
High energy cosmic rays from the decay of gravitino dark matter

Koji Ishiwata,1,* Shigeki Matsumoto,2,+ and Takeo Moroi1,‡

1Department of Physics, Tohoku University, Sendai 980-8578, Japan
2Department of Physics, University of Toyama, Toyama 930-8555, Japan

(Received 14 May 2008; published 2 September 2008)

We study high energy cosmic rays from the decay of the gravitino dark matter in the framework of

supersymmetric model with R-parity violation. Even though R parity is violated, the lifetime of the

gravitino, which is assumed to be the lightest superparticle, can be longer than the present age of the

Universe if R-parity violating interactions are weak enough. We have performed a detailed calculation of

the fluxes of gamma ray and positron from the decay of the gravitino dark matter. We also discuss the

implication of such a scenario to present and future observations of high energy cosmic rays. In particular,

we show that the excess of the gamma-ray flux observed by Energetic Gamma Ray Experiment Telescope

and the large positron fraction observed by High Energy Antimatter Telescope can be simultaneously

explained by the cosmic rays from the decay of the gravitino dark matter.
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I. INTRODUCTION

In particle cosmology, origin of dark matter of the
Universe is one of the most important problems. Since
there is no viable candidate for dark matter in the particle
content of the standard model, new physics beyond the
standard model is necessary to solve this problem. The
supersymmetric model is a prominent candidate for the
physics beyond the standard model; it not only introduces a
viable candidate for dark matter, which is the lightest
superparticle (LSP), but also solves other serious problems
in particle physics, such as the naturalness problem of the
electroweak symmetry breaking.

In order to realize LSP dark matter, conservation of R
parity is usually assumed. In [1], however, it was pointed
out that the LSP dark-matter scenario may be realized even
with R-parity violation (RPV) if the LSP is the gravitino;
even though gravitino LSP becomes unstable with RPV, its
lifetime may be longer than the present age of the
Universe, because the decay rate of the gravitino is sup-
pressed by the Planck mass as well as by (small) RPV
parameter. Such a scenario has a great advantage for the
thermal leptogenesis scenario [2], as we will briefly discuss
in the next section. Then, the primordial gravitino pro-
duced in the early universe can be a viable candidate for
dark matter.

Even though the lifetime of the gravitino is much longer
than the present age of the Universe, a fraction of the
gravitinos have decayed until today. Such a decay becomes
a source of high energy cosmic rays [1,3]; the decay of the
gravitino dark matter may produce high energy gamma ray
and positron, which may be observed by present and future
experiments.

In this paper, we investigate gamma-ray and positron
fluxes from the decay of gravitino dark matter in super-
symmetric model with RPV. For this purpose, we first
calculate the decay rate and branching ratios of the grav-
itino taking into account all the relevant operators.
Fragmentation and hadronization of the decay products
are studied by using PYTHIA package [4]. Then, we calcu-
late fluxes of gamma ray and positron from the decay of the
gravitino dark matter, carefully taking account of the
propagation of the cosmic rays. We discuss the implica-
tions of our results to the present and future observations of
the high energy cosmic rays. Importantly, excesses of the
gamma-ray and positron fluxes over the backgrounds are
reported by Energetic Gamma Ray Experiment Telescope
(EGRET) [5] and High Energy Antimatter Telescope
(HEAT) [6] experiments, respectively. We will show that
these excesses may be simultaneously explained by the
scenario mentioned above.
There are many past works to address HEAT and

EGRET anomalies in terms of the annihilation of weakly
interacting massive particle dark matter [7–11]. However,
the predictions of the present scenario significantly differ
from those of the annihilation scenarios. First, it is difficult
to explain these anomalies simultaneously in the annihila-
tion scenario; it is quite unlikely that dark-matter annihi-
lation is a main constituent of extragalactic gamma ray
without exceeding the observed gamma-ray flux from the
galactic center [12]. On the other hand, in the case of the
decaying dark matter, the above constraint is relaxed,
because the production rate of the gamma ray is propor-
tional not to the square of the number density of the dark
matter but to the density. Then, as we will show, it is also
possible to explain HEAT and EGRET anomalies simulta-
neously. It is also notable that, in the decaying dark-matter
scenario, the fluxes of the high energy cosmic rays are
insensitive to the boost factor, on which the fluxes in the
annihilation scenarios strongly depend.
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The organization of this paper is as follows. In Sec. II,
we summarize the cosmological scenario that we consider.
In Sec. III, we discuss the decay processes of the gravitino.
In Sec. IV, formulae to calculate the cosmic-ray fluxes are
given. The gamma-ray and positron fluxes from the decay
of the gravitino dark matter are shown in Sec. V; readers
who are mainly interested in the results may directly go to
this section. Section VI is devoted to conclusions and a
discussion.

II. COSMOLOGICAL SCENARIO

We first introduce the cosmological scenario that we
consider. Although R-parity conservation is usually as-
sumed in conventional studies of supersymmetric models,
RPV has a favorable aspect in cosmology. In supersym-
metric models, it is often the case that the thermal lepto-
genesis scenario [2], which is one of the most prominent
scenarios to generate the present baryon asymmetry of the
Universe, is hardly realized since such a scenario requires
relatively high reheating temperature after inflation, TR *
109 GeV [13,14]. With such a high reheating temperature,
gravitino overproduction problem arises for a wide range
of the gravitino mass as far as R parity is conserved [15]. If
the gravitino is unstable, gravitino produced after the re-
heating decays after the big-bang nulceosynthesis (BBN)
starts and spoils the success of the BBN.1 If the gravitino is
stable, on the contrary, the primordial gravitino survives
until today and contributes to the present energy density of
the Universe. Since the gravitino abundance increases as
the gravitino mass becomes smaller, overclosure of the
Universe happens unless the gravitino mass is large enough
[18]. With TR * 109 GeV, the above problems can be
avoided only when (i) the gravitino is stable, and (ii) the
gravitino mass is around 100 GeV. However, even in such a
case, one has to worry about the decay of the lightest
superparticle in the minimal supersymmetric standard
model (MSSM) sector, which we call MSSM-LSP; with
R-parity conservation, the MSSM-LSP, which is assumed
to be the next-to-the-lightest superparticle (NLSP), decays
only into gravitino and some standard-model particle(s).
When m3=2 � 100 GeV, the lifetime of the MSSM-LSP

becomes longer than 1 sec and relic MSSM-LSP decays
after the BBN starts. When the MSSM-LSP is the neutra-
lino or charged slepton, such decay processes spoil the
success of the BBN, and hence it is difficult to realize
the thermal leptogenesis scenario.

