arXiv:hep-ph/0404135 v2 23 Dec 2004

Preprint typeset in JHEP style - HYPER VERSION McGill-04/08, UAB-FT-564, DAMTP-2004-38

MSLED : A Minimal Supersymmetric Large Extra Dimensions Scenario

C.P. Burgess,^1 J. Matias^2 and F. Quevedo^3

1 Physics Department, McGill University, 3600 University Street, Montréal, Québec, Canada, H3A 2T8.

2 IFAE, Universitat Autònoma de Barcelona, 08193 Bellaterra, Barcelona, Spain.

3 Centre for Mathematical Sciences, DAMTP, University of Cambridge, Cambridge CB3 0WA UK.

Abstract: We propose a framework for the low-energy realization of supersymmetry which is very predictive, but differs radically in its phenomenological implications from the supersymmetric Standard Model (minimal or otherwise). The proposal consists of a supersymmetric version of the Large-Extra-Dimensions scenario, with the Standard Model living on a 3-brane, coupled to a bulk sector consisting of six-dimensional supergravity. This picture is motivated by a promising recent attempt (hep-th/0304256) to naturally understand the observed dark energy density, and this connection with dark energy prevents making the extra dimensions smaller than of order 5 μm. The resulting inability to change this size makes the model very predictive, and easily falsifiable within the near future. Being supersymmetric, it may plausibly be embedded into a more fundamental theory such as string theory, in which case an additional 4 compact dimensions may also be present having inverse radii at the TeV scale or higher. The model is close to, but consistent with, current experimental constraints. We outline possible phenomenological implications for particle physics (both at accelerators and elsewhere), for precision tests of gravity, for astrophysics and for cosmology.

Keywords: Strings, Branes, Cosmology.

Contents

1. Introduction 1 1.1 Why SLED? 2 1.2 What is MSLED? 3 1.3 How Large Are the Extra Dimensions? 5 1.4 More Fundamental Origins? 9

2. Implications for Particle Physics 11 2.1 Neutrino Physics 11 2.2 Signatures at Colliders 13 2.3 Flavour Physics 15

3. Cosmology 15 3.1 Dark Energy 16 3.2 Tests of Gravity 18 3.3 Dark Matter 19 3.4 Inflation 22

4. Have We Been MSLED? 23 4.1 MSLED vs the MSSM 24

1. Introduction

If supersymmetry were unbroken it would solve both the hierarchy and the cosmological constant problems, in the sense that the bose-fermi cancellations implied by unbroken supersymmetry could keep ultra-violet effects from generating dangerous contributions to the Higgs boson mass and to the vacuum energy. Unfortunately, the failure to find super-partners for the observed elementary particles appears to imply that the effective supersymmetry breaking scale is at least of order 1 TeV. Consequently, in practice lowenergy supersymmetry is used only to solve the hierarchy problem, sacrificing its potential for solving the cosmological constant problem. This is true for essentially all of the proposed supersymmetric extensions of the Standard Model — including the minimal (MSSM) version.

– 1 –

This line of thinking is reasonably compelling within the standard 4-dimensional setting, but more possibilities may exist within the framework of the brane-world scenario with large extra dimensions (LED). Indeed, recently there has been progress towards understanding how the small size of the observed Dark Energy [1] — λ_{obs} ≈ (0.003 eV)^4 — can naturally emerge from theories having supersymmetric large extra dimensions (SLED) [2, 3, 4]. Because these theories invoke new physics at sub-eV energies, they are likely to have many striking implications for cosmology, particle physics (both at colliders and at lower energies) and precision tests of general relativity.

In this article we wish to begin the discussion of the main observational implications of these theories, specializing where necessary to a minimal version of the SLED proposal (which we call MSLED). Besides being well-motivated from the cosmological-constant point of view, this minimal version has the great virtue of being very predictive. In particular, its use to explain the size of the observed Dark Energy removes the freedom to ‘move the goalposts’ by significantly changing the number and size of the extra dimensions, and so is much more easily falsified than is often true for extra-dimensional proposals.

1.1 Why SLED?

The SLED proposal [2, 4] — like the LED proposal before it [5] — posits that at present there are two extra dimensions whose circumference, r, is of order r ∼ 10 μm ∼ (10^{−2} eV)^{−1}. This is only possible if all of the known particles and interactions besides gravity are trapped on a 3-brane which sits at a point within these extra dimensions, and if the scale of gravitational physics in the extra dimensions is of order M_g ∼ 10 TeV.

SLED also supposes these large extra dimensions arise within a supersymmetric field theory, such as might be expected to arise in the low-energy limit of string theory. This can only work if supersymmetry is badly broken on our 3-brane, since we know that there are no super-partners for the observed particles having masses which are much smaller than M_g. Given this scale for supersymmetry breaking on the brane there is also a trickle-down of supersymmetry breaking to the ‘bulk’ between the branes, whose size is set by the bulk’s Kaluza-Klein scale and so which can be as low as m_{sb} ∼ 10^{−2} eV.^1

Within this framework gravitational physics is effectively 6-dimensional for any energies above the scale, 1/r ∼ 10^{−2} eV, and so the cosmological constant problem must be posed within this 6-dimensional context. In 6 dimensions the vacuum energy due to all of the known particles is localized on our brane, and so is really a localized energy source in the extra dimensions rather than directly contributing a 4-dimensional cosmological constant. Einstein’s equations then dictate how the extra dimensions curve in response to this local

1The supersymmetry breaking scale would be larger if the extra dimensions should be warped.

– 2 – energy distribution, with the result that the resulting curvature precisely cancels (at the classical level) the vacuum energy on the branes [6]. If the bulk is supersymmetric then a similar classical cancellation also occurs amongst the other bulk contributions to the effective 4D cosmological constant [2, 3, 7].

Quantum effects in the bulk ruin this perfect cancellation of the 4D vacuum energy, but by an amount which is controlled by the supersymmetry-breaking scale within the bulk (i.e. by m_{sb} ∼ 10^{−2} eV). Although for some theories these corrections can be of order λ ∼ m^2_{sb}M^2_g , for others this leading contribution also cancels, leaving a residual result λ ∼ m^4_{sb}, which is the right order of magnitude to describe the observed density of Dark Energy [2, 4, 8].

Some open issues remain about whether this proposal provides a completely satisfactory mechanism for naturally obtaining a sufficiently small cosmological constant. Most notable among these is the issue of whether the internal space should prefer to dynamically warp and so to raise the scale m_{sb} without changing M_p [4]. This is almost certain to happen given the comparatively large energies available in the earlier universe, making it an interesting dynamical question whether this warping should persist into the present epoch. Even should it do so, however, the SLED proposal provides a mechanism whereby the question of the smallness of λ becomes a dynamical issue, and represents a step forward relative to previous proposals. Furthermore, it provides a completely new way in which supersymmetry might be realized at low energies. For these reasons we believe it provides a very well-motivated framework whose phenomenological consequences are worth exploring in their own right.

