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Abstra
tWe analyse the 
osmi
-ray signatures of de
aying gravitino dark matter in a model-independent way based on an operator analysis. Thermal leptogenesis and univer-sal boundary 
onditions at the GUT s
ale restri
t the gravitino mass to be below600 GeV. Ele
tron and positron 
uxes from gravitino de
ays, together with the stan-dard GALPROP ba
kground, 
annot explain both, the PAMELA positron fra
tionand the ele
tron + positron 
ux re
ently measured by Fermi LAT. For gravitino darkmatter, the observed 
uxes require astrophysi
al sour
es. The measured antiproton
ux allows for a sizable 
ontribution of de
aying gravitinos to the gamma-ray spe
-trum, in parti
ular a line at an energy below 300 GeV. Future measurements of thegamma-ray 
ux will provide important 
onstraints on possible signatures of de
ayinggravitino dark matter at the LHC.
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1 Introdu
tionAn unequivo
al predi
tion of lo
ally supersymmetri
 extensions of the Standard Modelis the gravitino, the gauge fermion of supergravity [1℄. Depending on the me
hanism ofsupersymmetry breaking, it 
an be the lightest superparti
le, whi
h makes it a natural darkmatter 
andidate [2℄. In 
onne
tion with thermal leptogenesis [3℄, gravitino dark matterhas been dis
ussed as an alternative [4℄ to the standard WIMP s
enario [5℄.In a 
lass of models with small R-parity and lepton number breaking the gravitino is nolonger stable, but its de
ays into Standard Model (SM) parti
les are doubly suppressed bythe Plan
k mass and the small R-parity breaking parameter. Hen
e, its lifetime 
an ex
eedthe age of the Universe by many orders of magnitude, and the gravitino remains a viabledark matter 
andidate [6℄. Re
ently, it has been shown that su
h models yield a 
onsistent
osmology in
orporating nu
leosynthesis, leptogenesis and gravitino dark matter [7℄.Small R-parity breaking 
an arise from spontaneous B-L breaking [7℄ or from left-rightsymmetry breaking [8℄. Alternatively, expli
it R-parity violating 
ouplings of heavy Ma-jorana neutrinos 
an lead to suppressed R-parity breaking intera
tions in the low energye�e
tive theory via the seesaw me
hanism [9℄. In the simplest supergravity models withuniversal gaugino masses at the Grand Uni�
ation (GUT) s
ale, thermal leptogenesis im-plies an upper bound of 600 GeV on the gravitino mass [10℄. Relaxing the boundary
onditions at the GUT s
ale, gravitino masses up to 1.4 TeV are possible [11℄.Gravitino de
ays may lead to 
hara
teristi
 signatures in high-energy 
osmi
 rays. Theprodu
ed 
ux of gamma rays [6,7,12{15℄ and positrons [15,16℄ has been found to potentiallya

ount for the extragala
ti
 
omponent of the ex
ess in the EGRET [17℄ and HEAT [18℄data, respe
tively. Furthermore, a neutrino 
ux from gravitino de
ays is predi
ted [19℄ aswell as a possibly observable antideuteron 
ux [20℄.Re
ently, a steep rise in the 
osmi
-ray positron fra
tion above 10 GeV has been dis-
overed by the PAMELA 
ollaboration [21℄ whereas the observed antiproton-to-protonratio [22℄ is 
onsistent with previous measurements of the antiproton 
ux by BESS [23℄,IMAX [24℄ and WiZard/CAPRICE [25℄. A possible explanation of this exoti
 positronsour
e is annihilating or de
aying dark matter [26℄, in
luding de
aying gravitinos [27, 28℄.Equally important are the re
ent measurements of the total ele
tron + positron 
ux byATIC [29℄, H.E.S.S. [30℄ and Fermi LAT [31℄.In this paper we analyse the 
osmi
-ray signatures of de
aying gravitino dark matterin a model-independent way based on an operator analysis. Consisten
y with the observedantiproton 
ux yields a lower bound on the gravitino lifetime. As we shall see, this de-termines an upper bound on the 
ontinuous gamma-ray spe
trum. Following a previousanalysis of supergravity models and leptogensis, we only 
onsider gravitino masses below600 GeV. Hen
e, gravitino de
ays 
annot be the 
ause of the anomaly observed by theATIC [29℄ and Fermi LAT [31℄ 
ollaborations. An interpretation of the PAMELA positronanomaly as the result of gravitino dark matter de
ay, on the other hand, requires gravitinomasses above 200 GeV.This paper is organised as follows. In Se
tion 2 we present a general operator analysisof gravitino de
ays and study the impli
ations for the di�erent bran
hing ratios. In2