If the R parity is violated, the MSSM-LSP may decay
via RPV interaction and its lifetime may become shorter
than 1 sec. Then, TR � 109 GeV is allowed. In such a case,
gravitino is no longer stable and decays to standard-model
particles. Even in such a case, however, the lifetime of the

gravitino may be longer than the present age of the
Universe, and hence the gravitino dark matter and thermal
leptogenesis may be simultaneously realized [1].
Here, we consider the case where the gravitino is the

LSP in the framework of the R-parity violated supersym-
metric models. We assume that the present mass density of
the gravitino is equal to the observed dark-matter density
so that the gravitino can play the role of dark matter. There
are several possibilities of the origin of such a primordial
gravitino: scattering processes of thermal particles [18] or
the decay of scalar condensations [19]. We will not discuss
in detail about the production mechanism of the primordial
gravitino, because the following arguments hold irrespec-
tive of the origin of the gravitino. In addition, we consider
the case that the lifetime of the gravitino is much longer
than the present age of the Universe; the upper bounds on
the size of RPV couplings will be discussed in the follow-
ing section.

III. FRAMEWORK AND DECAY RATES

In this section, we introduce the supersymmetric model
that we consider. Then, we summarize the decay rates of
the gravitino and the NLSP, which are important for our
study.

A. Model

In this article, we concentrate on the case where the
R-parity violating interactions originate from bilinear
terms of Higgs and lepton doublet. In the original basis,
the R-parity violating interactions are assumed to be bi-
linear terms in superpotential and supersymmetry (SUSY)
breaking terms [20]. Without loss of generality, we can
always eliminate the bilinear R-parity violating terms from
the superpotential by the redefinition of the Higgs and
lepton-doublet multiplets. Then, the mixing terms between
the Higgsino and lepton doublets are eliminated from the
fermion mass matrix. In the following, we work in such a
basis. Then, the relevant R-parity violating terms are only
in the soft-SUSY breaking terms, which are given by

L RPV ¼ Bi ~LiHu þm2
~LiHd

~LiH
�
d þ H:c:; (3.1)

where ~Li is left-handed slepton doublet in i-th generation,
while Hu and Hd are up- and down-type Higgs boson
doublets, respectively. In the following, we study the phe-
nomenological consequences of the R-parity violating
terms given in Eq. (3.1).
With these R-parity violating terms, the vacuum expec-

tation values (VEVs) of left-handed sneutrino fields ~�i are
generated as

h~�ii ¼
Bi sin�þm2

~LiHd
cos�

m2
~�i

v; (3.2)

where v ’ 174 GeV is the VEV of standard-model-like
Higgs boson, tan� ¼ hH0

ui=hH0
di, and m~�i is the mass of

1However, TR � 109 GeV may be also allowed when the
gravitino mass is larger than Oð10 TeVÞ. Such a scenario may
be realized in the class of the anomaly mediation model [16,17].
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~�i. The VEVs of the sneutrinos play important role in the
following analysis. We parametrize the VEVs of the sneu-
trinos as

�i � h~�ii
v
; (3.3)

and consider the case that �i � 1.
One important constraint on the size of the R-parity

violation is from the neutrino masses. Here, we assume
that the neutrino masses are mainly from some other
interaction, like the seesaw mechanism [21] or Dirac-
type Yukawa interaction. However, the VEVs of sneutrinos
also generate neutrino masses; assuming the Majorana-
type masses for neutrinos, the ij component of the mass
matrix receives the contribution of

½�m��ij ¼ m2
Z�i�j

X
�

jc ~Z~�0
�
j2

m~�0
�

; (3.4)

where mZ is the Z-boson mass. In addition, Zino ~Z, which
is the superpartner of the Z boson, is related to the mass
eigenstates of the neutralinos ~�0

� (with mass m~�0
�
) as

~Z ¼ X
�

c ~Z~�0
�
~�0
�: (3.5)

(We also define the coefficients for photino and Higgsinos,
c~�~�0

�
, c ~H0

u ~�
0
�
, and c ~H0

d
~�0
�
, by replacing ~Z! ~�, ~H0

u, and ~H0
d.)

Assuming that the neutralino masses are close to the elec-
troweak scale so that the SUSY can be the solution to the
fine-tuning problem of the electroweak symmetry break-
ing, the correction to the neutrino mass matrix is estimated
as

½�m��ij � 10�3 eV�
�
�i

10�7

��
�j

10�7

�
: (3.6)

It indicates that the R parity induced neutrino mass does
not exceed the experimental bound of observed neutrino
mass when �i & 10�7 is satisfied.

As we have mentioned, one of the important motivations
to consider RPV is to relax the BBN constraints due to the
decay of the MSSM-LSP. In a case where MSSM-LSP is a
Bino-like neutralino ~B, it decays in two-body processes
~B! Z�i, Wli, and h�i. The decay rates of each mode are
given by2

�~B!Z�i ¼
1

128�
g2Zsin

2�W�
2
i m ~B

�
1� 3

m4
Z

m4
~B

þ 2
m6
Z

m6
~B

�
;

(3.7)

�~B!Wli ¼
1

64�
g2Zsin

2�W�
2
i m ~B

�
1� 3

m4
W

m4
~B

þ 2
m6
W

m6
~B

�
;

(3.8)

�~B!h�i ¼
1

128�
g2Zsin

2�W�
2
i m ~B

�
m2

~�

m2
~� �m2

h

�
2
�
1� m2

h

m2
~B

�
2
;

(3.9)

where gZ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

q
(with g1 and g2 being the gauge

coupling constants of the Uð1ÞY and SUð2ÞL gauge groups,
respectively), �W is the Weinberg angle, m ~B is B-ino-like
neutralino mass, and mX (X ¼ Z, W, h) is the mass of
gauge or Higgs boson. Hence, the lifetime is estimated as

	 ~B ’ 0:01 sec�ð �

10�11
Þ�2ð m ~B

200GeV
Þ�1; (3.10)

where

�2 � X
i

�2
i : (3.11)

In another case where MSSM-LSP is a right-handed stau
~	R, it decays in the processes ~	R ! 	�i. In such a case, the
decay rate is given by

�~	R ¼
1

16�
g4Zsin

4�W�
2

�
v

m~�0

�
2
m~	R ; (3.12)

where m~�0 and m~	R masses of the lightest neutralino and

stau, respectively, and the lifetime is estimated as

	~	R ’ 0:3 sec�
�

�

10�11

��2
�

m~�0

300 GeV

�
2
�

m~	R

200 GeV

��1
:

