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AbstratWe investigate di�erent neutrino signals from the deay of dark matter partilesto determine the prospets for their detetion, and more spei�ally if any spetralsignature an be disentangled from the bakground in present and future neutrinoobservatories. If deteted, suh a signal ould bring an independent on�rmationof the dark matter interpretation of the dramati rise in the positron frationabove 10GeV reently observed by the PAMELA satellite experiment and o�erthe possibility of distinguishing between astrophysial soures and dark matterdeay or annihilation. In ombination with other signals, it may also be possibleto distinguish among di�erent dark matter deay hannels.

http://arxiv.org/abs/0912.3521v2


1 IntrodutionWhile the existene of dark matter is now �rmly established [1℄, little is known aboutthe properties of the partiles that make up the dark matter, inluding their lifetime.The dark matter partiles are often assumed to be perfetly stable as the result ofa symmetry, e.g. R-parity in supersymmetri models. However, from the gravitationalevidene for the existene of dark matter we an only infer diretly that the dark matterhas to be stable on timesales omparable to the age of the Universe. Measurements ofosmi-ray antimatter, gamma rays and neutrinos, on the other hand, typially imposemuh more stringent onstraints on the dark matter lifetime in the respetive deayhannels [2℄.As with baryoni matter itself, there are good reasons to onsider the ase of unstabledark matter. From the theoretial point of view, we expet at least gravity to violateany global symmetry (and in some ases the symmetry breaking takes plae at a lowersale, as e.g. in models of Grand Uni�ation [3℄). Therefore, we an expet the preseneof at least non-renormalisable operators in the theory allowing for dark matter deay. Inother ases, the dark matter parity symmetry may be only approximate from the start orspontaneously broken, as it ours in some models of R-parity breaking [4℄. Alternatively,the oupling involved in the deay may be very strongly suppressed, as in the ase ofa tiny kineti mixing between visible setor and hidden setor [5℄. In those ases it isnatural to expet a very long lifetime for the dark matter partile, whih may exeed theage of the Universe by many orders of magnitude. Nevertheless, even for suh extremelylong lifetimes the deay signals may be in the observable range [3, 4, 5, 6, 7, 8, 9, 10, 11℄.Another important lue in relation to deaying dark matter is the observation ofseveral exesses in the uxes of osmi rays in the energy region above a few GeV. Namely,the PAMELA experiment observed a steep rise in the positron fration extending up toat least 100GeV [12℄. Furthermore, the experiments Fermi LAT, H.E.S.S. and ATICmeasured the total e+e� ux, �nding that this ux is harder than expeted and fallso� steeply above 1 TeV [13℄. Suh signals an be well explained by the deay of darkmatter partiles in the Galati halo if the deays are suÆiently \leptophili," suh thatone may avoid the overprodution of antiprotons. In fat, the observed antiproton uxis in omplete agreement with the ux expeted from prodution by spallation of osmirays [14℄. Regarding the mass of the deaying partile, the PAMELA data require it to belarger than 200GeV sine the rise in the positron fration extends up to at least 100GeV,while the Fermi and H.E.S.S. measurements of the total e+e� ux indiate a mass of afew TeV, depending on the bakground [15℄ and the partiular deay modes. The eletronux from dark matter deay required to �t the data points towards a lifetime of around1026 s in all ases [7℄. 2



Similar signatures an also be generated by annihilating dark matter, but in this asesome tension with the onstraints oming from the measurement of radio emissions fromthe entre of the Galaxy [16℄ and from inverse Compton sattering with starlight andthe osmi mirowave bakground [17℄ is present. Note that astrophysial explanationsfor the positron exess have also been put forward [18℄, the most popular being one orseveral nearby pulsars as additional soures of eletrons and positrons.The deay of dark matter partiles is an interesting and viable explanation of theobserved eletron anomalies, and it is worthwhile trying to on�rm or exlude this possi-bility by a omplementary examination of other indiret detetion hannels, in partiularneutrinos [8, 9℄. Neutrinos, from this perspetive, have two lear advantages. Firstly, theyare una�eted by magneti �elds and thus, like photons, allow to reonstrut the dire-tion of their origin; therefore they would o�er a lear way to distinguish between theases of annihilating and deaying dark matter, as well as pulsar interpretations of thesignal (even assuming that the pulsars produe also neutrinos in the energy range onsid-ered). Seondly, they are typially produed along with or from the deay of the hargedleptons in many \leptophili" deaying dark matter models [10℄. In suh ases, therefore,the ux of neutrinos is orrelated with the other osmi-ray signals, and their spetrummay give diret information on the dark matter deay hannel. In partiular, hoosingthe mass and lifetime of the dark matter partile suh as to yield a good agreement withthe PAMELA positron exess, one an diretly predit the rates for the orrespondingneutrino signal and look for it in present and future experiments. These are the twoadvantages we will try to exploit in this paper.On the other hand, neutrinos also su�er from some lear disadvantages with respetto other indiret detetion hannels: The large atmospheri neutrino bakground makesit diÆult to disentangle any signal up to TeV energies for the lifetimes indiated by theosmi-ray anomalies mentioned above. A further disadvantage is the neessity of verylarge detetors to measure the omparably small neutrino uxes expeted from darkmatter deay. Fortunately, new large neutrino detetors, namely IeCube and possiblyKM3NeT, will beome fully operational in the near future and may allow to detet eventhe small signals we disuss here.This paper is organised as follows: In setion 2 we will disuss the neutrino uxexpeted from deaying dark matter in our Galaxy and ompare it with the one fromdark matter annihilation in order to disuss the best strategy for the detetion of thesignal in these two ases. In setion 3, we will present the spetral signatures for a numberof di�erent dark matter deay modes. In setion 4 we will give the present bounds fromneutrino experiments and the expeted rates for present and future neutrino detetors.We will also disuss the prospets for distinguishing between di�erent neutrino spetra3



