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COSMOLOGICAL CONSTRAINTS ON THE MSSM�Toby FalkDepartment of Physis, University of WisonsinMadison, WI 53706, USA(Reeived Otober 25, 1999)I disuss reent developments in the study of osmologial limits on theMinimal Supersymmetri Standard Model (MSSM). In partiular, I fouson the e�et of neutralino-stau oannihilation on the reli abundane ofneutralinos, and I give examples where the osmologially derived limits onthe supersymmetri parameters are relaxed, and one example (CP violatingphases) where they are not.PACS numbers: 11.30.Pb, 11.30.Er, 95.35.+d1. IntrodutionThe title of this talk is rather broad. Spei�ally what I will be talkingabout today is reli density onstraints on supersymmetri models, and Iwill fous in partiular on bounds on minimal Supergravity (mSUGRA). I'llbegin with a brief reminder of the notation of supersymmetry, then give anintrodution to reli densities, how they are omputed, and how we an usethem to onstrain models of low-energy supersymmetry. I'll then disussoannihilation in general and show how it dramatially relaxes the osmo-logial upper bound on the mSUGRA masses. Finally, I'll give an exampleof onstraints (on CP violating phases in mSUGRA) whih are not relaxedby the weakened mass limits. 2. SUSYSine previous speakers have introdued the Supersymmetri StandardModel, I will give only a brief reminder, in order to present the partileontent and parameters and to set the notation. Reall that SUSY essen-tially doubles the partile ontent of the standard model (Table I). Eah� Presented at the XXIII International Shool of Theoretial Physis�Reent Developments in Theory of Fundamental Interations�, Ustro«, Poland,September 15�22, 1999. (3401)



3402 T. Falk TABLE IThe SUSY partners of Standard Model partilesSM SUSYfermions  ! sfermionsu; d; eL; eR : : : ~u; ~d; ~eL; ~eR : : :gauge bosons  ! gauginosg; Z; ;W� : : : ~g; ~Z; ~; ~W� : : :Higgs bosons  ! HiggsinosH1; H2 : : : ~H1; ~H2 : : :fermion (in fat eah fermion hiral state) has a spin-0 partner sfermion, thegauge bosons have spin-1/2 partner gauginos, and the degrees of freedom ofthe Higgs setor, whih now ontains two Higgs SU(2) doublets, have spin-1/2 Higgsino partners. The four neutral gauginos and Higgsinos mix into�neutralino� states �i, so that an arbitrary neutralino is a linear ombination�i = �i ~B + �i ~W3 + i ~H1 + Æi ~H2; i = 1; : : : ; 4 ; (1)where the ~B and ~W3 are the partners of the U(1)Y and neutral SU(2) gaugebosons and are linear ombinations of the ~ and ~Z. The lightest of theneutralinos �1 tends to be the lightest supersymmetri partile, and in themodels of interest for dark matter, �1 tends to be ~B-like, i.e. j�1j � 1.Similarly, the harged gauginos and Higgsinos mix into two �harginos�, ��1;2.Along with the new partiles of the MSSM ome many new (soft SUSYbreaking) parameters, inluding in priniple separate mass parameters forall the sfermions, Higgs and gaugino mass parameters, and trilinear massesAi of the Higgs-sfermion interation terms, along with the supersymmetriHiggs mixing mass � and its soft SUSY breaking ounterpart B, and lastlythe ratio of the two Higgs vauum expetation values, tan� � v2=v1:Sfermion masses: m2~fL ;m2~fRHiggs masses: m2H1 ;m2H2Gaugino masses: M1;M2;M3Trilinear salar ouplings: Ai hi ~Qi ~U i H2 + : : :Higgs mixing masses: � Ĥ1 Ĥ2; B�H1H2Higgs vev ratio v2=v1: tan�



