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DESY 06-014Moduli-Indued Gravitino ProblemMotoi Endo1;2, Koihi Hamaguhi1 and Fuminobu Takahashi1;21 Deutshes Elektronen Synhrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany2 Institute for Cosmi Ray Researh, University of Tokyo, Chiba 277-8582, JapanWe investigate the osmologial moduli problem by studying a modulus deay in detail and �nd thatthe branhing ratio of the gravitino prodution is generially of O(0:01 � 1), whih auses anotherosmologial disaster. Consequently, the osmologial moduli problem annot be solved simplyby making the modulus mass heavier than 100TeV. We also illustrate our results by expliitlyalulating the branhing ratio into the gravitinos in the mixed modulus{anomaly/KKLT- andraetrak-type models.The osmologialmoduli problem [1℄ is one of the mosthallenging puzzles in partile physis and osmology. Inthis letter, we show that the problem is even more diÆ-ult than usually thought.In supergravity/superstring theories, generially thereexist moduli �elds whih have at potentials and obtainmasses from supersymmetry (SUSY) breaking and non-perturbative e�ets. During an inationary period, amodulus �eld X is likely to develop a large expetationvalue. After the end of the ination, it starts a oher-ent osillation and soon dominates the energy density ofthe universe. Due to the interation suppressed by thePlank sale MP = 2:4�1018 GeV, the deay rate of themodulus X is extremely small:�X = 4� m3XM2P ; (1)whih leads to an onset of a radiation{dominated uni-verse with a very low temperature:TX = (�2g�=90)�1=4pMP�X' 5:5� 10�3 MeV �  12 � mX1 TeV�3=2 : (2)Here,  is an order one oeÆient and g� is the e�e-tive number of massless degrees of freedom. This is os-mologially unaeptable beause a suessful big{bangnuleosynthesis (BBN) requires that the (last) radiation{dominated universe starts with temperature higher than� 5 MeV [2℄.As is lear from Eq. (2), a simple solution would be toassume that the modulus X is ultra heavy a:mX >� 100 TeV ! TX >� O(MeV) : (3)Atually, there have been proposed senarios with suha large modulus mass (f. [5, 6, 7, 8, 9℄).However, there exists yet another serious osmologialobstale even for heavy moduli senarios. The new prob-lem is aused by the gravitino whih is produed by themodulus deay. Indeed, as we will show, the branhinga See Refs. [3, 4℄ for other solutions.

ratio of the modulus deay into the gravitino is generi-ally quite largeB3=2 � Br(X ! gravitino) = O(0:01� 1) ; (4)whih auses serious problems after the modulus deay.We all this problem the moduli{indued gravitino prob-lem.The gravitino prodution via modulus deay and itsosmologial impliations have been previously disussedin Refs. [10, 11℄, taking Br(X ! gravitino) � 1. Themain purpose of this letter is to show that Eq. (4) holdsin a generi setup, and to emphasize how disastrous itsonsequenes are. We also exemplify expliit results inthe mixed modulus{anomaly/KKLTmediation [6, 7℄ andin the raetrak [8℄ setups.Let us �rst estimate the branhing ratio of a modu-lus deay into gravitino(s). We onsider a heavy modu-lus senario, mX >� 100 TeV [f. Eq. (3)℄. On the otherhand, the gravitino is likely to be (muh) lighter than100 TeV, beause too large gravitino mass requires a �ne-tuning in the Higgs setor due to the anomaly-mediatede�ets. Thus, we assume mX � m3=2 hereafter. Afterhoosing the unitary gauge in the Einstein frame, wherethe goldstino omponent is ompletely absorbed into thegravitino under the super{Higgs mehanism [12℄, the rel-evant gravitino-modulus ouplings are [10, 11, 13℄e�1L = �18����� �GX��X � G �X�� �X� � �� ��18eG=2 �GXX + G �X �X� � � [�; � ℄ � ; (5)where  � is the gravitino �eld. Here and hereafter, weset MP = 1 unless expliitly written. The funtion G =K+ln jW j2 is the total K�ahler potential, and Gi denotesa derivative of G with respet to the �eld i. The real andimaginary omponents of X = (XR + iXI)=p2 have thedeay rate b,�(XR;I ! 2 3=2) ' 1288� jGX j2gX �X m5Xm23=2 ; (6)b The branhing ratio of the single gravitino prodution issuppressed due to the phase spae; Br(X ! ~X 3=2) <�(m3=2=mX)2.