in ase a signal is deteted. We will �nally present our onlusions in setion 5.2 Neutrino FluxesWe onentrate in this setion on the neutrino ux expeted from the dark matter in theMilky Way halo, sine on one hand it is the dominant soure, and on the other hand ithas a nontrivial diretionality that may be exploited, as in the ase of gamma rays [19℄, todisentangle the di�erent hypotheses of dark matter deay versus annihilation. In addition,an isotropi extragalati omponent is expeted from unresolved osmologial soures,whih in the ase of deaying dark matter is of the same order of magnitude as thehalo ontribution, so that it may inrease the overall signal by a fator of two or so.This extragalati omponent is expeted to be negligible in the ase of dark matterannihilation.Deaying Dark Matter For the ase of deaying dark matter partiles in the halo,the di�erential ux of neutrinos is given by the following integral along the line of sight:dJhalodE = 14� �DMmDM dN�dE Zl.o.s. �halo(~l) d~l ; (2.1)where �DM and mDM are the lifetime and the mass of the deaying partile, dN�dE is theneutrino energy spetrum from the deay and �halo is the dark matter density in the halo.Adopting for �halo the NFW density pro�le, we obtain for the averaged full-sky ux�dJhalodE � = �lo (R� + r)4� �DMmDM dN�dE  artanh 11 + rR� !� ln(R�r )rR� � 1 � 12 ln�2 R�r + 1�!= 1:3� 10�8 (m2 s sr)�1�1026 s�DM ��1TeVmDM � dN�dE ; (2.2)with the loal halo density �lo = 0:3GeV m�3, the solar distane from the Galatientre R� = 8:5 kp and r = 20 kp. The numerial result is only weakly dependent onthe halo parameters and the pro�le.The ux is inversely proportional to the produt of the dark matter partile mass andlifetime. Thus, for a �xed lifetime the ux is inversely proportional to the dark mattermass mDM due to the lower number density of dark matter partiles for higher masses.Annihilating Dark Matter For an annihilating partile, the di�erential ux of neu-trinos is instead given by the following integral along the line of sight:dJhalodE = h�viDM8�m2DM dN�dE Zl.o.s. �2halo(~l) d~l ; (2.3)4



where h�viDM and mDM are the dark matter annihilation ross-setion and the darkmatter mass, dN�dE is the neutrino spetrum from annihilation instead of deay, and theline-of-sight integral, in this ase, ontains the square of the halo density. It is there-fore lear that for the same halo pro�le the annihilating dark matter signal is stronglyenhaned towards the entre of the Galaxy, espeially for uspy halo pro�les.Propagation After the neutrinos are produed in the deay or annihilation of darkmatter partiles, they travel in straight lines through the Galaxy, essentially withoutany interations. The only modi�ations to the uxes during this time are due to avourosillations [20℄. In fat, using the experimental best-�t values for the neutrino mixingangles, sin2 �12 = 0:304, sin2 �23 = 0:5 and sin2 �13 = 0:01 [21℄, and negleting possibleCP-violating e�ets, the neutrino osillation probabilities in vauum are given byP (�e $ �e) = 0:56 ;P (�e $ ��) = P (�e $ �� ) = 0:22 ;P (�� $ ��) = P (�� $ �� ) = P (�� $ �� ) = 0:39 : (2.4)Thus, a primary neutrino ux in a spei� avour is redistributed almost equally into allneutrino avours during propagation and any avour information is lost. On the otherhand, this means that nearly the same signal is present in any avour and may allow tohoose the best hannel for disovery aording to the bakground and eÆieny of thedetetor.2.1 Bakground FluxesLet us now disuss the bakground for our neutrino signal. The main bakground for theobservation of neutrinos in the GeV to TeV range are neutrinos produed in osmi-rayinterations with the Earth's atmosphere. Here we use the atmospheri neutrino uxesalulated by Honda et al. [22℄. The theoretial unertainty of these uxes is estimatedto be better than 25% in the GeV to TeV range, while the unertainty in the ratio ofthe di�erent avours is signi�antly smaller. We extend the atmospheri neutrino uxesto energies above 10TeV using the slopes given by Volkova et al. [23℄.Conventional eletron and muon neutrinos are diretly produed from pion and kaondeays. While eletron neutrinos are pratially una�eted by neutrino osillations due tothe large osillation length, muon neutrinos, partiularly at low energies, an be onvertedinto tau neutrinos and provide the dominant tau neutrino bakground at energies below1TeV. The onversion probability of muon neutrinos into tau neutrinos is given byP (�� ! �� ) ' sin2 �3:05� 10�3 L (km)E� (GeV)� : (2.5)5



