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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 mg = mg. Scenarios con-
sidering R-Parity violation (RpV) have been recently inves-
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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 71, 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 m > 1TeV 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 (771, tan B).

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 m is small enough in comparison
to the reheating temperature T, 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 7. Interestingly,
this condition on 771 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 m 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
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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 m > 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:

split _ split
ESUSY - [:kinetic

A

+m?H'H — E(HTH)2

—[YquuRiogH* + Yy drH + Y exH

M3~ My~ -~ M ~~ ~r. e

+7GG + TWW + TBB +unH, iocoHy

+95H (G0 W +g,B)H,

+LHTioy(~gao W + 2, B) s +h.c.], (1)
where first we have the Higgs potential for the SM-like Higgs
field H, with m? the Higgs mass parameter and A the Higgs
self interaction. Second, we have the Yukawa interactions,
where Y, Y4, and Y, are the 3 x 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/v/2, with v2 = 2m?/x and v = 246GeV. In
the second line of Eq. (1) we see the three gaugino mass
terms and the Higgsino mass parameter p. Finally, in the
third line we have the new couplings g, &, &, and &,
between Higgs, gauginos, and Higgsinos. These couplings

are related to the gauge couplings through the boundary
conditions,

8a(m) = g(m)cos B,
g, (m) = g'(m) cos B, (2)

valid at the Split-SUSY scale 2. 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 § is defined as usual by the relation

8u(m) = g(m)sin f,
g, (m) = g'(m) sin B,
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tan 8 = vy, /vg, where vu/ﬁ and vd/ﬁ are the vevs of
the two Higgs fields H, and H;. Note that this definition
makes sense only above the scale 7.

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 8, 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 my = 126.0 £
0.4(stat) £ 0.4(sys) GeV [27]. Meanwhile, CMS collabora-
tion has reported mpy = 125.3 £ 0.4(stat) & 0.5(syst) GeV
[28]. Thus, in our scan we impose the constraint 125 GeV <
mpy < 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 772, plus the resum of large logarithmic corrections
proportional to log (7 / Myeax) 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 A(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 = M;, with M; the
top mass, because at this scale the quantum corrections are
sub-leading.

We compute the quartic coupling A(M,;), 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

) ——— 0 |
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Fig. 1 Correlation between m and tan 8 in Split-SUSY derived from
the observed Higgs mass constraint. In color code we plot the value of
the ratio mpy /126 GeV

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

U NP,
M) = 7 [ 82 + 8 ) | cos? 28, 3)

which relates the quartic Higgs coupling to the gauge cou-
plings and tan $. 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 A(m) 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 71 and tan 8
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 8. Indeed, it must satisfy m < 8 TeV
already for tan 8 > 8. However, greater values of 7 can be
obtained if tan 8 < 8, with a maximum of m =~ 10° TeV.
Note that small values for tan § 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 B 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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where we have the three BRpV parameters €;, which have
units of mass. The dimensionless a; 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

Si

&)

a;(m) = cosp’

where s; = v;(m)/v with v; 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 x 7 mass matrix,

T
wy= (M ). ©)

written in the basis (—iE, iVT/O, I-ng, ﬁL?, Ve, Vi, V). The
high-energy scale is given by the neutralino masses, described

by the 4 x 4 mass matrix,

1=~/

M, 0 —%gév 78,V
0 M, %gdv _%guv
M0 = 1~ 1~ ’ )
—284V  78aV 0 —
%g;v _%g’uv —M 0

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,

1~ 1=
—5&a1v 58qa1v 0 €
1= 1=
m=| —5gav 58sav 0 & |. )
1~ 1~
—28,a3v 584a3v 0 €3

We see here the supersymmetric parameters €; and the
effective parameters a;. It is well known that this mixing
leads to an effective 3 x 3 neutrino mass matrix of the
form
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M = —m Mt T = ﬁ (M + Mzg;f)
AT AiA2 MAs
x| mrr A3 as |, ©)
Ak Ashy A3

where we have defined the parameters A; = a; 4 + €;. 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
€; 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:

111
AM)=pg |1 11 |, (10)
111

where j, >~ v?/Mp, with Mp 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

M = AN 4 . (11)

In this work we re-compute the values for the parameters
A, Ai, and g 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-
sponds to the value of Am?2,,, which is shown along the x axis just to
simplify the reading of experimental 3¢ bounds

