arXiv:1207.0746v1 [hep-ph] 3 Jul 2012

Prepared for submission to JHEP

Heavy-meson physics and flavour violation with a single generation

M. Libanov,^{a,b,c} N. Nemkov^{a,c} E. Nugaev^a and I. Timiryasov^{a,b} aInstitute for Nuclear Research of the Russian Academy of Sciences, 60th October Anniversary Prospect, 7a, 117312 Moscow, Russia bPhysics Department, Moscow State University, Vorobjevy Gory, 119991, Moscow, Russia cDepartment of Problems of Physics and Power Engineering, Institutskii per., 9, 141700, Dolgoprudny, Moscow Region, Russia E-mail: ml@ms2.inr.ac.ru, nemkov@inr.ac.ru, emin@ms2.inr.ac.ru,

timiryasov@inr.ac.ru

Abstract: We study flavour-violating processes which involve heavy B- and D-mesons and are mediated by Kaluza-Klein modes of gauge bosons in a previously suggested model where three generations of the Standard Model fermions originate from a single generation in six dimensions. We find the bound on the size R of the extra spatial dimensions 1/R ≳ 3.3 TeV, which arises from the three-body decay B^0_s → Kμe. Due to the still too low statistics this bound is much less stringent than the constraint arising from K → μe, 1/R ≳ 64 TeV, which was found in a previous work [1]. Nevertheless, we argue that a clear signature of the model would be an observation of K → μe and B^0_s → Kμe decays without observations of other flavour and lepton number changing processes at the same precision level.

Keywords: Rare Decays, Quark Masses and SM Parameters, Extra Large Dimensions

Contents

1 Introduction 1

2 Effective four-dimensional Lagrangian 3

3 Flavour violating processes in B-physics 6 3.1 Processes with ΔG = 0 7 3.1.1 B^0_s → μe 7 3.1.2 B^0 → τe 8 3.1.3 B^0 → K^0μe 8 3.1.4 ΔG = 0: Summary 10 3.2 Processes with ΔG ≠ 0 10 3.2.1 B^0 → μe 10 3.2.2 B^0_s → μ^+μ^− 11 3.2.3 Δm_{Bs} 11

4 Constraints from processes with D-mesons 12

5 Conclusions 13

1 Introduction

Large extra dimensions (LED) (see Ref. [2] for review) may help in understanding the flavour puzzle, which is one of the most intriguing issues of the Standard Model (SM) of particle physics. In particular, in the previous series of works, models have been suggested [3, 4] and studied [1, 5–11] where a single family of fermions, with vector-like couplings to the SM gauge fields in six dimensions, gives rise to three generations of chiral SM fermions in four dimensions (see Refs. [12, 13] for short reviews). These generations appear as three zero modes due to a specific interaction of 6D fermions with fields (namely, a scalar field Φ and a U_g(1) gauge field^1 A_A) which build up a two dimensional topological defect, known as the Abrikosov–Nielsen–Olesen vortex. The number of families n_f = 3 is however not automatically guaranteed, but can be achieved by an adequate axial charge assignment with respect to U_g(1) group for the fermions. Initially the model has been formulated in flat and infinitely large extra dimensions. Later, to incorporate four-dimensional gauge fields, a compactified version of the model has been developed [14]. There, fermions are localized in the core of a (5 + 1)-dimensional vortex, and two extra dimensions form a sphere with

1Our notations coincide with those used in Refs. [1, 3]. In particular, six-dimensional coordiantes are labeled by capital Latin indices A, B = 0, . . . , 5. Four-dimensional coordinates are labeled by Greek indices, μ, ν = 0, . . . , 3. The signature is mostly negative.

– 1 – radius R accessible for (non-localized) SM gauge bosons. Though gravity is not included in the consideration, it should be stressed that the choice of the manifold is not important for our principal conclusions [1]. The extra dimensions can even be infinitely large. In this case, the role of the radius R of the sphere is taken by a typical size of the localized gauge zero modes but not by the size of the extra dimensions.

The main feature of the model which will be important in what follows is that the three fermionic zero modes localized in the vortex background have different generalized (supplemented by U_g(1) global rotations) angular momentum and, as a result, have different φ and θ-dependencies, where θ and φ are the polar and the azimuthal angles on the sphere, respectively. Typically, one has [14] the following angular dependence for fermionic zero modes, Ψ_n(θ, φ) ∼ f_n(θ)e^{i(3−n)φ}, n = 1, 2, 3, (1.1)

where θ-dependent wave functions f_n(θ) behave near the origin, as:

f_n(θ) ∼ θ^{3−n}, θ → 0 (1.2)

(θ = 0 corresponds to the center of the vortex).

If the Brout-Englert-Higgs (BEH) scalar H couples to the defect, its classical φindependent configuration can also be nonzero in the core with a typical size Rθ_H ≃ Rθ_Φ [9, 10], where Rθ_Φ is a typical size of the scalar Φ. With different wave function profiles (1.1), (1.2) for different modes, their overlap with H leads to a power-like hierarchical structure of masses and mixings from the 4-dimensional point of view

m_{33} : m_{22} : m_{11} ∼ 1 : δ^2 : δ^4 , (1.3)

which is governed by a small parameter [14] δ = θ_Φ θ_A ∼^4 √ m_d m_b ∼ 0.1 , (1.4)

where θ_A ≃ 0.1 is the angular size of the vortex gauge field A_A. Thus, one sees from Eqs. (1.2), (1.3) that number G, which enumerates the 4-dimensional fermionic generations, is nothing but the angular momentum n of the zero modes from the 6-dimensional point of view. It is worth noting that in the absence of mixings which appear from the fermion couplings with φ-dependent Φ and φ-independent H, the angular momentum, and therefore the generation number, are strictly conserved quantities.

