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DESY 06-035Moduli/Inaton Mixing with Supersymmetry Breaking FieldMotoi Endo1;2, Koihi Hamaguhi1;3 and Fuminobu Takahashi1;21 Deutshes Elektronen Synhrotron DESY,Notkestrasse 85, 22607 Hamburg, Germany2 Institute for Cosmi Ray Researh,University of Tokyo, Chiba 277-8582, Japan3 Department of Physis, University of Tokyo, Tokyo 113-0033, JapanAbstratA heavy salar �eld suh as moduli or an inaton generally mixes with a �eld responsible for thesupersymmetry breaking. We study the salar deay into the standard model partiles and theirsuperpartners, gravitinos, and the supersymmetry breaking setor, partiularly paying attentionto deay modes that proeed via the mixing between the salar and the supersymmetry breaking�eld. The impats of the new deay proesses on osmologial senarios are also disussed; themodulus �eld generially produes too many gravitinos, and most of the ination models tend toresult in too high reheating temperature and/or gravitino overprodution.
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I. INTRODUCTIONSalar �elds play an important role in the thermal history of the universe. One a salar�eld dominates the energy density of the universe, the subsequent evolution of the universestrongly depends on the reheating proesses haraterized by the deay temperature and thedeay produts.Suh salar �elds, symbolially denoted by �, may be identi�ed with an inaton or moduli�elds. A modulus �eld generally aquires nonzero vauum expetation value (VEV) in thevauum. Inaton �elds as well have non-vanishing VEVs in many ination models. Onea salar �eld obtains a nonzero VEV, �0 � h�i, there is no remnant symmetry to forbidmixings of � with the other �elds, sine the symmetries under whih � is harged, if any, arespontaneously broken in the vauum. There is another important salar �eld, z, whih isresponsible for the supersymmetry (SUSY) breaking. The presene of suh SUSY breaking�eld is inevitable in the SUSY theories, beause of an absene of the light superpartiles.The SUSY breaking �eld, z, must be singlet under any unbroken symmetries at the vauumin order for the auxiliary �eld, Gz, to obtain a �nite VEV. Therefore the salar �eld z aswell generally obtains a VEV, z0 � hzi.We would like to stress that a salar �eld � with nonzero VEV, suh as the inatonand moduli, generially mixes with the SUSY breaking �eld z in the vauum. In partiularsuh mixing has impats on the deay proesses of �. It has been reently argued that themodulus and inaton deays may produe too many gravitinos and/or the lightest SUSYpartile (LSP) [1, 2, 3, 4℄. In Ref. [5℄, however, it has been demonstrated that the gravitinoprodution rate an be suppressed by taking aount of the mixing of � with z in someexpliit models. In this paper, we develop general analyses on the mixture of � and z, anddisuss its osmologial onsequenes, paying partiular attention to the deay of � via themixing with z.In the next setion, we develop a formalism to obtain the mass-eigenstate basis and larifythe relation between the mass-eigenstate basis and the model basis. In Se. III, we onsiderseveral deay proesses in the mass eigenstates, espeially those indued via the mixingwith the SUSY breaking setor, in the gravity-mediated SUSY breaking senario. We alsodisuss how the modulus and inaton osmology is a�eted by the mixing. In Se. IV wetake up the low energy SUSY breaking models suh as the gauge-mediated SUSY breaking2



(GMSB) models [6℄, larifying the di�erene from the ase of gravity mediation. Se. V isdevoted to disussions on misellaneous topis. We give a summary in the last setion. InAppendix. A, we show the goldstino interpretation of the salar deay into gravitinos andsee the equivalene between the two pitures.II. MASS-EIGENSTATE BASISA salar deay must be onsidered in its mass-eigenstate basis, while a model is oftengiven in suh a way that partiles in the model are not mass eigenstates espeially if somesymmetries are spontaneously broken in the vauum. In partiular, it is quite probable thata salar � with nonzero VEV mixes with the SUSY breaking �eld z in the vauum, sinethere is no remnant symmetry that forbids the mixing. The kineti term and non-analyti(NA) and analyti (A) mass terms of � and z in the model frame are given asLkin: = ���y���+ ��zy��z + gz �����y��z + g��z��zy���; (1)�L(NA)mass = M2����y�+M2z�zzyz +M2z ���yz +M2��zzy�; (2)�L(A)mass = 12M2����+ 12M2zzzz +M2�z�z + h::; (3)where the �elds are expanded around the VEV, � ! �� �0 and z ! z � z0. The mixingsin the kineti term, gz �� and g��z, are given bygz �� = * �2K�z��y+ ; g��z = * �2K���zy+ ; (4)where K is the K�ahler potential, while g��� and gz�z are normalized to be unity. Note thatthe ross term gz �����y��z naturally appears if there are higher order terms in the K�ahlerpotential before the �elds are expanded around the VEV. The purpose of this setion is tolarify the relation between the model basis (�; z) and the mass-eigenstate basis.In the Einstein frame, the 4D N = 1 supergravity (SUGRA) Lagrangian ontains thesalar potential, V = eG(GiGi�3) a. The (non-)analyti mass terms an be written in termsof the total K�ahler potential, G = K + ln jW j2, asM2ij� = �2V�'i�'yj = eG �riGkrj�Gk �Rij�k`�GkG`� + gij�� ; (5)M2ij = M2ji = �2V�'i�'j = eG �riGj +rjGi +GkrirjGk� ; (6)a Throughout this paper we assume that the D-term potential is negligible.3