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

expressions are given by
2 A2)y 4
Amg, =~ A%|A]7,
5 (U x )
g 5;4

)

2~
Amsol =K

$in® Oreac == A3/[11%, (12)
tan? Oatm == A%/AZ,
A3+ 23

2
tan” Oy = ———2—,
LT 0 — )2

which are valid approximations in the regime A|[A|> > Mg,
and A} < A3 + 23, with ¥ = (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|A|2 > Mg also implies that only normal
hierarchy is allowed in our model. In Fig. 2 the correlation
between the combination A2|A|* 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

T L — 20x103

T T
Color : [¢] [GeV]

1.8x10°
1.6x10°
14x107°
12x10°
1.0x10°

T[s]

8.0x10™
6.0x 107
4.0x10*
2.0x 10

200 300 400 500 600 700 800 900 1000
My [GeV]

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 ¢;. 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 X? — Hv, Zv, WHI¥F. 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 Uppns 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 ¢; (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~!! 5. 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~!! s in the whole mass range. This result is
sufficient to verify that a neutralino dark matter candidate,
with m, > 200GeV, 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

@ Springer
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Fig. 4 Neutralino branching ratios. To the left side of the vertical dotted
line the neutralino life time is able to be larger than 10~'2 s, allowing
collider searches based on the reconstruction of a displaced vertex. To
the right side, the life time is much shorter and the neutralino would
decay almost instantaneously after being produced

the LHC. When the neutralino life time is larger than 107! s
(mXo < 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 7 > 10711g [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 Zv, Hv, and WEITF,
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 Zv, 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
Zv and Hv become very similar and close to 40 % each. The
BR into W7 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-
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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 m > 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 7 2~ ni. This
behavior is remarkably different from the natural MSSM sce-
narios' 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-

! 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 7g . Depending on
the magnitude of Tk, 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 < Tgr, where msusy is the
common mass scale of supersymmetric particles.

For the following discussion it is convenient to consider
an instantaneous reheating period.? 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’ suchthat T > T' >
msusy, is given by

n3 (T r
Y32(T") = s/(T/) = —fT dT
R

Cs32(T) ’ (13)
s(TYH(T)T
where n3,7(T) is the gravitino number density, s(7T) T3
is the entropy, H(T) o T? 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 Inthe 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(7r) ~ 1, which
allows us to consider points with Tg ~ 10°> GeV.

3 The main idea of the discussion is not modified by pre-reheating
features because we are interested in temperatures 7’ such that Tg >
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, itis assumed and finally verified that the relevant tem-
peratures for the computation of the relic density are much
greater than mgsysy, 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) oc TS. Then Y32(T') = F(Tg)(Tg — 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 7" sufficiently smaller
than Tk 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 72, we notice that within
the region of the parameter space restricted by m <« Tg, the
expression for the gravitino relic density in Split-SUSY is
equivalent to the MSSM result. Thus, the normalized relic
density is given by

s(To)h?
pc(To)

m3/2 TR 1.30 5
=0.167 —ZL00(T,
(100G6V><1010G6V)[2ﬂ5 ¢ (Tr)

> M3 (TR)\ ( ny fy (engn (Tr))
1 N NJNONENLR
+N21( * 3m3, )( 2(27)3

93/2(To)h2 = m3,2Y3/2(To)

s T0Cy - )| (14)
T
where Tp = 2.725K is the CMB temperature today,
s(To) = 2.22 x 10738 GeV? is the current entropy density
and p.(Tp)h 2 = 8.096 x 10~%7 GeV* 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 fy(aygn (Tr)), withay = {+/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 ny = {1, 3, 8},
Cy = {0,6,24}, and C}\, = {11,21,48}. Also, we set
A:(Tg) = 0. Notice that the gaugino masses My and gauge
couplings gy are evaluated at the reheating temperature.

