arXiv:hep-ph/0702144v2 15 Feb 2007

CPHT-RR023.0506, FTUV-07-0131, IFIC/07-04

Soft SUSY Breaking Grand Unification: Leptons vs Quarks on the Flavor Playground

M. Ciuchini,^1 A. Masiero,^2 P. Paradisi,^{3, 4, 5} L. Silvestrini,^6 S. K. Vempati,^{7, 8} and O. Vives^4 1INFN, Sezione di Roma Tre and Dip. di Fisica, Univ. di Roma Tre, Via della Vasca Navale 84, I-00146 Rome, Italy.

2 Dip. di Fisica ‘G. Galilei’ and INFN, Sezione di Padova, Univ. di Padova, Via Marzolo 8, I-35131, Padua, Italy.

3INFN, Sezione di Roma II and Dip. di Fisica, Univ. di Roma ‘Tor Vergata’, I-00133 Rome, Italy.

4Departament de Física Teòrica and IFIC, Universitat de València-CSIC, E-46100, Burjassot, Spain.

5Department of Physics, Technion-Israel Institute of Technology, Technion City, 32000 Haifa, Israel. 6INFN, Sezione di Roma and Dip. di Fisica, Univ. di Roma ‘La Sapienza’, P.le A. Moro 2, I-00185 Rome, Italy.

7Centre de Physique Theorique^∗, Ecole Polytechnique-CPHT, 91128 Palaiseau Cedex, France 8Centre for High Energy Physics, Indian Institute of Science, Bangalore 560 012, India

We systematically analyze the correlations between the various leptonic and hadronic flavor violating processes arising in SUSY Grand Unified Theories. Using the GUT-symmetric relations between the soft SUSY breaking parameters, we assess the impact of hadronic and leptonic flavor observables on the SUSY sources of flavor violation.

I. INTRODUCTION

Supersymmetry (SUSY) Breaking (SB) remains one of the biggest issues in physics beyond the Standard Model (SM). In spite of various proposals [1], we still miss a realistic and theoretically satisfactory model of SB.

Flavor violating processes have been instrumental in guiding us towards consistent SB models. Indeed, even in the absence of a well-defined SB mechanism and, hence, without a precise knowledge of the SUSY Lagrangian at the electroweak scale, it is still possible to make use of the Flavour Changing Neutral Current (FCNC) bounds to infer relevant constraints on the part of the SUSY soft breaking sector related to the sfermion mass matrices [2].

The model-independent method which is adopted is the so-called Mass-Insertion Approximation

∗ Unité mixte du CNRS et de l’EP, UMR 7644.

(MIA) [3]. In this approach, the experimental limits lead to upper bounds on the parameters (or combinations of) δ^f_{ij} ≡ Δ^f_{ij}/m^2_{f̃} , where Δ^f_{ij} is the flavor-violating off-diagonal entry appearing in the f = (u, d, l) sfermion mass matrices and m^2_{f̃} is the average sfermion mass. The mass insertions include the LL/LR/RL/RR types, according to the chirality of the corresponding SM fermions. Detailed bounds on the individual δs have been derived by considering limits from various FCNC processes [4]-[10].

As long as one remains within the simple picture of the Minimal Supersymmetric Standard Model (MSSM), where quarks and leptons are unrelated, the hadronic and leptonic FCNC processes yield separate bounds on the corresponding δ^q’s and δ^l’s.

The situation changes when one embeds the MSSM within a Grand Unified Theory (GUT). In a SUSY GUT, quarks and leptons sit in the same multiplets and are transformed into each other through GUT symmetry transformations. In supergravity theories, where the supersymmetry breaking (SB) mediation to the visible sector is gravitational, the structure of the soft terms is essentially dictated by the Kähler potential. If the effective supergravity Lagrangian is defined at a scale higher than the Grand Unification scale, the matter fields present in the Kähler function have to respect the underlying gauge symmetry which is the GUT group itself. Subsequently, the SB mediation would give rise to the usual soft terms which however now follow the GUT symmetry. Hence, we expect quark-lepton correlations among entries of the sfermion mass matrices [11, 12]. In other words, the quark-lepton unification seeps also into the SUSY breaking soft sector.

Imposition of a GUT symmetry on the soft SUSY breaking Lagrangian L_{soft} entails relevant implications at the weak scale. This is because the flavor violating (FV) mass-insertions do not get strongly renormalized through Renormalization Group (RG) scaling from the GUT scale to the weak scale in the absence of new sources of flavor violation. On the other hand, if such new sources are present, for instance due to the presence of new neutrino Yukawa couplings in SUSY GUTs with a seesaw mechanism for neutrino masses, then one can compute the RG-induced effects in terms of these new parameters. As has been noted earlier [11], even in such cases, the correlations between hadronic and leptonic flavor violating MIs survive at the weak scale as a function of these parameters. As for the flavor conserving (FC) mass insertions (i.e., the diagonal entries of the sfermion mass matrices), they get strongly renormalized but in a way which is RG computable.

In conclusion, in SUSY GUTs where the soft SUSY breaking terms respect boundary conditions which are subject to the GUT symmetry to start with, we generally expect the presence of relations among the (bilinear and trilinear) scalar terms in the hadronic and leptonic sectors. Such relations hold true at the (superlarge) energy scale where the correct symmetry of the theory is the GUT symmetry. After its breaking, the mentioned relations will undergo corrections which are computable through the appropriate RGE’s which are related to the specific structure of the theory between the GUT and the electroweak scale (for instance, new Yukawa couplings due to the presence of right-handed (RH) neutrinos acting down to the RH neutrino mass scale, presence of a symmetry breaking chain with the appearance of new symmetries at intermediate scales, etc.). As a result of such a computable running, we can infer the correlations between the softly SUSY breaking hadronic and leptonic δ terms at the low scale where we perform our FCNC tests. Explicit examples of such correlations in the context of an SU(5) SUSY GUT will be provided in next Section.

Given that a common SUSY soft breaking scalar term of L_{soft} at scales close to M_{Planck} can give rise to RG-induced δ^q’s and δ^l’s at the weak scale, one may envisage the possibility to make use of the FCNC constraints on such low-energy δ’s to infer bounds on the soft breaking parameters of the original supergravity Lagrangian (L_{sugra}). Indeed, for each scalar soft parameter of L_{sugra} one can ascertain whether the hadronic or the corresponding leptonic bound at the weak scale yields the stronger constraint at the large scale. This constitutes the major goal of this work: we intend to go through an exhaustive list of the low-energy constraints on the various δ^q’s and δ^l’s and, then, after RG evolving such δ’s up to M_{Planck}, we will establish for each δ of L_{sugra} which one between the hadronic and leptonic constraints is going to win, namely which provides the strongest constraint on the corresponding δ_{sugra}.

We will show that there exists a very interesting complementarity in the sensitivity of the soft breaking sector of L_{sugra} to the FCNC constraints provided by hadronic and leptonic physics.

The second, related purpose of this paper is to fully exploit the common origin from single δ_{sugra}’s of hadronic and leptonic weak scale δ’s to make use of leptonic (hadronic) FCNC constraints to limit δ^q’s (δ^l’s). In other words, for instance in a SUSY SU(5) context, one can use a leptonic FCNC process like τ → μγ to impose constraints on the ( δ^d_{23} ) RR term of the hadronic sector which are stronger than those which are derived from genuine hadronic FCNC processes like b → sγ [11].

In this respect, the present work intends to provide a particularly striking example of the correlation between “low-energy” (i.e. weak scale) experiments and “high-energy” (i.e. GUT or Planck scale) SUSY Lagrangian. The effort in the coming years, provided LHC yields some SUSY evidence, will be to “reconstruct” the original supergravity Lagrangian from which our weak scale testable SUSY descends. As we know, such work of reconstruction will be rather painful if we have to rely only on LHC results; on the other hand, accompanying the SUSY direct searches at LHC with the powerful FCNC tests will prove to be quite efficient in our effort of tracing back the original parameters entering the underlying supergravity Lagrangian. In the case of SUSY GUTs such role of FCNC processes is further enhanced because of the above mentioned hadron–lepton correlations.

The paper is organized as follows. In the next Section we will provide an example of relations between hadronic and leptonic FC δ^′s at the weak scale within SUSY SU(5). In Section III, we discuss the impact of GUT breaking effects (both at the tree level and at 1-loop) and the subsequent basis dependence which seeps in to the GUT-symmetric relations. In Section IV, we discuss our procedure for obtaining bounds detailing various constraints we have imposed on our supersymmetric spectrum. In Sections V and VI, we proceed with a separate analysis of the hadronic and leptonic δ^′s, to conclude with a study of their correlations in Section VII. In Section VIII, the conclusions include some kind of final “score” on the tightness of the bounds in GUT related δ^′s coming from the various FCNC processes and the outlook for the interplay of the kind of flavor physics we consider here with the possible LHC outcome.

II. ON HADRON–LEPTON FCNC RELATIONS IN SUSY GUTS

In this Section we provide an example of the correlations between hadronic and leptonic δ^′s entering the weak scale MSSM Lagrangian when the underlying theory at the large scale, where supergravity lives, is restricted by a grand unified symmetry. Let us consider the scalar soft breaking sector of the MSSM:

− L_{soft} = m^2_{Qii}Q̃^†_i Q̃_i + m^2_uc_{ii}ũ^{c⋆}_i ũ^c_i + m^2_ec_{ii}ẽ^{c⋆}_i ẽ^c_i + m^2_dc_{ii}d̃^{c⋆}_i d̃^c_i + m^2_{Lii}L̃^†_i L̃_i + m^2_{H1} H^†_1H_1 + m^2_{H2} H^†_2H_2 + A^u_{ij} Q̃_iũ^c_j H_2 + A^d_{ij} Q̃_id̃^c_j H_1 + A^e_{ij} L̃_iẽ^c_jH_1 + (Δ^l_{ij} )_{LL}L̃^†_i L̃_j + (Δ^e_{ij})_{RR}ẽ^{c⋆}_i ẽ^c_j + (Δ^q_{ij} )_{LL}Q̃^†_i Q̃_j + (Δ^u_{ij})_{RR}ũ^{c⋆}_i ũ^c_j + (Δ^d_{ij} )_{RR}d̃^{c⋆}_i d̃^c_j + (Δ^e_{ij} )_{LR}ẽ_L^⋆_i ẽ^c_j + (Δ^u_{ij} )_{LR}ũ_L^⋆_i ũ^c_j + (Δ^d_{ij} )_{LR}d̃_L^⋆_i d̃^c_j + . . . (1)

where we have used the standard notation for the MSSM fields and have explicitly written down the various Δ parameters. Notice that the different Δ_{LR} include the contributions from the trilinear terms with the corresponding Higgs vev. Therefore the trilinear couplings in the second line represent only the real Higgs couplings and not their vacuum expectation values.

