m̃ can be
obtained if tan β ≤ 8, with a maximum of m̃ 
 106 TeV.
Note that small values for tan β are not ruled out in Split-
SUSY as is the case in the MSSM. The reason is that the
squarks are not there to cancel out the quantum contribution
from the quarks to the Higgs mass. Furthermore, constraints
on tan β from heavy Higgs searches at the LHC or LEP are
not applicable to Split-SUSY.

2.2 Neutrino masses and mixings

We are interested in generating neutrino masses and mixing
angles, thus we include in the model described by Eq. (1)
bilinear R-Parity violating (BRpV) terms [49,50]. Notice that
BRpV terms are also useful in order to relax cosmological
constraints on the axion sector [51]. The relevant terms in the
Lagrangian are
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LRpV
SS � εi ˜H

T
u iσ2 Li− 1√

2
ai H T iσ2(−g̃dσ ˜W+g̃′

d
˜B)Li +h.c.,

(4)

where we have the three BRpV parameters εi , which have
units of mass. The dimensionless ai parameters are equiv-
alent to the sneutrino vacuum expectation values, and they
appear in the Split-SUSY with BRpV model after integrat-
ing out the heavy scalars. Their existence implies that we
are assuming that the low-energy Higgs field H has a small
component of sneutrino [52]. The corresponding matching
condition is given by

ai (m̃) = si

cosβ
, (5)

where si = vi (m̃)/v with vi the vacuum expectation value
of sneutrinos.

Neutrinos acquire mass through a low-energy see-saw
mechanism, where neutrinos mix with the neutralinos in a
7 × 7 mass matrix,

MN =
(

Mχ0 mT

m 0

)

, (6)

written in the basis (−i˜B, i ˜W 0, ˜H0
d ,
˜H0

u , νe, νμ, ντ ). The
high-energy scale is given by the neutralino masses, described
by the 4 × 4 mass matrix,

Mχ0 =

⎛

⎜

⎜

⎜

⎜

⎝

M1 0 − 1
2 g̃′

dv
1
2 g̃′

uv

0 M2
1
2 g̃dv − 1

2 g̃uv

− 1
2 g̃′

dv
1
2 g̃dv 0 −μ

1
2 g̃′

uv − 1
2 g̃uv −μ 0

⎞

⎟

⎟

⎟

⎟

⎠

, (7)

which is analogous to the neutralino mass matrix of the
MSSM, with the main difference in the D-terms: since there
is only one low-energy Higgs field, these terms are propor-
tional to its vev v. In addition, these terms are proportional
to the Higgs–gaugino–Higgsino couplings described earlier.
The BRpV terms included in the Split-SUSY Lagrangian
generate the mixing matrix m,

m =

⎛

⎜

⎜

⎝

− 1
2 g̃′

da1v
1
2 g̃da1v 0 ε1

− 1
2 g̃′

da2v
1
2 g̃da2v 0 ε2

− 1
2 g̃′

da3v
1
2 g̃da3v 0 ε3

⎞

⎟

⎟

⎠

. (8)

We see here the supersymmetric parameters εi and the
effective parameters ai . It is well known that this mixing
leads to an effective 3 × 3 neutrino mass matrix of the
form

Me f f
ν = −m M−1

χ0 mT = v2

4 det Mχ0

(

M1g̃2
d + M2 g̃′2

d

)

×
⎛

⎜

⎝

λ2
1 λ1λ2 λ1λ3

λ2λ1 λ2
2 λ2λ3

λ3λ1 λ3λ2 λ2
3

⎞

⎟

⎠
, (9)

where we have defined the parameters λi = aiμ + εi . This
mass matrix has only one non-zero eigenvalue, and thus only
an atmospheric mass scale is generated.

In Split-SUSY with BRpV, even if we add one-loop quan-
tum corrections, the solar mass difference remains equal to
zero [50]. The quantum corrections only modify the atmo-
spheric mass difference, which is already generated at tree
level. On the contrary, in the MSSM with BRpV, we can
generate a solar neutrino mass difference through quantum
corrections [49]. Finally, we mention that, in models with
spontaneous violation of R-Parity, we can generate both
atmospheric and solar mass differences at tree level; see for
instance [53–60] and references therein. In these models the
εi are generated dynamically thanks to the introduction of
extra fields that also make the neutrino effective mass richer.

In Split-SUSY with BRpV, a possible way to account for
a tree-level solar mass is the introduction of a dimension-5
operator that gives a mass term to the neutrinos after the Higgs
field acquires a vev [33,61,62]. This operator may come from
an unknown quantum theory of gravity. Assuming a lower
than usual Planck scale, as suggested by theories with extra
dimensions, the contribution to the neutrino mass matrix can
be parametrized as follows:

	Mν
g = μg

⎡

⎣

1 1 1
1 1 1
1 1 1

⎤

⎦ , (10)

where μg 
 v2/M̄P , with M̄P the effective Planck scale,
gives the overall scale of the contribution, and flavor-
blindness from gravity is represented by the matrix where
all the entries are equal to unity. This scenario is not modi-
fied by the block-diagonalization of neutralinos and neutrinos
in the BRpV scenario. Thus, we are formally assuming that
this contribution is democratic in the gauge basis. Then the
effective neutrino mass matrix is given by

Mi j
ν = Aλiλ j + μg. (11)

In this work we re-compute the values for the parameters
A, λi , and μg in order to account for up-to-date measure-
ments of neutrino observables [34]. First of all, we notice
that successful points for neutrino observables considered
in reference [33] are not necessarily consistent with updated
95 % confidence level intervals. Nonetheless, we are still able
to find several points with this confidence level that are also
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Fig. 2 Atmospheric mass correlation. The output of our scan corre-
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atm, which is shown along the x axis just to
simplify the reading of experimental 3σ bounds

consistent with the analytical expressions for square mass dif-
ferences and mixing angles derived in this reference. These
expressions are given by

	m2
atm 
 A2|λ|4,

	m2
sol 
 μ2

g
(�v × �λ)4

�λ4
,

sin2 θreac 
 λ2
1/|�λ|2, (12)

tan2 θatm 
 λ2
3/λ

2
2,

tan2 θsol 
 λ2
2 + λ2

3

(λ3 − λ2)2
,

which are valid approximations in the regime A|λ|2 � μg ,
and λ2

1  λ2
2 + λ2

3, with �v = (1, 1, 1). Note that this
regime is naturally selected by a blind Monte Carlo scan.
For instance, in Fig. (6) of [33] it can be seen that the solar
mixing angle is the main reason for selecting this zone of
the parameter space. In our scan, we use these approxima-
tions to speed-up the search of successful points because
we think that this approximation is quite unique consider-
ing the neutrino mass matrix given in Eq. (11). Interestingly,
the condition A|λ|2 � μg also implies that only normal
hierarchy is allowed in our model. In Fig. 2 the correlation
between the combination A2|λ|4 and the atmospheric mass
is shown, where we highlight the effects of observational
improvements on the allowed intervals for the input param-
eters.

2.3 Unstable neutralino

The introduction of BRpV terms in the Split-SUSY Lagran-
gian, which are useful in order to explain neutrino physics,
implies that the lightest SUSY particle is unstable. There-
fore, the usual approach of considering the neutralino as a
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Fig. 3 Neutralino life time as a function of its mass in Split-SUSY with
BRpV. In color we show the values that span the parameters εi . It can
be seen that there is no correlation between the values of the neutralino
life time and these parameters

dark matter candidate is essentially forbidden in this sce-
nario. In order to illustrate this point, we explicitly calculate
the life time of the lightest neutralino. In practice, it is enough
to consider on-shell, two-body decay channels, which are
given by χ0

1 → Hν, Zν, W ±l∓. The corresponding Feyn-
man rules are given in Appendix B. It is worth noting that
the neutralino–neutrino couplings in the neutrino mass basis
involve, in general, the UPMNS mixing matrix. However, we
do not consider this dependence because it disappears when
we sum over all neutrino species, since UPMNS is unitary.
Also, it is interesting to note that all the couplings are inde-
pendent of εi (see details in Appendix B). We notice that the
contributions of R-Parity conserving decay channels, involv-
ing the decay of the neutralino into gravitino and SM parti-
cles, are much smaller. Indeed, effective life times associated
to these kind of channels are typically above 1 s [38], while
those associated to R-Parity violating channels are smaller
than 10−11 s. Therefore, the correlations between neutralino
BRs and neutrino mixing angles remain valid (at least at tree
level).

In Fig. 3 we show the results concerning the neutralino
life time obtained from our scan. We see that the life timeis
shorter than 10−11 s in the whole mass range. This result is
sufficient to verify that a neutralino dark matter candidate,
with mχ ≥ 200 GeV, is not allowed in Split-SUSY with
BRpV because it decays overly fast. On the other hand, we
are quietly safe from BBN constraints on unstable neutral
particles [35–38], which are easily avoided when the life time
is shorter than 0.01 s. Considering that BBN constraints are
not an issue, in the following section we introduce a gravitino
as the lightest SUSY particle (LSP) in order to account for
dark matter.

