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DESY 07-158Gamma Ray Spetrum from Gravitino Dark Matter DeayAlejandro Ibarra and David TranDeutshes Elektronen-Synhrotron DESY, Hamburg, GermanyGravitinos are very promising andidates for the old dark matter of the Universe. Interestingly, toahieve a su�iently long gravitino lifetime, R-parity onservation is not required, thus preventingany dangerous osmologial in�uene of the next-to-lightest supersymmetri partile. When R-parity is violated, gravitinos deay into photons and other partiles with a lifetime muh longerthan the age of the Universe, produing a di�use gamma ray �ux with a harateristi spetrumthat ould be measured in future experiments, like GLAST or AMS-02. In this letter we omputethe energy spetrum of photons from gravitino deay and disuss its main qualitative features.PACS numbers: 95.35.+d, 11.30.Pb, 98.70.RzThere is mounting evidene that dark matter is ubiq-uitous in our Universe [1℄. Sine the neessity of darkmatter was realized, many partile physis andidateshave been proposed. Among the most interesting standsthe gravitino [2℄, the supersymmetri ounterpart of thegraviton, whih arises when global supersymmetry is pro-moted to a loal symmetry. If the gravitino is the lightestsupersymmetri partile (LSP), it onstitutes an exel-lent andidate for the old dark matter of the Universe.The thermal reli density of the gravitino is alulable interms of very few parameters, the result being [3℄
3=2h2 ' 0:27� TR1010GeV��100GeVm3=2 �� meg1TeV�2 ;(1)while the reli density inferred by WMAP for the �CDMmodel is 
CDMh2 ' 0:1 [4℄. In this formula, TR is thereheating temperature of the Universe, m3=2 is the grav-itino mass and meg is the gluino mass. It is indeed re-markable that the orret reli density an be obtainedfor typial supersymmetri parameters, m3=2 � 100GeV,meg � 1TeV, and a high reheating temperature, TR �1010GeV, as required by baryogenesis through the meh-anism of thermal leptogenesis [5℄.Whereas the gravitino as the LSP leads to a os-mology onsistent with observations, the osmology ofthe Next-to-Lightest Supersymmetri Partile (NLSP) ismuh more problemati. In supersymmetri model build-ing, in order to prevent too rapid proton deay, it isommon to invoke a disrete symmetry alled R-parity.When R-parity is exatly onserved, the NLSP an onlydeay into gravitinos and Standard Model partiles witha deay rate strongly suppressed by the Plank mass. Asa result, the NLSP is typially present in the Universeat the time of Big Bang nuleosynthesis, jeopardizingthe suessful preditions of the standard nuleosynthesissenario. In most supersymmetri senarios, the NLSP iseither a neutralino or a stau. On one hand, if the NLSPis a neutralino, its late deay into hadrons an dissoiatethe primordial elements [6℄. On the other hand, if theNLSP is a stau, it an form a bound state with 4He, at-alyzing the prodution of 6Li [7℄. As a result, the abun-dane of 6Li is inreased by a fator 300�600, in starkon�it with observations [8℄.

Several senarios have been proposed that irumventthe above-mentioned di�ulties [9℄. The simplest, albeitthe most radial one, is based on the assumption thatR-parity is not exatly onserved [10℄. In fat, althoughexperiments set very stringent bounds on R-parity vio-lation, there is no deep theoretial reason why it shouldbe exatly onserved. If R-parity is mildly violated, theNLSP deays into Standard Model partiles well beforethe �rst nuleosynthesis reations take plae, thus notposing a jeopardy for the Standard Model preditions.Remarkably, even though the gravitino is no longer sta-ble when R-parity is violated, it still onstitutes a viabledark matter andidate [11℄. To be preise, a onsistentthermal history of the Universe with gravitino dark mat-ter, thermal leptogenesis and suessful primordial nule-osynthesis requires the lepton number violating Yukawaouplings to lie between 10�14 and 10�7 [10℄, whih trans-lates into gravitino lifetimes in the range 1023 � 1037 sfor m3=2 � 100 GeV, whih are muh longer than the ageof the Universe. Nevertheless, gravitino deays ould behappening at a su�iently high rate for the deay prod-uts to be detetable in future experiments.In this letter we will onentrate on the photons pro-dued in gravitino deays, although in general other sta-ble partiles are also produed, suh as eletrons, protons,neutrinos and their antipartiles. Demanding a high