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I. INTRODUCTIONThe problem of 
avors is one of the interesting aspe
ts of parti
le physi
s. Resultsobtained at B fa
tory experiments so far indi
ate that the Cabibbo-Kobayashi-Maskawa(CKM) mixing [1℄ is the main me
hanism of 
avor mixing phenomena in the quark se
tor,although there still remains some room for new physi
s beyond the standard model (SM).On the other hand, in the lepton se
tor, neutrino experiments unveil large 
avor mixingsquite di�erent from the quark se
tor [2, 3, 4, 5℄. These mixings in the lepton se
tor are
ertainly beyond the SM, suggesting a new me
hanism of 
avor mixing. It is 
lear that
avor physi
s is a 
lue to new physi
s.In the 
oming years, we expe
t new experimental results from the energy frontier, that is,CERN Large Hadron Collider (LHC) [6℄. LHC experiments will provide us with invaluableinformation on new physi
s. Among several 
andidates of new physi
s, supersymmetry(SUSY) is the most attra
tive and widely dis
ussed [7℄. It is possible that some of thesuperparti
les are dis
overed in the early stage of LHC experiments.One of the key questions in realisti
 SUSY models is to identify the me
hanism of SUSYbreaking. The SUSY breaking me
hanism 
an be explored by determining the SUSY massspe
trum in LHC experiments at the energy frontier. On the other hand, the whole 
avorstru
ture of the SUSY breaking 
annot be determined by the energy frontier experimentalone. There is no a priori reason to ex
lude 
avor 
hanging soft SUSY breaking terms inthe squark and the slepton se
tors, and some of them are already strongly restri
ted by theexisting low energy experimental data [8, 9℄. It means that we 
an extra
t important aspe
tsof the SUSY breaking me
hanism from 
avor physi
s.Two new 
avor experiments are under 
onstru
tion, and several others are proposed.The MEG experiment [10℄, whi
h intends to sear
h for the lepton 
avor violating (LFV)pro
ess �! e
 at a bran
hing ratio down to 10�13, will start data taking soon. The LHCbexperiment [11, 12℄ is another dedi
ated 
avor experiment under 
onstru
tion and will beready by the LHC startup in 2008. It is designed to observe several rare de
ays and CPviolations in B and Bs de
ays. There are plans of future Super B Fa
tories under dis
ussion[13, 14, 15℄. In addition to measure several B de
ay observables with higher statisti
s, itis expe
ted to sear
h for LFV pro
esses in tau de
ays at a bran
hing ratio of 10�9. Thesenew 
avor experiments themselves and their interplay with LHC experiments at the energy2



frontier will augment our knowledge on 
avors and eventually new physi
s.Several strategies are possible in order to study the impli
ation of the past and presentexperimental data on SUSY models and predi
tions of 
avor signals in future experiments.One of them is a model-independent method based on the mass insertion [16, 17, 18℄. Inthis approa
h, a general set of o�-diagonal matrix elements (mass insertions) of the squarksand the sleptons is assumed, and one (or two) of the elements is (are) a
tivated in orderto obtain a bound from a spe
i�
 experiment. Repeating this pro
edure for every relevantexperiment, a list of bounds for the possible mass insertions is obtained. This list is used toevaluate 
avor signals in future experiments. As an opposite way, a model spe
i�
 analysisis possible [19, 20, 21, 22, 23, 24, 25, 26℄. In this approa
h, one spe
i�es a SUSY model witha well-de�ned SUSY breaking se
tor and analyzes one (or more) sele
ted 
avor signal(s).In this way one 
an make de�nite predi
tions on observable quantities in 
avor 
hangingpro
esses provided that the relevant model parameters are given.In our previous works [27, 28℄, we adopted a di�erent approa
h. We sele
ted three well-motivated SUSY models: the minimal supergravity (mSUGRA), the SU(5) SUSY granduni�ed theory (GUT) with right-handed neutrinos, and the minimal supersymmetri
 stan-dard model (MSSM) with U(2) 
avor symmetry. Ea
h of these models has a distin
t 
avorstru
ture in its SUSY breaking se
tor at the ele
troweak s
ale. Then, we investigated vari-ous 
avor signals in these models in a uni�ed fashion. This approa
h allows us to evaluate
avor signals de�nitely and to dis
uss the possibility to distinguish several di�erent 
avorstru
tures in the SUSY breaking se
tor in future 
avor experiments. The quark 
avor signalswhi
h we studied are the CP violation parameter "K in the K0� �K0 mixing, the Bd� �Bd andthe Bs� �Bs mass splittings (�mBd and �mBs respe
tively), CP asymmetries in B ! J= KSand related modes, the dire
t and the mixing-indu
ed CP asymmetries in b ! s
, and theCP asymmetry in B ! �KS. An LFV pro
ess �! e
 was studied in addition. Comparingpredi
tions of the models with ea
h other, we showed that the study of quark 
avor signalsat low energies 
ould dis
riminate several SUSY models that have di�erent 
avor stru
turesin their SUSY breaking se
tors.In the present work, we extend our previous works. New features and improvements ofthe present work are the followings.(i) In addition to the three models, we 
onsider the MSSM with right-handed neutrinosand the seesaw me
hanism without GUT.3



(ii) Three 
ases of the low energy neutrino mass spe
trum and three types of Ans�atze forthe neutrino Yukawa 
oupling matrix are studied.(iii) New and up-to-date experimental data are in
orporated. In parti
ular �mBs measuredby the CDF and D� experiments at Fermilab Tevatron a�e
ts predi
tions of severalB de
ay modes [18, 29℄.(iv) LFV tau de
ays and their impli
ations are examined.(v) As 
omputational improvements, two-loop renormalization group equations for theMSSM (with right-handed neutrinos) parameter running and one-loop threshold 
or-re
tions at the ele
troweak s
ale are implemented.With these new features and improvements, we pursue the possibility to distinguish the 
avorstru
ture of the SUSY breaking se
tor by low energy 
avor experiments and to understandthe SUSY breaking me
hanism 
onsequently.A brief summary of our analysis is as follows. We expe
t signi�
ant 
avor signals in thelepton se
tor for the models with right-handed neutrinos if the neutrino Yukawa 
oupling isO(1). In the MSSM with right-handed neutrinos, depending on the texture of the neutrinoYukawa 
oupling matrix, some of the LFV pro
esses, �! e
, � ! �
 and � ! e
 
ould bedis
overed in near future. In the SU(5) SUSY GUT with right-handed neutrinos, in additionto the above texture dependent signals, � ! e
 
an be 
lose to the present experimentalbound due to GUT intera
tions. As for the quark 
avor signals, CP violating asymmetries inb! s and b! d transitions 
an be signi�
ant in the SU(5) SUSY GUT with right-handedneutrinos and in the U(2) model. Enhan
ed modes vary a

ording to the texture of theneutrino Yukawa 
oupling matrix in the SU(5) SUSY GUT with right-handed neutrinos.Our analysis indi
ates that 
larifying a pattern of the quark and lepton 
avor signals is animportant step to determine the 
orre
t SUSY model.This paper is organized as follows. In Se
. II, the models are presented and the relevantSUSY parameters are introdu
ed. Our numeri
al analysis with the experimental inputsand the outline of 
omputational pro
edure are shown in Se
. III. Con
lusions are given inSe
. IV.
4



II. MODELS AND SUSY PARAMETERSA. ModelsIn this se
tion, we give a brief des
ription of the models 
onsidered in this paper. Theyare well-motivated examples of SUSY models, and are 
hosen as representatives that havedistin
t 
avor signals. Every model is redu
ed to the MSSM at low energy s
ale, whi
h is anSU(3)C�SU(2)L�U(1)Y supersymmetri
 gauge theory with the SUSY being softly broken.The MSSM matter 
ontents are the following 
hiral super�elds:Qi(3; 2; 16) ; �Ui(�3; 1;�23) ; �Di(�3; 1; 13) ;Li(1; 2;�12) ; �Ei(1; 1; 1) ; (i = 1; 2; 3)H1(1; 2;�12) ; H2(1; 2; 12) ; (1)where the gauge quantum numbers are shown in parentheses. The MSSM superpotential
an be written asWMSSM = yijD �DiQjH1 + yijU �UiQjH2 + yijE �EiLjH1 + �H1H2 ; (2)with an assumption of R-parity 
onservation and renormalizability. The SUSY breakinge�e
t is des
ribed by the following soft SUSY breaking terms in the Lagrangian.�LMSSMsoft =(m2Q)ij ~qyi ~qj + (m2U)ij~uyi ~uj + (m2D)ij ~dyi ~dj + (m2L)ij~lyi~lj + (m2E)ij~eyi ~ej+m2H1hy1h1 +m2H2hy2h2 � (B�h1h2 +H.
.)+ �AijU ~uyi ~qjh2 + AijD ~dyi ~qjh1 + AijE~eyi~ljh1 +H.
.�+ M32 �~g~g + M22 �~W ~W + M12 �~B ~B ; (3)where ~qi, ~uyi , ~dyi , ~li, ~eyi , h1, and h2 are the 
orresponding s
alar 
omponents of the 
hiralsuper�elds given in Eq. (1), and ~g, ~W , and ~B are SU(3)C , SU(2)L and U(1)Y gauge fermions,respe
tively.1. The minimal supergravity modelThe mSUGRA 
onsists of the MSSM se
tor and a hidden se
tor where the SUSY isassumed to be spontaneously broken. Only a gravitational intera
tion inter
onne
ts these5



two se
tors. This gravitational intera
tion mediates the SUSY breaking e�e
t from thehidden se
tor to the observable MSSM se
tor, and the soft breaking terms in Eq. (3) areindu
ed in the following manner:(m2Q)ij = (m2U)ij = (m2D)ij = (m2L)ij = (m2E)ij = m20Æij ;m2H1 = m2H2 = m20 ;AijU = m0A0yijU ; AijD = m0A0yijD ; AijE = m0A0yijE ; (4)M1 =M2 =M3 = m1=2 ;where we assume the GUT relation among the gaugino masses. The above relations areapplied at the energy s
ale where the soft breaking terms are indu
ed by the gravitationalintera
tion. We identify this s
ale with the GUT s
ale (�G ' 2 � 1016GeV) for simpli
ity.Thus the soft breaking terms are spe
i�ed at �G by the universal s
alar mass, m0, theuniversal gaugino mass, m1=2, and the universal trilinear 
oupling, A0. The soft breakingterms at the ele
troweak s
ale are determined by solving renormalization group equations.In this model, the only sour
e of 
avor mixings is the CKM matrix. New 
avor mixingsin the squark se
tor at the ele
troweak s
ale 
ome from the CKM matrix through radiative
orre
tions [19, 20℄. In addition to the CP phase in the CKM matrix, there 
an be twophysi
ally independent CP phases. We take the 
omplex phase of the � term (�� � arg �)and the phase of A0 (�A � argA0) as the new CP phases while we take the gaugino massm1=2 as real and positive by 
onvention. These CP phases 
ontribute to the neutron andele
tron ele
tri
 dipole moments (EDMs) [9, 30, 31, 32, 33℄ and experimental 
onstraints onthese phases are very severe.We assume that the generation me
hanism of neutrino masses in this model does nota�e
t the 
avor mixing in the SUSY se
tor. For example, in the mSUGRA model withright-handed neutrinos, whi
h is des
ribed bellow, the e�e
t of the neutrino mass on the
avor mixing in the SUSY se
tor is negligible in a small right-handed neutrino mass limit.2. The MSSM with right-handed neutrinosRe
ent developments of neutrino experiments have established the existen
e of small�nite masses of neutrinos. A simple extension of the mSUGRA model for giving small �nitemasses of neutrinos is introdu
ing gauge singlet right-handed Majorana neutrino super�elds,6



�Ni (i = 1; 2; 3). This is known as the type I seesaw me
hanism [35℄. The superpotential 
anbe written as WMSSM�R =WMSSM + (yN)ij �NiLjH2 + 12(MN )ij �Ni �Nj ; (5)whi
h leads to the following higher dimensional term�W� = �12Kij� (LiH2)(LjH2) ; K� = (yTN)ik(M�1N )kl(yN)lj ; (6)after heavy �elds �N1;2;3 are integrated out at the energy s
ale below the Majorana mass s
ale(� �R). This higher dimensional term yields the neutrino mass matrix by the ele
troweaksymmetry breaking as (m�)ij = (K�)ijhh2i2 : (7)Taking the basis in whi
h the 
harged lepton mass matrix is diagonal, one 
an obtain theobservable neutrino mass eigenvalues and the Ponte
orvo-Maki-Nakagawa-Sakata (PMNS)mixing matrix [36℄ as (m�)ij = (V �PMNS)ikm�k(V yPMNS)kj : (8)From the neutrino os
illation experiments, it is known that there is a hierar
hy among thetwo squared mass di�eren
es as jm2�3 � m2�2 j � jm2�2 � m2�1j. We de�ne �1 and �2 so thatm�2 > m�1 . Therefore there are two possibilities for the neutrino mass hierar
hy when themass of the lightest neutrino is mu
h smaller than the mass splittings.� Normal hierar
hy: m�3 � m�2 > m�1;� Inverted hierar
hy: m�2 > m�1 � m�3 .When the overall mass s
ale is mu
h larger than the mass splittings, all the three neutrinosare nearly degenerate in mass. In the present analysis we take� Degenerate: m�3 & m�2 & m�1 .For numeri
al 
al
ulations, we 
onsider three sets of low energy neutrino parameters 
orre-sponding to the above three 
ases. 7



