arXiv:hep-ph/0407177 v2 13 Dec 2004

Realistic Neutrino Masses from Multi-Brane Extensions of the Randall-Sundrum Model ?

G. Moreau^∗

Service de Physique Théorique, CP 225 Université Libre de Bruxelles, B-1050, Brussels, Belgium

December 13, 2004

Abstract

Scenarios based on the existence of large or warped (Randall-Sundrum model) extra dimensions have been proposed for addressing the long standing puzzle of gauge hierarchy problem. Within the contexts of both those scenarios, a novel and original type of mechanism generating small (Dirac) neutrino masses, which relies on the presence of additional right-handed neutrinos that propagate in the bulk, has arisen. The main objective of the present study is to determine whether this geometrical mechanism can produce reasonable neutrino masses also in the interesting multi-brane extensions of the Randall-Sundrum model. We demonstrate that, in some multi-brane extensions, neutrino masses in agreement with all relevant experimental bounds can indeed be generated but at the price of a constraint (stronger than the existing ones) on the bulk geometry, and that the other multi-brane models even conflict with those experimental bounds.

PACS numbers: 14.60.Pq, 14.60.St, 11.10.Kk

∗e-mail: Gregory.Moreau@ulb.ac.be 1

1 Introduction

The old proposal for additional spatial dimension(s) [1, 2] and the more recent idea of brane universe models [3]-[7] have received considerable attention in the late nineties as novel frameworks for addressing a long standing puzzle: the gauge hierarchy problem. Indeed, several new approaches toward the gauge hierarchy question, based on the existence of extra dimension(s), have been suggested in the literature [8]-[17].

The first approach [8, 9, 10], which was proposed by Arkani-Hamed, Dimopoulos and Dvali (ADD), is the following one. If spacetime is the product of a 4-dimensional Minkowski spacetime with a n-dimensional compact space, and Standard Model (SM) fields are confined to the 4-dimensional subspace whereas gravity propagates also in the extra compact space, then one has, M^2_{P l} = M^{n+2}V_n, (1)

M being the fundamental (4+n)-dimensional mass scale of gravity, M_{P l} = 1/ √ 8πG_N ≃ 2.4 10^{18}GeV (G_N ≡ Newton constant) the effective 4-dimensional (reduced) Planck scale and V_n the volume of compact space. Hence, by taking a sufficiently large size of new n dimensions, the value of fundamental scale M can be of order of the TeV, which removes the important hierarchy between the gravitational and electroweak energy scales. Nevertheless, another hierarchy is then introduced: the discrepancy between the electroweak symmetry breaking scale (∼ 100GeV) and the compactification scale (∼ V^{−1/n}n ).

An elegant alternative solution to the gauge hierarchy problem was proposed by Randall and Sundrum (RS) [11, 12]. The RS scenario consists of a 5-dimensional theory in which the extra dimension (parameterized by y) is compactified on a S^1/Z_2 orbifold of radius R_c (so that −πR_c ≤ y ≤ πR_c). Gravity propagates in the bulk and the fifth dimension is bordered by two 3-branes with tensions tuned such that,

Λ_{(y=0)} = −Λ_{(y=πRc )} = −Λ/k = 24kM^3_5 , (2)

where Λ is the bulk cosmological constant, M_5 the fundamental 5-dimensional Planck scale and 1/k the Anti-de-Sitter (AdS_5) curvature radius (see below). Within this context, the zero mode of graviton is localized on the positive tension brane, namely the 3-brane at y = 0. Hence, while on this brane (referred to as the Planck-brane) the 4-dimensional Planck mass is of order M_{P l}, on the other brane (at y = πR_c) the effective Planck scale,

M_⋆ = wM_{P l}, (3)

is affected by the exponential “warp” factor w = e^{−kπRc} . From Eq.(3), we see that for a small extra dimension such that R_c ∼ 11/k (k is typically of order M_5 ∼ M_{P l}), one has w ∼ 10^{−15} and M_⋆ = O(1)TeV (the 3-brane at y = πR_c is then called the TeV-brane). If the SM particles (in particular the Higgs boson) are confined to the TeV-brane, they feel an effective Planck scale M_⋆ of the same order of magnitude as the electroweak scale. In this sense, the RS model provides a new natural solution to the gauge hierarchy problem.

Besides, in the RS framework, no additional strong hierarchy between fundamental scales appears (in contrast with the ADD approach) as the compactification scale (2πR_c)^{−1} is of order M_5/70. However, in the RS scenario, we live on a brane with negative tension (see Eq.(2)) which seems generically problematic as far as gravity and cosmology are concerned (see [16], [18]-[31] for a complete discussion). In particular, as it is clear from the corrected Friedmann equation for the Hubble expansion rate of our brane world, on our negative tension brane the energy density of normal matter/radiation should be negative, which conflicts with the absence of any noticeable effects of anti-gravity in our universe.

In order to avoid this potential cosmological problem, some multi-brane extensions of the RS model (still addressing the gauge hierarchy problem), in which the SM fields are stuck on a positive tension brane, have been constructed [13]-[17]. In the RS model extension of [13, 14], two positive tension branes are sitting on the fixed points of the S^1/Z_2 orbifold, namely at y = 0 and y = ±πR_c, and a third parallel 3-brane with negative tension can move freely in between. Within this^{′′} + −+^{′′} scenario, our universe is the^{′′}+^{′′} brane at y = ±πR_c (the two brane RS model is denoted as^{′′} + −^{′′} accordingly to this terminology). In another possible RS extension: the^{′′} + +−^{′′} model [13, 15], a^{′′}+^{′′} brane is located at y = 0, a^{′′}−^{′′} brane at y = ±πR_c and we live on an intermediate parallel^{′′}+^{′′} brane. In the^{′′} + +^{′′} model [16, 17], two^{′′}+^{′′} branes are sitting on the two orbifold fixed points and we live on one of them.

It must be first mentioned that the original motivation for the multi-brane RS extensions (which is to provide a solution to the cosmological problem, arising in the RS model, related to the modification of Friedmann equations) is not as strong as it seems. Indeed, in the presence of a mechanism stabilizing the size of the extra dimension within the RS model (like the mechanisms suggested in [32] or [33]), the ordinary FRW (Friedmann-Robertson-Walker) equations are recovered [34]. However, the multi-brane RS extensions remain interesting alternatives to the initial version of RS model since they give rise to a specific phenomenology. As a matter of fact, the multi-brane RS extensions possess a specific feature: the first KK excitations of a bulk fermion (or the graviton) are typically anomalously light (relatively to the electroweak scale) [35, 36]^1. The reason being that the magnitude of wave functions for first fermion KK modes typically approximates closely that for the 0-mode, differing significantly only in a region where the 0-mode wave function is exponentially suppressed.

Several other models, which extend the original RS framework, have also been elaborated in the literature, including the possibilities of configurations with several branes [38, 39, 40], intersecting branes [41, 42] or non-compact extra dimension(s) [43, 44, 45, 46] (as for instance in the case of an infinite crystalline universe [15, 47, 48, 49]). Those theoretical models lead generally to a rather complicated phenomenology.

Nevertheless, within all these attractive scenarios, namely ADD, RS and its multi-brane extensions, understanding lightness of neutrinos (with respect to the electroweak energy scale) becomes a challenge. Indeed, in this new class of brane universe models, the (effective) mass scale of gravity is of order of the TeV so that there exist no high energy scales. Hence, this brane world picture conflicts with the traditional interpretation of small neutrino mass size invoking the ‘see-saw’ mechanism [50]-[52], which requires a superheavy mass scale close to the GUT scale (∼ 10^{16}GeV).

In the context of the ADD scenario, a novel type of explanation for the smallness of neutrino masses has been proposed in terms of purely geometrical means [53, 54] (the associated neutrino phenomenology has been extensively studied in [55]-[75])^2. We remind here briefly the basic ideas of this kind of explanation, which does not rely on the existence of any high energy scale. The starting point is the observation that a right-handed neutrino added to the SM would be a gauge singlet, and could thus propagate freely inside the bulk. In such a situation, small Dirac neutrino masses can be naturally generated as the Yukawa couplings, between the Higgs boson, SM left-handed neutrinos and zero mode of bulk right-handed neutrinos, are suppressed, due to the weak interaction probability of bulk neutrinos with SM fields (which are confined to our 4-dimensional subspace). This suppression is considerable since, in the ADD framework, the volume of extra compact space is large relatively to the thickness of the wall where SM states propagate. More precisely, the effective 4-dimensional mass term, between SM neutrinos and

1 In contrast, within the pure RS framework, first KK modes of bulk fermions have typically electroweak-scale masses [37]. 2 Let us mention that, within the ADD framework, other types of higher-dimensional mechanism, which might permit the generation of small neutrino masses, have been suggested: the lightness of neutrinos could result from the power-law running of Yukawa couplings [53] or the breaking of lepton number on distant branes in the bulk [54, 76].

zero mode of bulk neutrinos, involves a suppression factor of the form (see Eq.(1)):

m_ν = κ (M^nV_n)^{−1/2} υ = κ (M/M_{P l} ) υ, (4)

where κ represents the dimensionless Yukawa coupling constants and υ ≃ 174GeV the vacuum expectation value (vev) of the SM Higgs boson. The physical neutrino masses are the eigenvalues of the whole neutrino mass matrix, which involves the masses of type (4), but also the masses of the Kaluza-Klein (KK) excitations of bulk right-handed neutrinos, as well as the masses mixing those KK modes with the SM left-handed neutrinos (which originate from the Yukawa couplings).

The same kind of intrinsically higher-dimensional mechanism as above (with an additional right-handed neutrino in the bulk), producing small neutrino masses, can apply to the RS model case^3. Nevertheless, within the RS scenario, the compactification volume is small (2πR_c ∼ 70M^{−1}_{P l} ) and the AdS_5 geometry tends to localize the 0-mode of bulk neutrino around the brane where are stuck SM particles (TeV-brane)^4. Hence, in order to obtain the desired order of magnitude for the effective neutrino mass scale, via this higher-dimensional mechanism, one has to introduce a 5-dimensional mass term for the bulk right-handed neutrino [37] (see also [79] for the specific case of a 7-dimensional spacetime including one warped extra dimension). Indeed, such a mass term of the appropriate form can modify the wave function for the 0-mode^5 of bulk neutrino (applying the ideas of [4, 84]) so that its overlap with the TeV-brane, and thus its effective 4-dimensional Yukawa coupling with the Higgs boson and SM left-handed neutrino, appears to be greatly reduced.

We mention here an alternative possibility, although it corresponds to a different physical context from the one considered in the present paper: in the RS model, all SM fields (except the Higgs boson, otherwise the gauge hierarchy problem would reappear [85, 86]) could live inside the bulk [85, 87, 88], if the SM gauge group is enhanced (in order to satisfy the electroweak precision constraints [89]). This realistic hypothesis provides a new way for interpreting the flavor structure of SM fermion masses [88, 90, 91, 92].

In the present work, we address the question which arises naturally from the above discussion: does the same type of geometrical mechanism as above (with a 5-dimensional mass term for the bulk right-handed neutrino) can create reasonable neutrino mass values in multi-brane extensions of the RS scenario ?

One expects that indeed sufficiently reduced neutrino masses can again be achieved through this mechanism. However, within the multi-brane RS extensions, the first KK excitations of right-handed neutrino can acquire ultralight masses compared to the electroweak scale (see above). By consequence, some mixing (induced by the Yukawa couplings) angles between the SM left-handed neutrinos and KK excitations of right-handed neutrinos should be typically large. Now, one can obtain severe experimental upper bounds on values of this kind of mixing angle between SM neutrinos and KK modes of right-handed neutrinos, since those KK states constitute new sterile neutrinos with respect to gauge interactions. In particular, these mixing angles can be strongly constrained by considering the experimental data on Z^0 boson widths associated to certain decay channels.