Consider SU(5) to be the relevant symmetry at the scale where the soft terms are generated. Then, taking into account that matter is organized into the SU(5) representations 10 = (q, u^c, e^c)

Relations at the weak scale Relations at M_{GUT} (δ^u_{ij} )_{RR} ≈ (m^2_ec /m^2_uc ) (δ^l_{ij} )_{RR} m^2_uc_0 = m^2_ec_0 (δ^q_{ij} )_{LL} ≈ (m^2_ec /m^2_Q) (δ^l_{ij} )_{RR} m^2_{Q0} = m^2_ec_0 (δ^d_{ij} )_{RR} ≈ (m^2_L/m^2_dc ) (δ^l_{ij} )_{LL} m^2_dc_0 = m^2_{L0} (δ^d_{ij} )_{LR} ≈ (m^2_{Lavg} /m^2_{Qavg} ) (m_b/m_τ ) (δ^l_{ij} )^⋆_{LR} A^e_{ij 0} = A^d_{ji0}

TABLE I: Links between various transitions between up-type, down-type quarks and charged leptons for SU(5). The suffix ‘0’ implies GUT scale parameters.

and 5 = (l, d^c), one obtains the following relations

m^2_Q = m^2_{ẽc} = m^2_{ũc} = m^2_{10} (2) m^2_{d̃c} = m^2_L = m^2_{¯5} (3) A^e_{ij} = A^d_{ji} . (4)

Eqs. (2)–(4) are matrices in flavor space. These equations lead to relations between the slepton and squark flavor violating off-diagonal entries Δ_{ij}. These are:

(Δ^u_{ij})_{LL} = (Δ^u_{ij} )_{RR} = (Δ^d_{ij})_{LL} = (Δ^l_{ij} )_{RR} (5) (Δ^d_{ij})_{RR} = (Δ^l_{ij})_{LL} (6) (Δ^d_{ij} )_{LR} = (Δ^l_{ji})_{LR} = (Δ^l_{ij} )^⋆_{RL} (7)

These GUT correlations among hadronic and leptonic scalar soft terms are summarized in the second column of Table I. Assuming that no new sources of flavor structure are present from the SU(5) scale down to the electroweak scale, apart from the usual SM CKM one, one infers the relations in the first column of Table I at the low-energy scale. A comment is in order when looking at Table I. Mass insertions for down-type quarks and leptons in Table I always exhibit opposite “chiralities”, i.e. LL insertions are related to RR ones and vice-versa. This stems from the arrangement of the different fermion chiralities in SU(5) multiplets (as it clearly appears from the last column in Table I). This restriction can easily be overcome if we move from SU(5) to left-right symmetric unified models like SO(10) or the Pati-Salam (PS) case, with gauge group SU(4)_c × SU(2)_L × SU(2)_R.

III. WEAK-SCALE QUARK-LEPTON RELATIONS

The exact equality of the mass and trilinear matrices of the different components of a GUT multiplet is only true when the GUT symmetry is valid. At low scales, where we perform our experiments, these relations are modified. In this section, we analyze how these relations are modified after the breaking of the GUT symmetry and the RGE running from M_{GUT} to M_W .

A. Definition of the SCKM basis

In low-energy phenomenology we obtain the different mass insertion bounds in the so-called super-CKM (SCKM) basis, i.e. the basis where through a rotation of the whole superfield (fermion + sfermion) we obtain diagonal Yukawa couplings for the corresponding fermion field [13]. At low energies the SCKM bases for quarks and leptons are unrelated. However in a GUT theory quarks and leptons unify and thus we would expect the quark and lepton Yukawa couplings to be equal at the GUT scale and hence their SCKM bases to unify. Unfortunately this is not true when we evolve the Yukawa couplings using the SM (or MSSM) Renormalization Group Equations (RGEs). This discrepancy, that could be solved with some GUT breaking effects or new non-renormalizable contributions, implies a relative rotation between the quark and leptonic SCKM basis. While in principle this is an obstacle for a model-independent analysis, we argue below that its effects are not expected to change the order of magnitude of our bounds.

Let us consider for example the case in which we obtain a MI bound from a leptonic process at low energies. This bound is given in the basis of diagonal charged lepton masses. The next step in our scheme consists in using the RGE equations to evolve this bound to the GUT scale. The resultant bound is a bound on the element in the sfermion mass matrix common for the GUT multiplet including both quark and leptons at M_{GUT} in the basis of diagonal charged lepton Yukawa matrices.^1 However, if we want to convert this bound into a bound on the corresponding squark MI we must take into account a possible misalignment between the charged-lepton and the down-quark Yukawa matrices just below the GUT scale. GUT symmetry breaking effects could introduce different corrections to the quark and lepton Yukawa matrices. For example, it is wellknown that the minimal SU(5) Lagrangian with a 5 and a ¯5 Higgs representations is not realistic as the first two generations of the down quark and charged lepton fermion masses do not follow

1 An additional (small) RGE-induced rotation can be necessary in the presence of neutrino Yukawa couplings. We neglect its effect in our discussion.

the GUT relations. This means that quark and lepton Yukawa matrices are not the same below M_{GUT} and they are not simultaneously diagonalizable. Taking into account these facts, we must rotate our bounds from the leptonic sector to the basis of diagonal quark Yukawa matrices before we compare them with the bounds obtained from quark processes at low energies.

In a complete GUT model we would be able to obtain both the quark and lepton Yukawa matrices after the breaking of the GUT symmetry. In such a theory it would be possible to compute the relative rotation between the basis of diagonal quark and the basis of diagonal lepton Yukawa matrices exactly. On more general grounds, as we do not have a complete GUT theory yet, we have a new uncertainty introduced in the translation of the bounds between quark and leptonic MIs, due to this relative rotation between the leptonic and quark Yukawa couplings. To see the effect of this ‘new’ rotation matrix, which can be represented by a unitary matrix, V^{(ql)}, while translating the bounds from one sector to another sector (leptonic to hadronic or vice-versa), we consider one particular case. Let Δ^l_{i≠j}, of any ‘chirality’, have a bound at the GUT scale, given by Δ_{max}. This element Δ^l_{i≠j} corresponds to a combination of matrix elements in the basis of diagonal quark Yukawas, Δ^{(q)}_{ij} , given as |Δ^{(l)}_{i≠j} | = | ∑ k,l V^{(ql) ∗}_{ki} Δ^{(q)}_{kl} V^{(ql)}_{lj} | ≤ Δ^{max}, (8)

where V^{(ql)} would represent the rotation between the basis of diagonal quark and lepton Yukawas. Given that Δ^{(f)} and V^{(ql)} have different origins, we do not expect large cancellations between different terms in this sum and therefore, “barring accidental cancellations”, we can apply the bound on Δ^{(l)}_{i≠j} to each of the individual elements in this sum | | |V^{(ql) ∗} ki Δ^{(q)}_{kl} V^{(ql)}_{lj} | | | ≤ Δ^{max}, (9) Once more, in principle it is necessary to know the relative rotation V^{(ql)} to apply the bound on Δ^{(q)}_{kl} . In SU(5) GUT, requiring that the successful b–τ unification is not accidental, we can expect that |V^{(ql)}_{33} | ≃ 1 and |V^{(ql)}_{3≠i} |, |V^{(ql)}_{i≠3} | ≪ 1. The relative misalignment for the first two generations is much more uncertain. However, we consider reasonable to expect that the different families are approximately arranged in the usual way and (c, s) quarks are mostly associated with (μ, ν_μ) and (u, d) with (e, ν_e). So, we make the “reasonable assumption” that diagonal elements in these rotations, V^{(ql)}_{ii} , are O(1), where O(1) may mean 1/ √ 2 or even 1/2 but not much smaller. Therefore, under these conditions we have that | | |V^{(ql) ∗} ii Δ^{(q)}_{i≠j} V^{(ql)}_{jj} | | | ≃ | | |Δ^{(q)}_{ij} | | | ≤ Δ^{max}, (10) and thus, order of magnitude MI bounds in the leptonic sector can be safely translated into order of magnitude MI bounds in the quark sector, taking into account that these bounds are not precise within factors of two.

In the following we present a realistic example to show the possible effects of these rotations. A popular solution to the first two generations Yukawa unification problem in SU(5) is provided by the Georgi-Jarlskog mechanism [14]. There one introduces an additional Higgs representation which is 45 dimensional contributing mainly to the second generation Yukawa couplings. This Higgs gets a vev along the (B − L) direction and therefore breaks the charged lepton-down quark symmetry. Assuming simple symmetric Yukawa textures, the down quark and charged lepton Yukawa matrices are given as follows:

Y^{MGUT} d ∝ 0 λ^3 λ^3 λ^3 λ^2 λ^2 λ^3 λ^2 1

Y^{MGUT} e ∝ 0 λ^3 λ^3 λ^3 3λ^2 λ^2 λ^3 λ^2 1

, (11)

where λ is a parameter of the order of the Cabibbo angle. In this way, we preserve the successful b– τ unification and correct the bad GUT relations for the second and first generations. Clearly, if the Yukawa matrices have this structure, the basis of diagonal down-quark Yukawas is different from the basis of diagonal charged-lepton Yukawas. Therefore the rotation V^{(ql)}, due to the misalignment between quarks and leptons is non-trivial. However, it is very easy to check that up to terms of O(λ^3) this rotation is given by

V^{(ql)} ≃ 1 − 2λ^29 2λ3 0 −2λ3 1 − 2λ^29 0 0 0 1

. (12)

Using this rotation and barring accidental cancellations in Eq. (9), it is evident that Eq. (10) is an excellent approximation in this case and we can safely relate off-diagonal elements in the squark and slepton mass matrices.

B. RG evolution

The SU(5) GUT relations between squark and slepton masses and trilinear couplings in Eqs. (2)- (7) are only valid at the SU(5) scale. As it is well-known, one could expect the long RG running from the GUT scale down to the weak scale to modify these relations significantly. However, the crucial aspect is that the flavor violating entries (i ≠ j) are not significantly modified due to this running. In fact, even in the presence of right handed neutrinos in a seesaw mechanism, this statement remains true up to factors order one. This approximate non-modification of the Δ_{i≠j}’s, allows us to recast them at the weak scale in terms of δ_{i≠j} . In the present section, we will try to quantify our statements using semi-numerical solutions of the RGE within the SU(5) model we have been discussing so far. We will consider the effects of adding right-handed neutrinos a bit later on.

