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May 12, 2008Froggatt-Nielsen hierarhy and the neutrino mass matrixHiroshi Kamikadoa 1, Tetsuo Shindoub 2, Eiihi Takasugia 3,a)Department of Physis, Osaka University, Toyonaka, Osaka 560-0043, Japanb) Deutshes Elektronen Synhrotron DESY, Notkestrasse 85, 22607 Hamburg, GermanyAbstratWe study the neutrino mass matrix derived from the seesaw mehanism in whihthe neutrino Yukawa ouplings and the heavy Majorana neutrino mass matrix areontrolled by the Froggatt-Nielsen mehanism. In order to obtain the large neutrinomixings, two Froggatt-Nielsen �elds are introdued with a omplex vauum expe-tation values. As a by-produt, CP violation is systematially indued even if theorder one ouplings of FN �elds are real. We show several preditions of this model,suh as �13, the Dira CP phase, two Majorana CP phases, the e�etive mass of theneutrinoless double beta deay and the leptogenesis. The predition of the branhingratio of �! e is also given in SUSY model.1 IntrodutionThe Froggatt-Nielsen (FN) mehanism[1℄ is one of the attrative mehanisms to explainmass hierarhy of quarks and harged leptons. The idea is that the U(1) global symmetryis taken as a avor symmetry and the vauum expetation value (VEV) of a avor �eldalled FN �eld gives a proper struture of Yukawa ouplings. For quarks and leptons,this mehanism seems to work well by taking an appropriate harge assignment of �elds.However it is known that a mass hierarhy of neutrinos is milder than that of hargedleptons. In the normal hierarhy ase, m2=m3 ' p�m2sol=�m2atm � O(�) in ontrast tom�=m� � O(�2). Here � � 0:2 is a size of the Cabbibo angle. Then it is a natural questionwhether the FN mehanism an be applied to the mass hierarhy of neutrinos[2℄.A promising approah to get small neutrino masses is the seesaw mehanism[3℄ wherethe right-handed heavy Majorana neutrinos are introdued. The dimension �ve operatorsare generated after these heavy neutrinos are integrated out. This model has severalinteresting features. First of all, the light neutrinos are Majorana partiles and we expetthe neutrinoless double beta deay whih provides the information not only of light neutrinomass sale, but also the Majorana nature of neutrinos suh as Majorana CP phases[4℄.Seondly, the senario of the leptogenesis[5℄ is automatially inorporated as a mehanismto generate the baryon asymmetry of universe. In a supersymmetri version of the seesaw1E-mail:kamikado�het.phys.si.osaka-u.a.jp2E-mail: shindou�sissa.it3E-mail: takasugi�het.phys.si.osaka-u.a.jp 1
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model, a signi�ant ontribution to lepton avor violation suh as �! e an be generatedthrough the running e�et even if the soft salar masses are taken as avor universal atthe high energy sale[6℄. The present bound on �! e, Br(�! e) < 1:2� 10�11 [7℄ willbe improved by two order of magnitudes in MEG experiment[8℄ and gives the informationof neutrino mass matries.Applying the FN mehanism to the neutrino Dira mass matrix and the heavy Majorananeutrino mass matrix would be a natural extension of the model. Sine harged leptonsand neutrinos are embedded into the same SU(2) doublet in left handed setor, a naiveexpetation is