
*0
7∣
0.
22
87
*

Revised Version
ar

X
iv

:0
71

0.
22

87
v2

  [
he

p-
ph

] 
 1

6 
O

ct
 2

00
7

Gravitino Dark Matter with Broken R-parityAlejandro Ibarra1 aDeutshes Elektronen-Synhrotron DESY, Hamburg, GermanyAbstrat. Senarios with gravitino dark matter fae potential osmologial problems indued bythe presene of the Next-to-Lightest Supersymmetri Partile (NLSP) at the time of Big BangNuleosynthesis (BBN). A very simple, albeit radial, solution to avoid all these problems onsistson assuming that R-parity is slightly violated, sine in this ase the NLSP deays well beforethe onset of BBN. Remarkably, even if the gravitino is no longer stable in this senario, it stillonstitutes a very promising dark matter andidate. In this talk we review the motivations for thissenario and we present a model that naturally generates R-parity breaking parameters of the rightsize to produe a onsistent thermal history of the Universe, while satisfying at the same time allthe laboratory and osmologial bounds on R-parity breaking. We also disuss possible signaturesof this senario at gamma ray observatories and at olliders.PACS. 95.35.+d Dark matter { 12.60.Jv Supersymmetri models

DESY 07-184

1 MotivationThe gravitino, when it is the lightest supersymmetripartile, onstitutes a very promising andidate for thedark matter of the Universe. The interations of thegravitino are ompletely �xed by the symmetries, andthe thermal reli density is alulable in terms of veryfew parameters, the result being [1℄
3=2h2 ' 0:27� TR1010GeV��100GeVm3=2 �� meg1TeV�2 ;(1)while the reli density inferred byWMAP for the �CDMmodel is 
3=2h2 ' 0:1 [2℄. In this formula, TR is the re-heating temperature of the Universe, m3=2 is the grav-itino mass and meg is the gluino mass. It is indeedremarkable that the orret reli density an be ob-tained for typial supersymmetri parameters, m3=2 �100GeV, meg � 1TeV, and a high reheating temper-ature, TR � 1010GeV, as required by baryogenesisthrough the mehanism of thermal leptogenesis [3℄.If thermal leptogenesis is the orret mehanismto generate the observed baryon asymmetry, then theNLSP an pose serious osmologial diÆulties. If oneassumes exat R-parity onservation, as is ommonlydone in the literature, then the NLSP an only deayinto gravitinos and Standard Model partiles with adeay rate strongly suppressed by the Plank mass,yielding a lifetime�NLSP ' 9 days� m3=210GeV�2 �150GeVmNLSP �5 : (2)a Email: alejandro.ibarra�desy.de