Therefore, we will derive these constraints on mixing angles (arising due to the presence of bulk right-handed neutrinos) which are issued from the measurements of Z^0 boson widths, within

3 Within the RS context, small (Dirac) neutrino masses can also be generated by another kind of model [77], in which the lepton number symmetry is explicitly broken on the Planck-brane while the right-handed neutrino is localized on the TeV-brane. Remarkably, because of the AdS/CFT correspondence, there exists a purely 4-dimensional dual description of such models, where the right-handed neutrino is a composite bound state (composite right-handed neutrinos were independently studied in [78]).

4 Unlike the 0-mode of graviton which is localized on the positive tension branes, the 0-mode of bulk fermions are localized on the negative tension ones (see Eq.(2)).

5 In the RS model, bulk fermions possess systematically a 0-mode [37], in contrast with the 0-mode of bulk scalar [80] and vector [81, 82, 83] fields which exists only for vanishing mass in the fundamental theory.

the context of multi-brane generalizations of the RS model. Then, we will determine whether those constraints translate into bounds, on the theoretical parameters, which exclude or not multi-brane extensions of the RS model from the possible frameworks addressing simultaneously the gauge hierarchy and small neutrino mass questions (the other experimental constraints on neutrino mass matrix will also be considered).

The organization of this paper is as follows. In Section 2, we describe in details the entire neutrino mass matrix, within the^{′′} + −+^{′′} framework, in case additional right-handed neutrinos propagate in the bulk. Then, in Section 3, by considering this neutrino mass matrix, we derive and discuss constraints on the^{′′}+−+^{′′} scenario coming from experimental bounds which concern neutrino physics. Based on our understanding of the^{′′} + −+^{′′} analysis performed in those two sections, we discuss in Section 4 the cases of the other multi-brane RS extensions: the^{′′} + +^{′′} and^{′′} + +−^{′′} models. Finally, we conclude in Section 5.

2 Neutrino masses in the^{′′} + −+^{′′} model

2.1 The^{′′} + −+^{′′} model

The goal of this work is a phenomenological study on the new paradigm of anomalously light KK excitations which is associated to the multi-brane RS extensions. We will begin by concentrating on a certain concrete realization, namely the^{′′} + −+^{′′} model, of this new paradigm because of the relative simplicity of calculations within the^{′′} + −+^{′′} context.

We mention here that the^{′′} + −+^{′′} model^6 can be seen as a limiting case of the more general ′′ + − − +^{′′} brane universe scenario (with a flat space between the two^{′′}−^{′′} branes) [15, 93].

The^{′′} + −+^{′′} model suffers from the presence of unacceptable radion fields, associated with the perturbations of the freely moving^{′′}−^{′′} brane sandwiched between^{′′}+^{′′} branes, which are necessarily ghost states with negative kinetic term [94, 95]. This fact is indeed problematic regarding the construction because the system is probably quantum mechanically unstable. Classically, the origin of the problem is connected to the violation of the weaker energy condition [96, 97].

However, we will consider the^{′′} +−+^{′′} model as a ‘toy model’ and a calculation tool allowing us then to develop a better understanding of the phenomenological analyzes on the other multibrane RS extensions, namely the^{′′} + +^{′′} and^{′′} + +−^{′′} models (which will be treated later: see Section 4). Now, those^{′′} + +^{′′} and^{′′} + +−^{′′} models represent concrete realizations of the mentioned new paradigm which do not suffer from the presence of radion ghost states.

Moreover, a 6-dimensional version, totally consistent from the theoretical point of view, of the^{′′} + −+^{′′} model has been elaborated [98]. Within this 6-dimensional framework, due to the non-trivial internal space, the characteristic bounce of warp factor can appear even without the presence of any (moving)^{′′}−^{′′} brane. Hence, one can avoid here the problematic presence of radion ghost states.

Now, in this 6-dimensional setup, the^{′′}+^{′′} 3-branes of the^{′′} + −+^{′′} model are replaced by 4- branes, but one of their dimensions is compact, unwarped and of Planck length. Thus, in the low energy limit the spacetime on the branes appears 3-dimensional. The 6-dimensional^{′′} +−+^{′′} version has similar predictions and almost identical properties as the considered 5-dimensional ”+-+” version, so that one can extend the present phenomenological study to the case of a 6-dimensional spacetime.

Besides, there exist a potential way out of the radion ghost problem arising in the^{′′} + −+^{′′} model: the^{′′}−^{′′} brane can be replaced by an external constant 4-form field which would mimic

6 The regions of parameter space that we consider in the present work, namely the regions where the gauge hierarchy problem can effectively be solved, do not correspond to the exotic Bi-gravity limit (giving rise to modifications of gravity at extremely large distances [13]) of the studied ”+-+” model.

the effects of such a brane [99, 100].

One can also assume that there exist a specific framework in which the radion ghost fields, appearing in the^{′′} + −+^{′′} model, condensate (so that the background can be stabilized) [101] or that the theory containing ghosts may in fact be viable due to other kinds of particular circumstances [102]. An alternative solution would be that there exist a certain regularization procedure (like the one proposed in the recent works [103, 104]) which applies to the^{′′} + −+^{′′} model, resulting in a theory free from ghosts or tachyons.

2.2 Formalism of the^{′′} + −+^{′′} model

In view of a comparison with the^{′′} + −+^{′′} scenario, we remind that within the RS model, the considered solution to the 5-dimensional Einstein’s equations, respecting 4-dimensional Poincaré invariance, leads to the non-factorisable metric:

ds^2 = e^{−2σ(y)}η_{μν} dx^μdx^ν + dy^2, (5)

with σ(y) = k|y|, x^μ [μ = 1, . . . , 4] the coordinates for the familiar 4 dimensions and η_{μν} = diag(−1, 1, 1, 1) the 4-dimensional metric. The bulk geometry, associated to the metric (5), is a slice of AdS_5 space. By considering the fluctuations of metric (5), one obtains, after integration over y, the expression for the effective 4-dimensional Planck scale M_{P l}:

M^2_{P l} =

M^3_5 k (1 − e^{−2πkRc} ). (6) Within the^{′′} + −+^{′′} model, the tensions of the^{′′}+^{′′} brane sitting at y = 0, the^{′′}−^{′′} brane at y = L_− (L_− > 0) and the^{′′}+^{′′} brane at y = L_+ = πR_c (L_+ > L_−) are tuned to (to be compared with Eq.(2)):

Λ_{(y=0)} = −Λ_{(y=L− )} = Λ_{(y=L+ )} = −Λ/k = 24kM^3_5 . (7)

In this framework, the metric ansatz, that should respect the 4-dimensional Poincaré invariance, is taken as in Eq.(5) with the following solution for the function σ(y), σ(y) = k(L_− − ||y| − L_−|). (8) This solution can only be trusted for an AdS_5 curvature smaller than the fundamental 5- dimensional Planck scale:

k < M_5. (9)

In the^{′′} + −+^{′′} extension of the RS model, the expression for the effective 4-dimensional Planck scale M_{P l} becomes (to be compared with Eq.(6)),

M^2_{P l} =

M^3_5 k (1 − 2e^{−2kL−} + e^{−2k(2L−−L+)}). (10) Besides, for the solution (8), the warp factor defined by Eq.(3), in which M_⋆ denotes now the effective Planck mass on the^{′′}+^{′′} brane at y = L_+ = πR_c (where are confined all SM fields), reads as, w = e^{−σ(L+)} = e^{−k(2L−−L+)}. (11) Hence, in the^{′′} + −+^{′′} scenario, the gauge hierarchy problem is solved for M_⋆ = O(TeV) which is achieved when the warp factor verifies,

w ∼ 10^{−15}, (12) or equivalently:

2L_− − L_+ ∼ 34/k. (13)

In view of future discussions, we introduce the quantity x defined by,

x = k(L_+ − L_−). (14)

Then Eq.(10) can be rewritten in terms of the parameters w and x as:

M^3_5 = kM^2_{P l}[1 + w^2(1 − 2e^{−2x})]. (15)

2.3 Neutrino mass matrix

In this section, we describe all the relevant contributions to the neutrino mass matrix. The higher-dimensional mechanism generating Dirac neutrino masses, that we study in this paper, requires a 5-dimensional mass term for the additional bulk neutrino (see Section 1). In the ′′ + −+^{′′} background considered here, this mass term enters the 5-dimensional action of bulk neutrino as,

S_5 = ∫ d^4x ∫ dy √ G ( E^M_a [ i 2 Ψ̄γ^a(−→∂_M − ←−∂_M )Ψ + ω^{bcM} 8 Ψ̄{γ^a, σ^{bc}}Ψ ] − mΨ̄Ψ − λ_5HL̄Ψ + h.c. ) , (16) G = det(G_{M N} ) = e^{−8σ(y)} (with σ(y) as given in Eq.(8))^7 being the determinant of the metric, E^M_a = diag(e^{σ(y)}, e^{σ(y)}, e^{σ(y)}, e^{σ(y)}, 1) the inverse vielbein, Ψ = Ψ(x^μ, y) the neutrino spinor, γ^a = (γ^μ, iγ_5) the 4-dimensional representation of Dirac matrices in 5-dimensional flat space, ω_{bcM} the spin connection (c.f. [35]), m the neutrino mass in the fundamental theory, λ_5 the Yukawa coupling constant (of mass dimension −1/2), H the Higgs boson field and L the SM lepton doublet.

In order to localize the 0-mode of bulk neutrino, the mass m must have a non-trivial dependence on the fifth dimension, and more precisely with a ‘(multi-)kink’ profile [4, 84]. The mass m could be the vev of a scalar field. We consider the economic possibility that this scalar field has a double rôle, in the sense that it also creates the branes themselves [105] which imposes the following condition on the vev, m = c dσ(y) dy , (17)

where c is a dimensionless parameter and σ(y) is defined by Eq.(8). We check that the vev (17) is well compatible with the Z_2 symmetry (y → −y) of the S^1/Z_2 orbifold: this vev is odd under the Z_2 transformation (see Eq.(8)), like the product Ψ̄Ψ (as fermion parity is defined by: Ψ(−y) = ±γ_5Ψ(y)), so that the term mΨ̄Ψ is even which allows to preserve the invariance of action (16).

At this stage, what do we know about the value of parameter c ? Since the mass m is a parameter that appears in the original 5-dimensional action (16), its natural absolute value is of order of the fundamental 5-dimensional Planck scale M_5. Besides, dσ(y)/dy = ±k (see Eq.(8)) and k < M_5 (see Eq.(9)). Hence, it is clear from Eq.(17) that the ‘physical’ value of c verifies: c > 1 (as discussed in [35]).

By consequence, the relevant case is the one characterized by c > 1/2, in which the 0-mode of bulk neutrino is localized on the two positive tension branes (at y = 0 and y = L_+) [36] like the 0-mode of graviton (as mentioned in foot-note 4). Therefore, the effective 4-dimensional

7 We use the capital indexes M, N,. . . for objects defined in 5-dimensional curved space, and the lower-case indexes a, b,. . . for objects defined in the tangent frame.

mass m^{(0)}ν , induced by the Yukawa coupling of action (16) and mixing the 0-mode of bulk righthanded neutrino ψ^{(0)}_R with the SM left-handed neutrino ν_L (stuck on the^{′′}+^{′′} brane at y = L_+), is reduced for the same geometrical reason that the effective scale of gravity M_⋆ (on the brane sitting at y = L_+) is suppressed. This mass m^{(0)}ν can thus be expressed (for c > 1/2) in term of the warp factor w defined by Eq.(3) and Eq.(11) [35]:

m^{(0)}_ν ≃ √ k M_5 (c − 1 2 ) w^{c−1/2} υ. (18)

In this expression, the 5-dimensional Yukawa parameter λ_5 has been taken to its natural value: λ_5 ≃ M^{−1/2}_5 .

