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AbstratWe study dark matter (DM) for gaugino-mediated supersymmetry breaking andompat dimensions of order the grand uni�ation sale. Higgs �elds are bulk�elds, and in general their masses di�er from those of squarks and sleptons atthe uni�ation sale. As a onsequene, at di�erent points in parameter spae,the gravitino, a neutralino or a salar lepton an be the lightest (LSP) or next-to-lightest (NLSP) superpartile. We investigate the onstraints from primordialnuleosynthesis on the di�erent senarios. While neutralino DM and gravitino DMwith a e� NLSP are onsistent for a wide range of parameters, gravitino DM witha e� NLSP is strongly onstrained. Gravitino DM with a �0 NLSP is exluded.
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1 IntrodutionGaugino mediation [1, 2℄ is an attrative way to introdue supersymmetry (SUSY) break-ing in higher-dimensional theories with four-dimensional branes. For squarks and slep-tons whih are on�ned to these branes this yields no-sale boundary onditions [3℄,whereas gauginos and Higgs �elds aquire soft SUSY breaking masses at tree-level, sinethey are bulk �elds.Varying the boundary onditions for the Higgs �elds at the GUT sale, we foundin [4℄ that, apart from the gravitino, a neutralino or a salar lepton, e� or e�, an bethe lightest superpartile (LSP). Sine a salar lepton is exluded as LSP [5, 6℄, it anonly be the next-to-lightest superpartile (NLSP) with the gravitino as LSP, whih isonsistent with the lower bound on the gravitino mass in gaugino mediation [7℄. Onethen obtains the eG-e� and the eG-e� senarios with e� and e� as NLSP, respetively.The eG-e� senario is partiularly interesting, sine it may allow to determine the grav-itino mass and spin at olliders [8℄. It is well known, however, to be strongly onstrainedby primordial nuleosynthesis (BBN) [9, 10, 11℄. In the following we therefore study theimpat of suh onstraints on the eG-e� senario in gaugino mediation where the gravitinomass is bounded from below, leading to very long-lived e� leptons, and ompare it withthe eG-e� senario.The deays of a neutralino NLSP into gravitino and photon or Z boson, deayingfurther into hadrons, make this senario inompatible with BBN. On the other hand, we�nd that a neutralino LSP as dominant omponent of dark matter is a viable possibilityin gaugino mediation.The paper is organised as follows. In Setion 2 and 3 we briey reall the bound-ary onditions for gaugino mediation and the BBN onstraints on NLSP abundanes,respetively. Setion 4 deals with neutralino dark matter, and in Setion 5 we disussgravitino dark matter with slepton NLSPs. Our results are summarised in Setion 6.2 Superpartile Masses from Gaugino MediationConsider a theory with D spae-time dimensions and four-dimensional branes loatedat di�erent positions in the D� 4 ompat spatial dimensions. In models with gauginomediation [1, 2℄, the gauge super�elds live in the bulk, while the hiral super�eld Sresponsible for SUSY breaking is loalised on one of the four-dimensional branes. TheHiggs �elds an live in the bulk as well.A vauum expetation value FS for the F -term of S breaks SUSY and leads to a non-vanishing gaugino mass m1=2 as well as a gravitino mass m3=2 at the ompati�ationsale MC , whih we assume to be of order the uni�ation sale MGUT. Like the gauginomasses, also the soft Higgs masses m2~hi and the parameters � and B� are generated from
1



