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Partial split supersymmetry with bilinear R-parity violation allows one to reproduce all neutrino mass
and mixing parameters. The viable dark matter candidate in this model is the gravitino. We study the
hypothesis that both possibilities are true: partial split supersymmetry explains neutrino physics and dark
matter is actually composed of gravitinos. Since the gravitino has a small but nonzero decay probability,
its decay products could be observed in astrophysical experiments. Combining bounds from astrophysical
photon spectra with the bounds coming from the mass matrix in the neutrino sector we derive a stringent
upper limit for the allowed gravitino mass. This mass limit is in good agreement with the results of direct
dark matter searches.
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I. INTRODUCTION
Split supersymmetry (SS) was originally proposed to
address some of the most salient problems of supersymmetric models, which are fast proton decay, excessive
flavor changing neutral currents, and excessive CP violation [1]. In SS the solution to these problems is accomplished by considering all squarks and sleptons very
~ somewhere between the
massive, with a mass scale m
supersymmetric scale Msusy and the grand unification scale
MGUT . One of the Higgs bosons remains light, as usual in
supersymmetric models, as well as the gauginos and
Higgsinos, with all these particles having a mass accessible
to the LHC [2].
If R-parity violation (RPV) is introduced in supersymmetric models, lepton number and/or baryon number will
be violated as well, inducing a potentially too-fast proton
decay [3]. Nevertheless, in SS the trilinear RPV couplings
play little role in the phenomenology, with the exception
being in the gluino decay rate. In this case, only bilinear
RPV (BRPV) is relevant, opening up the possibility for a
neutrino mass generation mechanism, without running into
the danger of a too-fast proton decay. As in any BRPV
model, in SS-BRPV the atmospheric neutrino mass
squared difference is generated by a low-energy seesaw
mechanism due to the mixing between neutrinos and neutralinos [4,5]. Nevertheless, at one loop the only contributions to the neutrino mass matrix, coming from loops with
the Higgs boson and neutralinos, is not enough to generate
a solar neutrino mass squared difference [6,7]. Thus, an
additional contribution to the model is needed [8] or the
model itself has to be generalized.
In partial split supersymmetry (PSS) all squarks and
sleptons have a mass of the order of the SS mass scale
~ but both Higgs doublets remain with a mass at the
m,
electroweak scale [7,9]. The addition of RPV to this model
was introduced to be able to generate a solar neutrino mass
[7]. Loop contributions from neutral CP-even and CP-odd
Higgs bosons are indeed able to do the job, producing not
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only the atmospheric and solar masses, but also the atmospheric, solar, and reactor neutrino mixing angles [10].
Because R-parity is not conserved, the lightest supersymmetric particle (LSP) will be unstable and decay into
standard-model particles. This will occur very fast if the
LSP is the traditional neutralino, losing it as a candidate
for dark matter. It is however known that in the case of a
gravitino LSP, despite being unstable, it will decay very
slowly via gravitationally induced couplings [11,12].
Suppression of the gravitino interactions by both the
Planck mass and the R-parity violating couplings leads to
a very long-lived massive particle, whose lifetime can
typically be of several orders of magnitude longer than
the age of the Universe. The next-to-lightest superparticle
(NLSP), on the other hand, has a lifetime which is much
shorter than 1 s, and thus becomes harmless to a successful
big-bang nucleosynthesis [13].
The fact that the gravitino decays to ordinary particles in
such a scenario has given rise to interesting phenomenological studies [14–16]. An important one is the study of
the photon spectrum produced from the two-body decay
[17–19], and more recently from the three-body decays of
the gravitino [20,21]. Important constraints on the mass
and lifetime of the gravitino can be derived from the fact
that its decay has not been detected by gamma-ray telescopes, most importantly the Fermi Large Area Telescope
(Fermi LAT) [22–26].
Further constraints on the allowed parameters can be
derived from the measurements of the neutrino masses and
mixing parameters, which in PSS provide constraints on
the R-parity violating couplings [7,10].
In this work we study these two independent constraints,
and show that when taken together they imply the existence of a maximal value of the light gravitino mass mmax
3=2 ,
and also the existence of a minimum value of the gravitino
lifetime. Our findings are in good agreement with direct
dark matter searches [27,28] which put much stronger
constraints on dark matter particles with masses  mmax
3=2 .
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It is important to mention that this kind of model can be
further studied in the context of the observed Pamela
electron/positron excess and direct LHC signals [29,30].
Further studies are possible in the context of the early
Universe [31–33]. However, since in our work the gravitino has an extremely long lifetime, the implications from
gravitino decay in the early Universe are not taken into
account.
This model is a bottom-up approach; it can however be
motivated by a number of general considerations. In
Ref. [34] it is shown that a split supersymmetric spectrum
can be easily generated in models with direct mediation of
supersymmetry breaking, i.e., without invoking a hidden
sector. In opposition to low-energy supersymmetric models, in SS this is possible because the gauginos are allowed
to be much lighter than the sfermions. A toy model is
~
given, where sfermion masses are generated at a scale m,
while gaugino masses are induced at a lower scale , after
integrating out physics at a higher scale that controls the
supersymmetry breaking. In the same model, a gravitino
~ 2 =MPl , allowing it to be
mass is generated at the scale m
even lighter than gauginos. This toy model generates also
~ 2 and it would have to be
a B term of the order of m
modified in order to accommodate PSS, where B is
~ 2 . It is worth mentionrequired to be much smaller than m
~ 2 would alleviate the otherwise present
ing that a B  m
fine-tuning needed in the Higgs potential to generate a
correct electroweak symmetry breaking [35]. As a topdown approach to PSS we mention also Ref. [9], where a
PSS spectrum is given. In this model sfermion masses are
~ 2  V0 =M2 , where supersymmetry
generated at a scale m
breaking originates with a hidden sector dynamics with
vacuum energy V0 , and sfermion contributions are communicated to the visible sector by massive fields of mass
M. In addition, two light Higgs scalars are composite with
g
a mass mh  4
comp , with comp the typical scale of the
strong
dynamics.
The gravitino mass is of the order
pﬃﬃﬃﬃﬃﬃ
V0 =MPl and can be the LSP for values for example
V0  ð109 GeVÞ4 .
II. PARTIAL SPLIT SUPERSYMMETRY
In PSS both Higgs doublets remain with a mass at the
electroweak scale. As it happens in SS, Higgsinos, gauginos, and Higgs bosons interact via induced couplings of
the type
1 y
~ þ g~0u BÞ
~H
~u
LRPC
gu W
PSS 3  pﬃﬃﬃ Hu ð~
2
1
~  g~0d BÞ
~H
~ d þ H:c:;
 pﬃﬃﬃ Hdy ð~
gd W
2

