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The nature of the dark matter is one of the most important questions at the interfae ofpartile physis and osmology. Reently there have been big improvements in the astro-physial and osmologial data, most notably due to the Wilkinson mirowave anisotropyprobe (WMAP)[1℄ and the Sloan digital sky survey (SDSS)[2℄. With the data we an inferthe following 2� range for the density of old dark matter normalized by the ritial density0:094 < 
CDMh2 < 0:129; (1)where h � 0:7 is the (saled) Hubble onstant in units of 100 km/se/Mp. Suh a preisedetermination of 
CDMh2 imposes severe onstraints on any model that tries to explain it.In supersymmetri theories with R{parity [3℄, the lightest supersymmetri partile(LSP), whih is typially the lightest neutralino ~�01 � �, is stable and it serves as anexellent old dark matter (CDM) andidate [4, 5℄. However, typial mSUGRA models inthe parameter spae of minimal SUSY predit muh larger values for the neutralino relidensity than the values in the range (1). Some spei� mehanisms leading to stronglyenhaned neutralino annihilation are required to produe the observed dark matter relidensity [6℄. Suh an enhanement might be due to the presene of light sleptons, enhaningthe LSP annihilation into leptons, to an aidental degeneray of the LSP and the lighterstau (or stop), leading to enhaned LSP{stau (or stop) o{annihilation, to the LSP withsigni�antly mixed gaugino{higgsino omponents, enhaning the annihilation into gaugebosons, or to an aidental degeneray MA � 2m� with large tan �, leading to enhanedannihilation through an s{hannel pseudosalar A in the CP{invariant theory.In partiular, the enhaned LSP annihilation via a A funnel in the CP{invariant ase isdue to two reasons; (i) the S{wave amplitude for ��! A is not suppressed near thresholdwhile the P{wave amplitude for ��! H is suppressed near threshold and (ii) the total Adeay widthz beomes large as the A! b�b deay mode is greatly enhaned for large tan �.The generi feature of theA funnel enhanement ould, however, be greatly modi�ed dueto the CP{violating mixing among neutral Higgs bosons as well as due to the CP{violatingHiggs ouplings to neutralino pairs in the CP{noninvariant theory [7, 8, 9, 10, 11℄. In thiswork we analyze, both analytially and numerially, the impat on the LSP reli densityby the CP{violating Higgs mixing, loop{indued at the loop level in the CP{noninvariantMSSM [12℄. To be spei�, we onsider the ase when two (almost) degenerate heavyzThe deays, A ! W+W� and A ! ZZ, are forbidden, leading to a small A width for small tan �(unless the deay A! t�t is open). 2



neutral Higgs bosons H and A are essentially deoupled from the lightest neutral Higgsbosonx and their masses are very lose to twie the LSP mass.With the lightest neutral Higgs boson deoupled, the CP{violating mixing of the twonearly{degenerate heavy Higgs bosons is desribed by a 2 � 2 omplex mass matrix, om-posed of a real dissipative part and an imaginary absorptive part [10℄. This mixing an bevery large, generating frequent mutual transitions induing large CP{odd mixing e�ets,whih are quantitatively desribed by the omplex mixing parameter X:X = 12 tan 2� = �2HAM2H �M2A � i [MH�H �MA�A℄; (2)where the omplex o�{diagonal term �2HA of the Higgs mass matrix ouples two Higgsstates.The Higgs masses and widths are then shifted in a harateristi pattern by the CP{violating mixing [14℄, of whih the individual shifts an be obtained by separating real andimaginary parts in the relations:hM2H2�iMH2�H2i�hM2H�iMH�Hi = �nhM2H3�iMH3�H3i�hM2A�iMA�Aio= �nhM2A�iMA�Ai�hM2H�iMH�Hio� 12 [p1 + 4X2 � 1℄ (3)In suh a non{Hermitian mixing the ket and bra mass eigenstates have to be de�ned sepa-rately: jHii = Ci�jH�i and hfHij = Ci�hH�j (i = 2; 3 and H� = H;A); C2H = os �;C2A =sin �;C3H = � sin � and C3A = os � in terms of the omplex mixing angle �.As two mass eigenstates have no de�nite CP parity and an enlarged mass splitting, thepro�le of the LSP reli density an onsiderably be modi�ed in the heavy Higgs funnel.For a simple analyti and numerial illustration, we onsider a spei� senario within theCP{violating MSSM [MSSM{CP℄, while a more omprehensive analysis is separately givenin a future publiation. We assume the soure of CP violation to be loalized entirely inthe omplex stop trilinear oupling At but all the other interations to be CP onserving.{In this situation, CP violation is transmitted through stop{loop orretions to the e�e-tive Higgs potential, generating three CP{odd omplex quarti parameters. The e�etiveparameters have been alulated in Ref. [8℄ to two{loop auray and, with t=~t ontribu-tions, the parameters are determined by the parameters; the SUSY saleMS whih is takenxThis situation is naturally realized in the MSSM in the deoupling limit with MA > 2mZ [10, 13℄.{This assignment is ompatible with the bounds from the eletri dipole moment measurements [15℄.3



to be essentially the average of two stop masses{squared, the higgsino parameter �, thestop trilinear parameter At and the top Yukawa oupling ht = p2 �mt=v sin� de�ned withthe running MS mass �mt and the Higgs vauum expetation value v � 246 GeV. The one{loop improved Born Higgs mass matrix is derived from this e�etive Higgs potential andthen the matrix elements are shifted to the pole{mass parameters by inluding dispersiveontributions from Higgs self{energies.Before evaluating the impat of the omplex H=A mixing on the LSP reli density inthe heavy{Higgs funnel, we desribe an approximate proedure for estimating the relidensity [16℄. The LSP number density is evolved in time aording to the Boltzmannequation. When the temperature of the Universe is higher than the LSP mass, the numberdensity is simply given by its thermal{equilibrium density. However, one the temperaturedrops below the LSP mass, the number density drops exponentially. As a result, the LSPannihilation rate beomes smaller than the Hubble expansion rate at a ertain point whenthe LSP neutralinos fall out of equilibrium and the LSP number density in a o{movingvolume remains onstant. The present LSP reli abundane is then approximately given by
h2 ' 1:07 � 109 GeV�1Jg1=2� MPL ; (4)where g� = 81 is the number of relativisti degrees of freedom and MPL = 1:22 � 1019GeVis the Plank mass. And the integral J is given byJ(xf) = Z 1xf h�vix2 dx; (5)where h�vi is the thermally averaged LSP annihilation ross setion times the relativeveloity v of two annihilating LSPs, and xf = m�=Tf with the freeze{out temperatureTf ' m�=25 for typial weak{sale numbers. We take xf = 25 in the following numerialdemonstration.When the heavy Higgs boson masses are large and lose to twie the LSP mass, the LSPannihilation is dominated by heavy Higgs{boson exhanges. The LSP annihilation rate anthen be estimated with reasonable approximation by inluding only the s{hannel heavyHiggs boson exhanges. In the deoupling limit the H�� and A�� ouplings readh�LjHj�Ri = h�RjHj�Li� ' �g2 (N12 �N11 tan �W )(sin�N13 + os �N14);h�LjAj�Ri = h�RjAj�Li� = �g2 i(N12 �N11 tan �W )(sin�N13 � os�N14); (6)4