(3.13)

Therefore, the lifetime of the MSSM-LSP, which is the
NLSP in this case, becomes shorter than �1 sec , if typi-
cally �i * 10�11 is satisfied. Thus, combined with the
upper bound for �i from the neutrino mass, we focus on
the parameter region:

10�11 & �i & 10�7: (3.14)

Before closing this subsection, we comment on the
effects of trilinear R-parity violating terms induced by
the redefinition of the Higgs and lepton-doublet multiplets.
With the redefinition of Hd and Li to eliminate the bilinear
R-parity violating terms from the superpotential, trilinear
R-parity violating terms are induced. They are irrelevant
for our following studies, but are constrained, in particular,
from the washout of the baryon asymmetry of the
Universe.3 Let us denote the trilinear R-parity violating
terms in the superpotential as

2Here, we consider the case where the lightest Higgs boson h
is almost standard-model like, so that the Higgs mixing angle is
given by the � parameter.

3In the present setup, baryon number is conserved, so the
constraints from the nucleon decays are irrelevant.
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WRPV ¼ 
ijkL̂kL̂iÊ
c
j þ 
0

ijkL̂kQ̂iD̂
c
j ; (3.15)

where L̂i and Q̂i are left-handed lepton, quark doublets,

while Êci and D̂c
i are right-handed lepton, down-quark

singlets, respectively. (Here, ‘‘hat’’ is for superfield.)
Then, in order not to wash out the baryon asymmetry of
the Universe, the coupling constants in the above super-
potential are constrained as [22]


ijk; 

0
ijk & 10�7: (3.16)

For example, if we assume that the size of R-parity violat-
ing terms are Oð�iÞ relative to the corresponding R-parity

conserving ones (which are obtained by replacing Ĥd with

L̂i), and that the size of the SUSY breaking parameters are
typically of the order of the electroweak scale, then the
above constraint is consistent with the one obtained from
the neutrino mass.

B. Gravitino decay

In the case of RPV, gravitino LSP is no longer stable and
decays to standard-model particles with a finite lifetime
[23]. Here, wewill take a closer look at the gravitino decay.

In the present scenario, gravitino mainly decays in the
two-body decay processes shown in Fig. 1:  � ! ��i,

Z�i, Wli, and h�i. (Here and hereafter,  � denotes the

gravitino.) Decay widths of each process are given by4

� �!��i ¼
1

128�

�2
i m

3
3=2

M2
Pl

g2Z�
2
~�; (3.17)

� �!Z�i ¼
�Z

128�

�2
i m

3
3=2

M2
Pl

�
g2Z�

2
~Z
Fðm3=2; mZÞ

þ 3v

2m3=2

g2Z�~ZGðm3=2; mZÞ

þ 1

3
�ZHðm3=2; mZÞ

�
; (3.18)

� �!Wli ¼
�W
64�

�2
i m

3
3=2

M2
Pl

�
g22�

2
~W
Fðm3=2; mWÞ

þ 3v

2m3=2

g22� ~WGðm3=2; mWÞ

þ 1

3
�WHðm3=2; mWÞ

�
; (3.19)

� !h�i ¼
�4
h

384�

�2
i m

3
3=2

M2
Pl

�
m2

~�

m2
~� �m2

h

þmZ sin�
X
�

c ~H0
u ~�

0
�
c�~Z~�0

�

m~�0
�

�
2
; (3.20)

where MPl ’ 2:4� 1018 GeV is the reduced Planck mass,
m3=2 is the gravitino mass

�X � 1� m2
X

m2
3=2

; (3.21)

and the functions F, G, and H are given by

Fðm3=2; mXÞ ¼ 1� 1

3

m2
X

m2
3=2

� 1

3

m4
X

m4
3=2

� 1

3

m6
X

m6
3=2

; (3.22)

Gðm3=2; mXÞ ¼ 1� 1

2

m2
X

m2
3=2

� 1

2

m4
X

m4
3=2

; (3.23)

Hðm3=2; mXÞ ¼ 1þ 10
m2
X

m2
3=2

þ m4
X

m4
3=2

: (3.24)

In addition, we define

�~� � v
X4
�¼1

c~�~�0
�
c�~Z~�0

�

m~�0
�

; (3.25)

� ~Z � v
X4
�¼1

c ~Z~�0
�
c�~Z~�0

�

m~�0
�

; (3.26)

FIG. 1. Diagrams of gravitino decay.
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� ~W � 1

2
v
X2
�¼1

c ~Wþ ~�þ
�
c ~W� ~��

�
þ H:c:

m~��
�

; (3.27)

where c ~W� ~��
�
is the elements of unitary matrices, which

diagonalize the mass matrix of charginos M~�� : ~W� ¼P
2
�¼1 c ~W� ~��

�
~��
� (i.e., m~��

�
¼ P

ijci~�	
�
cj~��

�
½M~���ij).

Lifetime of gravitino is determined by these two-body
decay processes:

	�1
3=2 ¼ �3=2

¼ 2
X3
i¼1

½� �!��i þ � �!Z�i þ � �!Wli þ � !h�i�;

(3.28)

where the factor of 2 is for CP-conjugated final states. In
Fig. 2, we plot 	3=2 as a function of m3=2 in the large

Higgsino-mass limit. Here, we take tan� ¼ 10, mh ¼
115 GeV, m~� ¼ 2m3=2, m ~B ¼ 1:5m3=2, and grand unified

theory relation among the gaugino masses are assumed.
One can see that 	3=2 is much longer than the age of the

Universe ( ’ 4:3� 1017 sec ) for weak-scale gravitino
mass when � & 10�7. Thus, in such a parameter region,
most of gravitinos produced in the early universe survive
until the present epoch.