that the mass hierarhy in the harged lepton mass matrix and the Diraneutrino mass matrix are similar to eah other. In order to get the milder hierarhy forneutrino masses, the hierarhy in the heavy neutrino mass matrix should ompensate thatof the Dira mass matrix.In this paper, we examine how the milder hierarhy for neutrino masses is obtainedsystematially in the FN sheme. We also disuss the problem whih is pointed out byKoide and Takasugi in the analysis of the 2-3 symmetri mass matries for neutrinos andharged leptons[9℄. The 2-3 symmetry[10℄ is the invariane of the mass Lagrangian underthe exhange of  2 and  3, where  i is the i-th generation fermion of  = eL; eR; �L; �R.The problem is as follows: Mass matries for the neutrino and the harged lepton lead tothe maximal 2-3 mixing (�=4 degree mixing) for both ases, but these mixings anel eahother when they are ombined to obtain the neutrino mixing. That is, we obtain the zero2-3 mixing. This is a serious problem for the 2-3 symmetry, though this is the powerfulansatz to restrit the mass Lagrangian.We see the general feature of the neutrino mass matrix whih arises from the seesawmehanism with the FN mehanism. We show that the milder hierarhy is naturallyobtained by a simple ansatz for a hoie of the FN harge of neutrinos. We disuss a aseof real Yukawa oupling onstants and a ase of the mass matries with the 2-3 symmetryand shows that a anellation ours for the 2-3 mixing. This anellation an be avoidedby onsidering an extended FN mehanism [11℄, where two FN �elds are introdued. Quarkmass matries in this type of model has been disussed in Ref.[11℄ and it is shown that a CPphase and mixings in the Cabbibo-Kobayashi-Maskawa matrix[12℄ are obtained and theyreprodue the experimental data well. As a by-produt, a CP violation is systematiallyintrodued by keeping the Yukawa oupling onstants for the matter and FN �elds real. Weonstrut a simple model and examine the light neutrino mass hierarhy, the CP phases,and the mixings, whih are ontrolled essentially by VEVs of two FN �elds. We also showseveral preditions of this model, �13, the Dira CP phase, two Majorana CP phases, thee�etive mass of the neutrinoless double beta deay and the leptogenesis. The preditionof the branhing ratio of �! e is also given in SUSY model.
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2 The neutrino mass matrix in the hierarhy shemeWe assume that the hierarhy of mass matries arise from the Froggatt-Nielsen (FN) non-renormalizable interation asLFN = ��Ri(Y )ij`j �Hu����f�Ri+f`j�eRi(Ye)ij`j �Hd����fERi+f`j ;�12 ��Rimij(�Rj)����f�Ri+f�Rj ; (1)where Hu;d are Higgs doublets, Lj is the left-handed lepton doublets, ERj and �Rj are right-handed harged leptons and right-handed neutrinos in the j-th generation, respetively. �is a ut-o� sale, Y� and Ye are oupling onstants, and their U(1) harges are expressedby f . By assigning the U(1) harge of � by f� = �1 and fHu = fHd = 0. The Lagrangianis invariant under U(1) transformation.When � takes a vauum expetation valueh�i = �� ; (2)where � is a small quantity whih is of order of Cabbibo angle, � 0:2. Then we obtaine�etive Yukawa ouplings matries and the right-handed neutrino mass matrix as(Y e�)ij = (Y )ij�f�Ri+fLj :(Y e�e )ij = (Ye)ij�feRi+fLj+fHd :(me�)ij = kMmij�f�Ri+f�Rj : (3)Sine the power of � provides the hierarhial struture of mass matries, oupling on-stants, (Y�)ij are approximately equal eah other. This is true for (Ye)ij and mij.Let us onsider neutrino mass matries. For simpliity, we express FN harges forleft-handed lepton doublets and right-handed neutrinos as (fL1 ; fL2; fL3) = (f1; f2; f3) and(f�R1; f�R2; f�R3) = (g1; g2; g3). Then, the Dira and Majorana neutrino mass matries aregiven by mD = vuk�0�a11�g1+f1 a12�g1+f2 a13�g1+f3a21�g2+f1 a22�g2+f2 a23�g2+f3a31�g3+f1 a32�g3+f2 a33�g3+f31A (4)
MR = m0� b11�2g1 b12�g1+g2 b13�g1+g3b12�g2+g1 b22�2g2 b23�g2+g3b13�g3+g1 b23�g3+g2 b33�2g3 1A (5)where k�aij = (Y )ij and mbij = mij, so that aij and bij are normalized to quantities oforder 1. 3



Now, by the seesaw mehanism, the neutrino mass is given bym� = mTDM�1R mD = (vuk�)2m 0� D�2(f1�f3) A�f1+f2�2f3 A0�f1�f3A�f1+f2�2f3) B�2(f2�f3) C�f2�f3A0�f1�f3 C�f2�f3 B0 1A ; (6)where A, A0, B, B0, C and D are funtions of aij and Bij and do not ontain �. FromEq.(6), we observe an interesting features: (a) The hierarhial struture of neutrino massmatrix depends only on the FN harge of the left-handed neutrinos, fi and independent onthose of the right-handed neutrinos, gi (b) If we take f2 = f3 = f1 + 1 whih is reasonablein view of SU(5) GUT where the FN harges of dRi quarks are taken as (2; 1; 1) and �Liand dRi form a same multiplet.By taking f2 = f3 = f1 + 1, we obtainm� = (vuk�)2�2f3m 0�D�2 A� A0�A� B CA0� C B0 1A : (7)Needless to say that parameters A, B, B0, C, D are expeted to be quantities of order one.This matrix leads an interesting neutrino mass patterns and mixings, the large 2-3mixing, the reasonably large 1-2 mixing, and the mass squared ratio. In order to see theneutrino mixings, we have to take into aount the harged lepton mass matrix, beausethe neutrino mixing matrix is obtained by multiplying the matries whih diagonalize theharged lepton mass matrix and the neutrino mass matrix.How about the harged lepton mass matrix? Sine eLi and �Li form a doublet of theeletroweak symmetry, the FN harges of eLi should be the same as those of �Li. Byassuming the FN harges of eRi as (k1; k2; k3) (k1 > k2 > k3), we �ndme = vdke0�11�k1+f+1 12�k1+f 13�k1+f21�k2+f+1 22�k2+f 23�k2+f31�k3+f+1 32�k3+f 33�k3+f1A : (8)Then, we �nd myeme = (vdke)2�2k3+2f 0�De�2 Ae� A0e�A�e� Be CeA0�e� C�e B0e 1A : (9)Similarly to the neutrino mass matrix ase, the same hierarhy is obtained as the neutrinomass matrix due to the fat that the FN harges for eLi are the same as those for �Li.(a) The ase of real oupling parametersWe onsider the ase where all oupling onstants, Yij, (Ye)ij and mij are real. As wesaw, both the neutrino mass matrix and the harged lepton mass matrix lead large 2-3mixing. The large 2-3 mixing given by the neutrino tends to be anelled by the large 2-3mixing given by the harged lepton, so that the resultant atmospheri neutrino mixing,4



