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Unstable Gravitino Dark Matterand Neutrino Flux
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AbstratThe gravitino is a promising supersymmetri dark matter andidate whih doesnot require exat R-parity onservation. In fat, even with some small R-paritybreaking, gravitinos are suÆiently long-lived to onstitute the dark matter of theUniverse, while yielding a osmologial senario onsistent with primordial nule-osynthesis and the high reheating temperature required for thermal leptogenesis.In this paper, we ompute the neutrino ux from diret gravitino deay and gaugeboson fragmentation in a simple senario with bilinear R-parity breaking. Ourhoie of parameters is motivated by a proposed interpretation of anomalies in theextragalati gamma-ray spetrum and the positron fration in terms of gravitinodark matter deay. We �nd that the generated neutrino ux is ompatible withpresent measurements. We also disuss the possibility of deteting these neutri-nos in present and future experiments and onlude that it is a hallenging task.However, if deteted, this distintive signal might bring signi�ant support to thesenario of gravitinos as deaying dark matter.
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1 IntrodutionThe question of the nature of dark matter is still one of the unsolved mysteries in mod-ern osmology. Many partile andidates have been put forward, but until now the onlydark matter evidene we have is based on the gravitational interation. In the ontextof supersymmetry with onserved R-parity, one naturally enounters one of the mostfavoured solutions to the dark matter problem. There, the lightest supersymmetri par-tile (LSP) is stable and an be a suessful dark matter andidate if it is neutral andweakly interating like the neutralino. The neutralino is the most thoroughly studied darkmatter andidate and will be tested in the near future in aelerator, diret detetionand indiret detetion experiments [1℄.On the other hand, it is also possible that the dark matter interats only gravita-tionally, and supersymmetry also o�ers andidates of this type. A prominent example isthe gravitino, the superpartner of the graviton, whih was the �rst supersymmetri darkmatter andidate proposed [2℄. It is one of the most elusive dark matter andidates dueto its extremely weak interations. In fat, as part of the gravity multiplet, all gravitinointerations are suppressed either by the Plank sale (for the spin-3/2 omponent) orby the supersymmetry-breaking sale (for the Goldstino omponent).Usually, having an LSP with suh extremely weak interations poses a severe problemto Big Bang nuleosynthesis, as it makes the next-to-lightest supersymmetri partile(NLSP) so long-lived that it deays during or after the formation of the primordial nulei,typially spoiling the suessful preditions of the standard senario [3℄. Moreover, if theNLSP is harged, the formation of a bound state with 4He atalyzes the prodution of6Li [4℄ leading to an overprodution of 6Li by a fator 300-600 [5℄. One way to avoidthese onstraints is to lower the sale of supersymmetry breaking, thus enhaning theGoldstino interations. However, the reheating temperature of the Universe has to belowered aordingly in order to avoid overlosure [6℄ and is then in onit with theminimal value required by thermal leptogenesis in order to explain the baryon asymmetryof the Universe [7℄.It was reently proposed in [8℄ that these problems are automatially solved if asmall breaking of R-parity is introdued in the model. Even though in the presene ofR-parity violation the neutralino LSP is too short-lived to play the role of dark matter,the gravitino LSP an still have a suÆiently long lifetime, whih is typially manyorders of magnitude greater than the age of the Universe due to the suppression of thedeay rate by the Plank sale and the small R-parity violating ouplings [9℄. In thissenario, the NLSP population in the early Universe quikly deays into Standard Modelpartiles via R-parity violating interations. Apart from the presene of a rather inert2