However, before moving to the gravitino dark matter sec-
tion, let us briefly comment about the phenomenology of
short-lived neutralinos in the context of collider searches at
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the LHC. When the neutralino life time is larger than 10−12 s
(mχ0 ≤ 300 GeV in our scenario) the produced neutralinos
should decay inside the inner detector of ATLAS [63], allow-
ing the reconstruction of the corresponding displaced vertex
(CMS requires τ ≥ 10−11 s [64]). Instead, if the life time
is much shorter, the collider searches must rely on the mea-
surement of some excess of events over SM background in
multi-lepton or multi-jet channels. In order to interpret these
searches in our scenario, it is useful to know the neutralino
BRs. In our scan we assume that the decay width is mostly
accounted for by the on-shell final states Zν, Hν, and W ±l∓.
Then the corresponding BRs are computed with respect to
the sum of these three channels. The results are shown in
Fig. 4. It can be seen that light neutralinos prefer to decay
into Zν, especially in the region of displaced vertex searches
(notice that the neutrino makes this search quite challenging).
However, when the neutralino is heavy enough, the BRs into
Zν and Hν become very similar and close to 40 % each. The
BR into W ±l∓ is in general sub-dominant and rarely exceeds
the 30 % level. These results can be used as guidance for the
search of neutralinos at the LHC, but they should be consid-
ered in combination with the life time and production cross
sections to constrain the model.

3 Gravitino cosmology

Supersymmetric models with a gravitino-LSP represent an
attractive scenario in which to accommodate dark matter
observations [65–73]. For instance, the thermal gravitino
relic density has been computed and successfully connected
to observations in the context of conserved R-Parity [66–
69]. Furthermore, it has been shown that even allowing R-

Parity violating terms these results still remain positive [70–
73]. Although in RpV scenarios the gravitino is allowed to
decay at low temperatures, it has been shown that in general
it remains stable for timescales comparable to the age of the
universe. Indeed, the gravitino is naturally meta-stable, since
the interactions are doubly suppressed by both the smallness
of the RpV terms and the Planck mass.

In the context of Split-SUSY, we consider that in order
to compute the thermal gravitino relic density it is necessary
to study the potential effects of the mass scale m̃ � 1 TeV
for scalar sparticles. For instance, the introduction of this
arbitrary scale implies that during the thermal history of the
universe there is an abrupt change in the number of relativis-
tic degrees of freedom around the temperature T 
 m̃. This
behavior is remarkably different from the natural MSSM sce-
narios1 and in principle it may affect the standard computa-
tions of the gravitino relic density. In this section we show that
under reasonable assumptions, concerning the Split-SUSY
scale and the reheating temperature, the relic density for-
mula in Split-SUSY is equivalent to the MSSM result. In
addition, we compute the gravitino life time in order to study
the particular interplay between neutrino physics and dark
matter obtained in our scenario.

3.1 Gravitino relic abundance

We assume that the evolution of the early universe is deter-
mined by the standard model of cosmology [74,75]. In this
approach, it is assumed that after the Big Bang the universe
experiences an inflationary phase, which is triggered by the
dynamics of a slow-rolling scalar field [76–78]. During this
phase, the energy density is dominated by vacuum energy,
such that the universe expands exponentially. Also, it is com-
monly assumed that any trace of pre-inflationary matter and
radiation is diluted to negligible levels with the correspond-
ing supercooling of the universe. The inflationary phase con-
cludes when the inflaton field reaches the bottom of the scalar
potential, such that the universe becomes matter dominated.
During this stage, the inflaton starts to decay more rapidly
into other forms of matter and radiation, giving rise to the
radiation dominated phase.

In general, it is possible to conceive that during the last
stages of inflation, some amount of gravitinos are non-
thermally generated through inflaton decays. Moreover, it
has been shown that this mechanism can be very effective
[66,79,80], and even dangerous concerning observational
constraints. However, these results are strongly dependent
on the inflationary model. For example, it is possible to con-
struct a supersymmetric model where this mechanism of pro-

1 We assume that in natural MSSM scenarios the supersymmetric scale
is common and fixed at the TeV scale. Thus, every supersymmetric
particle have a mass around the TeV value.
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duction can be safely neglected [81]. Thus, in order to avoid
deeper discussions about the inflationary model, this mech-
anism of production is not considered in the realm of this
work.

Leaving aside the non-thermal production of gravitinos, it
turns out that the total amount of energy stored in the infla-
ton field is progressively transformed into relativistic mat-
ter. This process increases dramatically the temperature and
entropy of the universe. When this phase is completed, the
universe reaches the reheating temperature TR . Depending on
the magnitude of TR , the gravitinos could arrive at thermal
equilibrium with their environment during the post-reheating
period. In this case, a very light gravitino may account for
the observed DM relic density. However, it has been shown
that this scenario is quite difficult to achieve [82]. Instead,
we assume that the gravitino is out of thermal equilibrium
and, in addition its initial number density is required to be
negligible. Therefore, the gravitino relic density is generated
from the scattering and decays of particles, which are indeed
in thermal equilibrium in the plasma.

In order to compute the gravitino relic density we consider
the approach of [39].2 This reference considers a minimal
version of supergravity in four dimensions with N =1 super-
symmetry, or equivalently the MSSM with minimal gravitino
interactions. Also, it is important to note that at the compu-
tational level one uses mSUSY  TR , where mSUSY is the
common mass scale of supersymmetric particles.

For the following discussion it is convenient to consider
an instantaneous reheating period.3 Thus, the energy stored
in the inflaton modes is suddenly transformed into radiation
energy. This is equivalent to starting the thermal history of
the universe from a Big Bang with a maximum temperature
TR . Then the expression for the gravitino comoving density
Y3/2(T ), evaluated at a temperature T ′ such that TR � T ′ �
mSUSY, is given by

Y3/2(T
′) = n3/2(T ′)

s(T ′)
= −

∫ T ′

TR

dT
C3/2(T )

s(T )H(T )T
, (13)

where n3/2(T ) is the gravitino number density, s(T ) ∝ T 3

is the entropy, H(T ) ∝ T 2 is the Hubble parameter, and
C3/2(T ) is the collision factor that determines the rate of
gravitino production at a given temperature. For the com-
putation of this rate it is sufficient to consider interactions

2 In the first stages of our work we have considered [68] and just recently
we have been brought to [39]. The latter reference improves importantly
the computations of the relic density in the regime gs(TR) ∼ 1, which
allows us to consider points with TR ∼ 105 GeV.
3 The main idea of the discussion is not modified by pre-reheating
features because we are interested in temperatures T ′ such that TR �
T ′ � mSUSY. However, as the correction is approximately 25 % after
considering non-instantaneous reheating, we use the full result for the
relic density.

only between relativistic particles. This is because the num-
ber density of non-relativistic particles is exponentially sup-
pressed and therefore their contributions can be neglected.
Indeed, it is assumed and finally verified that the relevant tem-
peratures for the computation of the relic density are much
greater than mSUSY, then the relativistic approximation is
applied to every particle of the MSSM.

After pages of computations, considering several contri-
butions to the collision factor, the result is finally obtained
that C3/2(T ) ∝ T 6. Then Y3/2(T ′) = F(TR)(TR − T ′),
where F(T ) is a function that varies very slowly with the
temperature. Interestingly, this result indicates that the grav-
itino production is only efficient around the reheating epoch.
In practice, it is enough to consider T ′ sufficiently smaller
than TR in order to obtain, with a good level of accuracy, the
gravitino comoving relic density that is valid for any temper-
ature in the future.

Therefore, considering that Split-SUSY is equivalent to
the MSSM at scales greater than m̃, we notice that within
the region of the parameter space restricted by m̃  TR , the
expression for the gravitino relic density in Split-SUSY is
equivalent to the MSSM result. Thus, the normalized relic
density is given by

�3/2(T0)h
2 = m3/2Y3/2(T0)

s(T0)h2

ρc(T0)

= 0.167

(

m3/2

100 GeV

)(

TR

1010 GeV

)[

1.30

2π5
9λ2

t (TR)

+
3
∑

N=1

(

1 + M2
N (TR)

3m2
3/2

)(

nN fN (αN gN (TR))

2(2π)3

+1.29

8π5
g2

N (TR)(C
′
N − CN )

)]

, (14)

where T0 = 2.725K is the CMB temperature today,
s(T0) = 2.22 × 10−38 GeV3 is the current entropy density
and ρc(T0)h−2 = 8.096 × 10−47 GeV4 is the critical den-
sity. The sum over N takes into account the contribution from
the degrees of freedom associated to the gauge groups of the
MSSM, i.e. U (1), SU (2), and SU (3), respectively. The func-
tions fN (αN gN (TR)), withαN = {√11/2, 3/2, 3/2}, are the
“improved” rate functions of the MSSM, which we get from
Fig. (1) of [39]. The other parameters are nN = {1, 3, 8},
CN = {0, 6, 24}, and C ′

N = {11, 21, 48}. Also, we set
At (TR) = 0. Notice that the gaugino masses MN and gauge
couplings gN are evaluated at the reheating temperature.

The complementary region of the parameter space, m̃ >

TR , is not further developed in our work. Indeed, this region
is highly disfavored by taking into account the typical values
of TR that are considered in models of baryogenesis through
high scale leptogenesis [83,84], and the values obtained for
m̃ from the Higgs mass requirement.

In our scan we generate every parameter of the model at
low-energy scales. For instance, gauge couplings are defined
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Fig. 5 Relation between the reheating temperature, gravitino mass and
gaugino scale in order to obtain the observed dark matter density. The
black dashed line at about 4 TeV indicates the minimum value of m̃
obtained from the Higgs mass requirement. In the Monte Carlo scan we
assume TR ≥ 102m̃, then the lower bound on TR is around 106 GeV,
which is indicated by a second dashed line in the figure

at MW , the top Yukawa coupling at Mt and soft masses at
Mino. Thus, in order to evaluate the couplings and gaugino
masses at TR , we use a three-step approach for the running
of the parameters. We use the SM RGEs between MW and
Mino, then the Split-SUSY RGEs between Mino and m̃ and
finally the MSSM RGEs from m̃ until TR . In order to have
control of the energy scales, we take the reheating temper-
ature as a free parameter, then we assume that the gravitino
saturates the dark matter density in order to obtain its mass
from Eq. (14). We have checked that by using Eq. (14) instead
of the expression given in [68] we obtain gravitino masses
which are as much as 50 % bigger.