(1)

where RPC is R-parity conserving and g~u , g~0u , g~d , and g~0d
are couplings induced in the effective low-energy
~ they satisfy the boundary
Lagrangian. At the SS scale m
conditions,

g~ u ¼ g~d ¼ g;

g~0u ¼ g~0d ¼ g0 ;

(2)

evolving with independent renormalization group equation
down to the electroweak scale. Similarly to the minimal
supersymmetric standard model (MSSM), both Higgs
fields acquire a vacuum expectation value hHu i ¼ vu
and hHd i ¼ vd , with the constraint v2 ¼ v2u þ v2d ¼
246 GeV2 and the definition tan ¼ vu =vd . Gauginos
and Higgsinos mix forming the neutralinos, with a mass
matrix very similar to the one in the MSSM,
3
2
0
 12 g~0d c v 12 g~0u s v
M1
7
6
6
1
g~d c v  12 g~u s v 7
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M2
7
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2
7
;
M0 ¼ 6
7
6
1 0
1
7
6
~
~
g
g

c
v
c
v
0


d

d
2
2
5
4
1 0
1
~
~
g
g
s
v

s
v

0

u

u
2
2
(3)
where M1 and M2 are the gaugino masses associated with
the Uð1Þ and SUð2Þ gauge bosons, and  is the Higgsino
mass. In our calculations we will neglect the running of the
Higgsino-Higgs-gaugino couplings and work with their
approximated value indicated by Eq. (2).
The addition of R-parity violation to the PSS Lagrangian
allows us to study a mechanism for neutrino mass generation. Trilinear couplings are not relevant for this problem,
because all squarks and sleptons are very heavy, with a
~ and thus decoupled from the lowmass of the order of m,
energy effective theory. Only BRPV is relevant, and is
described by the terms
1
T g W
~  g~0d BÞL
~T
~ i þ H:c:;
LRPV
d
PSS ¼ i H u Li  pﬃﬃﬃ bi Hu ð~
2
(4)
where  ¼ i2 . The i are the supersymmetric BRPV
parameters in the superpotential, which at the low scale
manifest themselves as mixing between Higgsinos and
lepton fields. The bi are three dimensionless parameters
attached to lepton-Higgs-gaugino interactions. They are
analogous to the ones in Eq. (1), except that they violate
R-parity and are generated in the effective low-energy
theory.
The origin of the BRPV terms in (4) is related to the
-problem which refers to the origin of the term Hu Hd in
the superpotential. As discussed for example in Ref. [36],
the same mechanism that solves the -problem could
be used to explain the origin of the  terms. A popular
mechanism is the existence of nonrenormalizable couplings of the sort ða=MPl Þ1 2 Hu Hd , with a being a
dimensional constant and 1 and 2 two hidden sector
scalars. When supersymmetry breaks and 1 and 2 acquire vacuum expectation values a -term is generated.
Similar terms ðai =MPl Þ3 4 Hu Li can be present generating -terms, although ai and/or h3 i, h4 i should be much
smaller than a and/or h1 i, h2 i in order to have i a few
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order of magnitude smaller than , necessary for neutrino
physics. The bi terms are generated after integrating out
~ the
the sleptons, and appear because above the scale m
~ we have
Higgs bosons mix with sleptons. At the scale m
2
bi  vi =vu , with the necessary condition vu Bi  vi MLi
from the minimization of the scalar potential [7]. Large Bi
can be easily obtained in a similar way as for B , as
explained in [34]. We mention also Ref. [37] where
R-parity is naturally broken radiatively when a righthanded sneutrino acquires a vacuum expectation value,
generating bilinear R-parity violating terms. In our work,
we concentrate on the effect of bilinear R-parity violation.
Trilinear R-parity violating couplings could be present,
but we ignore their effects due to the large mass of the
sfermions.
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¼

i2

¼

i3

i4

g~d M1

2 detM0 i
vu

¼
ðM1 g~u g~d þ M2 g~0u g~0d Þi  i
4 detM0

vd
¼
ðM g~2 þ M2 g~02
d Þi
4 detM0 1 d

T 1
ð0Þ
M ð0Þ
 jij ¼ m M0 mjij ¼ A i j ;

The effect of these terms is that neutralinos mix with
neutrinos, forming a 7  7 mass matrix, which in the basis
~ W,
~ H
~u, H
~ d , e ,  ,  ) has the form
(B,
MN ¼