The Kaluza-Klein (KK) spectrum of the SM gauge bosons breaks up into two groups of the modes [1]. The first group contains modes which do not depend on φ, and so have zero angular momentum. In particular, zero modes of the gauge bosons, which correspond to the usual 4D SM gauge fields, are independent from extra dimensional coordinates φ and θ, and therefore belong to this group. The second group contains φ-dependent modes only. The 4D mass spectrum of these fields starts from √ 2/R. Since the fields of the second group are φ-dependent, they carry angular momentum and so generation number. As a result, they can (and have to) violate flavour and/or lepton number. Indeed, from the 6-dimensional point of view, say, μ and e are modes of the same fermion, the difference is

– 2 – only in their 6D angular momenta. Therefore, the angular momentum of the state μ^+e^− is equal to 1 (2 for e^− and −1 for μ^+). The same is true for the state ds̄. Since both states interact with 6D photon and Z-boson there are KK modes of the gauge bosons which carry unit angular momentum and lead to the forbidden decay K^0 → μe. The decay rate of this process is suppressed by the masses of the KK modes, that is, by R^4. Note that this process does not violate generation number but violates lepton number and takes place even in the absence of the intergeneration mixings. If one takes into account mixings then other FCNC processes become allowed, e.g. μ → 3e (ΔG = 1) or additional contributions to CP violation in kaons and kaons mass difference (ΔG = 2). However, the amplitudes of these processes in addition to the suppression by the masses of KK modes are suppressed at least by the factor (ϵδ)^{|ΔG|} where ϵ ∼ 0.1 ÷ 1 is the parameter, which governs mixings. Thus, the latter processes are typically less restrictive than the flavour-conserving, but lepton number violating processes.

The specific pattern of these flavour(lepton number)-violating effects, which could distinguish the models of this class from other LED models by signatures in rare processes at low energy, has been studied in Ref. [1]. In particular, the forbidden kaon decays K^0 → μe, K^+ → π^+μ^+e^− (ΔG = 0), lepton flavour violation μ → 3e, μ → eγ, μeconversion (ΔG = 1), and additional contributions to K_L − K_S mass difference and CP - violation in kaons (ΔG = 2) have been studied. It has been found that the strongest constraint on the size of the extra-dimensional sphere (or the size of the gauge bosons localization) R, 1 R ≳ 1 R_{K→μe} ≡ 64 TeV , (1.5)

arises from non-observation of the decay K^0 → μe. A clear signature of the model would be an observations of K^0 → μe decay without observation of μ → 3e, μ → eγ and μeconversion at the same precision level.

On the other hand, recently there has been significant progress in studying of the physics of heavy B and D-mesons mostly due to the CLEO-c [15], Belle, BaBar [16, 17] and LHCb [18] experiments. Therefore, the main goal of this paper is to study phenomenological constraints on the extra-dimensional size R arising from an analysis of rare processes in the heavy mesons physics. Our aim is twofold. First, we obtain the constraints on R from the present-day experimental data. Second, we single out those processes with the heavy mesons, which have maximal probability if the radius R = (64 TeV)^{−1}.

The paper is organized as follows. In Sec. 2 we give a brief description of the Lagrangian responsible for the flavour-violating processes. We study specific flavour-changing effects involving B-mesons in Sec. 3 and D-mesons in Sec. 4. We conclude in Sec. 5 with a description of distinctive features specific for the given class of models.

2 Effective four-dimensional Lagrangian

The effective 4D Lagrangian, which is responsible for the flavour-violating effects, has been obtained in Ref. [1]. Here we give some results mostly with the aim to introduce notations, which are used in what follows.

– 3 –

The 4-dimensional interaction of the fermionic zero modes with KK tower of the photon is given by (all fields depend on 4-dimensional coordiantes only)

L_4 = e · Tr(A^μj^∗_μ), (2.1)

where e is the usual 4-dimensional electric charge,

A^μ = (A^μ)^† = ∞∑ l=0 E^{l,0}_{11} A^μ_{l,0} E^{l,1}_{12} A^μ_{l,1} E^{l,2}_{13} A^μ_{l,2} E^{l,1}_{21} A^{μ∗}_{l,1} E^{l,0}_{22} A^μ_{l,0} E^{l,1}_{23} A^μ_{l,1} E^{l,2}_{31} A^{μ∗}_{l,2} E^{l,1}_{32} A^{μ∗}_{l,1} E^{l,0}_{33} A^μ_{l,0},

, (2.2)

and j^μ_{mn} = a^†_mσ̄^μa_n, (2.3)

where a_n are two-component Weyl spinors. Indices m, n enumerate generation number, and overlap constants E^{l,n−m}_{mn} can be estimated as

E^{l,m−n} mn ≃ l^{|m−n|+1/2}θ^{|m−n|}_A at lθ_A ≪ 1, 1 √ θ_A at lmax ≃ 1 θ_A , e^{−lF (θA)} at lθ_A ≫ 1. (2.4)

The fields A^μ_{l,m}(x) are expansion coefficients of 6-dimensional field A^A(x, θ, φ) in spherical harmonics Y_{l,m}(θ, ϕ). The subscript l in (2.2) enumerates modes with 4D masses m^2_l = l(l + 1)/R^2, while the subscript m corresponds to the value of the carried 6D angular momentum or, what is the same, to the generation number G.