Similarly, the Yukawa coupling of action (16) also induces the following effective 4-dimensional masses mixing ν_L with the first KK excitation of neutrino ψ^{(1)}_R [35]:

m^{(1)}_ν ≃ √ k M_5 (c − 1 2 ) υ, (19)

or with the other KK excitations ψ^{(n)}_R [n > 1] [35]:

m^{(n)}_ν ≃ √ k M_5 (c − 1 2 ) e^{−x} υ [n = 2, 3, 4, . . . ]. (20)

The x dependence in Eq.(20) can be understood as follows: the KK states ψ^{(n)}_R [n > 1] are localized around the^{′′}−^{′′} brane at y = L_− (in contrast with the first KK mode ψ^{(1)}_R which is localized on the two positive tension branes) so that when x increases their wave function overlap with ν_L (trapped on the^{′′}+^{′′} brane at y = L_+), and thus the associated mass m^{(n)}ν , decreases.

Finally, the excited modes of bulk neutrino ψ^{(n)} [n ≥ 1] acquire KK masses of the form (for c > 1/2) [36]: m^{(1)}_{KK} = √ 4c^2 − 1 w e^{−(c+1/2)x} k, (21)

m^{(n+1)}_{KK} = ξ_n w e^{−x} k [n = 1, 2, 3, . . . ], (22) where ξ_{2i+1} is the (i + 1)-th root of J_{c−1/2}(X) = 0 (i = 0, 1, 2, . . .) and ξ_{2i} is the i-th root of J_{c+1/2}(X) = 0 (i = 1, 2, 3, . . .), J_{c±1/2}(X) denoting the Bessel functions of the first kind and order c±1/2. We remark that the KK mass m^{(1)}_{KK} of first excited state ψ^{(1)} is manifestly singled out from the rest of the KK tower.

In conclusion, within the framework we study (namely the^{′′} + −+^{′′} scenario with an additional massive bulk neutrino), the complete neutrino mass matrix appears in the effective lagrangian as, L = −ψ̄^ν_LMψ^ν_R + h.c., (23) ψ^ν_{L,R} representing the 4-dimensional fields: ψ^ν_L = (ν_L, ψ^{(1)}_L , ψ^{(2)}_L , . . .) and ψ^ν_R = (ψ^{(0)}_R , ψ^{(1)}_R , ψ^{(2)}_R , . . .), and reads as (see Eq.(18)-(22)),

M = m^{(0)}ν m^{(1)}ν m^{(2)}ν . . . 0 m^{(1)}_{KK} 0 . . . 0 0 m^{(2)}_{KK} . . . . . . . . . ...

. (24)

3 Experimental constraints on the^{′′} + −+^{′′} model from neutrino physics

3.1 Number of neutrino generations

3.1.1 Bound from Z^0 width measurements

If the SM left-handed neutrino mixes with some sterile (with respect to the SM gauge interactions) left-handed neutrinos, then its effective weak charge is diminished [91]. That is the reason why, in such a situation, the measurements of Z^0 boson width induce a constraint on mixing angles between sterile left-handed neutrinos and the SM one. In our framework, we must study this constraint since the SM neutrino ν_L mixes with the KK excitations of bulk neutrino ψ^{(n)}_L [n ≥ 1] (see Section 2.3), which constitute sterile left-handed neutrinos. Here, we derive this constraint in the considered physical context. Let us define the quantity n_ν as,

n_ν =

Γ^{exp}(Z^0 → invisible)

Γ^{th}(Z^0 → ν̄_Lν_L)

, (25)

where Γ^{exp}(Z^0 → invisible) stands for the experimental data on Z^0 boson width associated to the decay channel into any undetectable particle, and, Γ^{th}(Z^0 → ν̄_Lν_L) represents the known theoretical prediction of Z^0 boson width associated to the decay into a single family of SM neutrino (neutrino masses being neglected relatively to the Z^0 mass). The value of n_ν obtained experimentally is [106], n_ν = 2.985 ± 0.008 (26) In the absence of any sterile neutrino effect, n_ν is nothing but an experimental estimation of the number of SM neutrino generations. Since in our framework, the SM neutrinos mix not only with each other but also with the sterile neutrinos ψ^{(n)}_L , their effective weak coupling is suppressed so that the number of SM neutrino generations reads as [37],

n^{gen}_ν = 3 = n_ν / cos^2 θ_ν , (27)

where cos^2 θ_ν represents the admixture of lightest neutrino eigenstates for the SM electron neutrino, in case this admixture is identical for the muon and tau neutrinos. The lightest neutrino eigenstates stand here for all the neutrino eigenstates with a mass smaller than the Z^0 boson mass (so that they can be produced in the Z^0 decay). The quantity cos^2 θ_ν involves thus mixing angles between SM left-handed neutrinos and sterile neutrinos ψ^{(n)}_L . Eq.(26) and Eq.(27) lead to the (expected) bound on this angle θ_ν :

tan^2 θ_ν < 0.0077 (28)

What is the precise definition of cos θ_ν in the case of a unique lepton flavor (the three flavor case will be treated in Section 3.3.4) ? This definition is,

cos θ_ν = U_{01}, (29)

where U is the unitary matrix responsible for the basis transformation: ψ^ν_L = U ψ^{phys}_L , (30) ψ^{phys}_L containing the neutrino mass eigenstates: ψ^{phys}_L = (ν_1, ν_2, ν_3, . . .) (and ψ^ν_L being defined in Section (2.3)). The two indexes 0 and 1 of matrix element (29) correspond respectively to the SM neutrino ν_L in vector ψ^ν_L and to the lightest neutrino eigenstate ν_1 in vector ψ^{phys}_L . More explicitly, one has ν_L = U_{01} ν_1 + . . . Here, we have assumed that only the lightest neutrino eigenstate ν_1 has a mass smaller than the Z^0 mass (The hypothesis that more neutrino eigenstates are lighter than the Z^0 boson will be discussed in Section 3.3.3).

3.1.2 Implications for the parameters of the^{′′} + −+^{′′} model

In this part, we will translate the experimental bound (28) into a constraint on the fundamental parameters in the version of the^{′′} + −+^{′′} scenario with a massive bulk right-handed neutrino. The mixing angle θ_ν entering Eq.(28), and defined in Eq.(29)-(30), is calculated in Appendix B, in case the neutrino mass matrix is given by Eq.(24) which is characteristic of the presence of a bulk right-handed neutrino (eigenvalues of the hermitian square of matrix (24) are discussed in Appendix A). The result appears in Eq.(B.7). The KK masses and masses mixing the SM neutrino with excited states of bulk neutrino, which enter Eq.(B.7), can be replaced by their expression within the^{′′} + −+^{′′} framework given in Eq.(21)-(22) and Eq.(19)-(20) respectively: this leads to the following expression for tan^2 θ_ν in terms of the fundamental parameters,

tan^2 θ_ν ≃ υ^2 w^2kM_5 [ e^{(2c+1)x} 2(2c + 1) + (c − 1 2 ) (_∞∑ i=1 1 (ζ^+_i )^2 + ∞∑ i=1 1 (ζ^−_i )^2 )] , (31)

where ζ^+_i and ζ^−_i are the i-th roots (i = 1, 2, 3, . . .) of J_{c+1/2}(X) = 0 and J_{c−1/2}(X) = 0 respectively. The two infinite sums of Eq.(31) can be performed exactly and yield,

tan^2 θ_ν ≃ υ^2 w^2kM_5 [ e^{(2c+1)x} 2(2c + 1) + g(c) ] , with g(c) =

(c + 1)(2c − 1) (2c + 3)(2c + 1)

. (32)

From this expression of tan^2 θ_ν and the experimental bound (28) on tan^2 θ_ν , we deduce the following constraint on the theoretical parameters x, w, k, M_5 and c (to be added to the SM parameters) of the^{′′} + −+^{′′} model with an additional massive bulk neutrino, x ≲ 1 2c + 1 ln [ 0.0077 × 2(2c + 1) w^2kM_5 υ^2 − (2c − 1)(2c + 2) (2c + 3) ] . (33)

The ln function involved in Eq.(33) is well defined on the intervals of parameters that we will consider (see Eq.(41)).

It is instructive to remark that, in fact, the upper bound (28) on tan^2 θ_ν has been expressed as an upper bound on the parameter x (c.f. Eq.(33)). This point can be understood in a physical way as follows. The dominant effect of a decrease of x on the matrix (24) is that the KK masses (21)-(22) for excited modes of bulk neutrino increase, so that these excited modes ψ^{(n)} [n ≥ 1] tend to decouple. This induces a decrease of the mixing, quantified typically by tan^2 θ_ν (see Section 3.1.1), between the left-handed component ψ^{(n)}_L of those sterile neutrinos ψ^{(n)} [n ≥ 1] and the SM neutrino ν_L.

3.2 Neutrino masses

In this section, we will determine the constraints on parameters of the^{′′} +−+^{′′} scenario, with an additional massive bulk neutrino, originating from the experimental bounds on neutrino masses. We will concentrate on the experimental bounds on absolute neutrino mass scales: here, the relevant bounds are those extracted from the tritium beta decay experiments [107, 108, 109, 110] since those bounds are independent of whether neutrinos are Majorana or Dirac particles. In contrast, the other bounds issued from neutrinoless double beta decay experiments (see [111] for a review) apply only on Majorana neutrino masses and thus do not hold in the present framework where neutrinos acquire Dirac masses (see Eq.(23)).

The best limit coming from data on tritium beta decay has been obtained by the Mainz experiment and reads as [108], m_β ≤ 2.2 eV (95% C.L.). (34)

We also indicate the limit extracted from data on tritium beta decay measured by the Troitsk experiment: m_β ≤ 2.5 eV (95% C.L.) [109]. In the assumption of no mixing between lepton flavors, the quantity m_β = m(ν_e) introduced in Eq.(34) is the electron neutrino mass, or equivalently the associated neutrino mass eigenvalue [107, 110]. Therefore, in our physical context with only one lepton flavor (the electron flavor), the experimental limit (34) can be applied on the smallest neutrino mass eigenvalue m_{ν1} (see end of Section 3.1.1 and Eq.(A.1)) which leads then to, m_{ν1} ≤ 2.2 eV. (35) It must be mentioned that under the realistic hypothesis of three mixing lepton flavors, the effective mass, to which are sensitive the tritium beta decay experiments, reads as m_β = ( ∑_3

i=1 |U^{M N S}_{ei} |^2 m^2_{νi} )^{1/2} where U^{M N S} is the lepton mixing matrix [107, 110]. In this case, taking into account the experimental lepton mixing angle values [112] and small squared neutrino mass differences (|m^2_{ν2} − m^2_{ν1} | ∈ [6.1, 8.4] × 10^{−5}eV^2 and |m^2_{ν3} − m^2_{ν1} | ∈ [1.4, 3.0] × 10^{−3}eV^2 at 2σ from a global data analysis [112]^8) obtained from oscillation experiments, one would expect that Eq.(34) still leads to upper bounds on the three weakest neutrino mass eigenvalues m_{ν1,2,3} of order of the eV (as in Eq.(35)).