1.2 What is MSLED?

Because the SLED proposal modifies physics at sub-eV scales, it has many other observational implications besides its explanation for the small size of the cosmological constant. These implications are most restrictive if they are cast in terms of a particularly simple variant of the SLED proposal which, following [4], we call ‘minimal’ SLED or MSLED.

The action for any SLED variant has the form S_{tot} = S_{SG} + S_3 + S_3′ + S_{int} , (1.1) where S_{SG} describes the action of 6-dimensional supergravity, S_3 contains the physics of the 3-brane on which we find ourselves situated, S_3′ describes the physics of any other parallel branes and S_{int} describes the interactions between our brane and the 6D supergravity fields in the bulk. MSLED makes the following particularly simple choices for S_{SG} and S_3. Our Brane: We first choose the degrees of freedom on our brane to be given simply by the usual Standard Model particle content, including its elementary Higgs field. Since the

– 3 –

Standard Model can be defined as the most general renormalizable theory of this particle content, we are guaranteed that the most general renormalizable interactions which can be included in S_3 is simply the Standard Model itself. Furthermore, since we are dealing with a low-energy effective theory (as we must for any field theory of gravity) we also expect higher-dimensional, non-renormalizable interactions to arise in S_3 suppressed by powers of M_g. Since the gravitational scale of the 6D physics is M_g ∼ 10 TeV in the SLED picture, with a few exceptions these higher-dimensional effective interactions are generically small enough to have escaped detection until now.^2 Although the assumption of this minimal particle content is not required in order to have a small cosmological constant, it is by far the most conservative possibility whose restrictive predictions should first be explored.^3

The Bulk: The physics of the bulk, S_{SG}, is described by 6D supergravity. Since 6D supergravity comes in several varieties, this last choice contains several sub-options. As we shall see, observational constraints restrict the number of degrees of freedom which can live in the bulk, and so disfavor chiral supergravities like Nishino-Sezgin supergravity [9]. They instead point towards the non-chiral, ungauged versions of 6D supergravity, for which the field content contains only a minimal particle content, such as consisting of a scalar dilaton (ϕ), two symplectic majorana-weyl spin-1/2 dilatini (χ^r, r = 1, 2), 2-form gauge potential (B_{M N} ), two symplectic majorana-weyl gravitini (ψ^r_M ) and metric (g_{M N} ).^4 Chiral and non-chiral models differ in whether or not the two bulk dilatini, χ, (or the two bulk gravitini, ψ_M ) share the same 6D chirality: Γ_7χ^r = ±χ^r .

It must be emphasized that these choices differ considerably in their implications for upcoming experiments from the presently popular paradigm of the supersymmetric Standard Model, in its minimal (MSSM) and more complicated variants. In particular, the assumption that the physics of our brane is described by the Standard Model, brings back all of the virtues of this model which had to be sacrificed when the MSSM was adopted. This allows us to retain a natural understanding as to why the renormalizable couplings on our brane must be baryon- and lepton-number conserving.

2The few exceptions are those interactions which violate symmetries like lepton number or baryon number, which we must envision as being forbidden by conservation laws. More about this later.

3There are also two kinds of non-standard brane fields which may also be required on our brane in addition to the Standard Model. These are the Goldstone modes associated with the position of our brane in the extra dimensions, and with the breaking of supersymmetry on our brane. We do not follow these modes explicitly here because they get eaten by bulk modes, and so are natural to include with the bulk-brane interactions, Sint .

4Strictly speaking, this multiplet is reducible, since a smaller gravity multiplet can be built using only the metric, gravitino and the self-dual piece of BM N .

– 4 –

1.3 How Large Are the Extra Dimensions?

The predictiveness of the SLED proposal lies in the inability to make the extra dimensions smaller — and so easier to hide — without destroying the explanation of the observed Dark Energy. In this section we discuss the most restrictive observational limit on the possible size the extra dimensions can take, in order to show that this is (just) large enough to be consistent with the size of the Dark Energy density. Our purpose is to argue that this consistency does not allow much freedom to shrink the extra dimensions, and so fairly robustly sets the scale of the extra dimensions, as well as constraining the kind of 6D supergravities which can be entertained.

Supernova Bounds The strongest limit on the size of two large extra dimensions comes from the constraint that energy loss into Kaluza Klein modes not provide too efficient an energy-loss mechanism for supernovae [10, 11]. This process has been studied in detail for the special case of the radiation of gravitons into the bulk, with the recent study [11] showing that an acceptably small energy-loss rate requires the 6D gravitational scale, M_g, to satisfy M_g > 8.9 TeV.^5 For unwarped extra dimensions this requires the extra-dimensional size to be r < 10 μm.^6 This limit may be even stronger for SLED, because the theory in the bulk is supersymmetric and so can offer more modes into which energy may be lost. Although the precise loss rate is not yet computed for SLED, a simple estimate is obtained by scaling the graviton energy loss rate by the total number of degrees of freedom, N , in the extra dimensions whose couplings allow them to be emitted singly starting only from brane states. For instance if only gravitons could be emitted, this number would be N_{LED} = 3 for particle collisions in vacuo on flat 3-branes, since this corresponds to the 3 of the 9 6D graviton polarizations which can couple to purely 4D stress energy. We therefore estimate the loss rate into SLED bulk states to be Γ_{SLED} ≈ Γ_{LED} ( N 3 ) . (1.2)

where Γ_{LED} ∝ M^{−4}_g is the standard result for graviton emission by flat branes. This leads the SLED bound on M_g to become

M_g > ( N 3 )_{1/4} 8.9 TeV . (1.3)

5Our conventions define the 4D Planck scale by M^2_p = (8πGN )^{−1} = M^4_g r^2 when the two extra dimensions have volume V = r^2 .

6Ref. [11] quotes r < 1.6 μm, but uses conventions where the extra-dimensional volume is given by V = (2πr)^2 .

– 5 –

The bound therefore depends on the number N , although the 1/4 power in the last expression shows that this dependence is not inordinately strong. This number is clearly model-dependent in two separate ways. First, it depends on the total number of states in the bulk which are massless in the 6D sense, and so which are potentially available channels for carrying off energy. This depends on the multiplet content of the supergravity under consideration, and can be quite large for the chiral theories. In the same counting that assigns 9 spin states to the 6D graviton, the (massless) 6D gravity, gauge and matter supermultiplets respectively have 32 = 16_F + 16_B, 16 = 8_F + 8_B and 8 = 4_F + 4_B spin states, where B and F denote whether the states being counted are bosons or fermions. The number of massless 6D bulk states can therefore be as small as 32 for non-chiral 6D supergravities [12, 13], with no matter multiplets in the bulk. Alternatively, for chiral, gauged 6D [9] supergravity in the bulk, anomaly cancellation requires the number of matter and gauge multiplets to satisfy the condition N_m = N_g + 244 [14],^7 and so even choosing N_g = 0 in this case implies there must be 1952 massless 6D spin states in the bulk. If all of these contributed as strongly to the energy-loss as an allowed graviton mode, this would lead to the bound M_g > 34 TeV and so r < 0.67 μm. Fortunately, as we now argue, the real bound is likely to be less restrictive than this, even for the chiral theories.