where we have assumed the vanishing osmologial onstant, GiGi = 3, and used the po-tential minimization ondition, GirkGi + Gk = 0 in the vauum. The gravitino mass isgiven by m3=2 = DeG=2E. Here and in what follows, the subsript i denotes a derivativewith respet to the �eld 'i, and the supersript is de�ned by Gi = gij�Gj�. Here gij� isthe K�ahler metri, gij� = Gij� , and Rij�k`� is the urvature of the K�ahler manifold, de-�ned by Rij�k`� = gij�k`� � gmn�gmj�`�gn�ik. Also the ovariant derivative of Gi is de�ned byriGj = Gij � �kijGk, where the onnetion, �kij = gk`�gij`� , and rkgij� = 0 is satis�ed.Throughout this paper, the salar �eld, �, is assumed to be muh heavier than thegravitino due to a large supersymmetri mass,m�=m3=2 � jr�G�j � 1. The SUSY breaking�eld z is suh that it sets the osmologial onstant to be zero, i.e., GzGz ' 3, while � isassumed to give only subdominant ontribution to the SUSY breaking, i.e., jG�j � 1. Then,as long as jr�Gzj <� O(1) b, the potential minimization ondition for z,GzrzGz +G�rzG� +Gz = 1 ; (7)requires that the supersymmetri mass of z is equal to the gravitino mass, i.e., jrzGzj ' 1 .We assume that this is the ase. It should be noted, however, that the salar mass of z anbe larger than m3=2 due to the non-supersymmetri mass term, eGRz�zk`�GkG`� , if one adds,e.g. ÆK = �jzj4=�2 with a low ut-o� sale � �MP , to the K�ahler potential, whih leadsto m2z ' 12m23=2(MP =�)2.In the following we assumeM2��� dominates over the other omponents of the mass terms.The results in the ase of M2z�z � M2��� � (the other elements) will be given in the last ofthis setion. The rest disussion of this setion is however rather generi, and an be appliednot only to the situation we stated above.The kineti term an be anonially normalized by a shift of z and a resaling of �;�0 = (1� jg��zj2)�1=2�; (8)z0 = z + g��z�; (9)Lkin: = ���0y���0 + ��z0y��z0: (10)b In fat, aording to the disussion of Ref. [1℄, jr�Gzj � O(1) holds for modulus �eld with its VEV of thePlank sale, if the K�ahler potential does not have any enhanement fator. In priniple, jr�Gzj ould belarger than O(1) if the higher order term g�z�z in the K�ahler potential is larger than unity. However, suha large mixing in the supersymmetri mass obsures the de�nitions (or roles) of the di�erent two �elds inthe model basis. Also it makes the gravitino problem even worse. This was also noted in Ref. [7℄ in a di�erent ontext.4



Then the mass terms beome� L(NA)mass � M2�0 ��0�0y�0 +M2z0�z0z0yz0 +M2z0 ��0�0yz0 +M2�0�z0z0y�0' (M2��� � g��zM2z �� � gz ��M2��z)�0y�0 +M2z�zz0yz0+(M2z �� � gz ��M2z�z)�0yz0 + (M2��z � g��zM2z�z)z0y�0; (11)�L(A)mass ' 12(M2�� � 2g��zM2�z)�0�0 + 12M2zzz0z0+(M2�z � g��zM2zz)�0z0 + h::; (12)where O(g2��z) terms are omitted in eah term.Let us �rst diagonalize the non-analyti mass terms while keeping the kineti term anon-ial by the following transformation: � � �0 + �z0;Z � z0 � ���0; (13)where � represents the mixing angle. Here we have assumed j�j � 1 and negleted thoseterms of O(�2). Sine M2�0 ��0 dominates over the other omponents in the mass matrix, themixing angle is given by the ratio of M2�0 ��0 to the o�-diagonal omponent:� ' M2z0 ��0M2�0 ��0 ' M2z �� � gz ��M2z�zM2��� : (14)Then the non-analyti mass matrix beomes diagonal in this basis:� L(NA)mass ' M2����y� + 0�M2z�z � jM2��zj2M2��� 1AZyZ; (15)We will all this basis (�; Z) as the NA mass-eigenstate basis in the following.The physial proesses beome easy to be onsidered after the mass matrix is fully di-agonalized. In partiular, one should note that the analyti mass terms provide a furthermixture between � and zy (z and �y). In the NA mass-eigenstate basis, the analyti massterms beome� L(A)mass � 12M2���� + 12M2ZZZZ +M2�Z�Z + h::' 12 �M2�� � 2(g��z � ��)M2�z��� + 12 �M2zz � 2�M2�z�ZZ+ �M2�z �M2zzg��z �M2���+M2zz����Z + h:: (16)5



up to O(�). Let us onentrate on the mixings � � Zy and Z � �y, sine they beomeimportant in the following analyses. To diagonalize the analyti mass term, we take thefollowing transformation, ~� � � + ~�Zy; (17)~Z � Z � ~��y; (18)where we have assumed that the mixing angle ~� is muh smaller than unity. Sine the dom-inant ontribution to the total mass matrix omes from the non-analyti mass omponent,M2��� ' m2�, ~� is given by the ratio of M2��� to M2�� �Z:~� ' M2�� �ZM2��� ' M2���z � gz ��M2�z�zM2��� : (19)Thus obtained (~�; ~Z) is the desired mass-eigenstate basis. AlthoughM2�� (M2ZZ) an furthermix the real and imaginary omponents of � (Z), it does not modify the following disussionsqualitatively.Here, we summarize the relation between the model basis (�; z) and the mass-eigenstatebasis (~�; ~Z). � ' ~�� � ~Z � ~� ~Zy; (20)z ' ~Z + (�g��z + ��)~� + ~��y: (21)The expliit expressions for � and ~� are given by (14) and (19).So far, we have assumed that M2��� dominates over the other omponents of the massmatrix. If z aquires a non-supersymmetri mass larger than the mass of �, we an repeata similar disussion to obtain the relation between the model basis and the mass-eigenstatebasis: � ' ~� + (�gz �� + ��) ~Z + ~�Zy; (22)z ' ~Z � �~�� ~�~�y (23)with � and ~� given by � ' M2�0�z0M2z0�z0 ' M2��z � g��zM2���M2z�z ; (24)~� ' M2�Z ��M2Z �Z ' M2�z �� � g��zM2����M2z�z : (25)6



In the following setions, we are partiularly interested in the mixing of ~�(~�y) into z or~Z( ~Zy) into �. Although three sets of the transformations are neessary to arrive at the masseigenstate basis, the e�etive mixing angle is given by the largest mixing among them. Toparametrize this e�etive mixing of ~�(~�y) into z, we de�ne �z~� as�z~� � 8>>>>>>>><>>>>>>>>: Max8<:jg��zj; ������M2��zM2��� ������ ; ������M2�zM2��� ������9=; for M2��� �M2z�z ;Max(�����g��zM2���M2z�z ����� ; �����M2��zM2z�z ����� ; �����M2�zM2z�z �����) for M2z�z �M2���: (26)Similarly, we de�ne the e�etive mixing of ~Z( ~Zy) into � as�� ~Z � 8>>>>>>>><>>>>>>>>:Max8<:������g��zM2z�zM2��� ������ ; ������M2��zM2��� ������ ; ������M2�zM2��� ������9=; for M2��� �M2z�z ;Max(jg��zj; �����M2��zM2z�z ����� ; �����M2�zM2z�z �����) for M2z�z �M2���: (27)Therefore, using these the e�etive mixing angles, the relations (20), (21), (22), and (23)an be roughly expressed as � � ~�� �� ~Z ~Z (28)z � ~Z + �z~� ~�; (29)up to phase, where we have also dropped the distintion between ~�( ~Z) and its onjugate.III. GRAVITY MEDIATIONLet us now onsider the deay of ~� via the mixing with the SUSY breaking �eld z, anddisuss its osmologial inuene. To this end, we need to speify the way to mediate theSUSY breaking to the visible setor. In this setion we onsider the gravity mediation toexemplify how serious the problems aused by the mixing is.A. Deay ModesLet us study the salar deay modes whih proeed via the mixing with the SUSY breaking�eld. They are lassi�ed by the deay produts: (i) the gravitinos; (ii) the SM partiles (andtheir superpartners); (iii) the SUSY breaking �elds. We disuss eah ase below.7