M0

mT

m

0

#
;

(6)

and where the 4  4 submatrix M0 is the neutralino mass
matrix in Eq. (3). The 4  3 neutralino-neutrino mixing
block
3
2 1 0
 2 g~d b1 vu 12 g~d b1 vu 0 1
7
6
7
1 0
1
7
6
~
~
g
g

b
v
b
v
0

(7)
m¼6
2
u
d
2
u
2
2
5
4 2 d
1 0
1
 2 g~d b3 vu 2 g~d b3 vu 0 3
develops from terms in Eq. (5). A diagonalization by
blocks of the mass matrix in Eq. (6) can be achieved by a
rotation N MN N T , given by


N
N ’



N T
;
1

M1 g~2d þ M2 g~02
d
:
4 detM0

(12)

At this level only one neutrino acquires mass, leaving the
solar squared mass difference null and the solar angle
undetermined. Quantum corrections contribute to the neutrino mass matrix in such a way that the degeneracy in
Eq. (11) is lifted, leaving it with the following form:
M  jij ¼ Ai j þ Ci j ;

(13)

where the B-term [10] has been made to vanish by an
appropriate choice of the subtraction point. Thus at one
loop two neutrinos acquire a mass while the third one
remains massless. Since in this case the experimental value
m2sol =m2atm  0:035 implies m3  m2 , we have
~ 2 þ Cjj
~  j
~ 2 Þ2  2ACj
~ 2;
m2atm  ðAjj
m2sol

~  j
~4
A2 C2 j

:
~ 2 þ Cjj
~ 2 Þ2
ðAjj

(14)

For later use, we introduce the photino ~ and zino Z~
fields by rotating by the weak mixing angle the weakly
~ W,
~ in direct analogy to their staninteracting gauginos B,
dard model counterparts,
0 1
10 ~ 1
0 1 0
~
cW
sW . . .
B~
B
@ Z~0 A ¼ @ sW cW . . . AB
~C
~C
@W
A; (15)
@W
A ¼ AW B
...
...
...
...
...
where the dots indicate that all other states are just multiplied by the unit matrix. Thus when dealing with this new
~u, H
~ d , e ,  ,  ), the mixing matrix is
basis ( ~, Z~0 , H
N 0 ¼ N ATW ;

(8)

(16)

where only the first two states are rotated.

where we define
¼ mM10 ;
with

(11)

with
Að0Þ ¼

When Higgs bosons acquire vacuum expectation values,
mixing terms between gauginos and leptons are generated,
producing the following mixing between neutrinos and
heavier fermions:


1
0
0 BÞ
~
~
~
~
LRPV
b
¼


þ
v
ð~
g

g
H
W
i þ H:c: þ    :
i u
PSS
d
2 i u d 3
(5)

(10)

and i ¼ bi vu þ i vd . This leaves an induced effective
neutrino mass matrix equal to

III. NEUTRINO MASSES

"

g~0d M2

2 detM0 i

i1

IV. GRAVITINO DECAY

(9)

Indirect observation of the gravitino becomes a possibility due to its decay to ordinary particles. In this section
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we calculate the possible decay channels of the gravitino as
a dark matter candidate, assuming that m3=2 < mW . We
then relate these results to experimental bounds on the
decay products and on the RPV parameters.
A. Two-body decay
When R-parity is conserved the gravitino can radiatively
decay into a photon via the following term in the
Lagrangian:
L 3

1 
c 
4MP 



F ;

Knowing the above relation, the calculation of the differential cross section is standard, giving the result


d
m3=2
hjM0 j2 i
E

¼
dE d
2
642 m3=2


m33=2
m3=2
2
¼
jU
j
E

;
(21)
~

2
1282 MP2
which is independent of the angles as expected. The total
decay rate is then

(17)

where MP is the Planck mass, c  is the spin-3=2 gravitino
field, is the spin-1=2 photino field, F ¼ @ A  @ A
is the photon field strength, and A is the photon field.
This coupling might in principle be modified by a factor of
order 1. In this work however we assume that (17) is the
exact form of the coupling. Variations of the final result can
then be studied by order-1 shifts of the Planck mass MP .
This Lagrangian term induces the following decay:

~ ! Þ ¼
ðG

m33=2

jU ~ j2 :

32MP2

(22)

For a gravitino mass m3=2 < mW this is the only kinematically allowed two-body decay. By using the relation in
Eq. (16) one finds that the photino-neutrino mixing factor
in PSS is
U ~i ¼ N i1 cW þ N i2 sW ;

(23)

with i ¼ 5; 6; 7 labeling the neutrino generation, and where
tW ¼ g0 =g is the tangent of the weak mixing angle. Using
Eqs. (8)–(10), we find

ð~
g M s  g~0d M2 cW Þi :
(24)
U ~i ’
2ðdetM0 Þ d 1 W
For the numerical calculations we will require the sum over
the generations of the square of the mixing factor,
X
jU ~ j2 :¼ U2~i
i

where the cross indicates that we are picking the photino
component of the corresponding neutrino, which mix due
to violation of R-parity. The amplitude for this decay is
M0 ¼ 

i
fðq;
 sÞ
4MP

 ½6 k;

c

 ðp; Þg ðk; mÞU ~ ;

’

B. Three-body decays
When studying the three-body decay, a more general
part of the interaction Lagrangian comes into play,
i
L 3  pﬃﬃﬃ
½ðD i Þ c 
2MP

s;m



p p
¼ ð6p  m3=2 Þ g  2
m3=2



p p
1
p p
 g  2
g  2
3
m3=2
m3=2




:

 ðD i Þ i PR

 

i 
c ½
8MP 





obtaining the following completeness relation [11]:
X
c  ðp; Þ c  ðp; Þ

(20)

(25)

This is because we do not distinguish the different neutrino
flavors.