The real bounds are likely to be weaker because the second source of model-dependence acts to reduce N , and so to weaken the bounds on M_g and r.^8 This second modeldependence is to do with the size of the amplitude for emitting a single bulk particle given only brane-bound particles in the initial state. This amplitude depends on both the kind of bulk particle involved, and on the kinds of effective interactions with the bulk which arise on the branes. For instance, even for gravitons not all of the 9 possible 6D spin states are emitted from particles moving along a flat brane because not all of the graviton polarizations couple to the purely 4D components of the matter stress tensor. More graviton spins would couple if the brane were bent or moving in the transverse dimensions, or in the presence of more complicated internal initial states on the brane.

Similar statements apply for the other bulk fields, whose couplings also depend on the kinds of interactions which are present between brane and bulk particles. For example, the fact that supersymmetry is broken on our brane implies the existence of model-independent couplings between the brane-based Goldstone fermion and the bulk gravitino [15]. For other bulk particles, preliminary examination of the simplest kinds of brane couplings to

7More precisely, the anomaly-cancellation condition is Nm − Ng = 273 − 29Nt , where Nt is the number of tensor multiplets. Although the option Nt = 1 allows the writing of a Lorentz-invariant action, Nt > 1 could permit anomaly cancellation with fewer matter fields.

8We thank the referee for stressing that not all bulk particles are likely to be emitted as strongly as are some graviton modes.

– 6 –

6D scalars and vectors is given in refs. [16] and [17], and similar estimates for the fermion couplings relevant to neutrino interactions are given below. From these it is clear that the strengths of these couplings — and so also the strengths of the resulting bounds — can vary considerably, depending on the brane details.

The weakest possible bound on r occurs for models for which only the graviton and gravitino couple linearly to brane matter. Because of the weak dependence on N in Γ_{SLED} this leads to constraints which are essentially the same as for pure-graviton emission in the nonsupersymmetric case. Alternatively, if N ∼ 100 then the LED constraint would be marginally strengthened to M_g >∼ 12 TeV and r <∼ 5.3 μm. It is clear that these are only rough estimates and that an explicit calculation of the rate of energy lost is desirable for specific models (but lies beyond the scope of the present article).

There are also other, nominally stronger, bounds on extra-dimensional models which come from the non-observance of Kaluza-Klein modes decaying into photons after having been produced in supernovae or in the early universe. We ignore these bounds for the present purposes, since unlike the bound just discussed they can be completely evaded depending on the details of the model. For instance, they do not arise if KK modes can efficiently decay into invisible light modes on other branes. We regard the model building which such an evasion requires to be well worth the cost if the resulting theory can make progress on the much more difficult cosmological constant problem. The Dark Energy Constraint Balanced against these bounds is the requirement of a sufficiently small Dark Energy density. Within SLED models this energy arises as a Casimir energy, whose evaluation (including the back-reaction of the branes on the bulk geometry) has not yet been done, but is in progress. Perhaps the most interesting thing about the SLED proposal is that within it the success of the description of the size of the cosmological constant comes down to the discussion of the O(1) factors, which we describe here.

In the absence of a definitive calculation of the Casimir energy in the presence of branes within a compact two-dimensional solution to 6D supergravity, a reasonable picture of the r dependence of the Casimir energy can be obtained by dimensional analysis supplemented by the tracking of the large logarithms which crop up due to the ultraviolet sensitivity of the result to large mass scales (like M_g) [8]. Taking care to write the result in the Einstein frame (for which Newton’s constant is not field dependent), the result is

V (r) = A r^4 [ 1 − a log(M_pr) + b 2 log^2(M_pr) + · · · ] + · · · , (1.4)

where A, a and b are dimensionless constants, the first ellipses represent possible terms involving higher powers of log r, and the second ellipses indicate terms involving higher

– 7 – powers of 1/r. As written, V is positive for all r provided A > 0 and 2b > a^2.

Besides being the likely result of explicit calculations, this potential is known to be able to describe a phenomenologically acceptable description of time-dependent Dark Energy [18, 19]. If a^2 + (b/4)^2 − 2b > 0 the potential has a local minimum at r_− and a maximum at r_+, where 4b log(M_pr_±) = b + 4a ± Δ, and Δ = 4[a^2 + (b/4)^2 − 2b]^{1/2}. r_+ and r_− are naturally of order 10 μm provided a/b ≈ 70. It should be noticed that the success of the cosmologies of refs. [18, 19] do not rely on the existence of a minimum or maximum, but in them the acceleration of the present-day Dark Energy is described by the epoch when r is in the vicinity of r_±, at which point we have, for instance

λ ≈ V (r_+) = A 16r^4 [ b + Δ ] . (1.5)

Given estimates for A, a and b we may determine what the smallest value is that r can take at present without having λ be unacceptably large.

The constant A is obtained from a Casimir energy calculation, and depends on details of the extra-dimensional geometry and the boundary conditions satisfied by the various bulk fields which are massless in 6 dimensions. For the present purposes we estimate the size of A using calculations of the Casimir energy on a 2-torus, with supersymmetry broken by choosing different boundary conditions for bosons and fermions [20].^9 Calculations such as these have been computed in many places for torii. For torii A depends on the various toroidal shape moduli [21] but for simplicity we ignore these moduli and estimate A using the numerical results of ref. [22] for a square torus. In this case A = −0.15 for a periodic massless scalar and A = 0.23 for a completely antiperiodic massless spin-half fermion. This leads to the estimate for A for a supersymmetric theory, with supersymmetry broken by boundary conditions, of A ≈ (0.23 − 0.15)N = 0.08N, where N counts the number of bosonic degrees of freedom in the bulk (e.g. N = 16 + 8N_g + 4N_m). With N = 16 we have A ≈ 1.3. The constants a and b are likely to arise from logarithmic divergences in 6 dimensions, and although they are not yet calculated we expect b ∼ a^2, with a ∼ N/(2π)^3, for N an indicator of the number of degrees of freedom in the bulk (and so a/b ∼ 70 is possible if N ∼ 10, as for the 6D supergravity multiplet). Taking Δ ≈ O(a) we then find λ ∼ Aa 16r^4 ∼ 1.3 70 × 16r^4 ∼ 1 (6r)^4

. (1.6)

This estimate is this section’s main result. Given that (10 μm)^{−1} = 0.020 eV, we see that λ takes the observed value (0.003 eV)^4 when r is close to its current observational

9This roughly captures what is expected from the back reaction of the branes, since these introduce conical singularities into the geometry which affect the boundary conditions of different spins in different ways.