population of gravitinos, produed thermally from superpartner satterings at reheating,the osmology then redues to the non-supersymmetri ase well before the synthesis ofprimordial nulei.An intriguing feature of the senario with R-parity breaking is that gravitino darkmatter is not neessarily invisible anymore, sine it will deay into Standard Modelpartiles at a very slow rate. Sine the huge number of gravitinos in our own Galaxy,as well as in nearby galaxies and lusters, may ompensate for the highly suppresseddeay rate, this opens up the possibility of observing the dark matter deay produtsas an anomalous ontribution to the di�use gamma-ray ux [10, 11℄ or the osmi-rayantimatter uxes [12, 13℄. Indeed, anomalous exesses have been observed both in thedi�use extragalati gamma-ray spetrum and in the positron fration in similar energyranges. It has been pointed out that the deay of gravitino dark matter with a lifetimeof � 1026 s and a mass of � 150GeV an aount for both of these exesses at the sametime [12, 13℄. This motivates our study of the orresponding neutrino spetrum for thesame hoie of parameters, both as a onsisteny hek and to �nd out whether in thissenario an anomalous ontribution to the neutrino ux may be expeted in present andfuture neutrino experiments.This paper is organised as follows: in the next setion we will briey review bilinearR-parity violating models and disuss the resulting gravitino deay modes. In Setion 3we will present the neutrino spetrum from dark matter deay and desribe its mainfeatures. In Setion 4 we will then give the neutrino ux as a funtion of the gravitinolifetime and mass both for neutrinos from our own Galaxy and from di�use extragalatisoures and onsider the e�et of neutrino osillations on the signal expeted at theEarth. In Setion 5 we will disuss the di�erent neutrino bakgrounds in the energyrange we are interested in and ompare them to our signal. In Setion 6 we will proposestrategies to disentangle the signal from the bakground, ompare the result to presentneutrino data from Super-Kamiokande. We will then disuss the feasibility of detetionin future detetors in Setion 7 and onlude in Setion 8.2 Bilinear R-parity breakingWe onsider here a model of the type desribed in detail in [8℄, where the breaking ofR-parity is related to the breaking of B � L. In this lass of models, the lepton numberviolation in the superpotential is enoded in the bilinear term [14℄W6Rp = �iLiHu : (2.1)3



It an be shown that the R-parity violating oupling �i is suppressed ompared to theoeÆient � of the R-parity onserving bilinear term HuHd by �i � �v2B�L=M2P , withvB�L and MP being the sale of B � L breaking and the Plank mass, respetively. Onthe other hand, the indued baryon number violation is negligible, the orrespondingYukawa oupling being further suppressed by the ratio of the gravitino mass to thePlank mass and a higher power of the sale of B � L breaking over the Plank sale,�00 � m3=2v4B�L=M5P . Then, if the sale of B � L breaking is low enough, the onstraintson proton stability are satis�ed and the lepton number violating interations are keptout of equilibrium before the eletroweak phase transition, thus preventing the erasureof any previously generated baryon asymmetry. This ondition requires approximately�i=� <� 10�6�7 [15℄, whih translates into vB�L <� 1014GeV, although this ould beirumvented for some spei� avour strutures in the Yukawa ouplings. Sine thepresent bounds on the gravitino lifetime are already onstraining the parameters at thisorder from observations of both gamma rays [10, 11℄ and antiprotons [12, 13℄, this lastoption is probably not viable.Apart from the supersymmetri term above, the orresponding soft bilinear super-symmetry-breaking term Bi�ieLiHu arises in the Lagrangian. Sine the Bi and �i termsare not usually aligned at the weak sale, a non-vanishing vauum expetation value(v.e.v.) is generated along the sneutrino �eld diretion expliitly breaking lepton numberand generating not only one neutrino mass, but also non-vanishing mixings betweenneutralinos and neutrinos, as well as between harginos and harged leptons [16℄. Suhmixings are responsible for the two-body deays of the gravitino into gauge boson andneutrino, whih are the main soure of neutrino ux in our senario. These deays arealso possible at the one-loop level if only trilinearR-parity breaking terms are onsidered,and even in this ase they an dominate in part of the parameter spae [17℄. Sine theneutralino{neutrino mixing takes plae along the Zino omponent, the branhing ratiosinto the di�erent gauge boson hannels are �xed by the neutralino mixing matrix onethe gravitino mass is spei�ed.If the gravitino is lighter than the massive gauge bosons, the dominant deay hannelis the two-body deay into monoenergeti photon and neutrino. Sine all the observedYukawa ouplings are largest for the third generation, it is reasonable to assume that theR-parity breaking ouplings are also largest for the third generation. Thus, the sneutrinoaquires a v.e.v. only along the e�� diretion, and the gravitino will dominantly deay intoneutrinos with � avour. We will see later that this is not a ruial assumption, sineneutrino osillations hange any pure neutrino avour into a mixed state. In partiular,due to maximal atmospheri mixing, the ux of tau and muon neutrinos turns out to beidential. 4