We see that fermions have the strongest couplings to the heavy modes with masses

m_l = √ l(l + 1) R ∼ 1 θ_AR . The reason for this is obvious: modes with l ∼ 1/θ have the largest overlaps with fermionic wavefunctions of the size θ (θ ≈ θ_A in our case); (lower modes have larger width in θ while higher modes oscillate several times at the width of the fermions). We stress that this feature depends neither on details of localization of fermions and gauge bosons nor on the shape and size of extra dimensions.

It is worth noting that 4D scalars A_θ and A_φ do not interact with the fermionic zero modes and so we omit them in what follows.

The matrix elements of (2.2) and the fermions a_n, which enter the Lagrangian (2.1), are the states in the gauge basis, while physically observed mass eigenstates are their linear combinations. In particular, the mass matrix of the fermions with quantum numbers of the down-type quarks is given [4, 14] by

M_D = m_{11} m_{12} 0 0 m_{22} m_{23} 0 0 m_{33} ∝ δ^4 ϵδ^3 0 0 δ^2 ϵδ 0 0 1 ,

– 4 – where δ is given in (1.4) and ϵ ∼ 0.1 is the parameter, which governs mixings. To diagonalize the mass matrix one should use biunitary transformations,

S^†_dM_DT_d = M^{diag}_D .

The fermions in the mass basis are

Q_n = (S^†_d)_{nm}q_m , D_n = (T^†_d )_{nm}d_m,

where we denoted a_n as q_n for the left-handed and as d_n for the right-handed down-type quarks. If one rewrites the current j_μ in terms of the mass eigenstates, then the matrix A^μ, Eq. (2.2), should be replaced by Ã^μ = S^†_dA^μS_d.

and to the leading order in α, γ and ϵ takes the form

A_{11} − 2Re(ϵ^∗αA_{12}) A_{12} +ϵα(A_{11}−A_{22})−γϵ^∗A_{13} A_{13} + ϵ(γA_{12} − αA_{23})

A^∗_{12}+ϵ^∗α(A_{11}−A_{22})−ϵγA^∗_{13} A_{22} +2Re(ϵ^∗(αA_{12} −γA_{23})) A_{23}+ϵ^∗αA_{13}+ϵγ(A_{22}−A_{33})

A^∗_{13} + ϵ^∗(γA^∗_{12} − αA^∗_{23}) A^∗_{23} +ϵαA^∗_{13}+ ϵ^∗γ(A_{22}−A_{33}) A_{33} + 2Re(ϵ^∗γA_{23}) μ

,

(2.5) where the parameters α ≃ δ and γ ≃ δ are dimensionless combinations of the matrix elements of M_D (see Ref. [1] for details).

The interaction of fermions with W^± and Z bosons is very similar to the electromagnetic couplings discussed above. There are two differences: firstly, the current j_μ in Eq. (2.1) is replaced by the SM charged and neutral weak currents; secondly, the gauge eigensystem is modified as discussed in Ref. [1]. The latter modification does not change the results significantly: it is negligible for KK modes and it does not result in flavour violation for the lowest mode.

As an example, let us discuss interactions of the Z-boson KK tower, which contribute to the flavour(lepton number)-violating processes. To be specific, let us consider the {23} element of the matrix (2.5), Z^μ_{23} + ϵ^∗αZ^μ_{13} + ϵγ(Z^μ_{22} − Z^μ_{33}). It indicates that the interaction of the fermionic current j^μ_{23} with gauge bosons Z^μ_{l,1} is unsuppressed, interaction with Z^μ_{l,2} is suppressed by (ϵ^∗α) and interaction with Z^μ_{l,0} is suppressed (according to (2.4)) by ϵγ ( E^{l,0}_{22} − E^{l,0}_{33} ) . Taking into account that the subscripts (mn) in j^μ_{mn} denote generation numbers one obtains the leading (unsuppresed) interactions of neutral currents, L_{NC} = g 2 cos θ_W ∞∑ l=1 E^{l,1}_{23} Z^μ_{l,1} ( g^q_Rs̄O^R_μ b + g^q_Ls̄O^L_μ b + g^l_Rμ̄O^R_μ τ + g^l_Lμ̄O^L_μ τ ) + h.c. , (2.6)

where O^{L,R}_μ =^{1±γ5}_2 γ_μ and constants g_{L,R} defined in the usual way,

g^q_L = − 1 2 + 1 3 sin^2 θ_W , g^q_R = 1 3 sin^2 θ_W ,

g^l_L = − 1 2 + sin^2 θ_W , g^l_R = sin^2 θ_W .

– 5 –

Process Branching ratio (BR) |ΔG| B^0_s → μe < 2.0 · 10^{−7} 0 B^0 → τe < 2.8 · 10^{−5} 0 B^0 → K^0μe < 2.7 · 10^{−7} 0 B^0 → μe < 6.4 · 10^{−8} 1 B^0_s → μ^+μ^− < 4.7 · 10^{−8} 1 B^0_s ↔ B^0_s Δm_B0_s ≈ 1.17 · 10^{−8} MeV 2

Table 1. List of flavour(lepton number)-violating processes involving B-mesons which are most sensitive to new physics in the context of the model.