Cosmologial Constraints on the MSSM 3403If one inludes �avor struture into the sfermion and trilinear masses, thereare over 100 new parameters assoiated with softly broken supersymmetry[1℄. This large number of parameters severely limits the preditive power ofthe the MSSM, and in pratie, simpli�ations to the set of SUSY parametersare always made. One of the most popular and better-motivated hoies isinspired by minimal Supergravity (mSUGRA). In mSUGRA, several of themasses are taken degenerate, so thatm2~fL = m2~fR = m2H1 = m2H2 � m20 ; (2)M1 =M2 =M3 � m1=2 ; (3)Ae = Ad = Au = : : : � A0 (4)at the sale MX where the gauge ouplings unify. The parameters are thenevolved to the eletroweak sale using the Renormalization Group Equationsto ompute the low-energy spetrum. Due the RGE running, the masses ofthe sfermions depend on both m0 and m1=2. The parameters j�j and Bare �xed by the onditions of orret eletroweak symmetry breaking, whihleaves m0;m1=2; A0; tan �; sign(�)as the free parameters of mSUGRA. I will subsequently onentrate onthe mSUGRA model, but qualitatively similar results apply in the generalMSSM. 3. The neutralino reli density3.1. Reli abundanesThe possibility of a signi�ant reli abundane of neutralinos is partlydue to R-parity, whih is typially imposed on SUSY models in order toprevent rapid proton deay. Under this new symmetry, standard modelspartiles have R-harge +1, while their superpartners have R-harge �1.Sine R-parity is multipliatively onserved, this implies that all vertiesmust ontain an even number of SUSY partiles, and hene that the LightestSUSY partile (LSP) is stable. Sine it is stable over osmologial timesales, the LSP is a dark matter andidate, and we an use limits on its reliabundane to onstrain SUSY models, as I'll desribe next.Now, the very early universe was hot and dense; partiles interatedrapidly, and the LSPs, whih I will denote �, were kept in hemial equilib-rium with the standard model partiles in the thermal bath, primarily viaproesses in whih two SUSY partiles annihilate into standard model parti-les, and the inverse proesses in whih standard model partiles annihilateto produe two SUSY partiles.
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χ χFig. 1. Keeping the �'s in hemial equilibriumAt temperatures muh larger than the mass of the �, the number densityof �'s was simply a spin fator times the number density of photons. As theuniverse expanded and ooled, the temperature eventually fell below themass of the �, and the number density of �'s began to drop exponentially.n� � � O(1)n T � m�n(m�T )3=2e�m�=T T <�m� : (5)If this were the end of the story, it would be a rather dull tale: sine thetemperature of the universe today is about 3Æ K� 2:5�10�4 eV, the numberdensity of a, say, 100 GeV � would be suppressed vis-à-vis that of photons bya fator � expf�4�1014g. I.e., there would be no �'s left now. However, inan expanding universe, this onlusion does not hold, beause at some pointthe �'s fall out of hemial equilibrium with the bath. Spei�ally, thisours when the � annihilation rate falls below the expansion rate of theuniverse, �ann <� H. At this point, the �'s annot �nd eah other in orderto annihilate su�iently fast for their number density to trak the rapidexponential fall of (5). The number density of �'s subsequently �freezes out�and simply falls with the volume of the universe, n� � 1=V .
?

Fig. 2. The �'s fall out of hemial equilibriumTo be more expliit, the number density of �'s evolves aording to theBoltzmann equation,dn�dt = �3n�H � h�annvi(n2� � n2�;eq) : (6)Here H = _R=R, where R is the sale fator of the universe, and so the �rstterm on the RHS of (6) simply represents the volume suppression of the num-ber density of the �. The �rst term in parentheses desribes the destrution