The complementary region of the parameter space, m >
Tr, is not further developed in our work. Indeed, this region
is highly disfavored by taking into account the typical values
of T that are considered in models of baryogenesis through
high scale leptogenesis [83,84], and the values obtained for
m 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 7
obtained from the Higgs mass requirement. In the Monte Carlo scan we
assume T > 1027, then the lower bound on Tg is around 10° GeV,
which is indicated by a second dashed line in the figure

at My, the top Yukawa coupling at M, and soft masses at
M. Thus, in order to evaluate the couplings and gaugino
masses at Tg, we use a three-step approach for the running
of the parameters. We use the SM RGEs between My and
Mino, then the Split-SUSY RGEs between M, and m and
finally the MSSM RGEs from m until Tk. 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, Qpyh’ =
0.1196 & 0.0031 [41]. We see that the boundary values of
ms3,; are positively correlated to the values of Mj,, for each
value of the reheating temperature. From the Higgs mass
requirement we have found that the minimum accepted Split-
SUSY scale is 71 = 4 x 103 GeV. Then, in order to sat-
isfy the approximation Tg >> m, we consider reheating
temperatures in the interval 1027 < Tg < 10%7. Conse-
quently the minimum reheating temperature that we accept
is Tl‘gflin =4 x 10° GeV. At this temperature the strong cou-
pling constant is approximately gS(Tl‘enin) ~ (0.94.

Concerning the recent results from BICEP2 [85], which
suggest that the inflation energy scale is such that Vi:n{4 (@) ~
2.2 x 106 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-
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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,» < mpy, 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,> < mp.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,

Pajp =Y gilmahi(My, My, . §a. 8y M), (15)
ieU

where the index i runs over all available channels in the range
m3p < myg,ie. U = {yv;, Wv;, y(Z*)I;}, where j is a
family index, and the two-body notation W*v; or y (Z*)I;
implies the sum over all three-body decays for a fixed j.
The functions g;(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 A;
is analytical and relatively simple. Furthermore, the result is
obtained that every factor h; is proportional to |A|2.
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Thus we see that the total gravitino decay width is pro-
portional to |A|?, as is the general case in SUSY with BRpV
scenarios. Interestingly, in Split-SUSY with BRpV the term
|A|? 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 |2 (or |A|? to be exact) can be
related to the solar mass as well. As the life time is inversely
proportional to the decay width and Am2,, > Am?2, 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 g < 1 in order to
obtain

Faje = A2l 3 giOns)hi (M1, Mo, 30, ). (16)

ieU

where the parameters |A|? and p 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, g4, g;,) in order to obtain both
the life time and the corresponding BRs. Below, we test this
hypothesis against exact numerical computations of I'3;, 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 M, plus some noise coming
from the values of g4 and g/;, which depend on 7 and tan S.
Indeed, this feature can be checked in Fig. 6 (top panel),
where we have fixed M1 = 300 GeV and M, = 2M;
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 M; and M;. 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 BR(¥32 — yv) = 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 rg‘/‘%"
forms;; = 1,5 and 10 GeV.

Extending the discussion to scenarios where M> # 2M|,
we have found that in general the distribution of points in
the plane (im3/2, 73/2) is more diffuse, in particular when M»
is very similar to My, because the noise from the couplings
becomes more important. When this is the case we just need
to fix tan B because 7 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/> 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/; in the bottom panel is explained by the
correlation between m32, Tg, and My; 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,. Note that in the
MSSM with BRpV, the life time would still depend on |A|>.
In order to have a conservative idea of the corresponding
bounds, we include the limits obtained in [43] for the point
M; = 1TeV and M, = 2M;. We choose this point because
the three-body BR behaves similarly to our scenario. Below
10GeV 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, M>, tan B).

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 M; ~ M, and tan 8 > 10 we
have found that the absolute maximum always exists, and it
is obtained for My =~ m3/>. 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
massisaround 126 GeV. In Split-SUSY this implies that tan 8
is related to the Split-SUSY mass scale 72, and found it to be
relatively low, 4 TeV < i < 10% TeV. The typical values
for the reheating temperature satisfy m < Tg, 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
BRpYV, since the neutralino life time satisfies 7, < 10~ !s.
The main decay mode is via the BRpV terms A;, 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
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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
My, M, tan B, and m3>.

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 Mj;, for gaugino masses, such
that M|, M,, and M3 get values close to Mj,,. Thus, we can
decouple simultaneously, at the scale Mjy,, the three gaug-
inos from RGE computations. Indeed, for RGE computa-
tions we consider the SM content below Mjy,, Split-SUSY
between M;jn, and m and MSSM above 1. Also, we consider
M| < M, < 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 m
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Table 1 Free parameters and

