Published by Institute of Physics Publishing for SISSA/ISAS Received: January 13, 2004 Revised: February 19, 2004 Accepted: February 25, 2004

The μ → eγ and τ → μγ decays in the general two Higgs doublet model with the inclusion of one universal extra dimension

Erhan Onur Iltan

Physics Department, Middle East Technical University Ankara, Turkey E-mail: eiltan@heraklit.physics.metu.edu.tr

Abstract: We study the effect of one universal extra dimension on the branching ratios of the lepton flavor violating processes μ → eγ and τ → μγ in the general two Higgs doublet model. We observe that these new effects are tiny for the small values of the compactification radius R. Furthermore, we see that these effects are comparable with the branching ratio obtained without including extra dimension, if the neutral Higgs bosons are nearly degenerate and the complexity of the Yukawa coupling, inducing the vertex tau-tau-h^0 (A^0), is large.

Keywords: Beyond Standard Model, Rare Decays.

© SISSA/ISAS 2004 http://jhep.sissa.it/archive/papers/jhep022004065 /jhep022004065 .pdf

Contents

1. Introduction 1

2. The LFV interactions μ → eγ and τ → μγ in the general two Higgs doublet model with the inclusion of one universal extra dimension 2

3. Discussion 6

1. Introduction

Lepton Flavor Violating (LFV) interactions are rich from the theoretical point of view since they exist at the loop level and the related measurable quantities contain number of free parameters of the model used. In such decays, the assumption of the non-existence of Cabibbo-Kobayashi-Maskawa (CKM) type matrix in the leptonic sector, in the framework of the standard model (SM), forces one to search the physics beyond. The improvement of the experimental measurements of the LFV processes make it possible to understand the new physics effects more accurately. One of the candidate model beyond the SM is the general two Higgs doublet model (2HDM), so called the model III. In this model the LFV interactions are induced by the internal neutral Higgs bosons h^0 and A^0 and the Yukawa couplings, appearing as free parameters, can be determined by the experimental data. The μ → eγ and τ → μγ are the examples of LFV interactions and the current limits for their branching ratios (BR’s) are 1.2 × 10^{−11} [1] and 1.1 × 10^{−6} [2] respectively. In the literature, there are several studies on the LFV interactions in various models. Such interactions are investigated in a model independent way in [3], in supersymmetric models [4], in the framework of the 2HDM [5, 6].

In this work, we study the LFV processes μ → eγ and τ → μγ in the framework of the model III, with the addition of one extra spatial dimension. Higher dimensional scenarios has been induced by the string theories as a possible solution to the hierarchy problem of the standard model (SM) and there is an extensive work on this subject in the literature [7]– [16]. The idea is that the ordinary four dimensional SM is the low energy effective theory of a more fundamental one lying in larger dimensions and the extra dimensions over the 4-dimension are compactified on a circle of a radius R, which is a typical size of an extra dimension. This size has been studied using the present experimental data in several works [9, 10] and estimated as large as few hundereds of GeV [7, 8, 11], not to contradict with the experiments. Furthermore, the loop effects induced by the internal top quark are sensitive to the KK mode contributions and the size of the extra dimensions has been estimated in the range 200 − 500 GeV, using electroweak precision measurements [12], the B − B̄ -mixing [13, 14] and the flavor changing process b → sγ [15].

– 1 –

In the 4 dimensions, the extra dimension takes the form of Kaluza-Klein (KK) excitations of fields, 2HDM fields in our case, with masses ∼ n/R. In the case that all 2HDM fields lie in the extra dimension, the extra dimensional momentum is conserved and, in our case, the coupling of Higgs boson-lepton-lepton vertex involves one external zero mode lepton and internal KK mode of lepton and neutral Higgs boson. Such extra dimensions are called universal extra dimensions (UED).

In the LFV μ → eγ and τ → μγ decays, the effect of one UED is carried by the KK mode of internal neutral Higgs fields, h^0, A^0, and internal lepton fields, at one loop order, in the model III version of the 2HDM. The non-zero KK modes of neutral Higgs fields H have masses √ m^2_H + m^2_n with m_n = n/R. Here m_n = n/R is the mass of n’th level KK particle where R is the compactification radius. Similarly, the non-zero KK modes of lepton doublets (singlets) have the left (right) handed lepton fields with masses √ m^2_{li} + m^2_n and the right (left) handed ones with masses m_n. It should be noted that the KK spectrum at each excitation level is nearly degenerate for different lepton flavors since their masses are smaller compared to the mass m_n = n/R.