If instead the gravitino is heavier than the eletroweak gauge bosons, the deay intothese partiles is favoured, sine the sneutrino has eletroweak harge. In this ase, neu-trinos are produed not only in the diret deay into Z0�� , but also in the fragmentationof the W� and Z0 bosons and the deay of the �� leptons, thus adding a ontinuousomponent to the spetrum. In this paper, we will mostly onsider the seond ase ofa heavier gravitino, motivated by the interpretation of anomalies in other hannels asexplained above. Furthermore, at lower gravitino masses, the detetion of any signal ismuh more diÆult due to the lower neutrino yield and the smaller signal-to-bakgroundratio.2.1 Gravitino DeayIn the models with bilinear R-parity breaking and a non-zero sneutrino v.e.v. along thee�� diretion, the main deay hannels for the gravitino are: 3=2 ! �� ; 3=2 !W��� ; 3=2 ! Z0�� ; 3=2 ! h�� : (2.2)The �rst deay is pratially always allowed, while the next two are open only for agravitino mass above the threshold for W� or Z0 prodution. At even higher masses,the deay into Higgs boson and neutrino opens up via the Higgsino omponent of theneutralino and the R-parity violating Higgs{sneutrino mixing. We will onsider here thease of a large Higgs mass parameter �, where the lightest Higgs is Standard Model-likeand the other Higgses deouple.The deay widths for these proesses an be omputed from the interation La-grangian of a gravitino with a gauge boson and a gaugino or with the two hiral Higgsmultiplets with the insertion of a sneutrino v.e.v. [18℄. The deays into eletroweak gaugebosons arise both from 3{verties and from the non-abelian 4{vertex, so their struture ismore ompliated than for the abelian setor. The results depend on the gaugino mixingmatries and are given by the following:�( 3=2 ! �� ) = �2�m33=264�M2P ���Ue eZ���2 ;�( 3=2 ! Z0�� ) = �2�m33=264�M2P �2Z ���U eZ eZ��2 fZ � 83 MZm3=2 Re�U eZ eZ� jZ + 16 hZ� ;�( 3=2 !W���) = �2�m33=232�M2P �2W ���UfWfW ��2 fW � 83 MWm3=2 Re�UfWfW � jW + 16 hW� ; (2.3)
5



with �� = he�� i=v, where v = 174GeV is the Higgs v.e.v.. Assuming �� � 1, the mixingmatrix elements are given byUe eZ 'MZ 4X�=1 e���eZ��M� ;U eZ eZ 'MZ 4X�=1  eZ���eZ��M� ;UfWfW ' MW2 2X�=1 fW+�+� �fW���� + h::M�� : (2.4)
Here, ij are the elements of the unitary matries that diagonalise the neutralino/harginomass matries. The kinematial fators are given by�i = 1� M2im23=2 ;fi = 1 + 23 M2im23=2 + 13 M4im43=2 ;ji = 1 + 12 M2im23=2 ;hi = 1 + 10 M2im23=2 + M4im43=2 :

(2.5)
The non-abelian 4{vertex omputed here was previously negleted in [11℄. Note thatour results for the deay rates do not agree exatly with those given in [13℄: for theinterferene terms proportional to ji we �nd a negative sign and a larger oeÆient. Asa result, the branhing ratios into the massive gauge boson hannels are slightly smallerthan in [13℄, while the branhing ratio into photon{neutrino is larger.The deay into the lightest Higgs, on the other hand, is given by�( 3=2 ! h�� ) = �2�m33=2384�M2P �4h ����U eHu eZ sin� + U eHd eZ os � + m2e��m2e�� �m2h ����2 ; (2.6)in the limit where the lightest Higgs is given by h = p2 (Re[Hu℄ sin� +Re[Hd℄ os �),with U eHi eZ ' MZ 4X�=1  eHi���eZ��M� ; (2.7)and expressing the soft supersymmetry-breaking Higgs{sneutrino mixed mass termthrough the sneutrino v.e.v. as m2e�� ��=p2.Note that sine the deay into the Higgs is strongly suppressed by the phase spaefator �h, and sine we will onsider in the following mostly a gravitino mass of 150GeV,6