Cosmologial Constraints on the MSSM 3405of the � through annihilation, and the last term desribes the prodution of� partiles from interations of the thermal bath. An approximate analytisolution to (6) is given by [3℄
�h2 � 10�10GeV�2p gf (a+ 12b)xf ; (7)where 
� � ��=� is the present mass density of � partiles in units of theritial density � required to lose the universe, gf is the number of rela-tivisti degrees of freedom at freeze out, h is the urrent Hubble parameterH in units of 100 km/s/Mp, and where the thermally averaged annihilationross-setion has been expanded in powers of (T=m�):h�annvi = a+ b� Tm��+ : : : : (8)The temperature at freeze-out is typially well below the mass of the �, sothat xf � Tf=m� � 1=20�1=25, and eq. (8) is a good expansion1. Now, thekey feature of (7) is that if the � annihilation ross-setion is redued, the� freeze out of hemial equilibrium earlier, when their density has had lesstime to trak the exponential Boltzmann suppression (5), and the � reliabundane is larger. But a lower bound of 12 Gyr on the age of the universe(along with the assumption that 
tot � 1) implies that 
toth2 � 0:3. Or inother words, a lower bound on the age of the universe implies a lower boundon the � annihilation rate, and this is the feature we will primarily exploitto onstrain SUSY models.3.2. Reli density onstraintsLet us now turn to the MSSM and see what these osmologial on-siderations do for us. The lightest supersymmetri partile is typially thelightest neutralino, and in many models, inluding mSUGRA, the lightestneutralino is a quite pure bino ~B. In the early universe, binos annihilateprimarily via sfermion exhange into fermion pairs.
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-Fig. 3. Sfermion exhange dominates �'s annihilation1 The temperature expansion is not good near s-hannel resonanes and just belowimportant �nal state thresholds [2℄, where the ross-setion an vary signi�antlywith only small variations in the � energy. However, these our only in a limitedregion of parameter spae and are not signi�ant for us here.



3406 T. FalkNow, if the mass of the sfermions is large, then ~B annihilation in theearly universe is suppressed, and 
e� h2 is raised. From the last setion, wesee that the lower bound on the age of the universe implies an upper boundon the sfermion masses, and hene on both mSUGRA parameters m0 andm1=2. These limits are niely omplementary to those oming from diretsearhes for SUSY partiles, whih typially give lower bounds on the SUSYmass parameters.The osmologial limits an be translated into fm1=2;m0g plane [5℄,shown in Fig. 4. The light-shaded region orresponds to 0:1 � 
e� h2 � 0:3;the area above this region is exluded. Below this region, 
e� h2 < 0:1, sothat another omponent of the dark matter would be required. This latteris not a bound in the same sense as the upper limit, sine we don't know forertain that any of the dark matter is omposed of neutralinos. In the nar-
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Fig. 4. The light-shaded area is the osmologially preferred region with0:1 � 
e� h2 � 0:3. In the dark shaded regions in the bottom right of eah panel,the LSP is the ~�R, leading to an unaeptable abundane of harged dark matter.Also shown are the isomass ontours m�� = 95 GeV and mh = 95 GeV, as well asan indiation of the slepton bound from LEP.



Cosmologial Constraints on the MSSM 3407row himney near m1=2 = 110GeV, m~� � mh=2, and s-hannel annihilationthrough the Higgs pole an bring the reli abundane of neutralinos below0.3, regardless of the sfermion masses. In the dark shaded region, the LSPis the right-handed stau, whih is exluded by the very tight limits on theabundane of harged dark matter [3℄.In Fig. 4 we also display urrent experimental limits: the light dottedontour represents the bound from searhes for sleptons at LEP, while thethe dashed line is a hargino isomass ontour of 95 GeV, whih approxi-mates the LEP189 hargino bounds at large m0. Note that the harginobound exludes almost all of the Higgs pole himney. The most signi�antexperimental bound at this value of tan� omes from Higgs searhes at LEP.The dot-dashed ontour represents a light Higgs mass of 95 GeV, whih ap-proximates the Higgs limit from LEP189, and the bulk of the osmologiallyallowed region is exluded. Now, the Higgs mass itself is sensitive to tan�,and as tan � is dropped, the dot-dashed ontour moves quikly to the right.It is lear that for some value of tan�, the Higgs ontour moves to the rightof the light-shaded region entirely, and this and lower values of tan� areonsequently exluded. The urrent bound at this value of tan� is around102 GeV [4℄, and these arguments imply a lower bound on tan� of 3.7 (2.8)for � < 0(� > 0). We'll see in the next setion that these onstraints areweakened when we onsider oannihilation.4. Coannihilation4.1. The basisSo far, we have ignored interations of the LSP with heavier SUSY par-tiles. Reall that the LSPs freeze out of hemial equilibrium when they'revery old (m~�=T � 25), so that if the mass splitting between the LSP andthe next-to-lightest supersymmetri partile (NLSP) is O(1), the numberdensity of NLSPs at freeze-out is Boltzmann suppressed with respet tothat of LSPs by a fator whih is � expf�25g < 10�10. Therefore we don'thave to worry about NLSP interations. If, on the other hand, the LSPand NLSP are losely degenerate in mass, then the NLSP interations nearfreeze-out may a�et the LSP reli density.This produes two ompeting e�ets. First, the NLSPs freeze out ofhemial equilibrium with the standard model bath at the same time as theLSPs and subsequently deay into LSPs, and so a signi�ant NLSP abun-dane at freeze-out an inrease the reli LSP density. Typially a largere�et is that sine the NLSP interations ontribute to the exhange of parti-le number between SUSY and standard model partiles (and an dominate,as we'll see below), the SUSY partiles remain in hemial equilibrium with



