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AbstratGravitino dark matter, together with thermal leptogenesis, implies an upper boundon the masses of superpartiles. In the ase of broken R-parity the onstraints fromprimordial nuleosynthesis are naturally satis�ed and deaying gravitinos lead to har-ateristi signatures in high energy osmi rays. We analyse the impliations for su-pergravity models with universal boundary onditions at the grand uni�ation sale.Together with low-energy observables one obtains a window of superpartile masses,whih will soon be probed at the LHC, and a range of allowed reheating temperatures.
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1 IntrodutionStandard thermal leptogenesis [1℄ provides a simple and elegant explanation of the origin ofmatter. It is a natural onsequene of the seesaw mehanism, and it is perfetly onsistentwith the small neutrino masses inferred from neutrino osillation data [2℄.Thermal leptogenesis works without and with supersymmetry. In the latter ase, how-ever, there is a lash with the `gravitino problem' [3�5℄: the large temperature requiredby leptogenesis exeeds the upper bound on the reheating temperature from primordialnuleosynthesis (BBN) in typial supergravity models with a neutralino as lightest super-partile (LSP) and an unstable gravitino. If the gravitino is the LSP, the ondition thatreli gravitinos do not overlose the universe yields an upper bound on the reheating tem-perature [6℄. Furthermore, the next-to-lightest superpartile (NLSP) is long lived, and onehas to worry about the e�et of NLSP deays on nuleosynthesis.It is remarkable that, despite these potential problems, a large leptogenesis tempera-ture of order 1010 GeV an aount for the observed old dark matter in terms of thermallyprodued reli gravitinos [7℄. Requiring onsisteny with nuleosynthesis yields onstraintson the superpartile mass spetrum. Due to improved analyses of BBN, the original pro-posal of a higgsino NLSP is no longer viable, and also other possible NLSPs are stronglyonstrained. The ase of a stau NLSP is ornered by bounds following from atalyzedprodution of 6Li [8℄, with the possible exeption of a large left-right mixing in the stausetor [9℄. In some models a sneutrino [10℄ or a stop [11℄ an still be a viable NLSP.Reently, it has been shown that in the ase of small R-parity and lepton number break-ing, suh that the baryon asymmetry is not erased by sphaleron proesses [12℄, thermalleptogenesis, gravitino dark matter and primordial nuleosynthesis are naturally onsis-tent [13℄. Although the gravitino is no longer stable, its deay into standard model (SM)partiles is doubly suppressed by the Plank mass and the small R-parity breaking pa-rameter. Hene, its lifetime exeeds the age of the universe by many orders of magnitude,and it remains a viable dark matter andidate [14℄. Gravitino deays lead to harateris-ti signatures in high energy osmi rays. The produed �ux of gamma-rays [13�17℄ andpositrons [17,18℄ may explain the observed exess in the EGRET [19℄ and HEAT [20℄ data.This hypothesis will soon be tested by the satellite experiments FGST and PAMELA.In this paper we study the impliations of leptogenesis and gravitino dark matter withbroken R-parity on the mass spetrum of superpartiles. Sine the uni�ation of gaugeouplings in the minimal supersymmetri extension of the standard model (MSSM) is oneof the main motivations for low-energy supersymmetry, we shall fous on versions of theMSSM with universal boundary onditions for salar and gaugino masses at the granduni�ation (GUT) sale. As we shall see, the orresponding spetrum of superpartilemasses will be fully overed at the LHC. This is the main result of our analysis.After some omments on R-parity violation in Setion 2, we disuss the lower bound onthe reheating temperature from leptogenesis and the upper bound on the NLSP mass fromgravitino dark matter in Setion 3. Setion 4 deals with onstraints on MSSM parametersfrom low-energy observables, and the results of our numerial analysis are presented inSetion 5, followed by some onlusions in Setion 6.2



