arXiv:hep-ph/0601100 v2 31 Jul 2006

Higgs-Mediated e → μ transitions in II Higgs doublet Model and Supersymmetry

P.Paradisi^a

aUniversity of Rome “Tor Vergata” and INFN sez. RomaII, Via della Ricerca Scientifica 1, I-00133 Rome

Abstract

We study the phenomenology of the e − μ lepton flavor violation (LFV) in a general two Higgs Doublet Model (2HDM) including the supersymmetric case. We compute the decay rate expressions of μ → eγ, μ → eee, and μ → e conversion in nuclei at two loop level. In particular, it is shown that μ → eγ is generally the most sensitive channel to probe Higgs-mediated LFV. The correlations among the decay rates of the above processes are also discussed.

1 Introduction

The Supersymmetric (SUSY) extension of the Standard Model (SM) is one of the most promising candidate for physics beyond the SM. Besides direct searches for SUSY particles, it is also important to analyze implications of such a theory in the low-energy phenomena, through virtual effects of SUSY particles. Lepton flavor violating (LFV) processes are excellent candidates to explore such virtual SUSY effects from low energy experiments [1]. In fact, in a SM framework with massive neutrinos, all the LFV transitions are expected at a very suppressed level, very far from any future and reasonable experimental resolutions. On the other hand, the observation of neutrino oscillation have established the existence of lepton family number violation. This mixing is expected to be manifested also in the charged lepton sector through the observation of rare decay processes such as μ → eγ, τ → μγ etc. Any experimental signals of such a process would clearly indicate the presence of a non standard mechanism. In a supersymmetric (SUSY) framework, new direct sources of flavor violation appear, provided the presence of off-diagonal soft terms in the slepton mass matrices and in the trilinear couplings [2]. In practice, flavor violation would originate from any misalignment between fermion and sfermion mass eigenstates. LFV processes arise at one loop level through the exchange of neutralinos (charginos) and charged sleptons (sneutrinos). The amount of the LFV is regulated by a Super-GIM mechanism that can be much less severe than in the non supersymmetric case [3,4,5]^1 . Another potential source of LFV in models such as the minimal supersymmetric standard model (MSSM) is the Higgs sector.

In fact, extensions of the Standard Model containing more than one Higgs doublet generally allow flavor-violating couplings of the neutral Higgs bosons with fermions. Such couplings, if unsuppressed, will lead to large flavor-changing neutral currents in direct opposition to experiments.

The MSSM avoids these dangerous couplings at the tree level segregating the quark and Higgs fields so that one Higgs (H_u) can couple only to up-type quarks while the other (H_d) couples only to d-type. Within unbroken supersymmetry this division is completely natural, in fact, it is required by the holomorphy of the superpotential. However, after supersymmetry is broken, couplings of the form QU_cH_d and QD_cH_u are generated at one loop [8]. As shown in ref.[9,10], the presence of these loop-induced non holomorphic couplings also leads to the appearance of flavor-changing couplings of the neutral Higgs bosons that are particularly relevant at large values of tan β. As a natural consequence, a variety of flavor-changing processes such as B^0 → μ^+μ^− [10], B̄^0 − B^0 [11], K → πνν̄ [13] etc. is generated^2 . Higgs-mediated FCNC can have sizable effects also in the lepton sector [14]: given a source of nonholomorphic couplings, and LFV among the sleptons, Higgs-mediated LFV is unavoidable.

These effects have been widely discussed in the recent literature both in a generic 2HDM [15,16,17] and in supersymmetry [17,18,19,20,21] frameworks. In particular, it has been shown that a tree level Higgs-exchange leads to τ → l_j l_kl_k [14], τ → l_j η [18], B^0 → l_j τ [20] and μ → e conversion in Nuclei [21].

Recently, it was pointed out that Higgs-mediated LFV effects can also generate violations of lepton universality at the 1% level in the R = Γ(K → eν)/Γ(K → μν) ratio [22].

Moreover, Higgs-mediated FCNC can have a sizable impact also in loopinduced processes, such as τ → l_j γ [17].

In this letter, we investigate the effects of Higgs mediated LFV in the e − μ transitions both in a generic two Higgs Doublet Model (2HDM) and in Supersymmetry. We evaluate analytical expressions and correlations for the rates of μ → eγ, μ → eee and μ → e conversion in nuclei at two loop level, establishing which the most promising channels to detect LFV signals are.

1 As recently shown in ref.[6], some of these effects are common to many extensions of the SM, even to non-susy scenarios, and can be described in a general way in terms of an effective field theory. Moreover, in the context of general SU(2)_L×U(1)_Y seesaw scenarios, large LFV effects can be induced by the exchange of left-handed and/or right-handed neutral singlets [7].

2 For a recent and detailed analysis of the B physics phenomenology at large tan β within the Minimal Flavor Violating framework, see [12].

2 LFV in the Higgs Sector

SM extensions containing more than one Higgs doublet generally allow flavor-violating couplings of the neutral Higgs bosons with fermions. Such couplings, if unsuppressed, will lead to large flavor-changing neutral currents in direct opposition to experiments. The possible solution to this problem involves an assumption about the Yukawa structure of the model. A discrete symmetry can be invoked to allow a given fermion type to couple to a single Higgs doublet, and in such case FCNC’s are absent at tree level. In particular, when a single Higgs field gives masses to both types of fermions the resulting model is referred as 2HDM-I. On the other hand, when each type of fermion couples to a different Higgs doublet the model is said 2HDM-II. In the following, we will assume a scenario where the type-II 2HDM structure is not protected by any symmetry and is broken by loop effects (this occurs, for instance, in the MSSM).

Let us consider the Yukawa interactions for charged leptons, including the radiatively induced LFV terms: −L ≃ l_{Ri}Y_{li} H_1L_i + l_{Ri} ( Y_{li} Δ^{ij}_L + Y_{lj} Δ^{ij}_R ) H_2L_j + h.c. (1)

where H_1 and H_2 are the scalar doublets, l_{Ri} are lepton singlet for right handed fermions, L_k denote the lepton doublets and Y_{lk} are the Yukawa couplings.