As for the soft breaking terms, s
alar mass terms, A terms and B terms of sneutrinos,~�yi , are added as�LMSSM�Rsoft = �LMSSMsoft + (m2N)ij~�yi ~�j + �AijN ~�i~ljh2 + ( ~m2N )ij~�yi ~�yj +H.
.� : (9)We assume that the soft breaking terms are generated in a universal fashion at �G, i.e.(m2N)ij = m20Æij ; AijN = m0A0yijN : (10)We negle
t the ~m2N terms in the present work. These terms 
an signi�
antly a�e
t theEDMs, while 
ontributions to the lepton 
avor violation pro
esses are sub-dominant [37℄.The new 
avor mixing in the s
alar lepton se
tor 
omes from the neutrino mixing throughthe renormalization group running between �G and �R. In the leading logarithmi
 approxi-mation, they are given as(m2L)ij '� 18�2m20(3 + jA0j2)(yyNyN)ij ln �G�R ; (11a)(m2E)ij '0 ; (11b)(AE)ij '� 38�2m0A0yie(yyNyN)ij ln �G�R ; (11
)for i 6= j. We numeri
ally solve full RGEs in the a
tual analysis given in Se
. III. Conse-quen
es of these mixings on lepton 
avor violating pro
esses have been investigated fromvarious aspe
ts. Lepton 
avor violating pro
esses su
h as � ! e
 are sensitive to theo�-diagonal elements of yyNyN [38℄.As we have dis
ussed in the end of the last subse
tion, this model redu
es to the mSUGRAmodel in the limit of yN ! 0. For instan
e, the e�e
t of (11) is negligible if �R � 1012GeV.We 
onsider three typi
al stru
tures of the neutrino Yukawa 
ouplings.� degenerate �R 
ase yN = pM̂Nhh2i 0BBB�pm�1 0 00 pm�2 00 0 pm�31CCCAV yPMNS : (12)This is a 
ase that all the masses of the right-handed neutrinos are the same and thereare no CP phases in the heavy neutrino se
tor. In Eq. (12), M̂N denotes the eigenvalueof the right-handed neutrino mass matrix, i.e. (MN )ij = M̂NÆij. In this simplest 
ase,8



the mixing in yN should be identi�ed with the PMNS mixing be
ause there is no 
avorstru
ture in MN . The large mixing in the PMNS matrix leads to large o�-diagonalelements of yyNyN , whi
h enhan
e the �! e
 bran
hing ratio. As we will see later, theSUSY breaking parameter spa
e is strongly 
onstrained by the present experimentallimit in the normal hierar
hy 
ase.� non-degenerate �R (I) yN = 0BBB�y11 0 00 y22 y230 y32 y331CCCA : (13)In this 
ase, the PMNS mixing arises from the above yN and a non-degenerate massmatrix of right-handed neutrinos, MN , as is des
ribed in Se
. III B. Be
ause yyNyN hasthe same texture as yN in Eq. (13), �! e
 is suppressed enough to satisfy the presentexperimental bound. As for other LFV pro
esses, � ! e
 is also suppressed, while� ! �
 is not. The spe
i�
 stru
ture in Eq. (13) 
ould be an impli
ation of ele
tron-number 
onservation whi
h works above the right-handed neutrino mass s
ale, �R,and is broken by the right-handed neutrino mass matrix, MN .� non-degenerate �R (II) yN = 0BBB�y11 0 y130 y22 0y31 0 y331CCCA : (14)This 
ase is similar to the non-degenerate �R (I) 
ase, ex
ept that the �rst and these
ond generations are inter
hanged in yN . A

ordingly, � ! e
 and � ! �
 aresuppressed, while we expe
t a larger bran
hing ratio of � ! e
.3. The SU(5) SUSY GUT with right-handed neutrinosThe idea of supersymmetri
 grand uni�
ation is supported by the pre
ise determinationof three gauge 
oupling 
onstants at LEP and other experiments in the last de
ade. In viewof this, we 
onsider SU(5) SUSY GUT with right-handed neutrinos as an extension of the9



MSSM with right-handed neutrinos. Here we follow the analysis of Ref. [23, 27℄ and we givea brief des
ription of the model.This model is de�ned by the following superpotential:WSU(5)�R = 18�ab
de(�U)ij(Ti)ab(Tj)
dHe + (�D)ij( �Fi)a(Tj)ab �Hb+(�N)ij �Ni( �Fj)aHa + 12(MN )ij �Ni �Nj +WH +�WSU(5)�R ; (15)where i and j are generation indexes, while a; b; 
; d and e are SU(5) indi
es. �ab
de denotesthe totally antisymmetri
 tensor of the SU(5). Ti, �Fi, and �Ni are 10, �5, and 1 representationsof the SU(5) gauge group, respe
tively. Qi, �Ui, and �Ei are embedded in Ti, �Fi 
onsists of �Diand Li, and �Ni is identi�ed with the right-handed heavy Majorana neutrinos. H ( �H) denotesa Higgs super�eld in 5 (�5) representation and in
ludes HC(3; 1;�13) and H2 ( �HC(�3; 1; 13)and H1). (�U)ij, (�D)ij, and (�N)ij are the Yukawa 
oupling matri
es, and (MN )ij is theMajorana mass matrix. The superpotential for Higgs super�elds, WH , 
ontains terms withH, �H, and �ab whi
h is a 24 representation of the SU(5) gauge group. It is assumed that ava
uum expe
tation value (VEV) of �ab, h�abi = diag(13 ; 13 ; 13 ;�12 ;�12)vG breaks the SU(5)symmetry to SU(3)C�SU(2)L�U(1)Y at �G. �WSU(5)�R is a dimension �ve operator, whi
his introdu
ed in order to reprodu
e the realisti
 mass relations between the down-type quarksand 
harged leptons, as explained in Ref. [27℄.The supermultiplets with the masses of order of the GUT s
ale su
h as HC and �HCare integrated out at �G and the e�e
tive theory below �G is the MSSM with the right-handed neutrinos des
ribed by the superpotentialWMSSM�R in Eq. (6). The Yukawa 
ouplingmatri
es in Eq. (6) are related to those in Eq. (15) as (yU)ij = (�U)ij and (yN)ij = (�N)ij.(�D)ij is determined from (yD)ij and (yE)ij, taking O(�G=�P ) 
orre
tions from �WSU(5)�Rinto a

ount [27℄.There are additional degrees of freedom in the mat
hing relations between yU;D;E;N and�U;D;N , whi
h 
annot be determined from the quark and lepton masses and the CKM andPMNS matri
es at low energy [23, 24, 39℄. In the present analysis, we introdu
e only tworelative phase parameters for simpli
ity, whi
h 
orresponds to b�L in Ref. [24℄.
10



The SU(5) invariant and renormalizable soft breaking terms are written as�LSU(5)soft = 12(m2T )ij( ~T �i )ab( ~Tj)ab + (m2�F )ij( ~�F �i )a( ~�Fj)a + (m2�N)ij ~�N�i ~�Nj+ (m2H)H�aHa + (m2�H) �H�a �Ha + �32BH�HvG �HaHa +H.
.� + (terms with �ab)+�18�ab
de(~�U)ij( ~Ti)ab( ~Tj)
dHe + (~�D)ij( ~�Fi)a( ~Tj)ab �Hb+(~�N)ij ~�Ni( ~�Fj)aHa + 12( ~MN)ij ~�Ni ~�Nj +H.
.�+ 12M5 �~G5 ~G5; (16)where ~Ti, ~�F i, and ~�N i are the s
alar 
omponents of Ti, �Fi, and �Ni, respe
tively; H and�H stand for the 
orresponding s
alar 
omponents of the super�elds denoted by the samesymbols; and ~G5 represents the SU(5) gaugino. We assume that the soft breaking terms aregenerated in a universal fashion at the Plan
k s
ale, �P , i.e.(m2T )ij =(m2�F )ij = (m2�N )ij = m20Æij ;(e�)ij =m0A0(�)ij ; (� = �U ; �D; �N) ;M5 =m1=2 : (17)We solve the RG equations of the SU(5) SUSY GUT from �P to �G with Eq. (17) asboundary 
onditions at �P , then those of MSSM with right-handed neutrinos between the�G and �R. Finally, the squark and slepton mass matri
es are obtained by the RG equationsof the MSSM below �R.Unlike the previous two models, a large 
avor mixing in the neutrino se
tor 
an a�e
t theright-handed down type squark se
tor be
ause the lepton doublets and the down quarks areembedded in the same representation of SU(5). For a similar reason, the CKM mixing in thequark se
tor 
ontributes to the mixing in the right-handed 
harged slepton se
tor [20, 21℄.For instan
e, the 
orre
tion to m2E is given in the leading logarithmi
 approximation as(m2E)ij ' � 38�2m20(3 + jA0j2)(�yU�U)ij ln �P�G : (18)Quark 
avor signals in models with a grand uni�
ation have been studied in literature[23, 24, 25℄. It is shown in these papers that large 
ontributions to �K and the �! e
 de
ay
an arise from the new sour
e of 
avor mixing in the neutrino se
tor.11



We study the same patterns of neutrino Yukawa 
ouplings as those in MSSM with right-handed neutrinos, i.e. degenerate �R, non-degenerate �R (I) and non-degenerate �R (II)
ases.4. A model with U(2) 
avor symmetryThere is a 
lass of models whi
h are intended to solve the 
avor problem of the MSSMby introdu
ing appropriate symmetry stru
ture. U(2) 
avor symmetry [40, 41℄ is a typi
alexample of su
h models. We 
onsider the model given in Ref. [41℄. In this model, the quarkand lepton supermultiplets in the �rst and the se
ond generations transform as doubletsunder the U(2) 
avor symmetry, and the third generation and the Higgs supermultipletsare singlets under the U(2). In addition to the ordinary matter �elds, we introdu
e thefollowing super�elds: a doublet �i(�1), a symmetri
 tensor Sij(�2), and an antisymmetri
tensor Aij(�2), where i and j run over the �rst two generations and the numbers in theparentheses represent the 
harge of the U(1) subgroup.The U(2) invariant superpotential relevant to the quark Yukawa 
ouplings is given asfollows: WU(2) =YU � �U3Q3H2 + bUMF �i �UiQ3H2 + 
UMF �U3�iQiH2+ dUMF Sij �UiQjH2 + aUMF Aij �UiQjH2�+ YD � �D3Q3H1 + bDMF �i �DiQ3H1 + 
DMF �D3�iQiH1+ dDMF Sij �DiQjH1 + aDMF Aij �DiQjH1� ; (19)where MF is the s
ale of the 
avor symmetry, and YQ, aQ, bQ, 
Q, and dQ (Q = U;D)are dimensionless 
oupling 
onstants. Dimension �ve and higher dimensional operators arenegle
ted in the superpotential in Eq. (19). Absolute values of the above dimensionless
oupling 
onstants ex
ept for YD are supposed to be of O(1).The breaking pattern of the U(2) symmetry is assumed to beU(2)! U(1)! no symmetry ; (20)in order to reprodu
e the preferable quark Yukawa 
oupling matri
es whi
h 
an explain themass eigenvalues and the mixing of quarks. The �rst breaking is indu
ed by VEV's of �i12



and Sij, and the se
ond one by a VEV of Aij. These VEV's are given ash�iiMF = Æi2 �; hSijiMF = Æi2 Æj2�; hAijiMF = �ij �0; (21)where � and �0 are taken to be real without loss of generality. Be
ause � and �0 are orderparameters of the U(2) and U(1) symmetry breaking respe
tively, they satisfy �0 � �. Notethat hSiji is 
hosen to leave the U(1) unbroken. With the breaking pattern given in Eq. (20),we obtain the quark Yukawa 
oupling matrix yQ asyijQ = YQ0BBB� 0 aQ�0 0�aQ�0 dQ� bQ�0 
Q� 1 1CCCA ; Q = U;D : (22)The U(2) symmetry 
ontrols not only the superpotential but also the soft breaking terms.After the U(2) broken with the pattern in Eq. (20), the squark mass matri
es m2X 
an beobtained as m2X = (mX0 )20BBB�1 0 00 1 + rX22�2 rX23�0 rX�23 � rX331CCCA ; X = Q;U;D ; (23)where rXij are dimensionless parameters of O(1). As for the squark A terms, they have thesame stru
ture as the quark Yukawa 
oupling matri
es:AijQ = A0QYQ0BBB� 0 ~aQ�0 0�~aQ�0 ~dQ� ~bQ�0 ~
Q� 1 1CCCA ; Q = U;D : (24)In general, though being of O(1), ~aQ, ~bQ, ~
Q, and ~dQ take di�erent values from the 
orre-sponding parameters in Eq. (22), and we expe
t no exa
t universality of the A terms in thismodel.With the help of the U(2) symmetry, the masses of the �rst and se
ond generation squarksare naturally degenerate. On the other hand, the mass of the third generation squarks maybe separated from the others. There exist 
avor mixings of O(�) between the se
ond andthe third generations of squarks. These are new sour
es of 
avor mixing besides the CKMmatrix. 13



There are several e�orts to explain the observed neutrino masses and mixings in SUSYmodels with the U(2) 
avor symmetry (or its dis
rete relatives) [42℄. Unlike the quarkse
tor, appli
ation of the U(2) symmetry to the lepton se
tor is not straightforward be
auseof the large mixings of the neutrinos. Therefore we fo
us on the quark se
tor in the followinganalysis, taking the same boundary 
onditions as Eq. (4) for the slepton se
tor.B. Treatments of radiative breaking of the ele
troweak symmetryIn the models we 
onsider, SUSY parameters su
h as m0, m1=2, A0 et
. are given at thehigh energy 
ut-o� s
ale. In order to analyze 
avor signals, we need to 
onne
t the parame-ters at the 
ut-o� s
ale and those at the ele
troweak s
ale with help of the renormalizationgroup equations. In the present work, we adopt the following pro
edure to determine theparameters at the ele
troweak s
ale.1. The masses of quarks and leptons and the mixings (the CKM and PMNS matri
es)are given as inputs at the ele
troweak s
ale, �W = MZ . These masses are runningmasses in the standard model. The Yukawa 
ouplings and the 
oupling matrix of thedimension �ve operator K� in Eq. (6) are determined by these masses and anotherinput parameter tan � � hh2i=hh1i.2. Two-loop RGEs for the Yukawa 
ouplings and K� , as well as the gauge 
oupling
onstants, are solved up to a high energy 
ut-o� s
ale with the boundary 
onditionsgiven at �W . The 
ut-o� s
ale is taken as the GUT s
ale, �G, for the mSUGRA, theMSSM with right-handed neutrinos, and the U(2) model and the Plan
k s
ale, �P , forthe SU(5) SUSY GUT with right-handed neutrinos. By this pro
edure, we 
al
ulatethe parameters in the superpotential at the 
ut-o� s
ale. A s
hemati
 pi
ture of the
ut-o� s
ale involved in these models is displayed in Fig. 1. Here, the DR0 s
heme [43℄is adopted as a renormalization s
heme.In the MSSM with right-handed neutrinos and SU(5) SUSY GUT with right-handedneutrinos, we de
ompose K� to yN and MN at the �R s
ale so that they satisfy theseesaw relation, Eq. (6). In the SU(5) SUSY GUT with right-handed neutrinos theparameters in WSU(5)�R are mat
hed with the MSSM with right-handed neutrinos atthe GUT s
ale, �G. 14



µS µR µG µP

mSUGRA

MSSM with RN

SU(5) GUT with RN

U(2) model

MSSM MSSM+RN SU(5)+RNFIG. 1: The 
ut-o� s
ales and the models. RN stands for right-handed neutrinos.3. The boundary 
onditions for the soft SUSY breaking parameters are set at the 
ut-o� s
ale as Eq. (4) for the mSUGRA, Eq. (4) and (10) for the MSSM with right-handed neutrinos, Eq. (17) for the SU(5) SUSY GUT with right-handed neutrinos,and Eq. (23) for the U(2) model. We take the same boundary 
onditions for the Aparameters in the U(2) model as the mSUGRA 
ase for simpli
ity.4. With help of two-loop RGEs, we evaluate the soft breaking terms at a typi
al SUSYbreaking s
ale, �S = 1TeV, and 
al
ulate the SUSY masses and mixings at the leadingorder whi
h are 
onsidered as DR0 masses. For the masses of the Higgs bosons, theone loop 
orre
tions are in
luded.Then we set the value of � and B so that the tadpole diagrams of the Higgs bosonsup to one loop level vanish.Then running the � to the ele
troweak s
ale MZ , we obtain the � at MZ .5. The SUSY threshold 
orre
tions to the gauge 
ouplings and the masses of quarksand leptons are evaluated in order to determine DR0 gauge 
ouplings, DR0 Higgs vev,and DR0 masses of the matter fermions in the MSSM whi
h lead to the DR0 Yukawa
ouplings, a

ording to Ref. [44℄.6. We iterate from 2 to 5 in the above list until the numeri
al behavior 
onverges.7. The physi
al mass spe
trum of SUSY parti
les is 
al
ulated at the MZ s
ale up toone loop level [44℄. The 
avor observables are also 
al
ulated with the parametersdetermined at the MZ s
ale. 15