(18)
where U ~ is the amount of photino in the neutrino fields,
as indicated by the neutrino eigenvector. We write the
gravitino field as the tensor product of a spin-1=2 field
with a spin-1 field,
X
c  ðp; Þ ¼ h1=2; s; 1; mj3=2; iuðp; sÞ ðp; mÞ; (19)

2
~ 2:
ð~
gd M1 sW  g~0d M2 cW Þ2 jj
4ðdetM0 Þ2

;

  P i
L

c 

 ðÞa F ðÞa ;


(26)

where the second line is in analogy to (17) and the first line
introduces additional couplings with scalar fields . The
three-body decays of the gravitino were studied in detail
for the first time in [20,21], where explicit formulas are
given. Nevertheless, our calculations have yielded that the
three-body results in [20] have to be corrected. We agree,
however, with the conclusion that the three-body decays
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are indeed important, and cannot be neglected. We find
three-body decay branching ratios of the order of 10% for
gravitino masses of order 10 GeV, and greater for larger
masses. The exact formulas for the amplitudes of the
contributing diagrams are given in the Appendix.
First we consider the gravitino decay into a fermion pair
and a neutrino. The first pair of diagrams is three-body
decays via an intermediate photon and Z boson,

PHYSICAL REVIEW D 84, 055007 (2011)

i
 1 Þðiqf Þ  vðk2 ÞuðqÞ

uðk
k2
iU ~ 

ðk=    k=Þ c  ðpÞ;
4MP
i
 1Þ
uðk
M2 ¼ i 2
2
ðk  mZ Þ þ imZ Z
ig

ðcf þ cfA 5 Þvðk2 ÞuðqÞ

cW  V
iUZ
~
 ð6 k    k=Þ c ðpÞ;


4MP
M1 ¼ i

(27)

with cfV ¼ T3f =2  qf s2W and cfA ¼ T3f =2. Their contribution to the decay rate is given in the Appendix. The
photino-neutrino mixing is given in Eq. (24), while an
analogous calculation for the zino-neutrino mixing gives
UZ
~ i ’ 


ð~
g M c þ g~0d M2 sW Þi : (28)
2ðdetM0 Þ d 1 W

where the cross means we take the photino (or zino)
component in the neutrino field. These two amplitudes
are equal to

To the previous two amplitudes we add a contribution
coming from quartic couplings between the gravitino, a
gauge boson, and a scalar with its fermionic partner, with
the scalar acquiring a vacuum expectation value,

The first amplitude is proportional to bi vu and the second
to vd ði =Þ, in such a way that the combined amplitude
M3 is proportional to i ,

Now we consider the gravitino decay into two fermions
and a charged lepton. The decay via a W gauge boson is
represented by the Feynman diagram

M3 ¼ i

i
 1Þ
uðk
þ imZ Z

ðk 
ig

ðcf þ cfA 5 Þvðk2 ÞuðqÞ

cW  V
igi
P   c  ðpÞ;

4cW MP R
2

m2Z Þ

(29)

whose contribution to the decay rate is also given in the
Appendix. Since the neutrino is not directly detected,
a sum over flavors must be done [as in Eq. (25)], after
which it is clear that the decay rate will satisfy
~ 2.
 / jj
~ ! ffÞ
ðG

whose amplitude can be shown to be
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M4 ¼ i

i
 1Þ
uðk
þ imW W

ðk 
ig
 pﬃﬃﬃ  ð1 
2 2
iUW‘
~
 ð6 k

4MP
2
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g~d
UW‘
i ;
~ i ’  pﬃﬃﬃ
2ðdetMþ Þ

m2W Þ


5 Þvðk2 ÞuðqÞ




6 kÞ c

 ðpÞ:

Its contribution to the decay rate is given in the Appendix,
and it is proportional to the wino mixing to charged leptons, given by

As before, the first amplitude is proportional to bi vu and
the second to vd ði =Þ, such that the combined amplitude
M5 is proportional to i ,
i
 1Þ
uðk
ðk2  m2W Þ þ imW W
ig

 pﬃﬃﬃ  ð1  5 Þvðk2 ÞuðqÞ
2 2
ig
 pﬃﬃﬃ i PR   c  ðpÞ:
2 2MP

M5 ¼ i

(30)

where Mþ is the chargino mass matrix [7]. This graph is
complemented by an amplitude coming from quartic couplings between the gravitino, a W gauge boson, and a
neutral scalar with its charged fermionic partner, with the
scalar acquiring a vacuum expectation value,

a phase-space effect in the three-body decay rate. The
influence of M1 on the branching ratio can be understood
by the fact that the two-body and three-body decays, by the
virtue of the mixings U ~ and UZ
~ , respectively, get suppressed by growing M1 . In contrast the parts of the threebody decays that contain vacuum expectation values h~
i i
and hHd i do not experience this suppression and thus
become more important in the regime of large M1 . Those
effects are also present in [20], it is only the form of the

(31)

Its contribution to the decay rate is also given in the
Appendix. Note that when fermion f is a charged lepton
and f0 is a neutrino, we get interference between diagrams
M1;2;3 on one hand and M4;5 on the other. This is because