In the RG evolution of diagonal elements of sfermion mass matrices we neglect small Yukawa couplings and keep only Y_b, Y_τ and Y_t. Then, for the first two generations of squarks and sleptons, the following simple expressions hold in terms of the high scale soft parameters, m^2_{10} = m^2_{¯5} = m^2_0 and M_{1/2} (for a general expression with different m^2_{10} and m^2_{¯5} see Table I in [15]) : (m^2_Q)_{1,2}(M_W ) ≃ m^2_0 + 6.5 M^2_{1/2} (m^2_D)_{1,2}(M_W ) ≃ m^2_0 + 6.1 M^2_{1/2} (m^2_E )_{1,2}(M_W ) ≃ m^2_0 + 0.15 M^2_{1/2} (m^2_L)_{1,2}(M_W ) ≃ m^2_0 + 0.5 M^2_{1/2} (m^2_U )_{1,2}(M_W ) ≃ m^2_0 + 6.2 M^2_{1/2} (13) Third generation masses receive contributions proportional to Yukawa couplings which depend on the value of tan β. For low tan β ≃ 5 we have (m^2_Q)_3(M_W ) ≃ 0.6 m^2_0 + 5.5 M^2_{1/2} (m^2_D)_3(M_W ) ≃ m^2_0 + 5.8 M^2_{1/2} (m^2_E)_3(M_W ) ≃ m^2_0 + 0.16 M^2_{1/2} (m^2_L)_3(M_W ) ≃ m^2_0 + 0.5 M^2_{1/2} (m^2_U )_3(M_W ) ≃ 0.2 m^2_0 + 4.1 M^2_{1/2} , (14) while for tan β ≃ 30 we have (m^2_Q)_3(M_W ) ≃ 0.5 m^2_0 + 5.2 M^2_{1/2} (m^2_D)_3(M_W ) ≃ 0.8 m^2_0 + 5.14 M^2_{1/2} (m^2_E)_3(M_W ) ≃ 0.8 m^2_0 + 0.12 M^2_{1/2} (m^2_L)_3(M_W ) ≃ 0.92m^2_0 + 0.5M^2_{1/2} (m^2_U )_3(M_W ) ≃ 0.2 m^2_0 + 4.2 M^2_{1/2} . (15) RGE evolution for off-diagonal elements is solely dependent on Yukawa couplings and does not include gaugino contributions. Now, if we neglect first two generations Yukawa couplings,in the basis of diagonal down-quark Yukawa couplings we have:

(16π^2) d(m^2_{D,E} )_{i≠j} dt = −2 Y^2_{b,τ} (m^2_{D,E})_{3j} δ_{i3} − 2 Y^2_{b,τ} (m^2_{D,E})_{i3} δ_{j3}

(16π^2) d(m^2_Q)_{i≠j} dt = − [ Y^2_b (m^2_Q)_{3j} δ_{i3} + Y^2_b (m^2_Q)_{i3} δ_{j3} + Y^2_t V^∗_{ti} V_{tk} (m^2_Q)_{kj} + Y^2_t V^∗_{tk}V_{tj} (m^2_Q)_{ik} + 2 Y^2_t V^∗_{ti} V_{tj} ( (m^2_U )_{33} + m^2_{Hu} ) + 2 ( Y^u_A Y^{u †}_A ) ij ]

(16π^2) d(m^2_L)_{i≠j} dt = −Y^2_τ (m^2_L)_{3j} δ_{i3} − Y^2_τ (m^2_L)_{i3} δ_{j3} (16) where t = log M_{GUT}/Q. We are interested in two different aspects of these equations. First we want to determine how a non-vanishing off-diagonal entry in the sfermion mass matrices at M_{GUT} is modified due to RGE evolution from M_{GUT} to M_W . Then, we are also interested in the size of the off-diagonal entries generated by the running from M_{GUT} to M_W in the case of exactly vanishing off-diagonal entries at M_{GUT}.

Regarding the evolution of GUT elements, we can neglect the non-diagonal CKM elements and then, we see from Eq. (16) that the (Δ^{f̃} )_{12,21} are not modified at the leading order. Furthermore, in the low tanβ limit, off-diagonal elements in m^2_D or m^2_E in the SCKM basis are not significantly changed through RG evolution. Thus, one can safely assume Eq. (6) to be valid at any scale at low tanβ. For large tan β ≃ 40, the effect of Y^2_{b,τ} is only relatively important and in the leading log approximation we obtain

(m^2_D)_{i=3≠j} (M_W ) ≃ (m^2_L)_{i=3≠j} (M_W ) Exp. ( − 1 16π^2

(2Y^2_b − Y^2_τ ) log

M_{GUT} M_W ) ≃ 0.84 (m^2_L)_{i=3≠j} (M_W ) (17) and therefore it can account at most for a (15-20)% relative change. Something analogous happens in the left-handed squark mass matrix. For low tan β the effect of the top Yukawa coupling in the third row elements would be

(m^2_Q)_{i=3≠j} (M_W ) ≃ (m^2_E )_{i=3≠j} (M_W ) Exp. ( − 1 16π^2

Y^2_t log

M_{GUT} M_W ) ≃ 0.86(m^2_E )_{i=3≠j} (M_W ), (18)

In the large tan β region, we have to multiply the argument in the exponential by a factor (Y^2_t + Y^2_b − 2Y^2_τ )/Y^2_t , which for tan β = 40 amounts only to a factor of 1.16. Therefore, the relative change between (m^2_Q)_{i=3≠j} and (m^2_E )_{i=3≠j} is practically the same as the previous case.

A second feature of these RGE equations is that, even if we start from a flavor blind situation at the GUT (or Plank) scale, flavor off-diagonal entries in the LL squark mass matrix at the weak scale (via the CKM matrix) are unavoidable. The running from M_{GUT} to the weak scale M_W gives rise to the following FV effects (δ^d_{LL})_{ij} ≃ − 1 8π^2

Y^2_t V^∗_{ti} V_{tj}

3m^2_0 + a^2_0

m^2_{q̃} ln M_{GUT} M_W . (19)

If we take M_{GUT} ≃ 2 × 10^{16} GeV, Y_t ≃ 1, m^2_{q̃} ≃ 6M^2_{1/2} + m^2_0 and in the limit M_{1/2} ≃ m_0 ≃ a_0, we have (δ^d_{LL})_{ij} ≃ −0.2 V^∗_{ti} V_{tj} . More generally we can say that (δ^d_{LL})_{ij} ≃ −c V^∗_{ti} V_{tj} with c a numerical coefficient depending on (m_0, M_{1/2}, a_0) taking values between 0.1 and 1. As we will discuss in following sections, these RGE induced FV effects have an important phenomenological impact, specially when FV entries in the RR squark sector are also present. This is due to the fact that, as we will see, ΔM_{B,K} mass differences are much more sensitive to contributions proportional to δ_{LL} × δ_{RR}.

Finally, for the last equation in (7), the RGE equations for off-diagonal down quark and charged lepton trilinear couplings are

(16π^2) d(Y^A_d )_{i≠j} dt = ( 16 3 g^2_3 + 3g^2 + 7 9 g^2_1 ) (Y^A_d )_{ij} − 5Y^2_b (Y^A_d )_{3j} δ_{i3} − 4Y^2_b (Y^A_d )_{i3} δ_{j3} (20) −3Y^2_b (Y^A_d )_{ij} − Y^2_t (Y^A_d )_{3j} δ_{i3} − Y^2_τ (Y^A_d )_{ij} (16π^2) d(Y^A_e )_{i≠j} dt = ( 3g^2 + 3g^2_1 ) (Y^A_e )_{ij} − 5Y^2_τ (Y^A_e )_{3j} δ_{i3} − 4Y^2_τ (Y^A_e )_{i3} δ_{j3} − Y^2_τ (Y^A_e )_{ij} −3Y^2_b (Y^A_e )_{ij} .

From the equations above, it’s clear that the trilinear couplings scale almost in the same manner as the corresponding Yukawa couplings. Thus the corresponding relation given in Table I holds well especially in the limit of small tanβ^<∼ 25, where we can neglect the bottom and τ Yukawas. For large tanβ and for 13 and 23 MI’s, we expect similar corrections ∼ (15 − 20)% as we have mentioned above. Given that the MI bounds are intrinsically order of magnitude bounds, we can safely consider these off-diagonal elements to evolve analogously to the Yukawa couplings from M_W to M_{GUT}.

Let us now briefly mention the implication of adding right-handed neutrinos as in a seesaw mechanism. The RG effects and subsequent flavour violation have been studied in detail in the literature [16, 17]. The implication of these effects on the relations Eqs. (5-7) depends crucially on the strength of the neutrino Dirac yukawa couplings Y_ν and the “mixing” they carry. For example, a rough estimate of the weak scale (Δ^l_{LL})_{ij} is given by

(m_{L̃})^2_{i≠j} (M_W ) ≈ (m_{L̃})^2_{i≠j} (M_{GUT} ) − 1 8π^2 ∑ k (Y_ν Y^†_ν )_{ij} (3m^2_0 + A^2_0) log ( M_{GUT} M_{Rk} ) (21)

where Y_ν represents the neutrino Dirac Yukawa couplings. From the equation above we see that RG effects could “generate” large Δs if the mixing in Y_ν is large. In the general case, it is very difficult to separate the RGE-induced Δs from the RGE-modified GUT off-diagonal elements in m^2_{L̃} and Y^A_e . Changes in the original GUT off-diagonal entries and the RGE-induced Δs depend on the neutrino Yukawa couplings. These neutrino Yukawa matrices are present in the RGE between the scales M_{GUT} and the mass of the corresponding right handed neutrino. Typically one of the eigenvalues in the neutrino Yukawa matrices can be of the same order as the top Yukawa coupling,^2 but this large eigenvalue is necessarily associated with the heaviest right-handed neutrino [18, 19]

2 We do not consider here the possibility of having several large eigenvalues in Yν .

and therefore it decouples early. The main problem regarding the neutrino Yukawa couplings is that the mixing diagonalizing Y_ν Y^†_ν in the basis of diagonal Y_eY^†_e is unknown and could be large. Nevertheless, we can discuss some cases.

The simplest situation corresponds to the case where the mixing diagonalizing the charged lepton and neutrino Yukawa matrices are both small. In this case, the large neutrino mixings are generated through the seesaw mechanism and they play no role in the RGE evolution of slepton matrices. The RGE evolution of m^2_{L̃} is then very similar to the previous cases without the right handed neutrinos. In the low tan β region we can completely neglect the effects of Y_eY^†_e in the RGEs. Then in the basis of diagonal neutrino Yukawas (approximately equal to the basis of diagonal charged-lepton Yukawas) the off-diagonal elements would be

(m^2_D)_{i=3≠j} (M_W ) ≃ (m^2_L)_{i=3≠j} (M_W ) Exp. ( 1 16π^2

(Y^2_{ν3} ) log

M_{GUT} M_{R3} ) ≃ 1.1 (m^2_L)_{i=3≠j} (M_W ), (22)

taking M_{R3} as low as 10^{10} GeV.

