
FTUAM-16-31; IFT-UAM/CSIC-16-079

Prepared for submission to JCAP

Search for sharp and smooth
spectral signatures of µνSSM
gravitino dark matter with
Fermi-LAT
Germán A. Gómez-Vargas,a,b Daniel E. López-Fogliani,c
Carlos Muñoz,d,e Andres D. Perez,c Roberto Ruiz de Austrif
aInstituto de Astrofísica, Pontificia Universidad Católica de Chile, Avenida Vicuña Mackenna
4860, Santiago, Chile
bIstituto Nazionale di Fisica Nucleare, Sezione di Roma “Tor Vergata”, I-00133 Roma, Italy
cInstituto de Física de Buenos Aires, UBA & CONICET, Departamento de Física, Facultad
de Ciencia Exactas y Naturales, Universidad de Buenos Aires, 1428 Buenos Aires, Argentina
dDepartamento de Física Teórica, Universidad Autónoma de Madrid (UAM), Cantoblanco,
28049 Madrid, Spain
eInstituto de Física Teórica UAM-CSIC, Campus de Cantoblanco UAM, 28049 Madrid, Spain
f Instituto de Física Corpuscular CSIC–UV, c/ Catedrático José Beltrán 2, 46980 Paterna
(Valencia), Spain
E-mail: ggomezv@uc.cl, daniel.lopez@df.uba.ar, c.munoz@uam.es,
andres.perez@df.uba.ar, rruiz@ific.uv.es

Abstract. The µνSSM solves the µ problem of supersymmetric models and reproduces
neutrino data, simply using couplings with right-handed neutrinos ν’s. Given that these
couplings break explicitly R parity, the gravitino is a natural candidate for decaying dark
matter in the µνSSM. In this work we carry out a complete analysis of the detection of
µνSSM gravitino dark matter through γ-ray observations. In addition to the two-body decay
producing a sharp line, we include in the analysis the three-body decays producing a smooth
spectral signature. We perform first a deep exploration of the low-energy parameter space of
the µνSSM taking into account that neutrino data must be reproduced. Then, we compare
the γ-ray fluxes predicted by the model with Fermi-LAT observations. In particular, with
the 95% CL upper limits on the total diffuse extragalactic γ-ray background using 50 months
of data, together with the upper limits on line emission from an updated analysis using 69.9
months of data. For standard values of bino and wino masses, gravitinos with masses larger
than about 4 GeV, or lifetimes smaller than about 1028 s, produce too large fluxes and are
excluded as dark matter candidates. However, when limiting scenarios with large and close
values of the gaugino masses are considered, the constraints turn out to be less stringent,
excluding masses larger than 17 GeV and lifetimes smaller than 4× 1025 s.
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1 Introduction

The ‘µ from ν’ supersymmetric standard model (µνSSM) [1, 2], introduces couplings with
right-handed (RH) neutrino superfields in the superpontential in order to solve the µ-problem,
while simultaneously explain the origin of neutrino masses. In particular, the couplings
λiν̂

c
i ĤdĤu generate an effective µ term through RH sneutrino vacuum expectation values

(VEVs), 〈ν̃ci 〉 ≡ vνci , after the successful electroweak symmetry breaking (EWSB): µeff =

λivνci . In addition, the couplings 1
3κijkν̂

c
i ν̂
c
j ν̂
c
k generate effective Majorana masses for the RH

neutrinos, M eff
ij = 2κijkvνck , giving rise to a generalized electroweak-scale seesaw mechanism

which can reproduce the observed neutrino masses and mixing angles. On the other hand,
these couplings violate R parity explicitly (Rp/ ), and therefore the lightest supersymmetric
particle (LSP) is not stable, implying that the phenomenology of the µνSSM1 is very differ-
ent from the one of the minimal supersymmetric standard model (MSSM) or the one of the
the next-to-MSSM (NMSSM).

Given the interest of the µνSSM as an alternative to the usual supersymmetric mod-
els, solving crucial problems and generating a different phenomenology, it is worth studying
candidates for dark matter (DM) in this context and their possible signals.

The usual DM candidates in the case of R-parity conserving models such as the MSSM
or the NMSSM, i.e. the neutralino [6–9] or the RH sneutrino (see e.g. Ref. [10] and refer-
ences therein), have very short lifetimes in Rp/ models and therefore can no longer be used.
Nevertheless, if the gravitino is the LSP, it can be a good candidate for DM, since its lifetime
turns out to be much longer than the age of the Universe, being suppressed both by the
gravitational interaction and by the typically small Rp/ couplings [11]. In addition, since it
decays producing γ rays, gravitino DM could be detected in γ-ray experiments, as discussed
in Refs. [11–19] in the context of bilinear or trilinear Rp/ .

1For reviews about the LHC phenomenology of the µνSSM, see [3–5] and references therein.

– 1 –



In the context of the µνSSM, the search for indirect signals of gravitino DM in the γ-ray
sky has been focused on looking for sharp spectral features as it typically decays into a two-
body final state, photon neutrino (γν), that gives rise to a mono-energetic γ signal [20–22].
The non-observation of such a sharp spectral signature with γ-ray detectors set stringent limits
on the gravitino lifetime and mass with important implications in the µνSSM framework. In
particular, assuming that the whole Galactic DM halo is made of µνSSM gravitino particles,
the limits on line emission from Fermi-LAT imply that the gravitino mass has to be lower
than about 5 GeV with lifetime larger than about 1028 s [22].

However, gravitino decays through off-shell particles into three-body final states, pro-
duces a smooth spectrum of energetic γ-rays that could also be observed at Fermi-LAT, as
pointed out in Refs. [16–18, 23]. In this paper we perform a deep exploration of the µνSSM
parameter space updating previous constraints, and paying special attention to regions where
the gravitino decays with a sizable branching ratio (BR) into three-body final states, while
suppressing the monochromatic photon signal. We probe these µνSSM regions against up-
dated limits for spectral lines [24] and the latest determination of the extragalactic γ-ray
background (EGB) [25], both from Fermi-LAT data. We use the EGB for analysing smooth
gravitino signals because the Region of Interest (ROI) used for extracting the EGB is similar
to the optimized ROI for decaying dark matter searches analyzed in [26] (see appendix B of
that reference for details). We will show that previous constraints can be relaxed, with an
upper bound for the gravitino mass of 17 GeV and a lower bound on the lifetime of 4×1025 s.