2 Constraints on R-parity violationPhenomenologial aspets of R-parity violation have been widely disussed in the literature[21℄. Here we are interested in the ase of small R-parity and lepton number breaking whihwas investigated in [13, 14, 17℄. The details strongly depend on the �avour struture of R-parity violating ouplings and the pattern of supersymmetry breaking. For ompleteness,we reall in the following the order of magnitude of bounds on R-parity violating ouplings,the orresponding lifetimes of gravitino and NLSP, and in partiular the dependene onthe gravitino mass.Stringent onstraints on the lepton number and R-parity violating interationsW�L=1 = �ikjliejlk + �0kjidiqjlk (2.1)are imposed by baryogenesis. Both operators ontain lepton doublets. Together withsphaleron proesses they therefore in�uene the baryon asymmetry at high temperaturein the early universe. The requirement that an existing baryon asymmetry is not erasedbefore the eletroweak transition typially implies [12℄� ; �0 < 10�7 : (2.2)Remarkably, for suh a small breaking of R-parity a gravitino LSP has a lifetime muhlonger than the age of the universe [14℄ beause of the double suppression of the deay rateby the inverse Plank mass and the R-parity breaking oupling. One then obtains for thegravitino lifetime (f. [13℄)�3=2 � 1025s � �10�8��2 �� emm3=2�� m3=2100 GeV��3 ; (2.3)where em � O(100 GeV) is a harateristi supersymmetry breaking mass sale. In thease of light gravitinos, m3=2 � em, where only the deay into photon neutrino pairs iskinematially allowed, � = 1 has been assumed in [13℄. For heavier gravitinos, deaysinto W-boson lepton and Z-boson lepton pairs are also possible, and we only know that� = O(1) [17℄. In partiular, the relation between gravitino lifetime and gravitino massdepends on the pattern of supersymmetry breaking.In the ase of a small breaking of R-parity, with an unstable gravitino LSP, the NLSPlifetime beomes very short,�NLSP � 10 m� �10�8��2 � mNLSP100 GeV��1 : (2.4)For ouplings �; �0 > 10�14, the NLSP lifetime beomes shorter than 103 s. In ase ofa stau NLSP, superpartile deays then do not a�et the primordial abundanes of lightelements. Hene, baryogenesis, primordial nuleosynthesis and gravitino dark matter anbe onsistent in the range10�14 < �; �0 < 10�7 : (2.5)3



For a bino NLSP, a lifetime shorter than 0:1 s, i.e., ouplings �; �0 > 10�12 are required byonsisteny with BBN.The analysis of onstraints on the superpotential terms (2.1) an be extended to generalR-parity breaking mass terms [17℄, yielding again a range of allowed parameters. One�nds that possible ontributions to neutrino masses are negligable, one the osmologialonstraints are satis�ed.Deaying gravitino dark matter an ontribute to the EGRET and HEAT anomaliesfor a gravitino lifetime �3=2 � 1026 s. For a gravitino mass m3=2 � 10 GeV, and assuming� ' 1 in Eq. (2.3), this requires R-parity violating ouplings � � 10�7. As we shall see,universal boundary onditions for gaugino masses favour larger gravitino masses, in therange10 GeV < m3=2 < 500 GeV ; (2.6)whih, for �xed gravitino lifetime and � � 1, orresponds to the range of R-parity violatingouplings10�10 < � < 10�7 : (2.7)Note that for ouplings below � 10�9, most NLSPs deay outside the detetor. However,for ouplings above � 10�11, orresponding to lifetimes shorter than � 10�3 