3408 T. Falkthe thermal bath for longer and trak the equilibrium down to lower tem-peratures, and this redues the LSP reli abundane.How degenerate do the LSP and NLSP states have to be in order toprodue a signi�ant e�et? Well,nNLSPnLSP � e��m=T � e�25(mNLSP=mLSP�1): (9)If the NLSP is 10% (5%) heavier than the LSP, this ratio is � 110(13 ). We seethat unless the lightest states are highly degenerate, oannihilation will onlybe important if �NLSP�LSP (or �NLSP�NLSP) � �LSP�LSP. And mSUGRA(and muh of the MSSM), they are!! Consider the temperature expansion ofthe thermally averaged ross-setion (8). When the �nal state is a fermionpair (the dominant annihilation hannel for a ~B-like neutralino), a � m2f .This dependene is due to the fat that one has idential Majorana fermionsin the initial state [6℄ and is alled �p-wave suppression�. Sine T=m~� is smallat freeze-out, this suppresses the annihilation rate (and enhanes the reliabundane) by an order of magnitude. Coannihilation ross-setions do nothave suh a suppression and are typially an order of magnitude larger, andthe NLSP interations an therefore dramatially redue the SUSY reliabundane. These e�ets have been well studied in SUSY for Higgsino-like neutralinos [7℄, where there is typially a lose degeneray between thelightest and next-to-lightest neutralinos and the lightest hargino. What wehave found is that oannihilation is also an essential element in determiningthe osmologial upper bound on gaugino ( ~B) like neutralinos, as well [8℄.4.2. ~B � ~� oannihilationLooking bak at Fig. 4, we shouldn't be surprised that oannihilationmay be important in mSUGRA. The upper bound on m1=2 ours at theintersetion of the 
e� h2 = 0:3 ontour with the the top of the region withm~�R < m~�, i.e. at a point where the stau and neutralino are exatly de-generate! Generally in the MSSM 2, the osmologial upper bound on themass of the ~B is saturated when the masses of the lightest sfermions aredegenerate with m ~B . In mSUGRA, the three right-handed sleptons e�R; e�Rand eeR are the lightest sfermions and an all be lose in mass to the LSP.We must therefore onsider [2, 5℄ the e�etive annihilation ross-setion�e� = 1n2Xij �ijneqi neqj ; (10)2 The presene of s-hannel heavy Higgs poles an provide a loophole when there is asmall admixture of Higgsino in the lightest neutralino state.