This work is devoted to the the effect of one UED on the BR of the LFV processes μ → eγ and τ → μγ in the framework of the model III. It is observed that these new effects are tiny for the small values of the compactification radius. Furthermore, these effects are comparable with the BR obtained without including extra dimension, in the case that the neutral Higgs bosons are nearly degenerate and the complexity of the Yukawa coupling is large.

The paper is organized as follows: In section 2, we present the BR’s of LFV interactions μ → eγ and τ → μγ in the model III version of the 2HDM with the inclusion of one universal extra dimension. Section 3 is devoted to discussion and our conclusions.

2. The LFV interactions μ → eγ and τ → μγ in the general two Higgs doublet model with the inclusion of one universal extra dimension

In the model III version of the 2HDM the flavor changing neutral currents (FCNC) at tree level is permitted and the LFV interactions exist with larger BR‘s, compared to ones obtained in the SM. The main parameters in this calculation are the new Yukawa couplings, that can be chosen complex. The addition of one spatial UED brings new contributions to the BR‘s of LFV processes at one loop order and the part of the lagrangian responsible for these interactions is the Yukawa lagrangian, which reads in 5 dimension

L_Y = η^E_{5 ij}l̄_iϕ_1E_j + ξ^E_{5 ij}l̄_iϕ_2E_j + h.c. , (2.1)

with 5-dimensional Yukawa couplings η^E_{5 ij} , ξ^E_{5 ij}, where i, j are family indices of leptons, ϕ_i for i = 1, 2, are the two scalar doublets, l_i and E_j are lepton doublets and singlets respectively. These fields are the functions of x^μ and y, where y is the coordinate represents the 5‘th dimension. The Yukawa couplings η^E_{5 ij}, ξ^E_{5 ij} are dimensionful and rescaled to the ones in 4-dimension as η^E_{5 ij} = √ 2πR η^E_{ij} , and ξ^E_{5 ij} = √ 2πR ξ^E_{ij} . Here ϕ_1 and ϕ_2 are

– 2 – chosen as

ϕ_1 = 1 √ 2 [( 0 v + H^0 ) + ( √ 2χ^+ iχ^0 )] ; ϕ_2 = 1 √ 2 ( √ 2H^+ H_1 + iH_2 ) , (2.2)

and the vacuum expectation values are

⟨ϕ_1⟩ = 1 √ 2 ( 0 v ) ; ⟨ϕ_2⟩ = 0 . (2.3)

With this choice, the SM particles can be collected in the first doublet and the new particles in the second one. The part which produce FCNC at tree level is

L_{Y,F C} = ξ^E_{5 ij}l̄_iϕ_2E_j + h.c. . (2.4)

Here the Yukawa matrices ξ^E_{5 ij} have in general complex entries and they are the source of CP violation. Note that in the following we replace ξ^E with ξ^E_N where “N” denotes the word “neutral”. The five dimensional lepton doublets and singlets have both chiralities and the 4-dimensional lagrangian is constructed by expanding these fields into their KK modes. Besides, the extra dimension denoted by y is compactified on a circle of radius R and the zero modes of the wrong chirality (l_{iR}, E_{iL}) are projected out by compactification of the fifth dimension y on an S^1/Z_2 orbifold, namely Z_2 : y → −y. The KK decompositions of the lepton and Higgs fields read

ϕ_{1,2}(x, y) = 1 √ 2πR { ϕ^{(0)}_{1,2}(x) + √ 2 ∞∑ n=1 ϕ^{(n)}_{1,2} (x) cos (ny R ) }

l_i(x, y) = 1 √ 2πR { l^{(0)}_{iL} (x) + √ 2 ∞∑ n=1 [ l^{(n)}_{iL} (x) cos (ny R ) + l^{(n)}_{iR} (x) sin (ny R )]}

E_i(x, y) = 1 √ 2πR { E^{(0)}_{iR} (x) + √ 2 ∞∑ n=1 [ E^{(n)}_{iR} (x) cos (ny R ) + E^{(n)}_{iL} (x) sin (ny R )] } , (2.5)

where ϕ^{(0)}_{1,2}(x), l^{(0)}_{iL} (x) and E^{(0)}_{iR} (x) are the 4-dimensional Higgs doublets, lepton doublets and lepton singlets respectively. Here L and R denote chiral projections L(R) = 1/2(1∓γ_5) and they are four dimensional. Each non-zero KK mode of Higgs doublet ϕ_2 (ϕ_1) includes a charged Higgs of mass √ m^2_{H±} + m^2_n (m_n), a neutral CP even Higgs of mass √ m^2_{h0} + m^2_n ( √ m^2_{H0} + m^2_n), a neutral CP odd Higgs of mass √ m^2_{A0} + m^2_n (m_n) with m_n = n/R. Here m_n = n/R is the mass of n’th level KK particle where R is the compactification radius. Similarly, the non-zero KK modes of lepton doublets (singlets) have the left (right) handed lepton fields with masses √ m^2_{li} + m^2_n and the right (left) handed ones with masses m_n.