1. GravitinoThe salar �eld � an deay into a pair of the gravitinos through the mixing with theSUSY breaking �eld d. The relevant ouplings are [9, 10, 11℄e�1L = �18����� (G����+Gz��z � h::) � �� ��18eG=2 (G��+Gzz + h::) � � [�; �℄ �; (30)where  � is the gravitino �eld, and we have hosen the unitary gauge in the Einstein framewith the Plank units,MP = 1. One has to take aount of the mixing between � and z(zy)disussed in the previous setion, in order to evaluate the deay rate [5℄. That is to say, weshould rewrite the interations in terms of the mass-eigenstate basis (~�; ~Z).To this end, we �rst estimate the oupling to the gravitinos, G�, in the NA mass-eigenstate basis (�; Z). In this basis, the o�-diagonal omponents of the non-analyti massterm should vanish by de�nition:M2� �Z = r�G�r �ZG�� +r�GZr �ZG �Z �R� �Zij�GiGj� = 0: (31)Using jr�G�j � jrZGZ j, we obtainr �ZG�� ' R� �Zij�GiGj�r�G� : (32)On the other hand, the potential minimization ondition for � readsG��r�G� +G �Zr�GZ +G� = 0; (33)whih an be solved for G�: G� ' �r��G �Zr��G��GZ ; (34)where we have used jr�G�j � 1 again. Substituting (32) into (34), we arrive atjG�j ' 3p3 jR� �ZZ �Zjjr��G��j2 ; (35)where we have used jGZj = jGZ j ' p3. Thus G� is always proportional to m23=2=m2� � 1,while it an be enhaned if Z has a quite large SUSY breaking mass, m2z ' 3jRz�zz�z jeG �d If the large salar mass originates from non-supersymmetri mass terms, the single-gravitino produtionrate (f. [8℄) dominates over the pair prodution rate, irrespetive of the mixing with the SUSY breaking�eld. 8



eG. It should be noted that (35) always holds in the NA mass-eigenstate basis as long asm� � m3=2, irrespetive of the value of mz. For the minimal K�ahler potential, G� is exatlyzero in this basis. However one must keep in mind that � is generally not idential to thetrue mass eigenstate ~�. In general, the true mass eigenstate ~� ( ~Z) is no longer a salaromponent of a hiral super�eld [see Eqs. (17) and (18)℄, and hene the above onsiderationfor G� does not hold.Now let us write down the interations in the mass-eigenstate basis (~�; ~Z). In the NAmass-eigenstate basis, the ouplings to the gravitinos are obtained by replaing (�; z) with(�; Z) in (30). By performing the transformation (17) and (18), we an rewrite the intera-tions in terms of ~� and ~Z:e�1L ' �18����� �G(�)� �� ~� �G(+)y� ��~�y +GZ�� ~Z �G �Z�� ~Zy� � �� ��18eG=2 �G(+)� ~� + G(�)y� ~�y +GZ ~Z +G �Z ~Zy� � � [�; � ℄ �; (36)where we have de�ned G(�)� � G� � ~��G �Z : (37)The deay rate of ~� is [1, 2℄�(~�! 2 3=2) ' jG(eff)� j2288� m5�m23=2M2P ; (38)for m� � m3=2, where we de�ned jG(eff)� j2 � 1=2 (jG+� j2 + jG�� j2) = jG�j2 + j~��G �Z j2. Thegravitino mass in the denominator arises from the longitudinal omponent of the gravitino.An interpretation in the goldstino limit is given in the Appendix. A.Let us now evaluate the order-of-magnitude of jG(eff)� j2 = jG�j2+ j~��G �Z j2. The �rst terman be related to mz if z is heavier than the gravitino due to a non-supersymmetri mass,m2z ' 3jRz�zz�z jeG � m23=2: jR� �ZZ �Z j ' �z� m2z3m23=2 ; (39)where �z� represents the mixing of � into z, and it an be approximately given by�z� ' 8>>><>>>: jg��zj+ jr�Gzjm3=2m� for m� � mz;jg��zjm2�m2z + jr�Gzjm3=2m�m2z for mz � m�: (40)9



If mz � m3=2, however, R� �ZZ �Z is not neessarily related to mz. On the other hand, j~�j is ej~�j ' 8>><>>: p3 jg��ZZ jm3=2m� for m� � mz;p3 jg��ZZ jm3=2m�m2z for mz � m�: (41)In summary, jG(eff)� j2 is given byjG(eff)� j2 ' �����3p3R� �ZZ �Zm23=2m2� �����2 + �����3 g��ZZ m3=2m� �����2 (42)for m� � mz � m3=2,jG(eff)� j2 ' �����p3 g��zm2zm2� �����2 + �����p3(r�Gz)m3=2m2zm3� �����2 + �����3 g��ZZ m3=2m� �����2 (43)for m� � mz � m3=2, andjG(eff)� j2 ' ���p3 g��z ���2 + �����p3(r�Gz)m3=2m� �����2 + �����3 g��ZZ m3=2m�m2z �����2 (44)for mz � m� f. Note that, in the model basis, jr�Gzj ' O(1) for a modulus �eld with itsVEV of order MP [1℄, while jr�Gzj � h�i for suh salar �eld � with the K�ahelr potentialK = j�j2 + � � � before expanding around the VEV [3, 4℄. Therefore, the seond term inEq. (44) reprodues the partial deay rate of ~� into a pair of the gravitinos in Refs. [1, 2, 3, 4℄.In addition, even in the ase of m� � mz, the rate beomes sizable if g��ZZ is order unity.2. SM (s)partilesIn the gravity mediation, there are non-renormalizable interations between the SUSYbreaking �eld z and the SM setor to indue the soft SUSY breaking terms. For instane,the gaugino masses are obtained in the model frame byL = Z d2� z zMP W (a)W (a) + h:: (45)where W (a) is the supersymmetri �eld strength of the gauge �eld, and z is a ouplingonstant of order unity. The mixture between the heavy salar �eld � and z makes ite Note that ~� is at least O(h�im23=2=m2�) even in the ase of the minimal K�ahler potential.f We are grateful to M. Ibe and Y. Shinbara for pointing out the 1st term in Eq.(44).10