non-renormalisable ouplings with the brane �eld S. Here ~h1 is the Higgs whih ouplesto the down-type quarks, whereas ~h2 is the up-type Higgs. Negleting small orretionsto the salar masses from gaugino loops as well as orretions to the gauge ouplings frombrane-loalised terms breaking the uni�ed gauge symmetry, one obtains the boundaryonditions of gaugino mediation with bulk Higgs �elds at the ompati�ation sale [2℄:g1 = g2 = g3 = g ' 1=p2 ; (1a)M1 = M2 = M3 = m1=2 ; (1b)m2~�L = m2~�R = 0 for all squarks and sleptons ~� ; (1)A~� = 0 for all squarks and sleptons ~� ; (1d)�;B�;m2~hi 6= 0 (i = 1; 2) ; (1e)where the GUT harge normalisation is used for g1. If the Higgs �elds are loalised ona brane, one has m2~hi = B� = 0, whih is a speial ase of minimal supergravity.The ranges of SUSY breaking parameters leading to a viable low-energy spetrumhave been disussed in [4℄. The spetrum is determined by the boundary onditions (1)and the renormalisation group equations. The model favours moderate values of tan �between about 10 and 25. Muh smaller and larger values are in onit with the LEPlower bounds on the Higgs mass and the e� mass, respetively. The gaugino mass atthe GUT sale annot be far below 500GeV in order to satisfy the LEP bound on theHiggs mass. Typially, the lightest neutralino is bino-like with a mass of 200GeV, andthe gluino mass is about 1:2TeV. Depending on m2~h1 , either the right-handed or theleft-handed sleptons an be lighter than the neutralinos. The orresponding region inparameter spae grows with tan �.Gaugino mediation gives a lower bound on the gravitino mass. This bound dependson m1=2, the number of spae-time dimensions and the ompati�ation sale [7℄. Mo-tivated by a six-dimensional orbifold GUT [12℄, we hoose D = 6 and MC = MGUTleading to m3=2 & 0:1 � m1=2 & 50GeV. As the lower limit on m3=2 was derived usingna��ve dimensional analysis [13℄, it an well be relaxed by a fator of order one. Wetherefore also onsider m3=2 = 10GeV as a onservative lower bound. Note that varyingD between 5 and 10, the lower bound ranges between 20GeV and 0:1GeV.3 BBN Constraints on the Abundane of NLSPsBig Bang Nuleosynthesis starts about 100 s after the big bang at a temperature of about0:1MeV. In the senario where the gravitino is the LSP, the NLSP deays onsiderablylater. The deay produts of suh long-lived partiles an alter the primordial light ele-ment abundanes [14, 15, 16℄. This leads to onstraints on the released eletromagnetiand hadroni energy. To a good approximation these onstraints an be quanti�ed by2



upper bounds on the produt �em,hadYNLSP. Here �em,had is the average eletromagnetior hadroni energy emitted in a single NLSP deay and the abundane YNLSP is givenby the NLSP number density prior to deay divided by the total entropy density,YNLSP � nNLSPs : (2)We determine this normalised NLSP number density numerially, assuming that theNLSP freezes out with its thermal reli density.For our analysis we use the bounds ompiled in Fig. 9 of [17℄ (see also Fig. 3 below),whih were omputed in the earlier studies [14, 15℄. These bounds assume an NLSP massof 1TeV, but sine they are quite insensitive to this mass, we will use them here, too.Furthermore, they assume that there is no entropy prodution between the deouplingof the NLSP and the start of BBN. As there is still onsiderable unertainty in themeasurements of the primordial element abundanes, [17℄ used two di�erent data sets,giving \severe" and \onservative" limits. The severe limits are derived from2:02 � 10�5 < nDnH < 3:66 � 10�5 ; (3a)0:227 < Yp < 0:249 ; (3b)where nX is a primordial number density and Yp the primordial mass fration of 4He.The relevant onservative limits are derived from1:3 � 10�5 < nDnH < 5:3 � 10�5 ; (4a)0:231 < Yp < 0:253 : (4b)Note that although the upper bounds on the Deuterium abundane leading to the on-servative and severe onstraints di�er by less than a fator of two, the resulting boundson �emYNLSP di�er by an order of magnitude.The onstraints on hadroni and eletromagneti energy release are assumed to beindependent, although there an be anellations between them in speial ases. Weonsider points in parameter spae violating the onservative limits to be \exluded",but points violating only the severe limits to be \disfavoured". The observed abundanesof 3He, 6Li and 7Li are not used, sine they still su�er from large systemati unertainties.4 Neutralino Dark MatterWe are now in a position to determine the osmologially allowed, disfavoured and ex-luded regions of the parameter spae of models with gaugino-mediated supersymmetrybreaking. Sine moderate values of tan� are favoured, we onsider the ases tan� = 10and tan� = 20 in the following. As a benhmark point for our disussion we take3