Notice that the KK spectrum at each excitation level is nearly degenerate for different lepton flavors since their masses are smaller compared to the mass m_n = n/R.

Now we will consider the lepton flavor violating processes μ → eγ and τ → μγ with the addition of one spatial extra dimension. These processes are good candidates for searching the new physics beyond the SM and for the determination of the free parameters existing.

– 3 –

Here we take into account only the neutral Higgs contributions in the lepton sector of the model III and, therefore, the neutral Higgs bosons h^0 and A^0 are responsible for these interactions. The addition of one extra spatial dimension brings new contribution due to the internal h^{0n}- l^n_i (l_{1,2,3} = τ, μ, e), A^{0n}- l^n_i KK modes and these contributions are calculated by taking the vertices involving one zero mode and two non-zero modes (see figure 1). The processes we consider exist at least in the one loop level and the corresponding diagrams are classified in two different groups, namely, self energy diagrams and vertex diagrams. Now, we use the on-shell renormalization scheme and extract the nonvanishing structures to get a gauge invariant result. In this scheme, the self energy diagrams for on-shell leptons vanish since they can be written as ∑ (p) = (p̂ − m_{l1} ) ¯∑ (p)(p̂ − m_{l2} ) . (2.6)

However, the vertex diagrams a and b in figure 1 give non-zero contribution. The bare vertex function Γ^0_α has a logarithmic divergence and it can be eliminated by introducing the counter term Γ^C_α to satisfy the expression

k^αΓ^{Ren}_α = 0 , (2.7)

where Γ^{Ren}_α is Γ^{Ren}_α = Γ^0_α + Γ^C_α and it is in the form

Γ^{Ren}_α = 2 A_1 (B_1) σ_{αν} k^ν R + 2 A_2 (B_2) σ_{αν} k^ν L . (2.8)

Here k_ν is the photon momentum 4-vector, A_1(B_1) and A_2 (B_2) are the functions of the masses of the leptons and the Yukawa couplings (see eq. (2.10) and (2.12)) appearing in μ → eγ (τ → μγ) decay. Using the matrix element M = ϵ^αēΓ^{Ren}_α μ, with the polarization vector ϵ^α of the photon, the decay width for the process μ → eγ can be obtained as

Γ(μ → eγ) = c_1 ( |A_1|^2 + |A_2|^2 ) , (2.9)

where

A_1 = Q_τ 1 48m^2_τ ( 6m_τ ξ̄^{E∗}_{N,τ e}ξ̄^{E∗}_{N,τ μ} ( F (z_h0 ) − F (z_A0 ) ) +m_μξ̄^{E∗}_{N,τ e}ξ̄^E_{N,τ μ} × × ( G(z_h0 ) + G(z_A0 ) + ∞∑ n=1 m^2_τ (m^{extr}_τ )^2

(G(z_{n,h}0 ) + G(z_{n,A}0 )) )) , A_2 = Q_τ 1 48m^2_τ ( 6m_τ ξ̄^D_{N,τ e}ξ̄^D_{N,τ μ} ( F (z_h0 ) − F (z_A0 ) ) + m_μξ̄^D_{N,τ e}ξ̄^{D∗}_{N,τ μ} × × ( G(z_h0 ) + G(z_A0 ) + ∞∑ n=1 m^2_τ (m^{extr}_τ )^2

(G(z_{n,h}0 ) + G(z_{n,A}0 )) )) ,(2.10)

c_1 =^{G2F αemm3μ} 32π^4 , and the amplitudes A1 and A2 have right and left chirality respectively

(see eq. (2.8)). Here we take only τ lepton for the internal line.

– 4 –

Figure 1: One loop diagrams contribute to l_1 → l_2γ decay due to the zero mode (KK mode) neutral Higgs bosons h^0 and A^0 (h^{0n} and A^{0n}) in the 2HDM.