possible for ~� in the mass eigenstate to deay into the SM (s)partiles through the aboveoupling. Using (29), the interation between ~� and the SM (s)partiles is given byL(mix)~�WW � zMP �z~� ~� Z d2�W (a)W (a) + h:: (46)whih leads to�(mix)(~�! gauge boson) ' �(mix)(~�! gaugino) ' 32� �Ng12 � �2z~�jzj2m3�M2P (47)for m� � m3=2, where Ng is the number of �nal states, and Ng = 12 forSU(3)�SU(2)L�U(1)Y . We notie that the deay rate of the gaugino prodution is om-parable to that of the gauge boson [1, 2℄. Note that this deay is always present as far asthere is a mixing between the � and z. As we will see, it will beome important espeiallyfor the inaton deay.In the ase of modulus deay, it also has a diret oupling to the SM setor, suh asthe dilatoni oupling with the gauge supermultiplet, L = �GMP R d2� �W (a)W (a) + h::. Thedeay rate through this oupling is given by�(diret)(~�! gauge boson) ' �(diret)(~�! gaugino) ' 32� �Ng12 � j�Gj2m3�M2P (48)for m� � m3=2. In the gravity mediation, therefore, the diret deay of the modulus intothe SM (s)partiles beomes dominant over that through mixings, as long as j�Gj � 1 and�z~� < 1. Note that in the ase of inaton, it does not neessarily have the above diretoupling.3. SUSY breaking setorThe heavy salar an also deay into the hidden setor, whih inludes the SUSY breaking�elds. Due to the mixing between the �elds � and z(zy) in the model frame, the masseigenstate ~� has a branh of the prodution of the hidden setor �eld ~Z, if kinematiallyallowed. In this subsetion we disuss the deay ~�! ~Z assuming m� � mz.A possible interation between � and z omes from the K�ahler potential, K =g��zz�zyz + h::. Atually suh an interation is plausible one we onsider an operator,K = j�j2jzj2=M2P , with taking aount of the VEV of �. The deay rate via this operator ishowever suppressed. If the deay is indued by the D = 5 operator in the K�ahler potential,11



and if the �nal states have opposite hirality, the relevant oupling onstant beomes pro-portional to the mass squared of the �nal state, m2Z, or that of the gravitino,m23=2. Thereforethe resultant deay beomes suppressed: � � Max[m43=2;m4z℄=m�M2P .In the K�ahler potential, there is another D = 5 operator, K = g��zz�yzz + h::, whih isdi�erent from the above one: the �nal states have the same hirality. This operator induesa larger deay rate: �(~� ! ~Z ~Z) ' jg��zz j28� m3�M2P : (49)As disussed in the previous subsetion, the K�ahler mixing g��zz also indues the deay intothe gravitino [f. (38), (42), and (43)℄. It should be noted that these two deay rates an beorrelated. As long as jG(eff)� j is dominated by the last term in (42) or (43) that ontainsjg��ZZj, they beome omparable: �(~�! 2 3=2)=�(~�! 2 ~Z) ' 1=4.It is stressed that prodution of the fermioni omponent of the z �eld is very di�erent.This is beause a ombination of the fermioni omponents of � and the SUSY breaking�elds is absorbed into the gravitino as a goldstino. In the minimum setup, namely wherethere is a single SUSY breaking �eld, the fermioni omponent of z almost behaves as thegoldstino, and that of � provides the remnant massive degrees of freedom. Therefore, whenthe � mass is given by the supersymmetri term, r�G�, the mass of this massive fermionbeomes lose to m�, and hene the deay is kinematially suppressed or forbidden.The produed ~Z subsequently deays into the visible setor, and into the gravitino ifkinematially allowed. The deay of the ~Z �eld and its impliations will be disussed in thefollowing setions.B. ModulusIn this and the next setions, we disuss how the deay via mixings with the SUSYbreaking �eld a�et the osmologial senarios. We onentrate espeially on the modulusand the inaton, and see how disastrous the osmologial senarios beome due to suhmixings.Let us start from the modulus deay. We disuss two distint ases mz > m� andm� < mz in turn. In both ases, the dominant deay hannel is that into the SM (s)partiles,whose rate is given by Eq. (48). A suessful big bang nuleosynthesis (BBN) requires a12



temperature higher than � 5 MeV [12, 13℄, whih leads to a lower bound on the modulusmass, m�>� 100 TeV, and we assume this is the ase.Here, we should mention that there may be another osmologial moduli problem asso-iated with the SUSY breaking �eld z. In this setion we assume that it is the heavy � �eldwhih dominates the energy density of the universe and auses the �nal reheating (beforethe BBN), and we will briey disuss the z modulus problem in Se. V.1. mz > m�In this ase, the modulus �eld � deays into the SM (s)partiles and the gravitino, withthe partial deay rates in Eq. (48) and Eq. (38), respetively. The branhing ratio of thegravitino prodution then beomesB3=2 = Br(~�! 2 3=2) = 172Ngj�Gj2 m2�m23=2 jG(eff)� j2 (50)As an be seen in Eqs. (42) - (44), the oupling jG(eff)� j depends on the model. If mz > m�,however, jG(eff)� j is suppressed only by a single power of the gravitino mass and the branhingratio beomes B3=2 ' 124Ngj�Gj2 0�jr�Gzj2 + jg��zj2 m2�m23=21A : (51)Using jr�Gzj � O(1) in the model basis [1℄, the �rst term is the same order as the oneestimated in Refs. [1, 2℄. As was shown there, suh a large branhing fration of the gravitinoprodution auses serious osmologial problems. The seond term makes the problem evenworse if jg��zj � m3=2=m�.2. m� > mzNow one has to onsider a new deay mode, ~�! 2 ~Z, in addition to the hannels disussedabove. As disussed in Se.IIIA 3, if g��zz is sizable, the ~� produes roughly as many ~Z asthe gravitino. Here we disuss the fate of the produed ~Z and its impliations.Ifmz <� 2m3=2, the ~Z dominantly deays into the visible setor via the interation Eq. (45),whih leads to �( ~Z ! visible) � m3z=M2P . Note that this rate is omparable to the deayrate of the gravitino for mz � m3=2. Therefore it auses qualitatively similar problems as the13