2in the limit of mX � m3=2 after the anonial nor-malization, X̂ = pgX �XX, where gij� = Kij� is theK�ahler metri. We emphasize that the gravitino massin the denominator arises from the longitudinal ompo-nent of the gravitino, whih orresponds to the goldstino, � � (p�=m3=2)�GS , in the massless limit. This fatormagni�es the deay rate by a fator of � (mX=m3=2)4,ompared to the previous results [10, 11, 14℄.The auxiliary �eld of the modulus, GX , representsits frational ontribution to the total amount of theSUSY breaking. It may be small enough to suppressthe gravitino-prodution rate. However, we an see thatin the framework of the 4D N = 1 supergravity, GX isgenerially bounded below, GX >�m3=2=mX � R�1. Thesalar potential is given by V = eG(GiGi � 3) and the(almost) vanishing vauum energy demands that at leastone of the auxiliary �elds, Gi, should take GiGi � O(1),where Gi = gij�Gj� . If the modulus �eld plays the role,it dominantly deays into the gravitino [f. Eqs.(1) and(6)℄ and hene learly B3=2 ' 1. Instead, by introduinga hidden setor �eld Z with GZ � O(1), the modulus-auxiliary �eld GX an be small . In the following dis-ussion, we assume that the modulus �eld does not deayinto the hidden-setor �eld for simpliity. In order to seehow small GX an be, we investigate the ondition tominimize the potential, VX = 0, leading toGXrXGX +GZrXGZ + GX = 0; (7)where riGj = Gij � �kijGk with the onnetion, �kij =gk`�gi`�j. We assume that the K�ahler potential inludesno enhanement fator, and espeially gX �X ; gZ �Z �1 and KX � 1. The �rst term in Eq. (7) thenbeomes � GXR, beause mX=m3=2 � jrXGX j +O(Gi). Barring anellation, the seond term is given bymax�WZ=W; WXZ=W;KXZ ;�ZXZ�, whih is O(1) unlessthe hidden setor takes a speial form. Thus, we arriveat jGX j � R�1 for jgX �Z j < R�1 and jGX j >� R�1 forjgX �Z j>�R�1. As a result, Eq. (6) beomes�(XR;I ! 2 3=2) ' j�j2288� 1gX �Xm3X ; (8)where we de�ne GX = �=R = �(m3=2=mX) with j�j>� 1.Note that the above disussion is valid for any value ofmX , as long as R� 1 is satis�ed.The modulus �eld also deays into radiation, that is,the standard model (SM) partiles and their superpart-ners. The relevant interations of X then stem from thedilatoni oupling with the gauge setor, R d2� XWW , The potential may be up-lifted by adding the D-term, V (D).One an show that jGX j >� R�1 also in this ase, as far asV (D)X =V (D) � O(1), whih orresponds to the seond term inEq. (7).