– 8 – upper limit, r ∼ 5 μm (up to within the uncertainties of the estimates given). Clearly these estimates strongly motivate a more detailed analysis of the Casimir energy within specific SLED vacua.

1.4 More Fundamental Origins?

One of the principal motivations for the supersymmetric Standard Model comes from the plausibility of its arising as the low-energy limit of a well-motivated, more fundamental, theory at higher energies. It is worth asking to what extent the same might also be true for the SLED proposal. Since it is difficult to say anything concrete about this without having some framework in mind for what the kind of fundamental physics might be, we choose to cast this question in terms of what is at present probably our best-motivated fundamental supersymmetric theory: string theory. Since SLED is a particular case of the brane-world scenario, it is plausible that it could be obtained from string theory since this naturally includes D-branes and similar objects onto which it is known that Standard Model particles can be trapped.

A successful embedding of SLED into string theory consists of identifying string vacua for which the low-energy excitations describe both the 6D supergravity of the bulk and the degrees of freedom trapped on the branes. Indeed, the non-chiral (gauged and ungauged) 6D supergravities have a known string provenance in this way as dimensional reductions of 10D string vacua, and although a complete string derivation of the chiral 6D theory is not yet known — see however [23] — it is plausibly derivable as the low-energy limit of 10D heterotic string theory compactified on K_3.

Knowing how the branes arise within string theory is also important, and this has three different aspects. It involves finding string vacua having 3-branes in the effective low-energy 6D supergravity; it involves finding the particles of the Standard Model living on one of them; and it involves obtaining the brane-bulk couplings which are required by the mechanism of making the observed dark energy small [2, 3].^{10} A complete construction has not yet been accomplished, although branes having the required dimension and dilaton couplings may be obtainable either from D3 branes in 10D Type IIB string vacua, or from NS5-branes wrapped on 2-cycles in 10D heterotic (or 11D M-Theory) compactifications to 6 dimensions.

An important difficulty in obtaining MSLED models from string theory is also familiar from attempts to find the MSSM within string theory: there are typically too many degrees of freedom in the low-energy theory. This is a particularly pointed problem for MSLED given the strong constraints against the existence of too many light modes in the bulk.

10The precise requirement is for the dilaton coupling to vanish in the 6D Einstein frame.

– 9 –

Furthermore, because the supersymmetry-breaking scale in the bulk is so low, MSLED models cannot blindly appeal to supersymmetry breaking to give these moduli TeV-scale masses. What is required is a compactification to 6 dimensions for which the moduli for the internal dimensions (and any other light fields) are fixed at the string scale without breaking the bulk 6D supersymmetry. These conditions make a string theory derivation of the MSLED challenging, but perhaps not necessarily more so than a similar derivation of the MSSM.

It is this problem of ubiquitous light fields which argues against the simplest compactifications of 10D models to 6D. For example, for the perturbative heterotic string (or in the 11D Horava-Witten scenario) all of the gauge degrees of freedom coming from the E_8 × E_8 or SO(32) gauge sectors are expected to populate the bulk in a 6D compactification. Fewer such fields may arise if the low-energy gauge sector lives at the singularities of manifolds of G_2 holonomy, but these are not sufficiently well understood at the moment to allow the construction of explicit models.

Better prospects for finding SLED vacua with acceptably few light fields in the bulk may come from Type II theories (and their orientifolds — including Type I vacua) with the gauge sector localized on D-branes. In general, for the quasi-realistic examples found to date the Standard Model fields are localized on a D3 brane which is located at singularities in the bulk, or they are localized on the intersection of wrapped D6 or D5 branes (see for instance [24, 25]). Furthermore, for Type IIB theories it is known that compactifications with fluxes can fix many of the low-energy moduli which would have arisen without the fluxes [26, 27]. These kinds of models also have the advantage that quasi-realistic models have been constructed for which the Standard Model (or its supersymmetric extension) is known to live on a brane [28].

The 10D scenarios of interest here require a compactification for which 4 of the internal 6 dimensions are much smaller than the remaining 2. How much smaller they are is likely to depend on the details of the compactification, and in particular on whether any of the 4 smaller dimensions should be warped. For instance, the compactification might be envisioned to arise simply as an orientifold of the product space K_3 × T^2 or in a more complicated way as an elliptically-fibred Calabi-Yau compactification — i.e. a compactification which is locally T^2 × B — for which the elliptic fiber is a T^2 whose size varies with position in B.

If the small 4 dimensions are unwarped and have volume V_4 = ℓ^4, then the effective 6D gravity scale is related to the string scale, M_s and ℓ by M_g = e^{−Φ/2}M^2_s ℓ, where Φ is the 10D dilaton and we assume a string-frame 10D Einstein action of the usual form L_{10} ∝ e^{−2Φ}R. Within a perturbative low-energy framework with no particularly small numbers put in by

– 10 – hand (i.e. for which e^Φ <∼ 1 and M_sℓ >∼ 1) we are led to a picture where both the string scale and the size of the 4 small dimensions are not so different from the 6D gravity scale M_g. In this unwarped scenario we therefore expect to find TeV-scale phenomena associated with the small 4 extra dimensions and with string physics itself. Notice also that the conditions for the validity of perturbation theory, e^Φ ≪ 1 and M_sℓ ≫ 1, both imply M_g > M_s, and so within the unwarped picture string physics can be expected to appear at energies lower than M_g ∼ 10 TeV.

Alternatively, if the small 4 dimensions are strongly warped we may have ℓ^{−1} ∼ M_s ≫ M_g with the hierarchy between these two scales arising from the warping within the four extra dimensions. Scenarios in which the string scale is still close to the Planck scale or the intermediate scale M_s ∼ 10^{11} GeV [29] could be possible in this setting. Within this kind of hybrid Randall-Sundrum [30]/ADD scenario we need not expect to find more string or extra-dimensional physics at the TeV scale beyond that expected purely from the 6D degrees of freedom, but it may instead have interesting cosmological implications.

An interesting remark in this regard for both of these kinds of pictures is that the desired string compactification need not stabilize the large two extra dimensions, since these can instead be still dynamically evolving at present along the lines described in previous sections. All that is required is that the loop-generated potential for the 2D moduli have a form similar to that described in earlier sections. In particular, it would be interesting to be able to predict the initial features of this late-time cosmology as the final state of an earlier inflationary period, given the recent progress towards finding inflation within string theory [27, 31, 32].