gravitino, suh as hanging light element abundanes and produing too many LSPs [1, 2℄.The details of the onstraint on the model depends on the mass and ouplings of the z �eld.If on the other hand mz � m3=2, due to SUSY breaking mass term, ~Z dominantly deaysinto the gravitino. (Note that jGZj ' p3 and the rate is enhaned by (mz=m3=2)2. f.Eq. (38).) Reall that there are gravitinos diretly produed by the � deay. The net e�etis therefore just an enhanement of the gravitino abundane by an order one fator. Thesubsequent gravitino deay is subjet to the osmologial onstraints [1, 2℄.To summarize, ~� produes roughly as many ~Z as the gravitinos, and the produed ~Z willause a similar problem as the gravitino does.C. InatonWe now turn to disuss the inaton deay. We assume that the SUSY breaking �eld zis lighter than the inaton � g. Therefore, the inaton an deay into the SM (s)partiles,gravitinos, and the SUSY breaking setor �elds. The importane of the inaton deay intothe gravitino has been reently pointed out in Ref. [3℄.Let us �rst onsider the inaton deay into the SM (s)partiles through the interation(46). The mixing with the SUSY breaking �eld may enhane the deay rate of the inaton,whih leads to a higher reheating temperature, TR. Sine TR is bounded from above dueto the abundane of the gravitinos produed by thermal satterings, suh mixing must besmall enough.The presene of the interation (46) sets a lower bound on the reheating temperature:TR >� 3� 108 GeV �z~�jzj� m�1012GeV�32 (52)where we have used Ng = 12 for the SM gauge groups and the relativisti degrees of freedomg� ' 200. For m3=2 ' O(0:1 � 1TeV), the bound from the gravitino problem reads TR <O(106 � 108)GeV [14, 15℄, where the upper bound depends on the gravitino mass and thehadroni branhing ratio Bh. Combining this with (52), we obtain�z~� <� (3� 10�3 � 0:3) �1z � m�1012GeV�� 32 : (53)g Note, however, that this may not be the ase in the new ination models [3℄.14



The heavier the inaton mass is, the severer this bound beomes. For the new inationmodel [16, 17℄, the inaton mass is relatively small, m� � 1010 GeV, and therefore thebound (53) does not give any sensible onstraint on the mixing. For the hybrid inationmodels [18, 19, 20℄, however, the inaton mass an be very large, m� � O(1011�1015) GeV hThen we obtain �z~� <� O(10�7 � 10). To translate this bound into that on parameters in themodel basis, let us estimate �z~�,�z~� ' Max "jg��zj;p3�0m3=2m� ;p3jg��zz jm3=2m� # ; (54)where we assumed m� � mz. Sine the seond and third terms are highly suppressed dueto the ratio of the gravitino mass to the inaton mass, the bound on �z~� is e�etively thaton jg��zj. In the ase of the hybrid ination model, therefore, we obtain a nontrivial bound,jg��zj <� O(10�7 � 10).To see how severe the bound on the mixing is, it is neessary to onsider expliit intera-tions in the K�ahler potential i. Let us onsider the following interations in the model basisbefore expanding the �elds around their VEVs,ÆK = k1j�j2(z + zy) + k2j�j2jzj2 + k32 j�j2(zz + zyzy) � � � ; (55)where ki (i = 1; 2; 3) are numerial oeÆients, and we have dropped several terms like�2(z + zy), assuming that � is harged under some symmetry. As long as z is a singlet, allthe oeÆients are expeted to be order unity. Then g��z is non-vanishing if � and z takenon-zero VEVs, g��z = k1��0 + k2��0z0 + k3��0z�0: (56)Therefore the onstraint on g��z an be interpreted as that on the numerial oeÆients ki,whih are otherwise unonstrained from any symmetries of �. If ki is severely onstrainedfrom osmologial onsiderations, it indiates either that there is still unknown symmetryor mehanism to suppress the ouplings, or that suh ination model with vanishing �0is favored. As an example, let us take the hybrid ination model with �0 � 10�3. Thenjg��zj <� O(10�7 � 10) an be rephrased as jk1 + k2z0 + k3z�0j <� O(10�4 � 104). Therefore, ah The hybrid ination models ontain two types of the �elds: the inaton �eld and the waterfall �elds.Although the bound on jg��zj applies to both �elds, we identify � with the waterfall �eld when we substitutethe VEV of � into (56).i We assume here that � and z are not oupled in the superpotential for simpliity.15



onsiderable part of the parameter spaes are disfavored if Bh ' 1. (Note, however, that thehybrid ination model is already disfavored only from the diret gravitino prodution [3℄.)Let us now onsider the inaton deay into the gravitinos. Reently, it was pointed out inRef. [3℄ that the gravitino prodution from the inaton deay an put a severe onstraint onthe ination models (in partiular, the hybrid ination model is exluded unless the higherorder terms in the K�ahler potential is extremely suppressed). The deay rate into a pairof the gravitinos is given by (38). The onstraint on the ination models an be read fromFig. 1 in Ref. [3℄ by replaing G� with jG(eff)� j ' j3g��ZZ m3=2=m�j. Thus, we an rephrasethe results of Ref. [3℄ that the hybrid ination model is exluded unless jg��ZZj is extremelysmall in the gravity mediation.Lastly, let us onsider the inaton deay into the SUSY breaking setor. As in the aseof the moduli, the inaton deay into ~Z is always onomitant with almost same amountof the gravitino prodution, sine the both prodution rates are proportional to jg��ZZ j2.Therefore the produed ~Z only auses a problem whih is at most as severe as the gravitinooverprodution problem.IV. LOW ENERGY SUSY BREAKING MODELSIn this setion we onsider low energy SUSY breaking models, as represented by theGMSB models. Compared to the gravity mediation, there are two major di�erenes. One isthat the SUSY breaking �eld ouples to the visible setor more strongly, whih is a generalfeature of the low energy SUSY breaking models. This enhanes the deay rate of ~� due tothe mixing. The other is the existene of the messenger setor �elds, whih is harateristito the GMSB models. Sine the messenger setor ontains another salar �eld, s, we needto onsider the salar mixings of both �� z and �� s.In the messenger setor, there is a hiral super�eld, s, with nonzero VEVs of the salarand auxiliary omponents, whih ouples to the messengers 	M and �	M byW = yM s	M �	M ; (57)where yM is a oupling onstant. The salar VEV,Ms � hsi, sets the messenger mass sale,Mmess � yMMs, while the F-term, Fs, provides the mass splitting between the messengerfermions and bosons, � yMFs. The SUSY breaking is transmitted radiatively to the visible16



setor by the SM gauge interations, under whih 	M and �	M are harged. The SUSYbreaking sale in the visible setor is therefore determined by Fs=Ms. For example, thegaugino mass is indued by jL = Z d2� �4� sMs W (a)W (a) + h::; (58)where � denotes the gauge oupling, and we have assumed the messenger index N = 1. Thegaugino mass M� is therefore given byM� = �4� FsMs : (59)By using Gs = Fs=(m3=2MP ), we an relate Ms to m3=2:m3=2 ' 9 � 10�4GeVG�1s � m~g1TeV�� Ms1010GeV� ; (60)where the gluino mass m~g is determined at the messenger sale. In ontrast to the gravitymediation, it is nontrivial (and therefore model-dependent) how large Gs is. In fat, in thediret gauge-mediation senario, jGsj � 1 if s is identi�ed with z, while jGsj � 1 in suhmodels that the SUSY breaking e�ets is radiatively transmitted from a seluded setor(that ontains z) to the messenger setor. If jGsj � 1, there is no signi�ant di�erenebetween s and z. If jGsj � 1, we need to onsider the mixings �� z and �� s, separately(for simpliity we neglet the mixing between z and s). The formalism developed in Se. IIan also be applied to the � � s mixing. Sine jGzj � p3, it is the mixing with z thatdetermines the deay of � into the gravitinos. On the other hand, it is s that determinesthe deay into the SM (s)partiles, sine s (not z) ouples to the SM (s)partiles via themessengers 	M and �	M . Lastly � may deay into both s and z via the mixings. Thus,although there are two SUSY breaking �elds s and z in the GMSB models, we an similarlydisuss the deay of � as we did in Se. III.A. Deay ModesThe deay hannels of the heavy salar ~� are quite similar to those in the gravity medi-ation. In partiular, the gravitino prodution rate is independent of the ouplings betweenj Note that suh an interation as (58) always exists in the low energy SUSY breaking models, even ifthe messenger setor does not exist. In this ase Ms simply parametrizes the strength of the interationbetween s and the visible setor. 17