In Fig. 5 we show the allowed relations between the
reheating temperature, gravitino mass and gaugino scale in
order to obtain the observed dark matter density, �DM h2 =
0.1196 ± 0.0031 [41]. We see that the boundary values of
m3/2 are positively correlated to the values of Mino for each
value of the reheating temperature. From the Higgs mass
requirement we have found that the minimum accepted Split-
SUSY scale is m̃ = 4 × 103 GeV. Then, in order to sat-
isfy the approximation TR � m̃, we consider reheating
temperatures in the interval 102m̃ < TR < 106m̃. Conse-
quently the minimum reheating temperature that we accept
is T min

R = 4 × 105 GeV. At this temperature the strong cou-
pling constant is approximately gs(T min

R ) 
 0.94.
Concerning the recent results from BICEP2 [85], which

suggest that the inflation energy scale is such that V 1/4
inf (φ) 


2.2 × 1016 GeV for a tensor-to-scalar ratio r 
 0.2, we must
point out that the reheating temperature is not necessarily
required to be that high. In generic inflationary models, the
reheating temperature is mostly defined in terms of the infla-
ton decay width, which could be related to the inflaton poten-

tial but it depends essentially on the specific model of interac-
tions between the inflaton and the rest of the particles. In our
work we consider the inflaton decay width, or equivalently
the reheating temperature, as a free parameter.

3.2 Gravitino life time

Once we allow BRpV terms in the Split-SUSY Lagrangian,
every supersymmetric particle, including the gravitino, be-
comes unstable. Fortunately, it turns out that in the considered
mass range, m3/2 < m H , the gravitino life time is consider-
ably larger than the age of the universe, which guarantees the
necessary meta-stability required for the dark matter particle.
However, the meta-stability of the gravitino opens the possi-
bility for the indirect observation of dark matter through the
detection of gamma-rays or charged particles of cosmic ori-
gin. Instead, the non-observation of any excess with respect
to the background in these searches is useful for constrain-
ing the parameter space allowed by the model. Therefore, in
order to study the experimental potential and consistency of
our dark matter scenario it is unavoidable to consider the life
time of the gravitino.

Some studies concerning the gravitino life time and its
experimental potential in the MSSM with RpV terms are
given by [42,43,71,73,86]. Moreover, the gravitino life time
has been studied in the context of Partial Split-SUSY with
BRpV [72] considering all the available channels in the mass
range m3/2 < m H . Because of the similarity between the lat-
ter model and our scenario, we consider the nomenclature,
mass range, and several intermediate results from this refer-
ence. However, there are explicit model-dependent features
that deserve some consideration, such as the explicit form of
the gravitino-to-matter couplings and the relation between
BRpV parameters and neutrino observables.

For the sake of clarity, the details about the computations
of the gravitino decay in Split-SUSY with BRpV are reserved
for Appendix C. Indeed, in order to study the main features
of our scenario, it is enough to consider the factorized expres-
sion for the gravitino decay width,

�3/2 =
∑

i∈U

gi (m3/2)hi (M1,M2, μ, g̃d , g̃′
d , |λ|2), (15)

where the index i runs over all available channels in the range
m3/2 < m H , i.e. U = {γ ν j ,W ∗ν j , γ (Z∗)l j }, where j is a
family index, and the two-body notation W ∗ν j or γ (Z∗)l j

implies the sum over all three-body decays for a fixed j .
The functions gi (m3/2) involve complicated integrals over
the phase space of the three-body final states that in general
must be evaluated numerically. However, each function hi

is analytical and relatively simple. Furthermore, the result is
obtained that every factor hi is proportional to |λ|2.
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Thus we see that the total gravitino decay width is pro-
portional to |λ|2, as is the general case in SUSY with BRpV
scenarios. Interestingly, in Split-SUSY with BRpV the term
|λ|2 is proportional to the neutrino atmospheric mass but it is
independent of the solar mass, check the first lines of Eq. (12).
This is not the case in the MSSM or Partial Split-SUSY with
BRpV, where the quantity |λ|2 (or |�|2 to be exact) can be
related to the solar mass as well. As the life time is inversely
proportional to the decay width and 	m2

atm � 	m2
sol, we

expect typical values of the gravitino life time in Split-SUSY
with BRpV to be smaller than the values obtained in the
MSSM or Partial Split-SUSY with BRpV. Furthermore, we
can use Eq. (12) and the approximation g̃  1 in order to
obtain

�3/2 
 |
√

	m2
atm|

∑

i∈U

gi (m3/2)h̄i (M1,M2, g̃d , g̃′
d), (16)

where the parameters |λ|2 and μ were traded for the atmo-
spheric mass, whose value is tightly restricted by neutrino
experiments. This expression is useful for visualizing the
subset of Split-SUSY with BRpV parameters that determine
the gravitino life time. At first sight, we just need to fix the
parameters (m3/2, M1, M2, g̃d , g̃′

d ) in order to obtain both
the life time and the corresponding BRs. Below, we test this
hypothesis against exact numerical computations of�3/2 and
derive the effective set of parameters that do the job. Also, we
include some approximated life time bounds for the consid-
ered scenarios in order to verify that at least light gravitinos
are still allowed in our model.

Assuming that Eq. (16) is a valid approximation, we see
that the gravitino branching ratios and the total decay width
should be determined by M1 and M2 plus some noise coming
from the values of g̃d and g̃′

d , which depend on m̃ and tan β.
Indeed, this feature can be checked in Fig. 6 (top panel),
where we have fixed M1 = 300 GeV and M2 = 2M1

while we vary the rest of parameters as usual, and require
the Higgs mass and neutrino physics to be satisfied. In this
figure, we also show the bounds on the gravitino life time
obtained in [43] for the same values of M1 and M2. These
bounds are approximate because the previously cited ref-
erence only considers RpV terms in the tau sector. Below
10 GeV, we consider the bounds obtained in [87] in the
regime B R(ψ3/2 → γ ν) = 1. In order to construct the
boundary line, we correct the life time bounds using our BRs.
In practice, we just consider the BR-corrected values of τmax

3/2
for m3/2 = 1, 5 and 10 GeV.

Extending the discussion to scenarios where M2 �= 2M1,
we have found that in general the distribution of points in
the plane (m3/2, τ3/2) is more diffuse, in particular when M2

is very similar to M1, because the noise from the couplings
becomes more important. When this is the case we just need
to fix tan β because m̃ should be restricted by the Higgs mass
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Fig. 6 Gravitino life time (blue) and 3-body BR (red) as a function
of m3/2 in Split-SUSY with BRpV. Top Sugra inspired benchmark.
Bottom Compressed spectrum benchmark. Above 10 GeV we include
the bounds of [43] and below 10 GeV we consider the bounds of [87].
The reduced interval of m3/2 in the bottom panel is explained by the
correlation between m3/2, TR , and M1; see Fig. 5

value. An example of this kind of scenario can be seen in
Fig. 6 (bottom panel). We see that the life time and three-
body BR are fixed for each value of m3/2. Note that in the
MSSM with BRpV, the life time would still depend on |λ|2.
In order to have a conservative idea of the corresponding
bounds, we include the limits obtained in [43] for the point
M1 = 1 TeV and M2 = 2M1. We choose this point because
the three-body BR behaves similarly to our scenario. Below
10 GeV we consider the same reference and procedure as
before.

By simple inspection of the bottom (top) panel of Fig. 6,
we notice that the region m3/2 > 8 (2)GeV is strongly dis-
favored. However, we see that masses below 10 (2)GeV are
still viable. A more systematic study of these issues, consid-
ering a complete scan of the space of (effective) free parame-
ters and complementary bounds derived from several exper-
iments, is left for another work.

Instead, we would like to emphasize the main result of
this section. We have shown that, after considering the con-
straints derived from the Higgs mass value and three gen-
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eration neutrino observables, the space of free parameters
which are relevant to investigate gravitino dark matter indi-
rect searches in Split-SUSY with BRpV is effectively given
by a 4-dimensional parameter space (note that the original
parameter space is 14-dimensional). Indeed, without loss of
generality, we can define the effective parameter space as
(m3/2, M1, M2, tan β).

During the last stages of our research we have realized that
the gravitino life time could indeed be bounded from above
for each gravitino mass, which would be an interesting result
in order to impose more general constraints to our model.
For instance, in the regime M1 
 M2 and tan β > 10 we
have found that the absolute maximum always exists, and it
is obtained for M1 
 m3/2. A general study of this issue is
under preparation.

4 Summary

In order to accommodate the dark matter paradigm, we con-
sider the simplest supergravity extension of supersymmetry
in the Split-SUSY scenario with BRpV, with the gravitino as
a dark matter candidate. We find this model to be consistent
with the measured relic density, with the Higgs boson mass,
and with neutrino observables. Furthermore, the NLSP (neu-
tralino) decays fast enough to avoid constraints from BBN.
Two-body and three-body gravitino decays are calculated,
and the total decay life time is found to be larger than the
age of the universe. In Split-SUSY with BRpV we find that
the atmospheric neutrino mass squared difference is directly
related to the gravitino life time. This makes the model more
falsifiable because once the gravitino BR and mass are deter-
mined, so it is its life time (this is not the case in the MSSM
with BRpV).