In the mass-eigenstate basis for both leptons and Higgs bosons, the effective flavor-violating interactions are described by the four dimension operators:

−L ≃ (2G^2_F )^{14} m_{li} c^2_β ( Δ^{ij}_L l^i_Rl^j_L + Δ^{ij}_Rl^i_Ll^j_R ) ( c_{β−α}h^0 − s_{β−α}H^0 − iA^0 )

+ (8G^2_F )^{14} m_{li} c^2_β ( Δ^{ij}_L l^i_Rν^j_L + Δ^{ij}_Rν^i_Ll^j_R ) H^± + h.c. (2) where α is the mixing angle between the CP-even Higgs bosons h_0 and H_0, A_0 is the physical CP-odd boson, H^± are the physical charged Higgs-bosons and t_β is the ratio of the vacuum expectation value for the two Higgs (where we adopt the notation, c_x, s_x = cos x, sin x and t_x = tan x). Irrespective to the mechanism of the high energy theories generating the LFV, we treat the Δ^{ij}_{L,R} terms in a model independent way. In order to constrain the Δ^{ij}_{L,R} parameters, we impose that their contributions to LFV processes do not exceed the experimental bounds [17].

On the other hand, there are several models with a specific ansatz about the flavor-changing couplings. For instance, the famous multi-Higgs-doublet models proposed by Cheng and Sher [23] predict that the LFV couplings of all the neutral Higgs bosons with the fermions have the form Hf_if_j ∼ √m_im_j .

In Supersymmetry, the Δ^{ij} terms are induced at one loop level by the exchange of gauginos and sleptons, provided a source of slepton mixing. In the so called MI approximation, the expressions of Δ^{ij}_{L,R} are given by

Δ^{ij}_L = − α_1 4π μM_1δ^{ij}_{LL}m^2_L [ I^′ (M^2_1 , m^2_R, m^2_L) + 1 2 I^′ (M^2_1 , μ^2, m^2_L) ] + + 3 2 α_2 4π μM_2δ^{ij}_{LL}m^2_LI^′ (M^2_2 , μ^2, m^2_L) , (3)

Δ^{ij}_R = α_1 4π μM_1m^2_Rδ^{ij}_{RR} [ I^′(M^2_1 , μ^2, m^2_R)−(μ ↔ m_L) ] (4) respectively, where μ is the the Higgs mixing parameter, M_{1,2} are the gaugino masses and m^2_{L(R)} stands for the left-left (right-right) slepton mass matrix entry. The LFV mass insertions (MIs), i.e. δ^{3ℓ}_{XX} = (m̃^2_ℓ )^{3ℓ}_{XX} /m^2_X (X = L, R), are the off-diagonal flavor changing entries of the slepton mass matrix. The loop function I^′ (x, y, z) is such that I^′ (x, y, z) = dI(x, y, z)/dz, where I(x, y, z) refers to the standard three point one-loop integral which has mass dimension -2 I_3(x, y, z) = xy log(x/y) + yz log(y/z) + zx log(z/x) (x − y)(z − y)(z − x) . (5)

The above expressions, i.e. the Eqs.3,4, depend only on the ratio of the susy mass scales and they do not decouple for large m_{SU SY} . As first shown in Ref.[19], both Δ^{ij}_R and Δ^{ij}_L couplings suffer from strong cancellations in certain regions of the parameter space due to destructive interferences among various contributions. For instance, from Eq.4 it is clear that, in the Δ^{ij}_R case, such cancellations happen if μ = m_L.

In the SUSY seesaw model, the MIs of the slepton mass matrix appear in the left-handed sleptons through the neutrino Yukawa interactions. The superpotential of the lepton sector is given by W = Y_eH_1l^c_RL + Y_ν H_2N^cL + (1/2)M_N N^cN^c, where N^c is the superfields corresponding to the right-handed neutrinos. The neutrino mass matrix is obtained by integrating out the heavy right-handed neutrinos as m_ν = (Y^T_ν M^{−1}_N Y_ν )v^2 sin^2 β/2, where v is the vacuum expectation value (VEV) of the Higgs field (v = 246 GeV). The correct size of the neutrino masses is obtained for right-handed neutrinos as heavy as 10^{14} GeV for f_ν ∼ O(1). The Yukawa coupling Y_ν violates the lepton flavor conservation and this violation is communicated to the slepton mass matrix at low-energy. The renormalization group equation (RGE) running effect induces the following off-diagonal components in the left-handed slepton mass matrix

(m̃^2_{ℓL} )_{ij} ≃ − 1 8π^2 m^2_0(3 + a^2) ( Y^†_ν log

M_{GUT} M_N Y_ν ) ij , (6)

where the SUSY breaking parameters m_0 and a stand for the scalar mass and the trilinear scalar coupling at the GUT scale, respectively.

Given our ignorance about the mixings in Y_ν , we consider two extremal benchmark cases as discussed, within the SO(10) framework, in [5]. As a minimal mixing case we take the one in which the neutrino and the up-quark Yukawa unify at the high scale, so that the mixing is given by the CKM matrix; this case is named ‘CKM–case’. As a maximal mixing scenario we take the one in which the observed neutrino mixing is coming entirely from the neutrino Yukawa matrix, so that Y_ν = U_{P M N S} · Y^{diag}_u , where U_{P M N S} is the Pontecorvo–Maki–Nakagawa–Sakata matrix; in this case the unknown U_{e3} PMNS matrix element turns out to be crucial in evaluating the size of LFV effects. The maximal case is named ‘PMNS–case’. As regards the δ^{21}_{LL} MI one obtains [5]

δ^{21}_{LL} = − 3 8π^2

Y^2_t V_{td}V_{ts} ln M_X M_{R3} CKM − case (7)

δ^{21}_{LL} = − 3 8π^2

Y^2_t U_{e3}U_{μ3} ln M_X M_{R3} PMNS − case . (8)

where we set a = 0. So, in the CKM–case, it turns out that δ^{21}_{LL} ≃ 3·10^{−5} while in the PMNS–case, taking U_{e3} = 0.07 at about half of the current CHOOZ bound, we get δ^{21}_{LL} ≃ 10^{−2}.