s, some NLSPdeays may still be observable in the detetor [22℄.How an the phenomenologially required small R-parity violating ouplings arise?In [13℄ an example was presented, where the spontaneous breaking of R-parity is tied toB-L breaking. Reently, it has been shown that also the breaking of left-right symmetryan lead to small R-parity breaking [23℄.3 Thermal leptogenesisLet us now onsider standard thermal leptogenesis as the soure of the osmologial baryonasymmetry. In the high-temperature phase of the early universe thermally produed right-handed neutrinos generate an asymmetry in B-L, whih leads to a baryon asymmetry viasphaleron proesses. In the ase of hierarhial right-handed neutrinos, and negleting�avour e�ets, the baryon density relative to the photon density is given by (f. [2℄)nBn ' �1:04� 10�2�1�; (3.1)where �1 is the CP asymmetry in the deay of the lightest right-handed neutrino N1 into apair of lepton (L) and Higgs (Hu) doublets, the e�ieny fator � represents the e�ets ofwashout and sattering proesses, and we have assumed a supersymmetri thermal plasma.The CP asymmetry �1 satis�es an upper bound beause of the seesaw relation, whih forsupersymmetri models reads [24�26℄,j�1j � �����(N1 ! L +Hu)� �(N1 ! L +Hu)�(N1 ! L +Hu) + �(N1 ! L +Hu) ���� . 3M18�hHui2 �m2atmm1 +m3 : (3.2)4



Here mi, with m1 < m2 < m3, are the mass eigenvalues of the light neutrinos andM1 is themass of the right-handed neutrino N1. The atmospheri neutrino mass squared di�erene isdetermined from neutrino osillation experiments as �m2atm ' (2:5� 0:2)� 10�3eV2. Notethat the upper bound on j�1j, and therefore the maximally generated baryon asymmetry,inreases proportional to the heavy Majorana mass M1.The e�ieny fator � has to be determined by solving the Boltzmann equations. Inthe most interesting ase of zero initial abundane of the right-handed neutrinos one �ndsfor its maximal value, with and without supersymmetry, � ' 0:2 [27,28℄. Using (3.2), onethen obtains from the observed baryon asymmetry [29℄,nBn = (6:21� 0:16)� 10�10 ; (3.3)the lower bound on the right-handed neutrino massM1 >� 1:4� 109 GeV � hHui174GeV�2 (3.4)at the 3� level of nB=n and �m2atm. The orresponding lower bound on the reheatingtemperature is about a fator two smaller [30℄. In the following analysis we shall thereforeuse as an estimateTR >� 1� 109 GeV: (3.5)Note that this bound on the reheating temperature only applies for hierarhial right-handed neutrinos. In the ase of quasi-degenerate heavy neutrinos it is relaxed. Thebound also assumes thermal equilibrium, and it is modi�ed one the reheating proess istaking into aount. For instane, in the ase of reheating by in�aton deays, the boundinreases by about a fator of two [28℄.Reli gravitinos with masses larger than 1 GeV ontribute to old dark matter. Inthe following analysis we identify the thermally produed abundane 
3=2h2 with the 2�upper bound on the dark matter abundane dedued from the CMB anisotropies. Fromthe WMAP 5-year results one obtains [29℄,
3=2h2 � 
DMh2 ' 0:1223 : (3.6)The thermal prodution of gravitinos is dominated by QCD proesses. To leading orderin the gauge oupling we �nd
3=2h2 ' 0:5 �100 GeVm3=2 ��mgluino1 TeV �2� TR1010 GeV� ; (3.7)where mgluino is the physial gluino mass. Note that the oe�ient1 is about a fator twolarger than in the analysis [31℄. This is due to the 2-loop running of the gluino mass, whihhas been taken into aount. Eletroweak ontributions to thermal gravitino prodution1Varying superpartile masses (f. Setion 4), the value an hange by about 10%.5