the corresponding intervals of Parameter Description Range
the Monte Carlo scan
Mino Common EW-scale for gaugino soft masses [200 GeV, 1100 GeV]
M, Bino mass Mino
M> Wino mass Mino + [10GeV, 100 GeV]
M3 Gluino mass M, 4+ [10GeV, 200 GeV]
n mu parameter Mino + [10GeV, 100 GeV]
I Split-SUSY scale [10* GeV, 1019 GeV]
tan 8 Ratio of Higgs expectation values at 7 [1,50]
Tr Reheating temperature m x [10% GeV, 10° GeV]
Mg Effective gravitational mass parameter [2x 1073 eV, 4 x 1073 eV]
Al Effective BRpV parameter (A /A) x [10~ 4GeV, 1073 GeV]
A - (AJA) x [1073GeV, 1072 GeV]
3 - (AJA) x [1073GeV, 1072 GeV]

is chosen such that the Higgs mass is efficiently reproduced.
The reheating temperature is chosen to be greater than 71 in
order to use standard expressions for the gravitino relic den-
sity; see Sect. 3.1. The intervals for each A; are indirectly
obtained depending on the value of the ratio A/A, where A
is a function of gaugino masses and couplings, see Sect. 2.2,
and A = —1000eV/GeV? is an arbitrary normalization,
such that in the case A = A, the obtained intervals for Ai
reproduce a good point for neutrino physics in a reasonable
time. The BRpV parameters ¢;, which are independent of
Ai, 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 8 and 1. 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 X? decays via a Z boson, a relevant Feynman rule is

F?
4 - | znn (1=75) znn (1+75)
=1y OLij 2 +ORij' 2
0
F;
with
031y = ~(0)"
3
Oki; = “ew <M Nijs = NisN3 —Z/\G’f4+k/\/j,4+k>
k=1

a7

where N corresponds to the 7 x 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,

F?
= Z’y“[Ow”C(l v5) _’_O%Zrzc( 5 v5)
Fr
with
3
Lij =78 i2 jl+\/§ i3 J2+Z i4rkj2+k | | >
k=1

wnc
Orij

1
¢ [Nizv;fl - N,-4v;f2] (18)

7

with ¢/ and V the 5 x 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 RGE:s. If the neutralino is heavier than 125 GeV,
it can relevantly decay also via a Higgs boson. The coupling
is,

FO

K2

_ hnn (1—75) hnn (14+75)
=1 OLij 2 +0Rij' 2

O
with
OLij = (O,

1 - ~ 5 o/
Ol = 5[ Non @11 = 2aAz) + Mot 82 = £0)

3
= aNikya (8aNj2 - §(}/\/j1)] + (i < Jj)

k=1
(19)

with a; 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,

M )_1_; 188 ]gh (20)
T ety L1 1]

where the 2 x 2 sub-matrices are equal to

Jes _ | M2 380 i(gugﬁg;gd)vzu]
| L@+ g0 —Mud + 8L g

P s AR YA TR ALY
RIS CACA TR Al

Thh _ i — 1 (@M + g Mo)v?

| MiMap — §(8ugaMi + 8,8, Ma)v?

2
v 1
3 = —(ZugaM1 + 2,8y M
§l3 det MXO [4(gugd 1 gugd 2)
2
v - ~ /2 €;
T (81,84 — 8u&y) ] A — ;’ (23)
v? 2 72
4 = ———(g5M g M)A .
&i4 4 det MXO (gd 1+ &4 2)Ai

Notice that the term (g, g4 — &.8&),) 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 &1 = &14;, &2 = &4, &3 = &3hi — € /1,
and &;4 = &4A;. 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 Ne&T
N‘[—s 13x3} @

with N the 4 x4 diagonalizing neutralino matrix. If we spe-
cialize Fio — v; and FJ(.) — XJQ in the Z Fl.OF](.) coupling in
Eq. (17), and using Eq. (24) we find
g ~
Orit = Zew (26i4Nja + &1 Nj1 +E2Nj2) = Op A
(25)

LguMop + 30,80 — 8ud)V® o
~38av M+ 58880 — B8’
MiMap — §(8ugaMy + 8,8, M2)v?

— 3 @M1 + g7 Mo)v?