while mh > 114GeV for a Standard Model-like Higgs, this hannel is negligible in ourase, as an be seen from Fig. 1. We will therefore ignore it in the following disussion,although it will be inluded in the numerial results and in the �gures.3 Neutrino Energy SpetrumThe injetion spetrum of neutrinos from gravitino deay is omposed of a series ofontributions. Firstly, the two-body gravitino deay into a photon and a tau neutrinoprodues a monoenergeti line at half the gravitino mass:dN��dE � 3=2 ! ��� ' Æ �E � m3=22 � : (3.1)Additionally, the deay into Z0�� produes a seond line at an energyE��Z = m3=22  1� M2Zm23=2! ; (3.2)whih is not ompletely monoenergeti due to the width of the Z0 boson. Instead, it isdesribed by a normalised Breit{Wigner pro�le:dN��ZdE = 1�E2 � E2��Z�2 + E2��Z�2��Z 0� 1Z0 dE�E2 � E2��Z�2 + E2��Z�2��Z1A�1 ; (3.3)where ���Z = �����E��Z�MZ �����Z = MZm3=2 �Z : (3.4)Furthermore, the deay into h�� produes a similar line, with a di�erential energyspetrum denoted by dN��h=dE. This line is less prominent due to the suppressed branh-ing ratio into the Higgs deay hannel. Lastly, the fragmentation of the massive gaugebosons produes a ontinuous spetrum of neutrinos in all avours. We have simulatedthe fragmentation of the gauge bosons with the event generator PYTHIA 6.4 [19℄ andextrated the spetra in the di�erent neutrino avours for the W�, Z0 and h hannels,whih we denote by dNW�x =dE, dNZ�x=dE and dNh�x=dE, respetively. The leptoni deaysW ! l�, Z0 ! �� and h! l� also produe, in the rest frame of the deaying partile,monoenergeti neutrinos in all avours. However, due to the boost of the gauge bosonsin di�erent diretions, the lines smear out almost ompletely in the Earth's rest frame,giving just an additional ontribution to the ontinuous part of the spetrum. Taking thevarious deay hannels into aount, the total spetra for the di�erent neutrino avours7



10
-3

10
-2

10
-1

10
0

 100  1000

B
ra

n
ch

in
g 

R
at

io

m3/2 (GeV)

γντ

hντ

Z
0
ντ

Wτ

Figure 1: Branhing ratios of the di�erent gravitino deay hannels as a funtion ofthe gravitino mass for the ase of large � parameter (here taken as � = 10TeV) anddeoupling of the heavy Higgses. The light Higgs mass is taken to be 115GeV. Thegaugino mass parameters are taken so as to satisfy the uni�ation relation and to giveM1 = 1:5m3=2 at the eletroweak sale. The sneutrino mass parameter is �xed at 2m3=2and tan� = 10. We see that above the Z0 mass threshold, the dominant line from Z0��always has a branhing ratio larger than 25%.are given by:dN�edE = BR(W���) dNW�edE + BR(Z0�� ) dNZ�edE + BR(h�� ) dNh�edE ;dN��dE = BR(W���) dNW��dE + BR(Z0�� ) dNZ��dE + BR(h�� ) dNh��dE ;dN��dE = BR(�� ) Æ �E � m3=22 � + BR(Z0�� ) dN��ZdE + BR(h�� ) dN��hdE+ BR(W���) dNW��dE + BR(Z0�� ) dNZ��dE + BR(h�� ) dNh��dE : (3.5)
The branhing ratios for the di�erent deay hannels an be straightforwardly om-puted from the deay widths, Eq. (2.3) and (2.6). They turn out to depend mainly on thegravitino mass, with a milder dependene on the ratio between the gaugino masses M1and M2 at the eletroweak sale. For illustration, we show in Fig. 1 the branhing ratiosas a funtion of the gravitino mass for the ase of a large � parameter, uni�ed gauginomasses with M1 = 1:5m3=2 and me� = 2m3=2 at the eletroweak sale, and tan� = 10.In addition, we list in Tab. 1, the branhing ratios into the di�erent deay hannels for anumber of spei� gravitino masses. Note also that in all of the parameter spae abovethe Z0 threshold, at least two neutrino lines are present with more than 1% branhing8