parti
ular we dis
uss the strength of the predi
ted mono
hromati
 line in the gamma-rayspe
trum. Se
tion 3 deals with the ele
tron, positron and antiproton 
ux from gravitinode
ays and the impli
ations for the gravitino lifetime. The results for the gamma-rayspe
trum are dis
ussed in Se
tion 4, followed by our 
on
lusions in Se
tion 5.2 Gravitino de
aysR-parity violating gravitino de
ays are 
onveniently des
ribed in terms of e�e
tive opera-tors. The spinor of a massive gravitino (
f. [32℄) satis�es the Dira
 equation�i
��� �m3=2� � = 0 ; (2.1)together with the 
onstraints
� � = 0 ; �� � = 0 : (2.2)The mass s
ales multiplying the non-renormalizable operators are inverse powers of thePlan
k mass MPl and the supersymmetry breaking gravitino mass m3=2. This assumes forthe masses mSM of Standard Model parti
les, the gravitino mass and the masses msoft ofother superparti
les the hierar
hy m2SM � m23=2 � m2soft.Using Eqs. (2.1) and (2.2) one easily veri�es that the dimension-5 and dimension-6operators for R-parity violating 
ouplings of the gravitino to Standard Model parti
les aregiven byLe� = i�p2MPl ��l
�
�D�� � + i2�l
� (�1g0Y B�� + �2gW��)���� ��+ h:
: ; (2.3)where typi
ally �1:2 = O(1=m3=2). Note, however, that in general � and the produ
t ��1;2are independent parameters. For simpli
ity, we have suppressed the 
avour indi
es of �,l and �1;2. The 
ovariant derivative involves the U(1) and SU(2) gauge �elds B� and W�,respe
tively,D� = �� + ig0Y B� + igW� ; Y [�℄ = �12 ; W� = 12�IW I� ; (2.4)with the 
orresponding �eld strengthsB�� = ��B� � ��B� ; W�� = ��W� � ��W� + i[W�;W�℄ : (2.5)In the unitary gauge, the Higgs and lepton doublets read� = �v + 1p2h0 � ; l = ��e� ; (2.6)where h, � and e denote Higgs boson, neutrino and 
harged lepton, respe
tively.3



From Eq. (2.3) one easily obtains the 
ouplings of leptons and gravitino to Higgs andgauge bosons, whi
h are responsible for the two-body gravitino de
ays,L3 � i�p2MPlf (��h+ imZZ�) ��
�
� � + ip2mWW�� �e
�
� �+ imZ (�Z��Z� + �
��A�) ��
���� �+ ip2mW �W��W�� �e
���� �g+ h:
: ; (2.7)with �Z = sin2 �W�1 + 
os2 �W�2 ; �W = �2 ;�
 = sin �W 
os �W (�2 � �1) ; sin �W = g0pg02 + g2 : (2.8)Note that the gauge boson 
ouplings satisfy the relation�Z + tan �W�
 = �W : (2.9)For �1 = �2, one has �
 = 0 and �Z = �W .The intera
tion Lagrangian (2.7) 
oin
ides with the one obtained from bilinearR-paritybreaking [19,33℄ if parameters are properly mat
hed1. Using the results of [19,33℄ we thenobtain the partial gravitino de
ay widths�( 3=2 ! h�i) = �im33=2384�M2Pl�4h ; (2.10)�( 3=2 ! 
�i) = �ij�
ij2m2Zm33=264�M2Pl ; (2.11)�( 3=2 ! Z�i) = �im33=2384�M2Pl�2Z �HZ + 16m2ZRe(�Zi)m3=2 GZ + 6m2Z j�Zij2FZ� ; (2.12)�( 3=2 ! W�e�i ) = �im33=2192�M2Pl�2Z �HW + 16m2WRe(�Wi)m3=2 GW + 6m2W j�Wij2FW� ;(2.13)where the subs
ript i denotes the generation index. The fun
tions �a, Ha, Ga and Fa(a = h; Z;W ) are given by [19℄�a = 1� M2am23=2 ; (2.14)Ha = 1 + 10 M2am23=2 + M4am43=2 ; (2.15)1 The relations are �i = he�ii=v, UeZ eZ = �mZ�Z , UfWfW = �mW �W , Ue
 eZ = �mZ�
 , U eHu eZ sin� +U eHd eZ 
os� +m2e�� =(m2e�� �m2h) = 1. 4



Ga = 1 + 12 M2am23=2 ; (2.16)Fa = 1 + 23 M2am23=2 + 13 M4am43=2 : (2.17)As expe
ted, one has for ma�a � ma=m3=2 � 1,�( 3=2 ! h�i) ' �( 3=2 ! Z�i) ' 12�( 3=2 !W�e�i ) : (2.18)The de
ay width �( 3=2 ! 
�) is of parti
ular interest sin
e it determines the strengthof the gamma line at the end of the 
ontinuous spe
trum. As dis
ussed above, this de
aywidth is model-dependent. Contrary to the 
ontinuous part of the spe
trum it 
an vanish,whi
h is the 
ase for �1 � �2 = 0. Generi
ally, without su
h a 
an
ellation, one obtains forthe bran
hing ratio using Eqs. (2.8) and (2.10) { (2.13):BR( 3=2 ! 
�) � 0:3 sin2 �W � mZm3=2�2 � 0:02�200 GeVm3=2 �2 : (2.19)This estimate will be used in Se
tion 4 where the gamma-ray spe
trum is dis
ussed.Another phenomenologi
ally important issue is the 
avour stru
ture of gravitino de-
ays, i.e., the dependen
e of the parameters �
i, �Zi and �Wi on the generation index. Inmodels of bilinearR-parity breaking, for instan
e, this information is en
oded in the mixingparameters �i,�L = �iHuLi ; (2.20)whereHu and Li are Higgs and lepton-doublet super�elds, respe
tively. In models of 
avourthe ratios of the parameters �i are related to the stru
ture of the Majorana neutrino massmatrix,M� = 
ij(li�)(lj�) : (2.21)An interesting example, whi
h 
an a