3 e − μ transitions in the non-decoupling limit

In this section, we will analyze e − μ transitions through the study of μ → eγ, μ → eee and μ → e conversion in nuclei in the non-decoupling limit of a 2HDM, where s_{β−α} = 0 and t_β is large. In particular, we derive analytical expressions and correlations for the examined branching ratios in order to establish which the most promising channels to detect Higgs mediated LFV are. μ → eγ is generated by a dipole operator arising, at least, from one loop Higgs exchange. However, higgs mediated dipole transitions imply three chirality flips: two in the Yukawa vertices and one in the lepton propagator. This strong suppression can be overcome at higher order level. Going to two loop level, one has to pay the typical g^2/16π^2 price but one can replace light fermion masses from yukawa vertices with heavy fermion (boson) masses circulating in the second loop [15,24]. In this case, the virtual higgs boson couples only once to the lepton line, inducing the needed chirality flip. As a result, two loop amplitudes provide the major effects and we find that Br(μ → eγ) is given by

Br(μ → eγ) ≃ 3 8 α_{el} π m^4_μ M^4_{h,A} Δ^2_1t^6_β [ ± log m^2_μ M^2_{h,A} − 2α_{el} π ( m^2_W m^2_μ )F (a_W ) t_β +

± α_{el} π ∑ f =b,τ N_f q^2_f ( m^2_f m^2_μ )( log m^2_f M^2_{h,A} )_2]_2 (9) where N_{τ,b} = 1, 3, q_f is the electric charge of the fermion f and a_W = m^2_W /m^2_h. The term proportional to F (a_W ) arises from two loop effects induced by Barr- Zee type diagrams [24] with a W boson exchange. The loop function F (z) is given by F (z) ≃ 3f(z) + 23 4 g(z) + f(z) − g(z) 2z (10)

with the Barr-Zee loop integrals given by: g(z) = 1 4 1∫ 0 dx log (z/x(1 − x)) z − x(1 − x) , (11)

f(z) = 1 4 1∫ 0 dx 1 − 2x(1 − x) log (z/x(1 − x)) z − x(1 − x) . (12)

For z ≪ 1 it turns out that: F (z) ∼ 35 16 (log z)^2 + log z + 2 4z . (13)

The first term of Eq.9 refers to one loop contributions while the last term arises from two loop effects induced by fermionic loops. In the computation, we retained only the h^0γγ effective vertex neglecting the (1 − 4 sin^2_W ) suppressed contributions arising from the h^0Zγ vertex.

To get a feeling on the relative size among different contributions, we note that two loop fermionic (bosonic) amplitudes are enhanced by an m^2_f /m^2_μ (m^2_W cot β/m^2_μ) factor with respect to the one loop amplitude. In fact, one gets heavy fermionic (bosonic) masses both from the fermionic (bosonic) propagators and from the Hf̄ f ∼ m_f t_β (HW W ∼ m_W ) couplings. Two loop effects generated by the top quark are generally subdominant. In fact, bearing in mind that any Model II 2HDM predicts that Ht̄t ∼ m_t/t_β and noting that the top amplitude isn’t enhanced by large logarithm factors one finds naively that A^b A^t ∼ q^2_b q^2_t m^2_b t^2_β m^2_{top} ( log m^2_b m^2_h

)_2 , where A_{t,b} stands for the top and bottom two loop amplitudes. Since the Higgs mediated LFV is relevant only at large t_β ≥ 30, it is clear that τ and b contributions are dominant.

Moreover, from Eqs.9-13 it is straightforward to check that two loop effects are largely dominated by the W exchange instead of the exchange of heavy fermions. A possible exception arises only if m_A ≪ m_h. In fact, bearing in mind that pseudoscalar bosons do not couple to a W pair, it turns out that two loop W effects are sensitive only to scalar mediation, in contrast to the fermionic case. At this point, we proceed to consider the contributions to μ → eee and μAl → eAl. We find that μ → eee is completely dominated by the photonic μ → eγ^∗ dipole amplitude so that Br(μ → eee) ≃ α_{em}Br(μ → eγ). On the other hand, μ → e conversion in Nuclei gets the major effects by the scalar operator through the tree level Higgs exchange that leads to the following expression for Br(μAl → eAl):

Br(μAl → eAl) ≃ 1.8 × 10^{−4} m^7_μm^2_p v^4m^4_hω^{Al}_{capt} Δ^2_1t^6_β , (14)

where ω^{Al}_{capt} ≃ 0.7054 · 10^6sec^{−1}. In fact, in contrast to μ → 3e, that is suppressed by the electron mass through the H(A)ēe ∼ m_e coupling, μN → eN is not suppressed by the light constituent quark m_u and m_d but only by the nucleon masses, because the Higgs-boson coupling to the nucleon is shown to be characterized by the nucleon mass using the conformal anomaly relation [25]. In particular, the most important contribution turns out to come from the exchange of the scalar Higgs boson h and H which couples to the strange quark [26]^3 . Moreover, from a previous analysis [17], we know that μ → eγ^∗ (chirality conserving) monopole amplitudes are generally subdominant compared to (chirality flipping) dipole effects. In addition, the enhancement mechanism induced by Barr-Zee type diagrams is effective only for chirality flipping operators so, in the following, we will disregard chirality conserving one loop effects. Let us derive now the approximate relations among μAl → eAl, μ → eγ and μ → eee branching ratios Br(μ → eγ) Br(μAl → eAl) ≃ 10^2 ( F (a_W ) tan β