The decay width of the other LFV process τ → μγ can be calculated using the same procedure, namely, using the matrix element M = ϵ^α μ̄ Γ^{Ren}_α τ, and reads as

Γ(τ → μγ) = c_2(|B_1|^2 + |B_2|^2) , (2.11)

where

B_1 = Q_τ 1 48 m^2_τ ( 6m_τ ξ̄^{E∗}_{N,τ μ}ξ̄^{E∗}_{N,τ τ} ( F (z_h0 ) − F (z_A0 ) ) + m_τ ξ̄^{E∗}_{N,τ μ}ξ̄^E_{N,τ τ} × × ( G(z_h0 ) + G(z_A0 ) + ∞∑ n=1 m^2_τ (m^{extr}_τ )^2

(G(z_{n,h}0 ) + G(z_{n,A}0 )) )) , B_2 = Q_τ 1 48 m^2_τ ( 6 m_τ ξ̄^D_{N,τ μ} ξ̄^D_{N,τ τ} ( F (z_h0 ) − F (z_A0 ) ) + m_τ ξ̄^D_{N,τ μ}ξ̄^{D∗}_{N,τ τ} × × ( G(z_h0 ) + G(z_A0 ) + ∞∑ n=1 m^2_τ (m^{extr}_τ )^2

(G(z_{n,h}0 ) + G(z_{n,A}0 )) )) ,(2.12)

and c_2 =^{G2F αemm5τ}_{32π4} . Here the amplitudes B_1 and B_2 have right and left chirality, respectively. The functions F (w) and G(w) in eqs. (2.10) and (2.12)are given by

F (w) = w (3 − 4 w + w^2 + 2 ln w)

(−1 + w)^3 , G(w) = w (2 + 3 w − 6 w^2 + w^3 + 6 w ln w) (−1 + w)^4

, (2.13)

where z_H =^{m2τ}_{m2H} , z_{n,H} =^{m2τ +(n/R)2}

m^2_H +(n/R)^2 , (m extr

τ )^2 = m^2_τ + (n/R)^2, Q_τ is the charge of τ lepton.

The Yukawa couplings ξ̄^E_{N,ij} appearing in the expressions are defined as ξ^E_{N,ij} = √_{4 GF√} 2 ξ̄E_{N,ij}. In our calculations we take into account only internal τ-lepton contribution since, in our assumption, the couplings ξ̄^E_{N,ij}, i, j = e, μ, are small compared to ξ̄^E_{N,τ i} i = e, μ, τ due to the possible proportionality of them to the masses of leptons under consideration in the vertices and we used parametrization ξ̄^E_{N,τ l} = |ξ̄^E_{N,τ l}| e^{iθ}l , (2.14) with the CP violating phase θ_l to extract the complexity of these couplings. Furthermore, we take the Yukawa couplings for the interactions lepton-KK mode of lepton-KK mode of Higgs bosons (h^0 and A^0) as the same as the ones for the interactions of zero mode fields.

– 5 –

3. Discussion

The LFV l_i → l_j γ (i ≠ j) interactions exist at the loop level in the model III and the Yukawa couplings ξ̄^D_{N,ij}, i, j = e, μ, τ are the essential parameters used in the calculations of physical quantities related to those decays. The Yukawa couplings are free parameters of the theory and they can be fixed by present and forthcoming experiments. In our calculations, we assume that the Yukawa couplings ξ̄^E_{N,ij} is symmetric with respect to the indices i and j and take ξ̄^E_{N,ij}, i, j = e, μ, as small compared to ξ̄^E_{N,τ i} i = e, μ, τ since the strength of these couplings are related with the masses of leptons denoted by the indices of them, similar to the Cheng-Sher scenerio [17]. For the μ → eγ decay the Yukawa couplings ξ̄^E_{N,τ μ} and ξ̄E_{N,τ e} play the main role. The first one is restricted by using the experimental uncertainty, 10^{−9}, in the measurement of the muon anomalous magnetic moment and the upper limit of ξ̄^E_{N,τ μ} is predicted as 30 GeV (see [18] and references therein). For the numerical values of the Yukawa coupling ξ̄^E_{N,τ e}, we use the prediction 10^{−3} − 10^{−2} GeV which respects the experimental upper limit of BR of μ → eγ decay, BR ≤ 1.2 × 10^{−11} and predicted value of ξ̄^E_{N,τ μ} ≤ 30 GeV (see [5] for details). For the τ → μγ decay the Yukawa couplings ξ̄^E_{N,τ τ} and ξ̄^E_{N,τ μ} play the main role and for ξ̄^E_{N,τ τ} we use numerical values larger than the upper limit of ξ̄^E_{N,τ μ}.