i.e., the mixing between �� and �� mixing is small. This may be a somewhat generi andserious problem.(b) The ase of omplex oupling parametersIf we onsider omplex oupling parameters, there appear too many free parametersinluding phases, so that the model loses the preditive power. In order to derease thefreedom and make the model preditive, the 2-3 symmetry[9, 10℄ is frequently used, wherethe 2-3 symmetry requires the invariane under the exhange of the 2nd and the 3rdgenerations. If we apply this symmetry for the neutrinos, by assuming g3 = g3 in additionto f2 = f3, we �nd A = A0 and B = B0. Then,0�1 0 00 1p2 1p20 � 1p2 1p21A0�D�2 A� A�A� B CA� C B 1A0�1 0 00 1p2 � 1p20 1p2 1p2 1A = 0� D�2 p2A� 0p2A� B + C 00 0 B � C1A : (10)If we take jB � Cj � jB + Cj � A�, the mass spetrum ism3 = B � C ;m2 ' B + C + 2A2B + C�2 ;m1 ' � 2A2B + C�2 (11)and thus m22 �m21m23 ' (B + C)2 + 4A2�2(B � C)2 (12)whih is a quantity of order �2 � 0:04 and lose to �m2sol=�m2atom � 0:03. If we take(B+C) � A�, whih is onsistent with the assumed size for the mass squared ratio, then,mass matrix for the 1st and 2nd olumns beomes� A�� 0 p2p2 1 � (13)and lead to the solar mixing of tan2 �12 ' 1=2.For the harged lepton mass matrix, we have two ases. One is the ase where k2 6= k3.Then, we only require the 2-3 symmetry for eL. In this ase, we �nd the relations i2 = i3,whih lead to Ae = A0e, Be = B0e = Ce = C�e . Another one is to assume the 2-3 symmetryfor eR also by taking k2 = k3. In this ase, we �nd Ae = A0e, Be = B0e and real Ce. Forboth ases, the matrix is blok diagonalized by the rotation with the angle of �=4 as in thease of Eq.(10), whih anels the �=4 mixing whih ame from the diagonalization of theneutrino mass matrix. As a result, the atmospheri neutrino mixing vanishes.As we saw, the FN type hierarhial model leads either the small atmospheri neutrinomixing, or the loss of the preditive power. In the next setion, we give a way to avoid thisproblem in the two FN �elds model, where the relative phase of their vauum expetationvalues works to lead the mismath and also to introdue the CP violation, while ouplingparameters are taken to be real. 5



3 The model of neutrino mixing in the extendedFroggatt-Nielsen mehanismWe onsider a model whih onsists of two FN �elds, �1, �2 and assume that Y�, Ye andm are real matries. In this sheme the CP violation is originated solely from the relativephase of vauum expetation values of two FN �elds. As it was shown in Ref. [11℄, we haveto introdue Z2 symmetry in order for this phase to work as the Dira CP phase. We takethe FN harge and Z2 parity for them as(f�1 ; f�2; P�1; P�2) = (�1;�1;+;�) ; (14)where P�i gives the Z2 parity. For leptons, we take(f`1; f`2 ; f`3; P`1; P`2; P`3) = (2; 1; 1;+;+;�);(feR1; feR2; feR3; PeR1; PeR2; PeR3) = (3; 2; 0;+;+;�);(f�R1; f�R2; f�R3; P�R1; P�R2; P�R3) = (2; 1; 0;+;+;�): (15)and for Higgs, we take (fHu; fHd; PHu; PHd) = (0; 0;+;+). This hoie of the FN hargesare onsistent to that of quarks in the SU(5) GUT sheme. The interation Lagrangian isgiven by, LFN2 = � Xn�1;n�2 �Ri(Y )ij`j �Hu��1� �n�1 ��2� �n�2� Xne1;ne2 eRi(Ye)ij`j �Hd��1� �ne1 ��2� �ne2 ;� XnM1;nM2 �Ri(m)ij(�Rj)C ��1� �nM1 ��2� �nM2 (16): (17)where (nX1; nX2) are taken so as to keep the invariane of the FN U(1) symmetry and Z2symmetry. E�etive Yukawa ouplings and the heavy neutrino masses are given byLe� = ��Ri(y)ij`j �Hu � eRi(ye)ij`j �Hd � �Ri(MR)ij(�Rj)C (18)are given by taking � = h�1i� ; R = h�2ih�1i � jRjei� ; (19)(a) A model of mass matriesBy taking hHui = vu and hHdi = vd, mass matries are obtained. As we stated before,in the spirit of the FN hierarhy model, elements of Y are onsidered to be approximately6