further inrease the abundane by about 20%. In our numerial analysis we shall takethis into aount following [32℄. Note that the gravitino prodution rate has an O(1)unertainty due to unknown higher order ontributions and nonperturbative e�ets [31℄.Resummation of thermal masses inreases the prodution rate by about a fator of two[33℄. We also neglet nonthermal ontributions to gravitino prodution, in partiular fromin�aton deay [34℄, whih are usually subdominant at the onsidered high temperatures.Our main interest are onstraints on gluino and NLSP masses for gravitino dark matter.It is then onvenient to rewrite (3.7) asmNLSP ' 310 GeV � �0:2�� m3=2100 GeV�1=2 �109 GeVTR �1=2 ; � = mNLSPmgluino ; (3.8)where the ratio � is �xed by the boundary onditions of the soft supersymmetry breakingparameters. For eah gravitino mass and reheating temperature, Eq. (3.8) then gives theNLSP mass for whih the observed dark matter density is obtained. The maximal NLSPmass is reahed for m3=2 = mNLSP,mNLSP <� 980 GeV � �0:2�2�109 GeVTR � : (3.9)In this paper, we fous on thermally produed gravitino dark matter. A high reheatingtemperature an also be onsistent with leptogenesis in the ase of very heavy gravitinos,as in anomaly mediation [35℄ or mirage mediation [36, 37℄. In those models, the gravitinoan have a mass of about 100 TeV and thus deays before BBN starts. However, thesemodels have several intrinsi di�ulties. In the ase of anomaly mediation, it is di�ult toexplain the g � 2 anomaly together with the b! s onstraint, sine the gaugino massesare ontrolled by the beta funtions. In mirage mediation models, one often has a lightmodulus �eld whose deay produes too many gravitinos [38℄. Hene, the heavy gravitinosenario appears to be phenomenologially disfavoured.4 Models and low-energy observablesIn order to illustrate the impliations of leptogenesis and gravitino dark matter on su-perpartile masses, we now study two typial boundary onditions for the supersymmetrybreaking parameters of the MSSM at the grand uni�ation (GUT) sale:(A) m0 = m1=2; a0 = 0; tan� ; (4.1)with equal universal salar and gaugino masses, m0 and m1=2, respetively; in this ase abino-like neutralino beomes the NLSP. The seond boundary ondition is(B) m0 = 0; m1=2; a0 = 0; tan � ; (4.2)whih yields the right-handed stau as NLSP. In both ases, the trilinear salar oupling a0is put to zero for simpliity. The ratio tan� of the Higgs vauum expetation values and the6



universal gaugino mass m1=2 are the two remaining independent variables. Superpartilemasses at the eletroweak sale are obtained by solving the renormalization group equationsat 2-loop auray by means of SOFTSUSY 2.0.18 [39℄.Low-energy observables yield a lower bound on superpartile masses. Sine the thermalgravitino abundane (3.7) inreases quadratially with the gluino mass, this implies an up-per bound on the reheating temperature. Together with the lower bound from leptogenesisone then obtains a range of allowed reheating temperatures. In the same way, leptogenesisand gravitino dark matter yield an upper bound on superpartile masses. Combined withlow-energy onstraints, a window of allowed superpartile masses is obtained.One of the strongest onstraints on the MSSM parameter spae follows from the lowerbound on the Higgs boson mass by LEP [40℄,mh > 114:4 GeV (95%C:L:) : (4.3)The bound is satis�ed by enhaning radiative orretions to the Higgs potential, whihrequires a large stop mass. The parameters of the stop setor are essentially ontrolled bythe gluino mass, i.e. m1=2, via the renormalization group evolutions; they are less sensitiveto the salar mass m0. The potential is also a�eted by the trilinear stop oupling At forsu�iently large a0. Although we put a0 = 0 in the numerial analysis, we shall ommenton the ase a0 6= 0. In our analysis we use the top quark mass mt = 172:6 GeV [40℄.Radiative orretions are taken into aount at the 