Besides, in the case of three lepton flavors, the upper cosmological bound

∑_3 i=1 m_{νi} < 0.7 ↔ 1.01eV (depending on cosmological priors), which comes from WMAP and 2dFGRS galaxy survey [113], also corresponds to limits on the three weakest neutrino mass eigenvalues m_{ν1,2,3} of the same order as in Eq.(35).

An expression for the smallest neutrino mass eigenvalue m_{ν1} , which enters Eq.(35), can be found by combining Eq.(A.8) and Eq.(B.7). The result is,

m_{ν1} ≃ cos θ_ν m^{(0)}_ν . (36)

The expression (36), together with Eq.(18) and Eq.(35), leads to the following experimental constraint on fundamental parameters,

cos θ_ν √ k M_5 (c − 1 2 ) w^{c−1/2} υ ≲ 2.2 eV. (37)

3.3 Combination of the constraints

3.3.1 Constraint on the parameter c

Here, we deduce from Eq.(37) (representing an experimental bound on neutrino mass) a constraint on theoretical parameter c (defined by Eq.(17)). For the value of ratio k/M_5 involved in Eq.(37), we consider the range 10^{−4} ≲ k/M_5 ≲ 1, its upper boundary being motivated by Eq.(9) and its lower one by the fact that it is not desirable to introduce a new high hierarchy between the AdS_5 curvature k and the fundamental scale of gravity M_5. Hence, by using the value of warp factor given in Eq.(12) (for which the gauge hierarchy problem is solved), the bound (28) and Eq.(37), we obtain the numerical results:

c ≳ 1.08 for k/M_5 = 10^{−4}, (38)

c ≳ 1.22 for k/M_5 = 1. (39) Those results mean that the obtained value of the lower limit on parameter c lies typically in the interval [1.08, 1.22] if 10^{−4} ≲ k/M_5 ≲ 1. The dependence of this lower limit for c on the warp factor value is weak: for instance, if w = {10^{−13}; 10^{−14}; 10^{−15}; 10^{−16}; 10^{−17}} then Eq.(39) reads as c ≳ {1.33; 1.27; 1.22; 1.17; 1.13} [k/M_5 = 1] respectively.

8 The study performed in [112] is based on the results of the atmospheric and solar neutrino experiments as well as the accelerator (K2K) and reactor (CHOOZ and KamLAND) experiments.

3.3.2 Constraint on the parameter k

In fact, the bound (33) on parameter x allows to impose a constraint on the AdS_5 curvature k. Let us derive this constraint. For that purpose, we first observe that, within the considered ′′ + −+^{′′} model, the quantity x defined by Eq.(14) is positive (see Section 2.2), namely,

x > 0. (40)

Indeed, the opposite case x < 0 (⇔ 0 < L_+ < L_−) corresponds to the brane configuration of the^{′′} + +−^{′′} scenario, in which a^{′′}+^{′′} brane (at y = L_+) is sitting between an other^{′′}+^{′′} brane (at y = 0) and a^{′′}−^{′′} brane (at y = L_−). Eq.(33) and Eq.(40) lead to,

0.0077 × 2(2c + 1) w^2kM_5

υ^2 − (2c − 1)(2c + 2) (2c + 3)

≳ 1. (41)

By considering Eq.(41) together with the limit (38), which is conservative all through the considered range 10^{−4} ≲ k/M_5 ≲ 1 (see Section 3.3.1), we find the following numerical result, w √ kM_5 ≳ 1097 GeV. (42)

Now, by taking into account the relevant values of brane positions L_− and L_+ (see Eq.(47) that is presented later), the relation (10) (characteristic of the^{′′} + −+^{′′} model) can be rewritten in a good approximation as, M^3_5 ≃ kM^2_{P l}. (43)

This new relation, the condition (9) and the value of warp factor (12) (required in order to solve the gauge hierarchy problem) can be combined to give w √ kM_5 ≤ O(TeV), which leads, together with Eq.(42), to the important result: w √ kM_5 = O(TeV). (44)

This result and the M_5 expression (43) give rise to the following expected constraint on curvature parameter k (for the value of w given by Eq.(12)):

k ∼ M_5 ∼ M_{P l}. (45)

Let us make an important comment on the relation found in Eq.(45): this relation k ∼ M_5 can be interpreted as a condition of ‘naturality’ (fixing the AdS_5 curvature parameter k) within the generic^{′′} +−+^{′′} framework. In the sense that this relation avoids the possibility to introduce a new strong hierarchy between the energy scale k and fundamental Planck scale M_5 in the ′′ + −+^{′′} model (the main interest of the^{′′} + −+^{′′} model being to solve the problem of strong hierarchy between the electroweak scale and scale M_5).

3.3.3 Constraint on the parameter x

• Numerical values: Let us present and discuss the values for limit (33) on the x parameter of the^{′′}+−+^{′′} model. We recall that this limit is nothing else but an expression of the experimental bound (28) originating from considerations on the number of neutrino families. In Fig.(1), we show the value of this limit (33) on x as a function of the parameter c. The other quantity w √ kM_5, on which also depends the limit (33), has been set around the TeV scale in this figure. This choice is motivated by Eq.(44) which results from a combination of various constraints.

The behavior of curves drawn on Fig.(1) can be explained physically in the following terms. The decrease of c has two dominant effects on matrix (24). The first one is a decrease of the masses

PSfrag replacements

Figure 1: Value of the upper bound on x obtained in Eq.(33) as a function of parameter c, for w √ kM_5 equal to 2TeV (dotted line), 3TeV (dot-dashed line), 5TeV (dashed line) and 10TeV (plain line). The choice of those values for the parameter combination w √ kM_5 is motivated by Eq.(42) and Eq.(44). The regions situated above the curves are rejected by bound (33).

(19)-(20) mixing the SM neutrino ν_L with KK excitations of bulk neutrino ψ^{(n)} [n ≥ 1]. The second one is that the KK mass (21) for first excited mode ψ^{(1)} increases, so that this excited state ψ^{(1)} tends to decouple. These two effects induce a decrease of the mixing, quantified typically by tan^2 θ_ν (see Section 3.1.1), between the SM neutrino ν_L and sterile neutrinos ψ^{(n)} [n ≥ 1]. Therefore, a c decrease can be compensated by an increase of x in a way such that tan^2 θ_ν remains fixed at a given value, since tan^2 θ_ν increases with x (see Eq.(32)) as we have explained at the end of Section 3.1.2. This feature allows to understand why in Fig.(1) the x value, which is associated to a value of tan^2 θ_ν fixed to its limit: 0.0077 (as the x bound represented in Fig.(1) expresses the bound (28) on tan^2 θ_ν ), increases when c diminishes, all other fundamental parameters (w, k and M_5) being fixed.

• Bound on x from the combination of constraints on c, k and x: Motivated by the constraint on k obtained in Eq.(45) and the condition (12) concerning gauge hierarchy, we choose to consider Eq.(39) as the relevant constraint on c originating from experimental bounds on neutrino masses. As it is clear from Fig.(1), by combining this constraint (39) on c with the constraint (33) on x, we can obtain a value for the limit on x as a function of the quantity w √ kM_5: the associated numerical results are respectively (the necessary condition w √ kM_5 = O(TeV) is due to the relation obtained in Eq.(44)),

x ≲ {0.51; 0.78; 1.09; 1.50} for w √ kM_5 = {2; 3; 5; 10} TeV. (46)

Let us comment about the use of constraint (39) on c for deriving the limit (46) on x. The constraint (39) on c corresponds to the following exact values for the relevant fundamental parameters: w = 10^{−15} and k/M_5 = 1. Now, only the associated orders of magnitude are imposed for w and k/M_5 by the condition (12) concerning gauge hierarchy and the constraint on k obtained in Eq.(45), respectively. Hence, one may think of considering the constraint (39) on c induced by other values of w and k/M_5 around respectively 10^{−15} and 1. However, the constraint (39) on c possesses a weak dependence on both the parameter w (see end of Section 3.3.1) and ratio k/M_5 (see also Eq.(38)). In conclusion, the dependences of c constraint (39) on w and k/M_5 do not introduce another significant dependence on fundamental parameters for the x limit (46) (compared to the dependence of x limit (46) on w √ kM_5).

In summary, we have derived the experimental bound (46) on the fundamental parameter x of the^{′′} + −+^{′′} scenario. The obtained values of this upper bound (46) are valid for w ∼ 10^{−15} (necessary for solving the gauge hierarchy problem), k < M_5 (condition (9) of validity for the ′′ + −+^{′′} model) with k ∼ M_5 (resulting from various relevant constraints) and M^3_5 ≃ kM^2_{P l} (good approximation of relation (10) characteristic of the^{′′} + −+^{′′} framework), the two latter conditions leading to: k ∼ M_5 ∼ M_{P l}.

From a general point of view, it is particularly interesting to obtain an experimental limit (as in Eq.(46)) on the fundamental parameter x in the^{′′} + −+^{′′} framework (with an additional massive bulk neutrino). As a matter of fact, among the five fundamental parameters of the ′′ + −+^{′′} model including a massive bulk neutrino, namely x, w, k, M_5 and c, only x is really free from the theoretical point of view. In the sense that the four other fundamental parameters undergo the following direct constraints. The warp factor w has to be approximately equal to 10^{−15} if the gauge hierarchy question is to be addressed (see Eq.(12)). The AdS_5 curvature k must be of the same order of magnitude as the fundamental Planck mass M_5 in order to avoid the appearance of a hierarchy between energy scales. The value of gravity scale M_5 is restricted via the formula (10) (given in a good approximation by Eq.(43)), which is dictated by the^{′′} + −+^{′′} theory, to be a known function of the other fundamental parameters x, w and k (or equivalently L_−, L_+ and k). Finally, the quantity c, which parameterizes the amplitude of 5-dimensional neutrino mass m (see Eq.(17)), fixes the neutrino mass scales, and can thus be constrained by considering their realistic value (see Section 3.3.1).

• Consequences of x constraint for other parameters/quantities: The parameters x (defined by Eq.(14)) and w (defined by Eq.(11)) of the^{′′} + −+^{′′} scenario can be replaced by the theoretically equivalent parameters L_− and L_+ (defined in Section 2.2). Therefore, the experimental bound on x obtained in Eq.(46) together with the condition (12) (⇔ (13)) on w concerning the gauge hierarchy give rise to the approximative expression for L_− and L_+:

L_− ∼ L_+ ∼ 34/k. (47)

From another point of view, the experimental constraint (33) on the parameter x (illustrated in Fig.(1)), which results from a study on the number of neutrino generations, induces in particular a lower bound on the KK mass m^{(1)}_{KK} for first excited mode of bulk neutrino since this mass depends on x through formula (21). Following the presentation of Fig.(1), this lower bound is shown on Fig.(2) in function of the parameter c as the limit (33) on x depends on c. We see on Fig.(2) that this lower bound on m^{(1)}_{KK} , once combined with the bound (39) on c (due to experimental constraints on neutrino masses), gives rise to the conservative bound:

m^{(1)}_{KK} ≳ 1.6 TeV. (48)

• Domain of validity for the obtained constraint on x: Let us consider the constraint (33) on x which is illustrated in Fig.(1). This constraint was obtained from considerations on the Z^0 width measurements in the case where only the lightest neutrino eigenstate ν_1 has a mass smaller than the Z^0 mass (see Section 3.1.1). Therefore, this constraint holds in the region of parameter space where only one neutrino eigenstate is lighter than the Z^0 boson. This region is shown in Fig.(3). It corresponds to the region in which all neutrino mass eigenvalues except the smallest one, namely m_{ν2} , m_{ν3} , . . . (see foot-note 11), are larger than the Z^0 mass. We mention that those eigenvalues are approximatively given by m_{ν2} ≃ m^{(1)}ν and m_{νi} ≃ m^{(i−1)}_{KK}

PSfrag replacements

Figure 2: Mass (21) for first neutrino KK excitation as a function of the parameter c. The parameter x in mass expression (21) has been set to its limit (33). The quantity w √ kM_5 entering Eq.(33) has been fixed to 2TeV (dotted line), 3TeV (dot-dashed line), 5TeV (dashed line) and 10TeV (plain line). The choice of taking systematically w √ kM_5 = O(TeV) is motivated by the relevant condition obtained in Eq.(44). Furthermore, we have considered the case where k = M_5 (recall that having k ∼ M_5 avoids the presence of a new typical energy scale value) so that the quantity w √ kM_5 is equal to the product wk involved in KK mass expression (21). Domains lying below the curves are ruled out (see Eq.(21) and Eq.(33)).