The high reheat temperature for the Universe re-quired by thermal leptogenesis, TR >� 109 GeV [4℄, andthe requirement of orret reli abundane, Eq. (1), im-ply m3=2 >� 5 GeV for a gluino mass of meg = 500GeV.Therefore, the lifetime of the NLSP is typially of sev-eral days and it is present at the time of BBN, po-tentially jeopardizing the suessful preditions of thestandard senario. Indeed, this is the ase for mostsupersymmetri senarios with gravitino dark matter.Namely, when the NLSP is a neutralino, its late deaysinto hadrons an dissoiate the primordial elements [5℄,and when the NLSP is a stau, its presene during BBNatalyzes the prodution of 6Li, yielding a primordialabundane in stark onit with observations [6℄.One simple, albeit radial, solution to the problemsindued by the NLSP is to assume that R-parity is notexatly onserved [7℄. In fat, there is no deep theoret-ial reason why R-parity should be exatly onserved,and although present experiments indiate that R-parity is approximately onserved, a slight violation ofit annot be preluded. Without imposing any ad hodisrete symmetry, the superpotential of the MinimalSupersymmetri Standard Model (MSSM) reads [8℄W = WRp + 12�ijkLiLjek + �0ijk LiQjdk+12�00ijkuidjdk + �iLiHu ; (3)whereWRp is the familiar superpotential with R-parityonserved.When R-parity is broken, new deay hannels areopen for the NLSP, apart from the strongly suppressedgravitational deay into gravitinos and Standard Modelpartiles. Namely, when the NLSP is mainly a right-handed stau, it an deay e�R ! � �� , through the
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Cosmology and Astrophysis Contributed Talkoupling �323, with lifetime�e� ' 103s� �32310�14��2 � me�100 GeV��1 : (4)Thus, even with a tiny amount of R-parity violation,� >� 10�14, the stau NLSP will deay before it anhave any signi�ant impat on Big Bang Nuleosyn-thesis. A similar argument an be applied for the aseof neutralino NLSP with analogous onlusions.On the other hand, there are very stringent labora-tory and osmologial onstraints on the size of the R-parity breaking parameters. The strongest bound forthe heaviest generation stems from the requirement ofsuessful baryogenesis. Sine �, �0 and �00 violate lep-ton and baryon number, if they are on thermal equi-librium at the same time as the sphaleron proesses, apreexisting baryon asymmetry will be erased. There-fore, the requirement that these ouplings are out ofthermal equilibrium before the eletroweak phase tran-sition translates into the bound [9℄�; �0; �00 <� 10�7 : (5)This bound is a suÆient but not a neessary ondi-tion, and ould be relaxed for some avour strutures.Interestingly, if the size of the R-parity violatingouplings is in this range, 10�14 <� �; �0 <� 10�7, thegravitino still onstitutes a viable dark matter an-didate [10℄. The deay rate is doubly suppressed bythe inverse Plank mass and by the R-parity breakingouplings, yielding a lifetime�3=2 � 1026s � �10�7��2 � m3=210 GeV��3 ; (6)whih is several orders of magnitude longer than theage of the Universe.In the next setions we will present a model thatan naturally aommodate our favoured range of R-parity breaking parameters, 10�14 <� �; �0 <� 10�7, andwe will disuss the possible experimental signatures ofthis senario, both at gamma ray observatories and atolliders.2 A model for small (and peuliar)R-parity violationWe will use for onveniene SO(10) notation, althoughour model is not neessarily embedded into a GrandUni�ed group. Then, quarks and leptons will be de-noted by 16i and the Higgses by 10H . In order to giveMajorana masses to neutrinos B�L has to be broken,either by the vauum expetation value of a 16, 16(with B � L = �1) or of a 126 (with B � L = 2). Tohave only partiles with small representations we willbreak B � L with a 16 and a 16. Thus, R-parity willbe neessarily violated after the spontaneous breakingof the B � L symmetry at the sale vB�L.With this matter ontent there are two kind ofterms in the superpotential allowed by the SO(10)