In the large tan β region, the effects of Eq. (22) and Eq. (17) have different signs and partially cancel out. So, we can also expect these off-diagonal elements to remain of similar magnitude between M_{GUT} and M_W . Notice also that the (1, 2) mass insertions remain unchanged if we have only one large neutrino-Yukawa coupling corresponding to the third generation.

The second situation corresponds to large mixings in the neutrino Yukawa matrices in the basis of diagonal charged-lepton Yukawas. This case depends strongly on the mixings and size of the neutrino Yukawa couplings. There are two simultaneous effects, the creation of a new MI due to the RGE and the change from RG evolution of the GUT delta. These effects cannot be sorted out in general and thus we cannot describe the evolution of the GUT delta without specifying completely the Yukawa matrices. In this situation, it is difficult to correlate quark and leptonic deltas. Finally, the effects of neutrino Yukawas on the relations between charged-lepton A-parameters is expected to be similarly small even for large enough (top-quark like) Yukawa couplings.

We conclude noting that, in general, the RG effects do not significantly modify the GUT relations for off-diagonal elements already present at M_{GUT} . However in the presence of right-handed neutrinos and large mixings in the neutrino Yukawa couplings, the new contributions to the offdiagonal entries in the slepton mass matrices can destroy the quark-lepton correlations and the analysis becomes model dependent.

IV. CONSTRAINTS

In this section, we list the constraints we have imposed on the SUSY parameter space before starting the analysis of flavor physics in the leptonic and hadronic sectors.

A. Direct SUSY search

The model we use in this work is a minimal departure from the usual Constrained MSSM (CMSSM) where we add a single flavor changing entry in the sfermion couplings at M_{GUT}. The usual CMSSM contains (assuming vanishing flavor blind SUSY phases) five parameters: M_{1/2}, m_0, A_0, tan β and sign(μ)).^3 In addition we include the single MI relevant to the process(-es) of interest at the GUT scale. Here, we take the μ sign positive as required by the b → sγ and muon anomalous magnetic moment constraints. Therefore the SUSY parameters that enter our analysis for a given MI are only (m_0,m_{1/2},A_0,tan β,Δ^f_{ij} ). We scan the values of these parameters in the following ranges: M_{1/2} ≤ 160 GeV, m_0 ≤ 380 GeV, |A_0| ≤ 3m_0 and 5 < tan β < 15. The bound on the A_0 parameters is set to avoid charge and/or colour breaking minima [20]. This would typically correspond to the following highest mass scales: slepton masses as large as m_{ℓ̃} ≈ 400GeV and squark masses as large as m_{q̃} ≈ 550 GeV; both possibly observable at LHC.

At the low scale, we impose the following constraints on each point:

• Lower bound on the light and pseudo-scalar Higgs masses [21];

• The LEP constraints on the lightest chargino and sfermion masses [22];

• The LEP and Tevatron constraints on squark and gluino masses [22].

We consider the MSSM with conserved R-parity and thus the lightest neutralino (that coincides with the lightest supersymmetric particle - LSP) provides an excellent dark matter candidate.

B. b → sγ B(B → X_sγ) is particularly sensitive to possible non-standard contributions and it provides a non-trivial constraint on the SUSY mass spectrum given its precise experimental determination and the very accurate SM calculation at the NNLO [23]. When witnessing such a light SUSY

3 Notice, we are not enforcing here the minimal supergravity relation between the A and B parameters, B = A − 1

spectrum (we remind that we take M_{1/2} ≤ 160 GeV, m_0 ≤ 380 GeV) a legitimate worry is whether the bounds on B(B → X_sγ) are respected. In this work we choose μ > 0 which implies destructive interference between chargino and charged Higgs contributions (and is also preferred by the (g−2)_μ constraints). We have explicitly checked that the combined chargino and charged Higgs contributions satisfy the B(B → X_sγ) constraints. For these points, we checked simultaneously that gluino contributions satisfy by themselves the B(B → X_sγ) constraints. Then, these gluino contributions set a bound on the δ^q_{ij} MIs. Notice that, in this way, we are not allowing the possibility of an accidental cancellation of charged-Higgs and chargino contributions with gluino ones.

C. The lightest Higgs boson mass

The non-observation of the lightest neutral Higgs boson (h^0) at present colliders is already a stringent constraint on the MSSM parameter space [21]. Even if the h^0 mass depends on the whole set of MSSM parameters (after the inclusions of loop corrections), m_h0 mainly depends on (and, indeed, grows with) the left-right mixing term in the stop mass matrix M̃^{LR}_t = m_t(A_U − μ/ tan β), on the average stop mass M_{q̃} and on tan β. In particular, it is well known that values of tan β ≤ 2 are strongly disfavored. Taking into account that the lower bound on the h^0 mass changes with the SUSY parameters, we have explicitly checked that the experimental limits [21] are fulfilled in our parameter space.

D. (g − 2)_μ

The possibility that the anomalous magnetic moment of the muon [a_μ = (g − 2)_μ/2], which has been measured very precisely in the last few years [24], provides a first hint of physics beyond the SM has been widely discussed in the recent literature. Despite substantial progress both on the experimental and on the theoretical sides, the situation is not completely clear yet (see Ref. [25] for an updated discussion).

Most recent analyses converge towards a 2σ discrepancy in the 10^{−9} range [25]:

Δa_μ = a^{exp}_μ − a^{SM}_μ ≈ (2 ± 1) × 10^{−9} . (23)

The main SUSY contribution to a^{MSSM}_μ is usually provided by the loop exchange of charginos and sneutrinos. The basic features of the supersymmetric contribution to a_μ are correctly reproduced by the following approximate expression: a^{MSSM} μ 1 × 10^{−9} ≈ 1.5 ( tan β 10 ) ( 300 GeV m_{ν̃} )_2 ( μM_2 m^2_{ν̃} ) , (24)

which provides a good approximation to the full one-loop result [26].

The most relevant feature of Eqs. (24) is that the sign of a^{MSSM}_μ is fixed by the sign of the μ term so that the μ > 0 region is strongly favored. This is specially true for the Standard Model prediction which uses the data from e^+e^− collisions to compute the hadronic vacuum polarization (HVP). This predicts a smaller value than the experimental result by about 3 σ. In case one uses the τ data to compute the HVP, the discrepancy with SM is reduced to about 1 σ, but it still favors a positive correction and disfavors strongly a sizable negative contribution. Thus, taking μ > 0, the region of parameter space considered in this analysis satisfies the constraint of Eq. (23).

E. Electroweak Precision Observables (EWPO)

The good agreement between the SM predictions and the electroweak precision observables (EWPO) points to a decoupling of new physics contributions to these precision observables. As we also consider light superpartners, we need to take into account the tight constraints on the supersymmetric spectrum emerging from this agreement.

Several recent and thorough analyses for the MSSM are available in the literature [27]. The most relevant effect is due to the mass splitting of the superpartners, and in particular of the third generation squarks. Indeed, large splitting between m̃_{bL} and m̃_{tL} would induce large contributions to the electroweak ρ parameter. This universal contribution enters the Z^0 boson couplings and the relation between M_W , G_μ and α and is therefore significantly constrained by present data. In the cases of the W -boson mass and of the effective weak mixing angle sin^2 Θ^{eff}_W , for example, a doublet of heavy squarks would induce shifts proportional to its contribution to ρ: δM_W /M_W ≈ 0.72 Δρ and δ sin^2 Θ^{eff}_W ≈ −0.33 Δρ.

In our analysis, we have required that Δ^{q̃}ρ^{(0)} < 1.5×10^{−3} and we have checked that no relevant constraints arise from EWPO, as it is confirmed by the thorough analysis (relative to the CMMSM framework) in Ref. [27].

V. MASS INSERTION BOUNDS FROM HADRONIC PROCESSES

The comparison of several hadronic flavor-changing processes to their experimental values can be used to bound the MIs in the different sectors [4]-[10]. In these analyses it is customary to

Observable Measurement/Bound Ref. Sector 1–2 ΔM_K (0.0 – 5.3) × 10^{−3} GeV [30] ε (2.232 ± 0.007) × 10^{−3} [30] |(ε^′/ε)_{SUSY} | < 2 × 10^{−2} – Sector 1–3 ΔM_{Bd} (0.507 ± 0.005) ps^{−1} [31] sin 2β 0.675 ± 0.026 [31] cos 2β > −0.4 [32] Sector 2–3 BR(b → (s + d)γ)(E_γ > 2.0 GeV) (3.06 ± 0.49) × 10^{−4} [33] BR(b → (s + d)γ)(E_γ > 1.8 GeV) (3.51 ± 0.43) × 10^{−4} [34] BR(b → sγ)(E_γ > 1.9 GeV ) (3.34 ± 0.18 ± 0.48) × 10^{−4} [35] A_{CP} (b → sγ) 0.004 ± 0.036 [31] BR(b → sl^+l^−)(0.04 GeV < q^2 < 1 GeV) (11.34 ± 5.96) × 10^{−7} [36, 37] BR(b → sl^+l^−)(1 GeV < q^2 < 6 GeV) (15.9 ± 4.9) × 10^{−7} [36, 37] BR(b → sl^+l^−)(14.4 GeV < q^2 < 25 GeV) (4.34 ± 1.15) × 10^{−7} [36, 37] A_{CP} (b → sl^+l^−) −0.22 ± 0.26 [30] ΔM_{Bs} (17.77 ± 0.12) ps^{−1} [38]

TABLE II: Measurements and bounds used to constrain the hadronic δ^d’s.

consider only the dominant contributions due to gluino exchange which give a good approximation of the full amplitude, barring accidental cancellations. In the same spirit, the bounds are usually obtained taking only one non-vanishing MI at a time, neglecting the interference among MIs. This procedure is justified a posteriori by observing that the MI bounds have typically a strong hierarchy, making the destructive interference among different MIs very unlikely.

The effective Hamiltonians for ΔF = 1 and ΔF = 2 transitions including gluino contributions computed in the MI approximation can be found in the literature together with the formulae of several observables [4]. Even the full NLO calculation is available for the ΔF = 2 effective Hamiltonian [28, 29].