To confront the model with the experimental results, one needs to integrate out the heavy KK modes and calculate the effective four-fermion coupling g_{mn}, that is, in each particular case, to sum up the contributions

g^l_{mn} = e^2 (E^{l,m−n} mn )^2 m^2_l

for all l. A very naive estimate gives, using Eq. (2.4),

g_{mn} ∼ e^2lmax · R^2θ_A = e^2 θ_A · R^2θ_A = e^2R^2

so that g_{mn} G_F ∼ (M_W R)^2.

3 Flavour violating processes in B-physics

Our purpose is to determine which processes involving B-mesons are the most sensitive to the new physics in the context of the model under consideration.

In the case of K-mesons K → μe decay appeared to be the most restrictive [1]. This is a special feature of the theory: usually in the frameworks of models with LED the kaon mass difference and CP -violation in kaons are the most sensitive to the physics beyond SM (see, e.g., [19]). The reason is that Δm_K arises from transition K^0 ↔ K^0 changing generation number to ΔG = 2. But in our case the corresponding contribution is suppressed by factor (δϵ)^2. This is also the case for B-mesons. Processes with ΔG = 1, e.g. B^0 → μe or B^0_s → μ^+μ^−, and ΔG = 2 transitions, responsible for B^0_s − B̄^0_s mass difference, are suppressed in the same way.

Taking into account this observation, among large number of possible flavour-violating processes we single out, on the one hand, those with the most stringent experimental bounds, and, on the other hand, those whose amplitudes are suppressed less by the mixings. These processes are collected in Table 1 where we have used data from [20]. Below we present detailed calculations for both ΔG = 0 and ΔG ≠ 0 processes.

– 6 –

3.1 Processes with ΔG = 0 3.1.1 B^0_s → μe Let us consider B^0_s → μe decay which violates lepton family number. Its branching ratio (BR) is most strongly bounded among two-body B^0_s decays with ΔG = 0. Under experimental circumstances one does not distinct B^0_s or B̄^0_s in the initial state and μ^+e^− or μ^−e^+ in the final state. Thus, four processes possibly can contribute to experimental BR. However two of them B^0_s → μ^+e^− and B̄^0_s → μ^−e^+ correspond to ΔG = 0 while two others to ΔG = 2 and therefore are sufficiently suppressed. Therefore, we calculate the width of B̄0_s → μ−e+ decay and take into account that Γ(B0_s → μ+e−) = Γ(B̄0_s → μ−e+).

Since B^0_s is a pseudoscalar it cannot decay through purely vector interaction of the KK modes of the photon. However, the higher modes of the Z boson interact with a V − A current and contribute to the decay width. Dominant axial coupling in the effective four-dimensional Lagrangian has form, g 2 cos θ_W ∞∑ l=1 Z^μ_{l,1} { E^{l,1}_{23} s̄γ_μ(− 1 2 γ_5)b + E^{l,1}_{12} ēγ_μ(2 sin^2 θ_W − 1 2 − 1 2 γ_5)μ } , where constants E^{l,m−n}_{mn} characterise overlap of the Z-boson KK modes with the fermionic wave functions, see (2.4).

To obtain the effective four-fermion coupling one has to sum over all intermediate KK modes in a way similar to Sec.2, G_{eff} = ( g 2 cos θ_W )_{2 ∞}∑ l=1 E^{l,1}_{23} E^{l,1}_{12} R^2 l(l + 1) = ( g 2 cos θ_W

)_2 ζR^2 , where l(l + 1)/R^2 is the mass squared of the l-th gauge boson mode and ζ ≃ 0.47 is the result of numerical evaluation of the sum.

Now it is straightforward to write down the amplitude for B^0_s → μe decay, M = ( g 2 cos θ_W

)_2 ζR^2L_μH^μ , (3.1)

where L_μ = ēγ_μ(−^1_2 γ_5 − [^1_2 − 2 sin^2 θ_W ])μ is the leptonic current, H^μ = −^1_2 f_{Bs} p^μϕ_B is the hadronic current; p^μ, f_{Bs} and ϕ_B are momentum, decay constant and the wave function of B_s-meson, correspondingly. We use the numerical value f_{Bs} ≃ 200 MeV from [21].

From Eq. (3.1) one obtains the partial decay width,

Γ(B^0_s → μ^+e^−) =

G^2_F m^4_Z ζ^2R^4f^2_{Bs} m_{Bs} m^2_μ(1 + (1 − 4 sin^2 θ_W )^2) 128π

. (3.2)

Using the experimental limit from Table 1,

Br(B^0_s → μe) = 2Γ(B^0_s → μ^+e^−) · τ_B0_s < B_B0_{s →μe} = 2.0 · 10^{−7} , (3.3)

where τ_B0_s is the B-meson lifetime, we obtain the constraint on the size of the sphere R, 1 R > m_Z ( G^2_F ζ^2f^2_{Bs} m_{Bs} m^2_μτ_B0_s (1 + (1 − 4 sin^2 θ_W )^2) 64πB_B0_{s →μe} )_{1/4} . (3.4)

– 7 –

Substituting here all necessary numerical values from Ref. [20] we find, 1 R > 0.7 TeV.

On the other hand, one can use the constraint, arising from the rare kaon decay (1.5), to find out what is BR of the B-meson if the size of the sphere satisfies to (1.5). Substituting Eqs. (3.2), (1.5) into (3.3), we obtain

Br(B^0_s → μe)|_{R<RK→μe} < (64π)^{−1}m^4_Z R^4_{K→μe}G^2_F ζ^2f^2_{Bs} m_{Bs} m^2_μτ_B0_s (1 + (1 − 4 sin^2 θ_W )^2) ,

or numerically, Br(B^0_s → μe)|_{R<RK→μe} < 4.2 · 10^{−15} . (3.5) 3.1.2 B^0 → τe B^0 → τe decay has two order larger experimental constraint on BR than B^0_s → μe. However, since m_τ /m_μ ≃ 17 we can expect a comparable result. Consideration of these two processes is quite similar from both experimental and theoretical points of view.