[i ≥ 3] (see mass definitions in Section 2.3) for c ∈ [1, 10], wk ∈ [2, 10]TeV and x ≳ 4. We deduce from Fig.(1) and Fig.(3) that we have only excluded intermediate values of x, or more precisely that the obtained range of values is,

x < O(1) or O(4) ↔ O(6) < x. (49)

We discuss now the scenario where there exist several neutrino mass eigenvalues smaller than the Z^0 mass, a scenario which arises within the regions of parameter space lying above the curves shown in Fig.(3). For instance, let us consider the simplest case with two neutrino mass eigenvalues smaller than the Z^0 mass. Then, the admixture cos^2 θ_ν introduced in Section 3.1.1 would be now defined as, cos^2 θ_ν = U^2_{01} + U^2_{02}, (50)

instead of Eq.(29). In order to deduce a constraint on the parameters of^{′′} + −+^{′′} model from the bound (28) on the angle θ_ν due to Z^0 width measurements, one has to express θ_ν (defined now by Eq.(50)) in terms of those parameters. This is far from being trivial for the two following reasons. First, the squared matrix element U^2_{02} entering Eq.(50) involves an unknown sum (see Eq.(B.5)) of Bessel function roots (via the KK masses m^{(m)}_{KK} [m ≥ 1] given in Eq.(21)-(22)). Secondly, the squared matrix element U^2_{02} involves the eigenvalue m_{ν2} (see Eq.(B.5)), of the infinite neutrino mass matrix (24), which has to be expressed in terms of the mass matrix elements. Hence, in the domains of parameter space situated above the curves of Fig.(3), it turns out to be difficult to derive analytically a constraint on the parameter x from the bound (28) due to Z^0 width measurements. A numerical approach does not seem easier since the definition of admixture cos^2 θ_ν depends on the number of neutrino mass eigenvalues smaller than the Z^0 mass (as exhibits well Eq.(50)) so that the computation of constraint on x depends strongly on the region of parameter space studied. Nevertheless, one can predict that this constraint on x, issued from the bound (28) on θ_ν , is less severe than the constraint presented in Fig.(1) (obtained in the domains below curves of Fig.(3)) since there are more positive contributions to the admixture cos^2 θ_ν (compare Eq.(29) with Eq.(50) for example).

PSfrag replacements

Figure 3: Values of parameter x (domains below the curves) corresponding to the situation where only one neutrino mass eigenvalue is smaller than the Z^0 boson mass. Those values are presented as a function of parameter c, for wk equal to 2TeV (dotted line), 3TeV (dot-dashed line), 5TeV (dashed line) and 10TeV (plain line). We have also set the ratio k/M_5 at the physically relevant value of one so that each of the present curves (obtained for a fixed value of wk) can be associated to a curve in Fig.(1) (obtained for a fixed value of w √ kM_5).

This is useful as the domains shown here (below the curves) represent the regions of validity for the upper bounds on x given in Fig.(1).

w √ kM_5 = 2 TeV w √ kM_5 = 5 TeV [k = 3.82 10^{17}GeV] [k = 1.51 10^{18}GeV]

w = 4.5 e^{−35} x ∈ [0, 0.3] or x ≳ 4.9 x ∈ [0, 0.6] or x ≳ 6.3 = 2.84 10^{−15} x ∈ [0, 1.2]U[2.3, 3.1]U[4.2, 16.6] x ∈ [0, 1.8]U[3.1, 17.4]

[k = 1.15 10^{17}GeV] [k = 4.56 10^{17}GeV]

w = 10 e^{−35} x ∈ [0, 0.3] or x ≳ 4.5 x ∈ [0, 0.6] or x ≳ 5.9 = 6.30 10^{−15} x ∈ [0, 1.1]U[2.2, 2.6]U[3.2, 16.5] x ∈ [0, 1.8]U[2.8, 17.2]

Table 1: Experimental constraints on the parameter x of the^{′′} + −+^{′′} model issued from considerations on neutrino physics [upper line] (c.f. Fig.(1) and Fig.(3)) and exchange of graviton KK modes [lower line] [13, 14] for c = 3 and various values of the other theoretical parameters w and k (M_5 being fixed by the characteristic relation (10) or equivalently (15)). The choice of restricting the parameter space to w ∼ 10^{−15} and k ∼ M_{P l} is motivated, respectively, by the gauge hierarchy question (see Section 2.2) and the condition k ∼ M_5 (leading together with Eq.(15), or equivalently Eq.(43), to k ∼ M_{P l} ) under which no new typical energy scale value is introduced. Finally, all parameter values are taken such that the necessary condition k < M_5 (see Eq.(9)) is well fulfilled.

• Comparison of the bound placed on x with existing bounds: We now compare our experimental bound on x obtained in Fig.(1) (holding in the parameter spaces illustrated on Fig.(3)) with the other experimental bounds on x which have already been derived in the literature [13, 14] within the^{′′} + −+^{′′} framework. These other bounds on x have been obtained by considering KK excitations of the graviton. More precisely, the authors of [13, 14] have placed a constraint on x by requiring that the contribution of resonant graviton KK state production to the SM process e^+e^− → μ^+μ^− is not visible at leptonic colliders. Furthermore, another bound on x has been deduced from the condition that the exchange of graviton KK modes does not induce noticeable corrections to the Newton law (which is tested experimentally) [13, 14].

First, we consider our upper bound (valid for x ≲ 4.9):

x ≲ 0.3, (51)

obtained (see Fig.(1)) for the typical value c = 3 and, w √ kM_5 = 2 TeV. (52)

Let us also consider, for example, the precise warp factor value (bound (51) is valid for w ∼ 10^{−15}):

w = 4.5 e^{−35} = 2.84 10^{−15}. (53)

For values of x and w given respectively by Eq.(51) and Eq.(53), the property (15) of^{′′} + −+^{′′} scenario reads in a good approximation as M^3_5 ≃ kM^2_{P l}, a relation which leads together with Eq.(52) and Eq.(53) to, k = 3.82 10^{17} GeV. (54)

To summarize, our bound (51) on x holds for the values of fundamental parameters w, k and M_5 given respectively by Eq.(53), Eq.(54) and Eq.(10) (⇔ Eq.(15)). For the same values of parameters w, k and M_5, the bound on x, coming from considerations on graviton KK state production at colliders, is [13, 14],

x ∈ [0, 1.2]U[2.3, 3.1], or, x ≳ 4.2, (55)

while the bound due to possible modifications of gravity reads as [13, 14],

x ≲ 16.6 (56)

All those bounds on x are summarized in Table 1 together with other values of the bounds associated to different parameter values^9. The results presented in Eq.(51), Eq.(55) and Table 1 show that our constraint on x, obtained from the study of experimental bounds on neutrino masses, is typically stronger than the existing constraint coming from collider physics.

3.3.4 The case of three lepton flavors

• Generalization of the neutrino mass terms: Here, we discuss the realistic situation where there are three families of neutrino. First, in this case, the neutrino mass matrix (24) must be modified. As a matter of fact, it is natural to assign 3 different 5-dimensional masses m_f [f = e, μ, τ ] (see Eq.(16)), and thus 3 parameters c_f (see Eq.(17)), to the 3 generations of bulk neutrino Ψ_f . Therefore, there are 3 masses m^{(n)}ν_f [f = e, μ, τ ; n = 0, 1, 2, . . . ], mixing the right-handed modes of 3 bulk neutrinos ψ^{(n)}_{f R} with the 3 left-handed SM neutrinos ν_{f L}, which are associated to the 3 parameters c_f (see Eq.(18)-(20)). While this mass m^{(n)}_{νf} , which must enter Eq.(24), differs for each family of bulk neutrino state ψ^{(n)}_{f R} (associated to c_f ), it is identical for each family of SM neutrino ν_{f L} if one assumes a universal value for the Yukawa coupling parameter λ_5 (see the action (16)). Similarly, there are now 3 types of KK mass m^{(n)}_{KKf} [f = e, μ, τ ; n = 1, 2, 3, . . . ], for the excited modes of 3 bulk neutrinos ψ^{(n)}_f , which correspond to the 3 parameters c_f (see Eq.(21)-(22)).

• New bound on x: In Section 3.3.3, we deduced the bound (46) on parameter x from the constraints (33) (due to measurements of the Z^0 width: see Section 3.1) and (37) (due to data

9 For the values of warp factor w considered in Table 1, no additional bound on x can be put by considering the production of graviton KK mode at leptonic colliders (via the reaction e^+e^− → γ + light KK mode giving a missing energy signal) [13, 14].

on neutrino masses: see Section 3.2) in the simplified case of 1 lepton family. Let us discuss the changes of those limits (46), (33) and (37) as one passes to the case of 3 lepton families.

First, we determine the equivalent of constraint (33) in the case of 3 lepton species. By extending the calculation performed in Appendix B to N_f = 3 flavors, we obtain the following expression for the neutrino mixing angle θ_ν , which enters the experimental constraint (28),

tan^2 θ_ν ≃ 1 N_f − 1 + ∞∑ m=1 ( m^{(m)}ν_e m^{(m)}_{KKe} )_2 + ∞∑ n=1 ( m^{(n)}ν_μ m^{(n)}_{KKμ} )_2 + ∞∑ p=1 ( m^{(p)}ν_τ m^{(p)}_{KKτ} )_2 . (57)

We notice that, for N_f = 1 flavor, this formula reduces well to the result (B.7) found in Appendix B. After replacing the masses m^{(n)}ν_f and m^{(n)}_{KKf} [f = e, μ, τ ; n = 1, 2, 3, . . . ], entering Eq.(57), by their own expression (see the above discussion, Eq.(19)-(20) and Eq.(21)-(22)), we find (in the same way as in Section 3.1.2):

tan^2 θ_ν ≃ 1 N_f − 1 + υ^2 w^2kM_5 ∑ f =e,μ,τ [ e^{(2cf +1)x} 2(2c_f + 1)

+ g(c_f ) ] , (58)

the function g being defined as in Eq.(32). The tan^2 θ_ν expression (58) for 3 flavors exhibits the same kind of structure and same dependence on fundamental parameters (x, w, k, M_5 and c_f [f = e, μ, τ ]) as the tan^2 θ_ν expression (32) for 1 flavor. Hence, for identical parameter values, one expects the limit (33) for 1 flavor (value given in Fig.(1)), derived from the combination of constraint (28) on tan^2 θ_ν (due to Z^0 width measurements) with the tan^2 θ_ν expression, to be of the same order of magnitude as the equivalent limit for 3 flavors.