In our study we use the phenomenological constraints collected in Table II. We use the same set of SUSY parameters described in the previous Section, so that hadronic and leptonic MIs are related as discussed in Section II. In particular:

Sector 1–2 The measurements of ΔM_K , ε and ε^′/ε are used to constrain the ( δ^d_{12} ) AB with (A, B) = (L, R). The first two measurements, ΔM_K and ε respectively bound the real and imaginary part of the product ( δ^d_{12} ) ( δ^d_{12} ) . In the case of ΔM_K , given the uncertainty coming from the long-distance contribution, we use the conservative range in Table II. The measurement of ε^′/ε, on the other hand, puts a bound on Im(δ^d_{12}). This bound, however, is effective in the case of the LR MI only. Notice that, given the large hadronic uncertainties in the SM calculation of ε^′/ε, we use the very loose bound on the SUSY contribution shown in Table II. The bounds coming from the combined constraints are shown in Table III. Notice that, here and in the other sectors, the bound on the RR MI is obtained in the presence of the radiatively-induced LL MI given in Eq. (19). The product ( δ^d_{12} ) LL ( δ^d_{12} ) RR generates left-right operators that are enhanced both by the QCD evolution and by the matrix element (for kaons only). Therefore, the bounds on RR MIs are more stringent than the ones on LL MIs.

Sector 1–3 The measurements of ΔM_{Bd} and 2β respectively constrain the modulus and the phase of the mixing amplitude bounding the products ( δ^d_{13} ) ( δ^d_{13} ) . For the sake of simplicity, in Table III we show the bounds on the modulus of ( δ^d_{13} ) only.

Sector 2–3 This sector enjoys the largest number of constraints. The recent measurement of ΔM_{Bs} constrains the modulus of the mixing amplitude, thus bounding the products | ( δ^d_{23} ) ( δ^d_{23} ) |. Additional strong constraints come from ΔB = 1 branching ratios, such as b → sγ and b → sl^+l^−. Also for this sector, we present the bounds on the modulus of ( δ^d_{23} ) in Table III.

All the bounds in Table III have been obtained using the NLO expressions for SM contributions and for SUSY where available. Hadronic matrix elements of ΔF = 2 operators are taken from lattice calculations [39, 40, 41, 42]. The values of the CKM parameters ρ̄ and η̄ are taken from the UTfit analysis in the presence of arbitrary loop-mediated NP contributions [43]. This conservative choice allows us to decouple the determination of SUSY parameters from the CKM matrix. For b → sγ we use NLO expressions with the value of the charm quark mass suggested by the recent NNLO calculation [23]. For the chromomagnetic contribution to ε^′/ε we have used the matrix element as estimated in Ref. [44]. The 95% probability bounds are computed using the statistical method described in Refs. [7, 45].

Concerning the dependence on the SUSY parameters, the bounds mainly depend on the gluino mass and on the “average squark mass”. A mild dependence on tan β is introduced by the presence ij\AB LL LR RL RR 12 1.4 × 10^{−2} 9.0 × 10^{−5} 9.0 × 10^{−5} 9.0 × 10^{−3} 13 9.0 × 10^{−2} 1.7 × 10^{−2} 1.7 × 10^{−2} 7.0 × 10^{−2} 23 1.6 × 10^{−1} 4.5 × 10^{−3} 6.0 × 10^{−3} 2.2 × 10^{−1}

TABLE III: 95% probability bounds on | ( δ^d_{ij} ) AB | obtained using the data set described in Section IV. See the text for details.

Process Present Bounds Expected Future Bounds BR(μ → e γ) 1.2 × 10^{−11} O(10^{−13} − 10^{−14}) BR(μ → e e e) 1.1 × 10^{−12} O(10^{−13} − 10^{−14}) BR(μ → e in Nuclei (Ti)) 1.1 × 10^{−12} O(10^{−18}) BR(τ → e γ) 1.1 × 10^{−7} O(10^{−8}) BR(τ → e e e) 2.7 × 10^{−7} O(10^{−8}) BR(τ → e μ μ) 2. × 10^{−7} O(10^{−8}) BR(τ → μ γ) 6.8 × 10^{−8} O(10^{−8}) BR(τ → μ μ μ) 2 × 10^{−7} O(10^{−8}) BR(τ → μ e e) 2.4 × 10^{−7} O(10^{−8})

TABLE IV: Present and Upcoming experimental limits on various leptonic processes at 90% C.L.

of double MIs ( δ^d_{ij} ) LL ( δ^d_{jj} ) LR in chromomagnetic operators. This dependence however becomes sizable only for very large values of tan β.

VI. MASS INSERTION BOUNDS FROM LEPTONIC PROCESSES

In this section, we study the constraints on slepton mass matrices in low energy SUSY imposed by several LFV transitions, namely l_i → l_jγ, l_i → l_jl_kl_k and μ–e transitions in nuclei [46]. The present and projected bounds on these processes are summarized in Table IV. These processes are mediated by chargino and neutralino loops and therefore they depend on all the parameters entering chargino and neutralino mass matrices. In order to constrain the leptonic MIs δ^{ij} , we will first obtain the spectrum at the weak scale for our SU(5) GUT theory as has been mentioned in detail in section IV. Furthermore, we take all the flavor off-diagonal entries in the slepton mass matrices equal to zero except for the entry corresponding to the MI we want to bound. To calculate the branching ratios of the different processes, we work in the mass eigenstates basis

Type of δ^l_{12} μ → e γ μ → e e e μ → e conversion in T i

LL 6 × 10^{−4} 2 × 10^{−3} 2 × 10^{−3} RR - 0.09 - LR/RL 1 × 10^{−5} 3.5 × 10^{−5} 3.5 × 10^{−5}

TABLE V: Bounds on leptonic δ^l_{12} from various μ → e processes. The bounds are obtained by making a scan of m_0 and M_{1/2} over the ranges m_0 < 380 GeV and M_{1/2} <160 GeV and varying tan β within 5 < tan β < 15. The bounds are rather insensitive to the sign of the μ mass term.

through a full diagonalization of the slepton mass matrix. So, imposing that the contribution of each flavor off-diagonal entry to the rates of the above processes does not exceed (in absolute value) the experimental bounds, we obtain the limits on the δ^{ij} ’s, barring accidental cancellations.

The process that sets the most stringent bounds is the l_i → l_j γ decay, whose amplitude has the form

T = m_{li} ϵ^λu_j(p − q)[iq^ν σ_{λν} (A_LP_L + A_RP_R)]u_i(p) , (25)

where p and q are momenta of the leptons l_k and of the photon respectively, P_{R,L} =^1_2 (1 ± γ_5) and A_{L,R} are the two possible amplitudes entering the process. The lepton mass factor m_{li} is associated to the chirality flip present in this transition. In a supersymmetric framework, we can implement the chirality flip in three ways: in the external fermion line (as in the SM with massive neutrinos), at the vertex through a higgsino Yukawa coupling or in the internal gaugino line together with a chirality change in the sfermion line. The branching ratio of l_i → l_j γ can be written as BR(l_i → l_jγ) BR(l_i → l_j ν_iν̄_j ) = 48π^3α G^2_F

(|A^{ij}_L |^2 + |A^{ij}_R |^2) ,

with the SUSY contribution to each amplitude given by the sum of two terms A_{L,R} = A^n_{L,R} +A^c_{L,R}. Here A^n_{L,R} and A^c_{L,R} denote the contributions from the neutralino and chargino loops respectively.

Even though all our numerical results presented in Tables V–VII are obtained performing an exact diagonalization of sfermion and gaugino mass matrices, it is more convenient for the discussion to use the expressions for the l_i → l_j γ amplitudes in the MI approximation. In particular, we treat both the slepton mass matrix and the chargino and neutralino mass matrix off-diagonal elements

Type of δ^l_{13} τ → e γ τ → e e e τ → eμμ LL 0.15 − - RR - - - LR/RL 0.04 0.5 -

TABLE VI: Bounds on leptonic δ^l_{13} from various τ → e processes obtained using the same values of SUSY parameters as in Table V.

as mass insertions.^4 In this approximation, we have the following expressions

A^{ij}_L = α_2 4π ( δ^l_{ij} ) LL m^2_{l̃} [ f_{1n}(a_2)+f_{1c}(a_2)+ μM_2 tan β (M^2_2 −μ^2) ( f_{2n}(a_2, b)+f_{2c}(a_2, b) ) (26)

+ tan^2 θ_W ( f_{1n}(a_1) + μM_1 tan β ( f_{3n}(a_1) m^2_{l̃} + f_{2n}(a_1, b) (μ^2 −M^2_1 ) ))]

+ α_1 4π ( δ^l_{ij} ) RL m^2_{l̃} ( M_1 m_{li} ) 2 f_{2n}(a_1) ,

A^{ij}_R = α_1 4π ( (δ_{lij} ) RR m^2_{l̃} [ 4f_{1n}(a_1) + μM_1 tan β ( f_{3n}(a_1) m^2_{l̃} − 2f_{2n}(a_1, b) (μ^2 −M^2_1 ) )] (27)

+ ( δ^l_{ij} ) LR m^2_{l̃} ( M_1 m_{li} ) 2 f_{2n}(a_1) ) , where θ_W is the weak mixing angle, a_{1,2} = M^2_{1,2}/m̃^2, b = μ^2/m^2_{l̃} and f_{i(c,n)}(x, y) = f_{i(c,n)}(x) −

f_{i(c,n)}(y). The loop functions f_i are given as

f_{1n}(x) = (−17x^3 + 9x^2 + 9x − 1 + 6x^2(x + 3) ln x)/(24(1 − x)^5),

f_{2n}(x) = (−5x^2 + 4x + 1 + 2x(x + 2) ln x)/(4(1 − x)^4),

f_{3n}(x) = (1 + 9x − 9x^2 − x^3 + 6x(x + 1) ln x)/(3(1 − x)^5),

f_{1c}(x) = (−x^3 − 9x^2 + 9x + 1 + 6x(x + 1) ln x)/(6(1 − x)^5),

f_{2c}(x) = (−x^2 − 4x + 5 + 2(2x + 1) ln x)/(2(1 − x)^4) . (28)

We note that all ( δ^l_{ij} ) LL contributions with internal chirality flip are tan β-enhanced. On the other

hand, the only term proportional to ( δ^l_{ij} ) LR arises from pure B̃ exchange and it is completely

independent of tan β, as can be seen from Eqs. (26) and (27). Therefore the phenomenological

4 This approximation is well justified and reproduces the results of the full computation very accurately in a large region of the parameter space [46].

Type of δ^l_{23} τ → μ γ τ → μ μ μ τ → μ e e LL 0.12 - - RR - - - LR/RL 0.03 - 0.5

TABLE VII: Bounds on leptonic δ^l_{23} from various τ → μ processes obtained using the same values of SUSY parameters as in Table V.

bounds on ( δ^l_{ij} ) LL depend on tan β to some extent, while those on ( δ^l_{ij} ) LR do not. The bounds on LL and RL MIs are expected to approximately fulfill the relation ( δ^l_{ij} ) LR ≃ m_i m̃ tan β ( δ^l_{ij} ) LL . This is confirmed by our numerical study.