ount for the large mixing angles in the neutrinose
tor, is `anar
hy' [34℄ where 
ij = O(1). In this 
ase one also has�i�j = O(1) : (2.22)For the purpose of illustration we shall use in the following se
tions the `demo
rati
' 
ase�1 = �2 = �3 where the parameters �
i, �Zi and �Wi have no 
avour dependen
e. Alterna-tively, one may 
onsider `semi-anar
hy' (
f. [7℄). Other examples 
an be found in [35℄.In the following we shall 
onsider gravitino masses between 100 GeV and 600 GeV, forwhi
h the assumed hierar
hy m2SM � m23=2 � m2soft 
an only be a rough approximation.A more detailed treatment would have to in
orporate mixings with heavy parti
les of thesupersymmetri
 standard model. However, we �nd the operator analysis useful to illustratethe main qualitative features of gravitino de
ays.5



3 Antimatter from gravitino de
aysThe s
enario of de
aying gravitino dark matter provides, for a wide range of gravitinomasses and lifetimes, a 
onsistent thermal history of the Universe, in
orporating su

essfulprimordial nu
leosynthesis and su

essful baryogenesis through leptogenesis. Furthermore,if dark matter gravitinos de
ay at a suÆ
iently large rate, the de
ay produ
ts 
ould bedete
ted through an anomalous 
ontribution to the high-energy 
osmi
 ray 
uxes. In thisse
tion we shall dis
uss the 
onstraints on the gravitino parameters whi
h follow from theobservations of the positron fra
tion by HEAT and PAMELA and of the antiproton 
uxby BESS, IMAX and WiZard/CAPRICE.The rate of antimatter produ
tion per unit energy and unit volume at the position ~rwith respe
t to the 
enter of the Milky Way is given byQ(E;~r) = �(~r)m3=2�3=2 dNdE ; (3.1)where dN=dE is the energy spe
trum of antiparti
les produ
ed in the de
ay, whi
h we
al
ulated employing event generator PYTHIA 6.4 [36℄. On the other hand, �(~r) is thedensity pro�le of gravitinos in the Milky Way halo. For de�niteness we shall adopt thespheri
ally symmetri
 Navarro-Frenk-White halo density pro�le [37℄:�(r) = �0(r=r
)[1 + (r=r
)℄2 ; (3.2)with �0 ' 0:26GeV=
m3 and r
 ' 20 kp
, although our 
on
lusions are not very sensitiveto the 
hoi
e of the density pro�le.After being produ
ed in the Milky Way halo, 
harged 
osmi
 rays propagate in theGalaxy and its vi
inity in a rather 
ompli
ated way before rea
hing the Earth. Antimatterpropagation in the Milky Way is 
ommonly des
ribed by a stationary two-zone di�usionmodel with 
ylindri
al boundary 
onditions [38℄. Under this approximation, the numberdensity of antiparti
les per unit kineti
 energy, f(T;~r; t), satis�es the following transportequation, whi
h applies for both positrons and antiprotons:0 = �f�t = r� [K(T;~r)rf ℄ + ��T [b(T;~r)f ℄�r� [~V
(~r)f ℄� 2hÆ(z)�annf +Q(T;~r); (3.3)where rea

eleration e�e
ts and non-annihilating intera
tions of antimatter in the Gala
ti
disk have been negle
ted, sin
e the primary parti
les produ
ed by the gravitino de
ayrarely 
ross the disk before rea
hing the Earth.The �rst term on the right-hand side of the transport equation is the di�usion term,whi
h a

ounts for the propagation through the tangled Gala
ti
 magneti
 �eld. Thedi�usion 
oeÆ
ient K(T;~r) is assumed to be 
onstant throughout the di�usion zone andis parametrised by:K(T ) = K0 � RÆ; (3.4)6



where � = v=
 and R is the rigidity of the parti
le, whi
h is de�ned as the momentumin GeV per unit 
harge, R � p(GeV)=Z. The normalization K0 and the spe
tral indexÆ of the di�usion 
oeÆ
ient are related to the properties of the interstellar medium and
an be determined from the 
ux measurements of other 
osmi
 ray spe
ies, mainly fromthe Boron-to-Carbon (B/C) ratio [39℄. The se
ond term a

ounts for energy losses due toinverse Compton s
attering on starlight or the 
osmi
 mi
rowave ba
kground, syn
hrotronradiation and ionization. The third term is the 
onve
tion term, whi
h a