Secondly, we comment the constraint (37) in the situation where 3 lepton species are considered. In such a situation, the experimental limits on absolute physical neutrino masses are of order of the eV like in the case of a unique lepton generation (first one), as shown in Section 3.2. By consequence, one expects that, for 3 generations, imposing these experimental limits (on the 3 smallest neutrino mass eigenvalues m_{ν1,2,3} ) leads to bounds on the 3 parameters c_f [f = e, μ, τ ] of same order as the bound on c (given in Eq.(38)-(39)) obtained for 1 generation from the constraint (37) (application of the experimental limit on the smallest neutrino mass eigenvalue m_{ν1} ).

Finally, since the values of limit (33) (due to Z^0 width measurements) and limit on c from constraint (37) (due to data on neutrino masses) are expected to remain of the same order of magnitude when one passes to the case of 3 lepton flavors (see above discussions), the bound (46) on parameter x, which is deduced from those two limits, should also still be of the same order in the case of 3 lepton flavors.

Similarly, in the case of 3 lepton flavors, by determining the parameter space where 3 neutrino mass eigenvalues are smaller than the Z^0 mass, one should find a domain of validity for the limit due to Z^0 width measurements that resemble the domain shown in Fig.(3) for the 1 flavor case. Indeed, the neutrino mass matrix elements have the same dependence on the fundamental parameters in both the cases of 1 and 3 flavors.

• Characteristic examples: Now, we will give examples of values, within the case of 3 lepton flavors, for the bound on parameter x deduced from the constraints due to Z^0 width measurements and experimental limits on absolute neutrino masses. Those typical examples will confirm the expectation (see above) that this bound on x has the same order of magnitude in the two cases of 1 and 3 flavors.

Let us start by considering the simplified scenario where the 3 parameters c_f [f = e, μ, τ ] are related, for instance, through the formula,

c_τ = 1.5 c_μ = (1.5)^2 c_e, (59) which reduces the number of degrees of freedom. The hypothesis (59) is motivated by the fact that values, for the 3 fundamental parameters c_f , of similar orders of magnitude are desirable. Under this assumption (59), requiring that the 3 smallest eigenvalues m_{ν1,2,3} of neutrino mass matrix (24) (modified to involve the 3 c_f parameters) are smaller than the eV scale (see Section 3.2) yields the numerical result:

c_e ≳ 1.25 for k/M_5 = 1 and w = 2TeV/M_{P l}, (60)

c_e ≳ 1.29 for k/M_5 = 1 and w = 10TeV/M_{P l} , (61)

which is close to the same result obtained in the case of 1 neutrino generation for similar values of w (see Eq.(39) with following text). Then, by taking into account this bound (60)-(61) on c_e (together with Eq.(59)) and applying the constraint (28) (from Z^0 width measurements) on the tan^2 θ_ν expression (58) in terms of all the fundamental parameters, we find (with k = M_5 = M_{P l} accordingly to characteristic relation (43)),

x ≲ {1.02; 1.00} for w √ kM_5 = {2; 10} TeV. (62)

The other example of simplification hypothesis we consider, namely,

c_τ = 2.5 c_μ = (2.5)^2 c_e, (63)

corresponds to values of the 3 c_f parameters more distinct than in the first hypothesis (59). Under the assumption (63), the constraints from Z^0 width measurements (namely the constraint (28) on tan^2 θ_ν ) and from limits on neutrino mass scales (given in Section 3.2) lead to the same bound on c_e as in Eq.(60)-(61) and then, by using expression (58), to (with k = M_5 = M_{P l}):

x ≲ {0.47; 0.46} for w √ kM_5 = {2; 10} TeV. (64)

In conclusion, the characteristic values (62) and (64) for the bound on parameter x (issued from experimental considerations on neutrino physics), which were derived in the case of 3 neutrino flavors, are of same order as the values for the identical bound obtained in the case of 1 neutrino flavor (see Eq.(46)).

• Additional experimental constraints: In Section 3, we have used some experimental data on neutrino physics (coming from measurements of Z^0 width and effective neutrino masses) in order to constrain the^{′′} + −+^{′′} model, and in particular to place a bound on the parameter x, within the typical case of 1 lepton flavor.

In the more precise case of 3 lepton flavors, one could also use the bounds on squared neutrino mass differences (Δm^2_{32} and Δm^2_1) and lepton mixing angles (θ_{12}, θ_{23} and θ_{13}), which are derived from the present results of neutrino flavor oscillation experiments [112, 114]. Nevertheless, these lepton mixing angles depend on the neutrino mass matrix, which is predicted by the considered ′′ + −+^{′′} scenario (with additional massive bulk neutrinos), but also on the charged lepton mass matrix, which in contrast is not determined by our scenario. Therefore, in order to use the bounds on these lepton mixing angles for constraining the^{′′} + −+^{′′} model, one should consider a complementary model dictating the flavor structure of charged lepton masses, which is beyond the scope of our study.

We also mention that, in a detailed approach based on 3 lepton species, one could also envisage to use the astrophysical and cosmological constraints (like those due to considerations on big bang nucleosynthesis and duration of the supernova 1987A neutrino burst [115]) on mixing angles between a sterile neutrino and an active SM neutrino (either ν_e, ν_μ or ν_τ ), as well as the

SNO (salt phase) data [116, 117] on fraction of sterile neutrino component in the resultant solar ν_e flux at Earth, and, the experimental bound on branching ratio of the flavor violating decay channel μ → eγ (which is enhanced by the presence of significantly massive sterile neutrinos [118]). As a matter of fact, remind that, within the considered^{′′} + −+^{′′} scenario, the KK excitations of bulk neutrinos (denoted as ψ^{(n)}_f [f = e, μ, τ ; n ≥ 1]) behave like sterile neutrinos.

4 The cases of the^{′′} + +^{′′} and^{′′} + +−^{′′} models

4.1 The^{′′} + +^{′′} model

Here, we discuss, within the same philosophy as above, the case of another realization of the paradigm of anomalously light KK excitations: the^{′′} + +^{′′} model.

The absence of any^{′′}−^{′′} brane in the^{′′} + +^{′′} model protects it against the problem of radion ghost fields. Nevertheless, it turns out that for the construction of such a^{′′} + +^{′′} configuration, it is essential to have AdS_4 geometry on both branes [16, 17].

In the^{′′} + +^{′′} model, the warp function e^{−σ(y)} (which determines the metric as shown in Eq.(5)^{10}) can reach a minimum at a point y = y_0 lying between the two^{′′}+^{′′} branes which sit on the two orbifold fixed points at y = 0 and y = L_+ (where we live) [16, 17]. This geometrical feature is also a fundamental characteristic of the^{′′} + −+^{′′} model in which the warp function e^{−σ(y)} reaches also a minimum at a point y = L_− (see Eq.(8)) lying between two^{′′}+^{′′} branes at y = 0 and y = L_+ (here, there exist a^{′′}−^{′′} brane at the extremum y = L_−). In this sense, the geometrical configuration of the^{′′} + +^{′′} model mimics that of the^{′′} + −+^{′′} model. This similarity has two main consequences. First, the localizations of bulk neutrino KK modes, and thus the masses (given by Eq.(18)-(20) in the^{′′} + −+^{′′} model) mixing those KK modes with SM neutrinos (trapped at y = L_+), should be comparable in the^{′′} + +^{′′} and^{′′} + −+^{′′} models. Secondly, the KK masses (given in Eq.(21)-(22) for^{′′} + −+^{′′} and in [35] for^{′′} + +^{′′}) for excitations of bulk neutrinos are similar (with identical dependences on theoretical parameters) in the^{′′} + +^{′′} and^{′′} + −+^{′′} models.

Therefore, the whole effective neutrino mass matrix (which involves only these masses (18)-(20) and (21)-(22), as shows Eq.(24), within the^{′′} + −+^{′′} model) is expected to behave similarly in the equivalent parameter spaces of the^{′′} + +^{′′} and^{′′} + −+^{′′} scenarios. Hence, in the^{′′} + +^{′′} scenario (for w = w(k, L_+, y_0) ∼ 10^{−15}), one expects to deduce, from experimental constraints on neutrinos, limits on the equivalent parameter

x = k(L_+ − y_0) (65)

of the same order as the limits on x that we have obtained within the^{′′} + −+^{′′} framework, namely:

x < O(1) or O(4) ↔ O(6) < x. (66)

4.2 The^{′′} + +−^{′′} model

Let us finally study the third multi-brane RS extension, namely the consistent^{′′} + +−^{′′} model. Recall that the^{′′} + +−^{′′} model (see Section 1) consists of a^{′′}+^{′′} and a^{′′}−^{′′} branes placed at the two orbifold fixed points y = 0 and y = πR_c respectively, the SM fields being confined on a second^{′′}+^{′′} brane (at y = L_+) which moves freely in between (0 < L_+ < πR_c). Hence, this model does not contain any freely moving^{′′}−^{′′} brane and thus does not give rise to the existence of radion ghost fields [119].

10 In the^{′′} + +^{′′} context, with our definition (5) of the metric, the warp function e^{−σ(y)} must also depend on the familiar coordinates x^μ [μ = 1, . . . , 4] [16, 17].

We begin by describing the neutrino mass matrix in the^{′′} + +−^{′′} framework. The elements m^{(m)}ν (mixing the SM neutrinos with bulk neutrino KK excitations) of neutrino mass matrix (see Eq.(24)) are given by [35],

m^{(0)}_ν ≃ √ k_1 M_5 (c − 1 2 ) w^{c−1/2} υ, (67)

m^{(n)}_ν ≃

8 ζ^{− 2}_n J_{c+1/2}(ζ^−_n ) ( k_2 k_1 )_{3/2} √ c e^{−3x} υ [n = 1, 2, 3, . . . ], (68)

where k_1 and k_2 are the two curvatures of the bulk (satisfying k_1 ∼ k_2 but with k_1 < k_2), w = w(k_1, L_+) ∼ 10^{−15}, ζ^−_n is the n-th root of J_{c−1/2}(X) = 0 and (to be compared with parameters (14) and (65)), x = k_2(πR_c − L_+). (69) We note that the mass m^{(0)}ν for the 0-mode of neutrino given in Eq.(67) has the same expression as in the^{′′} + −+^{′′} context (see Eq.(18)).

The other relevant elements of neutrino mass matrix (see Eq.(24)), namely the KK masses m^{(m)}_{KK} (for bulk neutrino excitations), read as [35],

m^{(m)}_{KK} = ζ^−_m w e^{−(x+k2 L+)} k_2 [m = 1, 2, 3, . . . ]. (70)

We now treat the bound (28) on the angle θ_ν issued from Z^0 width measurements within the^{′′} + +−^{′′} framework. The admixture cos^2 θ_ν introduced in Section 3.1.1 is defined by (see Eq.(B.5) for the expression of U^2_{0i}),

cos^2 θ_ν = N∑ i=1 U^2_{0i}, (71)

where the index i = 1, 2, . . . , N labels the N neutrino eigenstates ν_1, ν_2, . . . , ν_N which are lighter than the Z^0 boson (see foot-note 11). For i ∈ [1, 2, . . . , N], there exist an index m_{min} such that for m > m_{min} the relation

m^{(m) 2}ν m^{(m) 2}_{KK} − m^2_{νi} m^{(m) 2}_{KK} m^{(m) 2}_{KK} − m^2_{νi} > m^{(m) 2}ν m^{(m) 2}_{KK} (72)

becomes true (because the ratio m^{(m) 2}_{KK} /m^2_{νi} becomes sufficiently large). Now, the sum ∑_∞ m=1 m^{(m) 2}ν /m^{(m) 2}_{KK} is divergent. Indeed, this sum reads as (see Eq.(68) and Eq.(70)), ∞∑ m=1 m^{(m) 2}ν m^{(m) 2}_{KK} ≃ 64 c w^2 v^2 k_2 k^3_1 e^{2(k2L+−2x)} ∞∑ m=1 ζ^{− 2}_m J^2_{c+1/2}(ζ^−_m)

, (73)

and one has ζ^{− 2}_{m+1} > ζ^{− 2}_m and J^2_{c+1/2}(ζ^−_{m+1}) < J^2_{c+1/2}(ζ^−_m). Therefore, we deduce from Eq.(72) that all the sums entering (c.f. Eq.(B.5)) all the squared matrix elements U^2_{0i} of Eq.(71) diverge, so that all those elements tend to zero. By consequence, the phenomenological condition (28) on θ_ν (c.f. Eq.(71)) cannot be fulfilled within the^{′′} + +−^{′′} context.