m3=2 BR(�� ) BR(W���) BR(Z0�� ) BR(h�� )10GeV 1 | | |85GeV 0.53 0.47 | |100GeV 0.08 0.83 0.09 |150GeV 0.01 0.70 0.28 0.01250GeV 0.003 0.60 0.29 0.111000GeV 0.0002 0.51 0.25 0.24Table 1: Branhing ratios into the di�erent gravitino deay hannels for a number ofspei� gravitino masses. The various parameters are hosen as in Fig. 1.
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4 Neutrino FluxesIn this setion we will onsider the di�use neutrino bakground at the Earth arising fromthe neutrino spetrum from gravitino dark matter deay as disussed above. The di�useneutrino ux has two soures: the deay of gravitinos at osmologial distanes and thedeay of gravitinos in the Milky Way halo. The former ontribution is perfetly isotropi,while the latter has a mild dependene on the Galati oordinates [10, 11℄.The deay of gravitinos at a omoving distane �(z), where z denotes redshift, pro-dues a neutrino ux with a redshifted energy spetrum dN�=d(yE), with y = 1 + z.Making use of the variation of omoving distane with respet to redshift in a matter-and dark energy-dominated Universe, d�=dz = (1+z)�3=2=(a0H0p
M (1 + �(1 + z)�3)),with a0 and H0 being the present osmi sale fator and the Hubble parameter, respe-tively, and � = 
�=
M ' 3 being the ratio between the vauum and matter densityparameters, it is straightforward to show that the neutrino ux reeived at the Earthreads: dJegdE ' Aeg 1Z1 dy dN�d(yE) y�3=2p1 + �y�3 ; (4.1)where most neutrinos ome from very low redshifts. In this equation,Aeg = 
3=2�4��3=2m3=2H0
1=2M = 1:1� 10�7 (m2 s sr)�1� �3=21:3� 1026 s��1 � m3=2150GeV��1 ;(4.2)where we have taken the gravitino density to be equal to the old dark matter den-sity, 
3=2h2 = 0:1, and the other onstants are the ritial density � = 1:05 h2 �10�5GeV m�3, the matter density parameter 
M = 0:25 and H0 = 100 h km s�1Mp�1with h = 0:73.In addition to the extragalati signal there exists a slightly anisotropi neutrino uxstemming from the deay of gravitinos in the Milky Way halo. The energy spetrum isgiven by dJhalodE = Ahalo dN�dE ; (4.3)where the intensity of the ux, Ahalo, depends on the diretion of observation. It isproportional to the line-of-sight integration over the halo density pro�le �halo, beingde�ned as Ahalo = 14��3=2m3=2 Zl.o.s. �halo(~l)d~l : (4.4)For our numerial analysis, we will adopt the spherially symmetri Navarro, Frenk andWhite (NFW) pro�le [20℄: �halo(r) = �0(r=r)[1 + (r=r)℄2 ; (4.5)10