re-heating temperature for the Universe as suggested bythermal leptogenesis, TR >� 109 GeV [12℄, it follows fromEq. (1) that the gravitino mass has to be m3=2 >� 5 GeVfor typial gluino massses. Consequently, we expet thephotons from gravitino dark matter deay in the energyrange of a few GeV, i.e. in the gamma ray energy range.The Energeti Gamma Ray Experiment Telesope(EGRET) aboard the Compton Gamma Ray Obser-vatory measured gamma rays in the energy range be-tween 30 MeV to 100 GeV. After subtrating the gala-ti foreground emission, the residual �ux was found tobe roughly isotropi and thus attributed to extragala-ti soures. The �rst analysis of the EGRET data bySreekumar et al. [13℄ gave an extragalati �ux with an
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2energy spetrum desribed by the power lawE2 dJdE = 1:37� 10�6 � E1 GeV��0:1 (m2str s)�1GeV(2)in the energy range 50 MeV�10 GeV. The improved anal-ysis of the galati foreground by Strong et al. [14℄, opti-mized in order to reprodue the galati emission, showsa power law behavior between 50 MeV�2 GeV, but a learexess between 2�10 GeV, roughly the same energy rangewhere one would expet a signal from gravitino deay.Although it is very tempting to look for explanations forthis exess in terms of gravitino deays, in view of all thesystemati unertainties involved in the extration of thesignal from the galati foreground, we will not attemptto �t our predited �ux to the EGRET data. Nonethe-less, we will show later the EGRET data superimposedwith our predited �ux for omparison.The total gamma ray �ux reeived from gravitino darkmatter deay reeives two main ontributions. The �rstone stems from the deay of gravitinos at osmologialdistanes, giving rise to a perfetly isotropi extragalatidi�use gamma ray bakground. De�ning dN=dE as thegamma ray spetrum produed in the gravitino deay,the �ux reeived at the Earth with extragalati originhas the following expression:�E2 dJdE �eg = 2E2m3=2C Z 11 dy dNd(Ey) y�3=2p1 + 
�=
My�3 ;(3)where y = 1 + z, z being the redshift, andC = 
3=2�8��3=2H0
1=2M ' 10�7 (m2s str)�1GeV� �3=21028 s��1 :(4)Here, 
3=2, 
M and 
� are the gravitino, matter andosmologial onstant density parameters, respetively,� is the ritial density, �3=2 the gravitino lifetime, andH0 the present value of the Hubble parameter.In addition to the osmologial ontribution, the to-tal gamma ray �ux also reeives a ontribution from thedeay of gravitinos in the Milky Way halo. This ontri-bution reads:�E2 dJdE �halo = 2E2m3=2 dNdE 18��3=2 Zlos �halo(~l)d~l ; (5)The integration extends over the line of sight, so thehalo ontribution has an angular dependene on the di-retion of observation, yielding an anisotropi gammaray �ux that in EGRET ould resemble an isotropiextragalati �ux. Namely, in the energy range 0.1-10GeV, the anisotropy between the Inner Galaxy region(jbj > 10Æ; 270Æ � l � 90Æ) and the Outer Galaxy region(jbj > 10Æ; 90Æ � l � 270Æ) is just a 6%, well ompatiblewith the EGRET data [14℄ (for a detailed disussion ap-plied to GLAST, see [15℄). In Eq. (5), �halo stands for thedark matter distribution in the Milky Way halo. For our

numerial analysis we will adopt a Navarro-Frenk-Whitedensity pro�le [16℄�halo(r) ' �hr=r(1 + r=r)2 ; (6)where r is the distane to the Galati enter, r ' 20 kpis the ritial radius and �h ' 0:33GeVm�3.In Eqs. (3,5) the only undetermined quantity is theenergy spetrum of photons produed in the gravitinodeay, dN=dE, whih depends ruially on the gravitinomass. If the gravitino is lighter than the W� bosons, itdeays mainly into a photon and a neutrino by means ofthe photino-neutrino mixing that arises when R-parity isviolated [11℄. Therefore, the spetrum is simplydNdE ' Æ �E � m3=22 � : (7)For this ase, it was found in [10, 15℄ that the totalgamma ray �ux reeived is dominated by the monohro-mati line from the deay of gravitinos in our Milky Wayhalo, while the redshifted line from the deay of graviti-nos at osmologial distanes is somewhat fainter.On the other hand, if the gravitino is heavier than theW� or Z0 bosons, new deay modes are open. In ad-dition to the deay mode into a photon and a neutrinothat follows from the photino-neutrino mixing, U~� , thegravitino an also deay into a W� boson and a hargedlepton, through the mixing harged wino-harged lepton,U ~W`, or into a Z0 boson and a neutrino, through the mix-ing zino-neutrino, U ~Z� . The deay rates