5 Conclusion

We have studied the paradigm of anomalously light KK excitations through its different realizations, namely the multi-brane RS extensions of type^{′′} + −+^{′′},^{′′} + +^{′′} and^{′′} + +−^{′′}. The considered parameter space corresponds to the domains where the gauge hierarchy problem is effectively solved. We have assumed that massive right-handed neutrinos (added to the SM) propagate in the bulk.

We have shown that the present experimental bounds on neutrino masses and mixing angles either constrain (see the respective limits (49) and (66) on geometrical parameters (14) and (65) of the^{′′} + −+^{′′} and^{′′} + +^{′′} models) relatively strongly (c.f. Section 3.3.3) or exclude (as it occurs for the^{′′} + +−^{′′} model) the theoretical realizations of the paradigm.

Acknowledgments

The author is grateful to J.-M. Frère and A. Papazoglou for stimulating conversations. It is also a pleasure to thank N. Cosme, M. Fairbairn, F.-S. Ling, M. Neubert and P. Tiniakov for useful discussions. This work is supported by the Belgian Science Policy (IAP V/27) and the French Community of Belgium (IISN).

Appendix

A Neutrino mass eigenvalues

Within the^{′′} + −+^{′′} model, the method we use in order to obtain the physical neutrino masses 11 m_{νi} is to diagonalize the hermitian square of neutrino mass matrix M (see Eq.(23) and Eq.(24)):

MM^† = U diag(m^2_{ν1} , m^2_{ν2} , m^2_{ν3} , . . . ) U^†, (A.1)

U being the neutrino mixing matrix defined by Eq.(30). We note that the Yukawa coupling constant λ_5 (c.f. Eq.(16)) has been taken real (see Section 2.3) so that the neutrino mass matrix M does not involve any CP violation phase. The presence of non-vanishing complex phases would not affect our study.

• One KK excitation:

First, we observe that the mass ratio m^{(0)}ν /m^{(1)}ν , which is equal to w^{c−1/2} (see Eq.(18) and Eq.(19)), has a typical value much smaller than one. Indeed, the gauge hierarchy problem is solved for w ∼ 10^{−15} (c.f. Eq.(12)) and the experimental bounds on neutrino mass imply c ≳ 1.08 (in a conservative way: see Section 3.3.1), which lead to w^{c−1/2} ≲ 2 10^{−9}.

In the simplified case where only the first KK excitation of bulk neutrino is considered, a straightforward calculation, at first order in m^{(0)}ν /m^{(1)}ν , gives us the following expressions for the two squared neutrino mass eigenvalues of MM^†,

m^2_{ν1} ≃ m^{(1) 2}_{KK} m^{(0) 2}ν m^{(1) 2}_{KK} + m^{(1) 2}ν

, (A.2)

m^2_{ν2} ≃ m^{(1) 2}_{KK} + m^{(1) 2}_ν ( 1 + m^{(0) 2}ν m^{(1) 2}_{KK} + m^{(1) 2}ν ) . (A.3)

• The KK tower:

Let us begin by determining the smallest squared neutrino mass eigenvalue m^2_{ν1} , in the general case of an infinite tower of KK states. The eigenvalues m^2_{νi} , entering Eq.(A.1), are solutions of the equation, det[MM^† − m^2_{νi} 1] = 0, (A.4)

where 1 denotes the identity matrix. After calculation of the determinant, this equation can be rewritten as, [_∞∑ p=0 m^{(p) 2}_ν − m^2_{νi} − ∞∑ p=1 m^{(p) 2}ν m^{(p) 2}_{KK} m^{(p) 2}_{KK} − m^2_{νi} ]_∞∏ p=1 (m^{(p) 2}_{KK} − m^2_{νi} ) = 0. (A.5)

Since taking m^2_{νi} = m^{(p) 2}_{KK} leads to a divergence in Eq.(A.5), this equation is equivalent to, ∞∑ p=0 m^{(p) 2}_ν − m^2_{νi} − ∞∑ p=1 m^{(p) 2}ν m^{(p) 2}_{KK} m^{(p) 2}_{KK} − m^2_{νi}

= 0, (A.6)

11 The indexes i of physical neutrino masses m_{νi} are chosen such that: m_{ν1} < m_{ν2} < m_{ν3} . . .

which can be transformed into,

m^{(0) 2}_ν − m^2_{νi} ( 1 + ∞∑ p=1 m^{(p) 2}_ν m^{(p) 2}_{KK} − m^2_{νi} ) = 0. (A.7)

Assuming that an eigenvalue is much smaller than the weakest squared KK mass m^{(1) 2}_{KK} , one can deduce its expression at leading order from Eq.(A.7) and the result is,

m^2_{ν1} ≃ m^{(0) 2}_ν 1 + ∑_∞ p=1 m^{(p) 2} ν m^{(p) 2} KK . (A.8)

This eigenvalue would be the smallest one since the others are larger than m^{(1) 2}_{KK} (as we will see in Eq.(A.12)). In fact, the squared mass (A.8) is effectively the weakest eigenvalue because the hypothesis made to derive it, namely,

m^2_{ν1} ≪ m^{(1) 2}_{KK} , (A.9)

constitutes a good approximation in our framework (see the bounds on m_{ν1} , in Eq.(35), and on m^{(1)}_{KK} , in Eq.(48) and Fig.(2)).

We discuss now the other squared neutrino mass eigenvalues m^2_{νi} [i ≥ 2]. At leading order in m^{(0)}ν /m^{(1)}ν , Eq.(A.6) becomes, m^2_{νi} ( 1 + ∞∑ p=1 m^{(p) 2}ν m^{(p) 2}_{KK} − m^2_{νi} ) = 0. (A.10)

The solution m^2_{νi} = 0 of this equation corresponds, at leading order in m^{(0)}ν /m^{(1)}ν , to the eigenvalue m^2_{ν1} given by Eq.(A.8). The other solutions m^2_{νi} [i ≥ 2] of Eq.(A.10) verify the relation: ∞∑ p=1 m^{(p) 2}_ν m^{(p) 2}_{KK} − m^2_{νi}

= −1. (A.11)

For each solution m^2_{νi} [i ≥ 2] of Eq.(A.11), it is clear that at least one term of the involved sum must be negative. Strictly speaking, for any i ≥ 2, there exist at least one index p such that m^{(p) 2}ν /(m^{(p) 2}_{KK} − m^2_{νi} ) < 0, or equivalently m^{(p) 2}_{KK} < m^2_{νi} . We thus conclude that all the eigenvalues (except the smallest one) are larger than the weakest squared KK mass, namely,

m^2_{νi} > m^{(1) 2}_{KK} [i = 2, 3, 4, . . . ]. (A.12)

B Neutrino mixing angle

In this appendix, we derive the expression of the neutrino mixing angle θ_ν , defined in Eq.(29), as function of the elements entering neutrino mass matrix M (c.f. Eq.(24)) within the^{′′} + −+^{′′} scenario.

The definition (29) of neutrino mixing angle θ_ν involves the unitary matrix U. The definition (30) of U can be expressed in a more explicit way as, ψ^ν_{Ln} = ∞∑ i=1 U_{ni} ψ^{phys}_{Li} [n = 0, 1, 2, . . . ], (B.1) where the index i = 1, 2, 3, . . . corresponds to the index of mass eigenstates ν_i (see Section 3.1.1) and to the index of physical neutrino masses m_{νi} (see foot-note 11). The i-th vector U_{ni} represents the eigenstate associated to the eigenvalue m^2_{νi} of MM^†, and, it is clear from Eq.(A.1) that for each i value (recall that i = 1, 2, 3, . . . ) one has, ∞∑ n=0 (MM^† − m^2_{νi} 1)_{mn}U_{ni} = 0 [m = 0, 1, 2, . . . ]. (B.2)

After replacing M by its expression (24), in Eq.(B.2), we obtain the following system of equations, (_∞ ∑ p=0 m^{(p) 2}_ν − m^2_{νi} ) U_{0i} + ∞∑ n=1 m^{(n)}_ν m^{(n)}_{KK} U_{ni} = 0, (B.3)

m^{(m)}_ν m^{(m)}_{KK} U_{0i} + (m^{(m) 2}_{KK} − m^2_{νi} )U_{mi} = 0 [m = 1, 2, 3, . . . ]. (B.4) The normalization condition for the i-th vector U_{ni}, namely ∑_∞ n=0 U^2_{ni} = 1 [i = 1, 2, 3, . . . ], leads, together with Eq.(B.4), to the following analytical expression for U^2_{0i},

U^2_{0i} = [ 1 + ∞∑ m=1 m^{(m) 2}ν m^{(m) 2}_{KK} (m^{(m) 2}_{KK} − m^2_{νi} )^2 ]_{−1} . (B.5)

Therefore, a good approximation of the squared matrix element U^2_{01} associated to the smallest squared neutrino mass eigenvalue m^2_{ν1} , which verifies Eq.(A.9), is,

U^2_{01} ≃ [ 1 + ∞∑ m=1 ( m^{(m)}ν m^{(m)}_{KK} )_2 ]_{−1} . (B.6)

Finally, Eq.(B.6) and Eq.(29) allow to obtain the wanted expression for the neutrino mixing angle θ_ν :

tan^2 θ_ν ≃ ∞∑ m=1 ( m^{(m)}ν m^{(m)}_{KK} )_2

. (B.7)

References

[1] T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin (Math. Phys.) 1921 (1921) 966. [2] O. Klein, Z. Phys. 37 (1926) 895 [Surveys High Energ. Phys. 5 (1986) 241]. [3] K. Akama, in Gauge Theory and Gravitation, Proceedings of the International Symposium, Nara, Japan, 1982, ed. K. Kikhawa, N. Nakanishi and H. Nariai (Springer-Verlag, 1983), 267, [arXiv:hep-th/0001113].

[4] V. A. Rubakov and M. E. Shaposhnikov, Phys. Lett. B125 (1983) 136. [5] M. Visser, Phys. Lett. B159 (1985) 22. [6] E. J. Squires, Phys. Lett. B167 (1985) 286. [7] I. Antoniadis, Phys. Lett. B246 (1990) 317.

[8] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B429 (1998) 263. [9] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B436 (1998) 257.

[10] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Rev. D59 (1999) 086004. [11] M. Gogberashvili, Int. J. Mod. Phys. D11 (2002) 1635, [arXiv:hep-ph/9812296]. [12] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370.

[13] I. I. Kogan, S. Mouslopoulos, A. Papazoglou, G. G. Ross and J. Santiago, Nucl. Phys.

B584 (2000) 313.

[14] S. Mouslopoulos and A. Papazoglou, JHEP 0011 (2000) 018.