Even though the lifetime of the gravitino is long enough
to realize the gravitino dark-matter scenario, it may be
possible to observe the decay of gravitino dark matter at
present epoch. In particular, high energy photons and
positrons are emitted in the decay processes as well as in
the following cascade decay processes. To see this, in
Fig. 3, we show branching ratio of each decay mode for
tan� ¼ 10 in the large Higgsino mass limit. (Notice that
the branching ratios are independent of �i.)
Whenm3=2 & 80 GeV, the decay mode � ! �� domi-

nates in total decay rate, because the decay processes with
the emission of the weak or Higgs boson are kinematically
blocked. On the contrary, once the gravitino becomes
heavier than the weak bosons, the branching ratio for the
process  � ! �� is suppressed. This behavior can be

understood from the fact that the � parameters defined in
Eqs. (3.25), (3.26), and (3.27), in particular, �~�, is sup-

pressed when the neutralino and chargino masses become
much larger than the electroweak scale.
This fact has important implication in the study of the

scenario using cosmic rays. When the gravitino is lighter
than�100 GeV or so, line spectrum of the gamma ray may
be a striking signal. Conversely, with larger gravitino mass,
it becomes difficult to observe the gamma-ray line spec-
trum. Even in that case, however, a significant amount of
gamma rays with the energy of Oð1–100 GeVÞ are emitted
in the cascade decays of Z,W, and h bosons. Therefore, the
continuous high energy gamma ray could be used as an-
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FIG. 2 (color online). Lifetime of gravitino as a function of
gravitino mass. Here, we take tan� ¼ 10, mh ¼ 115 GeV,
m ~B ¼ 1:5m3=2, m~� ¼ 2m3=2 under large Higgsino-mass limit,

and assume grand unified theory relation among gaugino masses.
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FIG. 3 (color online). Branching ratio for each decay mode.
Lines with the indices ‘‘Wl,’’ ‘‘Z�,’’ ‘‘h�,’’ and ‘‘��’’ show
Brð �!Wþl�ÞþBrð �!W�lþÞ, Brð �!Z�ÞþBrð �!
Z ��Þ, Brð �!h�ÞþBrð �!h ��Þ, and Brð � ! ��Þ þ
Brð � ! � ��Þ, respectively. (Summation over the generation

index is implicit.) Here, we take the MSSM parameters used
in Fig. 2.

4In [3], the coupling of the gravitino to the supercurrent of the
slepton multiplet, which gives rise to the terms proportional to
the functions G and H, was neglected. Consequently, the decay
rates of the gravitino into W�l	 and Z� are underestimated,
resulting in enhanced branching ratio for the process  � ! ��.
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other characteristic signal. In addition to the gamma ray,
high energy positrons are also emitted, which is another
interesting signal from the decay of gravitino dark matter.

IV. COSMIC-RAY FLUXES: FORMULAE

As we have discussed in the previous section, energetic
gamma and positron are produced if gravitino decays via
R-parity violating interactions. If gravitino is dark matter
of the Universe, such decay products can be a source of
high energy cosmic rays. In order to discuss how well the
scenario is tested by the use of cosmic ray, it is necessary to
formulate the calculation of the cosmic-ray fluxes from the
decay of gravitino. In this section, we show how we
calculate the gamma-ray and positron fluxes from the
gravitino decay.

A. Gamma ray from the gravitino decay

The total flux of the gamma ray from the decay of dark
matter (i.e., gravitino) is calculated by the sum of two
contributions:�

dJ�
dE

�
DM

¼
�
dJ�
dE

�
cosmo

þ
�
dJ�
dE

�
halo
; (4.1)

where the first and second terms in the right-hand side are
fluxes of gamma ray from cosmological distance and that
from the Milky Way halo, respectively. We discuss these
contributions separately.

The flux of the gamma ray from cosmological distance is
estimated as�

E2
dJ�
dE

�
cosmo

¼ E2

m3=2	3=2

Z 1

E
dE0G�ðE; E0Þ dN�ðE

0Þ
dE0 :

(4.2)

Here, the propagation function of gamma ray is given by

G�ðE; E0Þ ¼ c�c�3=2

4�H0�M

1

E

�
E

E0

�
3=2 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ��=�MðE=E0Þ3p ;

(4.3)

where c is the speed of light, H0 is present Hubble expan-
sion rate, �c is critical density, and �3=2 ’ 0:1143h�2,

�M ’ 0:1369h�2, �� ’ 0:721 (with h ’ 0:701) are den-
sity parameters of gravitino dark matter, total matter, and
dark energy, respectively [24]. In addition, dN�=dE is the

energy spectrum of gamma ray from the decay of single
gravitino, which can be given by the sum of contributions
from relevant decay modes

dN�
dE

¼ 2

�3=2

X3
i¼1

�
� �!��i

�
dN�
dE

�
��i

þ � �!Z�i

�
dN�
dE

�
Z�i

þ � �!Wli

�
dN�
dE

�
Wli

þ � �!h�i

�
dN�
dE

�
h�i

�
: (4.4)

Here, ½dN�=dE� . . . are energy distributions for each decay

modes. Notice that the dN�=dE is determined once the

SUSY parameters are fixed, irrespective of the cosmologi-
cal scenario. We calculate dN�=dE by using the PYTHIA

package [4].
The flux of the gamma ray from the Milky Way Galaxy

halo is obtained as [25]�
E2
dJ�
dE

�
halo

¼ E2

m3=2	3=2

1

4�

dN�
dE

�Z
l:o:s:

�3=2ð~lÞd~l
�
dir
;

(4.5)

where �3=2 is the energy density of the gravitino in the

Milky Way halo. In Eq. (4.5), the integration should be
understood to extend over the line of sight. Thus, the
integration has an angular dependence on the direction of
observation. Here, ½E2dJ�=dE�halo is given by averaging

over the direction, which is denoted as h
 
 
idir. In the
EGRET observation, the signal from the galactic disc is
excluded in order to avoid the noise. In order to compare
our results with the EGRET results, we also exclude the
region within �10� around the galactic disk in averaging
over the direction.
In order to perform the line-of-sight integration, the

profile of �3=2, namely, dark-matter mass density profile

�halo, should be given. For our numerical analysis, we
adopt Navarro-Frenk-White density profile [26]

�haloðrÞ ¼ �h
r=rcð1þ r=rcÞ2

; (4.6)

where r is the distance from the galactic center �h ’
0:33 GeV cm�3, and rc ’ 20 kpc. We have checked that
the dependence on the dark-matter profile is negligible
because, in the calculation of the gamma-ray flux, we
exclude the region around the galactic disc as we have
mentioned.