Interaction vertex obtained from (2.5) is g 2 cos θ_W ∞∑ l=2 Z^μ_{l,2}E^{l,2}_{13} { b̄γ_μ(−1 2 γ_5)d + ēγ_μ(2 sin^2 θ_W − 1 2 − 1 2 γ_5)τ } , and after obvious replacements, one obtains from (3.4), 1 R > m_Z ( G^2_F ξ^2f^2_{B0} m_B0 m^2_τ τ_B0_d (1 + (1 − 4 sin^2 θ_W )^2) 64πB_B0_{→τ e} )_{1/4}

where ξ = ∞∑ l=2 (E^{l,2}_{13} )^2 l(l + 1) ≃ 0.27 , τ_B0_d is the B^0_d -meson lifetime, and B_B0_{→τ e} = 2.8 · 10^{−5} is the experimental bound on B^0 → τe BR. Numerically, 1 R > 0.65 TeV.

On the other hand, Br(B^0 → τe)|_{R<RK→μe} < 4.1 · 10^{−13} , that is two order of magnitude larger than (3.5), which is a consequence of the large ratio m_τ /m_μ. 3.1.3 B^0 → K^0μe This decay has the stringent experimental bound on BR among three-body decays with ΔG = 0.

– 8 –

Vertex, responsible for the bs → μe transition, is e ∞∑ l=1 A^μ_{l,1} ( −E^{l,1}_{23} 1 3 bγ_μs + E^{l,1}_{12} eγ_μμ ) + g 2 cos θ_W ∞∑ l=1 Z^μ_{l,1} [ E^{l,1}_{23} ( 2 3 sin^2 θ_W − 1 2 ) bγ_μs − E^{l,1}_{12} e ( 2 sin^2 θ_W − 1 2 + 1 2 γ_5 ) γ_μμ ]

It is worth noting that, because both K and B are pseudoscalars, the process is now mediated by both Z and photon modes.

The matrix element of hadronic current between external meson states is parametrized as follows (see [22]):

⟨K(p^{′′})|sγ_μb|B(p^′)⟩ = (p^′ + p^{′′})_μF_1(q^2) +

M^2_B − M^2_K q^2 q_μ ( F_0(q^2) − F_1(q^2) ) , where q = p^′ − p^{′′} is the total momentum of the leptons.

In the limit of the vanishing lepton masses the only formfactor F_1 gives contribution to the partial decay width. In the kinematically allowed region F_1 is given by,

F_1(q^2) =

F_1(0) 1 −^{q2}_{M 2} , with F_1(0) ≃ 0.25 and M ≃ M_B . The amplitude of the decay in this limit is

M = 2g^2ζR^2p^′_μF_1(q^2)eγ^μ (C_V − C_Aγ_5) μ , (3.6)

with

C_V = 1 3 sin^2 θ_W − 1 4 cos^2 θ_W ( 1 2 − 2 3 sin^2 θ_W ) ( 1 2 − 2 sin^2 θ_W ) , C_A = 1 2 · 1 4 cos^2 θ_W ( 1 2 − 2 3 sin^2 θ_W ) . Calculating the partial decay width from (3.6), one finally obtains, 1 R > m_W ( G^2_F ζ^2F^2_1 (0)m^5_{B0} τ_B0 (C^2_V + C^2_A) 6π^3B_B0_{→Kμe} )_{1/4} . Using the value B_B0_{→Kμe} = 2.7 · 10^{−7} for the experimental constraint, we set the limit, 1 R > 3.3 TeV ,

and for the bound on R obtained from K → μe decay, BR for considering process would be: Br(B^0 → Kμe) | |_{R<RK→μe} < 2.4 · 10^{−12} . Note, that this bound for BR is the same as for K → μe decay at 1/R = 64 TeV.

– 9 –

3.1.4 ΔG = 0: Summary To summarize this subsection, among B-mesons decays with ΔG = 0 the most rigid restriction has been obtained from the three-body decay while the constraint, arising from the two-body decay with the same BR (B^0_s → μe) is the five times smaller. This result is in contrast to the constraints coming from the kaon decays, where two-body decay K → μe gives the best result with compare to three-body decay K^+ → π^0μ^+ν [1]. To clarify this let us compare results for three- and two-body decays,

(1/R)_3 (1/R)_2 | | |_i = N ( F^2_i Br_{3 i} Br_{2 i} ( m_i f_i )_2 ( m_i m_μ )_2)1/4 , where i = B, K (B-meson, kaon); f_i, F_i and M_i are meson decay constants, formfactors and masses correspondingly (note that F_B defined here correspond to F_1 from the previous subsection); N is a numerical factor identical for both K and B-mesons. Therefore

(1/R)_3 (1/R)_2 | | B = m_B m_K [ f_K f_B ]_{1/2} [ F_B F_K ]_{1/2} [ Br_{3B}/Br_{2B} Br_{3K} /Br_{2K} ]_{1/4} (1/R)_3 (1/R)_2 | | K , The factors in square brackets are of order of one (we assume that the BR are constrained on the same precision level separately for B and K-mesons). So we see that due to the large ratio m_B /m_K ≃ 11 the three-body decay is more restrictive in the case of B-mesons.