symmetry. The terms 16i16j10H and 1MP 16i16j16 16are \good terms", sine they produe Dira masses anda Majorana mass term for the right-handed neutrinos,respetively. On the ontrary, the terms 16i1610H and1MP 16i16j16k16 are \bad terms"; the �rst one pro-dues after B � L breaking the R-parity violating bi-linear term vB�LLHu that in turn produes too largeneutrino masses, while the seond one produes the R-parity violating trilinear terms vB�LMP udd, vB�LMP QLdthat indue too rapid proton deay. It is interesting tonote that both \bad terms" are generated when the16 representation aquires a large vauum expetationvalue. Sine the existene of the 16 representation inthe spetrum is unavoidable, the only way to suppressthese ouplings is by means of additional symmetries.To this end, we will impose in our model a U(1)Rsymmetry and the following assignment of harges:16i 10H 16 16 1R 1 0 0 -2 -1where the singlet 1 has been introdued in order tobreak theR-symmetry. With this assignment of harges,holomorphiity guarantees that after B � L breakingno R-parity violating term will be generated from thesuperpotential at any order in perturbation theory.Nevertheless, the K�ahler potential is not holomorphiand ould be a soure of R-parity violation. Indeed,terms suh as 116y16i10H , 1y1616i10H an appearin the K�ahler potential, and will eventually produebilinear R-parity violation.With these elements in mind, it is relatively sim-ple to onstrut a model that produes small leptonnumber violation and tiny baryon number violation.In Standard Model notation, the previous model is:Q, u, e Hu, Hd N N � Z Xd, L, �B � L �1=3;�1 0 1 -1 0 0 0R 1 0 0 -2 -1 0 4where the spetator �elds �, Z and X have been intro-dued in order to break B�L (and R-parity), to breaksupersymmetry, and to ensure that hNi = hNi =vB�L, respetively. After these singlets aquire a va-uum expetation value, the e�etive superpotential readsW ' WRp +W� +W 6Rp . Here, WRp is the R-parityonserving superpotential of the MSSM and W� isthe part of the superpotential involving right-handedneutrinos. In this model the heaviest right-handed neu-trino mass is given by M3 � v2B�L=MP , whih is nat-urally large, leading through the see-saw mehanismto small neutrino masses. Finally, W6Rp is the R-paritybreaking superpotential given in Eq.(3). We will hooseto work in the Li � Hd basis where �i = 0 and thusall the R-parity violation is enoded in the trilinearterms. In this basis,� � C v2B�LM2P he ; �0 � C v2B�LM2P hd ; �00 � m3=2 v4B�LM5P :(7)



Alejandro Ibarra Gravitino Dark Matter with Broken R-parityThe lepton number violating ouplings are sup-pressed ompared to the harged lepton and down-type quark Yukawa ouplings, he and hd respetively,by v2B�L=M2P and by some oeÆients C = 1:0:::0:01that depend on the avour struture of the K�ahler po-tential. On the other hand, the baryon number violat-ing oupling only arises after supersymmetry breakingand is suppressed by higher powers of the Plank mass.To estimate the sale of B � L breaking and the sizeof the oeÆients C, we will use the avour modelproposed in [11℄. For this partiular model, we obtain�3ij ; �03ij � 10�8, within the desired range 10�14 <��; �0 <� 10�7, and �00 � 10�28, yielding negligible ratesfor proton deay [7℄.3 Signatures at gamma-ray observatoriesWhen R-parity is broken, gravitino deays ould behappening at fast enough rates to make its deay prod-uts detetable in future experiments. In partiular,the photon ux produed by the gravitino deay ouldbe deteted as an extragalati di�use gamma-ray uxwith a harateristi spetrum, that is originated fromthe deay of gravitinos at osmologial distanes andfrom the deay of gravitinos in the Milky Way halo.In the ase that the gravitino is lighter than theW boson, the gravitino deays mainly into a photonand a neutrino, produing a photon spetrum onsist-ing in a monohromati line. If gravitinos onstitutethe dominant omponent of dark matter, the deay ofgravitinos at osmologial distanes will be deteted atthe Earth as a perfetly isotropi di�use gamma raybakground, with an energy spetrum orrespondingto a red-shifted monohromati line:E2 dJegdE = C �1 + 
�
M y3��1=2 y5=2 � (1� y) ; (8)where y = 2E=m3=2 andC = 
3=2�8��3=2H0
1=2M = 10�6 GeVm2 str s � �3=21027 s��1 : (9)Here, 
3=2h2 = 0:1, � = 1:05 h2 � 10�5GeVm�3,
M = 0:25, H0 = h 100 km s�1 Mp�1 with h =0:73 [12℄ and �3=2 is given by Eq. (6).In addition to the ontribution to the photon uxfrom the deay of gravitinos at osmologial distanes,one also expets a monohromati line stemming fromthe deay of gravitinos in the Milky Way halo. Thisontribution reads:E2 dJhalodE = D Æ�1� 2Em3=2� ; (10)where D = 18��3=2 Zl:o:s: �halo(l)dl : (11)Sine the Earth is not loated at the enter of theGalaxy, the gamma-ray ux from the deay of grav-itinos in the halo is slightly anisotropi. For typial