the uni�ed gaugino mass to be m1=2 = 500GeV and the supersymmetri Higgs massparameter to be positive, sign � > 0.Both for the onstraints from BBN and for those from the observed old dark matterdensity, the abundane Y(N)LSP of the (N)LSP is essential. In this setion we will disussneutralino dark matter and then turn to gravitino dark matter with slepton NLSPs inthe next setion.4.1 Calulation of the AbundaneWe use mirOMEGAs 1.3.6 [18℄ to alulate the abundane and the energy density ofthe (N)LSP numerially. The superpartner spetrum is determined by SOFTSUSY 2.0.6[19℄. For the top quark pole mass, we use the latest best-�t value of 172:5GeV [20℄.1We �rst onsider the ase where a neutralino is lighter than all sleptons and squarks,so that it is an LSP or NLSP andidate. In the orresponding parameter spae regionfor tan � = 20, we �nd numerially2:6 � 10�13 � Y� � 5:0 � 10�12 ; (5a)83:0GeV � m� � 204GeV ; (5b)8:15 � 10�3 � 
�h2 � 0:273 : (5)For tan� = 10, the results are very similar, with a slightly larger maximal abundane of8:7 � 10�12. Here the relation between neutralino reli abundane Y� and energy density
�h2 is given byY� = 
��sm� ' 3:64 � 10�11�100GeVm� �
�h2 ; (6)with � the ritial density and s the entropy density of the universe.4.2 Neutralino LSPGaugino mediation provides only a lower bound on the mass of the gravitino. Therefore,it may well be quite heavy, and the lightest neutralino may be the LSP. In this ase,deays of the long-lived gravitino threaten the suess of BBN, whih leads to an upperbound on the gravitino density and thus on the reheating temperature [14, 15℄. The othersuperpartiles deay into the LSP before the start of BBN and do not ause problems,unless LSP and NLSP are nearly degenerate. For example, if the NLSP is a stau, BBNonstraints beome potentially important for me� �m� . 100MeV [21℄. We neglet thispossibility, sine the orresponding region in the parameter spae is tiny.1In addition, we use mb(mb) = 4:25GeV and �SM MSs (MZ) = 0:1187, the default values of SOFT-SUSY. Some other SM parameters are hard-oded in mirOMEGAs, ��1 SM MSem (MZ) = 127:90896,GF = 1:16637 � 10�5GeV�2, and m� = 1:777GeV.4



This leaves the observed dark matter density as the only onstraint on the neutralinoLSP senario we have to onsider. We use the 3� range given in [22℄2,0:106 < 
DMh2 < 0:123 : (7)The upper limit exludes the white regions in Fig. 1. Sine the dark matter ould bemade up of several omponents and sine non-thermal prodution ould be signi�ant,we have two viable regions in parameter spae. In the �rst one, the thermal neutralinoreli density falls into the range (7) and hene this partile makes up all the dark matter.This region is shown in blak in Fig. 1. There the bino ontributes at least 75% (80%) tothe lightest neutralino for tan � = 10 (tan � = 20). The missing 25% (20%) ome fromthe two Higgsinos, while the wino omponent of � 1% is negligible. On the left edgethe lightest neutralino is a pure bino. The seond viable region is shown in magenta(dark-gray) in the �gure. Here the thermal neutralino density is smaller than the lowerbound in Eq. (7) and hene only onstitutes a part of the dark matter density. Thelightest neutralino is almost a pure Higgsino at the right edge of the parameter spae.In most parts of the parameter spae, some tuning is neessary if neutralinos areto make up all the dark matter. This is very similar to what has been found in othersenarios for SUSY breaking, for instane in mSUGRA (see for example [23℄). In part,the reason is simply that the dark matter density has been measured rather aurately.For tan � = 20 and smallm2~h2, the situation looks somewhat better. We are not aware ofa simple physial explanation for this. Apparently, for m2~h2 < 0:1TeV2 the maximum of