2-loop level by means of FeynHiggs2.6.4 [41℄.When the superpartiles are light, they ontribute signi�antly to rare proesses. Themeasured branhing ratio Br(Bd ! Xs) agrees with the SM predition. The SUSYontributions are dominated by the top-harged Higgs and stop-hargino diagrams. Thelatter is enhaned by large tan� and interferes with the former. In our analysis we hoosethe sign of the supersymmetri Higgs mass parameter �H suh that the e�et of the SUSYontributions is redued. Taking into aount the theoretial unertainties, we require forthe full MSSM predition the onservative upper and lower bounds,2� 10�4 < Br(Bd ! Xs) < 4� 10�4: (4.4)The numerial analysis is based on SusyBSG 1.1.2 whih takes NNLO ontributions partiallyinto aount [42℄.The two observables disussed above onstrain the MSSM parameters. In ontrast, theapparent disrepany between the measured value of the muon anomalous magneti mo-ment [43℄ and the SM predition may be an e�et of supersymmetry, whih then favoursa ertain range of MSSM parameters. Reently, the hadroni ontribution to the SM pre-dition has been updated using e+e� data [44℄. The urrent disrepany with experimentis given by [45℄a�(exp)� a�(SM) = 302(88)� 10�11 ; (4.5)whih orresponds to a 3.4� deviation. An explanation of this disrepany by hypothetialerrors in the determination of the hadroni SM ontribution appears unlikely [45℄. In on-trast, supersymmetry an easily aount for the disrepany [46℄. The SUSY ontribution7



is proportional to tan� and depends on sgn(�H). It is remarkable that the deviation fromthe SM prediiton for a� and the agreement for Br(Bd ! Xs) require the same sgn(�H) inthe ase of universal gaugino masses at the GUT sale. In the following, we use FeynHiggsto evaluate the SUSY ontribution to a� at the 2-loop level.Finally, the absense of pair prodution of heavy harged partiles at LEP implies theapproximate lower mass bound [40℄mharged > 100 GeV : (4.6)In the next setion we shall use superpartile masses obtained by means of SOFTSUSY.5 Numerial analysisWe are now ready to determine the superpartile mass window and the allowed range ofreheating temperatures for the two examples of universal boundary onditions at the GUTsale, whih were disussed in the previous setion.In Fig. 1 the upper bound (3.9) on the NLSP masses is shown for reheating temperaturesTR � 1 � 109 GeV, whih is the lower bound required by leptogenesis. In ase (A) withbino NLSP, the ratio � = mNLSP=mgluino, and therefore the upper bound on mNLSP, areessentially independent of tan �. In ontrast, for (B) with stau NLSP, one has a strongdependene on tan �. The lower bound on mNLSP is determined by Br(Bd ! Xs) and theHiggs mass bound in ase (A), and the harged partile and Higgs mass bounds in ase(B), respetively. We �nd the allowed mass ranges(A) 130 GeV < mbino < 620 GeV ; (B) 100 GeV < mstau < 490 GeV : (5.1)Note that in ase (B) upper and lower bounds orrespond to di�erent values of tan�. Themuon g-2 anomaly favours small NLSP masses in the range from 100 GeV to 300 GeV.One also obtains upper bounds on the gravitino mass,(A) m3=2 < 620 GeV ; (B) m3=2 < 490 GeV : (5.2)Both boundary onditions have a0 = 0. For negative a0, the Higgs boson potential ismodi�ed in suh a way that the dashed line in Fig. 1 moves to the left. We have hekedthat the reheating temperature an then reah 6�109 GeV, whereas other observables arenot muh a�eted. We therefore obtain for the range of reheating temperatures onsistentwith leptogenesis and gravitino dark matterTR = (1� 6)� 109 GeV : (5.3)Note that aording to FeynHiggs, the theoretial unertainty of the Higgs boson is about1 GeV for mh ' 115 GeV. This orresponds to an unertainty of 10 � 20% for the upperbound on the reheating temperature.