This work is organized as follows. In Section 2, we introduce the µνSSM and explain
how neutrino data can easily be reproduced in the model. In Section 3, we discuss the two-
and three-body gravitino decay channels, and present the µνSSM low-energy parameter space
region that suppresses the gravitino decay into γν with large BRs into three-body channels.
In Section 4, signals from decaying gravitinos are first analyzed. Then, we present the γ-ray
measurements by Fermi-LAT employed to probe the µνSSM parameter space region discussed
in Section 3. Finally, we present our results in Section 5. The conclusions are left for Section 6.

2 The µνSSM and neutrino physics

The superpotential of the µνSSM contains in addition to the MSSM Yukawas for quarks and
charged leptons, Yukawas for neutrinos, and the two couplings discussed in the introduction
that generate the effective µ term and Majorana masses [1, 2], producing as well explicit Rp/ :

W = εab

(
Yuij Ĥ

b
u Q̂

a
i û

c
j + Ydij Ĥ

a
d Q̂

b
i d̂

c
j + Yeij Ĥ

a
d L̂

b
i ê
c
j + Yνij Ĥ

b
u L̂

a
i ν̂

c
j

)
− εabλi ν̂

c
i Ĥ

a
d Ĥ

b
u +

1

3
κijkν̂

c
i ν̂
c
j ν̂
c
k . (2.1)

Since only dimensionless trilinear couplings are present in (2.1), the EWSB is determined
by the usual soft supersymmetry-breaking terms of the scalar potential. In addition to the
soft terms, the neutral scalar potential receives the D and F term contributions that can
be found in Refs. [1, 2]. With the choice of CP conservation,2 after the EWSB the neutral
scalars develop in general the following real VEVs:

〈H0
d〉 = vd, 〈H0

u〉 = vu, 〈ν̃i〉 = vνi , 〈ν̃ci 〉 = vνci , (2.2)

2µνSSM with spontaneous CP violation was studied in Ref. [27].
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where in addition to the usual ones of the MSSM Higgses H0
u and H0

d , the new couplings
generate VEVs for left-handed (LH) sneutrinos ν̃i, as well as for the right-handed (RH)
sneutrinos ν̃ci .

The VEVs of the RH sneutrinos, vνcj , are naturally of the order of the EWSB scale [1],
confirming that the 6th term in the superpotential (2.1) generates the effective Majorana
masses for RH neutrinos, as discussed in the Introduction. Thus we can implement naturally
an electroweak-scale seesaw in the µνSSM, asking for neutrino Yukawa couplings of the order
of the electron Yukawa coupling or smaller, Yνij ∼ 10−6−10−7 [1, 2, 28, 29, 27, 30, 4, 31], i.e.
we work with Dirac masses for neutrinos, mD ∼ Yνvu <∼ 10−4 GeV. On the other hand, the
VEVs of the LH sneutrinos, vνi , are much smaller than the other VEVs (2.2) in the µνSSM.
This is because of their minimization conditions, where the contributions of Yνij are relevant
implying vν → 0 as Yν → 0. It is then easy to estimate the values of vν as vν <∼ mD [1].

For our computation below we are interested in the neutral fermion mass matrix of
the µνSSM. In this model there are new couplings and VEVs (see Eqs. (2.1) and (2.2)),
implying larger mass matrices than those of the MSSM/NMSSM. In particular, in the case of
the neutralinos, they turn out to be also mixed with the LH and RH neutrinos. Besides, we
saw before that Majorana masses for RH neutrinos are generated dynamically, thus they will
behave as the singlino components of the neutralinos. Altogether, in a basis where χ0T =

(B̃0, W̃ 0, H̃0
d , H̃

0
u, νRi , νLi), one obtains the following 10 × 10 neutral fermion (neutralino-

neutrino) mass matrix [1, 2]:

Mn =

(
M m
mT 03×3

)
, (2.3)

with

M =



M1 0 −Avd Avu 0 0 0
0 M2 Bvd −Bvu 0 0 0
−Avd Bvd 0 −λivνci −λ1vu −λ2vu −λ3vu
Avu −Bvu −λivνci 0 −λ1vd + Yνi1vνi −λ2vd + Yνi2vνi −λ3vd + Yνi3vνi

0 0 −λ1vu −λ1vd + Yνi1vνi 2κ11jvνcj 2κ12jvνcj 2κ13jvνcj
0 0 −λ2vu −λ2vd + Yνi2vνi 2κ21jvνcj 2κ22jvνcj 2κ23jvνcj
0 0 −λ3vu −λ3vd + Yνi3vνi 2κ31jvνcj 2κ32jvνcj 2κ33jvνcj


,

(2.4)
where A ≡ G√

2
sin θW , B ≡ G√

2
cos θW , with G2 ≡ g2

1 + g2
2, and

mT =

 −
g1√

2
vν1

g2√
2
vν1 0 Yν1ivνci Yν11vu Yν12vu Yν13vu

− g1√
2
vν2

g2√
2
vν2 0 Yν2ivνci Yν21vu Yν22vu Yν23vu

− g1√
2
vν3

g2√
2
vν3 0 Yν3ivνci Yν31vu Yν32vu Yν33vu

 . (2.5)

The structure of this mass matrix is that of a generalized electroweak-scale seesaw, since
it involves not only the RH neutrinos but also the neutralinos. Because of this structure,
data on neutrino physics can easily be reproduced at tree level [1, 2, 28, 27, 30], even with
diagonal Yukawa couplings [27, 28], i.e. Yνii = Yνi and vanishing otherwise. Qualitatively,
we can understand all this in the following way. First of all, neutrino masses are going to be
very small since the entries of the matrix M are much larger than the ones of the matrix m.
Notice in this respect that the entries of M are of the order of the electroweak scale, whereas
the ones in m are of the order of the Dirac masses for neutrinos [1, 2]. Second, from the
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Ψ3/2

γ

νi

γ̃

Figure 1. Tree-level diagram for the two-body decay of a gravitino into a photon and a neutrino, via
photino-neutrino mixing.

above matrices, in the limit of large tanβ (where tanβ ≡ vu/vd) one can obtain a simplified
formula for the effective neutrino mixing mass matrix [27]:

(meff
ν )ij '

YνiYνjv
2
u

6κvνc
(1− 3δij)−

vνivνj
2M

, (2.6)

where κiii ≡ κi ≡ κ and vanishing otherwise, vνci ≡ vνc , and M ≡ M1M2

g21M2+g22M1
. Using this

formula it is easy to understand how diagonal Yukawas Yνi can give rise to off-diagonal entries
in the mass matrix. One of the key points is the extra contribution given by the first term of
Eq. (2.6) with respect to the ordinary seesaw where it is absent. Another extra contribution
to the off-diagonal entries is the third term generated through the mixing of LH neutrinos
with gauginos.