Cosmologial Constraints on the MSSM 3409where i; j = e�R; e��R; eeR; ee�R; e�R; e��R and e�, and where n = Pni. Theomplete set of initial and �nal states ontributing to (10) is given in Table II.The dominant ontributions to �e� ome from èR è�R annihilation to gaugebosons, èR èR annihilation to lepton pairs and èRe� annihilation to a leptonplus a gauge boson. The �nal states with heavy Higgses turn out to bekinematially unavailable in the regions of interest. For further alulationaldetails, see [8℄. TABLE IIInitial and �nal states for oannihilation: fi; j = �; e; �gInitial state Final statesèiR èi�R ; ZZ ; Z; W+W�; Zh ; h ; h h; f �f;ZH; H;ZA;W+H�; hH; hA;HH;HA;AA;H+H�èiR èjR ` i` jèiR èj�R ; i 6= j ` i �̀jèiR e� ` i; ` iZ; ` ih

Fig. 5. The separate ontributions to the e�Re��R ross setion �̂ � a + 12bx forx = T=m� = 1=23 and m0 = 120GeV, as a funtion of m1=2. For omparison, thethik dotted line is the ~�~� ross setion.



3410 T. FalkIn Fig. 5, we show the ontributions to �̂ � a + 12b xf (see (7)) fore�Re��R annihilation. The top solid ontour is the total �̂ for e�Re��R, while foromparison we display as a thik dotted line the equivalent total neutralinoannihilation ross-setion. As advertised, the stau ross-setion is over anorder of magnitude greater than that for the neutralinos, whih is p-wavesuppressed. Figures for e�R � ~� and e�R � e�R annihilation show a similarenhanement over the e� � e� ross-setion, and �gures for other tan� andm0 are similar.

Fig. 6. The separate ontributions to the ross setion �̂e� for x = T=m� = 1=23,as a funtion of �M � (m~�R �m�)=m�, with (m1=2; tan�) = (500 GeV; 3).In Fig. 6, we display the ontributions to �̂e� as a funtion of the fra-tional mass di�erene �M � (m~�R �m�)=m� between the neutralino andthe stau. The thik solid ontour shows the total �̂e� , while for ompari-son the thin solid ontour gives the �̂e� one would ompute if one ignoredoannihilations, i.e. ae�e� + be�e�=2. Here we've �xed m1=2 = 500 GeV andsanned upwards in m0, whih inreases �M . When the neutralino andstau are degenerate, the dominant ontribution to �̂e� omes from sleptonannihilation. The ratio of the solid ontours at this point is greater thanan order of magnitude, as above. As �M inreases, the density neq~̀ of slep-tons beomes Boltzmann suppressed, and the slepton-slepton ontributionfalls with two powers of neq~̀ and drops below the slepton-neutralino ontri-bution at �M � 0:07. This ontribution in turn falls with one power ofneq~̀ , and neutralino annihilation beomes dominant again at �M � 0:17.



Cosmologial Constraints on the MSSM 3411At large �M , the two solid ontours and dot-dashed ontour merge, andoannihilation an be negleted. Again, �gures for other tan � are similar.
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Fig. 7. As in Fig. 4, but now inluding neutralino-slepton oannihilation.Let's now look bak at the fm1=2;m0g plane and examine the e�et ofoannihilation on the osmologially allowed region. In Fig. 7, we show thesame area of parameter spae as in Fig. 4, but now with oannihilationinluded. We see that the light-shaded area now bends away from the for-bidden stau LSP region and reates a large allowed trunk whih lies on topof the line m~�R = m~�. Eventually, for large enough m1=2, the top of thetrunk falls below the m~�R = m~� line, but this doesn't happen until muhlarger values of m1=2 and m0, as seen in Fig. 8. Some features of the newosmologially allowed region to note: The upper bounds on m0 and m1=2are relaxed to m1=2 <� 1400 GeV and m0 <� 350 GeV, respetively. The widthof the new allowed trunk is signi�ant, from 30-50 GeV in m0 for m1=2 up to� 800 GeV. We've only shown the osmologially interesting region for onevalue of tan �, but the shape is very similar for all small to moderate tan�.The position of the line m~�R = m~� an vary somewhat with A0; however, thewidth of the trunk above the line is quite insensitive to A0, as is the upperbound on m1=2. This relaxes dramatially the osmologial upper bound on