)_2 , Br(μ → eee) Br(μ → eγ) ≃ α_{el} (15)

where the approximate expression for F (a_W ) is given by Eq.13. In the above equations we retained only dominant two loop effects arising from W exchange. The exact behavior for the examined processes is reported in fig.1 where we can see that μ → eγ gets the largest branching ratio except for a region around m_H ∼ 700Gev where strong cancellations among two loop effects sink its size. For a detailed discussion about the origin of these cancellations and their connection with non-decoupling properties of two loop W amplitude, see ref.[15]. On the other hand, μ → eγ amplitude can receive large one loop contributions by a double LFV source, namely by (Δ^{21})_{ef f.} = Δ^{23}Δ^{31} and

3 As discussed in [21], the coherent μ − e conversion process, where the initial and final nuclei are in the ground state, is expected to be enhanced by a factor of O(Z) (where Z is the atomic number) compared to incoherent transition processes. Since the initial and final states are the same, the elements ⟨N|p̄p|N⟩ and ⟨N|n̄n|N⟩ are nothing but the proton and the neutron densities in a nucleus in the nonrelativistic limit of nucleons. In this limit, the other matrix elements ⟨N|p̄γ_5p|N⟩ and ⟨N|n̄γ_5n|N⟩ vanish. Therefore, in the coherent μ − e conversion process, the dominant contributions come from the exchange of h and H, not A.

therefore, the resulting Br(μ → eγ) is: Br(μ → eγ) ≃ 3 8 α_{el} π ( m^2_τ M^2_{h,A} )_2

t^8_β [( ± log m^2_τ M^2_{h,A} + 4(−5) 3 ) Δ^{23}_L Δ^{31}_L + ± ( m_τ m_μ )( log m^2_τ M^2_{h,A} + 3 2 ) Δ^{23}_R Δ^{31}_L

]_2

+ (L ↔ R). (16)

Now, in contrast to one loop contributions with a single LFV coupling (see the first term of Eq.9), it is always possible to pick up m_τ instead of m_μ both at the LFV Yukawa vertices and at the fermion propagator. However, if the LFV couplings are generated radiatively (as it happens for instance in a Susy framework), the above enhancement is modulated by the loop suppression. In practice, the dominance of one loop effects (with two LFV couplings) over two loop effects (with one LFV coupling) depends on the specific model we are treating, namely on the size of Δ_{ij} terms. Assuming that the contributions with a double source of LFV (see Eq.16) dominate over those with a single LFV source (see Eq.9), the following ratios are expected: Br(μAl → eAl) Br(μ → eγ) ≃ Br(μ → eee) Br(μ → eγ) ≃ α_{el}. (17) The μ → eγ^∗ dominance in Br(μAl → eAl) and Br(μ → eee) is the reason of the above correlations. On the other hand, the same correlations are expected, for instance, in a Susy framework with gaugino mediated LFV and then, the predictions of Eq.17 prevent us from distinguishing between the two scenarios. Possible deviations from Eq.17 can arise only through tree level Higgs exchange effects to μAl → eAl.

4 e − μ transitions in the decoupling limit

The decoupling limit of a 2HDM is a particularly appealing scenario in that it is achieved by Supersymmetry. In this context, the higgs bosons masses are nearly degenerate m_A ≃ m_H ≃ m_H ± being the mass splitting of order O(m^2_Z /m_A) and, in addition, it turns out that c_{β−α} = 0 and m_Z /m_A → 0. In particular, the couplings of the light Higgs boson h are nearly equal to those of the SM Higgs boson. In a Supersymmetric framework, besides the higgs mediated LFV transitions, we have also LFV effects mediated by the gauginos through loops of neutralinos (charginos)- charged sleptons (sneutrinos). On the other hand, the above contributions have different decoupling properties regulated by the mass of the heaviest scalar mass (m_H ) or by the heaviest mass in the slepton gaugino loops (m_{SU SY} ). However, in both cases, the effective operator for l_i → l_j γ is m_{li} m^2_{H,SU SY} l̄_iσ^{μν} l_jF_{μν} .

In principle, the m_{SU SY} and m_H masses can be unrelated so, we can always proceed by considering only the Higgs mediated effects (assuming a relatively light m_H and an heavy m_{SU SY} ) or only the gaugino mediated contributions (if m_H is heavy). So, taking into account the only Higgs-mediated effects, we get the following branching ratio for μ → eγ^4 :

Br(μ → eγ) ≃ 3 2 α^3_{el} π^3

Δ^2_1t^6_β [ ∑ f =b,τ N_f q^2_f m^2_f M^2_H ( log m^2_f M^2_H + 2 ) − m^2_W M^2_H

F (a_W ) t_β +

+ N_c 4 ( q^2_{t̃} m_tμ t_βM^2_H sin 2θ~_t h(x~_{tH} ) − q^2_{b̃} m_bA_b M^2_H sin 2θ~_b h(x~_{bH} ) )]_2

≃ 3 2 α^3_{el} π^3

Δ^2_1 t^4_β ( m^4_W M^4_H ) ( F (a_W )

)_2

(18)

where a_W = m^2_W /m^2_H , x~_{f H} = m^2_{f̃} /m^2_H , θ_{t̃,b̃} are squarks mixing angles and the loop function h(z) is given by:

h(z) = 1∫ 0 dx x(1 − x) log (z/x(1 − x)) z − x(1 − x) . (19)

The asymptotic form of h(z), which may be useful for an easy understanding of the results, is given by:

h(z) = −(log z + 2) z ≪ 1

0.344 z = 1 1 6z (log z +^5_3 ) z ≫ 1.