3 Gravitino decay

The gravitino LSP is an interesting candidate for DM in Rp/ models. The gravitino has
an interaction term in the supergravity Lagrangian with the photon and the photino. As
discussed in the previous section, in the presence of Rp/ couplings the photino and the LH
neutrinos can be mixed in the neutral fermion mass matrix (see Eq. (2.5) for the case of the
µνSSM), and therefore the gravitino will be able to decay through the interaction term into
a photon and a neutrino [11], as shown in Fig. 1. This has important implications because
the γ-ray signal is a sharp line with an energy m3/2

2 , that can be detected in γ-ray satellite
experiments, such as Fermi-LAT. The result for the decay width is given by [11]:

Γ(Ψ3/2 →
∑
i

γνi) '
m3

3/2

64πM2
P

|Uγ̃ν |2 , (3.1)

where m3/2 is the gravitino mass, MP ' 2.4× 1018 GeV is the reduced Planck mass, and the
mixing parameter |Uγ̃νi | determines the photino content of the neutrino

|Uγ̃ν |2 =

3∑
i=1

|Ni1 cos θW +Ni2 sin θW |2 . (3.2)

Here Ni1(Ni2) is the bino (wino) component of the i-th neutrino, and θW is the weak mixing
angle. The same result for the decay width holds for the conjugated processes Ψ3/2 → γν̄i.
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Ψ3/2

f

f̄

νi

γ, Z

γ̃, Z̃

Ψ3/2

f

f̄

νi

Z

vνi

Ψ3/2

f

f̄

νi

Z

vu,d

H̃0
u,d

(a) (b) (c)

Figure 2. Tree-level diagrams for the decay of a gravitino into a fermion-antifermion pair and a neutrino,
via an intermediate photon or Z boson.

Ψ3/2

f

f̄ ′

l−i

W+

W̃−

Ψ3/2

f

f̄ ′

l−i

W+

vνi

Ψ3/2

f

f̄ ′

l−i

W+

vd

H̃−
d

(a) (b) (c)

Figure 3. Tree-level diagrams for the decay of a gravitino into two fermions and a charged lepton, via an
intermediate W boson.

Assuming that this is the only decay channel of the gravitino, its lifetime can then be
written as

τ3/2(Ψ3/2 →
∑
i

γνi) =
1

2Γ
(
Ψ3/2 →

∑
i γνi

) ' 3.8× 1027 s

(
10−16

|Uγ̃ν |2
)(

10 GeV

m3/2

)3

, (3.3)

where the factor 2 takes into account the charged conjugated final states.
However, as pointed out in Ref. [16], gravitinos with masses smaller than the W mass

as in our case can also decay with a sizable BR into three-body final states, producing a
smooth spectrum of energetic γ rays that can also be detected in Fermi-LAT. These channels
are Ψ3/2 → γ∗/Z∗ νi → f f̄ νi via an intermediate photon or Z boson, as well as Ψ3/2 →
W ∗ l → f f̄ ′ l via and intermediate W boson, where f denotes fermions and l leptons. Both
channels are shown in Figs. 2 and 3, respectively. The associated decays were computed in
Refs. [16–18, 32], and we show for completeness the results of the differential decay widths in
the Appendix. The total gravitino decay width is then given by:

Γtotal(Ψ3/2) = 2
(
Γ(Ψ3/2 → γν) + Γ(Ψ3/2 → ff̄ν) + Γ(Ψ3/2 → ff̄ ′l)

)
. (3.4)

If the γν channel is not always the dominant gravitino decay channel, the lifetime (3.3) gets
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modified. Obviously, the complete formula becomes

τ3/2(Ψ3/2) =
1

Γtotal(Ψ3/2)
. (3.5)

As it is easy to understand from the above discussion, the photino-neutrino mixing
parameter |Uγ̃νi | plays a crucial role in the analysis of gravitino DM detection via γ-ray lines.
We can see from Eq. (3.1) that, the larger (smaller) |Uγ̃νi | the larger (smaller) is the decay
width, and therefore more (less) stringent are the constraints on the parameter space of the
model from the non-observation of lines in Fermi-LAT data.

On the other hand, in the regions of the parameter space where |Uγ̃νi | is suppressed, the
BR to γν is also suppressed, and the BRs to three-bodies become more important. The three-
body decay rates contain terms independent on the mixing parameters (and proportional to
vνi) that can dominate the total rate in some limits, as shown in the Appendix (and Figs. 2
and 3). This can have two effects. First, it can affect significantly the result for the lifetime,
as already mentioned above. Second, the constraints on the parameter space from lines are
less stringent, but new constraints might appear from the analysis of the smooth spectrum
generated by three-body final states, using Fermi-LAT data.

In the next subsection we will study all these crucial issues for the analysis of gravitino
DM and its detection.

3.1 The photino-neutrino mixing parameter in the µνSSM

We can easily estimate the value of |Uγ̃ν |2 in the µνSSM [20]. Using the mass insertion
technique, from the entries in the neutral fermion mass matrix (2.5) and Fig. 1, we can
deduce that the relevant coupling for the mixing between the photino and the neutrinos is
given approximately by g1vν , and as a consequence

|Uγ̃ν | ∼
g1vν
M1

. (3.6)

For typical electroweak-scale values for M1, and vν <∼ 10−4 GeV as discussed in the previous
section, one obtains approximately that in order to reproduce the observed neutrino masses
and mixing angles, the photino-neutrino mixing parameter is in the range

10−15 . |Uγ̃ν |2 . 10−14. (3.7)

This was confirmed performing a scan of the low-energy parameter space of the model in
Ref. [20]. Now, from the non-observation of prominent sharp features in the diffuse emission
measurement reported by the Fermi-LAT Collaboration, limits on the parameter space of the
model were obtained in Refs. [20, 22], using the bounds (3.7). In the most recent work [22],
some of the authors in collaboration with Fermi-LAT members obtained the constraints on
the gravitino mass and lifetime, m3/2 <∼ 2.5 GeV and τ3/2 >∼ 1028 s, where the former (latter)
arises from the lower (upper) bound in (3.7).