an be straight-forwardly omputed from the interation Lagrangian ofa gravitino with a gauge boson and a fermion [17℄. Ne-gleting the masses of the �nal fermions, the result foreah deay mode an be approximated by:�( 3=2 ! �) ' 132� jU~� j2m33=2M2P ;�( 3=2 !W�`�) ' 116� jU ~W`j2m33=2M2P f �MWm3=2� ;�( 3=2 ! Z0�) ' 132� jU ~Z� j2m33=2M2P f � MZm3=2� ; (8)where f(x) = 1� 43x2 + 13x8.The fragmentation of theW� and the Z0 gauge bosonswill eventually produe photons, mainly from the deayof neutral pions. We have simulated the fragmentationof the gauge bosons with the event generator PYTHIA6.4 [18℄ and alulated the spetra of photons in theW� and Z0 hannels, whih we denote by dNW =dE anddNZ =dE, respetively. The total spetrum is given by:dNdE ' BR( 3=2 ! �)Æ �E � m3=22 �+BR( 3=2 !W`)dNWdE + BR( 3=2 ! Z0�)dNZdE : (9)



3The branhing ratios in the di�erent deay hannelsare determined by the size of the R-parity breaking mix-ing parameters, U~� , U ~Z� and U ~W`, and by the kine-matial funtion f(x) de�ned after Eq. (8). The mixingparameters stem from the diagonalization of the 7 � 7neutralino-neutrino and 5 � 5 hargino-harged leptonmass matries, whose expliit form an be found in thevast existing literature on R-parity violation [19℄. Thepreise expression for the mixing parameters in termsof the R-parity breaking ouplings in the Lagrangian isfairly umbersome and will not be reprodued here. How-ever, to derive the branhing ratios, only the ratio amongthem is relevant, and not their overall value.To derive the relation between U~� and U ~Z� , we �rstnote that the photino does not ouple diretly to the neu-trino (sine neutrinos do not ouple to photons). Never-theless, an e�etive photino-neutrino mixing is generatedthrough the mixing photino-zino and the mixing zino-neutrino. The result reads:jUe� j ' �����Mne eZMnee ����� jUeZ� j : (10)Therefore, the relation between U~� and U ~Z� follows fromthe 2�2 gaugino sub-blok of the neutralino mass matrix,that in the (�ie;�i eZ) basis readsMn2�2 = � M12W +M2s2W (M2 �M1)sW W(M2 �M1)sW W M1s2W +M22W � : (11)Here, M1 and M2 are the U(1)Y and SU(2)L gauginomasses, and W (sW ) denotes the osine (sine) of theweak mixing angle. Therefore,jUe� j ' �(M2 �M1)sW WM12W +M2s2W � jUeZ� j ; (12)whih depends only on the gaugino masses at low ener-gies. Assuming gaugino mass universality at the GrandUni�ed Sale, MX = 2 � 1016GeV, we obtain at theeletroweak sale M2=M1 ' 1:9, whih yields jUe� j '0:31jUeZ� j.The mixing parameter UfW`, on the other hand, is re-lated to UeZ� by SU(2)L gauge invariane. The relationapproximately reads:jUfW`j ' p2W ����MneZ eZMfW ���� jUeZ� j ; (13)where MfW = M2 is the wino mass at the eletroweaksale. Using Eq. (11), we �nally obtainjUfW`j ' p2WM1s2W +M22WM2 jUeZ� j ; (14)whih under the assumption of gaugino mass universal-ity at MX yields jUfW`j ' 1:09jUeZ� j. Hene, under thisassumption, the mixing parameters are in the ratiojUe� j : jUeZ� j : jUfW`j ' 1 : 3:2 : 3:5 ; (15)

TABLE I: Branhing ratios for gravitino deay in di�erentR-parity violating hannels for di�erent gravitino masses.m3=2 BR( 3=2 ! �) BR( 3=2 !W`) BR( 3=2 ! Z0�)10 GeV 1 0 085 GeV 0.66 0.34 0100 GeV 0.16 0.76 0.08150 GeV 0.05 0.71 0.24250 GeV 0.03 0.69 0.28and thus the branhing ratios for the di�erent deaymodes only depend on the gravitino mass (see Table I).One the spetrum of photons from gravitino deay hasbeen omputed, Eq. (9), it is straightforward to alulatethe gamma-ray �ux reeived at the Earth from our loalhalo and from osmologial distanes, by using Eqs. (3,5).Assuming universality of gaugino masses at high energies,the photon �ux reeived from gravitino deay dependsessentially on the gravitino mass, whih determines theshape of the energy spetrum, and the gravitino lifetime,whih determines its overall normalization.In Fig. 1 we show the di�erent ontributions to thegamma ray �ux form3=2 = 150GeV and �3=2 ' 2�1026s.To ompare our results with the EGRET data [14℄, alsoshown in the �gure, we have averaged the halo signalover the whole sky exluding a band of �10Æ aroundthe Galati disk, and we have used an energy resolu-tion of 15%, as quoted by the EGRET ollaborationin this energy range. The energy resolution of the de-tetor is partiularly important to determine the widthand the height of the monohromati line stemming fromthe two body deay  3=2 ! �. The three ontribu-tions are dominated by the halo omponent, the