in terms of tan � and the neutralino mixing matrix Ni� (i; � = 1-4) diagonalizing the neu-tralino mass matrixMN as N�MNNy =Mdiag [17℄. The LSP annihilation rate multipliedby the relative veloity v of two LSPs an be expressed as�v = 12 Xa;b=H;APaP�b �ab(ps)ps ; (7)where the relative veloity v is taken to be 2� = 2q1� 4m2�=s, and the prodution ampli-tudes Pa;b and the transition deay widths �ab are de�ned asPa = Xi=2;3 Xb=H;ACia�iCib P (��! a);�ab = 12psXF I d�F D(a! F )D�(b! F ); (8)with the Higgs propagators �i = 1=(s �M2Hi + iMi�Hi). Here, P (�� ! H;A) are the�� ! H;A prodution amplitudes, determined by the ouplings (6), and D(H;A ! F )the H;A ! F deay amplitudes, for any kinematially and dynamially allowed deaymode F . Evaluating J(xf) in Eq. (5) with the event rate (7) and inserting its value intoEq. (4) yields the present neutralino reli density.Although it is possible to alulate the masses and (transition) deay widths of the heavyHiggs bosons fully, we estimate them in the present work with a few approximations, whihare reliable in the Higgs deoupling limit. In general, the light Higgs boson, the fermionsand eletroweak gauge bosons, and in supersymmetri theories, gauginos, higgsinos andsalar states may ontribute to the loops in the omplex mass matrix. In the deouplinglimit, the ouplings of the heavy Higgs bosons to gauge bosons and their superpartners aresuppressed. Assuming all the other supersymmetri partiles to be suppressed either byouplings or by phase spae, we onsider only loops by the LSP neutralino, the light Higgsboson and the top/bottom quark for the absorptive parts as harateristi examples; loopsfrom other (s)partiles ould be treated in the same way of ourse.In order to demonstrate the e�et of the CP{violating H=A mixing on the neutralinoreli density in the MSSM{CP numerially, we adopt a typial set of parametersk,MS = 0:5 TeV; jAtj = 1:0 TeV; � = 2:0 TeV; tan � = 5; (9)while varying the pseudosalar mass MA, the SU(2) gaugino mass M2, and the phase �Aof the trilinear term At, and taking M1 ' 0:5M2. [By reparameterization of the �elds, M2kAnalyses of eletri dipole moments show that the phase of � is quite small, unless sfermions are veryheavy [15℄; therefore its phase is set zero in our numerial demonstration.5



is set real and positive.℄ For suh a large � ompared to M2, the LSP is almost bino{likeand its mass is lose to M1.The �A dependene of theH=Amixing parameterX and the heavy Higgs masses and aredisplayed in Figs. 1(a) and (b), respetively, forM2;A = 0:5 TeV.�� The two{state system inthe MSSM{CP shows a very sharp resonane CP{violating mixing, purely imaginary near�A = 0:09� and �A = 0:67�. We note that the mass shift is indeed enhaned by morethan an order of magnitude if the CP{violating phase rises to non{zero values, reahinga maximal value of the mass di�erene � 24 GeV. As a result, the two mass eigenstatesbeome learly distinguishable, inorporating signi�ant admixtures of CP{even and CP{odd omponents mutually in the wave funtions.
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Figure 1: The �A dependene of (a) the real (blak) and imaginary (red) parts of themixing parameter X and (b) the heavy Higgs boson masses, MH2 (blak) and MH3 (red).M2 and MA are set to 500 GeV. Note that <e==mX(2� � �A) = +<e=� =mX(�A) andthe masses and widths are symmetri about �A = �.The left panel of Fig. 2 shows the allowed spae of the phase �A and the normalizedmass di�erene (MA � 2m�)=2m� for the range (1). Here we have set M2 to 0.5 TeV and��With one ommon phase �A, the omplex mixing parameterX obeys the relationX(2���A) = X(�A)so that all CP{even quantities are symmetri when swithing from �A to 2���A. Therefore we an restritthe disussion to the range 0 � �A � �. 6



have sanned the parameter spae where 450GeV � MA � 550GeV and 0 � �A � �.The allowed region for � � �A � 2� is simply obtained by reeting the allowed region for0 � �A � � with respet to �A = �. The green strip is for the range (1) and the blue regionfor 
h2 < 0:095. In the other remaining region, we have 
h2 > 0:129. One an learly seethat (i) the neutralino reli density is indeed greatly suppressed for MA � 2m� due to theHiggs resonanes and the detailed predition for the reli density depends strongly on thevalue of the phase �A as well as the mass di�erene between MA and 2m�.