2. Implications for Particle Physics

In this section we briefly summarize the main implications which the MSLED proposal can be expected to have for current particle physics experiments. We expect these to come in two broad classes of phenomena: neutrino physics and collider experiments at TeV scales. These two kinds of observables differ in the extent to which they test the general SLED proposal or its more specific MSLED variant. In this section we argue that SLED models very generically predict new effects for TeV colliders. We also explore whether the MSLED proposal predicts new neutrino physics. In passing we remark that that the minimal MSLED predicts only unobservably small new phenomena for flavor-changing experiments such as those being done with K and B mesons.

2.1 Neutrino Physics The SLED proposal relies on the numerical coincidence between the value of 1/r which is

– 11 – required in 6 (unwarped) dimensions by the explanation of the Dark Energy density, and by the explanation of the size of the electro-weak/gravitational hierarchy, M^2_g /M_p. Since the value for 1/r which results is also close to the mass differences, (Δm^2_{atm})^{1/2} = 0.05 eV, appearing in atmospheric neutrino oscillations [34] — or (Δm^2_⊙)^{1/2} = 0.007 eV for solar neutrinos [35] — it is natural to ask whether there might be a physical reason for this. Models Without Brane-Bulk Neutrino Mixing It must be emphasized at the outset that in general there need not be a connection between neutrino masses and the extra-dimensional scales within SLED. For instance, we might imagine stepping outside of MSLED and accounting for neutrino oscillations by simply putting 3 light sterile neutrinos onto our brane along with the Standard Model, with their masses tuned to the appropriate values by hand. Alternatively, even within MSLED we could obtain neutrino masses without introducing new low-energy brane degrees of freedom by contemplating the usual dimension-5 interaction on our brane,

L_5 ∝ h^2 M_g (L^iγ_LL^j )H_iH_j + c.c. , (2.1)

with L = (_ν e ) denoting the Standard Model leptons, and H representing the Higgs doublet.

The challenge in this kind of explanation of neutrino masses would be to understand why the dimensionless coupling h should be so extremely small: h^2 ∼ 10^{−11}. Such small couplings are natural in the sense that they are stable under renormalization, and their explanation would require an understanding of why the underlying higher-dimensional physics (such as the appropriate vacuum of string theory) preserves baryon and lepton number to high accuracy. In either of these two ways of understanding neutrino masses, it is difficult to make a definitive prediction for what to expect in neutrino experiments from SLED or MSLED.

Models With Brane-Bulk Neutrino Mixing Things would be more interesting, however, if there should be a nontrivial mixing between brane-bound neutrinos and bulk fermions. This could arise through an interaction of the form S_{int,N} = ∫ d^4x [ g_{aI} (L^i_aγ_LN^I )H_i + c.c. ] , (2.2)

where N^I denotes a collection of 6D bulk fermions and g_{aI} are coupling constants having dimensions of inverse mass, which we expect to be roughly of order M^{−1}_g in size. In this expression the index i = 1, 2 is an SU_L(2) gauge index while the index a = 1, 2, 3 labels fermion generations.

Models of this class are studied in detail in ref. [36, 37, 38]. What has poisoned attempts to build 6D neutrino phenomenology along these lines is the efficiency with which active-

– 12 – sterile neutrino mixing can drain energy away from astrophysical sources like supernovae. This can happen in either of two separate ways: either from losses due to incoherent radiation of bulk neutrinos; or from losses due to resonant oscillations into bulk neutrinos. Because of these constraints previous workers typically choose their models to be effectively 5-dimensional — an option which seems unavailable to us in the SLED context.

It is the first of these which seems the most dangerous in the present instance, since the constraint relies simply on the emission rate into sterile modes being of order Γ_s ≈ (m/E)^2Γ_ν , where Γ_ν is the rate for emitting the standard active neutrinos, E ∼ 100 MeV is the typical neutrino energy, and m ∼ g_{aI} v/r is the mass term which is responsible for the brane-bulk neutrino mixing. Because of the enormous number of bulk states which can be radiated, the energy loss due to this emission channel is too large provided mr ∼ g_{aI} v <∼ 2π × 10^{−4}. At face value such small values are incompatible with the regime g_{aI} v ∼ O(1) which are required by neutrino phenomenology.

For this reason we do not further pursue brane-bulk neutrino mixing within SLED, although one always wonders whether a constraint which relies in this way on supernova physics might have loopholes to do with our fairly poor understanding of neutrino physics within dense supernova cores. If ref. [37] is correct, this kind of worry actually may be justified for the bound on brane-bulk neutrino mixing which is derived from coherent bulk neutrino production within supernovae. At face value this bound can be even stronger than the one just discussed, and so potentially is even more dangerous. However, ref. [37] claims that this bound is weaker than had been previously thought, because of a feedback effect due to neutrinos modifying their own environment within supernovae in such a way that the beginnings of efficient oscillation into bulk modes acts automatically to switch off the bulk radiation. If so, then this second bound need not be a concern for MSLED models. We believe it to be worth exploring in more detail the extent to which these bounds rule out nontrivial bulk-brane neutrino mixing within the MSLED framework.

2.2 Signatures at Colliders A robust consequence of the SLED proposal is the existence of many bulk Kaluza-Klein modes whose mass spacing is of order 2π/r ∼ 0.3 eV. Although each of these modes is coupled to ordinary particles only with gravitational strength, their enormous phase space at TeV energies makes their collective effects enter into observables at collider experiments with rates of order Γ(E) ∝ ( 1 M^2_p ) (Er)^2 ∼ ( E^2 M^4_g ) , (2.3)

whose size is controlled by powers of M_g rather than M_p. For this reason the production of missing energy at TeV scale colliders is a robust signal of the SLED proposal.

– 13 –

Of course, the same arguments apply equally well to the non-supersymmetric LED proposal, where they again argue for a robust collider signal, and this has led to extensive studies of the possible phenomenological signatures of graviton emission into the bulk [39, 40]. Since these studies typically show that observable effects require M_g <∼ 1 TeV, one might worry that the supernova constraint M_g ∼ 10 TeV must preclude the expected SLED collider signal from being observably large.

We argue that this conclusion may be too pessimistic for several reasons. First, these calculations were done only for the graviton and we have already seen that radiation rates into the bulk are more efficient in SLED because of the existence there of all of the graviton’s super-partners [16]. Furthermore, the pessimistic conclusion also relies too heavily on there being no new physics at energies which are lower than the scale M_g, even though M_g is really only the scale of 6D gravity as measured by the higher-dimensional Newton constant. As such, it need not be the threshold at which new physics first emerges. (A similar error would be made for the weak interactions if the Fermi constant, G^{−1/2}_F ∼ 300 GeV, were used to infer where the scale where the physics of the electro-weak interactions first appears. In reality we know that this physics starts at M_w = 80 GeV rather than 300 GeV, because of the appearance of small dimensionless couplings in the relation between G_F and M_w .) In the same fashion, it is likely that within the SLED proposal the string scale is at or below the scale M_g , making some states potentially available to experiment at scales of a few TeV.