In 
omparison with the previous work, two-loop RGEs for the running of SUSY param-eters are used and the one loop SUSY threshold 
orre
tions at the ele
troweak s
ale arein
luded in the 
al
ulation of this work.III. NUMERICAL ANALYSISA. Flavor observablesThe 
avor observables 
onsidered in the following are the K0� �K0, Bd� �Bd and Bs� �Bsmixings, both the dire
t and mixing indu
ed CP asymmetries of b ! s
 and b ! d
,and the time dependent CP asymmetry of B ! �KS. The bran
hing ratios of the lepton
avor violating de
ay pro
esses � ! e
, � ! �
 and � ! e
 are also evaluated in theMSSM with right-handed neutrinos and SU(5) SUSY GUT with right-handed neutrinos. Asmentioned in Se
. IIA 4, we do not 
onsider the 
avor signals in the lepton se
tor for theU(2) model. Here we show the 
al
ulation methods of the 
avor observables brie
y. Detailon the 
al
ulation methods of the 
avor observables is available in Ref. [23, 27, 28℄.1. K � �K and B � �B mixingsThe K0� �K0, Bd� �Bd and Bs� �Bs mixings are des
ribed by the e�e
tive Lagrangian ofthe following form:L�F=2 =CLL(�q�L
�QL�)(�q�L
�QL�) + CRR(�q�R
�QR�)(�q�R
�QR�)+ C(1)LR(�q�RQL�)(�q�LQR�) + C(2)LR(�q�RQL�)(�q�LQR�)+ ~C(1)LL(�q�RQL�)(�q�RQL�) + ~C(2)LL(�q�RQL�)(�q�RQL�)+ ~C(1)RR(�q�LQR�)(�q�LQR�) + ~C(2)RR(�q�LQR�)(�q�LQR�); (25)where (q; Q) = (d; b), (s; b) and (d; s) for the Bd � �Bd, Bs � �Bs and K0 � �K0 mixings,respe
tively, and the suÆ
es � and � denote 
olor indi
es. New physi
s 
ontributions tothe Wilson 
oeÆ
ients C's, as well as the SM ones, are obtained by 
al
ulating relevantbox diagrams. Expli
it formulae of the 
oeÆ
ients are found in e.g. Ref. [23℄. The mixingmatrix elements M12(Bd), M12(Bs), and M12(K) are given asM12(P ) = � 12mP hP jL�F=2j �P i; (26)16



P fP (MeV) BP BLR(1)P BLR(2)P ~BRR(1)P ~BRR(2)PK 159.8 0.63 1.03 0.77 0.59 0.85Bd 198 0.87 1.15 1.72 0.79 0.92Bs 239 0.87 1.16 1.75 0.80 0.94TABLE I: De
ay 
onstants and bag parameters for the B0 � �B0 and the K0 � �K0 mixing matrixelements [45℄ used in the numeri
al 
al
ulation. Here fK is the experimental value.where P = Bd; Bs; K0.In the evaluation of the matrix elements hP jL�F=2j �P i, we parameterize the matrix ele-ments of the operators in Eq. (25) ashK0j( �d�L
�sL�)( �d�L
�sL�)j �K0i =23m2Kf 2KBK; (27a)hK0j( �d�RsL�)( �d�LsR�)j �K0i =12 � mKms +md�2m2Kf 2KBLR(1)K ; (27b)hK0j( �d�RsL�)( �d�LsR�)j �K0i =16 � mKms +md�2m2Kf 2KBLR(2)K ; (27
)hK0j( �d�LsR�)( �d�LsR�)j �K0i =� 512 � mKms +md�2m2Kf 2K ~BRR(1)K ; (27d)hK0j( �d�LsR�)( �d�LsR�)j �K0i = 112 � mKms +md�2m2Kf 2K ~BRR(2)K ; (27e)where BK , BLR(1;2)K , and ~BRR(1;2)K are bag parameters. B� �B mixing matrix elements are alsode�ned in the same way. The bag parameters of B and K mesons and the de
ay 
onstantsof the B mesons are evaluated by the latti
e QCD method [45℄. We list the numeri
al valuesused in our 
al
ulation in Table I.The observables "K, �mBd and �mBs are expressed in terms of M12 as"K =ei�=4ImM12(K)p2�mK ; (28)�mBd =2 jM12(Bd)j ; (29)�mBs =2 jM12(Bs)j : (30)
17



2. CP asymmetries in B meson de
aysThe time-dependent CP asymmetry in the Bd de
ays to a CP eigenstate fCP is given by�( �Bd(t)! fCP)� �(Bd(t)! fCP)�( �Bd(t)! fCP) + �(Bd(t)! fCP) =ACP(Bd ! fCP) 
os�mBdt+ SCP(Bd ! fCP) sin�mBdt ; (31)where ACP and SCP are dire
t and indire
t (mixing-indu
ed) CP violation parameters, re-spe
tively.For fCP = J= KS, the b ! 
�
s de
ay amplitude is assumed to be dominated by thetree level Standard Model 
ontribution. Consequently, the dire
t CP asymmetry ACP(Bd !J= KS) is negligibly small. The weak phase of the b! 
�
s de
ay amplitude 
omes from aprodu
t of the CKM matrix elements V
bV �
s, whi
h is almost real by 
onvention. Thereforewe 
an write�( �Bd(t)! J= KS)� �(Bd(t)! J= KS)�( �Bd(t)! J= KS) + �(Bd(t)! J= KS) = SCP(Bd ! J= KS) sin�mBdt ; (32)SCP(Bd ! J= KS) = sin�M ; (33)with �M being ei�M = M12(Bd)=jM12(Bd)j. In the Standard Model, �M = 2�1 =2 arg(�V �
bV
d=(V �tbVtd)). Experimentally, sin�M 
an be determined by 
ombining de
aymodes with the b! 

s transition su
h as Bd ! J= KS, Bd ! J= KL, and Bd !  0KS.The time-dependent CP asymmetry in the Bs de
ay is formulated in the same way. Bs !J= � is the b! 
�
s mode of the Bs de
ay, whi
h 
orresponds to Bd ! J= KS. The mixing-indu
ed CP violation parameter SCP(Bs ! J= �) is written as SCP(Bs ! J= �) = sin�Mswhere �Ms is de�ned as ei�Ms = M12(Bs)=jM12(Bs)j. In a
tual extra
tion, the angularanalysis is needed to separate CP odd and even 
ontribution [12, 46℄. The Standard Modelpredi
tion is given as sin�MsjSM ' �0:04.We also 
onsider the de
ay mode Bd ! �KS, whi
h is supposed to be a pure b ! s�sspro
ess. The mixing-indu
ed CP asymmetry SCP(Bd ! �KS), is given asSCP(Bd ! �KS) = 2Im(e�i�M �AA)jAj2 + j �Aj2 ; (34)where A and �A denote de
ay amplitudes of Bd ! �K and �Bd ! � �K respe
tively. Thisquantity is expe
ted to 
oin
ide with SCP(Bd ! J= KS) within the SM. If there is sizable18



deviation, this will be an eviden
e of new physi
s beyond the SM in b ! s transition. The
al
ulation of the de
ay amplitude involves sizable un
ertainty. Here we use a method basedon the naive fa
torization. Details of the 
al
ulation of A are given in Refs. [24, 47℄.As for the b! q
 (q = s; d) de
ays, both dire
t and mixing-indu
ed CP asymmetries are
onsidered, as well as the bran
hing ratio B(b! s
) whi
h provides a signi�
ant 
onstrainton the parameter spa
e. Relevant e�e
tive Lagrangian is given asL =C2LO2L + C 02LO02L � C7LO7L � C8LO8L + (L$ R) + L4q : (35)The operators O's areO2L =(�q�
�
L�)(�
�
�bL�) ; (36a)O02L =(�q�
�uL�)(�u�
�bL�)� (�q�
�
L�)(�
�
�bL�) ; (36b)O7L = e16�2mb�q i2[
�; 
�℄bRF�� ; (36
)O8L = g316�2mb�q� i2[
�; 
�℄T (a)�� b�RG(a)�� ; (36d)where q is s or d for b! s
 or b! d
 de
ays, respe
tively. L4q denotes the terms with four-quark operators indu
ed by loop e�e
ts. The Wilson 
oeÆ
ients C2L and C 02L are dominatedby the 
ontributions from the tree level W boson ex
hange. Therefore, C 02L = �uC2L issatis�ed, where �u = �V �uqVub=(V �tqVtb). The dire
t CP asymmetry in the in
lusive de
aysB ! Xq
 (q = s; d) is given as [48℄AdirCP(B ! Xq
) =�( �B ! Xq
)� �(B ! X�q
)�( �B ! Xq
) + �(B ! X�q
)=� �3�(jC7Lj2 + jC7Rj2)"�Imr2Im [(1� �u)C2LC�7L℄ + 8081�Im(�uC2LC�7L)+ 89�Im(C8LC�7L)� Imf27Im [(1� �u)C2LC�7L℄+ 13Imf27Im [(1� �u)C2LC�8L℄ + (L$ R)# ; (37)where the fun
tions r2 and f27 for B ! Xs
 are found in Ref. [49℄. The mixing-indu
edCP asymmetry is de�ned for an ex
lusive Bd ! Mq
 de
ay. Mq denotes a hadroni
 CPeigenstate whi
h in
ludes a strange or down quark su
h as K� (for q = s) and � (q = d).SCP(Bd !Mq
) is given as [50℄SCP(Bd !Mq
) = 2Im(e�i�MC7LC7R)jC7Lj2 + jC7Rj2 : (38)19



h 
u 
d 
s 
Cu 
Cd 
Cs 
G Ref.n(NDA) �13 43 0 �13 e4� 43 e4� 0 � e2p2f� [31℄n(ChPT) 0 0 0 1:6e 1:3e 0:26e 0 [34℄Hg 0 0 0 0:0087e �0:0087e 4:4� 10�5e 0 [34℄TABLE II: Hadroni
 fa
tors used in the 
al
ulation of EDMs.3. Lepton 
avor violationThe e�e
tive Lagrangian for the lepton 
avor violating lj ! li
 de
ay is written asLLFV = � e16�2mlj�li i2 [
�; 
�℄ �AijLPR + AijRPL� lj F�� ; (i 6= j) ; (39)where PR = (1 + 
5)=2 and PL = (1� 
5)=2. The de
ay width is given by�(lj ! li
) = �64�2m5lj �jAijL j2 + jAijRj2� : (40)4. Ele
tri
 dipole momentsEle
tri
 dipole moment df of a fermion f is de�ned as the 
oeÆ
ient in the e�e
tiveLagrangian L = i2df �f i2 [
�; 
�℄ 
5f F�� : (41)In addition, 
hromo-ele
tri
 dipole moments of quarks and the three-gluon operator [51℄ aretaken into a

ount for hadroni
 EDMs. Relevant e�e
tive Lagrangian is written asL = i2dCq �q i2 [
�; 
�℄ 
5T (a)q G(a)�� + dG6 f (a)(b)(
)�����G(a)��G(b)�� G(a)�� : (42)We 
al
ulate df for quarks and leptons and dCq with all the one-loop SUSY 
ontributions[30, 31℄ and two-loop 
ontributions given in Ref. [32℄. dG is 
al
ulated a

ording to Ref. [31℄.The neutron and the mer
ury EDMs, d(n) and d(Hg), respe
tively, are written as linear
ombinations of dq, dCq and dG:d(h) = Xq=u;d;s �
q(h)dq + 
Cq (h)dCq �+ 
G(h)dG ; h = n; Hg: (43)Values of the 
oeÆ
ients used in our 
al
ulation are given in Table II.20



There are large un
ertainties in the estimation of the hadroni
 EDMs. Here we use thevalue of the neutron EDM obtained by the formulae based on the naive dimensional analysis(NDA) [31℄. On the other hand, it has been pointed out that an evaluation with use of the
hiral perturbation theory (ChPT) may give a mu
h larger value of the neutron EDM, dueto the 
hromo-ele
tri
 dipole moment of the strange quark [34℄. We later dis
uss how thenumeri
al results 
hange if the latter is applied.B. Input parameters and experimental 
onstraintsAs input parameters at the low energy, the mass eigenvalues and the 
avor mixing matri-
es of the quarks and leptons are used. We take the top quark mass asmt(pole) = 170:9GeV.The CKM matrix elements Vus, V
b, and jVubj are determined by measurements of thepro
esses whi
h are supposed to be dominated by the SM tree level 
ontributions. Weadopt Vus = 0:224 and V
b = 0:0416 in the following 
al
ulations. As for the jVubj, be
ausethe un
ertainty is relatively large, we vary jVubj within a range 3:0 < jVubj=10�3 < 4:7. TheCKM phase is not yet determined by tree level pro
esses free from new physi
s 
ontributions.Therefore we vary the CKM phase �3 � arg(�V �ubVud=V �
bV
d) within 0 < �3 < 180Æ.In the models with neutrino masses, we need to spe
ify the parameters in the neutrinose
tor in addition to the quark Yukawa 
oupling 
onstants. As explained in Se
. IIA 2,we 
onsider three 
ases for the low energy neutrino mass spe
trum and three types for thestru
ture of the neutrino Yukawa 
oupling matrix. Among nine possible 
ombinations, weshow the results of the following �ve 
ases:� Degenerate �R, normal hierar
hy (D�R-NH);� Degenerate �R, inverted hierar
hy (D�R-IH);� Degenerate �R, degenerate (D�R-D);� Non-degenerate �R (I), normal hierar
hy (ND�R(I)-NH);� Non-degenerate �R (II), normal hierar
hy (ND�R(II)-NH).In the non-degenerate �R 
ases, we have found that the results do not 
hange mu
h when wetake other low energy neutrino mass spe
trum, sin
e the neutrino Yukawa 
oupling matrix is21



m2�3 �m2�2(eV2) lightest �Normal hierar
hy 2:5� 10�3 m�1 = 0:003eVInverted hierar
hy �2:5� 10�3 m�3 = 0:003eVDegenerate 2:5� 10�3 m�1 = 0:1eVTABLE III: Input parameters for the low energy neutrino masses. 1 � 2 splittiong is �xed asm2�2 �m2�1 = 8:0� 10�5eV2 in all 
ases.essentially independent of the low energy neutrino mass spe
tra. As for the mass eigenvalues,we �x m2�2 � m2�1 = 8:0 � 10�5eV2 in all 
ases. The values of m2�3 � m2�2 and the lightestneutrino mass are shown in Table III. We take the PMNS mixing matrix asVPMNS = 0BBB� 
�
13 s�
13 s13�s�
atm � 
�satms13 
�
atm � s�satms13 satm
13s�satm � 
�
atms13 �
�satm � s�
atms13 
atm
131CCCA ; (44)(
i = 
os �i; si = sin �i) with sin2 2�atm = 1, tan2 �� = 0:4, and sin2 2�13 = 0. These mixingangles are 
onsistent with the observed solar and atmospheri
 neutrino os
illations [2℄, theK2K experiment [3℄, and the KamLAND experiment [4℄. Only the upper bound of sin2 2�13is obtained by rea
tor experiments [5℄, and we take the above value as an illustration. Weignore the Dira
 and Majorana CP phases in the neutrino se
tor for simpli
ity, though they
an a�e
t the analysis of the lepton 
avor violations [52℄.The neutrino Yukawa 
oupling and the right-handed neutrino mass matri
es have eighteenindependent parameters in general. Nine of these parameters are determined by the lowenergy neutrino parameters, namely three massesm�1;2;3 and VPMNS (three mixing angles andthree phases). There remain nine free parameters to spe
ify the neutrino Yukawa 
ouplingand right-handed neutrino mass matri
es. In the degenerate �R 
ase, these parameters are�xed by the assumption (MN )ij = M̂NÆij, so that yN is determined as Eq. (12). In thenon-degenerate �R 
ases, we take yN as inputs for the extra nine parameters. We generally
22