with �0 = 0:26GeV=m3 and r = 20 kp. The normalisation is hosen suh that �(r�) =0:3GeV/m3, where r� = 8:5 kp is the distane of the Sun from the Galati entre.Our onlusions will turn out to be rather insensitive to the partiular hoie of the halopro�le due to the linear dependene of the neutrino uxes on the dark matter densityalong the line-of-sight and the fat that we will integrate the signal over the whole skyexluding the Galati disk.After being produed in gravitino deays, neutrinos propagate while undergoingavour osillations. Sine neutrinos typially travel very long distanes before reahingus, the onversion probabilities are [21℄:P (�e $ ��) = 12 (s223 sin2 2�13 + 223 sin2 2�12) ;P (�e $ �� ) = 12 (223 sin2 2�13 + s223 sin2 2�12) ;P (�� $ �� ) = 12 (413 sin2 2�23 � s223223 sin2 2�12) ; (4.6)while the survival probabilities areP (�e $ �e) = 1� 12 (sin2 2�13 + 413 sin2 2�12) ;P (�� $ ��) = 1� 12 (4 213s223(1� 213s223) + 423 sin2 2�12) ;P (�� $ �� ) = 1� 12 (4 213223(1� 213223) + s423 sin2 2�12) ; (4.7)with sij � sin �ij and ij � os �ij. Inserting into these equations the experimental best�t values for the neutrino mixing angles sin2 �12 = 0:304, sin2 �23 = 0:5 and sin2 �13 =0:01 [22℄, we �nally obtain P (�e $ �e) = 0:56 ;P (�e $ ��) = P (�e $ �� ) = 0:22 ;P (�� $ ��) = P (�� $ �� ) = P (�� $ �� ) = 0:39 : (4.8)Thus, even when the primary neutrino ux is originally mainly omposed of tau neu-trinos, the avour osillations during the propagation will produe omparable uxes ofeletron, muon and tau neutrinos due to the large neutrino mixing angles. In partiular,due to the maximal atmospheri mixing angle, the uxes of muon and tau neutrinos areexpeted to be essentially idential.The uxes for the di�erent neutrino avours and their extragalati and halo on-tributions are shown in Fig. 3. In this plot, a band of �10Æ around the Galati diskhas been removed, and the spetrum is shown with a 10% energy resolution in order totake the �nite energy resolution of the detetor into aount. Note that even with this11
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The e�ets of neutrino osillations on the avour omposition of these uxes aneasily be inluded using the following expression for the onversion probability of muonneutrinos into tau neutrinos:P (�� ! �� ) = sin2 2�atm sin2�1:27 �m2atm[eV2℄L[km℄E[GeV℄ � : (5.1)In this expression, E is the neutrino energy and L is their propagation length after beingprodued in the atmosphere, whih is given byL =p(R� os �)2 + 2R�h + h2 � R� os � ; (5.2)with R� = 6371 km being the mean Earth radius and h = 15 km the mean altitudeat whih atmospheri muon neutrinos are produed. Moreover, the neutrino parametersrelevant for the atmospheri osillations are sin2 2�atm = 1, j�m2atmj = 2:4�10�3 eV2 [22℄.In addition to the ux of tau neutrinos originating from the onversion of muonneutrinos, there exists an intrinsi ontribution from the deay of harmed partilesprodued in the atmosphere, oming from all diretions, whih has a size about 106times smaller than the ux of eletron and muon neutrinos from pion deay. This intrinsiontribution has been omputed by Pasquali and Reno [25℄ and an be parametrised aslog10 �E3 dJ��dE �� GeV2m2 s sr�� = �A +Bx� Cx2 �Dx3; (5.3)where x = log10 (E[GeV℄), A = 6:69, B = 1:05, C = 0:150 and D = �0:00820. Thenext-to-leading order QCD alulation also shown in their paper gives lower uxes forenergies below several TeV and is therefore less onservative.Analogous to the prodution of neutrinos in the Earth's atmosphere, neutrinos areprodued in the solar orona by osmi-ray ollisions. This neutrino ux has been studiedby Ingelman and Thunman in [26℄, who found that the ux of eletron and muon neu-trinos intergrated over the solar disk an be desribed by the following parametrisation:d�xdE = N0 (E[GeV℄)��11 + A (E[GeV℄) (GeV m2 s)�1; (5.4)whih is valid for 102GeV � E � 106GeV. The numerial values of the oeÆients N0,A and  an be found in Tab. 2 for x = �e+��e; ��+���. The eletron and muon neutrinosand antineutrinos produed in the solar orona osillate during their propagation to theEarth. In view of the long distane travelled, the onversion and survival probabilities anbe averaged, and the uxes at the Earth in the di�erent avours an be straightforwardlyalulated from Eq. (4.8). 13