the SUSY breaking �eld and the visible setor. In addition, the deays of ~� into z and s (ifkinematially allowed) are also similar to the gravity mediation ase, i.e., they are dominatedby the deays indued by the higher order ouplings in the K�ahler potential g��zz and g��ss,respetively, if these ouplings are sizable, and otherwise suppressed. Here, we fous on thenew features of the low energy SUSY breaking senario.When the SUSY breaking e�ets are mediated to the visible setor with the interationswith a lower uto�, Ms, the mixing-indued ~� deay into the visible setor depends on Msrather thanMP . Sine the �eld s ouples with the visible setor, the deay rate is evaluatedfrom the operator Eq. (58) as�(mix)(~�! gauge boson) ' �(mix)(~�! gaugino) ' �2s16�3 �Ng8 � �2s~�m3�M2s ; (61)where �s~� is de�ned as Eq. (29) with z! s, and we assumed the deay is dominated by thegluon/gluino prodution. The deay rate thus depends on the mixing, �s~�. If the mixing isdominated by the non-renormalizable term in the K�ahler potential, K = j�j2jsj2=M2P , �s~� isgiven by �Ms=MP . Then the mixing-indued deay rate beomes � � m3�=M2P .In the GMSB setups, there exist the messenger �elds, 	M and �	M . Sine they interatswith the s �eld by the renormalizable oupling, Eq. (57), the heavy salar �eld, ~�, an deayinto the fermioni omponent of 	M and �	M rapidly as long as the hannel is kinematiallyallowed. From Eq. (57), the deay rate is estimated as�(~�!  	 �	) ' Nmess jyM�s~�j232� m�; (62)where Nmess is a number of the possible �nal states, for instane, Nmess = 5 when 	M +�	M are harged as 5 + �5 under SU(5)GUT. Therefore unless yM and/or �s~� is extremelysuppressed, the dominant hannel of ~� beomes the prodution of the messenger fermion.B. ModulusThe modulus deay in the low energy SUSY breaking senario is similar to that in thegravity mediation, as long as �s~� <� Ms=MP . This is the ase if the mixing mainly omesfrom e.g., ÆK = � j�j2jsj2=M2P . The modulus deay into the SM (s)partiles via the mixingwith s then proeeds with the rate (61) that is at most omparable to (48). Therefore asuessful BBN requires m� >� 100 TeV as in the ase of gravity mediation. In the general18



low energy SUSY breaking models, however, s an be a singlet �eld and therefore suh aninteration as ÆK = j�j2(s + sy)=MP may exist k. In this ase, the modulus deay into thevisible setor via the mixing an exeed the rate (48), and the modulus may deay beforethe BBN even if its mass m� is smaller than 100 TeV. Although this may relax the moduliproblem in the low energy SUSY breaking models, it strongly depends on the nature of swhether suh an interation exists at all.Atually, there may be a osmologial moduli problem assoiated with the z and/or s�elds. Here, we disuss the ase where the universe is dominated and reheated by the heavy�eld �, and leave the other ases for disussion in Se. V.The gravitino prodution ours via the mixing of � with z (and s if Gs � O(1) as in thediret gauge mediation), and the deay rate is given by (38). The osmologial onstraintson the stable gravitinos from the modulus deay are as given in Ref. [1℄.If kinematially allowed, and if g��zz and g��ss are non-vanishing, the modulus deays intoz and s. Although the masses of z and s are onsidered to be omparable or larger thanm3=2, they are model-dependent. So here we take mz and ms as free parameters. Theabundane of z is the same order of the gravitino abundane if g��zz is sizable, just as thease in the gravity mediation. On the other hand, unless Gs � O(1), the s abundane is notneessarily orrelated with the gravitinos. For mz > 2m3=2, the produed z an deay intoa pair of gravitinos, and the rate is enhaned for larger mz. The z �eld may deay into theSM (s)partiles, if it has a diret oupling to the visible setor. The strength of the ouplingmust be suh that the F -term of z does not give dominant ontributions to the soft masses.In addition, it is possible that z has relatively strong interations with s and deays into s.Then we only have to onsider the deay proesses of s, whih omes both diretly from themodulus deay and through the deay of z. The interation of s with the visible setor isgiven by (58). Assuming that s dominantly deays into two gluons, the deay temperatureis given by T (s)d ' 0:04GeV � ms10GeV�32 � Ms1010GeV��1 ; (63)where we take g� = 10:75. To be onservative, we require that s deays before the BBNk Note that this oupling enhanes the gravitino prodution rate due to the �rst term in Eq. (44) if Gs issizable. 19



starts, i.e., T (s)d >� 5 MeV [12, 13℄. Then the mass of s must satisfyms >� 3GeV� Ms1010GeV� 23 : (64)It should be noted however that, even if this inequality is satis�ed, s may produe the toomany LSPs and/or gravitinos, if kinematially allowed.Lastly let us omment on the modulus deay into the messengers. Although there existthe messenger �elds in the GMSB models, it is unlikely that the modulus deays into them,sine the messenger sale Mmess is typially larger than the modulus mass.C. InatonThe low energy SUSY breaking models may ontain the messenger setor as in the GMSBmodels. If the messenger sale Mmess = yMMs is smaller than the inaton mass m�, theinaton an deay into the messenger setor as well via the �� s mixing. In the followingwe disuss the ases with and without suh a hannel separately.1. Deay into visible setor, the gravitinos, s and zLet us �rst onsider the ase without the deay into the messenger setor. The inatonthen deays into the SM (s)partiles, the gravitinos, s and z. In the following we assumem� � ms; mz.The deay into the SM (s)partiles may proeed via the mixing with s. The interation(58) sets a lower bound on the reheating temperature:TR >� 2� 1011GeV �s~�jGsj � m~g1TeV�� m3=21GeV��1 � m�1012GeV�32 ; (65)where we set Ng = 8 and g� ' 200. In the low energy SUSY breaking models, the upperbound on TR is given by [21, 22℄TR <� 5� 107 GeV� m~g1TeV��2 � m3=21GeV� ; (66)for m3=2 = 10�4 � 10 GeV, and TR <� O(100)GeV; (67)20