� as a funtion of m2~h1 lies in the experimentally allowed region. Around the maximum,a hange in m2~h1 leads only to a relatively small hange in 
�, so that the energy densityremains in the favoured range in a rather broad strip of parameter spae. For largerm2~h2 , the maximum value of 
� is too large. Consequently, it depends rather sensitivelyon m2~h1 in the allowed region, and thus this region is narrow.Let us �nally omment on the diret detetion of neutralino dark matter in oursenario. As in the general MSSM ase, the detetion ross-setion is suppressed fora pure bino, sine the Higgs and Z exhange require a Higgsino omponent. In fat,for tan � = 10, m2~h1 = 2:21TeV2 and m2~h2 = 0, one obtains ��p;n = 9 � 10�13 nb forthe spin-independent ross-setion per nuleon [24℄, whereas the present bound on thisross-setion is of the order of 10�9 nb [25℄. The ross-setion is larger in the region witha larger Higgsino omponent, where for tan � = 10, m2~h1 = 2:76TeV2, m2~h2 = 0:44TeV2,one obtains ��p;n = 4 � 10�11 nb [24℄. Although the ross-setion is at least one order ofmagnitude below the present bounds, it ould be reahed by the next generation of darkmatter experiments [26℄.2The analysis (labelled \All Data � LYA") used the measurements of the CMB power spetrum(temperature and polarisation) by WMAP (3-year data) and other experiments, the SDSS and 2dFgalaxy lustering analyses, the SDSS luminous red galaxy onstraints on the aousti peak, as well asthe Gold and the SNLS supernovae samples. 5
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Figure 1: Allowed region for the soft Higgs masses for m1=2 = 500GeV and tan� = 20 (tan� = 10).A neutralino is lighter than all sleptons in the white, blak and magenta (dark-gray) area. The upperlimit on 
�h2 exludes the white region, whereas in the magenta (dark-gray) area 
�h2 is smaller thanthe observed old dark matter density. The orret dark matter density is obtained in the blak region.In the green (light-gray) and blue (medium-gray) areas a slepton is the NLSP.
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4.3 Neutralino NLSPWith a light gravitino, a senario with a gravitino LSP and a neutralino NLSP is possible,too. However, it turns out that this is ruled out by the BBN onstraints in gauginomediation.The region where m� > m3=2 + mZ is ertainly exluded by the hadroni BBNonstraints for all gravitino masses we onsider, sine the two-body deay �01 ! Z eGis possible and sine the hadroni branhing ratio of the Z is large [10, 27℄. However,the situation is less lear for lighter neutralinos when the two-body deay into real Zbosons is not possible. For m3=2 = 50GeV, this is the ase for m� < 141GeV. Theorresponding parameter spae region lies at the right end of the allowed region, wherem2~h2 & 0:5TeV2. In this region, the � parameter is rather small [4℄, so that there issigni�ant mixing between the neutralinos. The Higgsino omponents of the lightestneutralino lead to a relatively large annihilation ross setion and thus to a relativelysmall abundane. From Fig. 9 of [17℄ we an read o� that the severe hadroni bound isnever stronger than�hadYNLSP . 5 � 10�14GeV (8)for any NLSP lifetime. With the estimate ��had ' 23(m� �m3=2) � 10�3 from [10℄, we �nd1:0 � 10�14GeV � ��hadY� � 2:1 � 10�14GeV ; (9)whih is well below the stringent hadroni bound (8). Considering eletromagnetienergy release instead, we have��em ' m2� �m23=22m� (10)and �� = jN11 os �W +N12 sin �W j2m5�48�m23=2M2P �1� m23=2m2� �3�1 + 3m23=2m2� � (11)for the width of the dominant neutralino deay mode �01 !  eG, where N1i are elementsof the neutralino mixing matrix, so that e.g. jN11j2 is the bino fration [10℄. This leadsto 1:1 � 10�11GeV � ��emY� � 2:2 � 10�11GeV ; (12)3:3 � 108 s � �� � 4:1 � 1010 s (13)for both tan� = 10 and tan� = 20. Comparing with the eletromagneti limits in Fig. 3,we see that even the onservative BBN bound is violated. This result remains true form3=2 = 10GeV. Thus, we onlude that a neutralino NLSP with a mass belowmZ+m3=2is exluded by the BBN onstraints on eletromagneti energy release. Consequently,the lightest neutralino is not a viable NLSP andidate in gaugino mediation.7