However, on the basis of Eq. (3.2), it was also suggested in [20] to relax the lower bound
by one order of magnitude3

10−16 . |Uγ̃ν |2 . 10−14 . (3.8)
3Note that from these values of |Uγ̃ν | and Eq. (3.3), one can deduce that the gravitino can be very long

lived compared to the current age of the Universe of about 1017 s, and therefore a DM candidate. In this
regard, let us also remember that adjusting the reheating temperature one can reproduce the correct relic
density for each possible value of the gravitino mass [33].
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From (3.2), one can infer that values of the mixing parameter close to zero would be achievable
through a cancellation between the bino and wino contributions, enlarging therefore the
allowed values of m3/2. The analysis of [22] under the assumption (3.8) obtained the bound,
m3/2 <∼ 5 GeV.

In this work we want to check this assumption in a quantitative way, given its importance
when studying the constraints on the parameter space. To understand first the situation
qualitatively, we will use the result of Refs. [14, 18, 32], where a more precise approximation
for the value of the mixing parameter was obtained. We can recover that result using again
the entries of the neutral fermion mass matrix (2.5), to write Ni1 ≈ −g1vνi√

2M1
and Ni2 ≈ g2vνi√

2M2

in Eq. (3.2). Thus we obtain:

Uγ̃νi ≈ −
g1√

2
vνi cos θW

M2 −M1

M1M2
. (3.9)

It is now trivial to realize that one can suppress the gravitino decay into γν canceling the
numerator by simply taking M2 →M1.

From Eq. (3.9), one can also deduce that another way to obtain a small photino com-
position of the neutrinos is to increase the denominator using large values of |M1| and |M2|.
Let us remark nevertheless that the parameters involved in this equation, gauginos masses
and VEVs of LH sneutrinos, are also involved in the generalized electroweak-scale seesaw that
generates neutrino masses in the µνSSM (see e.g. the approximate formula (2.6)). Since the
values chosen for the parameters must reproduce current data on neutrino masses and mix-
ing angles, we must take into account in the analysis the possible correlations among them.
For example, from the second term in (2.6), we can see that given a set of parameters that
reproduce the neutrino physics, if we increase the values of |M1,2| by two orders of magnitude
we have to increase also the LH sneutrino VEVs vνi by one order of magnitude. Otherwise,
the neutrino physics would be modified. Thus the photino content of the neutrino, |Uγ̃νi |,
decreases only by one order of magnitude according to Eq. (3.9) (or Eq. (3.6)). This seems to
imply that in order to decrease the value of |Uγ̃νi |, the strategy of making the gaugino masses
similar will be more efficient than increasing their absolute values.

Once these strategies allow us to suppress the photino composition of the neutrinos,
the BR to γν is also suppressed, and the BR to three-bodies becomes more important, as
mentioned above. We show this behavior in Fig. 4 for two different relations between M1 and
M2. In panel (a), the BR for three-body final states versus the gravitino mass is shown for
several values of M1 at low energy, assuming the approximate grand unified theory (GUT)
relation M2 = 2M1. For the other parameters we use typical values λ = 0.1, κ = 0.1,
tanβ = 10, vνc = 1750 GeV. Variations in these values do not modify our analysis significantly.
As we can see, the three-body final states can give an important contribution to the decay
of the gravitino in several ranges of gravitino and gaugino masses, specially for M1 >∼ 1 TeV.
In panel (b), we show the same cases as in panel (a) but now using the low-energy relation
M2 = 1.1M1. This example is close to the limiting case discussed above, M2 →M1, in order
to get a cancellation of the mixing parameter. The results in the figure confirm our discussion,
and we can see that the three-body final states are even more important than in panel (a).
In particular, already for M1 = −200 GeV this BR is larger than 0.5 when m3/2 >∼ 17 GeV,
and for example, for M1 = −1 TeV this is obtained when m3/2 >∼ 4 GeV.

In order to compute numerically the range of the photino-neutrino mixing parameter,
where the correct neutrino experimental pattern as presented in [34–38] within a three sigma
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Figure 4. Gravitino BR to three-body decays as function of the gravitino mass for several low-energy
values of M1 and (a) M2 = 2M1, (b) M2 = 1.1M1. In both cases, the following representative values of
the low-energy parameters are used: λ = 0.1, κ = 0.1, tanβ = 10, vνc = 1750 GeV.

range is reproduced, we have performed the following scan of the low-energy parameter space
of the µνSSM:

0.1 ≤ λ ≤ 0.4,
0.1 ≤ κ ≤ 0.55,

5 ≤ tanβ ≤ 30,
10−6 GeV ≤ vν1 ≤ 10−3 GeV,
10−6 GeV ≤ vν2,3 ≤ 10−4 GeV,
500 GeV ≤ vνc ≤ 5 TeV,

10−8 ≤ Yν1 ≤ 10−6,
10−7 ≤ Yν2,3 ≤ 10−5,

−75 TeV ≤ M1 ≤ −200 GeV,
0.5 ≤ M2/M1 ≤ 2,

where we use diagonal Yukawa couplings following the discussion in Section 2, and the limits
on gaugino masses discussed above are taken into account. In order to find solutions allowed
by experimental results on neutrino physics in the easiest possible way we choose negative
values for the gaugino masses as discussed in Ref. [27]. Thus we obtain the following result:

10−20 . |Uγ̃ν |2 . 10−14 , (3.10)

which extends the lower bound of the previous estimation (3.8). This lower bound is achieved
using the limiting cases for some parameters such as e.g. M1 = −75 TeV, M2/M1 = 1. In
this work, we do not need to include such extreme values of gaugino masses in the analysis,
since the results do not change significantly with respect to the ones used here, |M1| ≤ 10
TeV. Notice also that the results are not going to be essentially modified if we allow the
possibility of CP violation in the model. Complex VEVs in Eq. (3.9) are not not going to
change the value of the decay width in Eq. (3.1), since it is proportional to the modulus of the
mixing parameter. Therefore, no modification is expected for the flux in the case of the line.
Concerning the three-body decays, as can be seen from the Appendix, unless a cancellation
between different terms is imposed, the flux is not going to change significantly. We have
checked this numerically.
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Given our conclusions concerning the range of |Uγ̃νi |, as well as the three-body final state
contributions, an extension of the analysis of the constraints on the µνSSM parameter space
from Fermi-LAT data, including the new limits, is of great importance. The next sections
are focused on this analysis.