for 1 keV <� m3=2 <� 10�4 GeV, in order for the gravitino abundane not to exeed the darkmatter abundane. Here and in what follows we neglet the di�erene of the values of m~g atthe messenger sale and at the reheating temperature. In the GMSB model, the assumptionMmess = yMMs > m� sets a lower limit on the gravitino mass. Although the inaton massm� strongly depends on the ination models, it is typially larger than O(109) GeV. Using(60), the gravitino mass should be larger than O(10�4) GeV in this ase. For the low energySUSY breaking models without the messenger setor, suh a lower limit is not neessarilyapplied. Combining (65) with (66) or (67), we obtain the severe bound on the mixing:�s~� <� 3 � 10�10jGsj� m~g1TeV��3 � m3=21MeV�2 � m�1012GeV�� 32 ; (68)for m3=2 = 10�4 � 10 GeV and�s~� <� O(10�15)jGsj� m~g1TeV��1 � m3=210�5GeV�� m�1012GeV�� 32 ; (69)for 1 keV <� m3=2 <� 10�4 GeV. The bounds beomes severer for smaller Gs, larger m�, andsmaller m3=2.To exemplify how severe the bound is, let us rewrite this bound to that on oeÆients ofthe higher order interations in the K�ahler potential. We onsider the following interationsin the model basis before expanding around the VEVs:ÆK = k1j�j2(s+ sy) + k2j�j2jsj2; (70)where k1 and k2 are numerial oeÆients. The �rst term an be forbidden if s has somesymmetries (i.e., k1 = 0), but we inlude it here to see how severely suh an interation isonstrained. On the other hand, k2 is unonstrained from any symmetries, so it is expetedto be order unity. This K�ahler potential leads tog��s = k1 ��0 + k2 ��0Ms; (71)where we have taken the VEV of s real, for simpliity. Barring anellations, we obtain theonstraints on k1 and k2 from (68) and (69), sine �s~� is roughly equal to jg��sj for m� � ms:jk1j <� 8 � 10�7 jGsj� m~g1TeV��3 � m3=21MeV�2 � m�1012GeV�� 32  j�0j1015GeV!�1 ;jk2j <� 2 � 102 � m~g1TeV��2 � m3=21MeV�� m�1012GeV�� 32  j�0j1015GeV!�1 ; (72)21



for m3=2 = 10�4 � 10 GeV andjk1j <� O(10�9)jGsj� m~g1TeV��1 � m3=21MeV�� m�1012GeV�� 32  j�0j1015GeV!�1 ;jk2j <� O(0:1)� m�1012GeV�� 32  j�0j1015GeV!�1 ; (73)for 1 keV <� m3=2 <� 10�4 GeV, where we have used (60). The bounds beome severerfor larger inaton VEV and mass. It should be noted that the oeÆient k1 is tightlyonstrained, whih strongly disfavors the existene of a singlet �eld s in the low energySUSY breaking model. In other words, the s �eld must be harged under some symmetry(e.g. U(1) symmetry) to forbid suh interation as � j�j2(s + sy). Let us now fous onthe onstraint on k2, whih is generially unsuppressed. As an example, let us onsider thehybrid ination model. For m3=2 > 10�4GeV, only some fration of the parameter spaeis disfavored, while fairly wider ranges of the model parameters require �ne-tunings on thehigher order interations in the K�ahler potential for m3=2 < 10�4 GeV.Next let us onsider the ~� deay into the gravitinos. Sine the deay is indued bythe mixing with z with Gz � 1, the gravitino overprodution problem is similar to thatonsidered in the previous setion. The only di�erene is the upper bound on TR from theabundane of the gravitinos produed by thermal satterings [f. (66) and (67)℄. Althoughthe upper bound on TR depends on m3=2 for m3=2 > 10�4GeV, that on the abundane of thegravitinos diretly produed by the inaton deay does not depend on m3=2. Therefore thegravitino overprodution problem sets a more or less similar bounds on the ination modelsgiven in Ref. [3℄.Lastly let us onsider the deay of ~� into the SUSY breaking setor, s and z. As disussedin Se. III, the deay rate into z is omparable to the gravitino prodution. However, inontrast to the gravity mediation, z may have relatively strong oupling with the messengersetor or the visible setor. If this oupling is so strong that z deays mainly into the visiblesetor before the BBN, z may not be osmologially problemati. Even if the oupling isweak, z deays into the gravitinos as far as mz > 2m3=2, and it only inreases the gravitinoabundane by O(1) fator. Although s is also produed from the ~� deay if g��ss is sizable,it does not ause any osmologial diÆulties if the inequality (64) is satis�ed.22



2. Deay into the messenger setorIf there is a messenger setor as in the GMSB senario, and if the messenger saleMmess =yMMs is smaller than the inaton mass, the inaton an deay diretly into the messengersetor. Indeed, suh a deay maymake the reheating temperature of the ination even higherthan that disussed in the previous subsetion. Using the deay rate (62), the reheatingtemperature beomes TR >� 2 � 1014GeV jyM �s~�j� m�1012GeV�12 ; (74)where we set Nmess = 5. Combined with (66) or (67), we obtain�s~� <� 3 � 10�10jyM j�1 � m~g1TeV��2 � m3=21MeV�� m�1012GeV�� 12 (75)for m3=2 = 10�4 � 10 GeV and�s~� <� O(10�13)jyM j�1 � m�1012GeV�� 12 (76)for 1 keV <� m3=2 <� 10�4 GeV.Assuming that the mixing is provided by the interation (70), we an rewrite the abovebounds asjk1j <� 8 � 10�7 jyM j�1 � m~g1TeV��2 � m3=21MeV�� m�1012GeV�� 12  j�0j1015GeV!�1 ;jk2j <� 2 � 102 � m~g1TeV��2 � m3=21MeV�� Mmess1010GeV��1 � m�1012GeV�� 12  j�0j1015GeV!�1 ;(77)for m3=2 = 10�4 � 10 GeV andjk1j <� O(10�9) � m�1012GeV�� 12  j�0j1015GeV!�1 ;jk2j <� O(0:1) � Mmess1010GeV��1 � m�1012GeV�� 12  j�0j1015GeV!�1 ; (78)for 1 keV <� m3=2 <� 10�4 GeV. Thus k1 is severely onstrained as before, whih indiates thatk1 must be vanishing due to a symmetry. The onstraint on k2 depends on the messengersaleMmess = jyM jMs; it beomes severer for larger Mmess. Note that the onstraint is moreor less similar to that obtained from the ~� deay into the SM (s)partiles [f. (72) and (73)℄.Lastly we omment on the lightest messenger partile (LMP). If the inaton dominantlydeays into the messengers, the LMP is also produed. Note that, sine the messenger23