~ ! ‘þ
the decay G
i ‘i j can proceed via a Z or a W
~ ! ff0 ‘
gauge boson. In addition, note that ðG
i Þ¼
0 þ
~
ðG ! f f‘i Þ, thus we multiply the first one by 2.
The decay rate for the three-body decays of a gravitino
can be written as a sum of the various terms given in the
Appendix. We sum over three generations, and neglect the
masses of the final states. The end result is proportional to
~ 2 . Thus, in the branching ratio the factor jj
~ 2 cancels,
jj
depending only on M1 , M2 , and the gravitino mass m3=2
[20]. Here we work with the assumption M2 ’ 2M1 . The
result is shown in Fig. 1, where we plot the branching ratio
as a function of m3=2 for the three values of M1 ¼ 100, 300,
and 500 GeV. One observes that the three-body decay
becomes important for large gravitino masses m3=2 and
large M1 . The dependency on m3=2 can be understood as

FIG. 1 (color online). Branching ratio of the three-body decay
of the gravitino as a function of its mass m3=2 , red solid line for
M1 ¼ 100 GeV, green dotted line for M1 ¼ 300 GeV, and blue
dashed line for M1 ¼ 500 GeV.
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curves that turned out to change in the corrected version.
For the masses we are interested in here, m3=2 & 10 GeV,
the three-body decay is & 10% and with small dependence
on the gaugino mass. For larger gravitino masses the
branching ratio can be as large as 80%. Since the calculations are being carried out in the Feynman gauge, there
are in principle also diagrams containing Goldstone bosons
in the propagator. However, due to the coupling of the
Goldstone bosons, those contributions vanish in the limit
of light fermion masses.
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V. LIMITS AND CONSTRAINTS
A. Constraint from the observed photon spectrum
The fact that the line produced by the gravitino twobody decay has not been observed gives constraints on the
mass and the lifetime of the gravitino. Assuming that the
extragalactic diffuse spectrum measured by Fermi LAT can
be correctly modeled in terms of known sources [22], one
can use this spectrum to find constraints [23,39].
After the convolution between the calculated flux in
Eq. (32) and a Gaussian distribution, we find

C. Induced photon flux
The photon spectrum produced by the decay of the
gravitino consists of a monoenergetic line of energy
m3=2 =2 from the two-body decay, plus a continuum distribution from the three-body decays. The exact form of the
spectrum, which depends on m3=2 and M1 , was studied in
detail in [20,21] using an event generator. Here we are
interested in obtaining constraints on the gravitino parameters, for which it suffices as an approximation to consider
only the photon line from the two-body decay, as this is the
most prominent feature of the spectrum for values of M1 up
to 1 TeV [20]. Including the three-body decay would make
our final conclusions slightly more stringent.
The observed spectrum is calculated from the flux of
gamma rays expected at Earth. This flux is the sum of two
contributions, one from the gravitinos decaying in the
galactic halo, and one from the gravitinos decaying at
cosmological distances. It has been shown that the first
contribution is highly dominant, and so we will neglect the
second one [18]. In this way the differential flux, as a
function of the photon energy E, has the following simple
form [18,19]:


D m3=2
m3=2
dJ
E2 halo ¼
E
;
(32)
dE
2
2
with
~ ! Þ Z
ðG
D ¼
8
LOS

E2

The constant d depends on the dark matter density profile
of the halo, and on the region of the sky considered for
averaging the flux (denoted by the term in brackets above,
where LOS means line of sight). Using the Navarro-FrenkWhite profile [38], and considering the region jbj 10
for the average (with b denoting the latitude in galactic
coordinates), we find
d ¼ 0:80  1024 ½MeV cm2 str1 :

(34)

This region of the sky was the one considered by the Fermi
LAT Collaboration in the derivation of the extragalactic
diffuse spectrum [23].

(35)

where  is related to the energy-dependent resolution of
the Fermi LAT instrument p evaluated at the two-body
peak
m3=2
 ¼ pE ¼ p
:
(36)
2
The energy dependence of p evaluated at E ¼ m3=2 =2 can
be approximated by [24,40]


m3=2
pðm3=2 Þ ¼ 0:349  0:142 log
2 MeV


m
3=2
þ 0:019log2
:
(37)
2 MeV
Thus, the maximum of the photon spectrum is given by


D
dJ
pﬃﬃﬃﬃﬃﬃﬃ :
E2 halo
¼
(38)
dE max pðm3=2 Þ 2
On the other hand, the intensity or the integrated flux
for the extragalactic diffuse emission (for the range
E > 100 MeV and the sky region jbj 10 ) was measured by the Fermi LAT Collaboration [23],
Z 1 dJ
Ið>100 MeVÞ ¼
100 dE


~ ! Þ:
ð~
r
Þd‘
¼ d ðG
halo
(33)

dJhalo D m3=2
1
2
2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ eðEm3=2 =2Þ =2 ;
¼
2
dE
2
2

¼ ð1:03

0:17Þ  105 ½cm2 s1 str1 ;
(39)

together with the observation that the spectrum can be
fitted by a power law dJ=dE / E , with index ¼
2:41 0:05. From this we calculate the spectrum to be
E2

dJ
¼ ð9:6 1:6Þ  103 ½MeV cm2 s1 str1 
dE
2

E
;
(40)

1 MeV

where the error was directly calculated from the error in the
integrated flux using Eq. (39).
As we mentioned before, we assume that the central
value of the spectrum can be explained by models of
known sources [22]. We impose that the extra contribution
from the gravitino source is smaller than a 3 error margin.
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This gravitino contribution is related to the decay rate
~ ! Þ through Eqs. (33) and (38). By introducing
ðG
~
the total decay width, 1
3=2 ¼ ðG ! Þ þ ð3-bodyÞ, we
find the following restriction on the gravitino lifetime:




3=2
m3=2 2
0:851
~
BðG ! Þ
;
(41)
>
pðm3=2 Þ
1 GeV
1027 s
~ ! Þ denotes the branching ratio of the twowhere BðG
body decay. In this way Eq. (41) defines a region in the
m3=2  3=2 plane consistent with the nonobservation of
the gravitino decay by Fermi LAT.
~ ! Þ is
The gravitino two-body decay width ðG
given in Eq. (22). If we sum over all neutrino species it
~ 2 , via jU ~ j2 in Eq. (25). The
becomes proportional to jj
~ 2 . The
three-body decay width is also proportional to jj
reasons are analogous to the two-body decay, since after
summing over lepton generations we see that jM1 j2 is
2
proportional to jU ~ j2 , jM2 j2 is proportional to jUZ
~ j
2
2
[Eq. (28)], and jM4 j is proportional to jUW‘
~ j
2
2
[Eq. (30)]. In addition, amplitudes jM3 j and jM5 j are
~ 2 as can be seen from Eqs. (29)
directly proportional to jj
and (31). In this way, the gravitino lifetime becomes large
for two reasons, because the Planck mass is large and
~ 2 2
because BRPV is small: 1
3=2 / jj =MP .
We display experimental constraints on the model in the
m3=2 -3=2 plane, with the first one given by Eq. (41). This
constraint depends also on jU ~ j2 and the gaugino masses.
In fact, the whole decay rate ðthree-bodyÞ can be factored
out by jU ~ j2 with the remaining factors depending on M1
and M2 , but with the dependence on  being in first
approximation negligible. We further use the simplifying
assumption M2 ¼ 2M1 motivated by minimal supergravity
models. In this way, we display the constraints in the plane
m3=2 -3=2 as a function of jU ~ j and M1 . In the first
constraint in Eq. (41) though, the dependence on jU ~ j
drops out.
B. Constraints from the neutrino mass matrix
Further constraints appear from neutrino physics, controlled by the BRPV parameters i and i , and by MSSM
parameters like gaugino and Higgsino masses. We do a
scan over parameter space looking for good solutions to
neutrino observables. The range in which we vary the
parameters is given in Table I. We define a 2 value for
each point in parameter space as follows:


 3
 5
10 m2atm  2:4 2
10 m2sol  7:7 2
2
þ
 ¼
0:4
0:6
2  2

 2
sin atm  0:505
sin sol  0:33 2
þ
þ
; (42)
0:165
0:07
allowing a 3 deviation [41]. The point is accepted if
2 < 4, plus the additional condition that the reactor angle

TABLE I. Scanned ranges for PSS and RPV parameters.
Supersymmetry parameter

Scanned range

Units

tan
jj
M2
M1
mh
mA
Q

[2, 50]
[0, 1000]
2M1
100, 300, 500
[114, 140]
[50, 6000]
951.7

GeV
GeV
GeV
GeV
GeV

½1; 1
½1; 1
½1; 1
½1; 1
½1; 1
½1; 1

GeV
GeV
GeV
GeV2
GeV2
GeV2

RPV parameter
1
2
3
1
2
3

satisfies the bound sin2 reac < 0:05. Since 3=2 depends
directly on jU ~ j we determined its maximal and minimal
values for a given M1 compatible with neutrino physics.
The numerical results are given in Table II. One sees that
the range of possible values for jU ~ j2 depends on the
value of M1 , with the maximal value being around
3 orders of magnitude greater than the minimum value
for each case. Since the gravitino lifetime 1
3=2 ¼
2
~
ðG ! Þ þ ðthree-bodyÞ depends on jU ~ j , m3=2 ,
and M1 , this imposes two extra constraints in the
m3=2 -3=2 plane that complement the one in Eq. (41).
VI. COMBINED CONSTRAINTS AND RESULTS
The combination of the constraints found in the previous
section defines an allowed region in the m3=2 -3=2 plane.
This region is shown in Figs. 2(a) and 2(b) for the gaugino
mass, M1 ¼ 100, and 500 GeV. One sees that the constraint
from the photon spectrum, when taken together with the
maximal value of jU ~ j2 consistent with neutrino experiments, gives a lower bound on the gravitino lifetime. In all
cases that we studied, this bound is several orders of
magnitude larger than the age of the Universe, compatible
with a good candidate for dark matter. Even more interestingly, we see from Fig. 2 that the constraint from the
photon spectrum, when combined with the minimum
TABLE II. Maximal and minimal values of jU ~ j2 , consistent
with neutrino experiments, for three different values of M1 .
M1
100 GeV
300 GeV
500 GeV
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jU ~ j2 (min)

jU ~ j2 (max)

2  1016
2  1017
1  1017

4  1013
3  1014
1  1014
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FIG. 2 (color online). Allowed (shaded) region in the m3=2 -3=2 plane. The region above the nearly horizontal red line is allowed by
the constraint in Eq. (41). The region between the oblique lines is allowed by minimum green and maximum blue values of jU ~ j2 .