Furthermore, depending on how it arises within a more microscopic theory like string theory, there is a possibility in the SLED picture that there are also Kaluza-Klein and winding states associated with the ‘other’ 4 compact dimensions obtained when compactifying from 10 to 6 dimensions. As we saw in earlier sections, these should also have masses in the TeV regime provided the 4 small internal dimensions are not strongly warped. In this regime collider reactions should resemble string collisions near Planckian energies [41]. A more precise study of the phenomenology of these modes requires the study of the string compactifications from 10 to 6 dimensions which lead to the kinds of 6D models of present interest.

The most likely collider signal (besides the direct production of new string or KK states) of SLED physics is therefore likely to be missing energy, which can be produced in association with an isolated jet or lepton. Such a signal is unlikely to be confused with the missing energy signals of alternative proposals, such as the Minimal Supersymmetric Standard Model (MSSM). There are also discussions in the literature [42, 43] about the possibility of producing mini black holes when collider energies approach the 6D gravitational scale. However, these calculations are still subject to considerable theoretical uncertainty.

– 14 –

Among the open and speculative issues are: the mass at which the black hole description starts being valid [44]; the applicability of using Thorne’s hoop conjecture when computing the black hole production cross-section [45]; the use of the generalized uncertainty principle (which the authors of ref. [46] claim implies a large increase in the energy necessary to form a black hole, putting them beyond the reach of the LHC); and the validity of the description of black-hole creation in terms of the collision of Aichelburg-Sexl shock waves [47].

2.3 Flavour Physics Another way to distinguish the predictions of MSLED from alternate proposals is in their implications for flavor-changing physics as seen in B and K factories. Unlike theories like the MSSM, MSLED does not predict new phenomena in these experiments because its flavor physics is essentially described by the Standard Model. Indeed, a virtue of the MSLED proposal is that it retains many of the Standard Model successes in this regard, such as the natural understanding — through the GIM mechanism — of why flavourchanging neutral currents are small, and of why CP violation is small for K mesons physics even though the intrinsic CP-violating phase in the Cabbibo-Kobayashi-Maskawa matrix is not small. At present (with very few, controversial exceptions) the existing data on weak decays of hadrons, including rare decays (B → X_sγ [48], ...) and CP violating observables (CP asymmetry of B → J/ΨK_S [49],...) is described within theoretical and experimental uncertainties by the SM, and so MSLED inherits this success. The CKM mechanism has passed its first precision tests successfully and is very likely the dominant source of CP violation in flavour-changing processes.

The only hope to see new effects in flavour-changing meson experiments within the MSLED framework would be if flavor-diagonal new physics taken together with the ordinary weak interactions could be separated from penguin contributions to various meson decays. Unfortunately, any such an analysis is likely to require a much more accurate understanding of penguin processes and matrix elements than is currently feasible.

It must be emphasized that these statements hold only for the minimal MSLED proposal, and do not follow robustly for all models in the SLED class. This is because one may always use the freedom to introduce new flavour physics by complicating the physics of our brane, without ruining the success of the basic 6D SLED mechanism.

3. Cosmology

Since the main motivation of the SLED proposal comes from cosmology, it is not surprising that some of its observational implications are cosmological. In this section we briefly

– 15 – summarize the opportunities for testing the proposal which can be explored over comparatively long distance scales. These come in three different types: implications for Dark Energy, implications for tests of General Relativity on large and small distance scales, and implications for Dark Matter. We close with some speculations about how inflation might be embedded into the SLED picture.

3.1 Dark Energy Besides providing a natural size for the Dark Energy density, the SLED proposal makes many further predictions concerning the properties of Dark Energy. First and foremost, it predicts that the Dark Energy is dynamically evolving in time even now, and so is not simply a cosmological constant. Rather it is what has come to be known as a ‘quintessence’ model [50], involving a cosmologically evolving 4D scalar field (or fields) whose microscopic origin is the overall breathing mode of the 2 large extra dimensions, r (plus possibly various shape moduli for these same dimensions).

Besides predicting the Dark Energy to be cosmologically evolving, SLED also predicts a very specific form for the quintessence field’s scalar potential. Given that the Einstein-Hilbert action implies the radion kinetic energy has the form M^2_p (∂_μr ∂^μr)/r^2, the canonically-normalized field is φ = M_p log(M_pr), leading to an exponential potential with a power-law prefactor. This is a form originally proposed by ref. [18].^{11}

Because the radion’s scalar potential has a previously-discussed form, it follows that the SLED predictions for Dark Energy evolution are likely to resemble those of refs. [18, 19]. This shows that SLED can share the viable phenomenology of these models, as well as their theoretical puzzles. In particular, although these models have many tracker solutions [19], their successful description of present-day cosmology does not rely on them and instead depends on the initial conditions of the radion field in an important way. This in turn implies that a completely adequate description of the cosmology of Dark Energy is likely to require a better understanding of these initial conditions, possibly as a consequence of an earlier inflationary epoch [52]. (Of course, these conclusions must be re-examined to the extent that shape moduli are also cosmologically active — see for instance [21] for a preliminary examination of this issue for torii.)

It should be stressed that these predictions for the Dark Energy are robust consequences of the relaxation mechanism with which the SLED proposal cancels the contributions of the brane tensions to the Dark Energy, since this mechanism implies the existence of a very light scalar field, r, whose mass is of order the present-day Hubble scale, m_φ ∼ H_0 ∼ 10^{−33} eV.

11The potential for any shape moduli depends on more detailed information about the geometry of the two large dimensions.

– 16 –

Quintessential Naturalness Issues The existence of a scalar as light as m_φ ∼ 10^{−33} eV brings with it a further naturalness issue, which asks how such a small scalar mass can be stable against radiative corrections as physics associated with energy scales larger than m_φ are integrated out [51]. Remarkably, this naturalness problem is automatically explained in the SLED proposal as a consequence of the natural explanation of the small size of the observed Dark Energy density. This SLED explanation proceeds essentially along the lines anticipated in refs. [22, 19], and proceeds as follows.

The explanation has two parts, depending on the energies being integrated out. For particles with masses, m, lying between m_φ ∼ 10^{−33} eV and 1/r ∼ 0.01 eV, the effective theory is 4-dimensional, and standard arguments apply. These state that the integration over modes having mass m which couple to the quintessence field with strength g should contribute (at one loop) an amount δm_φ ∼ mg/(4π). Since in the present case the quintessence field couples with gravitational strength, the relevant coupling is of order g ∼ m/M_p, leading to the estimate δm_φ ∼ 1 4π ( m^2 M_p ) , (3.1)

which is acceptably large because this calculation necessarily presupposed m <∼ 1/r ∼ 0.01 eV in order to be performed in 4 dimensions.