number is onserved in Eq. (57) and in the gauge interations, all the produed  	 and  �	eventually deay into the lightest messenger partile, whih is a ombination of the bosoniomponents of the messenger �elds. If TR exeedsMmess, the LMPs are thermalized, while,if not, they are non-thermally produed. It has been known that thus generated LMP easilyoverloses the universe if it is stable [23℄. So it must be unstable due to a diret or indiretinteration with the visible setor. If the LMP deays fast enough, the onstraints (77) and(78) are valid. However, if the LMP deay rate is small enough, they may dominate theuniverse and produe large entropy at late time, diluting the pre-existing gravitinos [24℄. Inthis ase the onstraints (77) and (78) annot be applied. The detailed disussion on theLMP abundane and its e�et on the thermal history may be important for onstrainingthe mixings, but it is beyond the sope of this paper.V. OTHER ISSUESSo far, we have assumed that it is the heavy salar �eld ~� whih dominates the energydensity of the universe and whih auses the reheating. However, there is a potential os-mologial problem of the z modulus �eld, whih gives dominant ontribution to the SUSYbreaking, i.e., GzGz ' 3. In fat, as we have seen in Se. II, its mass is omparable to thegravitino mass unless there is a signi�ant SUSY breaking e�et on the z mass. Sine thez �eld, whih orresponds to ~Z in the mass eigenstate basis, ouples with the visible setoronly via the non-renormalizable interations, it may ause the moduli problem of itself. Theimportane of the ~Z �eld for osmology was also mentioned in Ref. [7℄.The evolution of the energy density of ~Z �eld depends on the model and osmologialsenario. In fat ~Z might be displaed far from the potential minimum during the ination,whih would lead to an universe dominated by the ~Z's osillation. To be onrete, let usonsider the gravity mediation. Then, if mz >�m3=2, the ~Z deay would produe too manygravitinos with B3=2 ' O(1). In addition, ~Z must deay before the BBN starts. Thereforethe ~Z{dominated universe ould be onsistent only if m3=2>�mz >� 100 TeV, whih is a veryhallenging onstraint on the struture of the SUSY breaking setor. Note that, even if theinitial displaement of the z �eld is set to be zero in the model basis by some mehanism,the mass eigenstate ~Z an obtain a �nite amplitude after � starts osillating, through the� � z mixing. Sine the thermal history assoiated with the deay of the SUSY breaking24



�eld is strongly dependent on the detailed struture of the SUSY breaking setor as well asthe osmologial senario, further studies are required for this issue.In the low energy SUSY breaking models, ~Z may have stronger ouplings with the messen-ger and/or the visible setor, through whih ~Z deays fast enough. There is an additional�eld salar s in the messenger setor, whih may ause a similar problem. However, thepotential s-modulus problem is not serious if (64) is satis�ed.So far we have disussed the SUSY breaking models that ontain diret ouplings betweenthe visible setor and the SUSY breaking �eld. In the ase of the anomaly mediation [25℄, thevisible setor is sequestered from the SUSY breaking setor, for example, by the geometrialseparation. Sine the sequestered K�ahler potential is not minimal, the models generallyontain �nite mixings. Then the gravitino and ~Z produtions an be one of the dominanthannels of the ~� deay. The distint di�erene from the gravity mediation lies in theinterations between the SUSY breaking �eld and the visible setor: they are generallyquite suppressed beause of the sequestering. Thus, in the anomaly mediation, we needto investigate the subsequent deay of the SUSY breaking �eld with a speial are, and tothis end, we must go into details of the hidden setor. For instane, the minimal setup ofthe anomaly mediation is known to su�er from the tahyoni sleptons. To ure the harge-breaking vauum, one might introdue an extra �eld to mediate the SUSY breaking e�ets.Then the �eld may a�et the osmologial senario related to the ~� deay as well as that of~Z. Thus, the analysis quite depends on the models.VI. CONCLUSIONS AND DISCUSSIONIn this paper, we studied the deay proesses of the heavy salar �, espeially payingattention to the e�ets of the mixture between � and the SUSY breaking �eld, z. The salar�eld generally mixes with the SUSY breaking �eld in the K�ahler potential. Then the deayamplitudes of the heavy salar �eld into the lighter partiles an be modi�ed signi�antlyby the mixing-indued interations. We expliitly estimated the prodution rates of the SM(s)partiles, gravitino and the SUSY breaking �eld. In partiular, we obtained the generalform of the gravitino oupling in the mass-eigenstate basis.The mixture of � with the SUSY breaking �eld is partiularly important for the thermalhistory, one the �eld � dominates the energy density of the universe. Suh a salar �eld25



may be identi�ed, for example, with a modulus and inaton. In this paper, we also disussedthe impats on the osmology due to the mixing-indued deay both in the modulus andinaton ases. Partiularly, it was found that the modulus deay generally su�ers from themoduli-indued gravitino problem. In the inaton deay, it is stressed that the mixture, ifany, provides a lower bound on the reheating temperature beause the inaton an deayinto the SM (s)partiles via the interation that mediates the SUSY breaking e�ets to thevisible setor. In the GMSB setup, the inaton may rapidly deay into the SM (s)partilesor the messengers due to the ��smixing, resulting in too high reheating temperature. Suha feature beomes prominent for the models with a large inaton mass and VEV, like thehybrid ination model. As well as the gravitino overprodution problem due to the mixingsin the K�ahler potential, suh a high temperature su�ers from too muh abundane of thegravitino produed by the thermal satterings.All these diÆulties are originated from the mixture between the heavy salar and theSUSY breaking setor �elds. One of the simplest solutions, espeially for the inaton, isto postulate a symmetry of � whih is preserved at the vauum. In many ination models,the inaton aquires a VEV in the vauum, therefore the mixings are not proteted by anysymmetries. In a simple lass of the haoti ination, however, the inaton �eld is invariantunder a Z2 disrete symmetry, � ! ��. Then the salar VEV as well as the auxiliaryomponent of the inaton will be vanishing. Thus the inaton �eld does not mix with theSUSY breaking �eld in this ase. Another solution is to introdue large entropy produtionat a late time. However, we always need to pay attention to whether the additional �eldthat indues the entropy dilution is free from the mixing with the SUSY breaking setor�eld or not.It is a symmetry that determines whether a �eld mixes with another, sine the symme-try ditates struture of the interations. One the symmetry is broken spontaneously orexpliitly, there is no reason that the mixings should not our. To onstrut a suessfulosmologial senario, one must always hek whether the mixings might a�et the dynamisonerned. Although this might involve the detailed struture of e.g. the SUSY breakingsetor, we believe that thus obtained onstraints on the mixings will shed light on the truestruture of the high energy physis. 26
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