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 � ; (2.6)with R� ' 6:4� 103 km being the Earth's radius and h ' 15 km the mean altitude atwhih atmospheri neutrinos are produed.In addition to the onventional atmospheri neutrino ux from pion and kaon deaysthere is a prompt neutrino ux from the deay of harmed partiles that are also pro-dued in osmi-ray ollisions with the atmosphere. The prompt neutrinos have a harderspetrum than the onventional ones and therefore dominate at higher energies (roughlyabove 10TeV for eletron neutrinos and above 100TeV for muon neutrinos). Sine theseontributions are not well understood and in any ase subdominant in the energy rangethat is of interest here, we neglet them in the present study.On the other hand, the prompt tau neutrinos start to dominate around 1TeV (andat even smaller energies for downgoing neutrinos). Thus we inlude this ontributionusing the parametrisation [24℄log10 �E3 dJ��dE �� GeV2m2 s sr�� = �A +Bx� Cx2 �Dx3; (2.7)where x = log10 (E (GeV)), A = 6:69, B = 1:05, C = 0:150 and D = �0:00820. Thisparametrisation is valid in the energy range of 100GeV up to 1PeV. However, we pointout that ompared to the onventional atmospheri neutrino ux the prompt ux su�ersfrom larger unertainties.Other neutrino bakgrounds in the onsidered energy range are neutrinos produedin osmi-ray interations with the solar orona [25℄ and those produed in osmi-rayinterations with the interstellar medium in the Milky Way [26℄. While the former issubdominant in di�use searhes for all avours [8℄ and an be exluded from the analysisby exluding neutrinos from the diretion of the Sun, the latter represents an irreduible,ill-understood neutrino bakground for searhes in the Galati dis diretion. In fat, theux of Galati neutrinos is expeted to beome omparable to the atmospheri eletronneutrino bakground for the Galati dis diretion and energies in the TeV range.2.2 General Detetion Strategy and Use of DiretionalityIn view of the subdominant neutrino signals from dark matter deays it is important todevise strategies that redue the bakground. In [8℄ it was proposed to use diretionalityin order to redue the bakground in the tau neutrino hannel. This is possible sine the6
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For the ase of deaying dark matter on the other hand, the best strategy is tomeasure the full-sky signal and not onentrate on the region around the Galati entre.In fat the gain oming from the enhaned dark matter density is ounterated by thesmallness of the olleting area and so the signi�ane of the signal goes quikly to zeroas a funtion of the angle for any pro�le, even for uspy pro�les like the NFW pro�le.The observation of only a fration of the sky around the Galati entre diretion leadsto an inrease in the signal-to-bakground ratio, but not of the signi�ane. We thereforeonlude that for deaying dark matter there is no advantage in looking only at theGalati entre. The full-sky signal o�ers not only better statistis, but also a highersigni�ane.Considering the diretionality of the atmospheri bakground instead of the signal,another good strategy might be to exploit the fat that the ux from the zenith diretionis (dependent on the energy) a few times smaller than from the horizontal diretion.Assuming a signal that does not depend on the zenith angle, the observation of only afration of the sky around the zenith diretion is again learly leading to an inrease inthe signal-to-bakground ratio. Also in this ase though, it turns out that the best valuefor the signi�ane is ahieved for a full-sky observation.We an therefore onlude that exploiting the diretionality of the signal or bak-ground, apart from the ase of spei� avours like the tau neutrino disussed in [8℄,is not promising for the �rst detetion of deaying dark matter. The largest rate andsigni�ane is ahieved for a full-sky searh, and this is the option we will disuss in thefollowing. On the other hand, diretionality o�ers a lear way to disentangle deayingdark matter from either annihilating dark matter, where looking into the Galati entreshould give an inrease in signi�ane, or from point soures like dwarf galaxies, pulsarsand supernova remnants.3 Neutrino and Muon SpetraThe neutrino spetra depend on the deay hannel of the dark matter partile. Thesimplest possibility is a diret deay into two neutrinos for a salar partile or intoZ0� for a fermion. Then the resulting spetrum is just a monohromati line for theGalati signal and an integral of the redshifted line from the extragalati signal (anda ontinuum ontribution from the fragmentation of the Z0 boson in the ase of deay
8



into Z0�). So for this ase we have the simple spetradN�dE (DM! X�) / Æ �E � mDM2 �+ Cl.o.s. 1 + �� 2EmDM�3!�1=2 � 2EmDM�1=2��E � mDM2 �(+ ontinuum) ; (3.1)
where X = Z0; ; � and we have assumed here that the mass of X is negligible. Cl.o.s.is the ratio of the extragalati and the Galati signal, whih is a number of order onegiven by Cl.o.s. = 
DM �H0
1=2M 0� Zl.o.s. �halo(~l) d~l1A�1 (3.2)and � = 
�=
m � 3 is the ratio of the dark energy density and the matter density inthe Universe.Another harateristi spetrum is that obtained from a three-body deay into threeleptons `+`��, whih has the familiar triangular shape when plotted on a logarithmiaxis.1 In this ase the expression for the extragalati signal is more involved, but it stillappears as a softer triangular shape whih dominates at low energies, as an be seenfrom the hange in slope for the three-body spetra in Figures 2 and 3. We show here asan example the spetrum of the deay of a fermioni dark matter partile mediated bya heavy salar partile, orresponding to a salar-type 4-fermion interation.Finally, a ontinuous neutrino spetrum is generated by any heavy partile thatdeays into neutrinos, like the muon, or fragments into harged pions, like the eletroweakgauge bosons or the tau lepton. We use here as examples of ontinuum neutrino spetra,the spetra arising from the deay of a salar partile into longitudinal gauge bosonssimilar to the Higgs deay and from the deay of a fermioni hiral lepton intoW�`�; Z0�.We use PYTHIA 6.4 [27℄ to simulate the gauge boson fragmentation and the heavyleptoni deays.The orresponding neutrino uxes for these di�erent types of spetra are shown inFigures 2 and 3 for a salar and a fermioni dark matter andidate, respetively, togetherwith the expeted atmospheri bakground and the data measured by the Fr�ejus [28℄,Super-Kamiokande [29℄, AMANDA-II [30℄ and IeCube [31℄ experiments. We see thatfor a lifetime of the order of 1026 s, whih is the order of magnitude suggested by thePAMELA exess [11℄, the signal always lies below the measured bakground of muon1This holds for the most ommon senarios, where the deay is mediated by a heavy salar or a heavyvetor boson. In both ases the Mihel parameter � is equal to 3/4, yielding the same neutrino energyspetrum. 9