equal eah other, and for Ye and m, this should hold. In the following, we onsider a simplemodel where Y , Ye and m are proportional to the demorati matrix asY = k�0�1 1 11 1 11 1 11A ; Ye = ke0�1 1 11 1 11 1 11A ; m = mM 0�1 1 11 1 11 1 11A : (20)Then, we �nd mD = vuy = vuk�0�B4�4 B2�3 RB2�3B2� B2�2 R�2R�2 R� � 1A ;Me = vdke0�B4�5 B4�4 RB2�4B4�4 B2�3 RB2�3R�2 R� � 1A ;MR = mM 0�B4�4 B2�3 R�2B2�3 B2�2 R�R�2 R� 1 1A ; (21)where B2n = 1 + R2 + � � � + R2n. We are interested in whether this simple model anreprodue the observed data. Firstly, we derive the neutrino mass matrix for the left-handed neutrinos, m� = mTDM�1mD = vL0�B4�2 B2� RB2�B2�3 B2 RRB2� R B2 1A ; (22)where vL = (vuk�)2�2=mM .(b) DiagonalizationAt �rst, we disuss the neutrino mass diagonalization. By the transformation of theunitary matrix U (1), whereU (1) = 0�1 0 00 1p2 1p20 � 1p2 1p21A0B� 1 0 (1+R)�B�2p2(B2+R)��0 1 0� (1+R)B2p2(B2+R)� 0 1 1CA ; (23)m� is blok diagonalized in a good approximation as(U (1))Tm�U (1) = vL0B�(B4 � ((1+R)B2)22(B2+R) )�2 (1�R)B2p2 � 0(1�R)B2p2 � B2 �R 00 0 B2 +R1CA ; (24)where we assumed that jB2+Rj � jB2�Rj. The matrix in Eq.(21) is diagonalized by thematrix U (3) U (2) = 0�  �sei� 0sei� e2i� 00 0 11A ; (25)7



where  = os � and s = sin �, and� = arg�(1� R)B2B2 � R � + � ;tan 2� = p2 ����(1� R)B2B2 � R ����� ; (26)and neutrino masses arem1 ' �vL[s2 �p2sj(1� R)B2B2 � R j℄jB2 �Rjei�1 = vL s22 � s2 jB2 �Rjei�1 ;m2 ' vL[2 +p2sj(1� R)B2B2 � R j℄jB2 � Rjei�2 = vL 22 � s2 jB2 �Rjei�2 ;m3 ' vLjB2 +Rjei�3 ; (27)where os 2� = 2 � s2 > 0 is taken and�1 = 2� + arg(B2 � R) + � ;�2 = 4� + arg(B2 � R) ;�3 = arg(B2 +R) : (28)Now, we de�ne the phase matrixP = diag(e�i�12 ; e�i�22 ; e�i�32 ) ; (29)the matrix whih diagonalizes the neutrino mass matrix is U� = U (1)U (2)P .Next, we go to the diagonalization of the harged lepton mass matrix. By transformingMe as V yeMeUe by the unitary matrix, Ue = V (1)V (2), whereV (1) = 0BB�1 0 00 1p1+jRj2 R�p1+jRj20 � Rp1+jRj2 1p1+jRj21CCA0BB� 1 0 R�p1+jRj2�0 1 0� Rp1+jRj2� 0 1 1CCA ;
V (2) = 0BB� 1 1+jRj2R�4(p1+jRj2)3=2� 0� 1+jRj2R4(p1+jRj2)3=2� 1 00 0 11CCA (30)Me is diagonalized in a good approximation and the eigenvalues arem�m� = j1�R4j1 + jRj2� ; mem� = jRj4p1 + jRj2j1�R4j2 �2 : (31)8



4 The neutrino mixing matrix and mass spetrum ofleptonsAt �rst, we notie that the neutrino mixing whih is given byV = U yeU� = V (2)yV (1)yU (1)U (2)P ; (32)and onsider how the anellation of the 2-3 mixing is avoided. The 2-3 mixing is essentiallygiven in the following part0BB�1 0 00 1p1+jRj2 � R�p1+jRj20 Rp1+jRj2 1p1+jRj2 1CCA0�1 0 00 1p2 1p20 � 1p2 1p21A = 0BB�1 0 00 1+R�p2(1+jRj2) 1�R�p2(1+jRj2)0 � 1�Rp2(1+jRj2) 1+Rp2(1+jRj2)1CCA : (33)Now, the atmospheri mixing issin2 2�atm ' j1�R2j2(1 + jRj2)2 = 1� 2 os�jRj+ 1jRj!2 : (34)If there is no phase in R, i.e., � = 0, then the 2-3 mixings for the harged lepton and theneutrino anel eah other and leads to the small mixing beause we onsider jRj ' 1.Even in the existene of the phase �, it is hard to ahieve sin2 �atm = 1. Here, we relaxthis ondition and want to reprodue sin2 �atm � 0:9, then we �ndj os�j � jRj+ 1jRj2p10 : (35)Sine we expet jRj ' 1, j os�j must be around 1=p10.Next, we impose the ondition whih assures the omputation given above. The on-dition is jB2 + Rj � jB2 � Rj whih is needed to get the hierarhy of neutrino massjm3j � jm2j. This requires that((jRj+ 1jRj) os�� 1)2 + (jRj � 1jRj)2 sin2 �((jRj+ 1jRj) os� + 1)2 + (jRj � 1jRj)2 sin2 � � 1 : (36)To ful�ll this ondition with os� = 1=p10, we need (jRj + 1jRj) os� � 1, so that jRj �1=jRj is required There is another reason. Let us see the 11 element of the neutrino mixingby negleting O(�2) term,V11 = �� sei� 1p2(1 + jRj2) �1 + jRj2R�4(1� R�)B�2 � (1�R)R���� e�i�12 : (37)Here, we observe that the 2nd term in the parenthesis beomes real in the limit of jRj = 1and works to anel the �rst term  when os� = 1p10 . This means that we obtain smallerjV11j element, whih in turn leads to a larger solar mixing angle.9



Before going into the detailed analysis, we omment about the number of parameters.There are three parameters, �, jRj and � aside from the overall normalization of mD, MRand m`. Therefore, if we �x the above three parameters, three neutrino mixings, one DiraCP phase, two Majorana CP phases, the ratios of masses of the left-handed neutrinos andthe right-handed neutrinos, and those of harged leptons. If we go to the leptogenesis andthe LFV, we need to �x the overall fators, whih we see later.In the following analysis, we take the values of three parameters as� = 14 ; os� = 1p10 ; sin� = � 3p10 ; jRj = 1 ; (38)as we explained before. Then, we �ndV = P 00� 0:863 0:585 (�0:012 + 0193i)(�0:531� 0:054i) (0:678 + 0:069i) 0:585(0:259 + 0:026i) (�0:528� 0:054i) 0:811 1A0�1 0 00 e�0:50�i 00 0 e0:53�i1A ;(39)where P 0 is a physially meaningless diagonal phase matrix. We see the Dira phaseÆ = �0:52� in the standard phase onvention[13℄ and two Majorana phases as � = �0:50�and  = 0:53�.We obtain the ratios of masses asm1m3 = 0:027 ; m2m3 = 0:27M1M3 = 0:0035 ; M2M3 = 0:060mem� = 0:00062 ; m�m� = 0:037 : (40)The absolute values of elements of the mixing matrix are0�0:863 0:585 0:1940:533 0:681 0:5850:260 0:531 0:8111A (41)whih gives tan2 �sol = 0:455 ; sin2 2�atm = 0:9 ; (42)whih are in a good agreement with the data, and�msol�matm ' m22 �m21m23 = 6:3� 10�2 ; (43)whih are in a reasonable agreement with the experimental data, in view of this simplemodel.By taking m� = 1:75GeV and m�� = m�3 'p�m2atm ' 0:05eV, we �nd me = 1:1MeVand m� = 64MeV, and m�e = m�1 = O(10�3)eV and m�� = m�2 = 0:012eV. In order10



to obtain m�3 = 0:05eV, vL = 3:0 � 10�11GeV is required. Though the predited massesin our very simple model don't have exellent agreements with the experimental data, i.e.the predited value of me is about twie of the experimental value and that of m� is abouthalf, we may say that our model is still suessful. Suh a disrepany an be improved byrelaxing our assumption that Y , Ye and m are proportional to the demorati matrix.We omment that if sin� = 3p10 is taken, then the mixing matrix V hanges to V � inomparison with the ase of sin� = � 3p10 .5 PreditionsSine we �xed all parameters exept for mM whih determines the absolute magnitude ofthe right-handed neutrino masses, we an ompute preditions for various observables.