The addition of one extra spatial dimension brings new contribution to the BR of the decays under consideration and this contribution emerges from the KK excitations of the lepton and Higgs fields. In the case that all the fields live in higher dimension [10, 12], namely ‘universal extra dimension’, the KK number at each vertex is conserved and, in the present processes, the additional ‘lepton-KK lepton-KK Higgs’ vertices appear. In our calculations we take into account such vertices and assume that the Yukawa couplings existing are the same as the ones existing in the zero-mode case. Since the extra dimension is compactified on a an orbifold such that the zero mode leptons and Higgs fields are 4- dimensional model III particles, there exist a compactification scale 1/R, where R is the size of the extra dimension. This parameter needs to be restricted and the lower bound for inverse of the compactification radius is estimated as ∼ 300 GeV [12].

In our work we predict the one UED effect on the BR of the LFV processes μ → eγ and τ → μγ in the framework of the type III 2HDM. These decays exit at least in the one loop level in the model III and the addition of one spatial dimension results in new loop diagrams induced by the KK excitations of the lepton and Higgs fields (see figure 1). In the numerical calculations we study the BR and the ratio of KK mode contributions to the zero mode ones, within a wide range of the compactification scale 1/R and try to estimate the effects of possible complexity of Yukawa couplings and the mass ratio of neutral Higgs bosons, h^0 and A^0.

In figure 2, we present the compactification scale 1/R dependence of the BR for the LFV decay μ → eγ for m_h0 = 85 GeV, m_A0 = 95 GeV, ξ̄^D_{N,τ μ} = 30 GeV, for four different values of the coupling ξ̄^D_{N,τ e}. The solid (dashed, small dashed, dotted) line represents the BR for ξ̄^D_{N,τ e} = 0.5 × 10^{−3}(1.0 × 10^{−3}, 0.5 × 10^{−2}, 1.0 × 10^{−2}) GeV. This figure shows that the BR is not sensitive to the scale 1/R and therefore the contribution due to the one spatial extra dimension is suppressed. In the BR the main contribution comes from the

– 6 –

Figure 2: The compactification scale 1/R dependence of the BR for the LFV decay μ → eγ for m_h0 = 85 GeV, m_A0 = 95 GeV, ξ̄^D_{N,τ μ} = 30 GeV, for four different values of the coupling ξ̄^D_{N,τ e}. The solid (dashed, small dashed, dotted) line represents the BR for ξ̄^D_{N,τ e} = 0.5 × 10^{−3}(1.0 × 10^{−3}, 0.5 × 10^{−2}, 1.0 × 10^{−2}) GeV.

Figure 3: The compactification scale 1/R dependence of the BR for the LFV decay τ → μγ for m_h0 = 85 GeV, m_A0 = 95 GeV, ξ̄^D_{N,τ μ} = 30 GeV, for six different values of the coupling ξ̄^D_{N,τ τ} . The solid (dashed, small dashed, dotted, dot-dashed, double dotted) line represents the BR for ξ̄D_{N,τ τ} = 50 (100, 150, 200, 250, 300) GeV.

term which is proportional to the one including the function F (see eq. (2.10)). However, the term including the extra dimension contribution is proportional the suppression factor x_{μτ} =^{mμ}_{mτ} . In addition to this the large compactification scale 1/R causes to decrease the extra dimension contribution.

Figure 3 is devoted to the compactification scale 1/R dependence of the BR for the LFV decay τ → μγ, for m_h0 = 85 GeV, m_A0 = 95 GeV, ξ̄^D_{N,τ μ} = 30 GeV, for six different values of the coupling ξ̄^D_{N,τ τ} . The solid (dashed, small dashed, dotted, dot-dashed, double dotted) line represents the BR for ξ̄^D_{N,τ τ} = 50 (100, 150, 200, 250, 300) GeV. In this figure, it is shown that the BR is not sensitive to the scale 1/R for its large values. In the BR of this decay, the term including the extra dimension contribution does not have the suppression factor x_{μτ} and therefore the sensitivity of the BR is greater for small values

– 7 –

Figure 4: The relative behaviors of the coupling ξ̄^D_{N,τ τ} and the compactification scale 1/R for the fixed values of the upper limits BR of the decay τ → μγ, for m_h0 = 85 GeV, m_A0 = 95 GeV, ξ̄D_{N,τ μ} = 30 GeV. The solid (dashed, small dashed) line represents the upper limit of the BR as 10^{−6} (10^{−7}, 10^{−8}).