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neutrinos. The best signal-to-bakground ratio is ahieved for the high-energy end of thespetrum, whih gives information about the mass sale of the deaying partile.The neutrino spetra shown in Figures 2 and 3 look rather distintive, and an inter-esting question is whether they an be disentangled in a neutrino detetor. We have toonsider that neutrino detetors do not really measure neutrinos diretly, but the orre-sponding harged leptons or showers, produed in the interations of neutrinos with theintervening matter.3.1 Neutrino InterationsSine we are interested in neutrino energies muh larger than nuleon masses we onlytake into aount deep inelasti neutrino{nuleon sattering. Neutrino{eletron elastisattering is subdominant in this energy range and will be negleted.The ross-setions for deep inelasti sattering of (anti)neutrinos o� nuleons at restare given byd�� p;nCC/NC(E� ; y)dy ' 2mp;nG2F� E� �a� p;nCC/NC + b� p;nCC/NC (1� y)2�' 3:2� 10�38 m2GeV E� �a� p;nCC/NC + b� p;nCC/NC (1� y)2� (3.3)with a� p;nCC = 0:15; 0:25, b� p;nCC = 0:04; 0:06 and a�� p;nCC = b� n;pCC , b�� p;nCC = a� n;pCC for harged-urrent interations, and a� p;nNC = 0:058; 0:064, b� p;nNC = 0:022; 0:019 and a�� p;nNC = b� p;nNC ,b�� p;nNC = a� p;nNC for neutral-urrent interations [20, 32℄. The inelastiity y is given byy = 1� E`E� or y ' EhadE� ; (3.4)where E` is the energy of the generated lepton and Ehad is the energy of the generatedhadroni shower. Equation (3.3) holds only for neutrino energies up to the TeV regionwhen the e�et of the massive gauge boson propagators annot be negleted anymore.For higher energies the ross-setions are overestimated.For the total neutrino{nuleon ross-setions one obtains�� p;nCC/NC(E�) ' 2mp;nG2F� E� �a� p;nCC/NC + 13 b� p;nCC/NC� : (3.5)As we an see, the total ross-setion is proportional to the energy of the inomingneutrino in the onsidered energy range.3.2 Muon NeutrinosThe harged-urrent deep inelasti sattering of a muon neutrino o� a nuleus pro-dues a hadroni shower and a muon. These trak-like events an be learly identi�ed in12



material density (g/m3) hZ=Ai � (GeV m2/g) � (m2/g)standard rok 2.650 0.5 2:3� 10�3 4:4� 10�6water 1.000 0.55509 2:7� 10�3 3:3� 10�6ie 0.918 0.55509 2:7� 10�3 3:3� 10�6Table 1: Density, proton-number-to-mass-number ratio and approximate muon energyloss parameters for the materials of interest in Cherenkov detetors.Cherenkov detetors via the Cherenkov light one of the relativisti muon.3.2.1 Through-going MuonsSine muons are rather long-lived (�� = 658:650m), their range is only limited by energyloss during their passage through matter and not by their lifetime. Therefore Cherenkovdetetors an also observe muons that are generated in the surrounding material of thedetetor. This e�et enhanes the e�etive detetor area for high-energy muon neutrinos.The average rate of muon energy loss an be written as� dE�dx = �(E�) + �(E�)E� ; (3.6)where �(E�) desribes the ionisation energy loss and �(E�) takes into aount the energyloss due to radiative proesses: e+e� pair prodution, bremsstrahlung and photonulearontributions. Both �(E�) and �(E�) are slowly varying funtions of the muon energy.As long as we an approximate � and � as energy-independent, the average range afterwhih the muon energy drops below a threshold energy Eth� is given byR�(E�; Eth� ) = 1� � ln � �+ �E��+ �Eth� � ; (3.7)where � is the density of the medium. The relevant parameters for standard rok, waterand ie are given in Table 1. The values of the density and the average proton-number-to-mass-number ratio are taken from [33℄. The muon energy loss parameters given in thetable are best-�t values from the �t of equation (3.7) to the tabulated data in [33℄. Fromequation (3.7) we an determine the initial muon energy as a funtion of the �nal muonenergy and the muon range:E0�(E�) = E�e��r + �� �e��r � 1� : (3.8)In fat, equation (3.6) does not aount for the stohasti nature of radiative muon energylosses whih start to dominate at TeV energies (E > �=�), and therefore equation (3.7)overestimates the muon range for large energies.13



The rate of muon neutrino indued through-going muon events is given bydNdt =Z d
 1Z0 dE�� dJ��(E�� ; �; �)dE�� Ae���(E��; �; �)=Z d
 1ZEth� dE�� E�ZEth� dE� dJ��(E��; �; �)dE�� �d��pCC(E��; E�)dE� np + (p! n)��R�(E�; Eth� )Ae�� (E�; �; �) e���N (E�� )nN L(�) + (� ! ��) ; (3.9)
where the number density of protons is given by np = �NA hZ=Ai and the density ofneutrons by nn = �NA(1� hZ=Ai). NA = 6:022� 1023mol�1 is the Avogadro onstant,� is the density of the material and hZ=Ai is the average ratio of the proton numberand the mass number of the material as given in Table 1. Due to the small neutrino{nuleon ross-setion the attenuation term that aounts for the absorption of part ofthe signal and bakground neutrino uxes during the passage of the Earth is negligiblein the onsidered energy range. However, sine the neutrino{nuleon ross-setion riseswith inreasing neutrino energy, this e�et beomes non-negligible at neutrino energiesabove 10TeV.The neutrino e�etive area Ae��� is de�ned as the ratio of the rate of reonstrutedevents and the inident neutrino ux. It is alulated using Monte Carlo methods andinorporates the attenuation of the neutrino ux during the passage of the Earth, theneutrino{nuleon ross-setion, the range of the generated muon and the reonstrutionand seletion eÆienies. This e�etive area is usually provided by the experimentalollaborations. The energy dependene of the neutrino e�etive area omes mainly fromthe energy dependene of the ross-setion (roughly / E�) and the inrease of the muonrange. Notie that the muon e�etive area Ae�� , on the other hand, is de�ned as the ratioof the rate of reonstruted events and the inident muon ux. This area inorporatesonly the geometry of the detetor and the detetion eÆieny. It is roughly equal to thegeometrial area but might have a slight energy dependene.For the alulation of the spetrum of muon neutrino indued muons at the detetorposition we have to take into aount the shift to lower energies due to the energy lossduring muon propagation through matter [34℄:d��dE� =Z d