We numerically impose that the requirement that the Higgs
mass is around 126 GeV. In Split-SUSY this implies that tan β
is related to the Split-SUSY mass scale m̃, and found it to be
relatively low, 4 TeV � m̃ � 103 TeV. The typical values
for the reheating temperature satisfy m̃  TR , which allow us
to use the standard expressions for the gravitino relic density,
using Split-SUSY RGEs. Besides, BBN constraints to NLSP
decays, in our case the lightest neutralino, impose limits on
the life times. They are easily satisfied in Split-SUSY with
BRpV, since the neutralino life time satisfies τχ < 10−11 s.
The main decay mode is via the BRpV terms λi , with the
decay modes into gravitinos subdominant.

We include updated neutrino physics constraints, includ-
ing solar and atmospheric mass squared differences, and mix-
ing angles. In Split-SUSY with BRpV in three generations
we explain the atmospheric mass but we need an extra mass
term, motivated by a higher-dimensional gravity operator,
for the solar mass. The flavor blindness of the extra opera-
tor implies that the atmospheric mass is solely explained by

BRpV terms. This is the origin of the direct relation between
the neutrino atmospheric mass and the gravitino life time.

We show that the gravitino life time is sufficiently large
in comparison to the age of the universe. However, it can
decay into a photon and a neutrino (two-body decay) or
other charged fermions (three-body decay). Dark matter indi-
rect searches are therefore essential. A complete analysis
of this model needs to incorporate experimental informa-
tion and Monte Carlo simulations into the constraints we
have presented in this work. We notice that in our scenario,
the interplay between the Higgs mass, neutrino observables
and gravitino sectors reduces the parameter space that deter-
mines the gravitino life time and branching ratios. Indeed,
it is a 4-dimensional space which is effectively given by
M1,M2, tan β, and m3/2.

In summary, a general study of Split-SUSY with BRpV
and the gravitino as dark matter candidate, including grav-
itino relic density, life time, Higgs mass, neutrino physics,
and NLSP decays, allows us to see internal correlations that
make it a more falsifiable model.
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Appendix A: Monte Carlo scan

In order to study the interplay between the Higgs, neutrino
and dark matter sectors of our model we run a Monte Carlo
scan considering the parameter space of Split-SUSY with
BRpV plus the gravitino sector. We select those points that
satisfy simultaneously some of the most relevant experimen-
tal observations regarding these three sectors. The parameters
and the corresponding intervals are given in Table 1.

We choose a common scale Mino for gaugino masses, such
that M1, M2, and M3 get values close to Mino. Thus, we can
decouple simultaneously, at the scale Mino, the three gaug-
inos from RGE computations. Indeed, for RGE computa-
tions we consider the SM content below Mino, Split-SUSY
between Mino and m̃ and MSSM above m̃. Also, we consider
M1 < M2 < M3 in order to produce a neutralino NLSP. This
hierarchy is also useful to avoid stringent collider constraints
on the direct production of gluinos. The Split-SUSY scale m̃
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Table 1 Free parameters and
the corresponding intervals of
the Monte Carlo scan

Parameter Description Range

Mino Common EW-scale for gaugino soft masses [200 GeV, 1100 GeV]
M1 Bino mass Mino

M2 Wino mass Mino + [10 GeV, 100 GeV]
M3 Gluino mass M2 + [10 GeV, 200 GeV]
μ mu parameter Mino + [10 GeV, 100 GeV]
m̃ Split-SUSY scale [104 GeV, 1010 GeV]
tan β Ratio of Higgs expectation values at m̃ [1, 50]
TR Reheating temperature m̃ × [102 GeV, 106 GeV]
μg Effective gravitational mass parameter [2 × 10−3 eV, 4 × 10−3 eV]

λ1 Effective BRpV parameter ( Ā/A)× [10−4 GeV, 10−3 GeV]
λ2 – ( Ā/A)× [10−3 GeV, 10−2 GeV]
λ3 – ( Ā/A)× [10−3 GeV, 10−2 GeV]

is chosen such that the Higgs mass is efficiently reproduced.
The reheating temperature is chosen to be greater than m̃ in
order to use standard expressions for the gravitino relic den-
sity; see Sect. 3.1. The intervals for each λi are indirectly
obtained depending on the value of the ratio Ā/A, where A
is a function of gaugino masses and couplings, see Sect. 2.2,
and Ā = −1000 eV/GeV2 is an arbitrary normalization,
such that in the case A = Ā, the obtained intervals for λi

reproduce a good point for neutrino physics in a reasonable
time. The BRpV parameters εi , which are independent of
λi , also are generated randomly but they do not affect any
computation relevant for this work.

Every point that is recorded to show the final results
has to satisfy three experimental constraints in the follow-
ing order. The Higgs mass is required to lie in the interval
[125 GeV, 127 GeV]. This constraint determines the relation
between tan β and m̃. Then we require that current experi-
mental values for neutrino physics given in [34] are repro-
duced with a 95 % confidence level each. Finally, we require
that the gravitino relic density satisfies the 68 % confidence
level interval computed by Planck [41]. The latter fixes the
mass of the gravitino. The efficiency of this process of selec-
tion is roughly 60 % with respect to the initial generation of
points.

Appendix B: Neutralino decay

In Split-SUSY with BRpV the lightest neutralino is not sta-
ble, so it is important to show that it decays fast enough to
play no relevant role in the early universe. The neutralino
decays with different supersymmetric particles as intermedi-
aries. Nevertheless, in Split-SUSY the squarks and sleptons
are too heavy to contribute to the decay rate. In this situa-
tion, the neutralino decays only via an intermediate Z and W
gauge boson, and via the Higgs boson H .

If χ0
1 decays via a Z boson, a relevant Feynman rule is

with

Oznn
Li j = −(Oznn

Ri j )
∗,

Oznn
Ri j = − g

2cW

(

N ∗
i4N j4 − N ∗

i3N j3 −
3
∑

k=1

N ∗
i,4+kN j,4+k

)

(17)

where N corresponds to the 7 × 7 neutralino/neutrino diag-
onalizing mass matrix, analogous as in [49] for the MSSM
with BRpV. Similarly, the relevant coupling in the decay via
a W gauge boson is,

with

Ownc
Li j = −g

[

N ∗
i2U j1 + 1√

2

(

N ∗
i3U j2 +

3
∑

k=1

N ∗
i,4+kU j,2+k

)]

,

Ownc
Ri j = −g

[

Ni2V∗
j1 − 1√

2
Ni4V∗

j2

]

(18)

with U and V the 5 × 5 chargino/charged leptons diagonal-
izing matrices. Note that in both cases the coupling constant
involved is the usual gauge coupling g, but it runs with the
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Split-SUSY RGEs. If the neutralino is heavier than 125 GeV,
it can relevantly decay also via a Higgs boson. The coupling
is,

with

Ohnn
Li j = (Ohnn

R ji )
∗,

Ohnn
Ri j = 1

2

[

Ni3
(

g̃′
dN j1 − g̃dN j2

)+ Ni4
(

g̃uN j2 − g̃′
uN j1

)

−
3
∑

k=1

akNi,k+4
(

g̃dN j2 − g̃′
dN j1

)

]

+ (i ↔ j)

(19)

with ak corresponding to the effective parameters in Eq. (8).
In our numerical calculations we use the above Feynman

rules. But in order to get an algebraic inside to the situation,
we use the block-diagonalization approximation. The inverse
of the neutralino mass matrix in Eq. (7) in Split-SUSY with
BRpV is,

(Mχ0)−1 = 1

det Mχ0

[

I gg I gh

I hg I hh

]

, (20)

where the 2 × 2 sub-matrices are equal to

I gg =
[−M2μ

2 + 1
2 g̃u g̃dv

2μ 1
4 (g̃u g̃′

d + g̃′
u g̃d)v

2μ

1
4 (g̃u g̃′

d + g̃′
u g̃d)v

2μ −M1μ
2 + 1

2 g̃′
u g̃′

dv
2μ

]

,

I gh =
[− 1

2 g̃′
uvM2μ+ 1

8 g̃u(g̃′
u g̃d − g̃u g̃′

d)v
3 1

2 g′
dvM2μ+ 1

8 g̃d(g̃′
u g̃d − g̃u g̃′

d)v
3

1
2 g̃uvM1μ+ 1

8 g̃′
u(g̃

′
u g̃d − g̃u g̃′

d)v
3 − 1

2 g̃dvM1μ+ 1
8 g̃′

d(g̃
′
u g̃d − g̃u g̃′

d)v
3

]

, (21)

I hh =
[ − 1

4 (g̃
2
u M1 + g̃′2

u M2)v
2 M1 M2μ− 1

4 (g̃u g̃d M1 + g̃′
u g̃′

d M2)v
2

M1 M2μ− 1
4 (g̃u g̃d M1 + g̃′

u g̃′
d M2)v

2 − 1
4 (g̃

2
d M1 + g̃′2

d M2)v
2

]

,

I hg = (I gh)T , and the determinant given by

det Mχ0 = −M1 M2μ
2 + 1

2
v2μ(g̃u g̃d M1 + g̃′

u g̃′
d M2)

+ 1

16
v4(g̃′

u g̃d − g̃u g̃′
d)

2 (22)

Using these results, the small parameters contained in the
matrix ξ = m M−1

χ0 are

ξi1 = v

det Mχ0

[

1

2
g̃′

d M2μ+ 1

8
g̃d(g̃

′
u g̃d − g̃u g̃′

d)v
2
]

λi ,

ξi2 = − v

det Mχ0

[

1

2
g̃d M1μ− 1

8
g̃′

d(g̃
′
u g̃d − g̃u g̃′

d)v
2
]

λi ,

ξi3 = v2

det Mχ0

[

1

4
(g̃u g̃d M1 + g̃′

u g̃′
d M2)

+ v2

16μ
(g̃′

u g̃d − g̃u g̃′
d)

2
]

λi − εi

μ
, (23)

ξi4 = − v2

4 det Mχ0
(g̃2

d M1 + g̃′2
d M2)λi .