8



(a) (b)Figure 1: Contours of onstant reheating temperature, TR = (1 � 4) � 109 GeV, with
3=2 = 
DM (solid lines) (f. Eq. (3.6)). The panels (a) and (b) orrespond to the GUTboundary onditions (A) and (B) with bino-like NLSP and stau NLSP, respetively. Thehoie m3=2 = mNLSP maximizes the reheating temperature. The gray region is exludedby onstraints from low-energy experiments: the lower tan� part (left of the dashed line)does not satisfy the LEP Higgs mass bound; the higher tan � part in (a) (left of the dottedline) is ruled out by Br(Bd ! Xs); the higher tan � part in (b) (left of the dot-dashed line)does not satisfy the lower mass bound on harged partiles from LEP. Thermal leptogenesisis possible in the yellow and orange regions; the orange region is favored by the muon g�2anomaly at the 2� level.We an also study superpartile masses as funtion of gravitino mass and reheatingtemperature using Eq. (3.8). The allowed NLSP mass range then depends on tan �. In thease of bino NLSP, onsider as an example(A) tan� = 30 ; � = mbinomgluino = 0:17� 0:19 : (5.4)The left panel of Fig. 2 shows the bino mass yielding the observed dark matter abundaneas funtion of the gravitino mass for di�erent reheating temperatures; the right panel is theorresponding plot for the gluino mass. Upper mass bounds are obtained for the smallesttemperature of 1� 109 GeV and the largest gravitino mass m3=2 = mbino,(A) tan� = 30 : mbino <� 620 GeV ; mgluino <� 3:1 TeV : (5.5)For smaller gravitino masses the bounds beome more stringent. For instane, for m3=2 =100 GeV, one obtainsmbino <� 270 GeV ; mgluino <� 1:5 TeV : (5.6)9



(a) (b)Figure 2: Contours of onstant reheating temperature in the mbino �m3=2 plane (a) andthe mgluino �m3=2 plane (b) for boundary ondition (A) with bino NLSP (see aption ofFig. 1 for details). In the dark gray region, the gravitino is not the LSP.Note that these bounds are essentially independent ofm0 and tan�, als long as m0 � m3=2.In the ase of stau NLSP, there is a strong dependene on tan�. As an example, weonsider(B) tan� = 10 ; � = mstaumgluino = 0:16� 0:17 : (5.7)� dereases with inreasing tan �. Stau and gluino masses are shown in Fig. 3. Sine theratio of NLSP and gluino mass is smaller, the mass bounds are now more stringent,(B) tan� = 10 : mstau <� 490 GeV ; mgluino <� 2:8 TeV : (5.8)For a gravitino mass m3=2 = 100 GeV, one obtainsmstau <� 240 GeV ; mgluino <� 1:5 TeV : (5.9)Let us emphasize again the e�et of the theoretial unertainty in the evaluation ofthe gravitino abundane, whih is expeted to be O(1) [31℄. For instane, if the gravitinoprodution rate is larger by a fator 2, as suggested in [33℄, all reheating temperatures inFigs. 1, 2 and 3 are by a fator 2 smaller. Hene, the superpartile mass range onsis-tent with thermal leptogenesis beomes narrower. On the other hand, a smaller gravitinoprodution rate would enlarge the parameter range onsistent with leptogenesis.Finally, let us omment on other boundary onditions. We have hosen universal gaug-ino masses, with m0 = m1=2 or m0 = 0 at the GUT sale. However, even for non-universalgaugino masses we obtain almost the same results. The reason is that all the bounds are10