B. Positron from the gravitino decay

Next, we discuss cosmic-ray positron from the gravitino
decay. If we consider energetic positron propagating in the
galaxy, its trajectory is twisted because of the magnetic
field. With the expected strength of the magnetic field,
scale of gyroradius of the trajectory is much smaller than
the size of the galaxy. Furthermore, the magnetic field in
the galaxy is entangled. Because of these, propagation of
the positron in the galaxy is expected to be well approxi-
mated as a random walk.
We use a diffusion model for the propagation of posi-

tron, in which random walk is described by the following
diffusion equation [8,11]:

@feþðE; ~xÞ
@t

¼ KðEÞr2feþðE; ~xÞ þ @

@E
½bðEÞfeþðE; ~xÞ�

þQðE; ~xÞ; (4.7)

where feþðE; ~xÞ is the number density of positrons per unit
energy (with E being the energy of positron), KðEÞ is the
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diffusion coefficient, bðEÞ is the energy loss rate, and
QðE; ~xÞ is the positron source term. As we mentioned
above, diffusion of injected positron is caused by the
entangled magnetic field in the galaxy. On the other
hand, the energy loss of the positron is via Thomson and
inverse Compton scatterings with cosmic microwave back-
ground and infrared gamma ray from stars or synchrotron
radiation under the magnetic field. The functions KðEÞ and
bðEÞ can be determined so that the cosmic-ray boron to
carbon ratio and sub-Fe to Fe ratio are reproduced. In our
analysis, we use those given in [8]

KðEÞ ¼ 3:3� 1027 �
�
1:39þ

�
E

1 GeV

�
0:6
�
cm2 sec�1;

(4.8)

bðEÞ ¼ 10�16 �
�

E

1 GeV

�
2
GeV sec�1: (4.9)

Since the magnitude of the energy loss rate indicates that
positron loses its energy in the flight of less than a few kpc,
the positron flux from outside of our Milky Way galaxy
halo is negligible. Thus, in the following discussion, we
focus on the contribution of the positron flux from the
Milky Way galaxy. In addition, the positron source term
is given by the use of the positron injection rate and dark-
matter distribution in the Milky Way galaxy halo as5

QðE; ~xÞ ¼ �haloð ~xÞ
m3=2

1

	3=2

dNeþ

dE
; (4.10)

where dNeþ=dE is energy distribution of positron from the
decay of single gravitino. The explicit expression is given
as

dNeþ

dE
¼ 1

�3=2

X3
i¼1

�
2� �!Z�i

�
dNeþ

dE

�
Z�i

þ � �!Wli

�
dNeþ

dE

�
W�lþi

þ � �!Wli

�
dNeþ

dE

�
Wþl�i

þ 2� �!h�i

�
dNeþ

dE

�
h�i

�
; (4.11)

where ½dNeþ=dE�


 is energy distribution for each decay
mode. We calculate the energy distributions by the use of
the PYTHIA package. For density distribution, we adopt the
same profile as the previous section, namely, the Navarro-
Frenk-White profile defined in Eq. (4.6).

We solve the diffusion equation in finite diffusion zone
with boundary condition. Since the observed cosmic-ray
positrons are considered to be in equilibrium, we impose
stability condition @fðE; ~xÞ=@t ¼ 0, and also free escape

condition fðE; ~xÞ ¼ 0 at the boundary. The diffusion zone
is usually assumed as cylinder characterized with half-
height L and radius R. Since positrons lose their energy
after the flight of a few kpc or less, the positron flux does
not strongly depend on the choice of the diffusion zone. In
our analysis, we take L ¼ 4 kpc and R ¼ 20 kpc.
Positron flux from the decay of gravitino dark matter is

given by

½�eþðEÞ�DM � dJeþ

dE
¼ c

4�
fðE; ~R�Þ; (4.12)

where ~R� is the location of the solar system. This flux does
not correspond exactly to the one observed on the top of the
atmosphere. The flux is modified due to interaction with
solar wind and magnetosphere. However, the modulation
effect is not important when the energy of a positron is
above 10 GeV. Furthermore, the effect is highly suppressed
in the positron fraction, which is defined by the ratio of the
positron flux to the sum of positron and electron fluxes, i.e.,
�eþ=ð�eþ þ�e�Þ.

C. Backgrounds

In order to discuss high energy gamma ray and positron
as signals from the decay of dark-matter gravitino, it is
important to understand those cosmic rays from other
sources. (We call them backgrounds.)
Cosmic gamma rays have various origins. As we have

mentioned, the cosmic gamma rays can be divided into two
parts by their origins; galactic and extragalactic parts.
Some part of the galactic origins, such as scattering pro-
cesses (i.e., inverse Compton scattering and bremsstrah-
lung) and pion decay, are known as probable sources of
cosmic gamma rays. However, other galactic origins, as
well as the extragalactic ones, have not been well under-
stood. In the study of the gamma ray from the gravitino
decay, it is important to understand the behavior of the
unidentified cosmic gamma ray (UCGR) from various
origins.6 However, theoretical calculation of such compo-
nents of the cosmic gamma ray is difficult, so we adopt a
more phenomenological approach to extract the UCGR not
originating from the gravitino decay.
Currently, the cosmic gamma ray flux has been mea-

sured by EGRET, and various analysis have been per-
formed to extract the UCGR from the EGRET data. The

5The uncertainty on the positron flux from the effect of
inhomogeneity in the local dark-matter distribution is negligible
[27], which is quite contrast to the traditional case of dark-matter
annihilation.

6The UCGR may have various origins. Examples in astro-
physics are contributions from galaxy clusters [28], energetic
particles in the shock waves associated with large-scale cosmo-
logical structure formation [29], distant gamma-ray burst events,
and baryon-antibaryon annihilation [30]. In addition, if we
consider physics beyond the standard model, spectrum of
UCGR may be affected by, for example, the evaporation of
primordial black holes [31], the annihilation of weakly interact-
ing massive particles [7–11], or extragalactic IR and optical
photon spectra [32]. In our analysis, we only consider the decay
of the gravitino as a particle-physics source of the UCGR, and do
not consider other possibilities.
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first intensive work was done in [5], in which it is con-
cluded that the UCGR follows a power law as
E2dJ�=dE ¼ 1:37�
10�6ðE=1 GeVÞ�0:1 ðcm2 str secÞ�1 GeV. Generally,
however, there is a difficulty in removing the contribution
from the known scattering or decay processes in the
Milky Way galaxy, since the analysis depends on the
galactic model. Recently, with an improved analysis in
the estimation of the galactic contribution [33,34], it has
been pointed out that the UCGR spectrum follows a power
law in the energy range E & 1 GeV. However, for E *
1 GeV, a deviation from the power-law behavior is re-
ported. As we will see, the effect of the gravitino decay
on the cosmic gamma ray becomes important for the
energy range of E * 0:1–1 GeV. Thus, in our analysis,
we assume that the UCGR in the lower energy range is only
from astrophysical origins (although many of them have
not yet been well understood). In addition, we also assume
that the spectrum of UCGR from astrophysical origins
follows a power law, and hence its behavior can be ex-
tracted from the data in the sub-GeV region. Since the
gamma ray from the gravitino becomes important above
the energy of 0:1–1 GeV, we use the observed data in the
range of 0:05 GeV<E< 0:15 GeV to determine the
background flux. Assuming the power-law behavior, we
obtain the best-fit UCGR flux as