The δ^d_{RR} sector requires some care because of the presence of cancellations among different contributions to the amplitudes in regions of the parameter space. The origin of these cancellations is the destructive interference between the dominant contributions coming from the B̃ (with internal chirality flip and a flavor-conserving LR mass insertion) and B̃H̃^0 exchange [46, 47]. We can see this in the MI approximation if we compare the tan β enhanced terms in the second line of Eq. (26) with the tan β enhanced terms in Eq. (27). Here the loop function f_3(a_1) corresponds to the pure B̃ contribution while f_{2n}(a_1, b) represents the B̃H̃0 exchange. These contributions have different relative signs in Eq. (26) and Eq. (27) due to the opposite sign in the hypercharge of SU(2) doublets and singlets. Thus, the decay l_i → l_jγ does not allow to put a bound on the RR sector. We can still take into account other LFV processes such as l_i → l_j l_kl_k and μ–e in nuclei. These processes get contributions not only from penguin diagrams (with both photon and Z-boson exchange) but also from box diagrams. Still the contribution of dipole operators, being also tan β-enhanced, is dominant. Disregarding other contributions, one finds the relations Br(l_i →l_j l_kl_k) Br(l_i →l_j γ) ≃ α_e 3π ( log m^2_{li} m^2_{lk} −3 ) , Br(μ − e in Ti) ≃ α_eBR(μ → eγ) , (29) which clearly shows that l_i → l_j γ is the strongest constraint and gives the more stringent bounds on the different δ_{ij} ’s. As we have mentioned above, however, in the case of δ^l_{RR} the dominant dipole contributions interfere destructively in regions of parameters, so that Br(l_i → l_j γ) is strongly suppressed while Br(μ − e in nuclei) and Br(l_i → l_j l_kl_k) are dominated by monopole penguin

(both γ^∗ and Z-mediated) and box diagrams. The formulae for these contributions can be found in Ref. [48]. However, given that non-dipole contributions are typically much smaller than dipole ones outside the cancellation region, it follows that the bound on δ^l_{RR} from μ → eee are expected to be less stringent than the one on δ^l_{LL} from μ → eγ by a factor √ α/(8π) 1/ tan β ≃ 0.02/ tan β, if the experimental upper bounds on the two BRs were the same. This is partly compensated by the fact that the present experimental upper bound on the BR(μ → eee) is one order of magnitude smaller than that on BR(μ → eγ), as shown in Tab. IV. On the other hand, the process BR(μ − e in nuclei) suffers from cancellations through the interference of dipole and nondipole amplitudes as well. These cancellations prevent us from getting a bound in the RR sector from the μ–e conversion in nuclei now as well as in the future when their experimental sensitivity will be improved. However, the μ → eγ and μ–e in nuclei amplitudes exhibit cancellations in different regions of the parameter space so that the combined use of these two constraints produces a competitive or even stronger bound than the one we get from BR(μ → eee) alone [46].

We summarize the different leptonic bounds in tables V–VII. All these bounds are obtained making a scan of m_0 and M_{1/2} over the ranges m_0 <380 GeV and M_{1/2} <160 GeV and therefore correspond to the heaviest possible sfermions. As expected, the strongest bounds for δ^l_{LL} and δ^l_{LR} come always from μ → eγ, τ → μγ and τ → eγ processes. In the case of δ^l_{RR} we can only obtain a mild bound for ( δ^l_{12} ) RR from μ → eee and there are no bounds for ( δ^l_{23} ) RR and ( δ^l_{13} ) RR . Notice, however, that does not mean that these LFV processes are not effective to constrain the SUSY parameter space in the presence of RR MIs. For most of the values of m_0 and M_{1/2} there is no cancellation and the values of these MI are required to be of the order of the LL bounds. Only for those values of m_0 and M_{1/2} satisfying the cancellation conditions a large value of the RR MI is allowed. Therefore, we must check individually these constraints for fixed values of the SUSY parameters.

VII. QUARK-LEPTON MI RELATIONS IN GUT SCENARIOS

In the previous two sections we have collected the MI bounds obtained from the hadronic and leptonic processes. In the present section, let us consider a GUT theory, with the corresponding GUT symmetric relations holding at the GUT scale. We will focus on the SU(5) case as summarized by the relations in Table I. To make a comparison between leptonic and hadronic MI bounds we have to take into account that these bounds have a different dependence on the low-energy parameters of the theory. On the one hand, the hadronic processes are dominated by gluino contributions and therefore they mainly depend on the gluino mass and the “average squark mass”.^5 On the contrary, as we saw in section VI, the leptonic bounds depend basically on three parameters: gaugino mass, “average slepton mass” and tan β. In our model squark and slepton masses originate from a common scalar mass m_0 at the GUT scale and therefore we can relate the average squark and slepton masses.

As we have discussed in section III B, the off-diagonal elements of sfermion mass matrices are not significantly modified in the RGE evolution from M_{GUT} to M_W . However, under some conditions, as for example in the presence of large neutrino Yukawa couplings, the RG evolution can generate sizable off-diagonal elements in the slepton mass matrices even starting from a vanishing value at M_{GUT}. Clearly these effects are never present in the squark mass matrices, thus breaking the GUT symmetric relations. This implies that, given our ignorance on the structure of neutrino Yukawa couplings, we have to be careful when applying the MI bounds obtained from quarks to leptons or vice-versa.

In fact, if we obtain a bound on a δ^l_{ij} MI from a leptonic process at low scales, we can say that, barring accidental cancellations, this bound applies both to the mass insertions already present at M_{GUT} and to the mass insertions generated radiatively between M_{GUT} and M_{νR} . Therefore we can translate this low-scale bound into a bound on the MI at the GUT scale. This bound applies also to the squark MI at M_{GUT} and using RGEs we can transport this bound to the electroweak scale. For example, in SU(5), we find:

|(δ^d_{ij} )_{RR}| ≤ m^2_L m^2_dc

|(δ^l_{ij} )_{LL}| . (30)

The situation is different if we try to translate the bound from quark to lepton MIs. An hadronic MI bound at low energy leads, after RGE evolution, to a bound on the corresponding grandunified MI at M_{GUT}, applying both to slepton and squark mass matrices. However, if the neutrino Yukawa couplings have sizable off-diagonal entries, the RGE running from M_{GUT} to M_W could still generate a new contribution to the slepton MI that exceeds this GUT bound. Therefore hadronic bounds cannot be translated to leptons unless we make some additional assumptions on the neutrino Yukawa matrices.

On general grounds, given that SM contributions in the lepton sector are absent and that the branching ratios of leptonic processes constrain only the modulus of the MIs, it turns out that all the MI bounds arising from the lepton sector are circles in the Re ( δ^d_{ij} ) AB –Im ( δ^d_{ij} ) AB plane and

5 Note that the tan β dependence seeps in once we consider the double MIs ( δ^d_{ij} ) LL,RR ( δ^d_{jj} ) LR,RL.

FIG. 1: Allowed region in the Re ( δ^d_{23} ) LR-Im ( δ^d_{23} ) LR plane using hadronic constraints only (upper left),

leptonic constraints only (upper right), all constraints (lower left) and all constraints with improved leptonic

bounds (lower right).

are centered at the origin. In some cases, the hadronic bounds from B physics constraints are too

loose and, in principle, this would allow the presence of MIs larger than one. The Mass Insertion

approximation cannot be trusted when the bounds on the δ approach values O(1). Therefore, in

our analysis we always consider MI values smaller than one.^6 In the following we will analyze

6 Even in the case we consider the possibility of O(1) δs, the requirement of absence of tachyonic scalar masses in the slepton sector, i.e. ( δ^l_{3j} ) AB ≤ 1, provides a bound on the squark MIs through the GUT-symmetric relations among leptonic and hadronic MIs (see Table I)

the effect of leptonic bounds on the quark mass insertions. For instance, if we had a ( Δ^d_{23} ) LR at the GUT scale, this would have effects both in the τ → μγ and b → sγ decays. Neglecting the effects of neutrino Yukawas that, if present, could generate an additional ( δ^l_{23} ) LR in the RGE evolution, and using ( δ^d_{23} ) LR ≃ (m_b/m_τ ) (m^2_{l̃} /m^2_{q̃} ) ( δ^l_{23} ) RL , a bound on ( δ^l_{23} ) RL from the τ → μγ decay translates into a bound on ( Δ^d_{23} ) LR thus, into a bound on the SUSY contributions to BR (B → X_sγ). Similarly, the bound on ( δ^d_{23} ) LR would translate into an upper bound for the τ → μγ branching ratio.

We present the effect of this GUT correlation in our numerical analysis in Fig. 1. In the top row, we show the allowed region in the Re ( δ^d_{23} ) LR -Im ( δ^d_{23} ) LR plane (larger boxes correspond to higher probability densities), using hadronic (left) or leptonic (right) constraints only. We see that the present leptonic bounds have no effect on the ( δ^d_{23} ) LR couplings. This is due both to the existence of strong hadronic bounds from b → sγ and CP asymmetries and to the relatively weak leptonic bounds here. Even assuming a future bound on BR (τ → μγ) at the level of 10^{−8}, attainable at B factories, leptonic bounds would marginally improve the hadronic constraints. We remind the reader that the LR bounds are basically independent of tan β and hence this fact does not change for different tan β values. In Fig. 2 we present the results of the same analysis for ( δ^d_{23} ) RL . While the leptonic bounds do not change with respect to the previous case, the hadronic ones are different as SM and SUSY b → sγ and b → sℓ^+ℓ^− amplitudes interfere in the LR case only.

Similarly, if we have a ( Δ^d_{23} ) RR , the corresponding MIs at the electroweak scale are ( δ^d_{23} ) RR and ( δ^l_{23} ) LL that contribute to ΔM_{Bs} and τ → μγ respectively (the impact of ( Δ^d_{23} ) RR on b → sγ and b → sℓ^+ℓ^− is not relevant because of the absence of interference between SUSY and SM contributions). In Fig. 3 we present the allowed values of Re ( δ^d_{23} ) RR and Im ( δ^d_{23} ) RR with the different constraints. The leptonic constraints are quite effective as the bound on the BR(τ → μγ) from B-factories is already very stringent, while the recent measurement of ΔM_{Bs} is less constraining. The plots correspond to 5 < tan β < 15, thus, the absolute bound on ( δ^l_{23} ) LL is set by tan β = 5 and it scales with tan β as ( δ^l_{23} ) LL ∼ (5/ tan β).^7 In Fig. 4 we show the results of our analysis for ( δ^d_{23} ) LL . In this case, there is no appreciable improvement from the inclusion of leptonic constraints. In fact, we remind that τ → μγ is not effective to constrain ( δ^l_{23} ) RR , i.e. the leptonic MI related to ( δ^d_{23} ) LL in our SUSY-GUTs scheme, in large portions of the parameter space because of strong cancellations among amplitudes.