(a) (b)Figure 3: Contours of onstant reheating temperature in the mstau �m3=2 plane (a) andthe mgluino � m3=2 plane (b) for boundary ondition (B) with stau NLSP (see aption ofFig. 1 for details). In the dark gray region, the gravitino is not the LSP.ontrolled by the gluino mass. Reduing the gluino mass, the dark matter bound on thereheating temperature is relaxed, but the low-energy onstraints beome severer: super-symmetri ontributions to the Higgs boson mass are suppressed, while they are enhanedfor Br(Bd ! Xs). As a onsequene, the maximal reheating temperature remains almostthe same as in the ase of universal gaugino masses. On the other hand, the low-energyonstraints beome weaker for salar masses muh larger than m1=2. One an then reahreheating temperatures � 1010GeV.6 Conlusions and outlookWe have studied the impliations of thermal leptogenesis and gravitino dark matter forthe mass spetrum of superpartiles. In the ase of broken R-parity the onstraints fromnuleosynthesis are naturally ful�lled, and universal gaugino masses at the GUT sale arepossible, ontrary to the ase of stable gravitinos.As an illustration, we have onsidered two boundary onditions whih lead to a bino-likeNLSP and a stau NLSP, respetively. Low-energy observables and gravitino dark mattertogether with thermal leptogenesis yield upper and lower bounds on NLSP and gluinomasses, whih in both ases lie within the disovery range of the LHC. It is enouragingthat the supersymmetri explanation of the muon g � 2 anomaly favours smaller masseswithin these mass windows.A osmology with leptogenesis and gravitino dark matter also leads to the predition11



of a maximal temperature in the early universe. In the ase of universal gaugino massesat the uni�ation sale we �nd the upper bound TmaxR ' 6� 109 GeV, whih is somewhatrelaxed for large salar masses. This bound has been obtained under the assumption ofthermal equilibrium, whih appears unlikely for a maximal temperature. Nevertheless, it isintriguing that the temperature TmaxR is of the same order of magnitude as the ritial for thedestabilization of ompat dimensions in higher-dimensional supersymmetri theories [47℄.The e�et of the reheating proess on the stabilization of extra dimensions and the relationto baryogenesis and dark matter require futher investigations.Gravitino deays produe a �ux of photons and positrons, whih an signi�antly on-tribute to the EGRET and HEAT anomalies for a lifetime �3=2 � 1026 s. If these anomaliesare indeed related to gravitino deays, the satellite experiments FGST and PAMELAshould soon detet harateristi features in the photon and positron spetrum, respe-tively. Observation of a line in the gamma-ray spetrum by FGST and a rise with sharputo� in the positron spetrum by PAMELA would lead to a determination of the grav-itino mass. This would onsiderably tighten the preditions for superpartile mass windowswhih will be probed at the LHC.Referenes[1℄ M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).[2℄ For a review and referenes, see W. Buhmuller, R. D. Peei and T. Yanagida, Ann.Rev. Nul. Part. Si. 55 (2005) 311; S. Davidson, E. Nardi and Y. Nir, arXiv:0802.2962[hep-ph℄.[3℄ S. Weinberg, Phys. Rev. Lett. 48 (1982) 1303.[4℄ J. R. Ellis, D. V. Nanopoulos and S. Sarkar, Nul. Phys. B 259 (1985) 175.[5℄ M. Kawasaki, K. Kohri and T. Moroi, Phys. Lett. B 625, 7 (2005); Phys. Rev. D 71,083502 (2005); K. Jedamzik, Phys. Rev. D 74, 103509 (2006).[6℄ T. Moroi, H. Murayama and M. Yamaguhi, Phys. Lett. B 303, 289 (1993).[7℄ M. Bolz, W. Buhmuller and M. Plumaher, Phys. Lett. B 443 (1998) 209.[8℄ M. Pospelov, Phys. Rev. Lett. 98, 231301 (2007).[9℄ M. Ratz, K. Shmidt-Hoberg and M. W. Winkler, arXiv:0808.0829 [hep-ph℄; J. Pradlerand F. D. Ste�en, arXiv:0808.2462 [hep-ph℄.[10℄ T. Kanzaki, M. Kawasaki, K. Kohri and T. Moroi, Phys. Rev. D 75, 025011 (2007).[11℄ J. L. Diaz-Cruz, J. R. Ellis, K. A. Olive and Y. Santoso, JHEP 0705 (2007) 003;C. F. Berger, L. Covi, S. Kraml and F. Palorini, JCAP 0810 (2008) 005.12
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