3.2 Processes with ΔG ≠ 0 3.2.1 B^0 → μe This decay has the strongest experimental constraint on BR among ΔG ≠ 0 forbidden decays of B^0-meson. It is mediated by Z^μ_{l,2}-bosons carrying G = 2 and Z^μ_{l,1} carrying G = 1. But vertex structure for Z^μ_{l,1} contains factor E^{l,1}_{12} − E^{l,1}_{23} , what leads to an additional suppression of order θ_A ≃ 0.1 comparing to the Z^μ_{l,2} contribution [1] and we omit it. So, the corresponding interaction vertex is given by g 2 cos θ_W ∞∑ l=2 Z^μ_{l,2}E^{l,2}_{13} { b̄γ_μ(−1 2 γ_5)d + ϵ_Lα_Lēγ_μ(2 sin^2 θ_W − 1 2 − 1 2 γ_5)μ }

where ϵ_Lα_L ≃ 0.13 is small parameter specifying lepton mixing. An appearance of the factor ϵ_Lα_L in the first power before the second term indicates that this term violates generation number (angular momentum) G by unit. Successive treatment is just the same to that in the cases of B^0_s → μe and B^0 → τe. The final result is the following, 1 R > m_Z ( G^2_F ξ^2(ϵ_Lα_L)^2f^2_{B0} m_B0 m^2_μτ_B0 (1 + (1 − 4 sin^2 θ_W )^2) 64πB_B0_{→μe} )_{1/4} , where B_B0_{→μe} = 6.4 × 10^{−8} is the experimental restriction on B^0 → μe BR. Numerically, 1 R > 0.15 TeV.

and for R < 64 TeV: Br(B^0 → μe) | |_{R<RK→μe} < 3.6 · 10^{−18} .

– 10 –

3.2.2 B^0_s → μ^+μ^− This process is under keen interest of CMS and LHCb experiments [23]. But unlike decays considered above it occurs in the SM through higher order loop diagrams. SM prediction for its BR is 3.2 ± 0.2 × 10^{−9} [24, 25]. Current experimental limitation on B^0_s → μ^+μ^− BR is B_B0_{s →μ}+_μ− = 4.7 × 10^{−8} [20]. Due to the presence of SM contribution further statistics accumulation will not lead to significant improvement of a restriction, which we can obtain. Taking this into account we will make rough estimation. Particularly, we will neglect some cancellations that happen owing to the vertex structure.

B^0_s → μ^+μ^− decay occurs with ΔG = 1, so its amplitude is suppressed by the first power of the mixing parameter ϵ_Lα_L. The corresponding vertex is given by g 2 cos θ_W ∞∑ l=0 E^{l,1}_{23} Z^μ_{l,1} ( − 1 2 bγ_μγ_5s − √ 2e_Lα_Lμ [ 1 2 γ_μγ_5 + ( 1 2 − 2 sin θ_W ) μ ]) , Performing calculations in the same manner as previously, we find, 1 R > m_Z ( G^2_F ζ^2(ϵ_Lα_L)^2f^2_{Bs} m_{Bs} m^2_μτ_{Bs} (1 + (1 − 4 sin^2 θ_W )^2) 8πB_B0_{s →μ}+_μ− )_{1/4}

and numerically, 1 R > 0.5 TeV .

Experimental constraint on R, required to obtain 1/R > 64 TeV limit, is Br(B^0_s → μ^+μ^−)|_{R<RK→μe} < 1.6 · 10^{−16} , and is negligible comparing to the SM contribution.

3.2.3 Δm_{Bs} Gauge bosons carrying a non-zero angular momentum G can contribute to the mass difference Δm_B. This mass difference appears due to the transitions B^0_s ↔ B̄^0_s with ΔG = 2. Corresponding contribution is

Δ^′m_B = 2Re⟨B^0_s |H_{ΔG=2}|B̄^0_s ⟩

and should be less than experimental value: Δm_{Bs} ≈ 1.17 · 10^{−8}MeV.

Because of the large value of the strong interaction constant g_s ≃ 1.1, the dominant contribution to the b̄s ↔ s̄b transition originates from the gluon KK modes exchange. The relevant interaction is (ϵ_dγ_d)g_s ∞∑ l=1 ( E^{l,0}_{22} − E^{l,0}_{33} ) G^{μi}_{l,0}b̄γ_μ λ_i 2 s + h.c. Corresponding contribution to the mass difference

Δ^′m_B ≈ 2Re⟨B_0|H_{ΔG=2}|B̄_0⟩ =

= m_Bf^2_B

8g^2_S 9 { (ϵ_dγ_d)^2 + (ϵ_uγ_u)^2 + ( m_B m_b + m_s

)_2 ϵ_dγ_dϵ_uγ_u }_∞ ∑ l=1 ( E^{l,0}_{22} − E^{l,0}_{33}

)_2 R2 l(l + 1) ,

– 11 – where the matrix element was estimated by making use the vacuum insertion approximation [26].