Figure 5: sinθ_{τ τ} dependence of the Ratio = BR^{extr}/BR^{2HDM} , for m_A0 = 95 GeV, for five different values of the scale 1/R. The solid (dashed, small dashed, dotted,dot-dashed) line represents the Ratio for 1/R = 100 (200, 300, 400, 500) GeV.

of the compactification scale, compared to the one for the μ → eγ decay. However, at the large scale 1/R the extra dimension contribution is negligible.

In figure 4, we present the relative behaviors of the coupling ξ̄^D_{N,τ τ} and the compactification scale 1/R for the fixed values of the upper limits BR of the decay τ → μγ, for m_h0 = 85 GeV, m_A0 = 95 GeV, ξ̄^D_{N,τ μ} = 30 GeV. The solid (dashed, small dashed) line represents the upper limit of the BR as 10^{−6} (10^{−7}, 10^{−8}). It is observed that the increasing values of the the scale 1/R forces the Yukawa coupling to increase to be able to reach the numerical value of the upper limit for the BR of the process and the sensitivity to the scale 1/R increases with the increasing values of the upper limit of the BR.

At this stage we take the Yukawa coupling ξ̄^D_{N,τ τ} complex (see eq. (2.14)) and study the effects of the complexity of this coupling and the mass ratio of neutral Higgs bosons, h^0 and A^0, to the ratio of KK mode contributions to the zero mode ones, Ratio =^{BRextr}_{BR2HDM} .

– 8 –

Figure 6: The compactification scale 1/R dependence of the Ratio for sinθ_{τ τ} = 0 and m_A0 = 95 GeV. The solid (dashed, small dashed) line represents the dependence for the mass ratio r = m_{h0} m_{A0} = 0.8 (0.9, 0.95).

Figure 7: The same as figure 6 but for sinθ_{τ τ} = 0.5.

Figure 5 represents the parameter sinθ_{τ τ} dependence of the ratio Ratio where BR^{extr} (BR^{2HDM} ) is the contribution of the extra dimension effects (the contribution without the extra dimensions), for m_A0 = 95 GeV and for five different values of the scale 1/R. The solid (dashed, small dashed, dotted,dot-dashed) line represents the Ratio for 1/R = 100 (200, 300, 400, 500) GeV. This ratio is of the order of 10^{−4} − 10^{−3} for the intermediate values of the scale 1/R and slightly increases with the increasing complexity of the Yukawa coupling ξ̄^D_{N,τ τ} .

Finally, in figure 6 (7 and 8) we present the compactification scale 1/R dependence of the Ratio for sinθ_{τ τ} = 0 (sinθ_{τ τ} = 0.5, sinθ_{τ τ} = 1) and for m_A0 = 95 GeV. The solid (dashed, small dashed) line represents the dependence for the mass ratio r =^{mh0}_{mA0} = 0.8 (0.9, 0.95). These figures show that the Ratio increases with the increasing mass degeneracy of neutral Higgs bosons h^0 and A^0, especially for the increasing values of the complexity of the Yukawa coupling. This is an interesting result since the contribution comes from the extra dimensions are sensitive to the mass ratio of neutral Higgs bosons

– 9 –

Figure 8: The same as figure 6 but for sinθ_{τ τ} = 1.

h^0 and A^0 and also the complexity of the Yukawa coupling. Notice that the extra dimension contributions reach almost to the ordinary ones if the masses of h^0 and A^0 are nearly degenerate and the complexity of the coupling is high.

Now we would like to present the results briefly.

• The BR of μ → eγ decay is not sensitive to the scale 1/R since the term including the extra dimension contribution is proportional the suppression factor x_{μτ} =^{mμ}_{mτ} and the large compactification scale 1/R causes to decrease the extra dimension contribution. The BR of τ → μγ decay is not sensitive to the scale 1/R for its large values. In the BR of this decay, the term including the extra dimension contribution does not have the suppression factor x_{μτ} and therefore the sensitivity of the BR is stronger for small values of the compactification scale, compared to the one of the μ → eγ decay.

• The contribution comes from the extra dimensions is sensitive to the mass ratio of neutral Higgs bosons h^0 and A^0 and also the complexity of the Yukawa coupling.

Finally, it is not easy to investigate the extra dimension effects in the LFV decays BR(μ → eγ) and BR(τ → μγ), however, the more accurate future experimental results of these decays, hopefully, will be helpful in the determination of the signals coming from the extra dimensions.

Acknowledgments

This work has been supported by the Turkish Academy of Sciences in the framework of the Young Scientist Award Program (EOI-TUBA-GEBIP/2001-1-8).