Case ŷ1=ŷ3 ŷ2=ŷ3 �s12 �s23 �s13 �Æ13 � 13 � 23(I) 0.329 0.628 0 -0.666 0 0 0 0(II) 0.534 1.014 0 0 0.435 0 0 0TABLE IV: Input parameters for the neutrino Yukawa 
oupling matrix in the non-degenerate �R
ases.parametrize the yN asyN =ŷNVL ; (45)ŷN =diag(ŷ1; ŷ2; ŷ3) ; (46)VL =0BBB� �
12�
13 �s12�
13 �s13e�i�Æ13��s12�
23 � �
12�s23�s13ei�Æ13 �
12�
23 � �s12�s23�s13ei�Æ13 �s23�
13�s12�s23 � �
12�
23�s13ei�Æ13 ��
12�s23 � �s12�
23�s13ei�Æ13 �
23�
13 1CCCA� diag(ei � 13 ; ei � 23 ; 1)e�i( � 13+ � 23)=3 ; (47)where �sij = sin ��ij and �
ij = 
os ��ij. The right-handed neutrino mass matrix is written asMN =ŷNVLK�1� V TL ŷN : (48)After 
al
ulatingMN , we res
ale ŷN (and MN) su
h that MN satis�es detMN = �3R. There-fore, the nine input parameters are ŷ1=ŷ3, ŷ2=ŷ3, �s12, �s23, �s13, �Æ13, � 13, � 23 and �R. Wetake the input parameters as shown in Table IV, whi
h provide us appropriate yN of thestru
ture (13) and (14). With use of these input parameters, as well as the low energyneutrino mass spe
trum of the normal hierar
hy, we obtain the eigenvalues of yN and MNat �R s
ale for �R = 4 � 1014GeV and tan � = 30 as ŷN = f0:213; 0:406; 0:647g andM̂N = f2:58; 9:95; 2:49g � 1014GeV in Case (I) and ŷN = f0:250; 0:469; 0:476g andM̂N = f1:05; 10:2; 5:93g � 1014GeV in Case (II).As for the SUSY parameters, we take the 
onvention that the uni�ed gaugino mass m1=2is real. As already des
ribed in Se
. IIA 1, it is known that �� is strongly 
onstrainedby the upper bounds of EDMs, while the 
orresponding 
onstraint on �A is not so tight[30, 31℄. Thus we �x �� = 0Æ (� > 0) at the ele
troweak s
ale. We s
an the SUSY breakingparameters within the ranges 0 � m0 � 4TeV, 0 < m1=2 � 1:5TeV (0 < M5(�G) � 1:5TeVfor SU(5) SUSY GUT with right-handed neutrinos), jA0j � 4 and �180Æ < �A � 180Æ.23



In the SU(5) SUSY GUT with right-handed neutrinos, we also vary the two phase param-eters, whi
h are introdu
ed at the GUT s
ale mat
hing as mentioned in Se
. IIA 3, withinthe whole range f�180Æ; 180Æg.In the U(2) model, the 
avor symmetry breaking parameters � and �0 are �xed to be� = 0:04 and �0 = 0:008, and the parameters in the quark Yukawa 
oupling matri
es aredetermined so that the CKM matrix and the quark masses are reprodu
ed. There are sixindependent O(1) parameters in the quark Yukawa 
oupling matri
es of the form (22) forgiven quark masses and the CKM matrix. We s
an those free parameters as inputs. For thesquark mass matri
es (23), we make an assumptionmQ20 = mU20 = mD20 = m20 ; (49)and s
an the range of m0 as 0 < m0 < 4TeV. Dimensionless parameters in Eq. (23) arevaried within the ranges 0:4 � rX22 ; rX33 ; jrX23j � 2:5 and �180Æ < arg rX23 � 180Æ. We assumethat the boundary 
onditions for the A parameters are the same as the mSUGRA 
ase forsimpli
ity1.In order to 
onstrain the parameter spa
e, we 
onsider the following experimental results:� Lower limits on the masses of SUSY parti
les and the Higgs bosons given by dire
tsear
hes in 
ollider experiments [53℄.� Bran
hing ratio of the b ! s
 de
ay: B(b ! s
) = (3:55 � 0:24+0:09�0:10 � 0:03) � 10�4[54℄. We take the allowed range for the 
al
ulated bran
hing ratio as 2:85 � 10�4 <B(b! s
) < 4:25� 10�4, taking also a

ount of theoreti
al un
ertainties.� Upper bounds of the bran
hing ratios of the �! e
, � ! �
 and � ! e
 de
ays for theMSSM with right-handed neutrinos and SUSY GUT 
ases: B(�! e
) < 1:2� 10�11[55℄, B(� ! �
) < 6:8� 10�8 [56℄ and B(� ! e
) < 1:1� 10�7. [57℄� Upper bounds of EDMs of 199Hg, the neutron and the ele
tron: jdHgj < 2:1�10�28e�
m[58℄, jdnj < 2:9� 10�26e � 
m [59℄ and jdej < 1:6� 10�27e � 
m [60℄.1 We have 
arried out a preliminary analysis of the 
avor signals for the 
ase with non-universal A terms,where A0Q, ~aQ, ~bQ, ~
Q and ~dQ in Eq. (24) are free O(1) parameters with small number of samples. Wehave found that the EDMs be
ome too large in most of the parameter sets 
hosen at random. The resultof the 
avor signals does not 
hange mu
h on
e the EDM 
onstraints are applied.24



� The CP violation parameter "K in the K0 � �K0 mixing j"Kj = (2:232� 0:007)� 10�3and the Bd � �Bd and the Bs � �Bs mixing parameters �mBd = 0:507� 0:005ps�1 [61℄and �mBs = 17:77�0:10�0:07ps�1 [62℄. Theoreti
al un
ertainties in these quantitiesare larger than the experimental ones. For the B� �B mixings, 1� un
ertainties of thede
ay 
onstants fBd;s and of the bag parameters BBd;s are evaluated as 10 per
ent and 8per
ent, respe
tively [45℄. In the present analysis, we 
al
ulate �mBd;s with a �xed setof hadroni
 parameters as listed in Table I and allow �40 per
ent deviations from theexperimental 
entral values. We expe
t that these ranges provide typi
al 2�3� allowedintervals. In addition, the ratio of the hadroni
 parameters � � fBspBBs=(fBdpBBd)is evaluated with better a

ura
y. The un
ertainty of � is evaluated as �4 per
ent [45℄.Therefore we also require that the 
al
ulated ratio �mBs=�mBd , whi
h is proportionalto �2, be within �20 per
ent range of the 
entral value. For "K we assign �15 per
entun
ertainty.� CP asymmetry in the Bd ! J= KS de
ay and related modes observed at the Bfa
tory experiments: sin 2�1j
�
s = 0:678 � 0:025 [61℄. We take the allowed range forthe 
al
ulated value as 0:628 < SCP(Bd ! J= KS) < 0:728, whi
h is a simple 2�interval, sin
e the theoreti
al un
ertainty of this asymmetry is expe
ted to be small.C. Numeri
al results1. Allowed parameter region from the radiative ele
troweak symmetry breaking 
onditionBefore presenting 
avor signals, we �rst dis
uss the SUSY parameter spa
e whi
h isallowed by the radiative ele
troweak symmetry breaking 
ondition and experimental 
on-straints.In Fig. 2, we show the allowed region in the m0 and m1=2 plane for the mSUGRA,MSSM with right-handed neutrinos, and SU(5) SUSY GUT with right-handed neutrinos.Parameters other than m0 and m1=2 are �xed as indi
ated in ea
h plot. Contours of j�jdetermined from the ele
troweak symmetry breaking 
ondition are also shown. In mSUGRA,the parameter region is mainly 
onstrained by the lower limit on the 
hargino mass, the limiton the lightest Higgs boson mass, the bran
hing ratio of b! s
 de
ay, and the requirementthat the lightest supersymmetri
 parti
le (LSP) is neutral. When the neutrino Yukawa25



0

500

1000

1500

2000

2500

3000

3500

4000

 0  200  400  600  800  1000  1200  1400

m
0(

 µ
G

 )
 [

 G
eV

 ]

m1/2( µG ) [ GeV ]

tan β = 30

µ( µW ) [ GeV ]
|A0| = 0
φA = 0°
φµ = 0°

no EWSB

chargino

charged LSP

Higgs

b → s γ

mSUGRA

200 400 600 800 1000 1200

1400

0

500

1000

1500

2000

2500

3000

3500

4000

 0  200  400  600  800  1000  1200  1400

m
0(

 µ
G

 )
 [

 G
eV

 ]

m1/2( µG ) [ GeV ]

tan β = 30

µ( µW ) [ GeV ]
|A0| = 1
φA = 0°
φµ = 0°

chargino

charged LSP

Higgs

b → s γ

mSUGRA

200

400

600

800

1000

1200

1400

1600

1800

2000

0

500

1000

1500

2000

2500

3000

3500

4000

 0  200  400  600  800  1000  1200  1400

m
0(

 µ
G

 )
 [

 G
eV

 ]

m1/2( µG ) [ GeV ]

tan β = 30

µ( µW ) [ GeV ]
|A0| = 0
φA = 0°
φµ = 0°

chargino

charged LSP

Higgs

b → s γ

µ → e γ

τ → µ γ

τ → e γ

MSSM⊕ν R , Degenerate νR

µR = 4×1014 GeV

Normal Hierarchy

200

400

600

800

1000

1200

1400

(a) (b) (
)
0

500

1000

1500

2000

2500

3000

3500

4000

 0  200  400  600  800  1000  1200  1400

m
0(

 µ
G

 )
 [

 G
eV

 ]

m1/2( µG ) [ GeV ]

tan β = 30

µ( µW ) [ GeV ]
|A0| = 0
φA = 0°
φµ = 0°

chargino

charged LSP

Higgs

b → s γ

τ → µ γ

MSSM⊕ν R , Non-degenerate νR (I)

µR = 4×1014 GeV

Normal Hierarchy

200
400

600
800

1000
1200

1400

0

500

1000

1500

2000

2500

3000

3500

4000

 0  200  400  600  800  1000  1200  1400

m
0(

 µ
P 

) 
[ 

G
eV

 ]

M5( µG ) [ GeV ]

tan β = 10

µ( µW ) [ GeV ]
|A0| = 0
φA = 0°
φµ = 0°

chargino

Higgs

b → s γ

µ → e γ

τ → µ γ

SU(5)⊕ν R , Degenerate νR

µR = 4×1014 GeV

Normal Hierarchy

200

400

600

800

1000

1200

1400

1600

1800

2000

0

500

1000

1500

2000

2500

3000

3500

4000

 0  200  400  600  800  1000  1200  1400

m
0(

 µ
P 

) 
[ 

G
eV

 ]

M5( µG ) [ GeV ]

tan β = 30

µ( µW ) [ GeV ]
|A0| = 0
φA = 0°
φµ = 0°

chargino

Higgs

b → s γ

µ → e γ

τ → µ γ

SU(5)⊕ν R , Non-degenerate νR (I)

µR = 4×1014 GeV

Normal Hierarchy

200

400

600

800

1000

1200

1400

1600

1800

(d) (e) (f)FIG. 2: (Color online) Contour plots of the value of j�j onm0 andm1=2 plane for �xed tan� and A0in mSUGRA ((a) and (b)), MSSM with right-handed neutrinos ((
) and (d)) and SU(5) SUSY GUTwith right-handed neutrinos models ((e) and (f)). Ea
h thi
k bla
k line shows the boundary of theregion where 
orre
t ele
troweak symmetry breaking o

urs. In the regions below the lines labeledwith \
harged LSP" (green) in (a){(d), the LSP is a 
harged parti
le. Boundaries of ex
ludedregions whi
h 
ome from the 
hargino mass (red), the Higgs boson mass (blue) and B(b ! s
)(orange) are shown in ea
h plot. Regions ex
luded by the lepton 
avor violating pro
esses are alsoshown in (
){(f) (magenta).
ouplings are relevant, the lepton 
avor violating de
ays are enhan
ed. As a result, a largeportion is ex
luded due to the experimental upper limit on the bran
hing ratio of � ! e
for MSSM with right-handed neutrinos and SU(5) SUSY GUT with right-handed neutrinos.Noti
e that we take CP violating SUSY phases to be vanishing in these plots. A signi�
ant26



potion of the parameter spa
e is ex
luded due to the experimental limits on EDMs if wetake non-vanishing SUSY CP phases.In the plot for mSUGRA with jA0j = 0 (Fig. 2(a)), the m0 � m1=2 region is ex
ludedbe
ause the ele
troweak symmetry breaking 
annot be satis�ed, namely there is no solutionwith j�j2 � 0 for this region. The allowed region near the boundary 
orresponds to so-
alled \fo
us point" region [63℄ where the LSP is the lightest neutralino with signi�
anthiggsino 
omponent. This region is one of the favored regions in the 
ontext of the 
osmi
dark matter study [64℄. The pair annihilation of the lightest neutralino into W boson orZ boson pair is enhan
ed by the gauge intera
tion of the higgsino 
omponent, so that thereli
 abundan
e of the LSP be
omes suitable for the 
old dark matter density. However, injA0j = 1 
ase (Fig. 2(b)), su
h region disappears be
ause the A-terms a�e
t the running ofthe Higgs mass parameter m2H2 so that a suÆ
iently large j�j2 is realized. The \fo
us point"like region disappears also in the 
ases with right-handed neutrinos (Fig. 2(
){(f)), sin
e thelarge neutrino Yukawa 
oupling a�e
ts the running of m2H2 in a similar way.In the 
ases of mSUGRA and MSSM with right-handed neutrinos (Fig. 2(a){(d)), them0 � m1=2 region is ex
luded be
ause the LSP is the lightest 
harged slepton. The allowedregion near the boundary provides another dark matter favored region [65℄. The 
oannihi-lation e�e
t among the LSP (neutralino) and the next-to-LSP (slepton), whi
h are nearlydegenerate in mass, provides an appropriate reli
 abundan
e of LSP. On the other hand,in the SU(5) SUSY GUT with right-handed neutrinos (Fig. 2(e), (f)), the running betweenthe Plan
k and the GUT s
ales indu
es positive 
ontribution to the slepton mass squared,whi
h makes the 
harged slepton heavier than the lightest neutralino even in the m0 � m1=2region. Therefore \
harged LSP" or \stau 
oannihilation" region disappears in the SU(5)SUSY GUT with right-handed neutrinos.The disappearan
e of the \fo
us point" like region due to the e�e
t of the neutrino Yukawa
ouplings and the disappearan
e of the \
harged LSP" region 
aused by the running betweenthe Plan
k and the GUT s
ales are previously observed in Ref. [26℄, where the SO(10) SUSYGUT is 
onsidered.
27