We note that, besides the expected (ϵ_dα_d)^2, there are two additional suppression factors (see [1]). First of them arises due to the structure of the sum ∞∑ l=0 (E^{l,0}_{22} − E^{l,0}_{33} )^2 1 l(l + 1)

∼ θ_A^2 ,

where θ_A ≃ 0.1. The second one is α_u ∼ δ^3 whereas α_d ∼ δ. Therefore, for all parameters taken from [20], we obtain the limit on R, 1 R > (ϵ_dγ_d)g_sf_Bθ_A ζ 8 9 ( 1 + ( m_B m_b + m_s

)_2 ϵ_uγ_u ϵ_dγ_d ) m_B Δm_B ≃ (ϵ_dα_dθ_A) √ 1 + 1.6 ϵ_uα_u ϵ_dα_d · 90 TeV ≈ 90 GeV.

We see that, if one even does not take into account all suppression factors except α_d ∼ δ ∼ 0.1, the constraint on the radius R < (10 TeV)^{−1} will be less restrictive than one obtained from K → μe decay.

It is worth noting that in the model under consideration there are no interactions which can contribute to Δm_B0 since KK modes, which are carrying angular momenta G exceeding two units, do not interact with the fermionic zero modes at tree level.

Higher excitations of gluon field could also contribute to the processes with CP - violation, such as B^0 → K^+π^− decay. For the same reasons as for the mass difference, CP -violating processes are not restrictive enough, so we present only the final result: 1 R > (ϵ_dα_dθ_A)^{1/2} · 24 TeV ≈ 0.75 TeV.

4 Constraints from processes with D-mesons

To complete our consideration of rare heavy-meson decays we shortly discuss processes with D-mesons, i.e. mesons that contain one c-quark and one light quark.

We calculate the limits on 1/R from D-meson decay partial widths. One can expect that constraints from D decays would be less rigid than ones from B decays. Really, the mass m_D = 1.9 GeV three times smaller than m_B . Also, mean lifetime of D_0 is four times smaller. Finally, experimental BR of the forbidden D-meson decays are typically greater than BR in B-decays due to the low statistics. Calculations similar to those performed in the previous sections lead to 1/R < 0.3 TeV for D_0 → μe decay and this is the best result from decays of D-mesons.

The decay D_0 → μ^+μ^− is caused by the box diagram in SM [27] Therefore, it is interesting from the experimental point of view. Using the value 1/R = 64 TeV one can obtain BR of D_0 → μ^+μ^− in an assumption that it is caused only by the heavy KK modes. This BR is Br(D → μ^+μ^−)|_{R<RK→μe} < 1.6 · 10^{−17}, and so the contribution of the KK modes is negligible as compared to SM one. Thus, decays of D-mesons is less interesting in the context of the model.

– 12 –

5 Conclusions

In recent years, there has been considerable experimental progress in the study of the physics of heavy B and D-mesons. In this regard, we returned to the question how rare or forbidden flavour-changing processes may limit the six-dimensional model with a single generation of vector-like fermions in the bulk [1, 12, 13]. Previously, in the context of the model it has been demonstrated how to explain an origin of the charged fermionic generations of the SM fermions and fermionic mass hierarchy without introducing a flavour quantum number: three families of four-dimensional fermions appear as three sets of zero modes developed on a brane by a single multi-dimensional family while the fermionic wave functions inevitably produce a hierarchical mass matrix due to different overlaps with the Higgs field profile. In fact, the role of a family number is played by (almost) conserved angular momentum, corresponding to the rotations in the extra dimensions, while the hierarchy is governed by one parameter δ ∼ 0.1. It also has been shown, that massive neutrinos can be easily incorporated into the model and have predicted an inverted pseudo- Dirac mass pattern with Δm^2_{12}/Δm^2_{13} ∼ δ^2 ∼ 0.01 [11], at least one maximal angle and one small sin θ_{13} ∼ δ ∼ 0.1 in the neutrino mixings matrix^2. We also have noted that higher excitations of the gauge bosons mediate interesting neutral flavor-changing, but familynumber conserving (in the absence of mixings) interactions. We have investigated “usual” flavour-changing processes, that are, as a rule, used to yield strongest constraints on new physics. We have found, that the strongest limit on the model arises from non-observation of the decay K → μe; it requires that the size of the extra-dimensional sphere (size of the gauge-boson localization) R satisfies 1/R ≳ 64 TeV. A clear signature of the model would be an observation of K → μe decay without observations of μ → ēee, μ → eγ and μe-conversion at the same precision level [1].

In this paper we addressed specifically flavour-changing processes involving B and Dmesons with the aim to single out those processes that yield the strongest constraint on the size R. We found that the best limit 1/R > 3.3 TeV arises from the three-body decay B^0 → Kμe in contrast to the two-body decay K → μe in kaons. This bound is much less stringent than the constraint arising from K → μe. The reason is, of course, in the still too poor statistics: the experimental bound on the branching ratio of K → μe is 2.4 · 10^{−12} while for the B-meson decay is 2.7 · 10^{−7}. However, it is hoped that thanks to the current and future experiments statistics will be improved. In particular, to reach the kaonic constraint on 1/R ≳ 64 TeV one needs to limit the B-meson branching ratio on the level 2.4 · 10^{−12}. Interestingly, that this is the same level as for kaons. It means in particular, that the distinctive feature of the model would be an observation K → μe and B^0 → Kμe decays without observations other flavour-changing processes at the same precision level.

2We would like to emphasize here, that, firstly, these results are in a good agreement with the existing experemental data [28, 29], and, secondly, the parameter δ in the neutrino sector is the same as for the quark sector

– 13 –

Acknowledgments

We are indepted to J.-M. Frere, D. Gorbunov and S. Troitsky for helpful discussions. We esecailly thank D. Gorbunov for stimulating this work. This work is supported in part by the grant of the President of the Russian Federation NS-5590.2012.2; by Russian Foundation for Basic Research grants 12-02-00653, 11-02-92108 (M.L.); by fellowships of the “Dynasty” foundation (M.L. and I.T.).