5 Gravitino Dark Matter with Slepton NLSPs5.1 Lifetime of Slepton NLSPsThe slepton deay rate is dominated by the two-body deay into lepton and gravitino,�2-body~l = m5~l48�m23=2M2P �1� m23=2m2~l �4 ; (14)where m~l is the slepton mass, MP = 2:4 � 1018GeV is the redued Plank mass, andwhere the lepton mass has been negleted. With a typial largest slepton mass of around200GeV in the ~l NLSP region and the smallest gravitino mass of 10GeV this leads to alower bound on the slepton lifetime of�~l & 1:8 � 105 s ; (15)whih is a time where the BBN onstraints beome stringent.5.2 Stau NLSPFor both values of tan�, imposing the lower bound from ollider searhes [6℄, we �nd86GeV < me� � 203GeV (16)in the e� NLSP region. The upper limit on the stau mass within this region only dependson the mass of the lightest neutralino and is therefore almost independent of tan�. Withm3=2 = 50GeV, this mass range orresponds to the range5:5 � 106 s � �e� � 1:6 � 109 s (17)for the lifetime. If we restrit ourselves to stau masses above 100GeV, the upper boundis lowered to 4:6 � 108 s.The stau abundane in the eG-e� senario for tan � = 20 is shown in Fig. 2. We �nd1:3 � 10�13 � Ye� � 6:2 � 10�13 : (18)The abundane is smallest in those parts of the parameter spae where the lightest staumasses are reahed. These are the lower right orner of the bottom region and the upperborder of the upper region. Conversely, we �nd the largest values lose to the neutralinoNLSP region, where me� is largest. Both qualitatively and quantitatively, the situationis very similar for tan� = 10, exept that in this ase the top e� NLSP region does notexist. The approximationYe� ' 1:2 � 10�13 � me�100GeV� (19)8
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perpartile spetrum. Sine the NLSPs beome heavier, their yield is larger. On theother hand, the lifetime dereases signi�antly, sine it depends on m5~l =m23=2. As a on-sequene, a larger part of the e� NLSP region is ompatible with the eletromagnetiBBN onstraints. The hadroni onstraints are still easily satis�ed unless the stau massis lose to a TeV.Reently it has been argued that metastable harged partiles alter BBN via the for-mation of bound states [28℄. This ould lead to signi�antly more restritive onstraintson the allowed reli abundane of these harged partiles than those we onsidered here.In [29℄ bound-state e�ets in the CMSSM and mSUGRA are studied. The onlusion isreahed that e� NLSPs with lifetimes longer than 103 { 104 s are exluded. If it turns outthat this statement also holds in a more general framework than the CMSSM, the eG-e�senario will be ruled out for m3=2 & 10GeV unless there is sizeable entropy produtionbetween the deoupling of the staus from the thermal bath and the start of BBN.5.3 Sneutrino NLSPThe region of sneutrino NLSP orresponds to large m2~h1 and the sneutrino masses andlifetimes lie roughly in the same range as those of the staus, but with a somewhat largerminimal mass. The reli abundane is in the narrow window1:3 � 10�13 � Y~� � 4:6 � 10�13 : (23)The BBN bounds on a sneutrino NLSP are rather weak, sine the neutrinos emittedin the dominant two-body deay ~� ! � eG interat muh less than harged partiles withthe light nulei. Nevertheless the very energeti anti-neutrinos (neutrinos) produed insuh a deay an annihilate with the bakground neutrinos (anti-neutrinos) and giverise to e+e� pairs whih ontribute to eletromagneti showers.3 Furthermore, there areontributions from ~� ! � eG`�̀, but suh deays have a very small branhing ratio giving�em safely below 0:1GeV and are therefore negligible even for our maximal value of Y~�.The e�ets of highly energeti (anti-)neutrinos on BBN have been studied in [30, 31℄and [32℄, but in the last referene only for the spei� ase of an unstable gravitinodeaying into sneutrino and neutrino. Assuming (nD + n3He)=nH . 