4 Gamma-ray flux from gravitino decay

The contribution from gravitino DM decay to the γ-ray emission observed by Fermi-LAT can
have three different sources: i) the smooth Galactic halo, ii) sub-halos hosted by the Galactic
halo, iii) extragalactic structures. The signal from extragalactic gravitino decay is expected
to be isotropic and, unlike the annihilation case, independent on the amount of DM clustering
at each given redshift [39–41]. We will consider the emission from i) and iii) in the analysis.
This is the most conservative approach and also the less model dependent. Thus

dΦtotal
γ

dEdΩ
=
dΦhalo

γ

dEdΩ
+
dΦextragal

γ

dEdΩ
. (4.1)

The differential flux of γ-rays from gravitino decay in the Galactic halo is calculated by
integrating the DM distribution around us along the line of sight:

dΦhalo
γ

dEdΩ
=

1

4π τ3/2m3/2

1

∆Ω

dN total
γ

dE

∫
∆Ω

cos b db d`

∫ ∞
0
ds ρhalo(r(s, b, `)) , (4.2)

where b and ` denote the Galactic latitude and longitude, respectively, and s denotes the
distance from the Solar System. Furthermore, ∆Ω is the ROI. The radius r in the DM halo
density profile of the Milky Way, ρhalo, is expressed in terms of these Galactic coordinates as

r(s, b, `) =
√
s2 +R2

� − 2 sR� cos b cos ` , (4.3)

where R� ' 8.5 kpc is the radius of the solar orbit around the Galactic center. The total
number of photons produced in gravitino decay can be expressed as

dN total
γ

dE
=
∑
i

BRi
dNi

dE
, (4.4)

where dNi/dE is the photon energy spectrum produced by the different gravitino decay
channels studied in Section 3. To compute dNi/dE with Pythia 8.205 [42] we have created
a custom resonance with an energy equal to the gravitino mass that only allows it to decay
into a particular channel i. Then Pythia hadronizes the products and decays the hadrons
mainly into leptons that lead to photons through QED processes. The events are stored in
a histogram, from which we create a lookup table involving all the possible gravitino decay
channels for a set of masses. To accomplish this we use the Monash tune [43] to run Pythia.

On the other hand, the prompt contribution from extragalactic structures can be mod-
eled as:

dΦextragal
γ

dEdΩ
=

c

4π

ΩDMρc
m3/2τ3/2

Eγ
H0

∫ ∞
Eγ

dE′γ
Eγ
E′γ

Qγ(Eγ , E
′
γ)√

ΩΛ + ΩM (Eγ , E′γ)3
, (4.5)

where c is the speed of light, and we use the values of the cosmological parameters from
Planck Collaboration combined with WMAP [44]: H0 = 67.04 km s−1 Mpc−1, ΩM = 0.3183,
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ΩDM = 0.2678, ΩΛ = 0.6817, and ρc = 1.054× 10−5 h2 GeV cm−3. Besides, E′γ = (1 + z)Eγ
is the energy of γ rays when they are produced at redshift z, and

Qγ(Eγ , E
′
γ) = e−τ(z,Eγ)(1 + z)

dN total
γ

dE
. (4.6)

In this expression τ(z, Eγ) is the optical depth, for which we adopt the result given in Ref. [45].
Using these formulas, we will compute in Section 5 the spectral shape and the flux

expected from decaying gravitino DM in the µνSSM. As our theoretical predictions must be
compared with the γ-ray observations, in the next subsection we will discuss the observations
of the γ-ray sky by Fermi-LAT that are relevant for our computations.

4.1 Fermi-LAT observations

The γ-ray sky has been observed by Fermi-LAT with unprecedented detail. Most of the γ
rays detected come from point-like or small extended sources, and a strong diffuse emission
correlated with Galactic structures [46]. In addition, a tenuous diffuse component has been
detected, the isotropic γ-ray background (IGRB) [47]. The origin of the IGRB can be sources
that remain below the detection threshold of Fermi-LAT, among others. For instance, DM
decay/annihilation [48, 49] can produce a sizable contribution to the IGRB4. The observed
IGRB depends on the point source detection threshold of the instrument. Instead, a physical
quantity is the total EGB, defined as the combination of resolved sources and the IGRB. The
Fermi-LAT Collaboration has determined the EGB using 50 months of data reprocessed with
the Pass 8 event-level analysis that expands from 100 MeV to 820 GeV [25]. In Fig. 3 of that
work, the integrated LAT counts above 100 MeV that are used in the analysis are shown, as
well as the regions in the vicinity of the Galactic plane that have been masked. Recently, the
authors of Ref. [55] have analysed constraints on two-body dark matter decays using Fermi-
LAT gamma-ray data from the observation of dwarf spheroidal galaxies. Although this kind
of analysis, applied to three-body decays, could also be of interest in our context, it is clearly
beyond the scope of this paper, and we leave it for future studies.

In Fig. 5 we show the 95% CL upper limit from EGB determination (orange points).
In order to get this limit the average emission from non-exotic contributors are subtracted5.
The non-exotic contributors to the EGB considered are: star-forming galaxies [56], radio
galaxies [57] and the integrated emission of blazars with EBL absorption as recently modeled
in [58]. The limits are taken from [59]. We use these limits to probe the smooth spectral
gravitino signal.

The sharp spectral feature at half of the gravitino mass is in general the brightest feature
on the gravitino-induced γ-ray spectrum. We use limits on line emission (black line) from an
updated analysis by the Fermi-LAT Collaboration [24], where they use the so-called R180
ROI. Such ROI is defined as a circular region of radius 180o centered on the Galactic center.
In addition, the Galactic plane region with longitude greater than 6o from the Galactic center
and latitude smaller than 5o is removed (see Fig. 4 of Ref. [24]). The limits are set using the
analysis methods developed in [22] to account for systematic uncertainties at the low-energy
end of the Fermi-LAT band, and 69.9 months of Pass 8 data.

4The main IGRB contributors are blazars, star-forming galaxies, diffuse processes such as intergalactic
shocks [50–52], interactions of ultra high energy cosmic rays with the extragalactic background light (EBL) [53],
and cosmic-ray interactions in small solar-system bodies [54].

5We assume Gaussian errors, therefore 95% of the area of a Gaussian distribution is within 1.64 standard
deviations of the mean.
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Figure 5. Expected γ-ray spectrum for several examples of gravitino DM decay, m3/2 = 3, 6, 20, 30 GeV,
using four limiting combinations of gaugino masses, (a) M2 = 2M1 with M1 = −0.5 TeV, (b) M2 = 2M1

with M1 = −10 TeV, (c) M2 = M1 with M1 = −0.5 TeV, (d) M2 = M1 with M1 = −10 TeV. The black
line corresponds to the upper limits (UL) from line searches, whereas the orange points corresponds to
the upper limits from EGB determination after subtracting models of known contributors. For both limits,
Fermi-LAT data are used.