For particles more massive than 1/r the analysis must be done in 6 dimensions, and in this case the stability of m_φ is ensured by the same mechanism which keeps the Dark Energy density sufficiently small. That is, to the extent that the radion potential is of order V (r) ∼ 1/r^4, the radion mass is naturally m_φ ∼ 1/(M_pr^2) and so has the right size for r ∼ 10 μm. The SLED proposal itself explains why particles on the brane do not contribute to V (r) at all regardless of their masses. On the other hand, for particles in the bulk the integration over modes of mass m can generate dangerous terms which are of order δV ∼ m^2/r^2. If generated, these would both give too large a vacuum energy density, and contribute the too-large amount δm_φ ∼ m/(M_gr).^{12} Notice that the result m_φ ∼ 1/r obtained when m ∼ M_g corresponds to the usual estimate for the loop-induced radion mass in non-supersymmetric LED models.

Typically, the absence of these dangerous m^2/r^2 terms need only be ensured at one loop in the bulk theory, and they are in particular absent in the 6D theories of most practical interest (such as those obtained by compactification from 10D supergravity) [4, 8].

12Although quoted above in Jordan-frame units, these expressions for mφ are most easily understood in the 4D Einstein frame using the canonically-normalized field φ, with Mpr ∼ e^{φ/Mp} . In terms of this we have V (r) ∼ m^2/r^2 implying V (φ) ∼ (m^2M^4_p /M^2_g ) e^{−2φ/Mp} while V (r) ∼ 1/r^4 implies V (φ) ∼ M^4_p e^{−4φ/Mp} .

– 17 –

3.2 Tests of Gravity

There are two types of changes to gravitational physics which must follow in any variant of the SLED proposal (and not just for its MSLED version). These involve tests of Newton’s inverse-square law on distances of order m^{−1}_{KK} ∼ r/(2π), as well as very-long-distance modifications to gravity over scales up to the present-day Hubble length, H^{−1}_0 .

Short-Distance Tests

The deviations from Newton’s inverse-square law for gravitation must break down in SLED for the same reason as it does within the earlier LED proposal: the effects of ordinary graviton exchange begin to compete at these distances with the exchange of various Kaluza-Klein modes from the two large extra dimensions. The range over which the deviations from the inverse-square law arise is set by the lightest of the nonzero masses of the Kaluza-Klein modes. Although the precise value of this lightest mass depends on the details of the precise shape of the extra dimensions, we have seen above that they are of order m_{KK} ∼ 2πc/r with c = 1 for a toroidal compactification. It would be worthwhile computing the form of the predicted force law in more detail for representative geometries, given the many bulk fields in SLED whose Kaluza Klein modes could be relevant.

The bad news here is that the requirement r ∼ 5 μm, which follows from the Dark Energy density, implies r/(2π) ∼ 0.8 μm, which is some two orders of magnitude below the 100 μm range to which the best present searches for these effects are sensitive [53, 54]. They might not be beyond the reach of future tests based on precision measurements of the Casimir effect [54], however. The good news is that there absolutely must be an effect, and that the O(1 μm) range cannot be moved to still smaller values to evade better tests, once these become available.

Long-Distance Tests

SLED models must also predict very long-range forces of roughly gravitational strength, of the general scalar-tensor form. This follows quite generally as a consequence of the relaxation mechanism it predicts for the Dark Energy density, which we have seen leads naturally to one or more fields, φ, whose mass is presently incredibly small, m_φ ∼ H_0 ∼ 10^{−33} eV. Unlike almost all other quintessence proposals, we have seen how this small scalar mass can be naturally stable against quantum effects within the SLED framework.

Such a light scalar is strongly constrained by searches for a very-long-range force which competes with gravity [55]. At the classical level the theory is very predictive because the breathing mode of an extra dimension is known to couple to ordinary matter on our brane through their contributions to the trace of the stress tensor, T^μ_μ , and at first sight this seems

– 18 – to be a fatal prediction since gravitational-strength couplings of this form can already be ruled out with some precision.

A more detailed look is again more interesting, and whether these tests falsify SLED cosmology relies on more detailed calculations of the r-field couplings than are presently available. That they do can be seen from models such as those of refs. [22, 19], for which the precise strength and coupling of the light field can actually depend on some of the details of its cosmological evolution, since they can evolve during the history of the universe. They can do so because in the models investigated these couplings are field-dependent. Since the measurements which constrain these models are performed only during the present epoch, they are satisfied provided the couplings happen to be small at present, and this is what happens in the cosmological models of [19]. (It has also been claimed that an evolution to small couplings is an attractor in the space of solutions of related scalar-tensor models [56].)

Similar effects can arise within SLED scenarios because loop effects can introduce an r-dependence into otherwise field-independent quantities. Clearly the question of how big these couplings now are (and whether their motion can be traced within the domain of perturbation theory) can be addressed in a more focussed way given a real calculation of the potential and interactions of the field φ (and any other light fields) from a specific microscopic model for the extra-dimensional geometry. This provides yet more motivation for exploring the details of such compactifications, including loop effects, more closely.

The possibility that there can be very light scalar fields around providing us with interesting non-standard gravitational physics on the longest distance scales is particularly exciting given the recent opportunities for testing this kind of scenario. It motivates, in particular, a more careful exploration of the phenomenology of scalar tensor theories for solar-system tests, as well as for tests in more exotic settings (like the recently-discovered system consisting of two pulsars which orbit one another [57]). Given a theoretical framework for such forces, it becomes possible to make more specific statements about the nature of their expected couplings, which allows more focussed analyses of the constraints which can be expected from these systems.

3.3 Dark Matter

If the SLED picture does describe the nature of Dark Energy, then we must rethink what has become the standard particle-physics paradigm for the origin of Dark Matter. The standard (Weakly-Interacting Massive Particle — WIMP) paradigm involves the Dark Matter consisting of the relic abundance of a stable particle having a weak-scale mass and a weakinteraction annihilation cross section. This is attractive because any such particle would

– 19 – naturally have the presently-observed abundance provided only that it were originally in thermal equilibrium with the other observed particles in the very early universe.

The standard paradigm can be even more ambitious if one assumes that physics at the TeV scale is governed by the MSSM or one of its less-minimal variants, since in this case there is a very natural candidate for such a stable and weakly-interacting particle having a weak-scale mass. This is because these are properties which are naturally true for the lightest supersymmetric particle (LSP). The LSP is expected to be stable on quite general grounds if the supersymmetric theory enjoys an exact or approximate R parity, and such a parity seems to be required in these models in order to explain the non-observation of baryon- and lepton-number violating decays.