ounts for thedrift of 
harged parti
les away from the disk indu
ed by the Milky Way's Gala
ti
 wind. Ithas axial dire
tion and is also assumed to be 
onstant inside the di�usion region: ~V
(~r) =V
 sign(z) ~k. The fourth term a

ounts for antimatter annihilation with rate �ann, when itintera
ts with ordinary matter in the Gala
ti
 disk, whi
h is assumed to be an in�nitelythin disk with half-width h = 100 p
. Lastly, Q(T;~r) is the sour
e term of positrons orantiprotons, de�ned in Eq. (3.1). The boundary 
onditions for the transport equation,Eq. (3.3), require the solution f(T;~r; t) to vanish at the boundary of the di�usion zone,whi
h is approximated by a 
ylinder with half-height L = 1 � 15 kp
 and radius R =20 kp
. A detailed study shows that there is some degenera
y among the parameters ofthe propagation model. This 
an be used to de
rease the size of L and thereby redu
e theantiproton 
ux from gravitino de
ays relative to the 
ux from spallation [40℄.The solution of the transport equation at the Solar System, r = r�, z = 0, 
an beformally expressed by the 
onvolutionf(T ) = 1m3=2�3=2 Z Tmax0 dT 0G(T; T 0)dN(T 0)dT 0 ; (3.5)where Tmax = m3=2 for the 
ase of the positrons and Tmax = m3=2�mp for the antiprotons.The Green's fun
tion G(T; T 0) en
odes all the information about astrophysi
s (su
h as thedetails of the halo pro�le and the propagation of antiparti
les in the Galaxy), while theremaining part depends on gravitino properties. Analyti
al and numeri
al expressions forthe Green's fun
tion for the 
ase of positrons and antiprotons 
an be found in [16℄.Finally, the 
ux of primary antiparti
les at the Solar System from gravitino de
ay isgiven by:�DM(T ) = v4�f(T ); (3.6)where v is the velo
ity of the antimatter parti
le.The 
al
ulation of the high-energy 
osmi
 ray 
uxes from gravitino de
ay is hindered bya large number of un
ertainties stemming both from astrophysi
s, en
oded in the Green'sfun
tion, and from parti
le physi
s. However, as we shall show below, present observationsof the positron fra
tion and the antiproton 
ux 
onstrain the parameters of the model wellenough to make de�nite predi
tions on the di�use gamma-ray 
ux. These predi
tions willbe tested by the Fermi LAT results in the near future, thus providing a 
ru
ial test of thes
enario of de
aying gravitino dark matter.>From the parti
le physi
s point of view, the solution to the transport equation dependson the following unknown quantities: the energy spe
trum of positrons or antiprotons7



produ
ed in the de
ay, the gravitino mass and the gravitino lifetime. The energy spe
trumof positrons and antiprotons depends 
ru
ially on the R-parity breaking intera
tions of thegravitino. It was shown in Se
tion 2 that when the gravitino mass is large, the bran
hingratios for the dominant de
ay 
hannels are predi
ted to be Pi BR( 3=2 ! h�i) ' 1=4,PiBR( 3=2 ! Z�i) ' 1=4, Pi BR( 3=2 ! W�e�i ) ' 1=2, while the bran
hing ratio for 3=2 ! 
� is predi
ted to be mu
h smaller. Therefore, in this limit the inje
tion spe
trumof antiprotons from gravitino de
ay is fairly model-independent, being just a fun
tion of thegravitino mass. This is not the 
ase, however, for the energy spe
trum of positrons, sin
ethe 
avour 
omposition of the �nal state depends on the 
avour stru
ture of the R-paritybreaking 
ouplings, whi
h 
annot be predi
ted without invoking a model of 
avour.The observation by PAMELA of an ex
ess in the positron fra
tion at energies extendingat least until 100 GeV implies a lower bound on the gravitino mass of � 200 GeV if thispositron ex
ess is interpreted in terms of gravitino de
ays. Besides, as shown in [10℄, thereexists a theoreti
al upper bound on the gravitino mass of � 600 GeV in supergravitymodels with universal gaugino masses at the GUT s
ale, stemming from the requirementof su