Therefore, in the next section we will use the limits from EGB [59] and the latest spectral
line search by the Fermi-LAT Collaboration [24] to set constraints on the parameter space of
µνSSM gravitino dark matter.

5 Constraints on µνSSM gravitino dark matter from Fermi-LAT data

We apply now the formulas of Sections 3 and 4 to compute the flux of γ rays from decaying
gravitino DM in the µνSSM, following the analysis of Ref. [22] regarding the application of
Fermi-LAT exclusion limits.

In Fig. 5 we plot the spectral shapes for four different gravitino masses,m3/2 = 3, 6, 20, 30
GeV. For each case, the sharp feature at half of the gravitino mass corresponds to the usual
spectral line from the two-body decay channel, convolved with the Fermi-LAT energy disper-
sion6. As expected from Eqs. (3.1) and (4.2), the larger m3/2 the larger is the decay width

6http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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and the flux, yielding a brighter sharp feature. On the other hand, the smooth bump corre-
sponds to the emission from the three-body decay channels. To set constraints we compare
the sharp spectral feature with the upper limits from lines (black line) and the smooth bump
with the upper limits from EGB (orange points), computing the gravitino signal accordingly
to the ROIs used to obtain such limits. The panels (a) and (b) correspond to scenarios with
the GUT-inspire relation at low energy, M2 = 2M1. As we can see, all the gravitino masses
presented are excluded by line limits in both panels, but the case of 3 GeV in panel (b) where
gaugino masses are increased by more than one order of magnitude. This is consistent with
results in Ref. [22]. However, in panels (c) and (d), where the limiting case for the relation
between gaugino masses, M2 = M1, is considered, the suppression on the line strength is
evident with respect to the previous panels. As expected, making the values of the gaugino
masses similar is more efficient to evade Fermi-LAT limits on lines than increasing their ab-
solute values. Now, gravitino masses of 3 and 6 GeV are allowed in both panels (c) and (d).
Although a mass of 20 GeV is allowed by the line limits for the case M1 = −10 TeV, at the
end of the day EGB limits forbids it.

Summarizing, an increasing in the gaugino massesM1,2 and/or a shrinking of their ratio
M2/M1 suppress the line size, however the line limits are restrictive enough to ruled out
almost all scenarios but the extreme ones, i.e. with large and close gaugino masses.

In Fig. 6 we show the exclusion regions in the plane gravitino lifetime versus grav-
itino mass for three different relations between M1 and M2: M2 = 2M1, M2 = 1.1M1

and M2 = M1. For each of the three cases we plot the following values of M1: M1 =
−0.5,−0.7,−1,−3,−5,−10 TeV. The same representative values of the low-energy parame-
ters as in Fig. 4 are used: λ = 0.1, κ = 0.1, tanβ = 10, vνc = 1750 GeV. In Tables 1, 2 and
3 we show for each case the relevant parameters in order to reproduce the observed neutrino
masses and mixing angles, together with the corresponding values of the photino-neutrino
mixing parameter. There we can see that the latter reaches the lower bound only in the limit-
ing cases withM2 →M1. The blue section of each curve in Fig. 6 indicates the values of m3/2

and τ3/2 that are allowed, whereas the magenta one indicates those forbidden. In general, the
dominant exclusion is produced by the line limits coming from the two-body decay channel,
because as discussed above in Fig. 5 in most of the cases the sharp spectral signal gives the
brightest feature, and additionally the Fermi-LAT limits on line flux are stronger than the
limits on the smooth spectrum from EGB.

Nevertheless, the smooth signal plays also an important role by changing the lifetime of
the gravitino, hence modifying the exclusion limits for its parameter space. See for example
in Fig. 6 the cases M2 = 1.1M1 and M2 = M1, where lifetimes as low as about 4× 1025 s are
allowed. Another important issue to notice is the fact that the curves are crossing each other.
To understand this we need to take into account that the slope of each curve, when the decay
is dominated by the two-body final states, is different from the slope when the three-body
final states are the dominant ones. The zone in the plane when this change of regime takes
place is different for the different curves showed in the figure. Also a significant fact for the
analysis is that, as already mentioned, if we take larger values for the gaugino masses the
photino-neutrino mixing parameter decreases implying less constrains by Fermi-LAT limits
on lines, but after certain value the diffuse spectra dominates completely the slope of the
curves. This is the case for M1 >∼ 10 TeV which results in an increasing of the exclusion of
the parameter space, i.e. lower allowed values for the gravitino mass, as we can see in Fig. 6
for the limiting cases M2 = 1.1M1 and M2 = M1.

Summarizing the results, for M2 = 2M1 the line is the dominant feature, and the
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gravitino mass must be smaller than 4 GeV to avoid exclusion by Fermi-LAT data. This is
in agreement with Ref. [22]. For M2 = 1.1M1 and M1 below 1 TeV, the exclusion is driven
by the two-body decay channel as in the previous case, and still not very different values of
m3/2 are allowed ( <∼ 6 GeV). However, above 1 TeV the line limits are evaded as the |Uγ̃νi | is
strongly suppressed by the combination of increasing gaugino masses and making them closer.
Gravitino masses as large as 16 GeV can be reached without exclusion. For M2 = M1, the
line is still crucial and even for low value of M1 is possible to reach gravitino masses above
10 GeV.
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Figure 6. Parameter space of decaying gravitino DM given in terms of the gravitino lifetime and the
gravitino mass, using three relations for gaugino masses M2 = 2M1, M2 = 1.1M1 and M2 = M1. For
each of the three relations we plot the values M1 = −0.5,−0.7,−1,−3,−5,−10 TeV, and label the curves
with |M1|. The blue section of each curve is allowed whereas the magenta one is forbidden by Fermi-LAT
data.
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Figure 7. The same as in Fig. 6 but using M1 = −0.5 TeV and M2 = xM1 with x =
0.5, 0.7, 0.9, 0.95, 1, 1.05, 1.1, 1.5, 2. Each curve is labeled with the corresponding value of x.

Therefore, using Fermi-LAT data, we have obtained the following constraints on the
gravitino mass and lifetime in the µνSSM: m3/2 <∼ 17 GeV and τ3/2 >∼ 4× 1025 s.