leading toe�1L = � 14pgX �X � X̂RhXRiF (a)�� F (a)�� + X̂IhXRiF (a)�� eF (a)��� p2hXRieG=2 �G �XXX̂ ��(a)PR�(a) + h::�# (9)after the anonial normalization, where F�� and � arethe �eld strength of the gauge boson and its superpart-ner with a generator index a of the orresponding gaugesymmetry. The hiral projetion operators are de�nedas PR;L = (1 � 5)=2. We notie eG=2jG �XX j is approxi-mately given by the modulus mass for R� 1. Then thedeay rate is�(XR;I ! radiation) ' 38� 1gX �X m3XhXRi2 ; (10)for SU (3)�SU (2)L�U (1)Y , orresponding to  = O(1).We notie that a half of the deay rate omes from thehannel of the gaugino prodution, in ontrast to theresults of Refs. [11, 14℄. From Eqs. (8) and (10), weobtain the branhing ratio of the gravitino prodution asBr(XR;I ! 2 3=2) ' j�j2hXRi2=1081 + j�j2hXRi2=108 : (11)It is important to note that the prodution rate of thegravitino hannel is one of the dominant proesses in themodulus deay. Atually, it beomes an order of 0:01�1.The other deay proesses are suppressed, exept fora possible deay into the Higgs(-ino) [14℄. However, thisdeay hannel is model-dependent, and does not hangethe above result  = O(1).Let us show how suh large branhing ratio into thegravitinos jeopardizes the suess of the standard bigbang osmology. We onsider the onstraints from (i)the speed-up e�et, (ii) BBN, and (iii) the lightest SUSYpartile (LSP) abundane. First let us onsider the so-alled speed-up e�et whih modi�es mostly the 4Heabundane. This sets a bound on the abundane of thegravitinos with m3=2 <� 20 TeV (f. [15℄), sine they de-ay after the neutron-proton transformation deouples.The observational data put an upper bound on the ratioof the energy densities of the gravitinos to the standardmodel partiles at the BBN epoh [16℄ asf3=2 � �3=2�SM ����BBN <� 0:2; (95%C:L:): (12)In our heavy moduli senario, however, the ratio isbounded below: f3=2 � B3=2=(1�B3=2), where the equal-ity holds if the gravitinos are still relativisti at the BBNepoh and most of the superpartner of the SM partilesdiretly produed from the modulus deay soon annihi-late into the SM partiles. Thus we obtainB3=2 < 0:2; (13)



3irrespetive of whether the gravitino is stable or unstable.ForB3=2 > 0:2, the gravitinos from the modulus deay al-ways upset the standard BBN, as long as m3=2 <� 20TeV.Now we disuss the ases of the stable and unstablegravitinos separately. First we take up the unstable grav-itinos, whih is the ase if the gravitino mass is heavierthan the LSP mass, m3=2 > mLSP. The gravitino-to-entropy ratio is given byY3=2 � n3=2s ' 2B3=2 3TX4mX ;' 2:6� 10�7  12B3=2 � mX103 TeV�12 : (14)The BBN severely onstrains Y3=2 [15, 17℄. Even if weadopt the reent analysis on 4He abundane whih hastaken aount of possible large systemati error [18℄,Y3=2 must be smaller than 2 � 10�12 at 95% C.L. form3=2 ' 30 TeV [15℄, and the bound beomes muh sev-erer for smaller m3=2. Therefore the branhing ratio intothe gravitinos must be extremely small:B3=2 < 10�5� � 12 �103 TeVmX � 12 ; (15)for mLSP < m3=2 � 30TeV. Here � � 1 parameterizesthe BBN bound: � = 1 for m3=2 ' 30TeV, and 10�5 <��� 1 for m3=2 < 30TeV. In addition, the abundane ofthe LSPs from the gravitino deay is (f. [19℄)YLSPj 3=2 ' min�Y3=2;r 458�2g� 1MPT3=2 h�annvi� ;(16)where h�annvi is the thermally averaged annihilationross setion of the LSP, and T3=2 is the deay temper-ature of the gravitino. Sine the LSP abundane mustbe smaller than the dark matter abundane, we have an-other onstraint on B3=2:B3=2 < 1:8�10�5� 12 �100 GeVmLSP ��
DMh20:13 ��103 TeVmX �12(17)for m3=2 > mLSP. Here 
DM is the density parame-ter of the dark matter, h is the present Hubble param-eter in units of 100km/se/Mp, and we have assumedh�annvi < 10�6 GeV�2 and m3=2 < 100 TeV. We an seethat (13), (15) and (17) rule out the unstable gravitinos,unless B3=2 is extraordinarily small in spite of our resultB3=2 = O(0:01� 1).Next we onsider the stable gravitinos, whih is thease if the gravitino is the LSP. A onstraint thenomes from the requirement that the gravitino abun-dane should not exeed the dark matter abundane, andwe only have to replae mLSP with m3=2 in (17):B3=2 < 1:8�10�2� 12 �100 MeVm3=2 ��
DMh20:13 ��103 TeVmX � 12(18)
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4Let us expliitly alulate the branhing fration ofthe gravitino in some models. The relevant terms in theLagrangian of the mixed modulus{anomaly/KKLT me-diation model [6, 7℄ are given byf = �3(X + �X)n=3 + CZ(X + �X)ljZj2; (19)W = W0 + ae�bX +WHidden(Z); (20)where the K�ahler potential is de�ned as f = �3e�K=3.Here oeÆients b and CZ are real with bXR � 1, whilea and W0 are omplex. Then the modulus mass ism2X ' 2(bXR)2m23=2: (21)The gravitino mass m3=2 is muh larger than the softmass sale [7℄. On the other hand, GX isGX ' �2n+ 3l2XR 1bXR ; (22)where we assumed hZi � 1 and the vanishing osmolog-ial onstant. Thus the branhing ratio beomesBr(XI ! 2 3=2) ' (2n+ 3l)2=2161 + (2n+ 3l)2=216 : (23)In the original KKLT model [6℄ with the lift-up potentialdue to D3 brane, whih is realized by hoosing n = 3 andl = 0, the branhing ratio is B3=2 ' 0:14.In the raetrak-type models [8℄, the K�ahler potentialis the same as Eq. (19) but the superpotential isW = a1e�b1X + a2e�b2X +WHidden(Z); (24)where ai's are omplex and bi's are real numbers. HerebiXR � 1. The modulus mass and GX arem2X ' 4n2 (b1XR)2(b2XR)2m23=2; (25)

GX ' �n(2n+ 3l)2p2XR 1(b1XR)(b2XR) : (26)Therefore the branhing ratio beomes the same asEq. (23). For n = 1 and l = 0, one obtains B3=2 ' 0:018.In summary, we have shown that the branhing ra-tio of the modulus deay into gravitinos is O(0:01� 1),and hene heavy modulus senario is plagued with themoduli-indued gravitino problem. Here let us ommenton possible ways out. Unless either B3=2 or the grav-itino mass is extremely small, there is no way to ir-umvent the problem other than introduing somethingthat dilutes the modulus �eld and the subsequently pro-dued gravitinos and (N)LSPs. One of the andidatesis the thermal ination [23℄. Another is Q-balls [24℄ inthe A�ek-Dine mehanism [25℄. In the latter ase, theQ-balls an not only dilute the unwanted gravitinos butalso generate the baryon asymmetry suessfully. De-tailed disussion is beyond the sope of this letter andwill be presented elsewhere [26℄.We thank Wilfried Buhm�uller for omments. M.E. isgrateful to Shuntaro Nakamura and Masahiro Yamaguhifor private ommuniation. M.E. and F.T. would like tothank the Japan Soiety for Promotion of Siene for�nanial support.Note Added: Shortly after our letter, Ref. [27℄ ap-peared, pointing out the same problem. They also dis-ussed the gravitino muh heavier than 100TeV as a pos-sible solution to the moduli-indued gravitino problem.More reently, Ref. [28℄ has pointed out GX an be muhsmaller than R�1 in some situations. However, for gen-eral non-renormalizable ouplings in K, our estimate onthe gravitino prodution still holds. See [29℄ for details.[1℄ G. D. Coughlan, W. Fishler, E. W. Kolb, S. Raby andG. G. Ross, Phys. Lett. B 131 (1983) 59; T. Banks,D. B. Kaplan and A. E. Nelson, Phys. Rev. D 49 (1994)779; B. de Carlos, J. A. Casas, F. Quevedo and E. Roulet,Phys. Lett. B 318 (1993) 447.[2℄ M. Kawasaki, K. Kohri and N. Sugiyama, Phys. Rev.Lett. 82, 4168 (1999); Phys. Rev. D 62, 023506(2000); S. Hannestad, Phys. Rev. D 70, 043506 (2004);K. Ihikawa, M. Kawasaki and F. Takahashi, Phys. Rev.D 72, 043522 (2005).[3℄ M. Dine, Y. Nir and Y. Shadmi, Phys. Lett. B 438,61 (1998); A. D. Linde, Phys. Rev. D 53, 4129 (1996);L. Randall and S. D. Thomas, Nul. Phys. B 449, 229(1995); D. H. Lyth and E. D. Stewart, Phys. Rev. D 53,1784 (1996); M. Kawasaki and F. Takahashi, Phys. Lett.B 618, 1 (2005).[4℄ J. Yokoyama, arXiv:hep-ph/0601067.[5℄ L. Randall and R. Sundrum, Nul. Phys. B557, 79(1999); G.F. Giudie, M.A. Luty, H. Murayama and
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