4 � 10�5 gives YX .4 � 10�12 [31℄ for a general reli with mass around 200GeV and lifetime 107 s deayingequally into neutrinos and anti-neutrinos. Shorter lifetimes are not disussed in thiswork, but aording to [30℄ all onstraints disappear for lifetimes shorter than 106 s,sine at those earlier times high-energy photons thermalise eÆiently sattering o� theCMB before having the hane to interat with the light nulei. Also the limits relax3We expet the hemial potential of the sneutrinos to be negligible, sine the lepton number asym-metry an be quikly transferred into the light leptons by the satterings ~�~� ! ��; ``. Therefore we havean equal number of sneutrinos and anti-sneutrinos, so that the NLSP deays produe both neutrinosand anti-neutrinos. 11



for longer lifetimes, sine the density of bakground neutrinos beomes more diluted. In[32℄ instead, the upper bound (nD + n3He)=nH � 10�4 is used and the onstraints aregiven only in the TR {m3=2 plane. We an rephrase the strongest bound on TR in termsof Y3=2 givingY3=2 . 10�12 for �3=2 � 107 s : (24)Again the bound beomes quikly muh weaker for longer or shorter gravitino lifetimes.The maximal abundane (23) is an order of magnitude below the limit of [31℄. Weannot diretly apply the limit (24) of [32℄ to our ase due to the di�erent dependene onlifetime and mass in the sneutrino ase, but we note that if we take the maximal bound(24) and resale it to math the \severe" value (nD + n3He)=nH � 3:66 � 10�5, we get anupper bound of Y~� � 3:66�10�13, whih is slightly smaller than our maximal abundane.4So eletromagneti showers in the eG-e� senario surely do not violate the onservativeonstraints, but the severe limits might beome relevant for short sneutrino lifetimes. Amore detailed analysis appears appropriate to draw more de�nite onlusions.Let us now turn to the hadroni onstraints. As for the ase of the ~� NLSP, theradiative deay produing q�q pairs via an intermediate gauge boson has only a smallbranhing ratio. The branhing ratio for this deay has not yet been expliitly omputed,but we an estimate it from the ~� result. In fat the diagrams mediating the deay~�L ! � eGq�q are topologially the same as those involved in ~�R ! � eGq�q, apart from thefat that the intermediate gauge bosons are the Z;W� instead of Z; . We thereforeexpet for the sneutrinos a smaller hadroni branhing ratio at low masses, sine inboth hannels a massive gauge boson is involved, instead of the massless photon. Infat in the omputation presented in [17℄ it is apparent that the Z hannel is stronglysuppressed by phase spae and remains sub-leading as long as the NLSP mass is below200 GeV, as in our ase. So we an use the �had . 10�2GeV value given for the ~� asein [17℄ as a very stringent value also for the sneutrino NLSP. We obtain in this ase�hadY~� � 4:6� 10�15GeV, whih is well below the hadroni limit (8).If we ompare our estimate with the onlusion in [10℄ that sneutrinos with massesbelow 400 GeV are allowed by hadroni onstraints, we �nd two di�erenes that some-what hange the disussion. On the one hand, the approximate expression used in [10℄to ompute the sneutrino abundane always underestimates it in our ase, probably dueto the importane of oannihilations. On the other hand, the value of �had used thereappears overestimated, espeially for small sneutrino masses, as disussed for the stauase in [17℄. The two e�ets partially ompensate eah other for small sneutrino masses.4On general grounds the amount of D+3He overprodued should be proportional to the deayingpartile abundane YX , so we an simply resale the onstraint on YX by the fator that brings theirD+3He abundane down to our \severe" value 3:66 � 10�5. We are then imposing the bounds onDeuterium alone and not on the sum D+3He, whih provides us with a more stringent onstraint.