1"¢ = (1#")T, and the determinant given by
1 i o~
det MXO = —MlepL2 + Evzu(gungl + g;g;’MZ)
1 o e~
+Ev4(g;gd - gug;')z (22)

Using these results, the small parameters contained in the
matrix § = mMX_O1 are

s. — v lg/ M2,U/ + lgd(g/ gd _ g g/ )‘U2 A

i detMXo 2 d 8 u usdd is
v 1 1

iy | —g M - - A7) 2 )\'"

2= e Mo [25"1 1~ 584(8u8d — 8u8a)V } i

@ Springer

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

M, ET
— X
M+ = ( 7 M{), (26)
where the chargino sub-matrix and its inverse are
M, Lz
MX+ _ 1 ~2 ﬁguv ’
\—ﬁgdv 12

27)

Mil _ 1 lu’ _%guv
xt T d -1z M ’
etMX+ ﬁgdv "
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with det M,+ = Moy —
this case are given by the matrix elements of §; = E MX_J}

%gu gqv>. The small parameters in

and since the matrix elements in E’ are proportional to the
charged lepton masses, the analogous ég ~ m¢&;, are usually
neglected. Given that

1 ~
2 8dNv —€]
laaw —e |, (28)
fé’dasv —€3

the relevant small parameters in the charged sector are

gav
gl = 55,
L «/_detMX+ l
(29)
%_i2 . gugdv Iy €;
L =5 g M

2udet M, + nw

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

U Ul v 02x3:|
U= L\, V= . 30
|:_‘§L 13><3:| [03x2 133 (30)

If we specialize F? — x and FjJr — Z;.r inthe WFOF™
coupling in Eq. (18) we find

) il 1 i2
OLj] =g[N,-z§{ VA (Ei —5,3)

tléjl +N12§]2+Nl4§]4)i| OZ)IXZ)W',
(31)

5
V2
wyl
Ogij =0.
Now, regarding the Higgs contribution to the neutralino
decay, if we specialize the coupling in Eq. (19) to F l.o — v
and F/Q — X? we get

h ~
oL = |:($,3 i) (8aNj2 — &yNj1)
—&i4 (8uNj2 — &,Nj1) + Nj3 (3aki2 — 84&in)
N - ~h
—Njs (8uéin — g;Eil)] = OL;XM' (32)

The results in Egs. (25), (32), and (32) tells us that the
neutralino decay depends only on A; (and not on €;).

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

CH*[y, T
Ly, ¥3/2, vil (4M

CHY[Z, Y32, vil

—l o
~ (4Mp) (—[/J, vy Iy'Uz,, + PRV“V”f/\iv> ., (33)
CH W, Y32, £;]

—i 8d
~ (4MP) (—[ﬁ, Y Iy Uy, + “/EPRVMVU;)WU) ,

) b, y* 1" Uy,

where Mp = 2.4 x 10'8GeV 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 u term,
thus

"
Upvi = 5300055 tMSS (@aMisw — gyMacw)r;v,

"
U; =~ — Micw + g;Masw)Av, 34
Zui e tMSS(gd 1cw + &g Masw) (34)

8d
Uz, >~ ———=AV,
Wi «/idethﬁ l

¢

where M 55 and M )f 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 Uppns 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 Uppns 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 < mpy 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

@ Springer
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I3, = Zgi(mm)hi(Mh My, i, 8a, 8y, A j), (35)
ieU

where by definition g; is a function with mass dimension and
h; is a dimensionless function. For a fixed value of m3 >, the
functions g; 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,
ie. U = {yv;, W*v;, y(Z*)l;} where j is a family index
and the two-body notation W*v; or y (Z*)I; 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
withm,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

Tap = go(m3y2)ho(M1, Ma, i, ga, &5, |X1?) such that
3
m3,,
327 M3’

ho(My, Ma, i1, a. &)
2

go(msp) =
(36)

123 ~ ~/ 21412.2
= ————@iMisw — g;Macw) |A]"v".
4(detM 552 8 84

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 y, Z, and W= bosons. Then in general the
functions g; can be written as

1
i = — dsdtf; ,8, 1), 37
gi(m32) 32(2n)3m§/2f/ sdtfi(m3y2, s, t) 37

where the functions f; are dimensionless and s and ¢ are the
usual Mandelstam variables. Following this notation, the cor-
responding matrix amplitudes are given by (|M;|)> = f;h;.
The explicit expressions for the functions f; are given by

2
qy Ty
m,s,t) = —— —,
fi( ) 6AME 2
2
8 T
falm, s, t) = ,
64ch, M2 (s —mz)? + m%T2
2.2
v T
flm, s, = —5 >

2565, M% (s —mz)? + m3T%’