essful thermal leptogenesis, yielding a relatively narrow range for the gravitino mass,m3=2 ' 200�600 GeV. If the positron ex
ess observed by PAMELA is unrelated to gravitinode
ays, the gravitino mass may be as low as � 5 GeV without yielding over
losure of theUniverse [7℄.3.1 Constraints from the antiproton 
uxThe interstellar antiproton 
ux from gravitino de
ay 
an be 
al
ulated from Eq. (3.5) usingthe 
orresponding Green's fun
tion. However, this is not the antiproton 
ux measured byantiproton experiments, whi
h is a�e
ted at low energies by solar modulation. Under thefor
e �eld approximation [41℄, the antiproton 
ux at the top of the Earth's atmosphere isrelated to the interstellar antiproton 
ux [42℄ by the simple relation�TOA�p (TTOA) = �2mpTTOA + T 2TOA2mpTIS + T 2IS ��IS�p (TIS) ; (3.7)where TIS = TTOA + �F , with TIS and TTOA being the antiproton kineti
 energies at theheliospheri
 boundary and at the top of the Earth's atmosphere, respe
tively, and �F beingthe solar modulation parameter, whi
h varies between 500 MV and 1.3 GV over the eleven-year solar 
y
le. Sin
e experiments are usually undertaken near solar minimum a
tivity,we shall 
hoose �F = 500 MV for our numeri
al analysis in order to 
ompare our predi
ted
ux with the 
olle
ted data.As dis
ussed in [16℄, the 
al
ulation of the antiproton 
ux from gravitino de
ay su�ersfrom un
ertaintes in the determination of the physi
al parameters in the propagation of
harged 
osmi
 rays in the di�usive halo, leading to un
ertainties in the magnitude of 
uxesas large as two orders of magnitude at the energies relevant for present antiproton experi-ments. The requirement that the total antiproton 
ux from gravitino de
ay be 
onsistentwith measurements gives a lower bound on the gravitino mass whi
h strongly depends onthe 
hoi
e of the halo model. In the following we shall adopt the MED propagation model,8
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Figure 1: Antiproton 
uxes for m3=2 = 200; 400; 600 GeV in the MED set of propagationparameters that saturate the antiproton overprodu
tion bound (see text). Dotted lines:antiproton 
ux from gravitino de
ays, dashed lines: se
ondary antiproton 
ux from spal-lation in the 
ase of minimal nu
lear 
ross se
tions, solid lines: total antiproton 
ux. Thegravitino lifetimes are �3=2 = 7� 1026 s; 3� 1026 s and 1:5� 1026 s, respe
tively.9



whi
h provides the best �t to the B/C ratio and measurements of 
ux ratios of radioa
tive
osmi
-ray spe
ies [39℄.In order to determine the maximally allowed exoti
 
ontribution to the total antiproton
ux, a pre
ise knowledge of the se
ondary 
ux of antiprotons from spallation of high-energy
osmi
 rays on the protons and helium nu
lei in the interstellar medium is ne
essary.Unfortunately, the determination of this se
ondary 
ux is also subje
t to un
ertainties.First, the 
hoi
e of the propagation model 
an 
hange the predi
tion of the se
ondary 
uxby 10�20%. More importantly, the un
ertainty in the nu
lear 
ross se
tions for p-p, p-He,He-p and He-He 
ollisions 
an 
hange the predi
tion of the se
ondary 
ux by 22 � 25%above or below the 
entral value [43℄.A 
onservative upper bound on the antiproton 
ux from gravitinos is obtained bydemanding that the total 
ux is not larger than the theoreti
al un
ertainty band of theMED propagation model. This means that a `minimal' dark matter lifetime for the MEDmodel 
an be de�ned by a s
enario where the se
ondary antiproton 
ux from spallationis 25% smaller than the 
entral value, due to a putative overestimation of the nu
lear
ross se
tions, and the total antiproton 
ux saturates the upper limit of the un
ertaintyband whi
h stems from astrophysi
al un
ertainties dis
ussed above. This amounts to therequirement that the antiproton 
ux from gravitino de
ays should not ex
eed � 50% ofthe 
entral value of se
ondary 
ux from spallation.Using the above pres
ription we �nd the following lower bounds for the gravitino life-time: �min3=2 (200) ' 7� 1026 s; �min3=2 (400) ' 3� 1026 s; �min3=2 (600) ' 1:5� 1026 s; (3.8)where the numbers in parentheses 
orrespond to the gravitino masses m3=2 =200; 400 and 600 GeV, respe
tively. The 
orresponding antiproton 
uxes from gravitinode
ay, the se
ondary antiproton 
ux from spallation and the total antiproton 
uxes areshown in Figure 1 together with the experimental measurements by BESS, IMAX andWiZard/CAPRICE, and the un
ertainty band from the nu
lear 
ross se
tions in the MEDpropagation model. The minimal lifetimes (3.8) 
an be 
ompared with the gravitino life-times needed to explain the PAMELA positron fra
tion ex
ess, whi
h will be dis
ussed inthe next se
tion.3.2 Comparison with ele
tron/positron 
uxesUsing the pro
edure des
ribed in the previous se
tion it is straightforward to 
al
ulatethe positron 
ux at Earth from gravitino de
ay. we shall adopt for de�niteness the MEDpropagation model [39℄, 
hara
terised by Æ = 0:70, K0 = 0:0112 kp
2=Myr, L = 4kp
,V
 = 12 km=s. Note that the sensitivity of the positron fra
tion to the propagation model isfairly mild at the energies where the ex
ess is observed, sin
e these positrons were produ
edwithin a few kiloparse
s from the Earth and barely su�ered the e�e
ts of di�usion.To 
ompare the predi
tions to the PAMELA results, we shall 
al
ulate the positronfra
tion, de�ned as the ratio of the positron 
ux to the 
ombined positron and ele
tron
ux, �e+=(�e+ + �e�). For the ba
kground 
uxes of primary and se
ondary ele
trons, as10
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Figure 2: Contribution from dark matter de
ay to the positron fra
tion and the totalele
tron + positron 
ux, 
ompared with data from PAMELA and HEAT, and ATIC,Fermi LAT and HESS, respe
tively; m3=2 = 200 GeV; �3=2 = 3:2�1026 s, for W�l� de
ayspure ele
tron 
avour is assumed. The \Model 0" ba
kground is used, and for 
omparisonwith Fermi-LAT data 25% energy resolution is taken into a