(20)

The first two terms of Eq.18 refer to two loop effects induced by fermionic and W loops, respectively, while the last term appears only in a supersymmetric framework and it is relative to squark loops [27]. In the previous section, we have seen that W effects dominate over the fermionic ones. Moreover, being the H and A masses almost degenerate in the decoupling limit, the H and A contributions partially cancel themselves in the fermionic amplitude because of their opposite signs. This is in contrast to the W amplitude that turns out

4 In a SUSY framework, the couplings between the scalar and the fermions are given by −i( √ 2G_F )^{1/2} tan βHξ_f m_f ff where the parameters ξ_f are equal to one at tree level but they can get large corrections from higher order effects. For instance, ξ_b gets contributions from gluino-squark loops (proportional to α_st_β ) that enhance or suppress significantly the tree level value of ξ_b [8]. In the ξ_τ case the leading one loop effects induced by chargino-sneutrino contributions (proportional to α_wt_β ) do not affect ξ_τ so significantly. For simplicity’s sake, we disregard the above factors in the following.

to be sensitive only to H effects.

As regards the squark loop effects, it is very easy to realize that they are negligible compared to W effects. In fact, it is well known that Higgs mediated LFV can play a relevant or even a dominant role compared to gaugino mediated LFV provided that slepton masses are not below the T eV scale while maintaining the Higgs masses at the electroweak scale (and assuming large t_β values). In this context, it is natural to assume squark masses at least of the same order as the slepton masses (at the T eV scale) so that x~_{fH} ≫ 1. So, even for maximum squark mixings, namely for sin 2θ_{t̃,}~_b ≃ 1, and large A_b and μ terms, two loop squark effects remain much below the W effects, as it is straightforward to check by Eqs.18, 19,20. In the decoupling limit, μ → eee and μAl → eAl are still dominated by the two loop μ → eγ^∗ amplitude and by a three level Higgs exchange, respectively. Finally one gets the following relations: Br(μ → eγ) Br(μAl → eAl) | | |_{Higgs} ≃ 10^2 ( F (a_W ) tan β

)_2 , Br(μ → eee) Br(μ → eγ) | | |_{Higgs} ≃ α^{el}. (21)

As we can note, the above predictions are exactly the same ones we found in the non-decoupling limit and the numerical results are reported in fig.1. However, this property is no longer true for processes associated to e − τ and μ − τ transitions [17]. Let us now consider the one loop contributions to μ − e transitions arising from (Δ^{21})_{ef f.} = Δ^{23}Δ^{31}. The corresponding Br(μ → eγ) is: Br(μ → eγ) ≃ 3 2 α_{el} π ( m^2_τ m^2_A

)_2

t^8_β [( δm m_A log m^2_τ m^2_A + 1 6 ) Δ^{23}_L Δ^{31}_L + + ( m_τ m_μ )( δm m_A )( log m^2_τ m^2_A + 3 2 ) Δ^{23}_R Δ^{31}_L

]_2

+ (L ↔ R) (22)

where δm = m_A − m_H . The proportional term to Δ^{23}_R Δ^{31}_L ∼ δ^{23}_{RR}δ^{31}_{LL} in eq.16 is enhanced by an m_τ /m_μ factor compared to the proportional term to Δ^{23}_L Δ^{31}_L ∼ δ^{23}_{LL}δ^{31}_{LL}. On the other hand, this enhancement is not effective in a Susy framework. In fact, the upper bounds on δ^{23}_{RR}δ^{31}_{LL} imposed by the gaugino mediated effects to Br(μ → eγ) are stronger than those relative to δ^{23}_{LL}δ^{31}_{LL} of the same m_τ /m_μ factor [28], as we will discuss. Differently from the non-decoupling limit case, now one loop effects with two LFV couplings are suppressed by the mass splitting δm/m_A. In a SUSY framework, if δm/m_A ≃ 10%, Δ^{21} ∼ 10^{−3}δ^{21} and δ^{21} ∼ δ^{23}δ^{31} we get Br^{μ→eγ}_{1−loop}, roughly two-three order of magnitude below the Br^{μ→eγ}_{2−loop} obtained from two loop effects with a single LFV coupling. However, in a generic model II 2HDM, one loop effects can still provide the major effects depending on the size of the Δ_{ij} terms. In the following, we are interested to make a comparison between Higgs and gaugino mediated LFV effects. To this purpose let us report the branching ratio of l_i → l_j γ induced by the one loop exchange of neutralinos, charginos and sleptons

Fig. 1. Left: Branching ratios of μ → eγ, μ → eee and μAl → eAl in the Higgs mediated LFV case vs the Higgs boson mass m_h. In the decoupling (non-decoupling) limit m_h refers to the heaviest (lightest) Higgs boson mass. Right: Branching ratios of μ → eγ, μ → eee and μAl → eAl in the gaugino mediated LFV case vs a common SUSY mass m_{SU SY} . In both of figures we set t_β = 50 and δ^{21}_{LL} = 10^{−2} (that corresponds, in a generic 2HDM, to Δ^{21}_L ≃ 5 · 10^{−6}). BR(μ → eγ) BR(μ → eν_μν̄_e) = 48π^3α G^2_F

(|A_L|^2 + |A_R|^2) ,

where the A_{L,R} amplitudes are given by

A_L = α_2 4π δ^{21}_{LL}t_β [ μM_2 (f_{2n}(a_{2L}, b_L)+f_{2c}(a_{2L}, b_L)) m^4_L(M^2_2 −μ^2)

+ tan^2 θ_W μM_1 (−f_{2n}(a_{1L}, b_L) m^4_L(M^2_1 −μ^2) + 1 (m^2_R − m^2_L) · ( 2f_{2n}(a_{1L}) m^4_L + 1 (m^2_R −m^2_L)

(f_{3n}(a_{1R}) m^2_R − f_{3n}(a_{1L}) m^2_L )))] , (23)

A_R = α_1 4π δ^{21}_{RR}t_βμM_1

[ 2f_{2n}(a_{1R}, b_R)

m^4_R(M^2_1 −μ^2) + 1 (m^2_L −m^2_R) · ( 2f_{2n}(a_{1R})

m^4_R + 1 (m^2_L −m^2_R)