ex-tragalati omponent being smaller by a fator of 2�3. Finally, we have adopted an energy spetrum forthe extragalati bakground desribed by the power law�E2 dJdE �bg = 4� 10�7 � EGeV��0:5 (m2str s)�1GeV, in or-der to provide a qualitatively good agreement of the total�ux reeived with the data.The predited energy spetrum shows two qualitativelydi�erent features. At energies between 1�10 GeV, weexpet a ontinuous spetrum of photons oming fromthe fragmentation of the gauge bosons. As a result, thepredited spetrum shows a departure from the powerlaw in this energy range that might be part of the ap-parent exess inferred from the EGRET data by Stronget al. [14℄. The upoming spae-based gamma ray ex-periments GLAST and AMS-02 will measure the energyspetrum with unpreedented auray, providing veryvaluable information for the senario of deaying grav-itino dark matter.In addition to the ontinuous omponent, the energyspetrum shows a relatively intense monohromati lineat higher energies arising from the deay hannel  3=2 !�. This line ould be observed not only by GLASTor AMS-02 in the di�use gamma bakground, but also
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FIG. 1: Contributions to the total gamma ray �ux for m3=2 =150GeV and �3=2 ' 2� 1026s ompared to the EGRET data.In dotted lines we show the photon �ux from the fragmenta-tion of the Z boson, in dashed lines from the fragmentationof the W boson, and in dot-dashed lines from the two bodydeay  3=2 ! �. The bakground is shown as a long dashedline, while the total �ux reeived is shown as a thik solid line.by ground-based Cherenkov telesopes suh as MAGIC(with an energy threshold of 70 GeV) or VERITAS (50GeV) in galaxies suh as M31 [15℄.The intense gamma line is very harateristi of thissenario, and the observation of this feature with theright intensity would support the gravitino dark mat-ter deay hypothesis. While senarios with neutralino

dark matter also predit a ontinuous spetrum and amonohromati line oming from the annihilation han-nels �0�0 ! ; Z [20℄, these hannels only arise at oneloop level, and thus the intensity of the monohromatiline is greatly suppressed ompared to the ontinuum.One should note, however, that the presene of an intensegamma line is not unique to the senario with deayinggravitino dark matter and is also expeted, for example,from the annihilation of inert Higgs dark matter [21℄.To summarize, in this letter we have omputed thegamma ray �ux from gravitino dark matter deay in se-narios with R-parity violation. These senarios are veryappealing theoretially, as they naturally lead to a his-tory of the Universe onsistent with thermal leptogenesisand primordial nuleosynthesis. The predited �ux es-sentially depends on two parameters: the gravitino mass,whih determines the shape of the energy spetrum, andthe gravitino lifetime, whih determines its overall nor-malization. If the gravitino is lighter than the W� andZ0 gauge bosons, the predited energy spetrum is essen-tially monohromati. On the other hand, if it is heavier,the energy spetrum onsists of a ontinuous omponentand a relatively intense gamma ray line. This gamma ray�ux might have already been observed by EGRET. Fu-ture experiments, suh as GLAST, AMS-02 or Cherenkovtelesopes, will provide unique opportunities to test thedeaying gravitino dark matter senario.Aknowledgements: We are grateful to W. Buhmüller,G. Bertone, J. Cortina, L. Covi, L. Pieri and F.D. Ste�enfor useful disussions and suggestions.[1℄ G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405(2005) 279.[2℄ H. Pagels and J. R. Primak, Phys. Rev. Lett. 48 (1982)223.[3℄ M. Bolz, A. Brandenburg and W. Buhmüller, Nul.Phys. B 606 (2001) 518.[4℄ D. N. Spergel et al. [WMAP Collaboration℄, Astrophys.J. Suppl. 170 (2007) 377[5℄ M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986)45.[6℄ M. Kawasaki, K. Kohri and T. Moroi, Phys. Rev. D 71(2005) 083502.[7℄ M. Pospelov, Phys. Rev. Lett. 98 (2007) 231301.[8℄ K. Hamaguhi et al., Phys. Lett. B 650 (2007) 268.[9℄ T. Kanzaki, M. Kawasaki, K. Kohri and T. Moroi, Phys.Rev. D 75 (2007) 025011; J. L. Diaz-Cruz, J. R. Ellis,K. A. Olive and Y. Santoso, JHEP 0705 (2007) 003;K. Jedamzik, arXiv:0707.2070 [astro-ph℄.[10℄ W. Buhmüller, L. Covi, K. Hamaguhi, A. Ibarra andT. Yanagida, JHEP 0703 (2007) 037.[11℄ F. Takayama and M. Yamaguhi, Phys. Lett. B 485
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