Notice that the term (g̃′
u g̃d − g̃u g̃′

d) tends to zero as the
Split-SUSY scale approaches the weak scale, and in many
applications can be neglected, as done in [50]. We also use
the short notation ξi1 = ξ1λi , ξi2 = ξ2λi , ξi3 = ξ3λi − εi/μ,
and ξi4 = ξ4λi . Using the parameters in Eq. (23) we can find
the effective neutrino mass matrix in Split-SUSY with BRpV
given in Eq. (9).

The rotation matrix that block-diagonalizes the neu-
tralino/neutrino mass matrix, including the diagonalization
in the neutralino sector but not in the neutrino one, is

N =
[

N Nξ T

−ξ 13×3

]

(24)

with N the 4 ×4 diagonalizing neutralino matrix. If we spe-
cialize F0

i → νi and F0
j → χ0

j in the Z F0
i F0

j coupling in
Eq. (17), and using Eq. (24) we find

Ozνχ
Ri j = g

2cW

(

2ξi4 N j4 + ξi1 N j1 + ξi2 N j2
) ≡ ˜Ozνχ

R j λi

(25)

In the case of charged leptons, in Split-SUSY with BRpV
the chargino/charged lepton mass matrix is given by

Mχ+ =
(

Mχ+ ET

E ′ M�

)

, (26)

where the chargino sub-matrix and its inverse are

Mχ+ =
(

M2
1√
2

g̃uv

1√
2

g̃dv μ

)

,

M−1
χ+ = 1

det Mχ+

(

μ − 1√
2

g̃uv

− 1√
2

g̃dv M2

)

,

(27)
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with det Mχ+ = M2μ− 1
2 g̃u g̃dv

2. The small parameters in
this case are given by the matrix elements of ξL = E M−1

χ+ ,

and since the matrix elements in E ′ are proportional to the
charged lepton masses, the analogous ξR ∼ m�ξL are usually
neglected. Given that

E =

⎛

⎜

⎜

⎝

1√
2

g̃da1v −ε1

1√
2

g̃da2v −ε2

1√
2

g̃da3v −ε3

⎞

⎟

⎟

⎠

, (28)

the relevant small parameters in the charged sector are

ξ i1
L = g̃dv√

2 det Mχ+
λi ,

ξ i2
L = − g̃u g̃dv

2

2μ det Mχ+
λi − εi

μ
.

(29)

The rotation matrices that block-diagonalize the
chargino/charged lepton mass matrix are

U =
[

U Uξ T
L−ξL 13×3

]

, V =
[

V 02×3

03×2 13×3

]

. (30)

If we specialize F0
i → χ0

i and F+
j → �+j in the W F0 F+

coupling in Eq. (18) we find

Owχ�
Li j = g

[

Ni2ξ
j1

L + 1√
2

Ni3

(

ξ
j2

L − ξ j3

)

− 1√
2

(

Ni1ξ j1 + Ni2ξ j2 + Ni4ξ j4
)

]

≡ ˜Owχ�
L j λi ,

(31)

Owχ�
Ri j = 0.

Now, regarding the Higgs contribution to the neutralino
decay, if we specialize the coupling in Eq. (19) to F0

i → νi

and F0
j → χ0

j we get

Ohνχ
Li j = 1

2

[

(ξi3 − ai )
(

g̃d N j2 − g̃′
d N j1

)

−ξi4
(

g̃u N j2 − g̃′
u N j1

)+ N j3
(

g̃dξi2 − g̃′
dξi1

)

−N j4
(

g̃uξi2 − g̃′
uξi1

)

]

≡ ˜Ohνχ
L j λi . (32)

The results in Eqs. (25), (32), and (32) tells us that the
neutralino decay depends only on λi (and not on εi ).

5 Appendix C: Gravitino decay

The relevant gravitino-to-matter couplings in Split-SUSY
with BRpV can be computed by following a top (MSSM)–
down (Split-SUSY) approach. Thus, we start by considering
the gravitino-to-matter couplings in the MSSM with BRpV

scenario [88]. As we are interested in the gravitino decays,
we just consider vertices that include one gravitino, one neu-
tral or charged lepton plus a gauge boson. Typically, these
couplings are proportional to mixing matrix elements, which
are different from zero because of the BRpV terms. Finally,
we use the matching conditions defined in Eqs. (2) and (5)
to recover the couplings in pure Split-SUSY with BRpV lan-
guage. Thus, we obtain

Cμν[γ,ψ3/2, νi ] 

( −i

4MP

)

[/p, γ μ]γ νUγ̃ νi ,

Cμν[Z , ψ3/2, νi ]


( −i

4MP

)(

−[/p, γ μ]γ νUZ̃νi
+ PRγ

μγ ν
g̃d

μ
λiv

)

, (33)

Cμν[W, ψ3/2, �i ]


( −i

4MP

)(

−[/p, γ μ]γ νUW̃�i
+ √

2PRγ
μγ ν

g̃d

μ
λiv

)

,

where MP = 2.4 × 1018 GeV is the reduced Planck mass.
The mixing matrix elements can be computed analytically
by using the small lepton mass approximation, i.e. when the
neutralino/neutrino and chargino/charged lepton BRpV mix-
ing terms are much smaller than soft masses and the μ term,
thus

Uγ̃ νi 
 μ

2detM SS
χ0

(g̃d M1sW − g̃′
d M2cW )λiv,

UZ̃νi

 − μ

2detM SS
χ0

(g̃d M1cW + g̃′
d M2sW )λiv, (34)

UW̃�i

 − g̃d√

2detM SS
χ±
λiv,

where M SS
χ0 and M SS

χ± are computed in [50]. Although the cou-
plings and mixing matrix elements are written in the gauge
basis we have to recall that computations of the amplitudes
has to be done in the mass basis, which in principle requires
that some UPMNS factors should be included in the couplings.
Fortunately, it turns out that after summing over the three
families of neutrinos, these mixing matrix elements cancel
out because of the unitarity of the UPMNS matrix. Also, it is
interesting to notice that there is a simple map between the
couplings and the mixing matrix elements of Split-SUSY
with BRpV and Partial Split-SUSY (MSSM) with BRpV,
which is explicitly shown in Appendix D.

Now, by following the approach of [72], we compute the
main contributions to the gravitino decay width in the region
0 < m3/2 < m H considering two- and three-body final state
channels. We use the approximation of massless final states,
but we consider exact mass thresholds. As shorter life times
are more challenging experimentally speaking, the approxi-
mation of massless final states and exact thresholds is a con-
servative approach. In order to consider different contribu-
tions systematically, we factorize the total decay width as
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�3/2 =
∑

i∈U

gi (m3/2)hi (M1,M2, μ, g̃d , g̃′
d , λ j ), (35)

where by definition gi is a function with mass dimension and
hi is a dimensionless function. For a fixed value of m3/2, the
functions gi are just numbers. This allows us to write the total
gravitino decay width as a sum of constant coefficients times
functions of Split-SUSY parameters. The index i runs over all
the possible final states considered for the gravitino decay,
i.e. U = {γ ν j ,W ∗ν j , γ (Z∗)l j } where j is a family index
and the two-body notation W ∗ν j or γ (Z∗)l j implies the sum
over all three-body decays for a fixed j . For instance, for
i = 0 we consider the contribution from the two-body decay
which is given by just one channel. For the three-body decays
we consider five different channels, then i runs from 1 to 5
for single square amplitudes. Finally, we consider i = mn
with m, n = 1, . . . , 5 and m �= n for mixing terms between
different channels.

The contribution of the two-body decay is given by the
decay of the gravitino into a neutrino plus a photon, whose
expression is given by

�2B = g0(m3/2)h0(M1,M2, μ, g̃d , g̃′
d , |λ|2) such that

g0(m3/2) = m3
3/2

32πM2
P

,

h0(M1,M2, μ, g̃d , g̃′
d)

= μ2

4(detM SS
χ0 )

2
(g̃d M1sW − g̃′

d M2cW )
2|λ|2v2.