( f_{3n}(a_{1L}) m^2_L − f_{3n}(a_{1R}) m^2_R ))] ,(24)

respectively, and a_{1L,2L} = M^2_{1,2}/m^2_L, a_{1R} = M^2_1 /m^2_R and b_{L,R} = μ^2/m^2_{L,R}. The loop functions f_{i(c,n)}(x)’s are such that f_{i(c,n)}(x, y) = f_{i(c,n)}(x) − f_{i(c,n)}(y) with.

f_{2n}(a) =

−5a^2 + 4a + 1 + 2a(a + 2) ln a 4(1 − a)^4 f_{3n}(a) =

1 + 2a ln a − a^2 2(1 − a)^3 f_{2c}(a) =

−a^2 − 4a + 5 + 2(2a + 1) ln a 2(1 − a)^4 . As we can see from Eq. (23), the A_L amplitude includes both U(1) (the terms proportional to tan^2 θ_W ) and SU(2) type contributions. The U(1) contributions correspond to pure B̃ exchange, with chirality-flip in the internal fermion line or to B̃ − H̃^0 exchange with chirality flip realized at the Yukawa vertex. For the SU(2) case, we have W̃ − H̃ exchange both for charginos and for neutralinos. However, given that W̃ fields do not couple to right-handed fields, pure W̃ exchange can not mediate any contribution with internal sfermion line chirality flip in contrast to the U(1) case. On the contrary, the A_R amplitude receives only U(1) contributions. As regard the A_R amplitude, we observe that it suffers from some cancellations among different contributions in regions of the parameter space. The origin of these cancellations is the destructive interference between the contributions coming from the B̃ (with internal chirality flip) and B̃H̃^0 exchange. It is easy to check numerically that these contributions, have opposite sign in all the parameter space. On the other hand the same type of contributions in the δ_{LL} case have the same sign. The reason for this difference is the opposite sign in the hypercharge of SU(2) doublets and singlets.

Finally, we observe that, if the SUSY model contains both δ^{23}_{LL} and δ^{31}_{RR} MI types, we get an additional contribution so that A^{tot}_L = A_L + A^′_L with A^′_L given by:

A^′_L = − α_1 2π ( m_τ m_μ ) μM_1t_β δ^{23}_{LL}δ^{31}_{RR} (m^2_L −m^2_R)^2 · · [ f_{2n}(a_L) m^4_L + f_{2n}(a_R) m^4_R + 1 (m^2_R −m^2_L)

( f_{3n}(a_R) m^2_R − f_{3n}(a_L) m^2_L )] . (25)

A particularly interesting feature of the above amplitude is the m_τ /m_μ enhancement with respect to the usual Bino-like mediated processes. This is due to the implementation of the chirality flip in the internal sfermion line through δ^{LR}_{33} ∼ m_τ μ tan β and not by δ^{LR}_{22} ∼ m_μμ tan β, as usual. The A^′_R amplitude, relative to δ^{RR}_{23} δ^{LL}_{31} , is simply obtained by A^′_R = A^′_L(L ↔ R). The contribution reported in Eq.25 has to be compared with the second term of Eq.22 that is the analog contribution in the Higgs mediated LFV case.

We stress that, in Eq.25, we have not included contributions proportional to δ^{RR,LL} 23 δ^{RR,LL}_{31} because they are generally suppressed (or at most comparable) compared to those proportional to δ^{RR,LL}_{21} . On the contrary, in Eq.22, terms proportional to Δ^{RR,LL}_{23} Δ^{RR,LL}_{31} were retained because enhanced by a (m_τ /m_μ)^2 factor compared to the corresponding effects proportional to Δ^{RR,LL}_{21} .

The processes μ → eee and μ–e conversion in Nuclei get contributions not only from penguin-type diagrams (both with photon or Z-boson exchange) but also from box-type diagrams. In fact, the dipole μ → eγ^∗ contribution in these processes is also given by Eqs. 23,24 and therefore is enhanced by a tan β factor. On the other hand the other contributions, monopole or boxes, are not proportional to tan β. So the dipole contributions usually dominate specially in the large tan β regime and one can find the simple theoretical relations Br(μ → eee) Br(μ → eγ) | | | |_{Gauge} ≃ Br(μ − e in Ti) Br(μ → eγ) | | | |_{Gauge} ≃ α^{el} (26)

In order to make the comparison between Higgs and Chargino mediated LFV effects as simple as possible, let us consider the simple case where all the susy particles are degenerate. In this case, it turns out that

Δ^{21}_L ∼ α_2 24π δ^{21}_{LL} ,

BR(μ → eγ) | | | |_{Gauge} = 2α_{el} 75π ( 1+ 5 4 tan^2 θ_W

)_2( m_{4W} m^4_{SU SY} )( δ^{21}_{LL} )_2

t^2_β ,

Br(μ → eγ) | | | |_{Higgs} ≃ 3 2 α^3_{el} π^3 ( α_2 24π )_2(m_{4W} M^4_H ) ( F (a_W )

)_2( δ^{21}_{LL} )_2

t^4_β . (27)

In Fig.1 we report the branching ratios of the examined processes as a function of the heaviest Higgs boson mass m_H (in the Higgs LFV mediated case) or of the common susy mass m_{SU SY} (in the gaugino LFV mediated case). We set t_β = 50 and we consider the PMNS scenario as discussed in Section 2 so that (δ^{21}_{LL})_{P M N S} ≃ 10^{−2}. Subleading contributions proportional to (δ^{23}_{LL(RR)}δ^{31}_{RR(LL)})_{P M N S} (see Eqs.22,25) were neglected since, in the PMNS scenario, it turns out that (δ^{23}_{LL(RR)}δ^{31}_{RR(LL)})_{P M N S} /(δ^{21}_{LL})_{P M N S} ≃ 10^{−3} [5]. As we can see from Fig.1, Higgs mediated effects start being competitive with the gaugino mediated ones when m_{SU SY} is roughly one order of magnitude larger then the Higgs mass m_H . Moreover, we stress that, both in the gaugino and in the Higgs mediated cases, μ → eγ gets the largest effects. In particular, within the PMNS scenario, it turns out that Higgs mediated Br(μ → eγ) ∼ 10^{−11} when m_H ∼ 200GeV and t_β = 50, that is just closed to the present experimental resolution.