ount.
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well as se
ondary positrons, we extra
t the 
uxes from \Model 0" presented by the Fermi
ollaboration in [44℄, whi
h �ts well the low energy data points of the total ele
tron pluspositron 
ux and the positron fra
tion, and is similar to the MED model for energies abovea few GeV [45℄. Then, the positron fra
tion readsPF(T ) = �DMe+ (T ) + �bkge+ (T )�DMe+ (T ) + �bkge+ (T ) + �DMe� (T ) + k �bkge� (T ) ; (3.9)where k = O(1) is the normalization of the astrophysi
al 
ontribution to the primaryele
tron 
ux, whi
h is 
hosen to provide a qualitatively good �t to the data.We now dis
uss the hypothesis that the PAMELA positron ex
ess is due to gravitinodark matter de
ay. For this to be the 
ase, the gravitino mass must be at least 200 GeV.As dis
ussed above, the bran
hing ratios into Standard Model parti
les will be essentially�xed for gravitino masses of a few hundred GeV. The de
ay  3=2 ! W�`� then has abran
hing ratio of � 50%, and the hard leptons that are dire
tly produ
ed in these de
aysmay a

ount for the rise in the positron fra
tion if a signi�
ant fra
tion of these leptonshas ele
tron or muon 
avour.Consider �rst the extreme 
ase that the de
ays o

ur purely into ele
tron 
avour. Form3=2 = 200 GeV, the PAMELA ex
ess 
an then be explained for the gravitino lifetime� e3=2(200) ' 3:2 � 1026 s, as illustrated by Figure 2. Note that this lifetime is a fa
tor 2smaller than the minimum lifetime given in (3.8), whi
h we obtained from the antiproton
onstraint. In other words, an interpretation of the PAMELA ex
ess in terms of gravitinode
ays is in
ompatible with the MED set of propagation parameters on
e antiprotons aretaken into a

ount. Nevertheless, the MIN model and other sets of parameters that yieldintermediate values for the antiproton 
ux 
an easily be 
ompatible with both the positronfra
tion and the antiproton-to-proton ratio observed by PAMELA. The situation is verysimilar for m3=2 = 400 and 600 GeV.Figure 2 also shows the predi
ted total ele
tron + positron 
ux together with the resultsfrom Fermi and ATIC. Obviously, the \Model 0" presented by the Fermi 
ollaborationin [44℄, 
annot a

ount for the present data, and the 
ontribution from gravitino de
aysmakes the dis
repan
y even worse. In parti
ular, the data show no spe
tral feature expe
tedfor de
aying dark matter. On the other hand, gravitino de
ays may very well be 
onsistentwith the measured total ele
tron + positron 
ux on
e the ba
kground is appropriatelyadjusted. This is evident from Figure 3 where the 
ontribution from gravitino de
ays isshown in the theoreti
ally well motivated 
ase of 
avour demo
rati
 de
ays. The �gurealso illustrates that, depending on the gravitino mass, the dark matter 
ontribution to thePAMELA ex
ess 
an still be signi�
ant.An obvious possibility is that both, the total ele
tron + positron 
ux and the positronfra
tion, are dominated by astrophysi
al sour
es. For instan
e, for the gravitino massm3=2 = 100 GeV we obtain from the antiproton 
ux 
onstraint �min3=2 (100) ' 1 � 1027 s.As Figure 4 demonstrates, the 
ontribution from gravitino de
ays to the total ele
tron +positron 
ux and positron fra
tion is indeed negligible. Nevertheless, as we shall see in thefollowing se
tion, the dark matter 
ontribution to the gamma-ray 
ux 
an be sizable.12
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Figure 3: Contribution from dark matter de
ay to the positron fra
tion and the totalele
tron + positron 
ux, 
ompared with data from PAMELA and HEAT, and ATIC, FermiLAT and HESS, respe
tively; m3=2 = 200; 400; 600 GeV with the minimal lifetimes (3.8)(top to bottom); for W�l� de
ays demo
rati
 
avour dependen
e is assumed. The \Model0" ba
kground is used, and for 
omparison with Fermi LAT data 25% energy resolution istaken into a

ount.
13



 0.01

 0.1

 1

 1  10  100  1000

P
os

itr
on

 fr
ac

tio
n 

e+
/(

e+
+

 e
− )

E [GeV]

PAMELA 08
HEAT 94/95/00

 10

 100

 1000

 10  100  1000  10000

E
3  d

N
/d

E
 [G

eV
2  m

-2
 s

-1
]

E [GeV]