[15] I. I. Kogan, S. Mouslopoulos, A. Papazoglou and G. G. Ross, Nucl. Phys. B595 (2001) 225.

[16] N. Kaloper, Phys. Rev. D60 (1999) 123506.

[17] I. I. Kogan, S. Mouslopoulos and A. Papazoglou, Phys. Lett. B501 (2001) 140. [18] N. Kaloper and A. Linde, Phys. Rev. D59 (1999) 101303. [19] A. Lukas et al., Phys. Rev. D59 (1999) 086001. [20] A. Lukas et al., Phys. Rev. D60 (1999) 086991. [21] N. Kaloper, Phys. Rev. D60 (1999) 123506.

[22] C. Csaki, M. Graesser, C. Kolda and J. Terning, Phys. Lett. B462 (1999) 34. [23] T. Nihei, Phys. Lett. B465 (1999) 81.

[24] P. Kanti, I. I. Kogan, K. A. Olive and M. Pospelov, Phys. Lett. B468 (1999) 31. [25] J. M. Cline, C. Grojean and G. Servant, Phys. Rev. Lett. 83 (1999) 4245. [26] J. M. Cline, C. Grojean and G. Servant, Phys. Lett. B472 (2000) 302. [27] P. Binétruy, C. Deffayet and D. Langlois, Nucl. Phys. B565 (2000) 269.

[28] H. B. Kim and H. D. Kim, Phys. Rev. D61 (2000) 064003. [29] H. B. Kim, Phys. Lett. B478 (2000) 285.

[30] P. Kanti, K. A. Olive and M. Pospelov, Phys. Lett. B481 (2000) 386. [31] T. Shiromizu, K.-I. Maeda and M. Sasaki, Phys. Rev. D62 (2000) 024012. [32] W. D. Goldberger and M. B. Wise, Phys. Rev. Lett. 83 (1999) 4922. [33] M. A. Luty and R. Sundrum, Phys. Rev. D62 (2000) 035008. [34] C. Csaki, M. Graesser, L. Randall and J. Terning, Phys. Rev. D62 (2000) 045015. [35] S. Mouslopoulos, JHEP 0105 (2001) 038.

[36] I. I. Kogan, S. Mouslopoulos, A. Papazoglou and G. G. Ross, Nucl. Phys. B615 (2001) 191.

[37] Y. Grossman and M. Neubert, Phys. Lett. B474 (2000) 361. [38] I. Oda, Phys. Lett. B480 (2000) 305. [39] I. Oda, Phys. Lett. B472 (2000) 59.

[40] H. Hatanaka et al., Prog. Theor. Phys. 102 (1999) 1213. [41] C. Csaki and Y. Shirman, Phys. Rev. D61 (2000) 024008.

[42] N. Arkani-Hamed, S. Dimopoulos, G. Dvali and N. Kaloper, Phys. Rev. Lett. 84 (2000) 586.

[43] R. Gregory, V. A. Rubakov and S. M. Sibiryakov, Phys. Rev. Lett. 84 (2000) 5928. [44] T. Li, Phys. Lett. B478 (2000) 307.

[45] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 4690. [46] J. Lykken and L. Randall, JHEP 0006 (2000) 014. [47] N. Kaloper, Phys. Lett. B474 (2000) 269. [48] S. Nam, JHEP 0003 (2000) 005. [49] S. Nam, JHEP 0004 (2000) 002.

[50] M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, Stony Brook, New York, USA, 1979, ed. P. van Nieuwenhuizen and D. Freedman (North-Holland, Amsterdam, 1979), 315; Print-80-0576 (CERN).

[51] T. Yanagida, in Workshop on the Unified Theories and the Baryon Number in the Universe, Tsukuba, Japan, Feb. 13-14, 1979, ed. A. Sawada and A. Sugamoto; Prog. Theor. Phys. 64 (1980) 1103; KEK Report No. 79-18, Tsukuba, 95.

[52] R. N. Mohapatra and G. Senjanović, Phys. Rev. Lett. 44 (1980) 912. [53] K. R. Dienes, E. Dudas and T. Gherghetta, Nucl. Phys. B557 (1999) 25. [54] N. Arkani-Hamed, S. Dimopoulos, G. Dvali and J. March-Russell, Phys. Rev. D65 (2002) 024032, [arXiv:hep-ph/9811448].

[55] G. Dvali and A. Yu. Smirnov, Nucl. Phys. B563 (1999) 63.

[56] R. N. Mohapatra, S. Nandi and A. Pérez-Lorenzana, Phys. Lett. B466 (1999) 115. [57] A. Lukas et al., Phys. Lett. B495 (2000) 136.

[58] R. Barbieri, P. Creminelli and A. Strumia, Nucl. Phys. B585 (2000) 28. [59] R. N. Mohapatra and A. Pérez-Lorenzana, Nucl. Phys. B593 (2001) 451. [60] A. Lukas et al., JHEP 0104 (2001) 010.

[61] K. R. Dienes and I. Sarcevic, Phys. Lett. B500 (2001) 133.

[62] N. Cosme, J.-M. Frère, Y. Gouverneur, F.-S. Ling, D. Monderen and V. V. Elewyck, Phys.

Rev. D63 (2001) 113018.

[63] D. O. Caldwell, R. N. Mohapatra and S. J. Yellin, Phys. Rev. Lett. 87 (2001) 041601. [64] K. Abazajian, G. M. Fuller and M. Patel, Phys. Rev. Lett. 90 (2003) 061301. [65] M. Fabbrichesi, M. Piai and G. Tasinato, Eur. Phys. J. C27 (2003) 283. [66] J. Maalampi, V. Sipilainen and I. Vilja, Phys. Lett.B512 (2001) 91. [67] C. S. Lam and J. N. Ng, Phys. Rev. D64 (2001) 113006. [68] A. S. Dighe and A. S. Joshipura, Phys. Rev. D64 (2001) 073012. [69] A. Nicolaidis and D. T. Papadamou, Phys. Rev. D66 (2002) 013005. [70] J.-M. Frère, M. V. Libanov and S. V. Troitsky, JHEP 0111 (2001) 025. [71] C. S. Lam, Phys. Rev. D65 (2002) 053009.

[72] H. S. Goh and R. N. Mohapatra, Phys. Rev. D65 (2002) 085018. [73] J. Maalampi, V. Sipilainen and I. Vilja, Phys. Rev. D67 (2003) 113005. [74] D. Charuchittipan and C. S. Lam, Phys. Rev. D68 (2003) 033016. [75] J. L. Hewett, P. Roy and S. Roy, [arXiv:hep-ph/0404174]. [76] N. Arkani-Hamed and S. Dimopoulos, Phys. Rev. D65 (2002) 052003. [77] T. Gherghetta, Phys. Rev. Lett. 92 (2004) 161601. [78] N. Arkani-Hamed and Y. Grossman, Phys. Lett. B459 (1999) 179. [79] T. Appelquist et al., Phys. Rev. D65 (2002) 105019. [80] W. D. Goldberger and M. B. Wise, Phys. Rev. D60 (1999) 107505. [81] H. Davoudiasl, J. L. Hewett and T. G. Rizzo, Phys. Lett. B473 (2000) 43. [82] A. Pomarol, Phys. Lett. B486 (2000) 153. [83] S. J. Huber and Q. Shafi, Phys. Rev. D63 (2001) 045010. [84] R. Jackiw and C. Rebbi, Phys. Rev. D13 (1976) 3398. [85] S. Chang et al., Phys. Rev. D62 (2000) 084025.

[86] S. J. Huber and Q. Shafi, Phys. Rev. D63 (2001) 045010. [87] B. Bajc and G. Gabadadze, Phys. Lett. B474 (2000) 282. [88] T. Gherghetta and A. Pomarol, Nucl. Phys. B586 (2000) 141. [89] K. Agashe, A. Delgado, M. J. May and R. Sundrum, JHEP 0308 (2003) 050. [90] S. J. Huber and Q. Shafi, Phys. Lett. B498 (2001) 256. [91] S. J. Huber and Q. Shafi, Phys. Lett. B512 (2001) 365. [92] S. J. Huber and Q. Shafi, Phys. Lett. B544 (2002) 295. [93] I. I. Kogan and G. G. Ross, Phys. Lett. B485 (2000) 255. [94] L. Pilo, R. Rattazzi and A. Zaffaroni, JHEP 0007 (2000) 056. [95] G. Dvali, G. Gabadadze and M. Porrati, Phys. Lett. B484 (2000) 129. [96] E. Witten, Lecture given at DM2000, [arXiv:hep-ph/0002297].

[97] D. Z. Freedman, S. S. Gubser, K. Pilch and N. P. Warner, Adv. Theor. Math. Phys. 3 (1999) 363, [arXiv:hep-th/9904017].

[98] I. I. Kogan, S. Mouslopoulos, A. Papazoglou and G. G. Ross, Phys. Rev. D64 (2001) 124014.

[99] A. Gorsky and K. Selivanov, Phys. Lett. B485 (2000) 271. [100] A. Gorsky and K. Selivanov, Int. J. Mod. Phys. 16 (2001) 2243.

[101] N. Arkani-Hamed, H.-C. Cheng, M. A. Luty and S. Mukohyama, JHEP 0405 (2004) 074. [102] J. M. Cline, S. Jeon and G. D. Moore, Phys. Rev. D70 (2004) 043543, and references therein.

[103] M. Kolanovic, M. Porrati and J.-W. Rombouts, Phys. Rev. D68 (2003) 064018. [104] M. Porrati and J.-W. Rombouts, Phys. Rev. D69 (2004) 122003. [105] A. Kehagias and K. Tamvakis, Phys. Lett. B504 (2001) 38.

[106] For a review, see: A. Sirlin, talk delivered at the 1999 Lepton-Photon Conference, Stanford University, USA, August, 1999; Int. J. Mod. Phys. A15 S1 (2000) 398,

[arXiv:hep-ph/9912227].

[107] Y. Farzan, O. L. G. Peres and A. Yu. Smirnov, Nucl. Phys. B612 (2001) 59. [108] J. Bonn et al., Nucl. Phys. Proc. Suppl. 91 (2001) 273.

[109] V. M. Lobashev et al., Phys. Lett. B460 (1999) 227; Nucl. Phys. Proc. Suppl. 77 (1999) 327; Nucl. Phys. Proc. Suppl. 91 (2001) 280.

[110] A. Osipowicz et al. [KATRIN Collaboration], [arXiv:hep-ex/0109033]. [111] S. R. Elliott and P. Vogel, Ann. Rev. Nucl. Part. Sci. 52 (2002) 115, [arXiv:

hep-ph/0202264].

[112] M. Maltoni, T. Schwetz, M. A. Tórtola and J. W. F. Valle, New J. Phys. 6 (2004) 122.

[113] S. Hannestad, JCAP 0305 (2003) 004, [arXiv:astro-ph/0303076]. [114] P. Aliani et al., ULB-04-167, [arXiv:hep-ph/0406182].

[115] For instance, see: A. D. Dolgov et al., Nucl. Phys. B580 (2000) 331; Nucl. Phys. B590 (2000) 562.

[116] P. Aliani et al., ULB-TH/03-31, [arXiv:hep-ph/0309156].

[117] A. Bandyopadhyay, S. Choubey, S. Goswami, S. T. Petcov and D. P. Roy, Phys. Lett.

B583 (2004) 134, and references therein. [118] R. Kitano, Phys. Lett. B481 (2000) 39.

[119] I. I. Kogan, S. Mouslopoulos, A. Papazoglou and L. Pilo, Nucl. Phys. B625 (2002) 179.