�
E2
dJ�
dE

�
BG

’ 5:18� 10�7 ðcm2 sec strÞ�1 GeV

�
�
E

GeV

��0:449
: (4.13)

We use this spectrum as the background in the following
analysis. Then, the total gamma-ray spectrum is given by

�
dJ�
dE

�
tot

¼
�
dJ�
dE

�
DM

þ
�
dJ�
dE

�
BG
: (4.14)

Next, let us consider the background positron (and elec-
tron). Cosmic rays mainly consist of nuclei, electrons, and
positrons. Nuclei are the dominant component of the cos-
mic rays and pouring to the earth after it has drifted by
interaction with interstellar matters in our Galaxy. As a
consequence, secondary cosmic-ray electrons and posi-
trons are produced. On the theoretical side, many simula-
tions of cosmic-ray electron and positron have been done
by the use of the cosmic-ray propagation model [33]. In our
study, we adopt the following cosmic-ray electron and
positron from astrophysical processes [8]:

½�e��prim ¼ 0:16E�1:1
GeV

1þ 11E0:9
GeV þ 3:2E2:15

GeV

ðGeV cm2 sec strÞ�1;

(4.15)

½�e��sec ¼ 0:70E0:7
GeV

1þ 110E1:5
GeV þ 600E2:9

GeV þ 580E4:2
GeV

� ðGeV cm2 sec strÞ�1; (4.16)

½�eþ�sec ¼ 4:5E0:7
GeV

1þ 650E2:3
GeVþ 1500E4:2

GeV

ðGeVcm2 sec strÞ�1;

(4.17)

where EGeV is the energy of electron or positron in units of
GeV. We note here that concerning the backgrounds, the
secondary electron accounts for about 10% of the total
electron flux, while the positron flux is dominated by the
secondary one.
With these backgrounds, the total fluxes of the electron

and positron are obtained as

½�eþ�tot ¼ ½�eþ�DM þ ½�eþ�sec; (4.18)

½�e��tot ¼ ½�e��DM þ ½�e��prim þ ½�e��sec: (4.19)

Importantly, the above background in cosmic-ray posi-
tron flux well agrees with HEAT observation in the energy
range E & 10 GeV. However, for E * 10 GeV, an excess
of the positron flux is seen in the HEAT data [6]. In the
following section, we show that such an excess may be due
to the decay of gravitino.7

V. NUMERICAL RESULTS

A. Cosmic rays from the gravitino decay

Now we are at the position to present our numerical
results. In this subsection, we show fluxes of cosmic-ray
gamma and positron from the gravitino decay to discuss
their behaviors.
First, we discuss the gamma-ray flux. The flux for

m3=2 ¼ 150 GeV is shown on the left in Fig. 4. (Here,

the lifetime of 	3=2 ¼ 1026 sec is used.) We found that

the dependence of the gamma-ray flux on the flavor of the
primary lepton is negligible. (Here and hereafter, for the
calculation of the gamma-ray flux, we assume that the
gravitino mainly decays into third-generation leptons and
gauge or Higgs bosons.) In calculating the gamma-ray flux,
we adopt the energy resolution of 15%, following EGRET
[5]. In the figures, we also show the contributions of
individual decay modes. (In this case, the contribution of
the decay mode into h� is very small.)
As one can see, continuous spectrum is obtained from

the decay modes into weak boson (or Higgs boson) and
lepton, while a relatively steep peak is also obtained at E ¼
1
2m3=2 due to the monochromatic gamma emission via

 � ! ��. With larger gravitino mass, Brð � ! ��Þ is

suppressed, and hence the peak at E ¼ 1
2m3=2 becomes

less significant. Thus, when the gravitino mass becomes

7For other possibilities, see [7–9,11].
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much larger than the masses of weak bosons, it will be-
come difficult to find such a line spectrum.

The positron fraction is shown on the right in Fig. 4 for
the cases where the gravitino dominantly decays into first-,
second-, and third-generation leptons. Since the energy of
positron becomes smaller during the propagation in the
Galaxy, the positron spectrum has the upper end point at
� 1

2m3=2. In particular, when the gravitino can directly

decay into positron, the end point becomes a steep edge;
such an edge can be a striking signal of the decaying dark
matter if observed. Even in other cases, the positron spec-
trum has a peak just below the upper end point. This may
also provide an interesting signal in the observed positron
flux.

As one can see, the fluxes of the gamma ray and positon
in the present scenario are most enhanced for the energy of
Oð1–100 GeVÞ. In addition, the fluxes are significantly
suppressed for the energy smaller than �1 GeV. Thus,
the present scenario is not constrained from the observa-
tions in such a low-energy region, like the observations of
the fluxes of sub-GeV gamma rays.

So far, we have shown results only for the case of 	3=2 ¼
1026 sec . Fluxes with other values of the lifetime can be
easily obtained from the above results since the cosmic-ray
fluxes from the gravitino decay is inversely proportional to
	3=2. One important point is that when 	3=2 ¼ Oð1026 secÞ,
both the gamma-ray and positron fluxes from the gravitino
decay become comparable to the background fluxes dis-
cussed in the previous section for E� 1–100 GeV. Thus,
with such a lifetime, we may be able to see the signal of the
decay of gravitino dark matter in the spectrum of cosmic
rays. The following subsections are devoted to the discus-
sion of such an issue.