ATIC 08
Fermi LAT 09

HESS 08

Figure 4: Contribution of gravitino de
ays to positron fra
tion and total ele
tron + positron
ux for m3=2 = 100 GeV and �3=2 = 1� 1027 s.4 Predi
tions for the di�use gamma-ray 
uxThe total gamma-ray 
ux from gravitino dark matter de
ay re
eives two main 
ontribu-tions. The �rst one stems from the de
ay of gravitinos in the Milky Way halo,�E2 dJdE �halo = 2E2m3=2 dN
dE 18��3=2 Zlos �halo(~l)d~l ; (4.1)where dN
=dE is the gamma-ray spe
trum produ
ed in the gravitino de
ay. The integra-tion extends over the line of sight, so the halo 
ontribution has an angular dependen
e onthe dire
tion of observation.In addition to the 
osmologi
al 
ontribution, the total gamma-ray 
ux also re
eivesa 
ontribution from the de
ay of gravitinos at 
osmologi
al distan
es, giving rise to aperfe
tly isotropi
 extragala
ti
 di�use gamma-ray ba
kground. The 
ux re
eived at theEarth with extragala
ti
 origin is given by�E2 dJdE �eg = 2E2m3=2C
 Z 11 dy dN
d(Ey) y�3=2p1 + 
�=
My�3 ; (4.2)where y = 1 + z, z being the redshift, andC
 = 
3=2�
8��3=2H0
1=2M ' 10�6 (
m2s str)�1GeV� �3=21027 s��1 : (4.3)Here, 
3=2, 
M and 
� are the gravitino, matter and 
osmologi
al 
onstant density pa-rameters, respe
tively, �
 is the 
riti
al density and H0 the present value of the Hubbleparameter.The 
osmologi
al 
ontribution is numeri
ally smaller than the halo 
ontribution. More-over, the 
ux of gamma-rays of 
osmologi
al origin is attenuated by the ele
tron-positron14
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Figure 5: Predi
ted gamma-ray 
ux for m3=2 = 200; 400; 600 GeV for the minimallifetimes (3.8). We assume de
ays purely into ele
tron 
avour here. We show both theba
kground obtained by Sreekumar et al. as well as the ba
kground obtained by Strong,Moskalenko and Reimer. 15



pair produ
tion on the extragala
ti
 ba
kground light emitted by galaxies in the ultravio-let, opti
al and infrared frequen
ies [46℄. However, the 
ux of gamma-rays originating fromthe de
ay of dark matter parti
les in the halo is barely attenuated by pair produ
tion onthe Gala
ti
 interstellar radiation �eld at energies below 10 TeV [47℄. Thus, the total 
uxis dominated by the halo 
omponent, yielding a slightly anisotropi
 gamma-ray 
ux [13℄whi
h is 
ompatible with the EGRET observations [14℄. A detailed study of the prospe
tsof dete
ting this anisotropy with the Fermi LAT is beyond the s
ope of this paper and willbe presented in more generality elsewhere [48℄.The gravitino de
ay produ
es a 
ontinuous spe
trum of gamma-rays whi
h is deter-mined by the fragmentation of the Higgs boson and the weak gauge bosons. On the otherhand, there exists a gamma-ray line at the endpoint of the spe
trum with an intensitywhi
h is model-dependent.2 For our numeri
al analysis we shall use the typi
al bran
hingratio in this 
hannel derived in Se
tion 2,BR( 3=2 ! �
) = 0:02�200 GeVm3=2 �2 ;for gravitino masses in the range from 100 � 600 GeV. In Figure 5 the predi
ted di�usegamma-ray 
ux is shown for m3=2 = 200; 400; 600 GeV and the respe
tive lower bounds(3.8) on the gravitino lifetime. These spe
tra 
orrespond to upper bounds on the signal ingamma-rays that 
an be expe
ted from gravitino dark matter de
ay.For 
omparison, we show two sets of data points obtained from the EGRET measure-ments of the di�use extragala
ti
 gamma-ray ba
kground using di�erent models of theGala
ti
 foreground emission. An analysis by Strong, Moskalenko and Reimer using amodel, optimised to better simulate the Gala
ti
 di�use emission, revealed a power lawbehaviour below 1 GeV, with an intriguing deviation from a power law above 1 GeV [17℄.For our present analysis, we shall show both sets of results as the status of the extragala
ti
ba
kground is 
urrently un
lear. For the ba
kground obtained by Moskalenko, Strong andReimer, the extragala
ti
 