 1ZE� dE��R�(E�� ;E�)Z0 dr e�%r dJ(E��; �; �)dE�� �d��pCC(E��; E0�)dE0� np + (p! n)�E0�=E0�(E�)+ (� ! ��) ; (3.10)where we negleted the attenuation term. In this expression the initial muon energyenters as an expliit funtion of the �nal muon energy as given by equation (3.8).14
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Figure 4: Muon uxes for the di�erent deay hannels of a dark matter andidate om-pared to the atmospheri bakground for upward through-going muons in standard rok.The ux is omputed for a dark matter mass of 1TeV (left) or 10TeV (right) and alifetime of 1026 s, for the neutrino spetra in Figures 2 and 3. In this ase the muons loseenergy on their way to the detetor, smoothing out the spetral edges.Using equation (3.10) we alulate the ux of through-going muons indued by neu-trinos from various dark matter deay hannels and show the results in Figure 4 for thease of a detetor surrounded by standard rok. However, the result is also appliablefor the ase of detetors surrounded by water or ie sine the dependene on the densityanels in equation (3.10) and the muon energy loss parameters are roughly similar forthe di�erent materials (f. Table 1). Sine there is no possibility to veto for the over-whelming bakground of atmospheri muons, only upgoing events and therefore a solidangle of 2� an be used for the analysis. We see that the deep inelasti sattering trans-forms the monohromati neutrino lines into a ontinuous muon spetrum. In addition,the energy loss in the muon propagation smooths out all the spetra making the edgeorresponding to half the dark matter partile mass less lear. Still the spetrum for aline signal remains steeper than the others at the endpoint.3.2.2 Contained MuonsThese events are similar to through-going muons but in this ase the neutrino{nuleoninteration takes plae inside the instrumented volume. If the muon trak ends inside thedetetor the events are alled ontained. If the muon trak leaves the detetor one speaksof a partially ontained event. The rate of muon neutrino indued (partially) ontained15
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Figure 5: Spetra of ontained muons for the di�erent deay hannels of a dark matterandidate ompared to the atmospheri bakground. The event rate per km3 of detetorvolume (�lled with ie) is omputed for a dark matter mass of 1TeV (left) or 10TeV(right) and a lifetime of 1026 s, for the neutrino spetra in Figures 2 and 3. The linesignal is hanged into a muon ontinuum due to deep inelasti sattering, but it retainsa hard edge at half the deaying partile mass. Also the other spetra are softer thanthe original neutrino ones, with the ontinuum neutrino spetra produing a rise at lowenergy, unfortunately well below the bakground.trak-like events per unit detetor volume is given bydNdE� dV dt = Z d
 1ZE� dE�� dJ��(E��; �; �)dE�� �d��pCC(E��; E�)dE� np + (p! n)�+ (� ! ��) ;(3.11)where we also negleted the attenuation term. In this ase also the hadroni asade isontained in the detetor volume and therefore, by measuring the energy of the muon aswell as of the hadroni asade, it is in priniple possible to reonstrut the total energyof the inident muon neutrino. In this ase, however, one has to rely on the detetionalso of the hadroni asade whih, as we will disuss later, seems to be hallenging.The e�etive volume of the detetor for ontained events orresponds roughly to thegeometrial volume (apart from boundary e�ets and reonstrution eÆieny) and itis not enhaned by the muon range, whih as we have seen, grows as E�. Therefore,the statistis for ontained events is muh lower than for through-going events at largeenergies. For instane in the ase of Super-Kamiokande the event rate above roughly10GeV is dominated by through-going muons. On the other hand, in the energy range16



of interest for dark matter searhes the muon range is of the order of one kilometer andtherefore the expeted rate of ontained muons is omparable to the rate of through-going muons in detetors of ubi kilometer size. Thus, these ontained events might beequally important for dark matter searhes at the new generation of neutrino telesopes.In addition, for downgoing ontained muon events there is the interesting possibilityto redue the bakground of atmospheri muon neutrinos by the detetion of a oinidentmuon that was produed in the same parent meson deay [35℄. This strategy ould be usedto inrease the signal-to-bakground ratio for this hannel, espeially at large energies.However, we will not disuss this strategy quantitatively in this work.In Figure 5 we show the muon spetra for ontained events alulated using equa-tion (3.11) for the ase of a detetor volume �lled with ie. The result for a volume ofwater an easily be obtained resaling the rate with the slightly di�erent density. In thisase there is no smoothing due to muon energy loss as in the ase of through-going muonsand the edges of the spetra are learer, in partiular for the ase of a two-body deay.Here we only disussed the ase where only the muon is measured sine this is whatan be done by the experiments at the moment. If the hadroni shower is also measuredthe ombined reonstruted spetra would be as in Figures 2 and 3. This is similar tothe ase of eletron and tau neutrinos that is disussed in the next setion. However,as will be disussed there, that hannel o�ers a