(36)

The contributions to the three-body decay are given by
the decays of the gravitino into a fermion/anti-fermion pair
plus a neutrino. The intermediate channels include the vir-
tual exchange of γ, Z , and W ± bosons. Then in general the
functions gi can be written as

gi (m3/2) = 1

32(2π)3m3
3/2

∫ ∫

dsdt fi (m3/2, s, t), (37)

where the functions fi are dimensionless and s and t are the
usual Mandelstam variables. Following this notation, the cor-
responding matrix amplitudes are given by 〈|Mi |〉2 = fi hi .
The explicit expressions for the functions fi are given by

f1(m, s, t) = q2
f

64M2
P

T11

s2 ,

f2(m, s, t) = g2

64c2
W M2

P

T22

(s − m Z )2 + m2
Z�

2
Z

,

f3(m, s, t) = g2v2

256c4
W M2

P

T33

(s − m Z )2 + m2
Z�

2
Z

,

f4(m, s, t) = g2

512M2
P

T44

(s − mW )2 + m2
W�

2
W

,

f5(m, s, t) = g2v2

1024M2
P

T55

(s − mW )2 + m2
W�

2
W

,

f12(m, s, t) = gq f

64cW M2
P

(s − m2
Z )T12

s((s − m2
Z )

2 + m2
Z�

2
Z )
,

f13(m, s, t) = gq f v

64c2
W M2

P

(s − m2
Z )T13

s((s − m2
Z )

2 + m2
Z�

2
Z )

(38)

f23(m, s, t) = g2v

64c3
W M2

P

T23

(s − m2
Z )

2 + m2
Z�

2
Z

,

f45(m, s, t) =
√

2g2v

512M2
P

T45

(s − m2
W )

2 + m2
W�

2
W

,

f14(m, s, t) =
√

2gq f

128M2
P

(m2 − (s + t)− m2
W )T14

s((m2 − (s + t)− m2
W )

2 + m2
W�

2
W )
,

f24(m, s, t) =
√

2g2

128cW M2
P

× [(s − m2
Z )(m

2 − (s + t)− m2
W )+ m Z mW�Z�W ]T24

[(s − m2
Z )

2 + m2
Z�

2
Z ][(m2 − (s + t)− m2

W )
2 + m2

W�
2
W ] ,

f34(m, s, t) =
√

2g2v

256c2
W M2

P

× [(s − m2
Z )(m

2 − (s + t)− m2
W )+ m Z mW�Z�W ]T34

[(s − m2
Z )

2 + m2
Z�

2
Z ][(m2 − (s + t)− m2

W )
2 + m2

W�
2
W ] ,

f15(m, s, t) =
√

2gvq f

256M2
P

× [(s − m2
Z )(m

2 − (s + t)− m2
W )+ m Z mW�Z�W ]T15

[(s − m2
Z )

2 + m2
Z�

2
Z ][(m2 − (s + t)− m2

W )
2 + m2

W�
2
W ] ,

f25(m, s, t) = g2v

128cW M2
P

× [(s − m2
Z )(m

2 − (s + t)− m2
W )+ m Z mW�Z�W ]T25

[(s − m2
Z )

2 + m2
Z�

2
Z ][(m2 − (s + t)− m2

W )
2 + m2

W�
2
W ] ,

f35(m, s, t) = g2v2

256c2
W M2

P

× [(s − m2
Z )(m

2 − (s + t)− m2
W )+ m Z mW�Z�W ]T35

[(s − m2
Z )

2 + m2
Z�

2
Z ][(m2 − (s + t)− m2

W )
2 + m2

W�
2
W ] ,

where q f is the charge of the fermion, such that qe = √
4πα2,

which couples to the photon in the corresponding sub-
diagram and the terms Ti j are defined in the same way as
[72]. The corresponding functions hi are given by

h1(M1,M2, μ, g̃d , g̃′
d , λi ) = |Uγ̃ νi |2,

h2(M1,M2, μ, g̃d , g̃′
d , λi ) = |UZ̃νi

|2,

h3(M1,M2, μ, g̃d , g̃′
d , λi ) = g̃2

d |λi |2
μ2 ,

h4(M1,M2, μ, g̃d , g̃′
d , λi ) = |UW̃�i

|2,
h5(M1,M2, μ, g̃d , g̃′

d , λi ) = h3(M1,M2, μ, g̃d , g̃′
d , λi ),
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h12(M1,M2, μ, g̃d , g̃′
d , λi ) = Uγ̃ νi UZ̃νi

,

h13(M1,M2, μ, g̃d , g̃′
d , λi ) = g̃d

Uγ̃ νiλi

μ
(39)

h23(M1,M2, μ, g̃d , g̃′
d , λi ) = g̃d

UZ̃νi
λi

μ
,

h45(M1,M2, μ, g̃d , g̃′
d , λi ) = g̃d

UW̃�′i
λi

μ
,

h14(M1,M2, μ, g̃d , g̃′
d , λi ) = Uγ̃ νi UW̃�′i

,

h24(M1,M2, μ, g̃d , g̃′
d , λi ) = UZ̃νi

UW̃�′i
,

h34(M1,M2, μ, g̃d , g̃′
d , λi ) = h45(M1,M2, μ, g̃d , g̃′

d , λi ),

h15(M1,M2, μ, g̃d , g̃′
d , λi ) = h13(M1,M2, μ, g̃d , g̃′

d , λi ),

h25(M1,M2, μ, g̃d , g̃′
d , λi ) = h23(M1,M2, μ, g̃d , g̃′

d , λi ),

h35(M1,M2, μ, g̃d , g̃′
d , λi ) = h3(M1,M2, μ, g̃d , g̃′

d , λi ).

Notice that each function hi is proportional to λ2
i . After

adding the contributions of the three families of neutrinos we
see that each hi becomes proportional to |λ|2.

Appendix D: Relations between low-energy parameters

It is direct to show that the relevant mixing terms that are used
in the computations of the gravitino decay both in the MSSM
with BRpV, Partial Split-SUSY with BRpV and Split-SUSY
with BRpV are related through the following map:

MSSM with
BRpV

↔ Partial Split-SUSY
with BRpV

↔ Split-SUSY
with BRpV

�i/vd ↔ �i/vd ↔ λi

g(
′) sin β ↔ g̃(

′)
u sin β ↔ g̃(

′)
u

g(
′) cosβ ↔ g̃(

′)
d cosβ ↔ g̃(

′)
d

vi/vd ↔ bi tan β ↔ ai

As an example, below we explicitly show the steps in
order to transform the term g̃

′
db1vu , which is relevant for the

computation of the gravitino decay to photon and neutrino
in Partial Split-SUSY with BRpV [72], to the corresponding
term in Split-SUSY with BRpV,

g̃
′
db1vu = g̃

′
d

cosβ

cosβ
b1

tan β

tan β
vu

= g̃
′
d cosβb1 tan β

vu

cosβ tan β

→ g̃
′
da1v, (40)

where the arrow at the third row indicates the application of
the map. In the same way we can recover all the relevant
couplings in the Split-SUSY with BRpV scenario. Notice
that in [72] it is necessary to correct the terms g�i by g̃d�i .

References

1. ATLAS Collaboration, Search for squarks and gluinos with the
ATLAS detector in final states with jets and missing transverse
momentum and 20.3 fb−1 of

√
s = 8 TeV proton-proton collision

data. ATLAS-CONF-2013-047, CERN, Geneva, May 2013
2. CMS Collaboration, S. Chatrchyan et al., Search for new physics

in the multijet and missing transverse momentum final state in
proton-proton collisions at

√
s = 8 TeV. arXiv:1402.4770 [hep-ex]

3. ATLAS Collaboration, Search for massive particles in multijet sig-
natures with the ATLAS detector in

√
s = 8 TeV pp collisions at

the LHC. ATLAS-CONF-2013-091, CERN, Geneva, Aug 2013
4. C.M.S. Collaboration, S. Chatrchyan et al., Search for top squarks

in R-parity-violating supersymmetry using three or more lep-
tons and b-tagged jets. Phys. Rev. Lett. 111, 221801 (2013).
arXiv:1306.6643 [hep-ex]

5. ATLAS Collaboration, G. Aad et al., Search for long-lived
stopped R-hadrons decaying out-of-time with pp collisions
using the ATLAS detector., Phys. Rev. D 88, 112003 (2013).
arXiv:1310.6584 [hep-ex]

6. CMS Collaboration, S. Chatrchyan et al., Search for heavy long-
lived charged particles in pp collisions at

√
s = 7 TeV. Phys. Lett.

B 713, 408–433 (2012). arXiv:1205.0272 [hep-ex]
7. B. Fuks, M. Klasen, D. Lamprea, M. Rothering, Precision pre-

dictions for direct gaugino and slepton production at the LHC.
arXiv:1407.7963 [hep-ph]

8. J. Heisig, J. Kersten, B. Panes, T. Robens, A survey for low stau
yields in the MSSM. JHEP 1404, 053 (2014). arXiv:1310.2825
[hep-ph]

9. ATLAS Collaboration, G. Aad et al., Search for direct production of
charginos, neutralinos and sleptons in final states with two leptons
and missing transverse momentum in pp collisions at

√
s = 8 TeV

with the ATLAS detector. arXiv:1403.5294 [hep-ex]
10. ATLAS Collaboration, Search for electroweak production of super-

symmetric particles in final states with at least two hadronically
decaying taus and missing transverse momentum with the ATLAS
detector in proton-proton collisions at

√
s = 8 TeV. ATLAS-

CONF-2013-028, CERN, Geneva, Mar 2013
11. ATLAS Collaboration, G. Aad et al., Search for direct production

of charginos and neutralinos in events with three leptons and miss-
ing transverse momentum in

√
s = 8TeV pp collisions with the

ATLAS detector. JHEP 1404, 169 (2014). arXiv:1402.7029 [hep-
ex]

12. ATLAS Collaboration, Search for chargino and neutralino produc-
tion in final states with one lepton, two b-jets consistent with a
Higgs boson, and missing transverse momentum with the ATLAS
detector in 20.3 fb−1 of

√
s = 8 TeV pp collisions. ATLAS-CONF-

2013-093, CERN, Geneva, Aug 2013
13. C.M.S. Collaboration, Search for electroweak production of

charginos, neutralinos, and sleptons using leptonic final states in pp
collisions at 8 TeV. CMS-PAS-SUS-13-006, CERN, Geneva, 2013

14. CMS Collaboration, Search for electroweak production of
charginos and neutralinos in final states with a Higgs boson in
pp collisions at 8 TeV. CMS-PAS-SUS-13-017, CERN, Geneva,
2013

15. ATLAS Collaboration, G. Aad et al., Search for R-parity-violating
supersymmetry in events with four or more leptons in

√
s = 7 TeV

pp collisions with the ATLAS detector. JHEP 1212, 124 (2012).
arXiv:1210.4457 [hep-ex]

16. CMS Collaboration, S. Chatrchyan et al., Search for anomalous
production of multilepton events in pp collisions at

√
s = 7 TeV.