Finally, we might think of the possibility of modifying these constraints usingM2 = xM1

with x < 1, in addition to x > 1 as we have been using so far. Notice however from the
approximation (3.9) that the spectrum of the two-body decay is proportional to the ratio
|(1−x)/x|, implying that the larger this ratio the stronger are the constraints on m3/2. Thus
the results for x < 1 will not be essentially different from those for x > 1. This argument is
not exact for the spectrum of the three-body decays. For instance in the channels involvingW
bosons the mixing comes from the chargino-charged lepton matrix, where only M2 appears.
Nevertheless, the numerical analysis shows that the above argument can still be used. We
show this fact in Fig. 7 for M1 = −0.5TeV and different values of x. For example, the
strongest (weakest) constraint on the gravitino mass is obtained for x = 0.5 (x = 1).
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M1 = −0.3TeV vν1 = 1.7× 10−4GeV vν2 = 0.2× 10−4GeV vν3 = 0.8× 10−4GeV
|Uγ̃ν |2 = 7.85× 10−15 Yν1 = 5× 10−7 Yν2 = 0.8× 10−6 Yν3 = 0.9× 10−6

M1 = −0.5TeV vν1 = 1.5× 10−4GeV vν2 = 0.2× 10−4GeV vν3 = 1.5× 10−4GeV
|Uγ̃ν |2 = 3.35× 10−15 Yν1 = 3× 10−7 Yν2 = 0.7× 10−6 Yν3 = 0.9× 10−6

M1 = −0.7TeV vν1 = 1.7× 10−4GeV vν2 = 2× 10−4GeV vν3 = 0.3× 10−4GeV
|Uγ̃ν |2 = 2.44× 10−15 Yν1 = 3× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.7× 10−6

M1 = −1TeV vν1 = 2.3× 10−4GeV vν2 = 2× 10−4GeV vν3 = 0.6× 10−4GeV
|Uγ̃ν |2 = 1.55× 10−15 Yν1 = 3× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.7× 10−6

M1 = −3TeV vν1 = 4.3× 10−4GeV vν2 = 4× 10−4GeV vν3 = 0.8× 10−4GeV
|Uγ̃ν |2 = 5.35× 10−16 Yν1 = 3× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.7× 10−6

M1 = −5TeV vν1 = 6.1× 10−4GeV vν2 = 6.2× 10−4GeV vν3 = 0.4× 10−4GeV
|Uγ̃ν |2 = 3.91× 10−16 Yν1 = 3× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.8× 10−6

M1 = −10TeV vν1 = 8× 10−4GeV vν2 = 8.1× 10−4GeV vν3 = 1.4× 10−4GeV
|Uγ̃ν |2 = 1.65× 10−16 Yν1 = 3× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.7× 10−6

Table 1. Relevant parameters in order reproduce the observed neutrino masses and mixing angles
for the cases with M2 = 2M1 in Fig. 6. The corresponding values of the photino-neutrino mixing
parameter |Uγ̃ν |2 are also shown.

M1 = −0.3TeV vν1 = 1.3× 10−4GeV vν2 = 0.6× 10−4GeV vν3 = 0.09× 10−4GeV
|Uγ̃ν |2 = 1.25× 10−16 Yν1 = 5× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.8× 10−6

M1 = −0.5TeV vν1 = 1.9× 10−4GeV vν2 = 0.8× 10−4GeV vν3 = 0.03× 10−4GeV
|Uγ̃ν |2 = 7.10× 10−17 Yν1 = 5× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.8× 10−6

M1 = −0.7TeV vν1 = 2.2× 10−4GeV vν2 = 1.2× 10−4GeV vν3 = 0.2× 10−4GeV
|Uγ̃ν |2 = 5.05× 10−17 Yν1 = 5× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.8× 10−6

M1 = −1TeV vν1 = 2.8× 10−4GeV vν2 = 1.3× 10−4GeV vν3 = 0.3× 10−4GeV
|Uγ̃ν |2 = 3.40× 10−17 Yν1 = 5× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.8× 10−6

M1 = −3TeV vν1 = 4.7× 10−4GeV vν2 = 3× 10−4GeV vν3 = 1.3× 10−4GeV
|Uγ̃ν |2 = 1.09× 10−17 Yν1 = 5× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.8× 10−6

M1 = −5TeV vν1 = 6.3× 10−4GeV vν2 = 4× 10−4GeV vν3 = 1.5× 10−4GeV
|Uγ̃ν |2 = 6.50× 10−18 Yν1 = 5× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.8× 10−6

M1 = −10TeV vν1 = 7.2× 10−4GeV vν2 = 7.1× 10−4GeV vν3 = 0.4× 10−4GeV
|Uγ̃ν |2 = 2.67× 10−18 Yν1 = 3× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.8× 10−6

Table 2. The same as in Table 1 but for M2 = 1.1M1.
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M1 = −0.3TeV vν1 = 1.3× 10−4GeV vν2 = 0.5× 10−4GeV vν3 = 0.01× 10−4GeV
|Uγ̃ν |2 = 6.05× 10−18 Yν1 = 5× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.8× 10−6

M1 = −0.5TeV vν1 = 1.3× 10−4GeV vν2 = 0.8× 10−4GeV vν3 = 0.06× 10−4GeV
|Uγ̃ν |2 = 2.62× 10−18 Yν1 = 3× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.7× 10−6

M1 = −0.7TeV vν1 = 2.2× 10−4GeV vν2 = 1× 10−4GeV vν3 = 0.1× 10−4GeV
|Uγ̃ν |2 = 3.35× 10−18 Yν1 = 5× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.8× 10−6

M1 = −1TeV vν1 = 1.8× 10−4GeV vν2 = 1.3× 10−4GeV vν3 = 0.5× 10−4GeV
|Uγ̃ν |2 = 1.45× 10−18 Yν1 = 3× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.7× 10−6

M1 = −3TeV vν1 = 4.7× 10−4GeV vν2 = 2.8× 10−4GeV vν3 = 0.9× 10−4GeV
|Uγ̃ν |2 = 9.58× 10−19 Yν1 = 5× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.8× 10−6

M1 = −5TeV vν1 = 6.1× 10−4GeV vν2 = 4× 10−4GeV vν3 = 1.1× 10−4GeV
|Uγ̃ν |2 = 6.11× 10−19 Yν1 = 5× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.8× 10−6

M1 = −10TeV vν1 = 6.2× 10−4GeV vν2 = 6.1× 10−4GeV vν3 = 1.2× 10−4GeV
|Uγ̃ν |2 = 2.16× 10−19 Yν1 = 3× 10−7 Yν2 = 0.9× 10−6 Yν3 = 0.7× 10−6

Table 3. The same as in Table 1 but for M2 = M1.
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6 Conclusions

The µνSSM is a supersymmetric model that solves the µ problem and reproduces neutrino
data, simply using couplings with the three families of right-handed neutrinos. Since these
couplings break R-parity, the gravitino is an interesting candidate for dark matter in this
model.