(a) (b) (
)

(d) (e)FIG. 3: (Color online) Bran
hing ratios of lepton 
avor violation pro
esses � ! e
 (grey/red),� ! �
 (light-grey/light-blue), and � ! e
 (bla
k) as fun
tions of the lightest 
harged sleptonmass m(~l1) for MSSM with right-handed neutrinos. Horizontal lines denote experimental upperlimits. In the plot (d), � ! e
 and � ! e
 are strongly suppressed. In the plot (e), � ! e
 and� ! �
 are strongly suppressed.2. Lepton 
avor violating � and � de
aysThere are lepton 
avor mixings in the slepton se
tor of the MSSM with right-handedneutrinos and the SU(5) SUSY GUT with right-handed neutrinos. It 
omes through therunning between the right-handed neutrino mass s
ale and the 
ut-o� s
ale where the uni-versal soft breaking mass terms are generated. On the other hand, no su
h slepton 
avormixings exist in the mSUGRA.In Fig. 3 and Fig. 4, the bran
hing ratios of � ! e
, � ! �
 and � ! e
 are displayed28



(a) (b) (
)

(d) (e)FIG. 4: (Color online) Bran
hing ratios of lepton 
avor violation pro
esses as fun
tions of thelightest 
harged slepton mass for SU(5) SUSY GUT with right-handed neutrinos. Notations arethe same as those in Fig. 3.as a fun
tion of the lightest 
harged slepton mass m(~l1) for the MSSM with right-handedneutrinos and the SU(5) SUSY GUT with right-handed neutrinos, respe
tively. For ea
hmodel, we show the results for �ve 
ases of the neutrino masses and Yukawa 
oupling matrixas explained in Se
. III B. The right-handed neutrino mass s
ale �R is taken as �R =4� 1014GeV for the normal and inverted hierar
hy 
ases, whi
h 
orresponds to the neutrinoYukawa 
ouplings of O(1). In the degenerate (m�1 = 0:1eV) 
ase, we take �R = 1�1014GeVsin
e the neutrino Yukawa 
oupling blows up below the Plan
k s
ale for �R = 4� 1014GeV.It is known that bran
hing ratios are enhan
ed by a fa
tor of tan2 � for large values oftan �. In the presented plots, we take tan � = 30 ex
ept for the 
ase of the degenerate �Rwith normal hierar
hi
al neutrinos (D�R-NH) in the SU(5) SUSY GUT with right-handed29



(a) (b) (
)

(d) (e)FIG. 5: (Color online) Correlations between B(� ! �(e)
) and B(� ! e
). Light-grey (light-blue) and bla
k dots denote � ! �
 and � ! e
, respe
tively. Experimental upper limits of thebran
hing ratios are shown by horizontal and verti
al lines in ea
h plot.neutrinos, where we show the result for tan � = 10. When we take tan� = 30 for D�R-NHin the SU(5) SUSY GUT with right-handed neutrinos, almost all the data points in thes
anned parameter spa
e are ex
luded due to the B(�! e
) 
onstraint.We 
an see that the � ! e
 de
ay rate is enhan
ed in the normal hierar
hy with de-generate �R 
ases. In fa
t, even for the slepton as heavy as 3TeV, B(� ! e
) is 
lose to(or above) the experimental upper limit. After applying the 
onstraint from B(� ! e
),the bran
hing ratio of � ! �
 
an be 10�9 at most. On the other hand, in the invertedhierar
hy and degenerate 
ases (with degenerate �R), � ! e
 and � ! e
 are relativelysuppressed. This behavior is understood in the following way. From the neutrino Yukawa
oupling matrix (12) and the PMNS matrix (44) with s13 = 0, the o�-diagonal elements of30



yyNyN are written as(yyNyN)12 = M̂Nhh2i2 
�s�
atmm2�2 �m2�1m�2 +m�1 ; (yyNyN)13 = � M̂Nhh2i2 
�s�satmm2�2 �m2�1m�2 +m�1 : (50)Therefore the 1� 2 and 1� 3 slepton mixings are suppressed for a larger value of m�2 +m�1when m2�2 �m2�1 and M̂N = �R are �xed.In the non-degenerate �R (I) 
ase, B(�! e
) is suppressed 
ompared to the degenerate�R 
ases, so that the 
onstraint is weakened. In parti
ular, there is an approximate ele
tron-number 
onservation in the MSSM with right-handed neutrinos with the Yukawa 
ouplingmatrix of the stru
ture Eq. (13), whi
h leads to the suppression of both �! e
 and � ! e
.The bran
hing ratio of � ! �
 
an be as large as the 
urrent experimental upper limit. Inthe SU(5) SUSY GUT with right-handed neutrinos, the ele
tron-number 
onservation isbroken by GUT intera
tions. As a result, B(� ! e
) 
an be also as large as the 
urrentexperimental upper limit. In the non-degenerate �R (II) 
ases, the role of e and � areinter
hanged due to the Yukawa stru
ture Eq. (14).Correlations between B(� ! �(e)
) and B(�! e
) in the SU(5) SUSY GUT with right-handed neutrinos are shown in Fig. 5. Sin
e the MEG experiment 
an measure B(�! e
)down to 10�13 and the Super B fa
tory 
an measure B(� ! �
) and B(� ! e
) of 10�9,it is possible to distinguish the stru
ture of the slepton 
avor mixing if the slepton mass isless than 1TeV.3. Quark 
avor signalsWe show quark 
avor signals in the mSUGRA, SU(5) SUSY GUT with right-handedneutrinos and the U(2) 
avor symmetry models. In the MSSM with right-handed neutrinos,there is no new sour
e of the squark 
avor mixing other than the CKM matrix. The e�e
t ofthe neutrino Yukawa 
ouplings appears in the squark se
tor only through the renormalizationof the Higgs �elds. Consequently the 
avor stru
ture of the squarks is essentially the sameas the mSUGRA 
ase. In fa
t, we have 
he
ked that the plots of the quark 
avor signalslook similar to those in the mSUGRA, ex
ept that the allowed SUSY parameter region islargely a�e
ted by the 
onstraints from the LFV pro
esses. That is why we do not showthe plots in the MSSM with right-handed-neutrinos here. Quark 
avor signals in the SU(5)SUSY GUT with right-handed neutrinos are a�e
ted by the existen
e of the neutrino Yukawa31



(a) (b) (
) (d)
(e) (f) (g)FIG. 6: The dire
t CP asymmetry in b ! s
 as fun
tions of the lightest down-type squark massm( ~d1) for (a) mSUGRA, (b){(f) �ve 
ases of the SU(5) SUSY GUT with right-handed neutrinosand (g) U(2) model.
oupling through the GUT running between �P and �G. Large b � s and b � d mixings inthe right-handed down-type squark se
tor are indu
ed by the large 2�3 and 1�3 mixing inthe neutrino Yukawa 
oupling in the non-degenerate �R (I) and (II) 
ases, respe
tively. Inthe degenerate �R 
ases, the parameter region ex
luded by the � ! e
 
onstraint dependson the low energy neutrino mass spe
trum. In parti
luar, the region with sizable squarkmixings is ex
luded due to the strong � ! e
 
onstraint in the normal hierar
hy 
ase. Onthe other hand, region with large 2�3 squark mixing remains in the inverted hierar
hy 
ase.The U(2) model has large 2� 3 mixings in both right-handed and left-handed squark se
torat the 
ut-o� s
ale.Here we show our results on the following observables.� The dire
t CP asymmetry in b! s
 de
ay (Fig. 6), whi
h is sensitive to the e�e
t ofnew CP violating phase in b! s
 de
ay amplitude.� The mixing-indu
ed CP asymmetry in Bd ! K�
 (Fig. 7). This asymmetry is en-32



(a) (b) (
) (d)
(e) (f) (g)FIG. 7: The mixing-indu
ed CP asymmetry in Bd ! K�
 as fun
tions of m( ~d1) for the sameparameter sets as those for Fig. 6.han
ed by the b! s
 de
ay amplitude with the 
hirality opposite to the SM one.� The dire
t CP asymmetry in b! d
 de
ay (Fig. 8), whi
h is sensitive to the e�e
t ofnew CP violating phase in b! d
 de
ay amplitude.� The mixing-indu
ed CP asymmetry in Bd ! �
 (Fig. 9), whi
h is enhan
ed by theb! d
 de
ay amplitude with the 
hirality opposite to the SM one.� The mixing-indu
ed CP asymmetry in Bd ! �KS de
ay (Fig. 10). The di�eren
ebetween this quantity and the mixing-indu
ed CP asymmetry in Bd ! J= KS,�SCP(Bd ! �KS) � SCP(Bd ! �KS) � SCP(Bd ! J= KS), is sensitive to thenew CP violating phase in b! s�ss de
ay amplitude.� The mixing-indu
ed CP asymmetry in Bs ! J= � de
ay (Fig. 11), whi
h is a�e
tedby the new CP violating phase in Bs � �Bs mixing matrix element.From Figs. 6, 7, 8, 9, 10 and 11, we 
an draw the following 
on
lusions. For the mSUGRA
ase, we do not see signi�
ant deviations in any of above observables. In the 
ases of the33



(a) (b) (
) (d)
(e) (f) (g)FIG. 8: The dire
t CP asymmetry in b! d
 as fun
tions of m( ~d1) for the same parameter sets asthose for Fig. 6.degenerate �R with normal hierar
hi
al (light) neutrinos (D�R-NH) and the degenerate �Rwith degenerate neutrinos (D�R-D) for the SU(5) SUSY GUT with right-handed neutri-nos, the parameter region is strongly 
onstrained by the B(� ! e
) as already dis
ussed.There are some points in whi
h deviations are apparent in SCP(Bd ! K�
), SCP(Bd ! �
),�SCP(Bd ! �KS) and SCP(Bs ! J= �). These points 
ould be distinguished by futuremeasurements su
h as LHCb, in whi
h the pre
ision in the determination of the phase ofBs� �Bs mixing matrix element is expe
ted to be 0.01 radian level [12℄. In the degenerate �Rwith inverted hierar
hi
al neutrinos (D�R-IH) and the non-degenerate �R (I) with normal hi-erar
hi
al neutrinos (ND�R(I)-NH) 
ases of the SU(5) SUSY GUT with right-handed neutri-nos, the SUSY 
ontributions to mixing-indu
ed CP asymmetries in Bs ! J= �, Bd ! K�
,and Bd ! �KS 
an be signi�
ant. On the other hand, in the non-degenerate �R (II) withnormal hierar
hi
al neutrinos (ND�R(II)-NH) 
ase of SU(5) SUSY GUT with right-handedneutrinos, there is a signi�
ant SUSY 
ontribution to b ! d
 de
ay amplitude, so thatSCP(Bd ! �
) 
an be as large as �0:1. Large SUSY 
ontributions 
an be found for almostall modes we analyze in the U(2) model. Only the dire
t CP asymmetry in b! d
 does not34



(a) (b) (
) (d)
(e) (f) (g)FIG. 9: The mixing-indu
ed CP asymmetry in Bd ! �
 as fun
tions of m( ~d1) for the sameparameter sets as those for Fig. 6.show any signi�
ant deviation from the SM.The 
orrelation between �3 and �mBs=�mBd are shown in Fig. 12. �mBs=�mBd issensitive to the new physi
s 
ontributions to the Bd � �Bd and Bs � �Bs mixing matrixelements unless the 
ontributions 
an
el in the ratio. For the mSUGRA 
ase, the deviationis negligible and the plot in this plane is the same as in the SM. The lower limit of �3 isdetermined by the 
onstraint from "K. In the D�R-NH and D�R-D 
ases of SU(5) SUSY GUTwith right-handed neutrinos, the deviation in the 
orrelation is not so signi�
ant. In theD�R-IH and the non-degenerate �R 
ases of SU(5) SUSY GUT with right-handed neutrinos,as well as the U(2) model, some deviations appear in the 
orrelation plots. In the D�R-IHand ND�R(I)-NH 
ases the deviation 
omes from the SUSY 
ontribution to the Bs � �Bsmixing matrix element, while Bd � �Bd re
eive sizable SUSY 
orre
tion in ND�R(II)-NH. Inthe U(2) model SUSY 
ontributions show up in both matrix elements. In order to identifythe deviation in the 
orrelation in future, it is required that the evaluation of � parameter bythe latti
e QCD 
al
ulation is signi�
antly improved and that the �3 is pre
isely measured35



(a) (b) (
) (d)
(e) (f) (g)FIG. 10: The di�eren
e between mixing-indu
ed CP asymmetries in the Bd ! �KS and Bd !J= KS modes as fun
tions of m( ~d1) for the same parameter sets as those in Fig. 6.from tree-level dominant pro
esses.In Fig. 13, we show the 
orrelations among SCP(Bd ! K�
), �SCP(Bd ! �KS),SCP(Bs ! J= �), and B(� ! �
) for D�R-IH and ND�R(I)-NH 
ases of the SU(5) SUSYGUT with right-handed neutrinos, where these quantities are signi�
antly a�e
ted. We 
ansee that large deviations in b ! s transitions o

ur in the region with B(� ! �
) & 10�9.Also there is a positive 
orrelation between SCP(Bd ! K�
) and �SCP(Bd ! �KS).We also 
al
ulate the bran
hing ratio and the forward-ba
kward asymmetry of b! sl+l�,whi
h are sensitive to the amplitudes from photon- and Z-penguin and box diagrams. Inall the 
ases we 
onsider here, we �nd the deviations are negligible.4. EDM 
onstraintsWe show the EDMs of the neutron, 199Hg and the ele
tron as fun
tions of the lightestdown-type squark mass in Fig. 14. Here we use the NDA formula for the neutron EDM.Primary sour
e of these EDMs is the phase of the A0, sin
e we �x the phase of the higgsino36



(a) (b) (
) (d)
(e) (f) (g)FIG. 11: Predi
ted value of the mixing-indu
ed CP asymmetry in Bs ! J= � as a fun
tion ofm( ~d1) for the same parameter sets as those for Fig. 6.mass parameter as �� = 0 in the present analysis. The EDMs for �� = O(1) are larger thanthose for �� = 0 by one or two orders of magnitude and easily ex
eed the experimental upperlimits in large portions of the parameter spa
e. In the present 
ase, we 
an see that theupper limit of the ele
tron EDM mainly 
onstrain the parameter spa
e, while the 
onstraintsfrom other two EDMs are slightly weaker.Let us dis
uss how the possible quark and lepton 
avor signals 
hange if we use theformula for the neutron EDM based on the 
hiral perturbation theory, as mentioned inSe
. IIIA 4. The main di�eren
e between the NDA and ChPT formulae is the treatmentof the strange quark (
hromo-)EDM. In ChPT the 
ontribution from the strange quark istaken into a

ount, while it is simply negle
ted in NDA. In the ND�R(I)-NH and D�R-IH ofthe SU(5) SUSY GUT with right-handed neutrinos and the U(2) 
ases, the 2� 3 generationmixings and CP violating phases exist in both left- and right-handed down-type squarkmass matri
es, whi
h enhan
e the 
hromo-EDM of the strange quark. Therefore, the SUSY
ontributions to the CP asymmetries in b ! s de
ays 
orrelate to the 
hromo-EDM of thestrange quark. 37



(a) (b) (
) (d)
(e) (f) (g)FIG. 12: Correlation between �3 and �mBs=�mBd for the same parameter sets as those in Fig. 6.