References

[1] MEGA collaboration, M.L. Brooks et al., New limit for the family-number non-conserving decay μ^+ → e^+γ, Phys. Rev. Lett. 83 (1999) 1521 [hep-ex/9905013].

[2] CLEO collaboration, S. Ahmed et al., Update of the search for the neutrinoless decay τ → μγ, Phys. Rev. D 61 (2000) 071101 [hep-ex/9910060].

– 10 –

[3] D. Chang, W.S. Hou and W.Y. Keung, Two loop contributions of flavor changing neutral Higgs bosons to μ → eγ, Phys. Rev. D 48 (1993) 217 [hep-ph/9302267].

[4] R. Barbieri and L.J. Hall, Signals for supersymmetric unification, Phys. Lett. B 338 (1994) 212 [hep-ph/9408406];

R. Barbieri, L.J. Hall and A. Strumia, Violations of lepton flavor and CP in supersymmetric unified theories, Nucl. Phys. B 445 (1995) 219 [hep-ph/9501334]; Hadronic flavor and CP-violating signals of superunification, Nucl. Phys. B 449 (1995) 437 [hep-ph/9504373]; P. Ciafaloni, A. Romanino and A. Strumia, Lepton flavor violations in SO(10) with large tan β, Nucl. Phys. B 458 (1996) 3 [hep-ph/9507379];

T.V. Duong, B. Dutta and E. Keith, Mutual cosideration of b → sγ and μ → eγ in supersymmetric SO(10) grand unification, Phys. Lett. B 378 (1996) 128 [hep-ph/9510441]; G. Couture, M. Frank, H. Konig and M. Pospelov, μ → eγ decay in the left-right supersymmetric model, Eur. Phys. J. C 7 (1999) 135 [hep-ph/9701299]; Y. Okada, K.I. Okumura and Y. Shimizu, μ → eγ and μ → 3e processes with polarized muons and supersymmetric grand unified theories, Phys. Rev. D 61 (2000) 094001 [hep-ph/9906446].

[5] E. Iltan, CP violation in the lepton flavor violating interactions μ → eγ and τ → μγ, Phys.

Rev. D 64 (2001) 115005 [hep-ph/0107107]; Electric dipole moments of charged leptons and lepton flavor violating interactions in the general two Higgs doublet model, Phys. Rev. D 64 (2001) 013013 [hep-ph/0101017].

[6] R. Diaz, R. Martinez and J.A. Rodriguez, Lepton flavor violation in the two Higgs doublet model type-III, Phys. Rev. D 63 (2001) 095007 [hep-ph/0010149].

[7] N. Arkani-Hamed, S. Dimopoulos, and G. R. Dvali, Phenomenology, astrophysics and cosmology of theories with submillimeter dimensions and TeV scale quantum gravity, Phys. Rev. D 59 (1999) 086004 [hep-ph/9807344]; The hierarchy problem and new dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315].

[8] I. Antoniadis, A possible new dimension at a few TeV, Phys. Lett. B 246 (1990) 377;

I. Antoniadis and K. Benakli, Limits on extra dimensions in orbifold compactifications of superstrings, Phys. Lett. B 326 (1994) 69 [hep-th/9310151].

[9] I. Antoniadis, K. Benakli and M. Quiros, Production of Kaluza-Klein states at future colliders, Phys. Lett. B 331 (1994) 313 [hep-ph/9403290];

A. Pomarol and M. Quiros, The standard model from extra dimensions, Phys. Lett. B 438 (1998) 255 [hep-ph/9806263];

I. Antoniadis, K. Benakli and M. Quiros, Direct collider signatures of large extra dimensions, Phys. Lett. B 460 (1999) 176 [hep-ph/9905311];

P. Nath, Y. Yamada and M. Yamaguchi, Probing the nature of compactification with Kaluza-Klein excitations at the large hadron collider, Phys. Lett. B 466 (1999) 100 [hep-ph/9905415];

M. Masip and A. Pomarol, Effects of SM Kaluza-Klein excitations on electroweak observables, Phys. Rev. D 60 (1999) 096005 [hep-ph/9902467];

A. Delgado, A. Pomarol and M. Quiros, Electroweak and flavor physics in extensions of the standard model with large extra dimensions, J. High Energy Phys. 01 (2000) 030 [hep-ph/9911252];

T.G. Rizzo and J.D. Wells, Electroweak precision measurements and collider probes of the standard model with large extra dimensions, Phys. Rev. D 61 (2000) 016007 [hep-ph/9906234];

P. Nath and M. Yamaguchi, Effects of extra space-time dimensions on the fermi constant, Phys. Rev. D 60 (1999) 116004 [hep-ph/9902323];

– 11 –

A. Muck, A. Pilaftsis and R. Ruckl, Minimal higher-dimensional extensions of the standard model and electroweak observables, Phys. Rev. D 65 (2002) 085037 [hep-ph/0110391]; Electroweak constraints on minimal higher-dimensional extensions of the standard model,

hep-ph/0203032.