better signal-to-bakground ratio and abetter energy resolution and will therefore be of more interest one the showers an bemeasured and used for analyses.3.3 Eletron and Tau NeutrinosThe harged-urrent deep inelasti sattering of an eletron neutrino o� a nuleus pro-dues a hadroni shower and an eletron that immediately auses an eletromagnetishower. The harged-urrent deep inelasti sattering of a tau neutrino o� a nuleusprodues a hadroni shower and a tau lepton. Due to the short lifetime of the tau lep-ton (�� = 87:11�m), at these energies it deays almost instantly and produes anothershower at the interation point. Thus, at energies below many TeV, detetors like IeCubeannot distinguish eletron neutrino from tau neutrino events sine both types produesimilar showers in the detetor [36℄. In these ases, however, the whole neutrino energyis deposited in the detetor and therefore it may be possible in priniple to reonstrutbetter the initial neutrino spetrum. On the other hand, the analysis for asade-likeevents is muh more diÆult than the analysis for muon traks. No asade events fromatmospheri neutrinos have been identi�ed yet and there are only �rst studies on thistopi e.g. by the IeCube ollaboration [37℄. For this reason there is no e�etive area for17
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Figure 6: Spetra of asade-like events for the di�erent deay hannels of a dark matterandidate ompared to the atmospheri bakground. The event rate per km3 of detetorvolume (�lled with ie) is omputed for a dark matter mass of 1TeV (left) or 10TeV(right) and a lifetime of 1026 s, for the neutrino spetra in Figures 2 and 3.this type of events available yet and therefore it is diÆult to estimate realistially thesensitivity in shower events.Shower-like events are also harateristi of the neutrino{nuleon neutral-urrentinteration and for this reason probably only a ombined analysis of neutral-urrentinterations for all neutrino avours and harged-urrent interations for tau and eletronneutrinos will be feasible. In this ase the total rate of neutrino-indued shower-like eventsis given bydNdEshower dV dt =Z d
(X`=e;� �dJ�`(E�`; �; �)dE�` [��pCC(E�`)np + (p! n)℄�E�`=Eshower+ X`=e;�;� 1ZEshowerdE�` dJ�`(E�`; �; �)dE�` �d��pNC(E�`; Eshower)dEshower np + (p! n)�)+ (� ! ��) : (3.12)We give in Figure 6 the signal and atmospheri bakground spetra alulated fromequation (3.12) for the ase of a detetor volume �lled with ie. Note that in this asethe muon neutrinos ontribute only via neutral-urrent interations whih are weakerby a fator of about three ompared to harged-urrent interations (f. equation (3.5)).Still, sine the atmospheri muon neutrino ux is a fator of 20 larger than the eletron18



neutrino ux at TeV energies, the atmospheri muon neutrinos provide the dominantbakground. At the same time the signal is inreased by roughly a fator of three. This isbeause, due to neutrino osillations, the signal is roughly equal in all neutrino avoursand, therefore, the signal rate from the harged-urrent interations of eletron and tauneutrinos is the same as for the muon neutrinos. In addition, the ombined neutral-urrent signal of all avours ontributes at the same level as the harged-urrent signalof one avour. In summary, asade-like events will o�er a signal-to-bakground ratiothat is roughly one order of magnitude larger than in the muon ase and, therefore,they appear to be a very promising hannel, if they are measured. We see also that inthis ase, assuming that the total shower energy an be reonstruted, the line-featureis preserved and learly visible.4 Rates and Bounds4.1 Super-KamiokandeSuper-Kamiokande is a 50 kt water Cherenkov detetor. The �duial mass is 22.5 kt andthe muon e�etive area is 1200m2 (with a slight zenith angle dependene due to theylindrial shape of the detetor). It is idential to the geometrial area sine the re-onstrution and seletion eÆienies are virtually 100%. Super-Kamiokande has beenlooking for a neutrino signal, mostly from dark matter annihilation in the entre of theSun, the entre of the Earth and in the Galati entre. No exess has been found so far,and this an also be used to put a onstraint on the deaying dark matter ase. We om-pare the ux of upward through-going muons from dark matter deay (integrated overenergies above the threshold at 1.6GeV) with the 90% C.L. ux limit of exess neutrino-indued upward through-going muons provided by the Super-Kamiokande ollaborationfor the Galati entre (the limits from the Sun and Earth ux are weaker) [38℄. Asdisussed in setion 2.2, the strongest bounds are obtained for the largest �eld of view.The exlusion region in the deaying dark matter parameter spae derived from the limitin the 30Æ half-angle one around the Galati entre is given in Figure 7.The bounds obtained here beome stronger for larger masses although the neutrinoux is proportional to 1=mDM for onstant lifetime. This is due to the inreasing neutrino{nuleon ross-setion and the inreasing muon range. The bounds are stronger for thetwo-body deay signal ompared to the other ases sine there the signal is onentratedat the end of the spetrum and bene�ts from the larger neutrino{nuleon ross-setionand muon range. Note that these present bounds do not have sensitivity to the parameterregion preferred by the PAMELA exess yet, whih orresponds to a lifetime of the order19