(a) (b) (
) (d)
(e) (f) (g) (h)FIG. 13: Correlations among b! s observables and B(� ! �
).38



(a) (b) (
) (d)
(e) (f) (g)FIG. 14: (Color online) Ele
tri
 dipole moments of the neutron (grey/red), 199Hg (light-grey/light-blue) and the ele
tron (bla
k) as fun
tions of m( ~d1) for the same parameter sets as those in Fig. 6.Horizontal lines show the experimental upper limits. The neutron EDM is 
al
ulated by the NDAformula.We show the plots of the neutron EDM 
al
ulated by the ChPT formula [34℄ in Fig. 15. It
an be seen that the ChPT formula leads to typi
ally 1� 2 orders of magnitude larger valueof the neutron EDM than the NDA formula does, in the m( ~d1) � 1TeV region. Therefore, alarger portion of the parameter spa
e with new CP violating phases is ex
luded if we adoptthe ChPT formula for the evaluation of the neutron EDM, and possible deviations in theCP violation observables are also a�e
ted.In Fig. 16, we show the 
orrelations between the neutron EDM 
al
ulated by the ChPTformula and the CP asymmetries SCP(Bd ! K�
), �SCP(Bd ! �KS) and SCP(Bs ! J= �).The 
orrelations between the neutron EDM and the LFV de
ay bran
hing ratios are alsoshown. We show the 
orrelation plots for the U(2) model in Fig. 17. In parti
ular forthe ND�R(I)-NH and D�R-IH of the SU(5) SUSY GUT with right-handed neutrinos, theparameter region with large deviations of �SCP(Bd ! �KS) and SCP(Bs ! J= �) isex
luded if we adopt the ChPT formula for the evaluation of the neutron EDM. On the39



(a) (b) (
) (d)
(e) (f) (g)FIG. 15: The neutron EDM 
al
ulated by the ChPT formula for the same parameter sets as thosein Fig. 14.other hand, large deviations remain for other 
ases.D. Summary of results and experimental prospe
tsThere are good experimental prospe
ts for future improvements in the observables 
on-sidered above. From re
ent study of Super B Fa
tories [66℄, the pre
ision of determinationfor 50� 75ab�1 is 0.02{0.03 for SCP(Bd ! K�
), 0.08{0.12 for SCP(Bd ! �
) and 0.02{0.03for SCP(Bd ! �KS) for mixing-indu
ed CP asymmetries. For the dire
t CP asymmetries ofthe radiative B de
ays, the expe
ted sensitivity rea
h 0.004 for ACP(b ! s
) and 0.01 forACP(b! (s+ d)
). The CP asymmetry of Bs ! J= � mode is determined up to 0.01 fromLHCb with 10fb�1 [12℄. The pre
ision of the �3 determination is expe
ted at 2.4Æ for LHCbat 10fb�1 [12℄, and further improvement is expe
ted at Super B Fa
tory. In order to extra
tnew physi
s e�e
t from the 
orrelation between �mBs=�mBd and �3 we need to improvethe determination of � fa
tor up to a per
ent level. The � ! e
 bran
hing ratio will besear
hed for at the level of 10�13 level at the MEG experiment. Current upper bounds of40



(a) (b) (
) (d)
(e) (f) (g) (h)FIG. 16: (Color online) The CP asymmetries in b ! s de
ays and the LFV bran
hing ratios asfun
tions of the neutron EDM given by the 
hiral perturbation formula in SU(5) SUSY GUT withright-handed neutrinos. (a){(d) and (e){(h) are plots in the D�R-IH and the ND�R(I)-NH 
ases,respe
tively.

(a) (b) (
)FIG. 17: The CP asymmetries in b ! s de
ays as fun
tions of the neutron EDM given by the
hiral perturbation formula in the U(2) 
avor symmetry model.41



B(� ! �
) and B(� ! e
) are 6:8 � 10�8 and 1:1 � 10�7, respe
tively, at the B fa
toryexperiments, and future improvement by 1� 2 orders of magnitude is expe
ted at Super Bfa
tory.Comparing with these prospe
ts, we 
an determine the signi�
an
e of the deviationsobserved in Figs. 3{12. Our results of lepton and quark 
avor signals are summarized inTable V. We list various quark 
avor signals in b� s and b� d transition for the mSUGRA,three 
ases of MSSM with right-handed neutrinos, and SU(5) SUSY GUT with right-handedneutrinos, and the U(2) 
avor symmetry model. The � and � LFV pro
esses are also in
ludedfor the 
ases ex
ept for the U(2) model. The observable with a mark p indi
ates that a largedeviation is possible. The mark � means that there are some points that the deviation 
ouldbe identi�ed with future improvements of experimental measurements and/or theoreti
alunderstanding of un
ertainty. From the table, we 
an see that signi�
ant 
avor signals areexpe
ted in the lepton se
tor for the MSSM with right-handed neutrinos and the SU(5)SUSY GUT with right-handed neutrinos. These lepton 
avour violation signals depend onthe texture of the neutrino Yukawa 
oupling matrix, i.e. � ! �
 
an be large in D�R-IH, D�R-D and ND�R(I)-NH 
ases and � ! e
 
an be large in the ND�R(II)-NH 
aseswhile satisfying the present experimental bound on � ! e
. In D�R-NH 
ases, � ! e
is the most promising mode among these three lepton 
avour violation pro
esses. In theSU(5) SUSY GUT with right-handed neutrinos, in addition to the above texture dependentsignals, � ! e
 
an be enhan
ed as large as the present experimental bound due to GUTintera
tions even in the non-degenerate �R (I) and (II) 
ases. As for the quark 
avor signals,we 
an expe
t that signi�
ant CP violating asymmetries in b ! s and b ! d transitionsin the SU(5) SUSY GUT with right-handed neutrinos and in the U(2) model. The patternof the deviations from the SM predi
tions also depends on the texture of the neutrinoYukawa 
oupling matrix in the SU(5) SUSY GUT with right-handed neutrinos. Examiningthe pattern of deviations from the SM in the quark and lepton 
avor signals, we 
an gaininsights on the 
avor stru
ture in the SUSY models.In addition to experimental progress, it is important to redu
e theoreti
al un
ertaintiesto identify the deviations. In parti
ular, theoreti
al issue to predi
t mixing-indu
ed CPasymmetries in Bd ! K�
 [67℄ and Bd ! �KS [68℄ modes within the SM need to be
lari�ed be
ause the deviation we expe
t is up to 10% level.Noti
e that the signi�
ant 
avor signals in the models with right-handed neutrinos appear42
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TABLE V: Summary of expe
ted 
avor signals for ea
h model. \NH", \IH", and \D" denote normalhierar
hy, inverted hierar
hy and degenerate, respe
tively, for the low energy neutrino spe
trum.The observable with a mark p indi
ates that a large deviation is possible. The mark � meansthat there are some points that the deviation 
ould be identi�ed with future improvements ofexperimental measurements and/or theoreti
al understanding of un
ertainty. We do not 
onsiderLFV pro
esses for the U(2)FS model ({). 43



in the 
ase with suÆ
iently large neutrino Yukawa 
ouplings, whi
h 
orresponds to the right-handed neutrino mass s
ale �R = O(1014)GeV. When we take a smaller value of �R, all the
avor signals are suppressed. As already mentioned previously, the e�e
ts of the neutrinoYukawa 
ouplings are negligibly small for �R � 1012GeV.In this paper we do not in
lude the heavy Higgs ex
hange 
ontributions to various FCNCand LFV pro
esses. These 
ontributions are known to play an important role for parti
ular
ases of SUSY parameter sets due to large 
orre
tions to Yukawa 
oupling 
onstants throughSUSY loop diagrams [69℄. The relevant parameter set 
orresponds to large values of tan �and relatively small values of heavy Higgs boson masses with large values of �. The Higgsex
hange 
ontribution indu
es drasti
 e�e
ts in pro
esses like Bs ! �+�� and b ! sl+l�[70℄ espe
ially for a large value of tan� (= 50� 60) be
ause of a high power dependen
e oftan �. In some restri
ted parts of our analysis, we may have additional 
avor signals due tothe Higgs ex
hange e�e
ts.IV. CONCLUSIONSWe have analyzed quark 
avor signals asso
iated with b ! s and b ! d transitions andlepton 
avor violations in various 
ases of supersymmetri
 models. Extensive study is 
ar-ried out in terms of observables for representative SUSY models. Our result is summarizedin Table V. We have improved 
omputational methods and updated phenomenologi
al 
on-straints from our works in previous publi
ations. The most important e�e
t is the in
lusionof the 
onstraint from the Bs� �Bs mixing from re
ent Tevatron experiments. The maximumdeviation for various b ! s transition pro
esses turn out to be 10% level, 
ompared to theprevious results where the deviation at the level of 50% was possible. In this work, we alsopresent predi
tions of tau lepton 
avor pro
esses. Under the 
onstraint of �! e
, the tauLFV pro
esses are promising to look for new physi
s e�e
ts, whi
h are also related to b! sand b ! d transition pro
esses in SUSY GUT models. The pattern of deviation from theSM predi
tion provides us with an important 
lue on physi
s determining the stru
ture ofthe SUSY breaking se
tor, and a future B fa
tory plays a 
entral role in su
h investigationalong with on-going 
avor experiments su
h as MEG and LHCb.
44



A
knowledgmentsThe work of T. G. and Y. O. is supported in part by the Grant-in-Aid for S
ien
e Resear
h,Ministry of Edu
ation, Culture, Sports, S
ien
e and Te
hnology, Japan, No. 16081211. Thework of Y. O. is supported in part by the Grant-in-Aid for S
ien
e Resear
h, Ministry ofEdu
ation, Culture, Sports, S
ien
e and Te
hnology, No. 17540286. The work of T. S. issupported in part by the INFN under the program \Fisi
a Astroparti
ellare", and by theItalian MIUR (Internazionalizzazione Program). The numeri
al 
al
ulations were 
arriedout in part on Altix3700 BX2 at YITP in Kyoto University.
[1℄ N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963); M. Kobayashi and T. Maskawa, Prog. Theor.Phys. 49, 652 (1973).[2℄ Y. Ashie et al. [Super-Kamiokande Collaboration℄, Phys. Rev. D 71, 112005 (2005)[arXiv:hep-ex/0501064℄; J. Hosaka et al. [Super-Kamkiokande Collaboration℄, Phys. Rev. D73, 112001 (2006) [arXiv:hep-ex/0508053℄; B. Aharmim et al. [SNO Collaboration℄, Phys. Rev.C 75, 045502 (2007) [arXiv:nu
l-ex/0610020℄; M. Altmann et al. [GNO Collaboration℄, Phys.Lett. B 616, 174 (2005) [arXiv:hep-ex/0504037℄; W. Hampel et al. [GALLEX Collaboration℄,Phys. Lett. B 447, 127 (1999); J. N. Abdurashitov et al. [SAGE Collaboration℄, J. Exp. Theor.Phys. 95, 181 (2002) [Zh. Eksp. Teor. Fiz. 122, 211 (2002)℄ [arXiv:astro-ph/0204245℄.[3℄ S. Yamamoto et al. [K2K Collaboration℄, Phys. Rev. Lett. 96, 181801 (2006)[arXiv:hep-ex/0603004℄; M. H. Ahn et al. [K2K Collaboration℄, Phys. Rev. D 74, 072003(2006) [arXiv:hep-ex/0606032℄.[4℄ T. Araki et al. [KamLAND Collaboration℄, Phys. Rev. Lett. 94, 081801 (2005)[arXiv:hep-ex/0406035℄.[5℄ M. Apollonio et al. [CHOOZ Collaboration℄, Eur. Phys. J. C 27, 331 (2003)[arXiv:hep-ex/0301017℄; A. Piepke [Palo Verde Collaboration℄, Prog. Part. Nu
l. Phys. 48,113 (2002).[6℄ ATLAS Collaboration, Te
hni
al Design Report, CERN/LHCC/99-15 (1999); A. Ball,M. Della Negra, A. Petrilli and L. Foa [CMS Collaboration℄, J. Phys. G 34, 995 (2007).[7℄ For reviews, see H. P. Nilles, Phys. Rept. 110, 1 (1984); H. E. Haber and G. L. Kane,45

http://arXiv.org/abs/hep-ex/0501064
http://arXiv.org/abs/hep-ex/0508053
http://arXiv.org/abs/nucl-ex/0610020
http://arXiv.org/abs/hep-ex/0504037
http://arXiv.org/abs/astro-ph/0204245
http://arXiv.org/abs/hep-ex/0603004
http://arXiv.org/abs/hep-ex/0606032
http://arXiv.org/abs/hep-ex/0406035
http://arXiv.org/abs/hep-ex/0301017