halo models, we �nd that the halo omponent domi-nates over the osmologial one, giving rise to a slightlyanisotropi gamma ray ux with an energy spetrumdominated by a monohromati line.There are very stringent limits on the photon uxprodued by deaying dark matter from the observa-tions of the Energeti Gamma Ray Experiment Tele-sope (EGRET) aboard the Compton Gamma RayObservatory. Assuming that one understands the gala-ti foreground, one an extrat from the EGRET datathe extragalati di�use omponent. The �rst analysisby Sreekumar et al. [13℄ gave a roughly isotropi ex-tragalati ux with an energy spetrum desribed bythe power lawE2 dJdE = 1:37� 10�6 � E1 GeV��0:1 GeVm2 str s (12)in the energy range 50 MeV{10 GeV. The improvedanalysis of the galati foreground by Strong et al. [14℄,optimized in order to reprodue the galati emission,shows a power law behavior between 50 MeV{2 GeV,but a lear exess between 2{10 GeV, roughly thesame energy range where one would expet a signalfrom gravitino deay. In view of all the systematiunertainties involved in the extration of the signalfrom the galati foreground, we �nd it prematureto attribute this exess to the gravitino deay. We�nd nevertheless this oinidene as interesting anddeserving further attention. The upoming satellite-based gamma ray experiments GLAST and AMS-02will measure the energy spetrum with unpreedentedauray, providing very valuable information for thesenario of deaying gravitino dark matter.We show in Fig.1 the expeted signal for a deay-ing gravitino with a mass of 10 GeV and a lifetime of1027 s [15℄. To ompare our results with the EGRETdata [14℄, also shown in the �gure, we have averagedthe halo signal over the whole sky exluding a band of�10Æ around the Galati disk, and we have used anenergy resolution of 15%, as quoted by the EGRETollaboration in this energy range. The photon spe-trum is dominated by the sharp line oming from ourloal halo, while the red-shifted extragalati ompo-nent is somewhat fainter.If the gravitino is heavier than the W or Z bosons,new deay hannels are open. In this ase, the energyspetrum onsists of a ontinuous omponent, stem-ming from the fragmentation of the gauge bosons, anda relatively intense gamma ray line [16℄.4 Signatures at ollidersIn the senario proposed in this work, the lifetime ofthe NLSP is around one nanoseond or longer, givingrise to very distintive signatures at olliders. Whenthe NLSP is the lightest stau, that we assume mainlyright-handed, the main deay hannel is e�R ! � ��; � �� .The orresponding deay length is� lep~� � 30 m� m~�200GeV��1� �32310�8��2 : (13)
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E [GeV]Fig. 1. Energy spetrum of extragalati (long-dashedgreen) and halo signal (dotted magenta) ompared to theEGRET data, for �3=2 = 1027 s and m3=2 = 10 GeV.The data points are the EGRET extragalati bakgroundextrated by Strong et al. in [14℄, while the short-dashed(blue) line shows the powerlaw �t from Sreekumar et al.,Eq. (12). Finally, the solid (thik red) line shows the sumof these ontributions with a powerlaw bakground (thinred line), whih has been obtained �tting the low energyEGRET points.Besides, the small left-handed omponent of the staumass eigenstate an trigger a deay into jets throughe�L ! bt, provided the proess is kinematially open.The hadroni deays are enhaned ompared to theleptoni deays by the larger bottom Yukawa ouplingand by the olour fator, but are usually suppressedby the small left-right mixing. The deay length in thishannel reads�had~� � 8 m� m~�200GeV��1� �32310�8��2�os ��0:1 ��2 ;(14)where �� is the mixing angle of the staus. Therefore,if the deay ours inside the detetor, the signaturewould onsist on a heavily ionizing harged trak fol-lowed by a muon trak, by one jet or by three jets.On the other hand, when the NLSP is the light-est neutralino, it deays through �01 ! ��W� if thisdeay hannel is kinematially aessible [17℄. The or-responding deay length an be approximated by��01 � 1 m� m�01200 GeV��3� �32310�8��2 ; (15)produing a signi�antly displaed vertex followed byjets, that ould be observed provided the deay oursinside the detetor. If this deay hannel is kinemat-ially losed, the neutralino typially deays outsidethe detetor yielding idential ollider signatures tothe ase with R-parity onserved.5 ConlusionsWe have argued that a supersymmetri senario withgravitino LSP with a mass in the range 5{100 GeV and