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Figure 2: Left panel: The allowed phase spae of the CP phase �A and the normalizedmass di�erene (MA � 2m�)=2m� for the range (1). The green area is for the range (1),but the blue area is for the enlarged range with the lower bound ignored. Right panel: Theallowed region of the (M2;MA) plane for the bound 
h2 < 0:129 in the CP{invariant asewith �A = 0 (a blue strip) and CP{noninvariant ase with �A = 0:55� (two green strips).The values of the other relevant parameters are given in the text.The right panel of Fig. 2 shows the allowed regions of the (M2;MA) plane for 
h2 < 0:129in the CP{invariant ase (one blue strip) with �A = 0 and in the CP{noninvariant asewith �A ' 0:55� (two green strips). Clearly, in order to satisfy the reli density onstraint,the LSP mass, whih is approximately 0:5M2, should be lose to half of the Higgs masses.In the CP{invariant ase only the CP{odd Higgs boson A is ative for the Higgs funnelmehanism and so only one allowed strip with its width of about 20 GeV is developed. Inontrast, in the CP{noninvariant ase with �A = 0:55�, both of the heavy Higgs bosons7



beome ative for the funnel mehanism, leading to two strips; one strip is almost identialto the strip in the CP{invariant ase, but the other is newly developed as the H3 state,whih is purely CP{even in the CP{invariant ase, has a signi�ant CP{odd omponentdue to the CP{violating Higgs mixing. The ombined width of two strips is widened dueto the enlarged mass splitting between two mass eigenstates in the CP{noninvariant ase.yyTo summarize. We have examined the e�et of the CP{violating H/A mixing on theLSP annihilation ross setion in the Higgs deoupling limit. By a simple analysis with aspei� parameter set (9) we have demonstrated that the CP{violating mixing an modifythe pro�le of the LSP reli density onsiderably in the heavy Higgs funnel with the LSPmass lose to half of the Higgs masses. Therefore, in order to eluidate the Higgs funnelmehanism through high{energy experiments on the supersymmetri partiles, it is nees-sary to determine with good auray the omplex mixing angle between two Higgs statesin addition to the LSP and heavy Higgs boson masses and ouplings [18℄.AknowledgmentsThe authors are grateful to P.M. Zerwas for his valuable omments and suggestions. Thework of SYC was supported partially by KOSEF through CHEP at Kyungpook NationalUniversity and by the Korea Researh Foundation Grant by the Korean Government(MOEHRD) (KRF{2006{013{C00097) and the work of YGK was supported partially bythe KRF Grant funded by the Korean Government (KRF{2005{201{C00006) and by theKOSEF Grant (KOSEF R01{2005{000{10404{0).Referenes[1℄ WMAP Collaboration, D.N. Spergel et al., Astrophys. J. Suppl. Ser. 148 (2003) 175.[2℄ SDSS Collaboration, M. Tegmark et al., Phys. Rev. D 69 (2004) 103501.[3℄ For a reent review, we refer to D.J.H. Chung, L.L. Everett, G.L. Kane, S.F. King,J.D. Lykken and L.T. Wang, Phys. Rept. 407 (2005) 1.[4℄ H. Goldberg, Phys. Rev. Lett. 50 (1983) 1419; J. Ellis, J. Hagelin, D. Nanopoulos andM. Sredniki, Phys. Lett. B 127 (1983) 233; J. Ellis, J. Hagelin, D. Nanopoulos, K.Olive and M. Sredniki, Nul. Phys. B 238 (1984) 453.yyTwo Higgs{boson masses are approximatelyMH2 � MA+15 GeV andMH3 �MA�5 GeV, respetively.8
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