Phys. Rept. 117, 75 (1985); S. P. Martin, arXiv:hep-ph/9709356. D. J. H. Chung, L. L. Ev-erett, G. L. Kane, S. F. King, J. D. Lykken and L. T. Wang, Phys. Rept. 407, 1 (2005)[arXiv:hep-ph/0312378℄.[8℄ J. R. Ellis and D. V. Nanopoulos, Phys. Lett. B 110, 44 (1982).[9℄ J. R. Ellis, S. Ferrara and D. V. Nanopoulos, Phys. Lett. B 114, 231 (1982).[10℄ L. M. Barkov et al., PSI Proposal R-99-05 (1999); S. Ritt [MEG Collaboration℄, Nu
l. Phys.Pro
. Suppl. 162, 279 (2006).[11℄ S. Amato et al. [LHCb Collaboration℄, CERN-LHCC-98-04, CERN-LHCC-P-4 (1998).[12℄ T. Nakada, talk given at Conferen
e on Supersymmetry in 2010's, June 20{22, 2007, HokkaidoUniversity, Sapporo, Japan.[13℄ A. G. Akeroyd et al. [SuperKEKB Physi
s Working Group℄, arXiv:hep-ex/0406071;S. Hashimoto et al., KEK-REPORT-2004-4, Jun 2004.[14℄ M. Bona et al., arXiv:0709.0451 [hep-ex℄.[15℄ J. L. Hewett et al., arXiv:hep-ph/0503261.[16℄ F. Gabbiani and A. Masiero, Nu
l. Phys. B 322, 235 (1989); I. I. Y. Bigi and F. Gabbiani,Nu
l. Phys. B 352, 309 (1991). J. S. Hagelin, S. Kelley and T. Tanaka, Nu
l. Phys. B 415,293 (1994).[17℄ F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nu
l. Phys. B 477, 321 (1996)[arXiv:hep-ph/9604387℄; M. Ciu
hini et al., JHEP 9810, 008 (1998) [arXiv:hep-ph/9808328℄;T. Besmer, C. Greub and T. Hurth, Nu
l. Phys. B 609, 359 (2001) [arXiv:hep-ph/0105292℄;E. Lunghi and D. Wyler, Phys. Lett. B 521, 320 (2001) [arXiv:hep-ph/0109149℄. D. Be
ire-vi
 et al., Nu
l. Phys. B 634, 105 (2002) [arXiv:hep-ph/0112303℄; S. Khalil and E. Kou,Phys. Rev. D 67, 055009 (2003) [arXiv:hep-ph/0212023℄; Phys. Rev. Lett. 91, 241602(2003) [arXiv:hep-ph/0303214℄; G. L. Kane, P. Ko, H. b. Wang, C. Kolda, J. h. Park andL. T. Wang, Phys. Rev. D 70, 035015 (2004) [arXiv:hep-ph/0212092℄; Phys. Rev. Lett. 90,141803 (2003) [arXiv:hep-ph/0304239℄; M. Ciu
hini, E. Fran
o, A. Masiero and L. Silvestrini,Phys. Rev. D 67, 075016 (2003) [Erratum-ibid. D 68, 079901 (2003)℄ [arXiv:hep-ph/0212397℄;K. Agashe and C. D. Carone, Phys. Rev. D 68, 035017 (2003) [arXiv:hep-ph/0304229℄.R. Harnik, D. T. Larson, H. Murayama and A. Pier
e, Phys. Rev. D 69, 094024 (2004)[arXiv:hep-ph/0212180℄; J. Foster, K. i. Okumura and L. Roszkowski, JHEP 0508, 094 (2005)[arXiv:hep-ph/0506146℄; 46

http://arXiv.org/abs/hep-ph/9709356
http://arXiv.org/abs/hep-ph/0312378
http://arXiv.org/abs/hep-ex/0406071
http://arXiv.org/abs/0709.0451
http://arXiv.org/abs/hep-ph/0503261
http://arXiv.org/abs/hep-ph/9604387
http://arXiv.org/abs/hep-ph/9808328
http://arXiv.org/abs/hep-ph/0105292
http://arXiv.org/abs/hep-ph/0109149
http://arXiv.org/abs/hep-ph/0112303
http://arXiv.org/abs/hep-ph/0212023
http://arXiv.org/abs/hep-ph/0303214
http://arXiv.org/abs/hep-ph/0212092
http://arXiv.org/abs/hep-ph/0304239
http://arXiv.org/abs/hep-ph/0212397
http://arXiv.org/abs/hep-ph/0304229
http://arXiv.org/abs/hep-ph/0212180
http://arXiv.org/abs/hep-ph/0506146


[18℄ J. Foster, K. i. Okumura and L. Roszkowski, Phys. Lett. B 641, 452 (2006)[arXiv:hep-ph/0604121℄; M. Ciu
hini and L. Silvestrini, Phys. Rev. Lett. 97, 021803(2006) [arXiv:hep-ph/0603114℄; M. Endo and S. Mishima, Phys. Lett. B 640, 205 (2006)[arXiv:hep-ph/0603251℄.[19℄ A. Bouquet, J. Kaplan and C. A. Savoy, Phys. Lett. B 148, 69 (1984). A. Bouquet, J. Kaplanand C. A. Savoy, Nu
l. Phys. B 262, 299 (1985).[20℄ L. J. Hall, V. A. Kostele
ky and S. Raby, Nu
l. Phys. B 267, 415 (1986).[21℄ R. Barbieri and L. J. Hall, Phys. Lett. B 338, 212 (1994) [arXiv:hep-ph/9408406℄.[22℄ S. Bertolini, F. Borzumati, A. Masiero, and G. Ridol�, Nu
l. Phys. B 353, 591 (1991); T. Goto,T. Nihei, and Y. Okada, Phys. Rev. D 53, 5233 (1996) [Erratum-ibid. D 54, 5904 (1996)℄;T. Goto, Y. Okada, and Y. Shimizu, arXiv:hep-ph/9908499; A. Bartl, T. Gajdosik, E. Lunghi,A. Masiero, W. Porod, H. Stremnitzer, and O. Vives, Phys. Rev. D 64, 076009 (2001).[23℄ S. Baek, T. Goto, Y. Okada and K.-i. Okumura, Phys. Rev. D 63, 051701 (2001)[arXiv:hep-ph/0002141℄; ibid. 64, 095001 (2001) [arXiv:hep-ph/0104146℄.[24℄ T. Moroi, JHEP 0003, 019 (2000) [arXiv:hep-ph/0002208℄; T. Moroi, Phys. Lett. B 493, 366(2000) [arXiv:hep-ph/0007328℄.[25℄ R. Barbieri, L. J. Hall and A. Strumia, Nu
l. Phys. B 445, 219 (1995) [arXiv:hep-ph/9501334℄;ibid. 449, 437 (1995) [arXiv:hep-ph/9504373℄; A. Masiero, M. Piai, A. Romanino and L. Sil-vestrini, Phys. Rev. D 64, 075005 (2001) [arXiv:hep-ph/0104101℄; N. Akama, Y. Kiyo,S. Komine and T. Moroi, Phys. Rev. D 64, 095012 (2001) [arXiv:hep-ph/0104263℄; J. Hisanoand Y. Shimizu, Phys. Lett. B 565, 183 (2003) [arXiv:hep-ph/0303071℄; ibid. 581, 224 (2004)[arXiv:hep-ph/0308255℄; D. Chang, A. Masiero and H. Murayama, Phys. Rev. D 67, 075013(2003) [arXiv:hep-ph/0205111℄; M. Ciu
hini, A. Masiero, L. Silvestrini, S. K. Vempati andO. Vives, Phys. Rev. Lett. 92, 071801 (2004) [arXiv:hep-ph/0307191℄; M. Ciu
hini, A. Masiero,P. Paradisi, L. Silvestrini, S. K. Vempati and O. Vives, Nu
l. Phys. B 783, 112 (2007)[arXiv:hep-ph/0702144℄.[26℄ L. Calibbi, A. Fa

ia, A. Masiero and S. K. Vempati, Phys. Rev. D 74, 116002 (2006)[arXiv:hep-ph/0605139℄;[27℄ T. Goto, Y. Okada, Y. Shimizu, T. Shindou and M. Tanaka, Phys. Rev. D 66, 035009 (2002)[arXiv:hep-ph/0204081℄.[28℄ T. Goto, Y. Okada, Y. Shimizu, T. Shindou and M. Tanaka, Phys. Rev. D 70, 035012 (2004)47

http://arXiv.org/abs/hep-ph/0604121
http://arXiv.org/abs/hep-ph/0603114
http://arXiv.org/abs/hep-ph/0603251
http://arXiv.org/abs/hep-ph/9408406
http://arXiv.org/abs/hep-ph/9908499
http://arXiv.org/abs/hep-ph/0002141
http://arXiv.org/abs/hep-ph/0104146
http://arXiv.org/abs/hep-ph/0002208
http://arXiv.org/abs/hep-ph/0007328
http://arXiv.org/abs/hep-ph/9501334
http://arXiv.org/abs/hep-ph/9504373
http://arXiv.org/abs/hep-ph/0104101
http://arXiv.org/abs/hep-ph/0104263
http://arXiv.org/abs/hep-ph/0303071
http://arXiv.org/abs/hep-ph/0308255
http://arXiv.org/abs/hep-ph/0205111
http://arXiv.org/abs/hep-ph/0307191
http://arXiv.org/abs/hep-ph/0702144
http://arXiv.org/abs/hep-ph/0605139
http://arXiv.org/abs/hep-ph/0204081


[arXiv:hep-ph/0306093℄.[29℄ P. Ball and R. Fleis
her, Eur. Phys. J. C 48, 413 (2006) [arXiv:hep-ph/0604249℄; G. Isidoriand P. Paradisi, Phys. Lett. B 639, 499 (2006) [arXiv:hep-ph/0605012℄; S. Khalil, Phys.Rev. D 74, 035005 (2006) [arXiv:hep-ph/0605021℄; S. Baek, JHEP 0609, 077 (2006)[arXiv:hep-ph/0605182℄; R. Arnowitt, B. Dutta, B. Hu and S. Oh, Phys. Lett. B 641,305 (2006) [arXiv:hep-ph/0606130℄; B. Dutta and Y. Mimura, Phys. Rev. Lett. 97, 241802(2006) [arXiv:hep-ph/0607147℄; S. Nandi and J. P. Saha, Phys. Rev. D 74, 095007 (2006)[arXiv:hep-ph/0608341℄.[30℄ J. Pol
hinski and M. B. Wise, Phys. Lett. B 125, 393 (1983). Y. Kizukuri and N. Oshimo,Phys. Rev. D 45, 1806 (1992); ibid. 46, 3025 (1992); R. Barbieri, A. Romanino and A. Strumia,Phys. Lett. B 369, 283 (1996) [arXiv:hep-ph/9511305℄. T. Falk, K. A. Olive and M. Sredni
ki,Phys. Lett. B 354, 99 (1995) [arXiv:hep-ph/9502401℄; T. Falk and K. A. Olive, Phys. Lett. B375, 196 (1996) [arXiv:hep-ph/9602299℄; ibid. 439, 71 (1998) [arXiv:hep-ph/9806236℄.[31℄ T. Ibrahim and P. Nath, Phys. Lett. B 418, 98 (1998) [arXiv:hep-ph/9707409℄; Phys. Rev.D 57, 478 (1998) [arXiv:hep-ph/9708456℄; 58, 019901(E) (1998); 60, 079903(E) (1999); 60,119901(E) (1999); T. Goto, Y. Y. Keum, T. Nihei, Y. Okada and Y. Shimizu, Phys. Lett. B460, 333 (1999) [arXiv:hep-ph/9812369℄.[32℄ D. Chang, W. Y. Keung and A. Pilaftsis, Phys. Rev. Lett. 82, 900 (1999) [Erratum-ibid. 83,3972 (1999)℄ [arXiv:hep-ph/9811202℄.[33℄ T. Falk, K. A. Olive, M. Pospelov and R. Roiban, Nu
l. Phys. B 560, 3 (1999)[arXiv:hep-ph/9904393℄.[34℄ J. Hisano and Y. Shimizu, Phys. Rev. D 70, 093001 (2004) [arXiv:hep-ph/0406091℄; J. Hisano,M. Kakizaki, M. Nagai and Y. Shimizu, Phys. Lett. B 604, 216 (2004) [arXiv:hep-ph/0407169℄.[35℄ P. Minkowski, Phys. Lett. B 67 (1977) 421; M. Gell-Mann, P. Ramond and R. Slansky,Pro
eedings of the Supergravity Stony Brook Workshop, New York 1979, eds. P. Van Nieuwen-huizen and D. Freedman; T. Yanagida, Pro
eedinds of the Workshop on Uni�ed Theories andBaryon Number in the Universe, Tsukuba, Japan 1979, ed.s A. Sawada and A. Sugamoto; R.N. Mohapatra and G. Senjanovi
, Phys. Rev. Lett. 44 (1980) 912.[36℄ B. Ponte
orvo, Sov. Phys. JETP 6, 429 (1957) [Zh. Eksp. Teor. Fiz. 33, 549 (1957)℄; Sov.Phys. JETP 7, 172 (1958) [Zh. Eksp. Teor. Fiz. 34, 247 (1957)℄; Sov. Phys. JETP 26, 984(1968) [Zh. Eksp. Teor. Fiz. 53, 1717 (1967)℄. Z. Maki, M. Nakagawa and S. Sakata, Prog.48

http://arXiv.org/abs/hep-ph/0306093
http://arXiv.org/abs/hep-ph/0604249
http://arXiv.org/abs/hep-ph/0605012
http://arXiv.org/abs/hep-ph/0605021
http://arXiv.org/abs/hep-ph/0605182
http://arXiv.org/abs/hep-ph/0606130
http://arXiv.org/abs/hep-ph/0607147
http://arXiv.org/abs/hep-ph/0608341
http://arXiv.org/abs/hep-ph/9511305
http://arXiv.org/abs/hep-ph/9502401
http://arXiv.org/abs/hep-ph/9602299
http://arXiv.org/abs/hep-ph/9806236
http://arXiv.org/abs/hep-ph/9707409
http://arXiv.org/abs/hep-ph/9708456
http://arXiv.org/abs/hep-ph/9812369
http://arXiv.org/abs/hep-ph/9811202
http://arXiv.org/abs/hep-ph/9904393
http://arXiv.org/abs/hep-ph/0406091
http://arXiv.org/abs/hep-ph/0407169