Flavour N0  A�e + ��e 7:4� 10�6 2:03 8:5� 10�6�� + ��� 1:3� 10�5 1:98 8:5� 10�6Table 2: Values for the parametrisation of the orona eletron and muon neutrino ux.Lastly, the uxes of tau neutrinos that originate from Galati soures are disussedby Athar, Lee and Lin in [27℄. For the tau neutrino ux from the Galati plane in thepresene of neutrino osillations they �nd the parametrisationdJ��dE = 9� 10�6 (GeV m2 s sr)�1 (E[GeV℄)�2:64 ; (5.5)whih is valid in the energy range 1GeV � E � 103GeV.6 Detetion Prospets6.1 Comparison with the SignalThe full-sky signal for the neutrinos from gravitino deay is shown in Fig. 4 together withthe results for the atmospheri bakground from FLUKA. The signal lies several orders ofmagnitude below the expeted atmospheri bakground for all avours. Therefore, we �ndthat the interpretation of the EGRET and HEAT anomalies in terms of gravitino deayis ompatible with neutrino ux measurements, as it does not lead to an overprodutionof neutrinos.Going beyond this onsisteny hek, we examine in the following the possibilityof deteting this exoti ontribution in neutrino experiments. Due to the low signal-to-bakground ratio, the signal annot be deteted diretly. It will therefore be neessaryto �nd strategies for e�etively reduing the bakground in order to have any hane ofdeteting the signal. As is apparent from Fig. 4, the tau neutrino hannel appears to bethe most promising of the three avours, sine it has the lowest bakground. In general,the neutrino spetrum from gravitino deay has some very spei� features that ouldallow to distinguish it from the featureless bakgrounds, but the question is whetherneutrino detetors will be able to reah suÆient sensitivity to resolve these features.6.2 Eletron and Muon NeutrinosFor the eletron and muon neutrinos, whih are more easily deteted in neutrino ob-servatories, the signal-to-bakground ratio is very low (� 10�3�4) for lifetimes that are14
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line instead of two. Real limits from neutrino experiments have been onsidered in thepast in [33℄.We are taking here as in [32℄ a nominal energy resolution of 0.3 in log10(E[GeV℄)around the peak position and we single out the value of the lifetime for whih the peakis equal to the bakground. Note that sine the signal is proportional to 1=�3=2, requiringthe peak to be larger than the bakground by a spei� fator only resales the urvesby the inverse of this fator.We learly see again that the tau neutrino hannel in the down-going diretion allowsto onstrain the gravitino lifetime a few orders of magnitude better than the muon oreletron neutrino uxes. On the other hand, similar plots for the gamma-ray hannel [10℄are even more sensitive and give bounds at the order of 1027 s for gravitino masses belowthe W� and Z0 thresholds. For masses above 200GeV, the tau neutrino hannel startsto ompete in sensitivity with the photon hannel, if we neglet for the moment thediÆulties onneted with measuring suh a low ux and identifying the neutrino avour.At even higher energies the bakground ux dereases quikly and therefore the signal-to-bakground ratio improves, but the signal rate then also dereases (as 1=m3=2), makingdetetion more diÆult.7.1 Hyper-KamiokandeThe prospets for Hyper-Kamiokande an be easily obtained by onsidering that its massis planned to be a fator of 10 (for the 0.5 megaton projet) to 20 (for a 1 megaton ase)larger than Super-Kamiokande. Assuming that the rest of the detetor performanes areunhanged, we expet to �nd approximately 20{40 events from our signal per enturyfrom the upper hemisphere.1This number of events might still be too small to allow for statistial analysis. How-ever, we expet most of the events to appear within the peak region or near the thresholdand therefore, an appropriate energy binning, espeially optimised after a signal has al-ready been deteted in gamma rays, ould allow to ollet a signi�ant number of eventsabove the bakground in a spei� energy bin on a shorter timesale. Still, it is learthat a suÆiently good energy resolution is a key requirement for singling out the lineevents, and it remains unertain how and if the tau statistial disrimination analysisan be applied to a sample of suh few events.1 This number ould be larger if the �duial volume of Hyper-Kamiokande is larger than � 1=2 thetotal volume as it is in Super-Kamiokande.
19