References

[1] J. Frere, M. Libanov, E. Nugaev, and S. V. Troitsky, Flavor violation with a single generation, JHEP 0403 (2004) 001, [hep-ph/0309014].

[2] V. Rubakov, Large and infinite extra dimensions: An Introduction, Phys.Usp. 44 (2001) 871–893, [hep-ph/0104152].

[3] M. Libanov and S. V. Troitsky, Three fermionic generations on a topological defect in extra dimensions, Nucl.Phys. B599 (2001) 319–333, [hep-ph/0011095].

[4] J. Frere, M. Libanov, and S. V. Troitsky, Three generations on a local vortex in extra dimensions, Phys.Lett. B512 (2001) 169–173, [hep-ph/0012306].

[5] J. Frere, M. Libanov, and S. V. Troitsky, Neutrino masses with a single generation in the bulk, JHEP 0111 (2001) 025, [hep-ph/0110045].

[6] M. V. Libanov and E. Y. Nougaev, Towards the realistic fermion masses with a single family in extra dimensions, JHEP 0204 (2002) 055, [hep-ph/0201162].

[7] M. Libanov and E. Y. Nugaev, Hierarchical fermionic mass pattern and large extra dimensions, Surveys High Energ.Phys. 17 (2002) 165–171.

[8] J. Frere, M. Libanov, E. Y. Nugaev, and S. V. Troitsky, Searching for family number conserving neutral gauge bosons from extra dimensions, JETP Lett. 79 (2004) 598–601.

[9] M. Libanov and E. Y. Nugaev, Properties of the Higgs particle in a model involving a single unified fermion generation, Phys.Atom.Nucl. 70 (2007) 864–870.

[10] M. Libanov and E. Nugaev, Higgs boson with a single generation in the bulk,

hep-ph/0512223.

[11] J.-M. Frere, M. Libanov, and F.-S. Ling, See-saw neutrino masses and large mixing angles in the vortex background on a sphere, JHEP 1009 (2010) 081, [arXiv:1006.5196].

[12] M. Libanov and F.-S. Ling, Flavour puzzle or Why neutrinos are different?,

arXiv:1105.6035.

[13] M. Libanov and F. Ling, Why neutrinos are different?, PoS QFTHEP2011 (2011) 072. [14] J. Frere, M. Libanov, E. Nugaev, and S. V. Troitsky, Fermions in the vortex background on a sphere, JHEP 0306 (2003) 009, [hep-ph/0304117].

[15] CLEO Collaboration Collaboration, Y. Gao, Recent rare charm results from CLEO, Eur.Phys.J. C33 (2004) S300–S302.

[16] BaBar and Belle Collaborations Collaboration, Y. Miyazaki, Search for lepton flavor violation at B-factories, PoS FPCP2010 (2010) 047.

– 14 –

[17] BaBar and Belle Collaborations Collaboration, K. Trabelsi, Rare B decays at B factories, PoS ICHEP2010 (2010) 566.

[18] B. Meadows, M. Blanke, A. Stocchi, A. Drutskoy, A. Cervelli, et al., The impact of SuperB on flavour physics, arXiv:1109.5028.

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

[20] Particle Data Group Collaboration, K. Nakamura et al., Review of particle physics, J.Phys.G G37 (2010) 075021.

[21] S. Collins, C. Davies, J. Hein, G. Lepage, C. Morningstar, et al., Scaling and further tests of heavy meson decay constant determinations from NRQCD, Phys.Rev. D63 (2001) 034505.

[22] P. Colangelo, F. De Fazio, P. Santorelli, and E. Scrimieri, QCD sum rule analysis of the decays B → Kℓ^+ℓ^− and B → K^∗ℓ^+ℓ^−, Phys.Rev. D53 (1996) 3672–3686, [hep-ph/9510403].

[23] LHCb Collaboration Collaboration, B. Adeva et al., Roadmap for selected key measurements of LHCb, arXiv:0912.4179.

[24] HPQCD Collaboration Collaboration, E. Gamiz, C. T. Davies, G. P. Lepage, J. Shigemitsu, and M. Wingate, Neutral B Meson Mixing in Unquenched Lattice QCD, Phys.Rev. D80 (2009) 014503, [arXiv:0902.1815].

[25] A. J. Buras, M. V. Carlucci, S. Gori, and G. Isidori, Higgs-mediated FCNCs: Natural Flavour Conservation vs. Minimal Flavour Violation, JHEP 1010 (2010) 009, [arXiv:1005.5310].

[26] M. Beneke, G. Buchalla, and I. Dunietz, Width Difference in the B_s − B̄_s System, Phys.Rev.

D54 (1996) 4419–4431, [hep-ph/9605259].

[27] G. Burdman, E. Golowich, J. Hewett, and S. Pakvasa, Rare charm decays in the standard model and beyond, Phys. Rev. D 66 (Jul, 2002) 014009.

[28] M. Gonzalez-Garcia, M. Maltoni, and J. Salvado, Updated global fit to three neutrino mixing:

status of the hints of theta_{13} > 0; 0, JHEP 1004 (2010) 056, [arXiv:1001.4524].

[29] DAYA-BAY Collaboration Collaboration, F. An et al., Observation of electron-antineutrino disappearance at Daya Bay, Phys.Rev.Lett. 108 (2012) 171803.

– 15 –