5 Conclusions

In this letter we have studied Higgs-mediated LFV e − μ transitions in 2HDM and Supersymmetry frameworks. The sources of LFV were parametrized in a model independent way in order to be as general as possible. In particular, we have analyzed μ → eγ, μ → eee and e − μ conversion in nuclei finding that μ → eγ is generally the most sensitive channel to probe Higgs-mediated

LFV. Analytical expressions for the rates of the above processes and their correlations have been established up to two loop level. Particular emphasis was given to the correlations among the processes as an important signature of the theory. In fact, while it is rather difficult to predict the absolute branching ratio value for any given process (depending on the amount of LFV sources and on the mass spectrum), possible correlations with other processes seem to be a more powerful tool to disentangle different scenarios. In this respect, experimental improvements in all the examined e − μ transitions would be very welcome. On the other hand, we have shown that the Higgs-mediated contributions to LFV processes can be within the present or upcoming experimental resolutions and provide an important chance to detect new physics beyond the Standard Model.

Acknowledgments: I thank A.Brignole, G.Isidori, R.Kitano and A.Masiero for useful discussions.

References

[1] For a recent review on the experimental side, see for example, B. L. Roberts, M. Grassi and A. Sato, Nucl. Phys. Proc. Suppl. 155, 123 (2006) [arXiv:hep-ex/0510055].

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

[3] For a recent review see for example, A. Masiero, S. K. Vempati and O. Vives, New J. Phys. 6, 202 (2004) [arXiv:hep-ph/0407325].

[4] An incomplete list of references: F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys. B 477, 321 (1996) [arXiv:hep-ph/9604387]; R. Barbieri and L. J. Hall, Phys. Lett. B 338, 212 (1994) [arXiv:hep-ph/9408406]; R. Barbieri, L. J. Hall and A. Strumia, Nucl. Phys. B 445, 219 (1995) [arXiv:hep-ph/9501334]; J. Hisano, T. Moroi, K. Tobe and M. Yamaguchi, Phys. Rev. D 53 (1996) 2442 [arXiv:hep-ph/9510309]; J. Hisano, T. Moroi, K. Tobe, M. Yamaguchi and T. Yanagida, Phys. Lett. B 357, 579 (1995) [arXiv:hep-ph/9501407]; J. Hisano and D. Nomura, Phys. Rev. D 59, 116005 (1999) [arXiv:hep-ph/9810479]; J. A. Casas and A. Ibarra, Nucl. Phys. B 618 (2001) 171 [arXiv:hep-ph/0103065]; S. Lavignac, I. Masina and C. A. Savoy, Phys. Lett. B 520, 269 (2001) [arXiv:hep-ph/0106245]; S. Lavignac, I. Masina and C. A. Savoy, Nucl. Phys. B 633, 139 (2002) [arXiv:hep-ph/0202086]; I. Masina and C. A. Savoy, Nucl. Phys. B 661, 365 (2003) [arXiv:hep-ph/0211283]; J. R. Ellis, M. E. Gomez, G. K. Leontaris, S. Lola and D. V. Nanopoulos, Eur. Phys. J. C 14, 319 (2000) [arXiv:hep-ph/9911459]; W. Buchmuller, D. Delepine and F. Vissani, Phys. Lett. B 459, 171 (1999) [arXiv:hep-ph/9904219]; W. Buchmuller, D. Delepine, L.T. Handoko Nucl. Phys. B 576,445 (2000) [arXiv:hep-ph/9912317]; Y. Kuno, Y. Okada Rev. Mod. Phys. 73,151 (2001)

[arXiv:hep-ph/9909265]; F. Deppisch, H. Pas, A. Redelbach, R. Ruckl and Y. Shimizu, Eur. Phys. J. C 28 (2003) 365 [arXiv:hep-ph/0206122]; F. Deppisch, H. Pas, A. Redelbach, R. Ruckl and Y. Shimizu, Phys. Rev. D 69, 054014 (2004) [arXiv:hep-ph/0310053]; F. Deppisch, H. Pas, A. Redelbach and R. Ruckl, Phys. Rev. D 73, 033004 (2006) [arXiv:hep-ph/0511062]; S. T. Petcov, T. Shindou and Y. Takanishi, Nucl. Phys. B 738, 219 (2006) [arXiv:hep-ph/0508243]; S. T. Petcov, W. Rodejohann, T. Shindou and Y. Takanishi, Nucl. Phys. B 739, 208 (2006) [arXiv:hep-ph/0510404]; E. Arganda and M. J. Herrero, Phys. Rev. D 73, 055003 (2006) [arXiv:hep-ph/0510405].

[5] A. Masiero, S. K. Vempati and O. Vives, Nucl. Phys. B 649, 189 (2003) [arXiv:hep-ph/0209303]; L. Calibbi, A. Faccia, A. Masiero and S. K. Vempati, arXiv:hep-ph/0605139.

[6] V. Cirigliano, B. Grinstein, G. Isidori and M. B. Wise, Nucl. Phys. B 728, 121 (2005) [arXiv:hep-ph/0507001].

[7] A. Ilakovac and A. Pilaftsis, Nucl. Phys. B 437, 491 (1995) [arXiv:hep-ph/9403398]; F. Deppisch and J. W. F. Valle, Phys. Rev. D 72 (2005) 036001 [arXiv:hep-ph/0406040].