3412 T. Falkthe neutralino mass in mSUGRA from about 200 GeV to lose to 600 GeV.It will therefore take the reah of the LHC to probe the full osmologiallyinteresting region. Lastly, the bounds on tan� from ombining the Higgssearh limits with reli density onstraints are now weakened, from 3.7 (2.8)to 2.8 (2.3) for � < 0 (� > 0).
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Fig. 8. The same as Fig. 7, but extended to larger m1=2.5. CP violation and eletri dipole momentsAs an appliation, we'll now examine to what extent the relaxation ofour upper limits on m1=2 a�ets onstraints on CP violation in the MSSM.We'll start with a brief reminder of where CP violation arises in our model.Reall that in the MSSM, new CP violating phases �� and �Ai aompanythe (in priniple) omplex parameters � and Ai, introdued in the �rst partof this talk. These phases then appear in the low energy Lagrangian inthe neutralino and hargino mass matries (in the ase of ��) and in theleft-right sfermion mixing terms (both �� and �A). The new soures forCP violation then ontribute to the Eletri Dipole Moments (EDMs) ofstandard model fermions, and the tight experimental onstraints on theEDMs of the eletron, neutron and merury atom plae severe limits onthe sizes of �� and �A [12, 13℄.



Cosmologial Constraints on the MSSM 3413The EDMs generated by �� and �A are su�iently small if either 1) thephases are very small (<� 10�2), or 2) the SUSY masses are very large(O (a few TeV)), or 3) There are large anellations between di�erent on-tributions to the EDMs. In mSUGRA, option 2) is forbidden by the relidensity onstraints, as we'll show next. Condition 3), large anellations,does naturally our in mSUGRA models over signi�ant regions of param-eter spae, inluding in the body of the osmologially allowed region withm1=2 = O(100� 400 GeV). These anellations relax the onstraints on thephases, but the limit on �� remains small, �� <� �=10.To see why option 2) is osmologially forbidden, reall that the SUSYphases ontribute to the eletron EDM, for example, via proesses of thefollowing type:
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±where seletrons and sneutrinos appear in the loop. These ontributionsdiminish as the sfermion masses are inreased, but this also shuts o� neu-tralino annihilation in the early universe, whih is dominated by sfermionexhange as in Fig. 3. The upper bound on 
e� h2 then limits the extent towhih one an turn o� the eletron EDMs by raising the sfermion masses.The ombination of osmologial with EDM onstraints in the MSSM andmSUGRA is disussed in detail in [13, 14℄.To see the ombined limits on �� and �A in mSUGRA, we plot in thef��; �Ag plane the minimum value of m1=2 required to bring the EDMs ofboth the eletron and the merury atom 199Hg below their respetive ex-perimental onstraints (Fig. 9). These experiments urrently provide thetightest bounds on the SUSY phases3. Here we've �xed tan � = 2, A0 = 300GeV and m0 = 100 and sanned upwards in m1=2 until the experimentalonstraints are satis�ed. Due to anellations, the EDMs are not monotoniin m1=2; however, there is still a minimum value of m1=2 whih is allowed.Looking bak at Fig. 4, we see that in the absene of oannihilations, thereis an upper bound on m1=2 of about 450 GeV (though slightly smaller forthis m0); an analogous �gure to Fig. 7 for tan � = 2 shows that oannihi-lations inrease the bound to about 600 GeV. Comparing with Fig. 9, wesee that zone V is osmologially forbidden, and that the e�et of inludingoannihilations is to allow zone IV, whih was formerly exluded.3 The extration of the neutron EDM from the SUSY parameter spae is plagued bysigni�ant hadroni unertainties [13℄, so that the inlusion of the neutron EDM on-straint does not improve the limits when the unertainties in the alulated neutronEDM are taken into aount
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IFig. 9. Contours of mmin1=2 , the minimum m1=2 required to bring both the ele-tron and Hg EDMs below their respetive experimental bounds, for tan� =2;m0 = 130GeV, and A0 = 300GeV. The entral light zone labeled �I� hasmmin1=2 < 200GeV, while the zones labeled �II�, �III�, and �IV� orrespond to200GeV < mmin1=2 < 300GeV, 300GeV < mmin1=2 < 450GeV, 450GeV < mmin1=2 <600GeV and mmin1=2 > 600GeV, respetively. Zone V is therefore osmologiallyexluded.Note in partiular that the overall upper bound on �� in this �gure, �� <�0:04�, is not a�eted by oannihilations. This is beause the largest �� ourin regions of anellations, and these regions happen to lie at lower valuesof m1=2, starting in zone II with m1=2 < 300 GeV. Inreasing mmax1=2 from 450to 600 GeV is insu�ient to bring the individual ontributions to the EDMsto aeptable levels for the larger values of �� and signi�ant anellationsare still neessary. Even taking m1=2 and m0 at their maximal values fromFig. 7 is not su�ient to redue the EDMs below their experimental limits,and so oannihilation does not a�et the upper bound on ��.The bowing to the right of the ontours in Fig. 9 is a result of anella-tions between di�erent ontributions to the EDMs [14℄, and we an see thatthe e�et is to relax the upper bound on �� by a fator of a few. As weinrease A0, the extent of the bowing inreases, and larger values of �� anbe aessed. This loophole to larger �� is limited by the diminishing sizeof the regions in whih there are su�ient anellations to satisfy the EDMonstraints. In general, the regions of anellation for the eletron EDM are