7 Sizable SUSY contributions to ΔMB_s are still possible from the Higgs sector in the large tan β regime both within [49, 50] and also beyond [9] the Minimal Flavor Violating (MFV) framework. However, for our parameter space, the above effects are completely negligible.

FIG. 2: Same as Fig. 1 for ( δ^d_{23} ) RL.

The analysis of the constraints on the different ( δ^d_{13} ) MIs is similar to that of the ( δ^d_{23} ) MIs.

In this case, the hadronic constraints come mainly from ΔM_{Bd} and the different CP asymmetries

measured at B-factories. The leptonic bounds are due to the decay τ → eγ. We present the

numerical results in Figs. 5, 6 and 7. Notice that, in spite of comparable experimental resolutions

on ΔM_{Bs} and ΔM_{Bd} , the constraints on ( δ^d_{13} ) RR are stronger than those on ( δ^d_{23} ) RR (see Figs. 3,6).

The reason is that, in the 13 sector, we can make use also of the constraints from 2β, in addition to

those relative to ΔM_{Bd} . Moreover, from Fig. 6 we see that the constraints arising from a combined

analysis of leptonic and hadronic processes are much more effective then the bounds obtained from

FIG. 3: Same as Fig. 1 for the ( δ^d_{23} ) RR.

the hadronic and leptonic processes alone. This is due to the fact that the maximal allowed values

for the hadronic and leptonic deltas in the upper row of Fig. 6 correspond to different values of

(m_0, M_{1/2}) in the two cases.^8 So, the different m_0 dependence of ΔM_{Bd} and τ → eγ provide the

explaination of their interplay in constraining ( δ^d_{13} ) RR (as it is clearly shown in the lower plot on

the left of Fig. 6). On the other hand, the above interesting interplay is not effective in the ΔM_{Bs}

8 From Eq. (19) we see that the maximal value of the radiatively induced δ^dLL corresponds to small M_{1/2} (small mq̃ ) and large m0. The largest allowed value for δ^dRR is set by the minimum value of this radiatively induced δ^dLL, i.e. large M_{1/2} and small m0/M_{1/2} . On the other hand the maximal allowed values from the leptonic delta correspond to large M_{1/2} and large m0.

FIG. 4: Same as Fig. 1 for ( δ^d_{23} ) LL.

case due to the better bound on the decay τ → μγ and the absence of analog 2β constraints in the 23 sector.

Moreover, the leptonic bounds do not have a sizable impact in the RL and LL cases, as clearly shown in Figs. 5 and 7, respectively. The LR case is identical to the RL one.

Finally we analyze the 1–2 sector. In Fig. 8 we can see the allowed values of Re ( δ^d_{12} ) LL and Im ( δ^d_{12} ) LL . As before, the plot on the left of the upper row corresponds to the allowed values of these parameters from hadronic constraints. The dominant hadronic bound comes from ε_K which however is ineffective along the Re ( δ^d_{12} ) LL and Im ( δ^d_{12} ) LL axes. These directions are eventually

FIG. 5: Same as Fig. 1 for ( δ^d_{13} ) RL.

bounded by the milder ΔM_K constraint. The upper right plot represents the values allowed taking into account the limits on the branching ratios of the processes μ → eγ, μ → eee and μ–e conversion in nuclei as per the SU(5) relations between ( δ^d_{12} ) LL and ( δ^l_{12} ) RR . As we saw in the previous section, the μ → eγ decay does not provide a bound to this MI due to the presence of cancellations between different contributions. We can only obtain a relatively mild bound, ( δ^l_{12} ) RR ≤ 0.09, if we take simultaneously into account all the leptonic processes. However, we see in the lower left plot that, once rescaled by the factor^{m̃2ec}_{m̃2dL} , this bound is more stringent than ΔM_K , so that it cuts the tails along the axes. Using the expected bounds for these decays from the proposed experiments,

FIG. 6: Same as Fig. 1 for ( δ^d_{13} ) RR.

we obtain the lower right plot in the figure. In these plots the leptonic constraints come from the monopole and box contributions to μ → eee and μ–e conversion in nuclei and therefore these bounds are independent of tan β. There is a modest improvement of the bounds on ( δ^d_{12} ) LL which however do not take into account possible improvements of the ϵ_K constraint.

In Fig. 9 we present the allowed values of Re ( δ^d_{12} ) RR and Im ( δ^d_{12} ) RR . In this case, leptonic constraints, already using the present upper bound, are competitive and constrain the direction in which the constraint from ε_K is not effective (see the upper left plot). Notice that this direction is rotated with respect to the LL case because of the presence of LL × RR double MIs.

FIG. 7: Same as Fig. 1 for ( δ^d_{13} ) LL.

In Figure 10 we can see the bounds on Re ( δ^d_{12} ) RL and Im ( δ^d_{12} ) RL . The same bounds apply also to the LR case. For these MIs, the hadronic bounds come also from ε^′/ε and are quite stringent. However, the bounds from μ → eγ are even more effective. Also in this case the bounds are independent of tan β.

VIII. CONCLUSIONS

While there exists a huge literature dealing, separately, with FCNC constraints on the hadronic and leptonic SUSY soft breaking terms, much less attention has been devoted to the intriguing

FIG. 8: Same as Fig. 1 for ( δ^d_{12} ) LL.

possibility that the two sectors may find correlated bounds in SUSY theories with an underlying grand unified symmetry.

We have pursued such an analysis in the context of a broad class of theories which are based on two appealing assumptions: i) local SUSY is broken in the observable sector through gravity mediation with the corresponding soft breaking terms arising (as momentum-independent hard terms) at an energy scale close to the Planck mass; ii) the fundamental gauge symmetry of the theory includes a grand unification of quarks and leptons which is present down to the typical GUT scale and hence constrains the form of the supergravity Lagrangian, in particular its Kähler potential.

FIG. 9: Same as Fig. 1 for ( δ^d_{12} ) RR.

The presence of the general conditions i) and ii) entails some correlation between hadronic and leptonic soft terms at the superlarge scale where they first arise.

Obviously, the extent to which such correlation survives when performing the superlarge running of the soft breaking terms from a scale close to the Planck mass down to the electroweak scale depends on the new physics present in such long interval. Here we adopted the two simplest possibilities: just a big desert or a new intermediate scale, below the GUT scale, where the right-handed neutrinos acquire a mass in a SUSY see-saw framework. Moreover, to make the problem treatable in a model independent way, we made two relevant simplifications on the possible pattern of the

FIG. 10: Same as Fig. 1 for ( δ^d_{12} ) RL.

soft breaking terms: we considered that only one of the FC MIs in Eqs. (5)–(7) is switched on at a time and in the discussion of the hadronic FCNC constraints we took the gluino exchange to be the representative source of the SUSY FCNC contributions. On the other hand, in the leptonic sector where there is no analog of the gluino dominance, we performed a full computation (in the slepton mass eigenstate basis) pointing out the possible cancellations which may arise when the various SUSY contributions are taken into account. Indeed, the first part of the present work provides a renewed, thorough and comprehensive assessment of the bounds on the hadronic and leptonic MIs taking into account all the relevant pieces of information on the FCNC phenomenology we have quarks vs leptons ( δ^d_{12} ) LL X ( δ^d_{12} ) RR X ( δ^d_{12} ) LR 2 ( δ^d_{12} ) RL 2 ( δ^d_{13} ) LL 1 ( δ^d_{13} ) RR X ( δ^d_{13} ) LR 1 ( δ^d_{13} ) RL 1 ( δ^d_{23} ) LL 1 ( δ^d_{23} ) RR 2 ( δ^d_{23} ) LR 1 ( δ^d_{23} ) RL 1

TABLE VIII: The final score of the quarks vs leptons match showing the dominance of hadronic bounds.

been accumulating in these last years. Obviously this constitutes the basis for the subsequent work

of correlating the hadronic and leptonic FC MIs which is the main goal of the paper.

The extent of the impact of such correlation on the present upper bounds on the FC δ param-

eters has been exemplified in the study of the role of LFV processes in constraining the hadronic

δ parameters in the down-squark sector. The relevant hadronic processes (in kaon and beauty

physics) which are involved in bounding the ( δ^d_{ij} ) AB (AB=LL,RR,LR,RL) already provide rather

stringent limits (see Table III) on most of them. Yet, the inclusion of the correlated constraints

arising from l_i → l_j + γ proves to be extremely powerful for quite a number of such δ’s. This is

the case for ( δ^d_{23} ) RR (Fig. 3) as well as for ( δ^d_{12} ) RL and ( δ^d_{12} ) LR (Fig. 10).

Leptonic bounds are competitive for ( δ^d_{12} ) LL (Fig. 8), ( δ^d_{12} ) RR (Fig. 9) and ( δ^d_{13} ) RR (Fig. 6).

Interestingly enough, this holds true even when we consider the present upper bounds on the

relevant LFV processes and, at least in some cases, it becomes dramatic when we take into account

the future experimental sensitivities to LFV (namely, the third column of Table IV). On the other

hand, most of ( δ^d_{ij} ) FC insertions are essentially unscathed by the inclusion of the related bounds

from LFV. This is the case for LL, LR and RL MIs in the 13 and 23 sectors.

The above considerations provide a precious tool in the effort to disentangle the underlying

SUSY theory in case some SUSY particles should show up in LHC physics. It will be very difficult

to have some “direct” signal of the presence of a grand unified supergravity (for instance, through

the observation and study of proton decay modes). Looking at correlated SUSY contributions in hadronic and leptonic FCNC processes, together with some information on the scale of the soft breaking sector from LHC, we could have some hints on whether there exists a grand unified underlying symmetry. Admittedly, even if we are particularly lucky (for instance we observe SUSY particles and some LFV processes), this is going to be a long term project which requires a lot of sweat and educated guesses. But, at least, our paper indicates possible paths to follow to achieve some result in the difficult task of “reconstructing” the correct fundamental SUSY theory.

In this sense, our work is yet another relevant proof of the complementarity of flavor and LHC physics in shedding light on such an underlying new physics beyond the SM.