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proposed ubi-kilometer sized underwater neutrino telesope in the Mediterranean Sea,whih will probably have an e�etive volume omparable to IeCube, but will be able tolook at the Galati entre, while the proposed Hyper-Kamiokande and Underwater Neu-trino Observatory (UNO) are water Cherenkov detetors similar to Super-Kamiokandebut of megaton sale.For the ase of IeCube we also take into aount the DeepCore subdetetor, whihis urrently under onstrution. It is designed to lower the energy threshold of the ex-periment to roughly 30GeV and to inrease the sensitivity at low energies. This detetoronsists of six additional strings with less spaing between the digital optial modulesompared to IeCube. One of these strings has already been deployed in early 2009.Commissioning of the full detetor is planned for early 2010, while IeCube itself willonly be ompleted in early 2011. The ombination of IeCube and DeepCore an use theouter layers of IeCube as a veto to atmospheri muons and therefore has a 4� sensitivityfor fully and partially ontained events, but a onsiderably smaller e�etive volume.For the alulation of rates of upward through-going muon events we use the neu-trino e�etive areas for AMANDA, ANTARES and the IeCube 80 strings on�gurationfrom [39℄ and integrate over the muon spetrum. For the ombined IeCube + DeepCoredetetor we amend the e�etive area in the low-energy range using the neutrino e�etivearea given in [40℄. In the ase of Super-Kamiokande we alulate the rate using equa-tion (3.9) with standard rok as surrounding material, a muon e�etive area of 1200m2and a threshold muon energy of 1.6GeV.We see from Tables 2 and 3 that a sizable number of events is expeted for a lifetimeof 1026 s, espeially for experiments of ubi kilometer sale, suh as to beome signi�antabove the atmospheri bakground even for a dark matter partile mass of 300GeV. Ofourse for larger masses the signi�ane beomes greater due to the inreasing signalrate. Note that here we did not make use of any spetral information. In that ase largerdark matter masses would also bene�t from the falling bakground.Requiring the ombined number of signal and bakground events not to exeed thebakground above the 90% C.L. (in the Gaussian approximation this orresponds to� = S=pB < 1:28), similar to the ase of Super-K in Figure 7, we an then give inFigure 8 a foreast of the exlusion region whih may be obtained from kilometer-ubedexperiments using one year of data. The larger statistis of the future experiments willimprove the Super-K bounds by more than an order of magnitude and explore the regionof lifetimes above 1025 s, for masses larger than 200GeV. Note that for ten years of datathe lifetime limit will beome stronger approximately by a fator of three. For lowermasses the bounds will remain weaker, but in that parameter region a very important rolewill be played by DeepCore, whih will onsiderably improve the IeCube performane21



deay hannel Super-K AMANDA ANTARES IeCube IC+DeepCoreatmospheri �� 4:3� 102 1:5� 103 1:8� 103 3:0� 105 3:5� 105DM ! ��� 1:4� 100 5:0� 100 6:4� 100 1:4� 103 1:6� 103DM ! �+�� 4:1� 10�1 6:3� 10�1 1:0� 100 2:7� 102 3:5� 102DM ! �+�� 4:1� 10�1 6:0� 10�1 9:6� 10�1 2:6� 102 3:5� 102DM ! Z0Z0 2:4� 10�1 3:6� 10�1 5:4� 10�1 1:4� 102 1:8� 102DM !W+W� 1:8� 10�1 3:0� 10�1 4:5� 10�1 1:2� 102 1:5� 102DM ! Z0� 7:1� 10�1 2:1� 100 2:8� 100 6:4� 102 7:3� 102DM ! e+e�� 4:8� 10�1 1:4� 100 1:9� 100 4:4� 102 5:0� 102DM ! �+��� 6:7� 10�1 1:6� 100 2:2� 100 5:4� 102 6:4� 102DM ! �+��� 6:8� 10�1 1:6� 100 2:2� 100 5:3� 102 6:4� 102DM !W�e� 1:0� 10�1 2:0� 10�1 2:8� 10�1 7:1� 101 8:9� 101DM !W��� 3:1� 10�1 5:2� 10�1 8:0� 10�1 2:1� 102 2:7� 102DM !W��� 2:9� 10�1 4:4� 10�1 7:0� 10�1 1:9� 102 2:4� 102Table 2: Number of upward through-going muon events per year from the atmospherineutrino bakground and di�erent dark matter deay hannels at several neutrino ex-periments. The signals are given for a dark matter lifetime of 1026 s and a dark mattermass of 300GeV.between 30{100GeV masses as an be seen in the right panel of Figure 8, and also bythe megaton water detetors whih are expeted to strengthen the Super-K bounds byan order of magnitude down to masses of a few GeV. This low-mass region does notprovide an explanation of the PAMELA exess and is plagued by a stronger atmospheribakground, but it is still remarkable that even there lifetimes larger than 1024 s will beprobed in future experiments.4.3 Energy Resolution and Reonstruted SpetraOne a signal has been deteted, the question arises if it will also be possible to re-onstrut the neutrino spetra and extrat some information on the dark matter deayhannel. For this purpose one important fator is the energy resolution of the neutrinodetetors. We will take here for referene the IeCube detetor, for whih the energy res-olution is log10(Emax=Emin) = 0:3{0.4 for trak-like events and log10(Emax=Emin) = 0:18for asade-like events [41℄.We show in Figures 9{14 the histograms for the signal and the atmospheri bak-ground using an energy resolution of 0.3 in log10E and three bins per deade for upwardthrough-going and ontained muons, and an energy resolution of 0.18 in log10E and22
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deay hannel through-going muons ontained muons shower eventsDM ! ��� 8:9� 1025 s 1:4� 1026 s 1:0� 1027 sDM ! �+�� 2:4� 1025 s 4:7� 1025 s 3:2� 1026 sDM ! Z0Z0 1:1� 1025 s 2:1� 1025 s 1:3� 1026 sDM ! Z0� 4:9� 1025 s 7:9� 1025 s 5:9� 1026 sDM ! e+e�� 2:9� 1025 s 4:8� 1025 s 3:7� 1026 sDM !W�e� 5:4� 1024 s 9:9� 1024 s 6:2� 1025 sDM !W��� 1:7� 1025 s 3:4� 1025 s 2:2� 1026 sDM ! ��� 6:6� 1026 s 6:0� 1026 s 5:1� 1027 sDM ! �+�� 1:9� 1026 s 1:8� 1026 s 1:6� 1027 sDM ! Z0Z0 9:1� 1025 s 8:3� 1025 s 6:5� 1026 sDM ! Z0� 3:8� 1026 s 3:4� 1026 s 2:9� 1027 sDM ! e+e�� 2:2� 1026 s 2:1� 1026 s 1:9� 1027 sDM !W�e� 4:4� 1025 s 3:9� 1025 s 3:1� 1026 sDM !W��� 1:4� 1026 s 1:3� 1026 s 1:1� 1027 sTable 4: Dark matter lifetimes orresponding to a � = 5 signi�ane in the most signif-iant energy bin after one year of observation in an idealised detetor with an e�etivemuon area of 1 km2 and an e�etive volume for ontained muons and showers of 1 km3.The numbers are given for dark matter masses of 1 TeV (top) and 10TeV (bottom).Notie that the sensitivity obtained with through-going and ontained muons is similar.At larger masses the bound from through-going muons is stronger sine the statistisinreases due to the longer muon range