Theor. Phys. 28, 870 (1962);[37℄ Y. Farzan, Phys. Rev. D 69, 073009 (2004) [arXiv:hep-ph/0310055℄; Y. Farzan and M. E. Pe-skin, Phys. Rev. D 70, 095001 (2004) [arXiv:hep-ph/0405214℄. Y. Farzan, JHEP 0502, 025(2005) [arXiv:hep-ph/0411358℄.[38℄ F. Borzumati and A. Masiero, Phys. Rev. Lett. 57, 961 (1986); J. Hisano, T. Mo-roi, K. Tobe and M. Yamagu
hi, Phys. Rev. D 53, 2442 (1996) [arXiv:hep-ph/9510309℄;S. T. Pet
ov, S. Profumo, Y. Takanishi and C. E. Yaguna, Nu
l. Phys. B 676, 453 (2004)[arXiv:hep-ph/0306195℄.[39℄ J. R. Ellis, M. K. Gaillard and D. V. Nanopoulos, Phys. Lett. B 88, 320 (1979).[40℄ A. Pomarol and D. Tommasini, Nu
l. Phys. B 466, 3 (1996) [arXiv:hep-ph/9507462℄; R. Bar-bieri, G. R. Dvali and L. J. Hall, Phys. Lett. B 377, 76 (1996) [arXiv:hep-ph/9512388℄;R. Barbieri and L. J. Hall, Nuovo Cim. A 110, 1 (1997) [arXiv:hep-ph/9605224℄; R. Barbieri,L. Giusti, L. J. Hall and A. Romanino, Nu
l. Phys. B 550, 32 (1999) [arXiv:hep-ph/9812239℄.[41℄ R. Barbieri, L. J. Hall and A. Romanino, Phys. Lett. B 401, 47 (1997) [arXiv:hep-ph/9702315℄;R. Barbieri, L. J. Hall, S. Raby and A. Romanino, Nu
l. Phys. B 493, 3 (1997)[arXiv:hep-ph/9610449℄.[42℄ R. Barbieri, P. Creminelli and A. Romanino, Nu
l. Phys. B 559, 17 (1999)[arXiv:hep-ph/9903460℄; T. Bla�zek, S. Raby and K. Tobe, Phys. Rev. D 60, 113001(1999) [arXiv:hep-ph/9903340℄; ibid. 62, 055001 (2000) [arXiv:hep-ph/9912482℄; A. Aranda,C. D. Carone and R. F. Lebed, Phys. Lett. B 474, 170 (2000) [arXiv:hep-ph/9910392℄; Phys.Rev. D 62, 016009 (2000) [arXiv:hep-ph/0002044℄; M. C. Chen and K. T. Mahanthappa, Phys.Rev. D 62, 113007 (2000) [arXiv:hep-ph/0005292℄; A. Aranda, C. D. Carone and P. Meade,Phys. Rev. D 65, 013011 (2002) [arXiv:hep-ph/0109120℄; S. Raby, Phys. Lett. B 561, 119(2003) [arXiv:hep-ph/0302027℄.[43℄ S. P. Martin and M. T. Vaughn, Phys. Rev. D 50, 2282 (1994) [arXiv:hep-ph/9311340℄.Y. Yamada, Phys. Rev. D 50, 3537 (1994) [arXiv:hep-ph/9401241℄. I. Ja
k and D. R. T. Jones,Phys. Lett. B 333, 372 (1994) [arXiv:hep-ph/9405233℄. I. Ja
k, D. R. T. Jones, S. P. Martin,M. T. Vaughn and Y. Yamada, Phys. Rev. D 50, 5481 (1994) [arXiv:hep-ph/9407291℄.[44℄ D. M. Pier
e, J. A. Bagger, K. T. Mat
hev and R. j. Zhang, Nu
l. Phys. B 491, 3 (1997)[arXiv:hep-ph/9606211℄.[45℄ M. Okamoto, PoS LAT2005, 013 (2006) [arXiv:hep-lat/0510113℄; C. R. Allton et al., Phys.49

http://arXiv.org/abs/hep-ph/0310055
http://arXiv.org/abs/hep-ph/0405214
http://arXiv.org/abs/hep-ph/0411358
http://arXiv.org/abs/hep-ph/9510309
http://arXiv.org/abs/hep-ph/0306195
http://arXiv.org/abs/hep-ph/9507462
http://arXiv.org/abs/hep-ph/9512388
http://arXiv.org/abs/hep-ph/9605224
http://arXiv.org/abs/hep-ph/9812239
http://arXiv.org/abs/hep-ph/9702315
http://arXiv.org/abs/hep-ph/9610449
http://arXiv.org/abs/hep-ph/9903460
http://arXiv.org/abs/hep-ph/9903340
http://arXiv.org/abs/hep-ph/9912482
http://arXiv.org/abs/hep-ph/9910392
http://arXiv.org/abs/hep-ph/0002044
http://arXiv.org/abs/hep-ph/0005292
http://arXiv.org/abs/hep-ph/0109120
http://arXiv.org/abs/hep-ph/0302027
http://arXiv.org/abs/hep-ph/9311340
http://arXiv.org/abs/hep-ph/9401241
http://arXiv.org/abs/hep-ph/9405233
http://arXiv.org/abs/hep-ph/9407291
http://arXiv.org/abs/hep-ph/9606211
http://arXiv.org/abs/hep-lat/0510113


Lett. B 453, 30 (1999) [arXiv:hep-lat/9806016℄; D. Be
irevi
, V. Gimenez, G. Martinelli,M. Papinutto and J. Reyes, JHEP 0204, 025 (2002) [arXiv:hep-lat/0110091℄.[46℄ B. Kayser, M. Kuroda, R. D. Pe

ei and A. I. Sanda, Phys. Lett. B 237, 508 (1990); I. Dunietz,H. R. Quinn, A. Snyder, W. Toki and H. J. Lipkin, Phys. Rev. D 43, 2193 (1991).[47℄ N. G. Deshpande, X. G. He and J. Trampeti
, Phys. Lett. B 377, 161 (1996)[arXiv:hep-ph/9509346℄; R. Barbieri and A. Strumia, Nu
l. Phys. B 508, 3 (1997)[arXiv:hep-ph/9704402℄; R. Fleis
her, Z. Phys. C 58, 483 (1993); ibid. 62, 81 (1994).[48℄ A. L. Kagan and M. Neubert, Phys. Rev. D 58, 094012 (1998) [arXiv:hep-ph/9803368℄.[49℄ C. Greub, T. Hurth and D. Wyler, Phys. Lett. B 380, 385 (1996) [arXiv:hep-ph/9602281℄;Phys. Rev. D 54, 3350 (1996) [arXiv:hep-ph/9603404℄; N. Pott, Phys. Rev. D 54, 938 (1996)[arXiv:hep-ph/9512252℄.[50℄ D. Atwood, M. Gronau and A. Soni, Phys. Rev. Lett. 79, 185 (1997) [arXiv:hep-ph/9704272℄.[51℄ S. Weinberg, Phys. Rev. Lett. 63, 2333 (1989).[52℄ S. Kanemura, K. Matsuda, T. Ota, T. Shindou, E. Takasugi and K. Tsumura, Phys. Rev. D72, 055012 (2005) [arXiv:hep-ph/0507264℄; 72, 059904(E) (2005); S. T. Pet
ov, T. Shindouand Y. Takanishi, Nu
l. Phys. B 738, 219 (2006) [arXiv:hep-ph/0508243℄; S. T. Pet
ov andT. Shindou, Phys. Rev. D 74, 073006 (2006) [arXiv:hep-ph/0605151℄.[53℄ A. Heister et al. [ALEPH Collaboration℄, Phys. Lett. B 526, 206 (2002)[arXiv:hep-ex/0112011℄; A. Heister et al. [ALEPH Collaboration℄, Phys. Lett. B 583,247 (2004); J. Abdallah et al. [DELPHI Collaboration℄, Eur. Phys. J. C 31, 421 (2004)[arXiv:hep-ex/0311019℄; P. A
hard et al. [L3 Collaboration℄, Phys. Lett. B 580, 37 (2004)[arXiv:hep-ex/0310007℄; G. Abbiendi et al. [OPAL Collaboration℄, Eur. Phys. J. C 32, 453(2004) [arXiv:hep-ex/0309014℄; S. S
hael et al. [The LEP Collaborations ALEPH, DELPHI,L3 and OPAL and The LEP Working Group for Higgs Boson sear
hes℄, Eur. Phys. J. C 47,547 (2006) [arXiv:hep-ex/0602042℄; A. A. A�older et al. [CDF Collaboration℄, Phys. Rev.Lett. 88, 041801 (2002) [arXiv:hep-ex/0106001℄; M. Martinez-Perez [CDF Collaboration℄,AIP Conf. Pro
. 903, 189 (2007); V. M. Abazov et al. [D0 Collaboration℄, Phys. Lett. B 638,119 (2006) [arXiv:hep-ex/0604029℄.[54℄ P. Koppenburg et al. [Belle Collaboration℄, Phys. Rev. Lett. 93, 061803 (2004)[arXiv:hep-ex/0403004℄; B. Aubert et al. [BABAR Collaboration℄, Phys. Rev. D 72, 052004(2005) [arXiv:hep-ex/0508004℄; S. Chen et al. [CLEO Collaboration℄, Phys. Rev. Lett. 87,50

http://arXiv.org/abs/hep-lat/9806016
http://arXiv.org/abs/hep-lat/0110091
http://arXiv.org/abs/hep-ph/9509346
http://arXiv.org/abs/hep-ph/9704402
http://arXiv.org/abs/hep-ph/9803368
http://arXiv.org/abs/hep-ph/9602281
http://arXiv.org/abs/hep-ph/9603404
http://arXiv.org/abs/hep-ph/9512252
http://arXiv.org/abs/hep-ph/9704272
http://arXiv.org/abs/hep-ph/0507264
http://arXiv.org/abs/hep-ph/0508243
http://arXiv.org/abs/hep-ph/0605151
http://arXiv.org/abs/hep-ex/0112011
http://arXiv.org/abs/hep-ex/0311019
http://arXiv.org/abs/hep-ex/0310007
http://arXiv.org/abs/hep-ex/0309014
http://arXiv.org/abs/hep-ex/0602042
http://arXiv.org/abs/hep-ex/0106001
http://arXiv.org/abs/hep-ex/0604029
http://arXiv.org/abs/hep-ex/0403004
http://arXiv.org/abs/hep-ex/0508004


251807 (2001) [arXiv:hep-ex/0108032℄.[55℄ M. Ahmed et al. [MEGA Collaboration℄, Phys. Rev. D 65, 112002 (2002)[arXiv:hep-ex/0111030℄.[56℄ B. Aubert et al. [BABAR Collaboration℄, Phys. Rev. Lett. 95, 041802 (2005)[arXiv:hep-ex/0502032℄.[57℄ B. Aubert et al. [BABAR Collaboration℄, Phys. Rev. Lett. 96, 041801 (2006)[arXiv:hep-ex/0508012℄.[58℄ M. V. Romalis, W. C. GriÆth and E. N. Fortson, Phys. Rev. Lett. 86, 2505 (2001)[arXiv:hep-ex/0012001℄.[59℄ C. A. Baker et al., Phys. Rev. Lett. 97, 131801 (2006) [arXiv:hep-ex/0602020℄.[60℄ B. C. Regan, E. D. Commins, C. J. S
hmidt and D. DeMille, Phys. Rev. Lett. 88, 071805(2002).[61℄ E. Barberio et al. [Heavy Flavor Averaging Group (HFAG) Collaboration℄, arXiv:0704.3575[hep-ex℄.[62℄ A. Abulen
ia et al. [CDF Collaboration℄, Phys. Rev. Lett. 97, 242003 (2006)[arXiv:hep-ex/0609040℄.[63℄ J. L. Feng, K. T. Mat
hev and T. Moroi, Phys. Rev. D 61, 075005 (2000)[arXiv:hep-ph/9909334℄.[64℄ M. Drees and M. M. Nojiri, Phys. Rev. D 47, 376 (1993) [arXiv:hep-ph/9207234℄; S. Mizutaand M. Yamagu
hi, Phys. Lett. B 298, 120 (1993) [arXiv:hep-ph/9208251℄; J. Edsj�o andP. Gondolo, Phys. Rev. D 56, 1879 (1997) [arXiv:hep-ph/9704361℄. J. L. Feng, K. T. Mat
hevand F. Wil
zek, Phys. Lett. B 482, 388 (2000) [arXiv:hep-ph/0004043℄;[65℄ J. R. Ellis, T. Falk and K. A. Olive, Phys. Lett. B 444, 367 (1998) [arXiv:hep-ph/9810360℄.[66℄ T. E. Browder, M. Ciu
hini, T. Gershon, M. Hazumi, T. Hurth, Y. Okada and A. Sto

hi,arXiv:0710.3799 [hep-ph℄.[67℄ B. Grinstein, Y. Grossman, Z. Ligeti and D. Pirjol, Phys. Rev. D 71, 011504 (2005)[arXiv:hep-ph/0412019℄. M. Matsumori and A. I. Sanda, Phys. Rev. D 73, 114022(2006) [arXiv:hep-ph/0512175℄. P. Ball and R. Zwi
ky, Phys. Lett. B 642, 478 (2006)[arXiv:hep-ph/0609037℄.[68℄ Y. Grossman, G. Isidori and M. P. Worah, Phys. Rev. D 58, 057504 (1998)[arXiv:hep-ph/9708305℄. M. Beneke, Phys. Lett. B 620, 143 (2005) [arXiv:hep-ph/0505075℄.51

http://arXiv.org/abs/hep-ex/0108032
http://arXiv.org/abs/hep-ex/0111030
http://arXiv.org/abs/hep-ex/0502032
http://arXiv.org/abs/hep-ex/0508012
http://arXiv.org/abs/hep-ex/0012001
http://arXiv.org/abs/hep-ex/0602020
http://arXiv.org/abs/0704.3575
http://arXiv.org/abs/hep-ex/0609040
http://arXiv.org/abs/hep-ph/9909334
http://arXiv.org/abs/hep-ph/9207234
http://arXiv.org/abs/hep-ph/9208251
http://arXiv.org/abs/hep-ph/9704361
http://arXiv.org/abs/hep-ph/0004043
http://arXiv.org/abs/hep-ph/9810360
http://arXiv.org/abs/0710.3799
http://arXiv.org/abs/hep-ph/0412019
http://arXiv.org/abs/hep-ph/0512175
http://arXiv.org/abs/hep-ph/0609037
http://arXiv.org/abs/hep-ph/9708305
http://arXiv.org/abs/hep-ph/0505075


A. R. Williamson and J. Zupan, Phys. Rev. D 74, 014003 (2006) [Erratum-ibid. D 74, 03901(2006)℄ [arXiv:hep-ph/0601214℄.[69℄ L. J. Hall, R. Rattazzi and U. Sarid, Phys. Rev. D 50, 7048 (1994) [arXiv:hep-ph/9306309℄.K. S. Babu and C. F. Kolda, Phys. Lett. B 451, 77 (1999) [arXiv:hep-ph/9811308℄.M. S. Carena, D. Gar
ia, U. Nierste and C. E. M. Wagner, Nu
l. Phys. B 577, 88 (2000)[arXiv:hep-ph/9912516℄.[70℄ C. S. Huang, W. Liao and Q. S. Yan, Phys. Rev. D 59, 011701 (1999) [arXiv:hep-ph/9803460℄;C. Hamzaoui, M. Pospelov and M. Toharia, Phys. Rev. D 59, 095005 (1999)[arXiv:hep-ph/9807350℄; S. R. Choudhury and N. Gaur, Phys. Lett. B 451, 86 (1999)[arXiv:hep-ph/9810307℄; K. S. Babu and C. F. Kolda, Phys. Rev. Lett. 84, 228 (2000)[arXiv:hep-ph/9909476℄;

52

http://arXiv.org/abs/hep-ph/0601214
http://arXiv.org/abs/hep-ph/9306309
http://arXiv.org/abs/hep-ph/9811308
http://arXiv.org/abs/hep-ph/9912516
http://arXiv.org/abs/hep-ph/9803460
http://arXiv.org/abs/hep-ph/9807350
http://arXiv.org/abs/hep-ph/9810307
http://arXiv.org/abs/hep-ph/9909476

	Introduction
	Models and SUSY parameters
	Models
	The minimal supergravity model
	The MSSM with right-handed neutrinos
	The SU(5) SUSY GUT with right-handed neutrinos
	A model with U(2) flavor symmetry

	Treatments of radiative breaking of the electroweak symmetry

	Numerical analysis
	Flavor observables
	K- and B- mixings
	CP asymmetries in B meson decays
	Lepton flavor violation
	Electric dipole moments

	Input parameters and experimental constraints
	Numerical results
	Allowed parameter region from the radiative electroweak symmetry breaking condition
	Lepton flavor violating  and  decays
	Quark flavor signals
	EDM constraints

	Summary of results and experimental prospects

	Conclusions
	Acknowledgments
	References