@ Springer

2
8 Tuy
fa(m, s, t) = ,
512M% (s — mw)? +m3, T3,
2.2
g Tss
Ss(m, s, 1) = )
1024M% (s — mw)? +m3, T3,
2
8qf (s =mz)Ti2
fia(m, s, 1) = ,
64cw M3 s((s —m%)? + m3T')
2
8qrv (s —m3) T3
fi3(m, s, 1) = (38)
64c3, M3 s((s —m%)% +m% ')
2
g I3
fa3(m, s, 1) = ,
64ci, M3 (s —m%)? +m%T%
V2¢%u Tys
fas(m,s,1) = .
512M3% (s — m3)* + m3, T,
V2gqp  (m® — (s + 1) —mj)Tiy
Sia(m, s, 1) = 3 5 RV RS
128Mp s((m= — (s + 1) —my)= +myTy)
V2¢?
fra(m, s, 1) = 7‘5’2
128cwM7p

[(s —m%)(m? — (s + 1) —m3,) + mzmwT 70w 1T
[(s = m3)? +m5TZIm> — (s + 1) — my)? +my 51
ﬁgzv
2 2
256¢y Mp
[(s —m%)(m* — (s +1) —m3,) + mzmwTzTw]T3
[(s —m2)2 +m2T21[(m? — (s + 1) —m3)? +m3 T3]
V2gvqy
m,s,t) = ———~—
f15( ) 256M123
[(s —m%)(m? — (s +1) —m3) + mzmwT z0w1T}s
[(s — m2)? +mET2I[m% — (s + 1) — m3)2 + m3, T3]
2
g7v
128cw M3
[(s —m%)(m? — (s +1) —m%) + mzmwT zTw]Tas
[(s —m%)? + m%T21[(m% — (s + 1) — m§)? + m3,T'5,]
2.2
g7V
2 2
256¢3, M2
[(s —m%)(m? — (s +1) —m%) + mzmwT zTw]T3s
[(s = m3)? +m5TZIm> — (s + 1) — my)? +my 51

faa(m, s, t) =

fos(m, s, 1) =

Sf3s(m, s, 1) =

where g 7 is the charge of the fermion, such that g, = V4w a2,
which couples to the photon in the corresponding sub-
diagram and the terms 7;; are defined in the same way as
[72]. The corresponding functions 4; are given by

hl(Mla M2’ M? gd5 gt/jv )\'l) = |U);Vi|2’
ha(My, Ma, 11, 84, 8 i) = U3, 1%,
=215 .12
.- gglhil
h3(My, Ma, i1, 8a, 8y »i) = du—;,
h4(M17 M25 /JH §d5 gt/i7 )\'l) = |UWZ’ |2’
hs(My, Ma, i1, 8a. 8ys i) = hs(My, Ma, i1, 8a. 8y, hi)s



Eur. Phys. J. C (2014) 74:3138

Page 150f 17 3138

hi2(My, Mo, 1, 84, &g, M) = Upy, U3,

has(My, Ma, i, 8a, 8y, hi) = g
hia(My, My, i, 8a, 8. Mi) = Upwi Uy
hoa(My, Mo, 11, 84, 8y, i) = Uz, Uy
h3a(My1, Ma, i, 8a, 8. Ai) = has(My, Mo, i1, a. 8 i),
his(My, M, i, 8a, 8> +i) = hi3(My, M, i, 84, 84, *i),
has(My, Ma, i, 8, 8. Ai) = hos(My, Mo, 1, 8a. 8 i),
h3s(My, M, i, 84, &85> M) = h3(My, Ma, (1, Za. 8 Mi)-
Notice that each function /; is proportional to Al.z. After

adding the contributions of the three families of neutrinos we
see that each h; becomes proportional to |42

- ~ Upyhi
h13(M1,M2,M,gd,gd,?w)=ng (39

jod ~/ ~ UZU,')\'[

has(My, M2, i, 84, 84, *i) = &a PR

UWE;)»,‘

Appendix D: Relations between low-energy parameters

Itis 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 <~ Partial Split-SUSY <~ Split-SUSY
BRpV with BRpV with BRpV
Ai/va R ASAY < A

g(/) sin B <~ gf,/) sin B < gf[)

g(/) cos B < g;’) cos B <~ gg)

Vi /va <~ b tan B <~ a;

As an example, below we explicitly show the steps in
order to transform the term g;b 1V, wWhich 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,

. cospf
d

tan 8
—
ltan,B u

gdblvu =

oo

cos B

" Uy
= cos Bbytan ———
8a pbi p cos B tan B

— guarv, (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 gA; by g4 A;.
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