On a more phenomenological ground, our results can find an important application in individuating for each FC δ MI which process (either hadronic or leptonic) is more suitable to constrain it. If it is true that in some cases hadronic δ’s find a better limit when LFV processes are taken into account (as we discussed above), also the reverse turns out to hold in several circumstances. For instance, we pointed out that there are cases when no bound emerges from LFV for some leptonic δ. This happens for ( δ^l_{23} ) RR (see Table VII) and in this case we have to make use of FCNC in B physics to extract a bound on such leptonic FC quantity. There is a healthy competition between hadronic and leptonic FCNC physics in limiting the SUSY MIs. A comprehensive score of such hadron versus lepton “match” is provided in Table VIII which shows the final ranking: quarks win with 21 points and leptons follow with 12 points.^9

In conclusion, we hope that this work may display the richness which is present in flavor physics once we assume a grand unified supergravity framework with gravity mediated SUSY breaking. It could be that, at the end, flavor physics is one of the very few handles we have to understand from low-energy physics whether Nature has chosen to possess supersymmetry and grand unification at the root of its symmetries.

Acknowledgments

We acknowledge discussions with E. Dudas and M. Passera. SKV acknowledges support from Indo-French Centre for Promotion of Advanced Research (CEFIPRA) project No: 2904-2 “Brane World Phenomenology”. AM thanks the PRIN “Astroparticle Physics” of the Italian Ministry MIUR and the INFN ‘Astroparticle Physics’ special project. We also aknowledge support from RTN European programs MRTN-CT-2004-503369 “The Quest for Unification”, MRTN-CT-2006-035482

9 Scores in Table VIII and points assignment follow the rules of the Italian (world champion) football league.

“FLAVIAnet”, MRTN-CT-2006-035863 “UniverseNet” and MRTN-CT-2006-035505 “Heptools”. O.V. acknowledges partial support from the Spanish MCYT FPA2005-01678. We thank the CERN theory group for hospitality at various stages of work.

[1] For a recent review, see M. A. Luty, arXiv:hep-th/0509029;

S. Weinberg, Quantum Theory of Fields, Vol III.

[2] For a recent review, see A. Masiero and O. Vives, Ann. Rev. Nucl. Part. Sci. 51 (2001) 161 [arXiv:hep-ph/0104027]; A. Masiero and O. Vives, New Jour. Phys. 4 (2002) 4.

[3] L. J. Hall, V. A. Kostelecky and S. Raby, Nucl. Phys. B 267, 415 (1986) ; F. Gabbiani and A. Masiero, Nucl. Phys. B 322, 235 (1989).

[4] F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B 477, 321 (1996) [arXiv:hep-ph/9604387].

[5] D. Becirevic et al., Nucl. Phys. B 634, 105 (2002) [arXiv:hep-ph/0112303]. [6] M. Ciuchini et al., JHEP 9810, 008 (1998) [arXiv:hep-ph/9808328].

[7] M. Ciuchini, E. Franco, A. Masiero and L. Silvestrini, Phys. Rev. D 67, 075016 (2003) [Erratum-ibid.

D 68, 079901 (2003)] [arXiv:hep-ph/0212397].

[8] T. Besmer, C. Greub and T. Hurth, Nucl. Phys. B 609, 359 (2001) [arXiv:hep-ph/0105292]; G. L. Kane, P. Ko, H. b. Wang, C. Kolda, J. h. Park and L. T. Wang, Phys. Rev. D 70, 035015 (2004) [arXiv:hep-ph/0212092]; R. Harnik, D. T. Larson, H. Murayama and A. Pierce, Phys. Rev. D 69, 094024 (2004) [arXiv:hep-ph/0212180];

[9] J. Foster, K. Okumura and L. Roszkowski, JHEP 0508 (2005) 094 [hep-ph/0506146]; Phys. Lett. B 641 (2006) 452 [arXiv:hep-ph/0604121].

[10] M. Ciuchini and L. Silvestrini, Phys. Rev. Lett. 97 (2006) 021803 [arXiv:hep-ph/0603114]. [11] M. Ciuchini, A. Masiero, L. Silvestrini, S. K. Vempati and O. Vives, Phys. Rev. Lett. 92, 071801 (2004) [arXiv:hep-ph/0307191].

[12] S. Baek, T. Goto, Y. Okada and K. i. Okumura, Phys. Rev. D 63, 051701 (2001) [arXiv:hep-ph/0002141]; 64, 095001 (2001) [arXiv:hep-ph/0104146]; J. Hisano and Y. Shimizu, Phys. Lett. B 565 (2003) 183 [arXiv:hep-ph/0303071]; C. S. Huang, T. j. Li and W. Liao, Nucl. Phys. B 673, 331 (2003) [arXiv:hep-ph/0304130].

[13] For a recent detailed discussion of the super-CKM basis, see for example D. J. H. Chung, L. L. Everett, G. L. Kane, S. F. King, J. D. Lykken and L. T. Wang, Phys. Rept. 407, 1 (2005) [arXiv:hep-ph/0312378].

[14] H. Georgi and C. Jarlskog, Phys. Lett. B 86, 297 (1979).

[15] A. Bartl, T. Gajdosik, E. Lunghi, A. Masiero, W. Porod, H. Stremnitzer and O. Vives, Phys. Rev. D 64 (2001) 076009 [arXiv:hep-ph/0103324].

[16] F. Borzumati and A. Masiero, Phys. Rev. Lett. 57, 961 (1986);

[17] A. Masiero, S. K. Vempati and O. Vives, New J. Phys. 6, 202 (2004) [arXiv:hep-ph/0407325]. [18] O. Vives, arXiv:hep-ph/0504079.

[19] A. Masiero, S. K. Vempati and O. Vives, Nucl. Phys. B 649, 189 (2003) [arXiv:hep-ph/0209303]. [20] J.A. Casas and S. Dimopoulos, Phys. Lett. B 387 (1996) 107 [hep-ph/9606237]. [21] S. Schael et al. [ALEPH Collaboration], Eur. Phys. J. C 47 (2006) 547 [arXiv:hep-ex/0602042]. [22] S. Eidelman et al. [Particle Data Group], Phys. Lett. B 592, 1 (2004).

[23] M. Misiak et al., Phys. Rev. Lett. 98 (2007) 022002 [arXiv:hep-ph/0609232]; M. Misiak and M. Steinhauser, Nucl. Phys. B 764, 62 (2007) [arXiv:hep-ph/0609241].

[24] H. N. Brown et al. [Muon g-2 Collaboration], Phys. Rev. D 62 (2000) 091101 [hep-ex/0009029]; Phys.

Rev. Lett. 8620012227 [hep-ex/0102017]; Phys. Rev. Lett. 89 (2002) 101804 [hep-ex/0208001]; Phys. Rev. Lett. 92 (2004) 161802 [hep-ex/0401008].

[25] M. Passera, J. Phys. G 31 (2005) R75 [hep-ph/0411168]; Nucl. Phys. Proc. Suppl. 155 (2006) 365 [hep-ph/0509372].

[26] T. Moroi, Phys. Rev. D 53 (1996) 6565 [hep-ph/9512396].

[27] S. Heinemeyer, W. Hollik and G. Weiglein, Phys. Rept. 425 (2006) 265 [arXiv:hep-ph/0412214]. [28] M. Ciuchini, E. Franco, V. Lubicz, G. Martinelli, I. Scimemi and L. Silvestrini, Nucl. Phys. B 523, 501 (1998) [arXiv:hep-ph/9711402].

[29] M. Ciuchini, E. Franco, D. Guadagnoli, V. Lubicz, V. Porretti and L. Silvestrini, JHEP 0609, 013 (2006) [arXiv:hep-ph/0606197].

[30] W. M. Yao et al. [Particle Data Group], J. Phys. G 33, 1 (2006). [31] Heavy Flavor Averaging Group, http://www.slac.stanford.edu/xorg/hfag. [32] M. Bona et al. [UTfit Collaboration], JHEP 0610, 081 (2006) [arXiv:hep-ph/0606167]. [33] S. Chen et al. [CLEO Collaboration], Phys. Rev. Lett. 87 (2001) 251807 [arXiv:hep-ex/0108032]. [34] P. Koppenburg et al. [Belle Collaboration], Phys. Rev. Lett. 93 (2004) 061803 [arXiv:hep-ex/0403004]. [35] B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 72 (2005) 052004 [arXiv:hep-ex/0508004]. [36] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 93 (2004) 081802 [arXiv:hep-ex/0404006]. [37] M. Iwasaki et al. [Belle Collaboration], Phys. Rev. D 72 (2005) 092005 [arXiv:hep-ex/0503044]. [38] A. Abulencia et al. [CDF Collaboration], arXiv:hep-ex/0609040.

[39] D. Becirevic, V. Gimenez, G. Martinelli, M. Papinutto and J. Reyes, JHEP 0204, 025 (2002) [arXiv:hep-lat/0110091].

[40] C. R. Allton et al., Phys. Lett. B 453, 30 (1999) [arXiv:hep-lat/9806016].

[41] R. Babich, N. Garron, C. Hoelbling, J. Howard, L. Lellouch and C. Rebbi, Phys. Rev. D 74, 073009 (2006) [arXiv:hep-lat/0605016].

[42] Y. Nakamura et al. [CP-PACS Collaboration], arXiv:hep-lat/0610075.

[43] M. Bona et al. [UTfit Collaboration], Phys. Rev. Lett. 97, 151803 (2006) [arXiv:hep-ph/0605213]. [44] A. J. Buras, G. Colangelo, G. Isidori, A. Romanino and L. Silvestrini, Nucl. Phys. B 566, 3 (2000)

[arXiv:hep-ph/9908371].

[45] M. Ciuchini et al., JHEP 0107, 013 (2001) [arXiv:hep-ph/0012308]. [46] P. Paradisi, JHEP 0510, 006 (2005) [arXiv:hep-ph/0505046].

[47] I. Masina and C. A. Savoy, Nucl. Phys. B 661, 365 (2003) [arXiv:hep-ph/0211283]. [48] J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Rev. D 53, 2442 (1996) [arXiv:hep-ph/9510309] ;

J. Hisano and D. Nomura, Phys. Rev. D 59, 116005 (1999) [arXiv:hep-ph/9810479]. [49] A. J. Buras, P. H. Chankowski, J. Rosiek and L. Slawianowska, Phys. Lett. B 546 (2002) 96 [arXiv:hep-ph/0207241] ;

A. J. Buras, P. H. Chankowski, J. Rosiek and L. Slawianowska, Nucl. Phys. B 659 (2003) 3 [arXiv:hep-ph/0210145].

[50] G. Isidori and P. Paradisi, Phys. Lett. B 639 (2006) 499 [arXiv:hep-ph/0605012]; E. Lunghi, W. Porod and O. Vives, Phys. Rev. D 74 (2006) 075003 [arXiv:hep-ph/0605177].