Cosmologial Constraints on the MSSM 3415di�erent than those for the 199Hg EDM, and the two regions do not alwaysoverlap. As �� is inreased, the sizes of the regions of su�ient anellationsderease; in Fig. 9, the width in m1=2 of the ombined allowed region nearthe �� upper bound is 40-80 GeV, whih on a sale of 200-300 GeV is rea-sonably broad. Larger A0 permits larger ��, but the region of anellationsshrinks so that a areful adjustment of m1=2 beomes required to aess thelargest ��. At the end of the day, values of �� muh greater than about�=10 annot satisfy the EDM onstraints without signi�ant �ne-tuning ofthe mass parameters. At larger values of tan �, the upper bound dereasesroughly as 1= tan �. See [13℄ for more details on the status of EDM andosmologial onstraints on CP violating phases in mSUGRA.6. SummaryIn summary, onstraints on the reli abundane of LSP neutralinos plaesigni�ant restritions on the parameter spae of the MSSM, and mSUGRAin partiular. To aurately ompute the osmologial upper limits onMSSM masses requires the inlusion of oannihilation e�ets, both for thease of a Higgsino and gaugino like neutralino. In partiular, we havefound that slepton-neutralino oannihilation greatly a�ets the neutralinoreli abundane when the neutralino and slepton are losely degenerate inmass, as is the ase in mSUGRA near where the osmologial upper boundon the neutralino mass is saturated. Inluding oannihilation e�ets signif-iantly relaxes the osmologial bounds on m1=2;m0 and m~�, and reduesthe ombined Higgs + osmology lower bound on tan�, although the upperbounds on CP violating phases in mSUGRA are not relaxed. The reahof the LHC will be needed to be sensitive the full osmologially allowedregion. Lastly, although I did not disuss it here, similar e�ets are presentfor a gaugino like neutralino in the general MSSM.REFERENCES[1℄ S. Dimopoulos, D. Sutter, Nul. Phys. B452, 496 (1995).[2℄ K. Griest, D. Sekel, Phys. Rev. D43, 3191 (1991); P. Gondolo, G. Gelmini,Nul. Phys. B360, 145 (1991).[3℄ J. Ellis, J.S. Hagelin, D.V. Nanopoulos, K.A. Olive, M. Sredniki, Nul. Phys.B238, 453 (1984).[4℄ ALEPH, DELPHI, L3 and OPAL Collaborations, ALEPH-99-081, DELPHI99-142, L3 Note 2442, OPAL Tehnial Note TN-614 (submitted to the Inter-national Europhysis Conferene on High Energy Physis, Tampere, Finland).[5℄ J. Ellis, T. Falk, K.A. Olive, M. Shmitt, Phys. Lett. B388, 97 (1996); J. Ellis,T. Falk, K.A. Olive, M. Shmitt, Phys. Lett. B413, 355 (1997).
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