In this work we have carried out a complete analysis of the detection of the gravitino
as a decaying dark matter candidate in the µνSSM. In addition to the two-body decay
(see Fig. 1) producing a sharp line with an energy at half of the gravitino mass, we have
included in the analysis the three-body decays (see Figs. 2 and 3) producing a smooth spectral
signature. Then, we have compared the γ-ray fluxes predicted by the model with Fermi-LAT
observations. In particular, with the 95% CL upper limits on the total diffuse extragalactic
γ-ray background (EGB) using 50 months of data, together with the upper limits on line
emission from an updated analysis using 69.9 months of data.

We have performed first a deep exploration of the low-energy parameter space of the
µνSSM taking into account that neutrino data must be reproduced. This imposes important
constraints, and, as a consequence, the photino-neutrino mixing parameter must fulfill the
bounds 10−20 . |Uγ̃ν |2 . 10−14. This parameter is crucial in the computation of the line,
since the smaller |Uγ̃νi |2 the smaller is the decay width, and therefore less stringent are the
constraints on the gravitino mass (see Eq. 3.1)) from the non-observation of lines in Fermi-
LAT data. The relevant lower bound can be obtained for large values of the gaugino masses
M1,2 and/or in the limit M2 →M1 (see the approximate formula (3.9)).

We have found that in standard scenarios such as those with the low-energy GUT relation
M2 = 2M1, the line limits are crucial and only allow gravitinos with masses <∼ 4 GeV (and
lifetimes >∼ 1028 s), even for values of |M1| as large as 10 TeV. In the caseM2 →M1, although
the line size is suppressed restricting less the gravitino mass ( <∼ 17 GeV), still the line limits
are more important than the EGB ones (see Fig. 5). The latter only rule out the extreme
scenarios, i.e. with very large and very close gaugino masses. Nevertheless, the smooth signal
from three-body decays plays an important role since can dominate the gravitino decay rate
over a wide region of those parameters (see Fig. 4), hence modifying the exclusion limits for
its lifetime.

Our results are summarized in Figs. 6 and 7, where we can see that using Fermi-LAT
data the following constraints on the gravitino mass and lifetime in the µνSSM are obtained:
m3/2 <∼ 17 GeV and τ3/2 >∼ 4× 1025 s.
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A Gravitino three-body decay channels

The calculation of the tree-level gravitino decays via an intermediate photon or Z boson, and
an intermediate W boson, was carried out in Refs. [16–18, 32]. We show in this Appendix
the results for the differential decay widths with respect to s [32], where s is the invariant
mass of the two fermions, f and f̄ . The total decay widths can be obtained integrating
these results over the invariant mass range 0 ≤ s ≤ m2

3/2. In the case of virtual photon ex-
change, one should integrate over the range 4m2

f ≤ s ≤ m2
3/2, to avoid a divergent propagator.

i. Ψ3/2 → γ∗/Z∗ νi → f f̄ νi

dΓ(Ψ3/2 → γ∗/Z∗ νi → f f̄ νi)

ds

≈
m3

3/2 β
2
s

768π3M2
P

e2Q2

s
|Uγ̃νi |2 fs

√
1− 4

m2
f

s

(
1 + 2

m2
f

s

)

+
gZ

(s−m2
Z)2 +m2

Z Γ2
Z

{
gZ U

2
Z̃νi

s (C2
V + C2

A) fs

− 8

3

mZ

m3/2
gZ UZ̃νi

(vνi
v

+ sinβReUH̃0
uνi
− cosβReUH̃0

dνi

)
s (C2

V + C2
A) js

+
1

6
gZ m

2
Z

∣∣∣vνi
v

+ sinβ UH̃0
uνi
− cosβ UH̃0

dνi

∣∣∣2 (C2
V + C2

A)hs

+ eQ
(
ReUγ̃νi (m2

Z − s) + ImUγ̃νimz ΓZ
)
CV

×
(

2UZ̃νi fs +
8

3

mZ

m3/2

( vνi
v

+ sinβ ReUH̃0
uνi
− cosβReUH̃0

dνi

)
js

)} ,

(A.1)

where gZ = g2 / cos θW is the gauge coupling of the Z boson, mZ and ΓZ its mass and decay
width into two fermions, v is the Higgs VEV, Q is the charge of the final state fermions, and
CV and CA are the coefficients of the V −A structure of the Z boson vertex with two fermions

CV =
1

2
T 3 −Q sin2 θW , CA = −1

2
T 3 . (A.2)

The kinematic functions βs, fs, js and hs are given by

βs = 1− s

m2
3/2

, fs = 1 +
2

3

s

m2
3/2

+
1

3

s2

m4
3/2

,

js = 1 +
1

2

s

m2
3/2

, hs = 1 + 10
s

m2
3/2

+
s2

m4
3/2

. (A.3)

Note that Uχ̃νi denotes the mixing between the χ̃ neutralino and the νi neutrino, obtained
from the neutral fermion (neutralino-neutrino) mass matrix.
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ii. Ψ3/2 →W ∗ l→ f f̄ ′ l

dΓ(Ψ3/2 →W+∗ l−i → f f̄ ′ l−i )

ds

≈
g2

2 m
3
3/2 β

2
s

1536π3M2
P

(
(s−m2

W )2 +m2
W Γ2

W

) ( sU2
W̃−l−i

fs

−8

3

mW

m3/2
sUW̃−l−i

(vνi
v
−
√

2 cosβReUH̃−
d l

−
i

)
js +

1

6
m2
W

∣∣∣vνi
v
−
√

2 cosβ UH̃−
d l

−
i

∣∣∣2 hs) ,

(A.4)

where Uχ̃−l−i
denotes the mixing between the χ̃− chargino and the l−i lepton, obtained from

the charged fermion (chargino-lepton) mass matrix. The kinematic functions βs, fs, js and
hs are the same as above.
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