JHEP 1206 169 (2012). arXiv:1204.5341 [hep-ex]
17. N. Arkani-Hamed, S. Dimopoulos, Supersymmetric unification

without low energy supersymmetry and signatures for fine-tuning

123

http://arxiv.org/abs/1402.4770
http://arxiv.org/abs/1306.6643
http://arxiv.org/abs/1310.6584
http://arxiv.org/abs/1205.0272
http://arxiv.org/abs/1407.7963
http://arxiv.org/abs/1310.2825
http://arxiv.org/abs/1403.5294
http://arxiv.org/abs/1402.7029
http://arxiv.org/abs/1210.4457
http://arxiv.org/abs/1204.5341


3138 Page 16 of 17 Eur. Phys. J. C (2014) 74:3138

at the LHC. JHEP 0506, 073 (2005). arXiv:hep-th/0405159 [hep-
th]

18. G. Giudice, A. Romanino, Split supersymmetry, Nucl. Phys. B 699,
65–89 (2004). arXiv:hep-ph/0406088 [hep-ph]

19. S. Jung, J.D. Wells, Gaugino physics of split supersymmetry spec-
trum at the LHC and future proton colliders. Phys. Rev. D 89,
075004 (2014). arXiv:1312.1802 [hep-ph]

20. D.S. Alves, E. Izaguirre, J.G. Wacker, Higgs, Binos and Gluinos:
Split Susy Within Reach. arXiv:1108.3390 [hep-ph]

21. F. Wang, W. Wang, F.-Q. Xu, J. M. Yang, H. Zhang, Virtual effects
of split SUSY in Higgs productions at linear colliders. Eur. Phys.
J. C 51, 713–719 (2007). arXiv:hep-ph/0612273 [hep-ph]

22. W. Kilian, T. Plehn, P. Richardson, E. Schmidt, Split super-
symmetry at colliders, Eur. Phys. J. C 39, 229–243 (2005).
arXiv:hep-ph/0408088 [hep-ph]

23. S.K. Gupta, P. Konar, B. Mukhopadhyaya, R-parity violation in
split supersymmetry and neutralino dark matter: to be or not to be,
Phys. Lett. B 606, 384–390 (2005). arXiv:hep-ph/0408296 [hep-
ph]

24. P. Gambino, G. Giudice, P. Slavich, Gluino decays in
split supersymmetry, Nucl. Phys. B 726, 35–52 (2005).
arXiv:hep-ph/0506214 [hep-ph]

25. K. Cheung, W.-Y. Keung, Split supersymmetry, stable
gluino, and gluinonium. Phys. Rev. D 71, 015015 (2005).
arXiv:hep-ph/0408335 [hep-ph]

26. J.L. Hewett, B. Lillie, M. Masip, T.G. Rizzo, Signatures of long-
lived gluinos in split supersymmetry. JHEP 0409, 070 (2004).
arXiv:hep-ph/0408248 [hep-ph]

27. ATLAS Collaboration, G. Aad et al., Observation of a new par-
ticle in the search for the Standard Model Higgs boson with the
ATLAS detector at the LHC, Phys. Lett. B 716, 1–29 (2012).
arXiv:1207.7214 [hep-ex]

28. CMS Collaboration, S. Chatrchyan et al., Observation of a new
boson with mass near 125 GeV in pp collisions at

√
s = 7 and 8

TeV, JHEP 1306, 081 (2013). arXiv:1303.4571 [hep-ex]
29. G. Cottin, M.A. Diaz, S. Olivares, N. Rojas, Neutrinos and the

Higgs Boson in split supersymmetry. arXiv:1211.1000 [hep-ph]
30. G.F. Giudice, A. Strumia, Probing high-scale and split supersym-

metry with Higgs mass measurements. Nucl. Phys. B 858, 63–83
(2012). arXiv:1108.6077 [hep-ph]

31. N. Arkani-Hamed, A. Gupta, D.E. Kaplan, N. Weiner, T. Zorawski,
Simply unnatural supersymmetry. arXiv:1212.6971 [hep-ph]

32. A. Arvanitaki, N. Craig, S. Dimopoulos, G. Villadoro, Mini-Split.
JHEP 1302, 126 (2013). arXiv:1210.0555 [hep-ph]

33. M.A. Diaz, B. Koch, B. Panes, Gravity effects on neutrino
masses in split supersymmetry. Phys. Rev. D 79, 113009 (2009).
arXiv:0902.1720 [hep-ph]

34. D. Forero, M. Tortola, J. Valle, Neutrino oscillations refitted.
arXiv:1405.7540 [hep-ph]

35. M. Kawasaki, K. Kohri, T. Moroi, Big-Bang nucleosynthesis and
hadronic decay of long-lived massive particles. Phys. Rev. D 71,
083502 (2005). arXiv:astro-ph/0408426 [astro-ph]

36. K. Jedamzik, Big bang nucleosynthesis constraints on hadronically
and electromagnetically decaying relic neutral particles. Phys. Rev.
D 74, 103509 (2006). arXiv:hep-ph/0604251 [hep-ph]

37. M. Kawasaki, K. Kohri, T. Moroi, A. Yotsuyanagi, Big-Bang
nucleosynthesis and gravitino. Phys. Rev. D 78, 065011 (2008).
arXiv:0804.3745 [hep-ph]

38. L. Covi, J. Hasenkamp, S. Pokorski, J. Roberts, Gravitino dark
matter and general neutralino NLSP. JHEP 0911, 003 (2009).
arXiv:0908.3399 [hep-ph]

39. V.S. Rychkov, A. Strumia, Thermal production of gravitinos. Phys.
Rev. D 75, 075011 (2007). arXiv:hep-ph/0701104 [hep-ph]

40. J. Pradler, Electroweak contributions to thermal gravitino produc-
tion. arXiv:0708.2786 [hep-ph]

41. Planck Collaboration, P. Ade et al., Planck 2013 results. XVI. Cos-
mological parameters. arXiv:1303.5076 [astro-ph.CO]

42. M. Grefe, Unstable gravitino dark matter—prospects for indirect
and direct detection. arXiv:1111.6779 [hep-ph]

43. K.-Y. Choi, D. Restrepo, C.E. Yaguna, O. Zapata, Indirect detection
of gravitino dark matter including its three-body decays. JCAP
1010, 033 (2010). arXiv:1007.1728v2 [hep-ph]

44. M.Y. Khlopov, A.D. Linde, Is it easy to save the gravitino? Phys.
Lett. B 138, 265–268 (1984)

45. I. Falomkin, G. Pontecorvo, M. Sapozhnikov, M.Y. Khlopov, F.
Balestra et al., Low-energy anti-P HE-4 annihilation and problems
of the modern cosmology, gut and susy models. Nuovo Cim. A79,
193–204 (1984)

46. M.Y. Khlopov, A. Barrau, J. Grain, Gravitino production by primor-
dial black hole evaporation and constraints on the inhomogeneity
of the early universe. Class. Quant. Grav. 23, 1875–1882 (2006).
arXiv:astro-ph/0406621 [astro-ph]

47. N. Bernal, A. Djouadi, P. Slavich, The MSSM with heavy scalars.
JHEP 0707, 016 (2007). arXiv:0705.1496 [hep-ph]

48. A. Djouadi, Implications of the Higgs discovery for the MSSM.
arXiv:1311.0720 [hep-ph]

49. M. Hirsch, M. Diaz, W. Porod, J. Romao, J. Valle, Neutrino masses
and mixings from supersymmetry with bilinear R parity violation:
a theory for solar and atmospheric neutrino oscillations. Phys. Rev.
D 62, 113008 (2000). arXiv:hep-ph/0004115 [hep-ph]

50. M.A. Diaz, P. Fileviez Perez, C. Mora, Neutrino masses
in split supersymmetry. Phys. Rev. D 79, 013005 (2009).
arXiv:hep-ph/0605285 [hep-ph]

51. J. Hasenkamp, J. Kersten, Dark and visible matter with broken R-
parity and the axion multiplet. Phys. Lett. B 701, 660–666 (2011).
arXiv:1103.6193 [hep-ph]

52. F. Cadiz, M.A. Diaz, RGE Effects on neutrino masses in partial
split supersymmetry. arXiv:1310.7437 [hep-ph]

53. M.J. Hayashi, A. Murayama, Radiative breaking of SU(2)-r X
U(1)-(B-L) gauge symmetry induced by broken N = 1 super-
gravity in a left-right symmetric model. Phys. Lett. B 153, 251
(1985)

54. A. Masiero, J. Valle, A model for spontaneous R parity breaking.
Phys. Lett. B 251, 273–278 (1990)

55. J. Romao, C. Santos, J. Valle, How to spontaneously break R-parity.
Phys. Lett. B 288, 311–320 (1992)

56. J. Romao, J. Valle, Neutrino masses in supersymmetry with spon-
taneously broken R parity. Nucl. Phys. B 381, 87–108 (1992)

57. R. Kitano, K.-Y. Oda, Neutrino masses in the supersymmetric stan-
dard model with right-handed neutrinos and spontaneous R-parity
violation. Phys. Rev. D 61, 113001 (2000). arXiv:hep-ph/9911327
[hep-ph]

58. A. Vicente, Spontaneous R-parity violation and the origin
of neutrino mass. J. Phys. Conf. Ser. 171, 012073 (2009).
arXiv:0903.1512 [hep-ph]

59. V. Barger, P. Fileviez Perez, S. Spinner, Three layers of neutrinos,
Phys. Lett. B 696, 509–512 (2011). arXiv:1010.4023 [hep-ph]