(a) The neutrinoless double beta deayAs a feasible experiment whih has a potential to give an information of Majorana CPviolation phases at low energy sale, we onsider the neutrinoless double beta deay [4℄,(A;Z) ! (A;Z + 2) + e� + e�. If the neutrinoless double beta deay is observed, themeasurement of the neutrinoless double beta deay half-life ombined with informationon the absolute values of neutrino masses might give a onstraint on the neutrino massparameters or determine them. Preditions on the neutrino less double beta deay an beontrolled by a e�etive mass, hm�i = jPV 2ejmjj[4℄. In our model, the e�etive mass ispredited as hm�im3 = 0:03 : (44)Therefore, with m3 = p�m2atm � 0:05eV, we �nd that the e�etive mass is as small as0.0015eV, so that it seems hard to be observed.(b) Baryon number asymmetryWe onsider the thermal leptogenesis senario[5℄ in whih the baryon number asym-metry of the universe is generated by the onversion of the Lepton number asymmetryprodued by CP violating deay of heavy right-handed neutrinos. Reently the e�et ofavors is studied [14, 15℄, and this e�et is shown to be signi�ant in several ases, e.g.,a ase that primordial B � L asymmetries are onsidered[16℄ or one that total CP asym-metry parameter is strongly suppressed by the anellation between the avor dependentCP asymmetries as �e1 + ��1 + ��1 � 0[17℄. However, in most ases, the ontribution fromavor e�et is within 10%[15℄. Here we onsider the zero primordial asymmetry ase andthe total CP asymmetry parameter is not small. Then one avor approximation an beused.Sine the right-handed neutrino mass eigenvalues are hierarhial, the CP asymmetryparameter and washout mass parameter in our model with � = 1=4, jRj = 1 and os� =1=p10, sin� = �3=p10 for the standard model (SM) ase and minimal supersymmetri11



standard model (MSSM) ase are�1 ��(�R1 ! lHu)� �(�R1 ! lH�u)�(�R1 ! lHu) + �(�R1 ! lH�u)�(� 316�(Y Y y)11 Pj 6=1 M1Mj Im �(Y Y y)2j1� ' �1:3� 10�6 � mM1013GeV� ; SM ase ;� 18�(Y Y y)11 Pj 6=1 M1Mj Im �(Y Y y)2j1� ' �8:3� 10�7 � mM1013GeV� ; MSSM ase ; (45)and ~m1 = (Y Y y)11M1 v2u ' 0:032eV : (46)Using the approximate eÆieny funtion[5℄�(m) = �8:25� 10�3eVm + � m2� 10�4eV���1 ; (47)the predited BAU in thermal leptogenesis senario is given asnBs = � 1031g� �1�( ~m1) = (1:0� 10�11 � mM1013GeV� ; SM ase ;3:2� 10�12 � mM1013GeV� ; MSSM ase ; (48)with g� = 108:5 in SM ase and g� = 232:5 in MSSM ase. Note that mM is the onlyone parameter whih are left free in our simplest model. In order to reprodue �B=s =8:7� 10�11, we should set mM = 8:4� 1013GeV for SM ase and mM = 2:7� 1014GeV forMSSM ase whih give (M1;M2;M3) = (3:1� 1011; 5:3� 1012; 8:9� 1013)GeV in SM aseand (M1;M2;M3) = (4:6� 1011; 7:9� 1012; 1:3� 1014)GeV in MSSM ase.