at higher energies. However, negleting reon-strution eÆienies the strongest onstraint is obtained from shower events sine thathannel o�ers the best signal-to-bakground ratio (see disussion in setion 3.3).energy bin from Figures 9{14 but a ombination of several energy bins optimised foreah individual deay hannel it will be possible to set even stronger onstraints on thedark matter lifetime. So a signal in the region preferred by PAMELA should be in thedetetable range.On the other hand, disriminating between the spetra for the di�erent hannels willnot be so straightforward, espeially if the mass of the deaying partile is unknown. Afteronvolution with the energy resolution, the two-body, three-body or ontinuum spetraappear quite similar, espeially within their statistial error, but their signi�ane peaksat slightly di�erent values for the same dark matter mass. Note, though, that the signalfrom a neutrino line remains steeper than the other ones at the edge and it may bepossible to distinguish it with suÆient statistis. In this respet the more promisingstrategy is probably exploiting the better energy resolution of the shower events, if they31



an be deteted. In general a omparison between the di�erent types of events, through-going, ontained and asade-like, will make disentangling the shape of the spetra easier.Moreover, if the dark matter mass is measured via another hannel, like gamma-rays, itmay be possible to exploit this information in the neutrino �t and ompare the positionof the neutrino signal \peak" in the data with the expetation. This should help indisentangling at least a ontinuum spetrum from the two- and perhaps also three-body deay ases. For this spei� strategy probably one of the most promising darkmatter andidates would be a fermion, whih may deay into a leptoni three-body �nalstate and subdominantly into �, as e.g. gravitino dark matter with trilinear R-paritybreaking [42℄. Then, if the -hannel is suppressed by 2{3 orders of magnitude omparedto a leptoni three-body deay, the gamma-ray and neutrino experiments will atuallybe exploring the same range of lifetimes. In this ase an observation of a gamma line byFermi will provide the dark matter mass measurement and the neutrino signal with amuh shorter lifetime will point at a three-body or Z0� dominant deay. In ase bothsignals in gamma-rays and neutrinos are measured, it may be possible to disentanglealso between a salar and a fermioni dark matter andidate, whih seems to be verydiÆult from neutrino measurements alone, sine the two types of partiles produe verysimilar spetra within the energy resolution of the detetors, as an be seen omparingFigures 9, 10 and 11 with Figures 12, 13 and 14.5 ConlusionsWe have studied in this paper the possible neutrino signals from deaying dark matter,onsidering di�erent deay hannels and spetra, both for a salar and a fermioni an-didate. We have onentrated here on the region of parameter spae that is preferredin order to explain the PAMELA positron exess and shown that in this ase a signalmay soon be visible at neutrino observatories. The non-observation of suh a signal willput rather strong onstraints on the leptophili deaying dark matter explanation of theexess, exept for the deay into e+e� where no signal in neutrinos is expeted. In thissense neutrino observations are omplementary to other astrophysial onstraints om-ing from radio frequenies and inverse Compton emission, whih are more sensitive tothe eletron hannel. A neutrino signal will allow to disentangle between deaying andannihilating dark matter, by omparing the signal towards and away from the Galatientre [19℄, and also between dark matter and astrophysial soures.More diÆult is the identi�ation of the dark matter deay hannels, sine all neu-trino spetra �nally result in a broad peak in the muon spetrum. However, the analysisof asade-like events, whih ontain in priniple all the neutrino energy and have the ad-32



vantage of a better energy resolution, may improve the situation and allow with suÆientstatistis to disentangle at least a line-like feature. Also, the neutrino signal alone an-not distinguish between salar and fermioni dark matter andidates sine the resultingspetra are very similar in the two ases.On the other hand, for some of the deay hannels disussed here, like the ones with aZ0=W� gauge boson in the �nal state, orresponding signals are also expeted in gammarays and antiprotons and may provide additional information on the model parametersand a ross-hek of the deay hannel. Even for the pure leptophili hannels, gammarays from �nal state radiation or from subdominant deays may play an important rolein disriminating between models due to the better sensitivity in the gamma-ray hannel.In general, neutrino observations o�er omplementary information and an be used totest also models where the gamma-ray signal is strongly suppressed ompared to theleptoni one. The next generation of neutrino experiments an therefore be expeted toyield some very interesting results.Note AddedDuring the ompletion of this work the preprint [43℄ appeared, presenting a relatedanalysis.AknowledgementsLC and MG aknowledge the support of the \Impuls- und Vernetzungsfond" of theHelmholtz Assoiation under the ontrat number VH-NG-006 and of the DFG underthe Collaborative Researh Centre 676. The work of AI and DT was partially supportedby the DFG luster of exellene \Origin and Struture of the Universe."Referenes[1℄ G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 279 (2005)[arXiv:hep-ph/0404175℄; L. Bergstr�om, Rept. Prog. Phys. 63, 793 (2000)[arXiv:hep-ph/0002126℄.[2℄ S. Palomares-Ruiz, Phys. Lett. B 665 (2008) 50 [arXiv:0712.1937 [astro-ph℄℄;H. Yuksel and M. D. Kistler, Phys. Rev. D 78 (2008) 023502 [arXiv:0711.2906[astro-ph℄℄; A. Boyarsky and O. Ruhayskiy, arXiv:0811.2385 [astro-ph℄; R. Essig,33
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