60. Z. Marshall, B.A. Ovrut, A. Purves, S. Spinner, Spontaneous R-
parity Bbreaking, stop LSP decays and the neutrino mass hierarchy.
Phys. Lett. B 732, 325–329 (2014). arXiv:1401.7989 [hep-ph]

61. F. Vissani, M. Narayan, V. Berezinsky, U(e3) from physics
above the GUT scale, Phys. Lett. B 571, 209–216 (2003).
arXiv:hep-ph/0305233 [hep-ph]

62. G. Cottin, M.A. Diaz, B. Koch, Non-diagonal charged Lepton
Yukawa matrix: effects on neutrino mixing in supersymmetry.
Phys. Rev. D 85, 095019 (2012). arXiv:1112.6351 [hep-ph]

63. Search for long-lived, heavy particles in final states with a muon
and a multi-track displaced vertex in proton-proton collisions at
sqrt(s) = 8TeV with the ATLAS detector, ATLAS-CONF-2013-
092, CERN, Geneva, Aug 2013

123

http://arxiv.org/abs/hep-th/0405159
http://arxiv.org/abs/hep-ph/0406088
http://arxiv.org/abs/1312.1802
http://arxiv.org/abs/1108.3390
http://arxiv.org/abs/hep-ph/0612273
http://arxiv.org/abs/hep-ph/0408088
http://arxiv.org/abs/hep-ph/0408296
http://arxiv.org/abs/hep-ph/0506214
http://arxiv.org/abs/hep-ph/0408335
http://arxiv.org/abs/hep-ph/0408248
http://arxiv.org/abs/1207.7214
http://arxiv.org/abs/1303.4571
http://arxiv.org/abs/1211.1000
http://arxiv.org/abs/1108.6077
http://arxiv.org/abs/1212.6971
http://arxiv.org/abs/1210.0555
http://arxiv.org/abs/0902.1720
http://arxiv.org/abs/1405.7540
http://arxiv.org/abs/astro-ph/0408426
http://arxiv.org/abs/hep-ph/0604251
http://arxiv.org/abs/0804.3745
http://arxiv.org/abs/0908.3399
http://arxiv.org/abs/hep-ph/0701104
http://arxiv.org/abs/0708.2786
http://arxiv.org/abs/1303.5076
http://arxiv.org/abs/1111.6779
http://arxiv.org/abs/1007.1728v2
http://arxiv.org/abs/astro-ph/0406621
http://arxiv.org/abs/0705.1496
http://arxiv.org/abs/1311.0720
http://arxiv.org/abs/hep-ph/0004115
http://arxiv.org/abs/hep-ph/0605285
http://arxiv.org/abs/1103.6193
http://arxiv.org/abs/1310.7437
http://arxiv.org/abs/hep-ph/9911327
http://arxiv.org/abs/0903.1512
http://arxiv.org/abs/1010.4023
http://arxiv.org/abs/1401.7989
http://arxiv.org/abs/hep-ph/0305233
http://arxiv.org/abs/1112.6351


Eur. Phys. J. C (2014) 74:3138 Page 17 of 17 3138

64. CMS Collaboration, Search for long-lived particles decaying to
final states that include dileptons, CMS-PAS-EXO-12-037, CERN,
Geneva, 2014

65. P. Fayet, Experimental consequences of supersymmetry, in Pro-
ceedings of the 16th Rencontre de Moriond, vol. 1, ed. by J. Tran
Thanh Van (Editions Frontieres, Paris, 1981), pp. 347–367

66. G. Giudice, A. Riotto, I. Tkachev, Thermal and nonthermal pro-
duction of gravitinos in the early universe. JHEP 9911, 036 (1999).
arXiv:hep-ph/9911302 [hep-ph]

67. M. Bolz, A. Brandenburg, W. Buchmuller, Thermal pro-
duction of gravitinos, Nucl. Phys. B 606, 518–544 (2001).
arXiv:hep-ph/0012052 [hep-ph]

68. J. Pradler, F.D. Steffen, Thermal gravitino production and col-
lider tests of leptogenesis. Phys. Rev. D 75, 023509 (2007).
arXiv:hep-ph/0608344 [hep-ph]

69. J. Heisig, Gravitino LSP and leptogenesis after the first LHC
results. JCAP 1404, 023 (2014). arXiv:1310.6352 [hep-ph]

70. F. Takayama, M. Yamaguchi, Gravitino dark matter without R-
parity, Phys. Lett. B 485, 388–392 (2000). arXiv:hep-ph/0005214
[hep-ph]

71. W. Buchmuller, L. Covi, K. Hamaguchi, A. Ibarra, T. Yanagida,
Gravitino dark matter in R-parity breaking vacua. JHEP 0703, 037
(2007). arXiv:hep-ph/0702184 [HEP-PH]

72. M.A. Diaz, S.G. Saenz, B. Koch, Gravitino dark matter and neutrino
masses in partial split supersymmetry. Phys. Rev. D 84, 055007
(2011). arXiv:1106.0308 [hep-ph]

73. D. Restrepo, M. Taoso, J. Valle, O. Zapata, Gravitino dark matter
and neutrino masses with bilinear R-parity violation. Phys. Rev. D
85, 023523 (2012). arXiv:1109.0512 [hep-ph]

74. E.W. Kolb, M.S. Turner, The Early universe. Front. Phys. 69, 1–547
(1990)

75. S. Weinberg, Cosmology. Cosmology (OUP, Oxford, 2008). http://
books.google.com.br/books?id=nqQZdg020fsC

76. Guth, A.H.: Inflationary universe: a possible solution to the horizon
and flatness problems, Phys. Rev. D 23, 347 (1981)

77. A.D. Linde, A new inflationary universe scenario: a possible solu-
tion of the horizon, flatness, homogeneity, isotropy and primordial
monopole problems. Phys. Lett. B 108, 389–393 (1982)

78. A. Albrecht, Steinhardt, P.J.: Cosmology for grand unified theories
with radiatively induced symmetry breaking. Phys. Rev. Lett. 48,
1220–1223 (1982)

79. R. Kallosh, L. Kofman, A.D. Linde, A. Van Proeyen, Grav-
itino production after inflation. Phys. Rev. D 61, 103503 (2000).
arXiv:hep-th/9907124 [hep-th]

80. T. Asaka, S. Nakamura, M. Yamaguchi, Gravitinos from
heavy scalar decay. Phys. Rev. D 74, 023520 (2006).
arXiv:hep-ph/0604132 [hep-ph]

81. K. Nakayama, F. Takahashi, T.T. Yanagida, Eluding the grav-
itino overproduction in inflaton decay. Phys. Lett. B 718, 526–531
(2012). arXiv:1209.2583 [hep-ph]

82. F. Staub, W. Porod, J. Niemeyer, Strong dark matter constraints on
GMSB models. JHEP 1001, 058 (2010). arXiv:0907.0530 [hep-ph]

83. M. Fukugita, T. Yanagida, Baryogenesis without grand unification.
Phys. Lett. B 174, 45 (1986)

84. W. Buchmuller, P. Di Bari, M. Plumacher, Leptogenesis for pedes-
trians. Annals Phys. 315, 305–351 (2005). arXiv:hep-ph/0401240
[hep-ph]

85. BICEP2 Collaboration, P. Ade et al., BICEP2 I: Detection Of
B-mode polarization at degree angular scales. arXiv:1403.3985
[astro-ph.CO]

86. G. Moreau, M. Chemtob, R-parity violation and the cosmo-
logical gravitino problem. Phys. Rev. D 65, 024033 (2002).
arXiv:hep-ph/0107286 [hep-ph]

87. A. Albert, G.A. Gomez-Vargas, M. Grefe, C. Munoz, C. Weniger,
et al., Search for 100 MeV to 10 GeV gamma-ray lines in the Fermi-
LAT data and implications for gravitino dark matter in theμνSSM.
arXiv:1406.3430 [astro-ph.HE]

88. M. Grefe, Neutrino signals from gravitino dark matter with broken
R-parity. arXiv:1111.6041 [hep-ph]

123

http://arxiv.org/abs/hep-ph/9911302
http://arxiv.org/abs/hep-ph/0012052
http://arxiv.org/abs/hep-ph/0608344
http://arxiv.org/abs/1310.6352
http://arxiv.org/abs/hep-ph/0005214
http://arxiv.org/abs/hep-ph/0702184
http://arxiv.org/abs/1106.0308
http://arxiv.org/abs/1109.0512
http://books.google.com.br/books?id=nqQZdg020fsC
http://books.google.com.br/books?id=nqQZdg020fsC
http://arxiv.org/abs/hep-th/9907124
http://arxiv.org/abs/hep-ph/0604132
http://arxiv.org/abs/1209.2583
http://arxiv.org/abs/0907.0530
http://arxiv.org/abs/hep-ph/0401240
http://arxiv.org/abs/1403.3985
http://arxiv.org/abs/hep-ph/0107286
http://arxiv.org/abs/1406.3430
http://arxiv.org/abs/1111.6041

	Gravitino dark matter in split supersymmetry with bilinear R-parity violation
	Abstract 
	1 Introduction
	2 Split supersymmetry
	2.1 Higgs mass
	2.2 Neutrino masses and mixings
	2.3 Unstable neutralino

	3 Gravitino cosmology
	3.1 Gravitino relic abundance
	3.2 Gravitino life time

	4 Summary
	Acknowledgments
	Appendix A: Monte Carlo scan
	Appendix B: Neutralino decay
	5 Appendix C: Gravitino decay
	Appendix D: Relations between low-energy parameters
	References