B. Implications to present observations

As discussed in the previous section, some anomalies are
indicated both in the gamma-ray spectrum observed by

EGRET and the positron fraction observed by HEAT. In
this subsection, we show that these anomalies may be
simultaneously explained by a single scenario, the grav-
itino dark-matter scenario with RPV.
In Fig. 5, we show the total gamma-ray flux and the

positron fraction for m3=2 ¼ 150 GeV and 	3=2 ¼ 2:1�
1026 sec . (We have used the best-fit value of 	3=2 for the
EGRET data.) Here, we consider simple cases, where the
gravitino decays only into one of the three lepton flavors;
only one of the h~�ii (i ¼ 1–3) is nonvanishing, while the
others are set to be zero. (For gamma ray, the total flux is
independent of generation indices as we have mentioned in
the previous subsection.) With the lifetime adopted, the
gamma-ray flux and the positron fraction both significantly
deviate from the background. In gamma-ray flux (Fig. 5,
left), one can see that the continuous spectrum originating
from the processes  � ! Wl and Z� gives a good agree-

ment with EGRET data for E� 1–10 GeV. In the positron
fraction (Fig. 5, right), the results indicate that clear signal
can be seen in the energy region E * 10 GeV over the
background for all the three cases. In the same figure, we
also show the observational data of EGRET or HEAT. As
one can see, agreements between the theoretical predic-
tions and observations are improved both for EGRET and
HEAT.
Results for other values of the gravitino mass (and life-

time) are shown in Figs. 6 and 7. We can see that the
suggested anomalies in the gamma-ray and positron fluxes
may be explained in a wide range of the gravitino mass.
In order to see the preferred parameter region in the light

of EGRET result, we calculate the �2 variable as a function
of m3=2 and 	3=2

�2 ¼ XN
i¼1

ðxth;i � xobs;iÞ2
2

obs;i

; (5.1)

where xth;i is the theoretically calculated flux in i-th bin,

which is calculated with Eq. (4.14), xobs;i is the observed
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FIG. 4 (color online). Left: Gamma-ray flux from gravitino decay ½E2dJ�=dE�DM(‘‘total’’). Lines with ‘‘��,’’ ‘‘Z�,’’ and ‘‘Wl’’ are
contributions from each decay mode. Right: Positron fraction ½�eþ�DM=ð½�eþ�tot þ ½�e��totÞ. Lines with ‘‘e,’’ ‘‘�,’’ and ‘‘	’’ show the
results for the case that the gravitino mainly decays to first-, second-, and third-generation leptons, respectively. For both of the figures,
we take m3=2 ¼ 150 GeV, 	3=2 ¼ 1:0� 1026 sec , and the MSSM parameters used in Fig. 2.
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flux, andobs;i is the error of xobs;i. In addition,N is number

of bins; N ¼ 10 for EGRET. In Fig. 8, we show the region
with �2 < 18:3 on the m3=2 vs 	3=2 plane, which is

95% C.L. allowed region. As one can see, the present
scenario could well explain the EGRET anomaly in a
wide parameter region, 1026 sec & 	3=2 & 1027 sec and

m3=2 * 90 GeV. From Fig. 2, it can be seen that 10�10 &
�i & 10�8 is favored. In Fig. 8, we also show the parameter
region, which is consistent with the HEAT data (N ¼ 9) at
95% C.L. (i.e., �2 < 16:9).

As one can see, the present scenario can simultaneously
explain the observed gamma and positron fluxes.

C. Future prospects

In the previous subsection, we have shown that the
gamma-ray and positron fluxes from decaying gravitinos
can successfully explain the results of the past observa-
tions. As we have seen, however, the energy ranges of the
past observations are limited up to Oð10 GeVÞ although
the signal from the gravitino decay may significantly affect
the cosmic-ray spectra up to the energy of Oð100 GeVÞ. In
addition, it is also true that the uncertainties of the cosmic-
ray spectra observed by the past observations are relatively
large at the energy range of E�Oð10 GeVÞ. Thus, it is

desirable to test the scenario of gravitino dark matter with
RPV with better observations.
Fortunately, in the near future, new observations of

cosmic rays, Gamma-ray Large Area Space Telescope
(GLAST) and Payload for Antimatter Matter Exploration
and Light nuclei Astrophysics (PAMELA) , are expected to
provide results of new measurements of the cosmic-ray
fluxes. These experiments are designed to detect cosmic
rays with energy up to a few hundreds GeV. Thus, they will
give us better test of the scenario. Since GLAST
(PAMELA) has better energy range and resolution than
EGRET (HEAT) in the measurement of gamma-ray (posi-
tron) flux, they should confirm the anomalies if they really
exist.
Even if the fluxes of the cosmic rays are smaller than the

best-fit value of those observed by EGRET and HEAT, we
still have a chance to see signals from the decay of dark-
matter gravitino. To see expected constraints on the pa-
rameter space, we calculate the expectation value of the �2

variable defined as

h�2i ¼
�XN
i¼1

ðNth;i � NBG;iÞ2
2

BG;i

�
; (5.2)
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FIG. 6 (color online). Same as Fig. 5, except for m3=2 ¼ 300 GeV and 	3=2 ¼ 1:5� 1026 sec .
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FIG. 5 (color online). Gamma-ray flux (left figure) and positron fraction (right figure). Here, we take m3=2 ¼ 150 GeV, 	3=2 ¼
2:2� 1026 sec , and MSSM parameters as Fig. 2.
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where N is the number of bins. We use 50 bins to estimate
the expected sensitivities of GLAST and PAMELA. With
the use of GLAST and PAMELA instrument parameters

[10,35,36], we define i-th bin as EðminÞ
�=eþ;i  E�=eþ;i <

EðmaxÞ
�=eþ;i, where

EðminÞ
�;i ¼ 0:02 GeV�

�
300 GeV

0:02 GeV

�
i�1=50

; (5.3)

EðminÞ
eþ;i ¼ 0:05 GeV�

�
270 GeV

0:05 GeV

�
i�1=50

; (5.4)

and EðmaxÞ
�=eþ;i ¼ EðminÞ

�=eþ;iþ1
. In addition, Nth;i is the number of

theoretically calculated events in i-th bin, which is the
expected number of events in GLASTor PAMELA experi-
ment. Notice that Nth;i is calculated by using Eq. (4.14) or

Eq. (4.18). Furthermore, NBG;i is the number of back-

ground events. Here, we assume that the number of back-
ground events will be well understood in the future
observations by using the date in low-energy range; in
our following study, we use Eqs. (4.13) and (4.17). Then,
we obtain

Nth;i ¼
�
dJ�
dE

ðE�;iÞ
�
tot
�E�;iTS; (5.5)

NBG;i ¼
�
dJ�
dE

ðE�;iÞ
�
BG

�E�;iTS; (5.6)

for gamma-ray flux, and

Nth;i ¼ ½�eþðEeþ;iÞ�tot�Eeþ;iTS; (5.7)

NBG;i ¼ ½�eþðEeþ;iÞ�sec�Eeþ;iTS; (5.8)

for cosmic-ray positron flux. Here, T and S are exposure
time and acceptance, respectively, and BG;i is the error of
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FIG. 7 (color online). Same as Fig. 5, except for m3=2 ¼ 500 GeV and 	3=2 ¼ 1:2� 1026 sec .
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the number of backgrounds, which we take BG;i ¼ffiffiffiffiffiffiffiffiffiffiffi
NBG;i

p
assuming that the error is dominated by statistics.