[10] C.D. Carone, Electroweak constraints on extended models with extra dimensions, Phys. Rev.

D 61 (2000) 015008 [hep-ph/9907362].

[11] I. Antoniadis, C. Munoz, M. Quiros, Dynamical supersymmetry breaking with a large internal dimension, Nucl. Phys. B 397 (1993) 515.

[12] T. Appelquist, H.C. Cheng and B.A. Dobrescu, Bounds on universal extra dimensions, Phys.

Rev. D 64 (2001) 035002 [hep-ph/0012100].

[13] J. Papavassiliou and A. Santamaria, Extra dimensions at the one loop level: z → bb̄ and bb̄ mixing, Phys. Rev. D 63 (2001) 016002 [hep-ph/0008151].

[14] D. Chakraverty, K. Huitu and A. Kundu, Effects of universal extra dimensions on B^0 − B̄^0 mixing, Phys. Lett. B 558 (2003) 173 [hep-ph/0212047];

A.J. Buras, M. Spranger and A. Weiler, The impact of universal extra dimensions on the unitarity triangle and rare k and b decays, Nucl. Phys. B 660 (2003) 225 [hep-ph/0212143].

[15] K. Agashe, N.G. Deshpande, G.H. Wu, Universal extra dimensions and b → sγ, Phys. Lett.

B 514 (2001) 309 [hep-ph/0105084].

[16] C.S. Lam, Probing extra dimensions with neutrino oscillations, hep-ph/0302227;

C.A. Scrucca, M. Serone and L. Silvestrini, Electroweak symmetry breaking and fermion masses from extra dimensions, Nucl. Phys. B 669 (2003) 128 [hep-ph/0304220]; M. Gozdz and W.A. Kaminski, Majorana neutrino, the size of extra dimensions and neutrinoless double β-decay, Phys. Rev. D 68 (2003) 057901 [hep-ph/0305041]; C. Biggio, F. Feruglio, I. Masina and M. Perez-Victoria, Fermion generations, masses and mixing angles from extra dimensions, Nucl. Phys. B 677 (2004) 451 [hep-ph/0305129]; M. Carena, A. Delgado, E. Ponton, T.M.P. Tait and C.E.M. Wagner, Precision electroweak data and unification of couplings in warped extra dimensions, Phys. Rev. D 68 (2003) 035010 [hep-ph/0305188];

A.J. Buras, A. Poschenrieder, M. Spranger and A. Weiler, The impact of universal extra dimensions on B → X_sγ, B → X_sgluon, B → X_sμ^+μ^−, K_l → π^0e^+e^− and ϵ^′/ϵ, Nucl. Phys. B 678 (2004) 455 [hep-ph/0306158];

The impact of universal extra dimensions on FCNC processes, eConf C0304052 (2003) WG302 [hep-ph/0307202];

S. Matsuda and S. Seki, Proposal for generic size of large extra dimensions, hep-ph/0307361; R.N. Mohapatra, S. Nussinov and A. Perez-Lorenzana, Large extra dimensions and decaying KK recurrences, Phys. Rev. D 68 (2003) 116001 [hep-ph/0308051];

B. Lillie, Yukawa hierarchies from extra dimensions with small FCNC, J. High Energy Phys. 12 (2003) 030 [hep-ph/0308091];

F. del Aguila, M. Perez-Victoria and J. Santiago, Physics of brane kinetic terms, Acta Phys. Polon. B34 (2003) 5511 [hep-ph/0310353];

A.A. Arkhipov, Hadronic spectra and Kaluza-Klein picture of the world, hep-ph/0309327.

[17] T.P. Cheng and M. Sher, Mass matrix ansatz and flavor nonconservation in models with multiple Higgs doublets, Phys. Rev. D 35 (1987) 3384.

[18] E. Iltan and H. Sundu, Anomalous magnetic moment of muon in the general two Higgs doublet model, Acta Phys. Slov. 53 (2003) 17 [hep-ph/0103105].

– 12 –