allowed value of jU ~ j2 , imposes an upper bound on the
gravitino mass. This bound is near 2, 4, and 5 GeV for
M1 ¼ 100, 300, and 500 GeV.
We also note from these graphs how the three-body
decays of the gravitino become more important as M1
increases. In particular, the constraint coming from the
photon spectrum analysis becomes less stringent as the
gravitino mass gets closer to mW , which is quite evident
for the case of M1 ¼ 500 GeV. This is expected from the
fact that the strength of the gravitino photon line is proportional to the branching ratio of the two-body decay.
Conversely, for a gravitino of mass below 10 GeV, this
branching ratio is close to 1, and so from Eq. (22) we see
that the lifetime is approximately proportional to m3
3=2 , as
can be noted in Fig. 2.
We stress that this analysis assumes that m3=2 < mW . For
a gravitino with a mass greater than the Z boson mass the
~ ! Z and G
~ ! W‘ will be kinematitwo-body decays G
cally allowed. As shown in Ref. [15], the branching ratio of
~ !  becomes very small for a gravitino
the decay G
mass above 100 GeV, and so the monochromatic line in
the photon spectrum becomes less important. A more detailed analysis of the photon spectrum produced by the
decay of the gravitino would be required in that case,
which would need to include the fragmentation of the W
and Z bosons in addition to the contribution from the threebody decays.

are found to previous calculations. Since for relatively
small gravitino masses the decay is dominated by the
two-body decay, the corrections in the three-body case
do not affect the final result. Those rates allow one to
calculate the additional photon flux that is induced by the
gravitino decay. Comparison of this photon flux with recent data from the Fermi LAT Collaboration, allows restrictions on our model in the gravitino decay process.
Finally, combining the restrictions obtained in the neutrino sector with the restrictions in the gravitino dark
matter sector of the same model, an upper limit on the
gravitino mass m3=2 < 6 GeV is found. The exact values of
the maximal m3=2 and the minimal 3=2 in our model are
given in Table III. One observes a relatively weak M1
dependence.
It is interesting to note that most direct dark matter
search experiments disfavor the typical heavy dark matter
particle that appears in R-parity conserving supersymmetric models [27,28]. The bound, however, is not nearly as
tight for a light dark matter gravitino as it is found here. On
the other hand, with the derived limit, the model turns out
to be directly testable. For instance, if a relatively heavy
dark matter particle is found with m3=2  10 GeV, one
could immediately conclude that this model is ruled out.
This feature of testability and the possibility of falsification
can be seen as a strong advantage over many other models.

VII. SUMMARY

TABLE III. Minimal values of 3=2 and maximal values of
m3=2 as a function of M1 .

It is explained how PSS in combination with RPV allows
one to generate the neutrino masses and mixings at the oneloop level. Then it is investigated whether in this model the
gravitino still is a good dark matter candidate. In order to
do this the gravitino decay rates into two- and three-body
states are calculated. In the three-body decay corrections

M1 [GeV]
100
300
500

055007-9

3=2 (min) [s]

m3=2 (max) [GeV]

4:7 
7:2  1028
8:6  1028

2.3
4.4
5.3

1028
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APPENDIX A: THREE-BODY DECAY FORMULAS
We label the five relevant diagrams with indices 1 to 5 as
indicated in the text. For the photon and Z-mediated diagrams we define the invariant masses s :¼ ðk1 þ k2 Þ2 , and
t :¼ ðk1 þ qÞ2 , where k1 , k2 , and q are the 4-momenta of
the fermion, antifermion, and neutrino, respectively. For
the spin-averaged squared amplitudes and interferences we
find (we define m m3=2 for simplicity)


1 q2f jU ~i j2 1
hjM1 j2 i ¼
T11 ;
(A1)
4 16MP2
s2
hjM2 j2 i ¼

hjM3 j2 i ¼


2
1 g2 jUZ
~ ij
1
T ; (A2)
2
2
2
4 16cW MP ðs  mZ Þ2 þ m2Z 2Z 22

2<hM1 M3 i ¼





ðs  m2Z Þ
T12 ;
s½ðs  m2Z Þ2 þ m2Z 2Z 

(A5)

For the W-mediated diagrams, we define s and t as
above, with k1 , k2 , and q the 4-momenta of the neutrino,
antilepton, and lepton, respectively. We find
hjM4 j2 i ¼

 2 ~ 0 j2 
1 g jUW‘
1
i
T ;
2
2
2
4 128MP ðs  mW Þ þ m2W 2W 44

hjM5 j2 i ¼



1
g4 2i
1
T ; (A8)
2
2
2
2
4 256 MP ðs  mW Þ þ m2W 2W 55

2<hM4 M5 i ¼

 3 ~ 0 
2 g UW‘
i
pﬃﬃﬃ i
4 128 2MP2
1
T45 :

2 2
ðs  mW Þ þ m2W 2W

(A7)

(A9)

Finally, for the interference terms between these two
groups of diagrams (when f ¼ ‘0 ¼ ‘), we define s and t
as above, with k1 , k2 , and q the 4-momenta of the lepton,
antilepton, and neutrino, respectively. We find



2 gqf U ~i UW‘
~
ðm2  ðs þ tÞ  m2W Þ
pﬃﬃﬃ 2 i
T14 ;
2
4
s½ðm  ðs þ tÞ  m2W Þ2 þ m2W 2W 
32 2MP

(A10)



2 g2 UZ
ðs  m2Z Þðm2  ðs þ tÞ  m2W Þ þ mZ mW Z W
~ UW‘
~ i
pﬃﬃﬃ i
T ;
2
4 32 2cW MP ½ðs  m2Z Þ2 þ m2Z 2Z ½ðm2  ðs þ tÞ  m2W Þ2 þ m2W 2W  24

(A11)