In our analysis, we take TS ¼ 1010 and 108 cm2 sec str for
GLAST and PAMELA, respectively. In addition,

�E�=eþ;i ¼ EðmaxÞ
�=eþ;i � EðminÞ

�=eþ;i is the width of the i-th bin.

Expected constraints on the m3=2 vs 	3=2 plane is shown
in Fig. 9. For positron flux, we consider the case that the
primary lepton emitted by the gravitino decay is 	 or �	. In
Fig. 9, we show contours of h�2i ¼ 67:5, corresponding to
95% level of detectability. From the figure, one can see that
GLAST and PAMELA have sensitivities for the case with
the lifetime of Oð1027 secÞ, and hence the signal from
decaying gravitino can be observed in both observations
in wide range of the parameter space. We have seen that, in
order to explain the EGRET and HEAT anomalies, 	3=2 is
required to be �1026 sec , which is order of magnitude
shorter then the reach of GLAST and PAMELA experi-
ments. Thus, even if EGRET or HEAT anomaly somehow
disappears, GLAST or PAMELA still has a chance to find
some high-energy-cosmic-ray signals from the gravitino
dark-matter scenario with R-partity violation.8

VI. CONCLUSIONS AND DISCUSSION

In this paper, we have discussed the high energy cosmic
rays from the decay of gravitino dark matter in the R-parity
violated supersymmetric model. Here, we have considered
the case that the gravitino is the LSP, and that RPV
originates from the LiHu-type operators. In such a model,
the gravitino dominantly decays into a gauge boson
(W�, Z, or �) and a lepton with extremely long lifetime.
In particular, if RPV interactions are weak enough, the
lifetime of the gravitino becomes much longer than the
present age of the Universe. Consequently, if the right
amount of the gravitino is produced in the early universe,
gravitino can be dark matter even if the R parity is not
conserved. In addition, in such a scenario, the MSSM-LSP,
which is assumed to be the NLSP, can decay with a life-
time shorter than �1 sec via RPV operators. Then, the
serious effects on the light element abundances by the
decay of the NLSP, which gives one of the most stringent
constraint on the scenario of gravitino dark matter, can be
avoided.
We have studied the gamma-ray and positron fluxes

from the decay of the gravitino dark matter. In our analysis,
we have calculated the decay rate and branching ratios of
the gravitino, taking account of all the relevant operators.
Then, the energy spectrum of the primary decay products
(i.e., gauge bosons, leptons, and partons) are calculated.
Decay and hadronization processes of those primary par-
ticles have been treated by using the PYTHIA package to
accurately calculate the primary fluxes of gamma ray and
positron by the decay of gravitino. Then, by solving the
propagation equations, we have obtained the fluxes of
gamma ray and positron in the cosmic ray.
One of our important results is that the anomalies ob-

served by the EGRET and HEAT experiments can be
simultaneously explained in this scenario if the lifetime
of the gravitino isOð1026 secÞ. This conclusion holds for a
wide range of the gravitino mass; as far as m3=2 is larger

than �80 GeV so that the gravitino can decay into weak
boson(s), such a scenario works. In addition, with
PAMELA and GLAST, more accurate test of the scenario
will become possible; they will cover the parameter region
of 	3=2 & 1027–28 sec .
We comment here that, in the present scenario, the

MSSM-LSP decays via RPV interactions, which may af-
fect the LHC phenomenology. If the EGRET and HEAT
anomalies are due to the decay of the gravitino dark matter,
the lifetime of the MSSM-LSP is estimated to be
Oð10�5 secÞ. This fact may have an impact on the LHC
experiment. The typical decay length of the MSSM-LSP is
Oð103 mÞ, which is much longer than the size of the
detector. Thus, most of the MSSM-LSPs produced at the
LHC experiment escape from the detector before the de-
cay. If the lightest neutralino is the LSP, the collider
signatures are the same as the conventional signatures
with the neutralino LSP. However, in the present scenario,
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FIG. 9 (color online). Contour plot of h�2i on m3=2 vs 	3=2
plane for 95% probability to detect gamma-ray/positron signal
from gravitino decay in GLAST/PAMELA.

8Recently, the positron flux measured by PAMELA has been
reported [37]. Importantly, the PAMELA result is still prelimi-
nary, and the positron flux is shown only up to the energy of
10 GeV. The new result is inconsistent with the previously
calculated background flux, so the understanding of the back-
ground will become very important if the present result will be
confirmed with more data. Thus, even though the PAMELA
result is also inconsistent with the HEAT result, we think that
it is still premature to discuss its implication.
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the MSSM-LSP may be charged (or even colored). In such
a case, we will observe a heavy charged particle as high pT
track at the LHC. In addition, 0:1–1% of the produced
MSSM-LSPmay decay in the detector, resulting in isolated
vertices from the interaction point. These are very exotic
signals, which are not expected in the conventional model
of supersymmetry.

So far, we have considered the case where the gravitino
is dark matter. However, with other candidates for dark
matter, it may be possible to simultaneously explain the
excesses of the gamma-ray and positron fluxes observed
by EGRET and HEAT experiments. In particular, if
dark matter decays mainly into the weak bosons with
the lifetime of �1026 sec , this can be the case. One
of the examples may be the lightest neutralino. With
RPV, the lightest neutralino decays even if it is the LSP;
with the RPVoperator given in Eq. (3.1), for example, the
lifetime of the neutralino LSP becomes �1026 sec when
�� 10�25, assuming that the lightest neutralino is B-ino-
like and that the mass of the lightest neutralino is
�100 GeV.
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Note added:—While finalizing this paper, we found

[38], which also studies high energy cosmic rays from
the decay of the gravitino dark matter. In this paper, anti-
proton flux is also calculated, and it is discussed that the
antiproton flux may become too large if we explain the
EGRET and HEAT anomalies in the present scenario.
However, it is also mentioned that the predicted antiproton
flux suffers from large uncertainties. Thus, according to
[38], taking into account the uncertainties, the antiproton
flux can be consistent with the observations even if we
explain the EGRET and HEAT anomalies. In addition, in
the study of the gravitino decay in [38], effects of the
coupling of the gravitino to the supercurrent of the slepton
multiplet have not been taken into account.
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