12



All in all, we an onlude that the eG-e� senario is essentially unonstrained. Thesevere eletromagneti limits ould be marginally relevant and are worth a more arefulinvestigation.5.4 Constraints from Dark Matter and the CMBGravitinos are produed non-thermally via the NLSP deays. The orresponding energydensity has to be smaller than the observed old dark matter density,
non-th3=2 h2 = m3=2mNLSP
thNLSPh2 � 
DM < 0:123 : (25)For m1=2 = 500GeV and tan � = 20, we �nd1:8 � 10�3 � 
non-th3=2 h2 � 8:4 � 10�3 : (26)For tan� = 10 the maximal energy density is slightly smaller. Generally, 
non-th3=2 islargest in the part of the e� NLSP region whih is losest to the � LSP region. Here wealso �nd the largest NLSP abundane (f. Fig. 2). In the eG-e� senario, the maximalvalue for 
non-th3=2 h2 is just slightly smaller than in the e� NLSP ase.In addition to bounds from the observed old dark matter density there are on-straints oming from distortions of the osmi mirowave bakground. It is well knownthat the CMB is very lose to a Plankian distribution with zero hemial potential [33℄,j�j < 9 � 10�5 (at 95% C.L.): (27)Sine late eletromagneti energy release an lead to spetral distortions, this upperlimit on j�j an be translated into an upper limit on �em [34℄. However, this limit isbased on an approximation whih turned out to be reliable only for stau masses above500GeV in an improved analysis [35℄. For lighter staus, the bounds beome weaker. Asa onsequene, they are less onstraining than the BBN bounds in our ase [17℄.5.5 Constraints on the Reheating TemperatureAt high temperatures, gravitinos are produed by thermal satterings. The resultingenergy density is approximately given by [36℄
th3=2h2 ' 0:27� TR1010GeV��100GeVm3=2 �� m~g1TeV�2 ; (28)where m~g is the running gluino mass evaluated at low energy. For m1=2 = 500GeV, wehave m~g ' 1150GeV. The maximal possible reheating temperature TR is obtained forthe heaviest allowed gravitino mass. In the eG-e� senario, the gravitino mass is stronglyonstrained by BBN. The largest allowed value is around m3=2 ' 70GeV. Using this13



upper limit and taking as lower bound m3=2 = 10GeV, we an alulate an allowedrange for the reheating temperature, assuming that all the dark matter is made up ofgravitinos. Sine the non-thermal ontribution is negligible (f. Eq. (26)), one obtainsfrom 
th3=2 � 
DM and Eq. (7)3 � 108GeV . TR . 3 � 109GeV : (29)This is marginally ompatible with the minimal temperature required for thermal lep-togenesis [37℄. Inreasing the uni�ed gaugino mass m1=2 essentially leads to a resalingof the gluino and gravitino masses, whih lowers the upper bound on TR. Therefore asmall gaugino mass is needed for a high reheating temperature.The eG-e� senario is less onstrained by BBN and therefore allows for a muh heaviergravitino. The only restrition is that the gravitino be lighter than the sneutrino, m3=2 .200GeV. This leads to a larger allowed range for the reheating temperature,3 � 108GeV . TR . 7 � 109GeV ; (30)whih is onsistent with thermal leptogenesis.6 ConlusionsWe have disussed dark matter andidates in theories with gaugino-mediated super-symmetry breaking and ompat dimensions of order the uni�ation sale. Varying theboundary onditions for bulk Higgs �elds at the uni�ation sale, at di�erent points inparameter spae, the gravitino, a neutralino or a salar lepton an be the lightest ornext-to-lightest superpartile.We have investigated onstraints from the observed dark matter density and pri-mordial nuleosynthesis on the di�erent senarios. The resulting viable dark matterandidates in gaugino mediation are summarised in Fig. 4. A neutralino LSP as thedominant omponent of dark matter is a viable possibility. Gravitino dark matter witha e� NLSP is onsistent for a wide range of parameters only with the \onservative"BBN onstraints (f. Eqs. (4)). The \severe" BBN bounds (f. Eqs. (3)) require eithera gravitino mass lose to the lower bound in gaugino mediation or entropy produtionafter e� deoupling. Gravitino dark matter with a e� NLSP an also be realised and isessentially una�eted by all onstraints.AknowledgementsWe would like to thank Genevieve B�elanger, Niolao Fornengo, Koihi Hamaguhi, JanHamann and Frank Ste�en for valuable disussions. WB thanks the Galileo Galilei14
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