() The lepton avor violation proessesIt is interesting to onsider � ! e in the MSSM ase. Even if the avor universalboundary ondition is taken at high energy sale suh as GUT sale where all the sfermionmass matries are proportional to m201 with 1 being unit matrix and all the trilinearoupling matrix is proportional to the Yukawa oupling matrix with a dimensionfull pro-portionality oeÆient A0, the o�-diagonal elements of neutrino Yukawa oupling matrixindue the avor mixings in slepton setor and this a�ets the predition on lepton avorviolating proesses, suh as �! e.In general, the SUSY ontribution to �! e strongly depends on the right-handed neu-trino mass sale in addition to the SUSY parameters. The lower bound on the right-handedneutrino mass sale from suessful leptogenesis 4 has an impliation for the predition oflepton avor violation proesses[18℄. In our simplest model, all the parameters are �xed.Espeially the suessful leptogenesis gives mM ' 2:7� 1014GeV.4We don't onsider the gravitino problem though it is very serious problem[19℄ in supersymmetrimodels. This topi is outside the sope of present work.12



The normalization fator for the right-handed neutrino mass matrix mM = 2:7 �1014GeV with vL = 3:0 � 10�11GeV determines the normalization of neutrino Yukawamatrix as k� =pvLmM=(vu�)2 ' 2:1. With these normalization fators, one getY yLY = 0� �0:0045 �0:0095� 0:012i �0:012 + 0:0040i�0:0095 + 0:012i �0:063 �0:013 + 0:038i�0:012� 0:0040i �0:013� 0:038i �2:5 1A (49)where L = diag(ln M1MX ; ln M2MX ; ln M3MX ) with MX = 2:0 � 1016GeV and we take the basewhere MR and Me are diagonalized. As easily seen from form of mass matries, mD, MR,and Me, large mixing angles in the neutrino setor ome from seesaw enhanement[20℄,i.e. the o�-diagonal elements of mD are not large even in the basis where Me and MRare diagonalized. Therefore the o�-diagonal elements of Y yLY is suppressed to be muhsmaller than one.The branhing ratio of �! e within mass insertion approximation is alulated asBr(�! e) ' �3G2F j6m20 + 2A20j2(4�)4m8S j(Y yLY )12j2 tan2 � : (50)If we take the grand uni�ed gaugino mass, m1=2 at MX , m8S is approximately m8S =0:5m20(m20 + 0:6m21=2)2[21℄. The � ! e onstraint on our model is displayed in Fig. 1.As shown in the �gure, MEG experiment whih is expeted to reah Br(�! e) < 10�13an test very wide region of SUSY parameter spae in our model. A 3.4� deviation from theSM was reported in muon g�2[22℄. If this disrepany omes from the SUSY ontribution,rather light SUSY spetrum, i.e. m0; m1=2 < 500GeV, is favored, so that our simple modelpromises a measurable size of Br(�! e) in the light of g � 2.6 Summary and DisussionsWe examined whether neutrino mass matrix derived from the seesaw mehanism is ompat-ible with the hierarhial mass matries based on the Froggatt-Nielsen (FN) mehanism.We showed the followings:1. The milder hierarhy of neutrino masses is obtained for the FN harge of the left-handed lepton doublet `Li taken as f1 = f2 + 1 = f3 + 1. Sine the FN harges fordRi are taken as (2,1,1), this harge assignment of `Li is ompatible with SU(5) GUTmodels with f1 = 2.2. We showed the problem whih arises from the 2-3 symmetry is evaded by introduingtwo FN �elds with opposite Z2 parity. The relative phase of vauum expetationvalues of two FN �elds ats an important role for this.3. We onstruted a model where oupling onstants are real. In this framework, therelative phase beomes the sole origin of omplex phases in mass matries. In par-tiular, we examined a simple ase where oupling matries are proportional to the13
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