2 g3 UW‘
~ i
ðs  m2Z Þðm2  ðs þ tÞ  m2W Þ þ mZ mW Z W
pﬃﬃﬃ 2i 2
T ;
4 64 2cW MP ½ðs  m2Z Þ2 þ m2Z 2Z ½ðm2  ðs þ tÞ  m2W Þ2 þ m2W 2W  34

(A12)



2 g2 qf U ~i i
ðm2  ðs þ tÞ  m2W Þ
T15 ;
4 64MP2
s½ðm2  ðs þ tÞ  m2W Þ2 þ m2W 2W 

(A13)

2<hM1 M4 i ¼

2<hM2 M4 i ¼

2<hM3 M4 i ¼

(A4)

ðs  m2Z Þ
T13 ;
s½ðs  m2Z Þ2 þ m2Z 2Z 



2 g3 UZ
~ i i
1
T :
2<hM2 M3 i ¼
3
2
2
4 32cW MP ðs  mZ Þ2 þ m2Z 2Z 23
(A6)



1
g4 2i
1
T ; (A3)
2
4
2
2
4 64 cW MP ðs  mZ Þ2 þ m2Z 2Z 33



2 gqf U ~i UZ
~ i
2<hM1 M2 i ¼
4 16cW MP2



2 g2 qf U ~i i
4 32c2W MP2

2<hM1 M5 i ¼



2 g3 UZ
~ i i
ðs  m2Z Þðm2  ðs þ tÞ  m2W Þ þ mZ mW Z W
T ;
2<hM2 M5 i ¼
4 64cW MP2 ½ðs  m2Z Þ2 þ m2Z 2Z ½ðm2 þ ðs þ tÞ  m2W Þ2 þ m2W 2W  25

(A14)



2
g4 2i
ðs  m2Z Þðm2  ðs þ tÞ  m2W Þ þ mZ mW Z W
T :
4 1282 c2W MP2 ½ðs  m2Z Þ2 þ m2Z 2Z ½ðm2  ðs þ tÞ  m2W Þ2 þ m2W 2W  35

(A15)

2<hM3 M5 i ¼
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The total amplitude of the three-body decays is given by the sum of all these terms, each being summed over all the
relevant flavors and colors of the final states. The traces in Eqs. (A1) to (A15) are given by
64
T11 ¼
sf3m6  3m4 ðs þ 2tÞ þ m2 ðs2 þ 8st þ 6t2 Þ  sðs2 þ 2tðs þ tÞÞg;
(A16)
3m2
T22 ¼

64 2
ðc þ c2A Þsf3m6  3m4 ðs þ 2tÞ þ m2 ðs2 þ 6t2 þ 8stÞ  sðs2 þ 2tðs þ tÞÞg;
3m2 V

(A17)

64
fðc2 þ c2A Þðm2  sÞðm2 ð2s þ tÞ  tðs þ tÞÞ  2cV cA m2 sðm2  s  2tÞg;
3m2 V

(A18)

64
cV sf3m6  3m4 ðs þ 2tÞ þ m2 ðs2 þ 8st þ 6t2 Þ  sðs2 þ 2tðs þ tÞÞg;
3m2

(A19)

32
sfc ð3m4  2m2 ðs þ tÞ  s2 þ 2st þ 2t2 Þ  cA ð3m2  sÞðm2  s  2tÞg;
3m V

(A20)

T33 ¼

T12 ¼
T13 ¼
T23 ¼

32
sfðc2V þ c2A Þð3m4  2m2 ðs þ tÞ  s2 þ 2t2 þ 2stÞ  2cV cA ð3m4  2m2 ð2s þ 3tÞ þ s2 þ 2stÞg;
3m
128
sf3m6  3m4 ðs þ 2tÞ þ m2 ðs2 þ 8st þ 6t2 Þ  sðs2 þ 2st þ 2t2 Þg;
3m2

(A22)

128 4
fm ð3s þ tÞ  m2 ðs þ tÞð3s þ tÞ þ stðs þ tÞg;
3m2

(A23)

128
sf3m4  m2 ð3s þ 4tÞ þ tð2s þ tÞg;
3m

(A24)

64
sf3m6  m4 ð3s þ 7tÞ þ m2 tð4s þ 5tÞ  t2 ðs þ tÞg;
3m2

(A25)

64
ðcV  cA Þsf3m6  m4 ð3s þ 7tÞ þ m2 tð4s þ 5tÞ  t2 ðs þ tÞg;
3m2

(A26)

64
ðcV  cA Þfm5 ð3s þ tÞ  m3 ð3s2 þ 6st þ 2t2 Þ þ mtðs þ tÞð2s þ tÞg;
3m2

(A27)

64
sf3m4  m2 ð3s þ 4tÞ þ tð2s þ tÞg;
3m

(A28)

64
ðc  cA Þsf3m4  m2 ð3s þ 4tÞ þ tð2s þ tÞg;
3m V

(A29)

64
ðcV  cA Þfðm2  sÞðm2 s þ ðm2  tÞðs þ tÞÞ þ m2 sðm2  s  2tÞg:
3m2

(A30)

T44 ¼

T55 ¼

T45 ¼
T14 ¼
T24 ¼
T34 ¼

T15 ¼
T25 ¼
T35 ¼

(A21)

Finally those amplitudes are applied to the golden rule for decays in order to obtain the partial and total decay rate for
~ !2þ3þ4
each process G
 3

S
d p2
d3 p3
d3 p4
2
(A31)
ð2Þ4 4 ðp1  p2  p3  p4 Þ:
d ¼ jMj
2m3=2 ð2Þ3 2E2 ð2Þ3 2E3 ð2Þ3 2E4
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