omponent is des
ribed by the power law [17℄�E2 dJdE �bg = 6:8� 10�7� EGeV��0:32 (
m2 str s)�1 GeV: (4.4)The earlier analysis by Sreekumar et al led to a less steep ba
kground [51℄,�E2 dJdE �bg = 1:37� 10�6� EGeV��0:1 (
m2 str s)�1 GeV: (4.5)2We negle
t in our analysis the 
ontribution to the gamma-ray 
ux from inverse Compton s
attering ofhigh energy ele
trons and positrons on the interstellar radiation �eld. We estimate that this 
ontributionis peaked at energies smaller than 0.1 GeV and has an intensity E2 dJdE <� O(10�7)(
m2 str s)�1 GeV [49℄,thus giving a negligible 
ontribution to the total 
ux, whi
h is 
onstrained by EGRET to be E2 dJdE �10�6(
m2 str s)�1 GeV at E = 0:1GeV. This 
ontribution, however, 
an be sizable for larger dark mattermasses [49, 50℄. 16
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Figure 6: Predi
ted gamma-ray 
ux for m3=2 = 100 GeV and �3=2 = 1� 1027 s. We showboth the ba
kground obtained by Sreekumar et al. as well as the ba
kground obtained byStrong, Moskalenko and Reimer.For 
omparison with the data points, we have averaged the slightly anistropi
 halo sig-nal over the whole sky, ex
luding a band of �10Æ around the Gala
ti
 disk.3 We have
onservatively used an energy resolution �(E)=E = 15% as quoted by Fermi [52℄.It is remarkable that for both 
hoi
es of the extragala
ti
 ba
kground, the antiproton
onstraint allows for a sizable deviation from a power law ba
kground if the gravitino massis above 200 GeV. Therefore, if su
h a deviation with the proper angular dependen
e isobserved by Fermi LAT, the s
enario of gravitino dark matter will gain support. Further-more, the existen
e of a gamma-ray line at the end of the spe
trum is predi
ted, withan intensity that, as dis
ussed in Se
tion 2, depends on the model of R-parity breaking.This line 
ould be observed by Fermi LAT in the di�use gamma-ray ba
kground, but alsoby the ground-based Cherenkov teles
opes MAGIC, HESS or VERITAS in galaxies su
has M31 [13℄. For smaller gravitino masses the gamma-ray line be
omes more prominentwhereas the 
ontribution to the 
ontinuous part of the spe
trum de
reases. This is illus-trated in Figure 6 for m3=2 = 100 GeV.The observation of the dis
ussed features in the di�use gamma-ray spe
trum might, ifinterpreted as the result of gravitino de
ay, open the ex
iting possibility of 
onstrainingthe reheating temperature of the Universe. More 
on
retely, the thermal reli
 abundan
e3 The halo signal would have a larger degree of anisotropy if the dark matter halo is not 
ompletelyuniform but presents substru
tures, as suggested by N-body simulations of Milky-Way-size galaxies. Inthe present 
al
ulation we are interested in the average 
ux in the whole sky ex
luding the Gala
ti
 disk,whi
h depends on the total amount of dark matter in this region and not on the way it is distributed.Therefore, for our purposes it is a good approximation to negle
t substru
tures and to assume a smoothdark matter halo pro�le. 17



of gravitinos is given by [10, 53, 54℄
th3=2h2 ' 0:5� TR1010GeV��100GeVm3=2 �� meg1TeV�2 : (4.6)Therefore, imposing that the thermal abundan
e of gravitinos should not be larger thatthe total dark matter abundan
e, the measurement of the gravitino mass by Fermi LATand the measurement of the gluino mass at the LHC imply the following upper bound onthe reheating temperature of the Universe:TR <� 2� 109GeV�
3=2h20:1 ��100GeVm3=2 ��1 � meg1TeV��2 ; (4.7)whi
h is saturated when all the dark matter gravitinos are of thermal origin. Thisbound has impoprtant impli
ations for the s
enario of thermal leptogenesis, whi
h requiresTR >� 109 GeV, as well as for many in
ationary s
enarios.5 Con
lusionsIn supersymmetri
 theories with small R-parity breaking thermally produ
ed gravitinos
an a

ount for the observed dark matter, 
onsistent with leptogenesis and nu
leosynthesis.Gravitino de
ays then 
ontribute to antimatter 
osmi
 rays as well as gamma-rays. We
onsider gravitino masses below 600 GeV, whi
h are 
onsistent with universal boundary
onditions at the GUT s
ale.Gravitino de
ays into Standard Model parti
les 
an be studied in a model-independentway by means of an operator analysis. For suÆ
iently large gravitino masses the dimension-5 operator dominates. This means that the bran
hing ratios into h�, Z� and W�l� are�xed, ex
ept for the dependen
e on lepton 
avour. As a 
onsequen
e, the gamma-ray 
uxis essentially determined on
e the antiproton 
ux is known. On the 
ontrary, the positron
ux is model-dependent.The gamma-ray line is 
ontrolled by the dimension-6 operator. Hen
e, it is suppressed
ompared to the 
ontinuous gamma-ray spe
trum. Its strength is model-dependent andde
reases with in
reasing gravitino mass.Ele
tron and positron 
uxes from gravitino de
ays, together with the standard GAL-PROP ba
kground, 
annot a

ount for both, the PAMELA positron fra
tion and theele
tron + positron 
ux measured by Fermi LAT. For gravitino dark matter, the observed
uxes require astrophysi
al sour
es. However, depending on the gravitino mass and theba
kground, the dark matter 
ontribution to the ele
tron and positron 
uxes 
an be non-negligable.Present data on 
harged 
osmi
 rays allow for a sizable 
ontribution of gravitino darkmatter to the gamma-ray spe
trum, in parti
ular a line at an energy below 300 GeV.Non-observation of su
h a line would pla
e an upper bound on the gravitino lifetime, andtherefore on the strength of R-parity breaking, restri
ting possible signatures at the LHC.18
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