a small amount of R-parity violation, 10�14 <� �; �0 <�10�7, yields a onsistent thermal history of the Uni-verse, in the sense that it allows baryogenesis throughthermal leptogenesis, provides a viable andidate forold dark matter, and does not spoil the suessfulpreditions of the Standard Big Bang Nuleosynthesissenario.We have presented a model that links R-paritybreaking to B � L breaking, and generates R-paritybreaking parameters in the right range to aommo-date the abovementioned senario. The reli gravitinodeays into photons produe a di�use halo and extra-galati gamma ray ux, that might have been ob-served already by EGRET. Future experiments, suhas GLAST or AMS-02 will provide unique opportu-nities to test the senario of deaying gravitino darkmatter. Finally, we have disussed the striking signa-tures that this senario might produe at future ol-liders, onsisting in a vertex of the NLSP signi�antlydisplaed from the beam axis.Aknowledgments. I would like to thank my ol-laborators G. Bertone, W. Buhm�uller, L. Covi, K.Hamaguhi, D. Tran and T. T. Yanagida for a verypleasant and fruitful ollaboration.Referenes1. M. Bolz, A. Brandenburg and W. Buhm�uller, Nul.Phys. B 606 (2001) 518. See also, J. Pradler andF. D. Ste�en, Phys. Rev. D 75, 023509 (2007).2. D. N. Spergel et al. [WMAP Collaboration℄, Astro-phys. J. Suppl. 170 (2007) 3773. M. Fukugita and T. Yanagida, Phys. Lett. B 174(1986) 45.4. S. Davidson and A. Ibarra, Phys. Lett. B 535 (2002)25; W. Buhm�uller, P. Di Bari and M. Pl�umaher,Annals Phys. 315 (2005) 305.5. M. Kawasaki, K. Kohri and T. Moroi, Phys. Rev. D71 (2005) 083502.6. M. Pospelov, Phys. Rev. Lett. 98 (2007) 231301.7. W. Buhm�uller, L. Covi, K. Hamaguhi, A. Ibarraand T. Yanagida, JHEP 0703 (2007) 037.8. For a review on R-parity violation, see for exampleR. Barbier et al., Phys. Rept. 420 (2005) 1.9. B. A. Campbell et al. Phys. Lett. B 256 (1991)457; W. Fishler et al. Phys. Lett. B 258 (1991) 45;H. K. Dreiner and G. G. Ross, Nul. Phys. B 410(1993) 188.10. F. Takayama and M. Yamaguhi, Phys. Lett. B 485(2000) 388.11. W. Buhm�uller and T. Yanagida, Phys. Lett. B 445(1999) 399.12. W.-M. Yao et al., Journal of Physis G 33, 1 (2006).13. Sreekumar et al. [EGRET Collaboration℄, Astrophys.J. 494 (1998) 523.14. A. W. Strong, I. V. Moskalenko and O. Reimer, As-trophys. J. 613 (2004) 962; Astrophys. J. 613 (2004)956.15. G. Bertone, W. Buhmuller, L. Covi and A. Ibarra,arXiv:0709.2299 [astro-ph℄.16. A. Ibarra and D. Tran, arXiv:0709.4593 [astro-ph℄.17. B. Mukhopadhyaya, S. Roy and F. Vissani, Phys.Lett. B 443 (1998) 191; E. J. Chun and J. S. Lee,Phys. Rev. D 60, 075006 (1999).
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