[8] L. J. Hall, R. Rattazzi and U. Sarid, Phys. Rev. D 50, 7048 (1994) [arXiv:hep-ph/9306309]; T. Blazek, S. Raby and S. Pokorski, Phys. Rev. D 52, 4151 (1995) [arXiv:hep-ph/9504364]; M. Carena, D. Garcia, U. Nierste and C. E. M. Wagner, Phys. Lett. B 499, 141 (2001) [arXiv:hep-ph/0010003].

[9] C. Hamzaoui, M. Pospelov and M. Toharia, Phys. Rev. D 59, 095005 (1999) [arXiv:hep-ph/9807350]

[10] K. S. Babu and C. F. Kolda, Phys. Rev. Lett. 84, 228 (2000) [arXiv:hep-ph/9909476].

[11] G. D’Ambrosio, G. F. Giudice, G. Isidori and A. Strumia, Nucl.

Phys. B 645, 155 (2002) [arXiv:hep-ph/0207036]; G. Isidori and A. Retico, JHEP 0111, 001 (2001) [arXiv:hep-ph/0110121]; G. Isidori and A. Retico, JHEP 0209, 063 (2002) [arXiv:hep-ph/0208159]; A. J. Buras, P. H. Chankowski, J. Rosiek and L. Slawianowska, Nucl. Phys. B 659, 3 (2003) [arXiv:hep-ph/0210145]; A. Dedes, Mod. Phys. Lett. A 18, 2627 (2003) [arXiv:hep-ph/0309233]; A. Dedes and A. Pilaftsis, Phys. Rev. D 67, 015012 (2003) [arXiv:hep-ph/0209306].

[12] G. Isidori and P. Paradisi, arXiv:hep-ph/0605012; E. Lunghi, W. Porod and O. Vives, arXiv:hep-ph/0605177.

[13] G. Isidori and P. Paradisi, Phys. Rev. D 73, 055017 (2006) [arXiv:hep-ph/0601094].

[14] K. S. Babu and C. Kolda, Phys. Rev. Lett. 89, 241802 (2002) [arXiv:hep-ph/0206310].

[15] D. Chang, W. S. Hou and W. Y. Keung, Phys. Rev. D 48, 217 (1993) [arXiv:hep-ph/9302267];

[16] M. Sher and Y. Yuan, Phys. Rev. D 44, 1461 (1991); R. A. Diaz, R. Martinez and J. A. Rodriguez, Phys. Rev. D 64 (2001) 033004 [arXiv:hep-ph/0103050]; R. Diaz, R. Martinez and J. A. Rodriguez, Phys. Rev. D 63, 095007 (2001) [arXiv:hep-ph/0010149]; E. O. Iltan, JHEP 0306, 016 (2003) [arXiv:hep-ph/0303149]; JHEP 0402, 065 (2004) [arXiv:hep-ph/0312311]; Y. F. Zhou, J. Phys. G 30, 783 (2004) [arXiv:hep-ph/0307240]; S. Kanemura, T. Ota and K. Tsumura, Phys. Rev. D 73, 016006 (2006) [arXiv:hep-ph/0505191]; W. j. Li, Y. d. Yang and X. d. Zhang, Phys. Rev. D 73, 073005 (2006) [arXiv:hep-ph/0511273]; S. N. Gninenko, M. M. Kirsanov, N. V. Krasnikov and V. A. Matveev, Mod. Phys. Lett. A 17, 1407 (2002) [arXiv:hep-ph/0106302]; M. Sher and I. Turan, Phys. Rev. D 69, 017302 (2004) [arXiv:hep-ph/0309183].

[17] P. Paradisi, JHEP 0602, 050 (2006) [arXiv:hep-ph/0508054].

[18] M. Sher, Phys. Rev. D 66, 057301 (2002) [arXiv:hep-ph/0207136]; A. Brignole and A. Rossi, Nucl. Phys. B 701, 3 (2004) arXiv:hep-ph/0404211.

[19] A. Brignole and A. Rossi, Phys. Lett. B 566, 217 (2003) [arXiv:hep-ph/0304081].

[20] A. Dedes, J. R. Ellis and M. Raidal, Phys. Lett. B 549, 159 (2002) [arXiv:hep-ph/0209207]; E. Arganda, A. M. Curiel, M. J. Herrero and D. Temes, Phys. Rev. D 71, 035011 (2005) [arXiv:hep-ph/0407302]; S. Kanemura, K. Matsuda, T. Ota, T. Shindou, E. Takasugi and K. Tsumura, Phys. Lett. B 599, 83 (2004) [arXiv:hep-ph/0406316]; S. Kanemura, Y. Kuno, M. Kuze and T. Ota, Phys. Lett. B 607, 165 (2005) [arXiv:hep-ph/0410044]; J. K. Parry, arXiv:hep-ph/0510305.

[21] R. Kitano, M. Koike, S. Komine and Y. Okada, Phys. Lett. B 575, 300 (2003) [arXiv:hep-ph/0308021].

[22] A. Masiero, P. Paradisi and R. Petronzio, arXiv:hep-ph/0511289.

[23] T.P. Cheng and M. Sher, Phys. Rev. D 35, 3484 (1987).

[24] S. M. Barr and A. Zee, Phys. Rev. Lett. 65, 21 (1990) [Erratum-ibid. 65, 2920 (1990)].

[25] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Phys. Lett. B 78, 443 (1978).

[26] A. Corsetti and P. Nath, Phys. Rev. D 64, 125010 (2001).

[27] The relevance of two loop Barr-Zee type contributions to Electric Dipole Moments induced by a loop of squarks was pointed out in: D. Chang, W. Y. Keung and A. Pilaftsis, Phys. Rev. Lett. 82, 900 (1999) [Erratum-ibid. 83, 3972 (1999)] [arXiv:hep-ph/9811202].

[28] P. Paradisi, JHEP 0510, 006 (2005) [arXiv:hep-ph/0505046].