7.2 IeCube and km3 DetetorsDetetors of km3 dimensions have in priniple suÆient size to ollet enough eventsto detet the signal within a reasonable time span. Even onsidering that IeCube isatually looking downwards and not at the upper hemisphere, from the horizontal dire-tion and the proton ross-setion we estimate O(100) events per year for the ompletedexperiment. Of ourse, the e�etive area depends on the neutrino energy: taking thee�etive area given in [34℄ for the opposite diretion and assuming most of the signalis above 100GeV, we have instead O(10) events per year. In general, it would be desir-able to lower the energy threshold to reah below 100GeV in order to over the energyrange favoured by the EGRET and HEAT anomalies. The ombination of IeCube withAMANDA already allows to lower the threshold to 30GeV. Additionally, plans are beingonsidered for adding another, denser subdetetor at a deeper loation to improve thesensitivity to dark matter annihilations [34℄. Suh a on�guration ould probably alsobe useful for investigating the present senario and, more generally, other deaying darkmatter andidates.However, in the ase of Cherenkov detetors, the disrimination of tau neutrinos fromother neutrino avours is generally diÆult, and for IeCube strategies for tau avouridenti�ation have been proposed only for neutrinos well above TeV energies [35℄. Itould therefore be more favourable to improve the energy resolution and exploit themuon neutrino �nal state instead.8 ConlusionsWe have examined the neutrino spetrum from the deay of unstable gravitino darkmatter in a senario with bilinear R-parity violation. It has been pointed out in thereent literature that the deay of gravitino dark matter partiles with a lifetime of� 1026 s and a mass of � 150GeV into massive gauge bosons may aount for theanomalies observed in the di�use extragalati gamma-ray spetrum as measured byEGRET as well as in the positron fration as measured by HEAT.2 Motivated by thisobservation, we have omputed the neutrino spetrum for the same hoie of parametersas a onsisteny hek of this senario. We �nd that this spetrum is ompatible withresults from neutrino experiments.We have also examined the detetability of this exoti omponent of the neutrinoux to �nd an independent way to test this senario. While the signal in the neutrinospetrum with two or more distint peaks, resulting from two-body gravitino deays into2The existene of a positron exess seems to be supported by preliminary results from PAMELA [36℄.20



gauge/Higgs boson and neutrino, is very harateristi, it will be hallenging to detetthese features in neutrino experiments. On one side, present neutrino detetors do notahieve a suÆiently high energy resolution to resolve the subdominant peaks, and on theother side, the event rate is expeted to be so small that the bakground of atmospherineutrinos overwhelms the signal in all avours. The most promising signal-to-bakgroundratio is found in the tau neutrino avour, espeially when analysing only the ux fromthe upper hemisphere sine there the atmospheri tau neutrino ux is vastly redued.However, tau neutrinos are diÆult to identify in Cherenkov detetors and probablyonly an event-by-event identi�ation proedure ould allow the signal to be seen withsuh extremely limited statistis. At present, therefore, it is not possible to detet thisontribution due to tehnologial limitations.The ideal detetor for testing the present senario would be one of megaton masswith the ability to identify and measure tau neutrinos event by event. Should suh adetetor ever beome available, it ould be worthwhile to look for this omponent of theneutrino ux by employing strategies for bakground redution suh as the ones disussedhere, espeially if the anomalous signatures in the positron fration and the di�use extra-galati gamma-ray spetrum are on�rmed by PAMELA and FGST, respetively. Thedetetion of a signal in neutrinos ompatible with signals in the other indiret detetionhannels would in fat bring signi�ant support to the senario of deaying dark matter,possibly onsisting of gravitinos that are unstable due to bilinear R-parity violation.AknowledgementsWe would like to thank Wilfried Buhm�uller, Maro Cirelli, Conha Gonz�alez-Gar��a,Riard Tom�as and Mark Vagins for useful disussions.LC would like to thank NORDITA and the organisers of the NORDITA programon "TeV sale physis and dark matter" for hospitality and support during part of thiswork. LC also aknowledges the support of the "Impuls- und Vernetzungsfond" of theHelmholtz Assoiation under the ontrat number VH-NG-006 and of the EuropeanNetwork of Theoretial Astropartile Physis ILIAS/N6 under ontrat number RII3-CT-2004-506222. The work of AI and DT was partially supported by the DFG lusterof exellene Origin and Struture of the Universe.
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