SLED Dark Matter All of this seems to be lost in the MSLED scenario, since the brane sector is described purely by the Standard Model and has no super-partners in the usual sense. It is therefore necessary to think again of where the Dark Matter might arise in this picture. Although we do not yet know the answer, we wish to argue that it is again the WIMP proposal which is the most attractive. There are two reasons for thinking so. The first of these is the original WIMP motivation: a stable particle with a weak-scale mass and weakinteraction annihilation cross section can naturally have the right present-day abundance if it were originally in thermal equilibrium with ordinary matter at very high temperatures during the very early universe. (As we discuss below, this motivation can have additional complications within an LED framework because of problems which arise if the KK modes in the two large dimensions are themselves in equilibrium at these high scales.)

The second reason which points to WIMPs as being the simplest candidate is given by the ‘Why Now?’ problem of any quintessence cosmology. This question asks why it should be that the universal energy density in matter, radiation and Dark Energy should happen to have been so similar to one another during the very recent universe. This question is all the sharper given that these three forms of energy vary very differently as a function of the universal scale factor as the universe expands.

Although this problem is normally posed for models of Dark Energy given that the Dark Matter is assumed to be given by some kind of WIMP, we may ask it in reverse given the SLED picture of what the Dark Energy is. A clue as to how to do so fruitfully can be found in ref. [58], who argue that the Why Now? problem has a natural solution if two things are true. 1. The Dark Matter is a relic WIMP abundance, and 2. the Dark Energy is a cosmological constant which is parameterically of order λ ∼ (M^2_w/M_p)^4. In this case this reference argues that their present day abundances would naturally be close to one another now, since they are both set by ratios of M_w and M_p. For these authors this is true

– 20 – by assumption for the Dark Energy, but it is also true for WIMPs due to the competition between the weak-interactions (through their control of the WIMP annihilation rate) and gravity (through its control of the expansion rate of the universe).

This picture makes WIMPs attractive within any kind of SLED proposal, because the Dark Energy density is necessarily predicted to be of order λ ∼ 1/r^4 ∼ (M^2_w/M_p)^4, and so depends parameterically on M_w and M_p in precisely the desired way. The question in SLED and MSLED models then becomes how to identify a promising stable candidate WIMP. This is as yet unsolved in these models, although it is promising that there can an enormous number of weakly-interacting states available having masses at the weak scale. We have seen that for compactifications from 10 dimensions, string modes, winding modes and Kaluza-Klein modes for the ‘other’ 4 dimensions can all have masses in the TeV region.

Two things are required in order to make one of these candidates into a Dark Matter WIMP. First one needs a good reason why the state of interest should be stable. This could be done, for example, for the KK modes of the ‘other’ 4 dimensions if these dimensions should have isometries giving rise to conserved charges. For instance, compactification on a 4 torus would provide the simplest such example, with the Dark Matter being the lightest KK mode carrying momentum in these weak-scale extra dimensions. Refs. [59] consider in detail the relic abundance for related proposals wherein the lightest KK mode is the Dark Matter candidate, and find that an acceptable abundance would arise if the Kaluza-Klein scale were M_{KK} ∼ 2π/ℓ ≈ 1 TeV. This fits well into a picture for which 1/ℓ ∼ 0.1 TeV, and M_s ∼ (M_g/ℓ)^{1/2} ∼ 1 TeV. In view of the obvious implications for colliders of these scales, it would be well worth constructing the simplest possible compactification along these lines in order to investigate its implications in more detail.^{13}

Over-Closing the Universe It happens that in LED and SLED models the real problem with Dark Matter is not why there is so much of it, but why there is so little. This is because LED and SLED models can become dangerous if KK modes in the large 2 extra dimensions (as opposed to the smaller 4 weak-scale dimensions) should be stable and be in equilibrium at the weak scale. If so, and if some of the massive KK modes are stable, then these modes become too abundant and their energy density comes to dominate the universe much too early in its history.

This problem need not be generic because it depends on more model-dependent details of the geometry of the extra dimensions and of the universe’s history. When considering LED models it is normally assumed that these modes were not in equilibrium when ordinary

13For toroidal compactifications within string theory the possibility also arises of using the lightest winding mode as the Dark Matter particle, and this scenario is T -dual to the situation where the Dark Matter is made up of the lightest KK mode.

– 21 – matter had temperatures above a ‘normalcy’ temperature, T_∗, which must be higher than the scale of nucleosynthesis but cannot be as high as the weak scale. It is more difficult to avail ourselves of this way out if we wish to explain the Dark Matter abundance in terms of a thermally generated WIMP, as in the previous section.

It can also happen that Kaluza-Klein modes do not carry a conserved charge if the 2 large dimensions are not very symmetric, since it is the conserved charges associated with extra-dimensional isometries which the KK modes carry. In this case KK modes could quickly decay into massless states which would not dominate the universal energy density. Indeed, it should be emphasized that it is sufficient to have these extra dimensions not be symmetric at very early epochs, when the universe’s temperature is above T_∗, which could be true even if they are very symmetric right now.

We regard this kind of evolution of the extra dimensions to be quite likely to occur within the SLED proposal because its energy cost is not high when temperatures are as large as T_∗. This is particularly true, given the propensity of the extra dimensions to warp in response to changes in tension on the various branes. (Indeed the possibility that this warping is not small now is the biggest hurdle which the SLED models must clear in order to definitively explain the present-day observed Dark Energy density.) If so, a realistic calculation of the residual energy tied up in KK modes for the ‘large’ 2 dimensions must await a more detailed calculation of the cosmological evolution of the 2D geometry. Such a calculation is not beyond our powers, and is in progress. It is one more motivation for better understanding the energetics and dynamics of brane world configurations within the SLED and LED scenario.

3.4 Inflation Since SLED models require the 6D gravity scale, M_g, to be in the 10 TeV region, it is interesting to speculate whether and how inflation can arise. We see two main possibilities, depending on whether or not the fundamental scale M_g itself changes during the hypothetical inflationary epoch.

Weak Scale Inflation: It is possible that M_g remains in the TeV range throughout inflation and its aftermath. If so, then the successful description of CMB temperature fluctuations would require an extremely flat inflaton potential. Since δT/T is related to the inflaton potential V and slow-roll parameter ϵ by δT/T ∝ (V/ϵ)^{1/2}, and the observed fluctuation amplitude requires (V/ϵ)^{1/4} ∼ 10^{16} GeV [60], it is clear that if V^{1/4} ∼ M_g ∼ 10 TeV then we require ϵ ∼ 10^{−48}.

Dimensional Evolution: A more attractive possibility arises if the sizes of the extra dimensions and the effective 6D gravity scale, M_g, themselves also change during the inflationary

– 22 – epoch, along the lines of what occurs in the scenarios of ref. [33]. In these models the internal dimensions evolve like a power of time, t, while the observed 4 dimensions inflate exponentially with t. Such an evolution might ultimately provide an explanation for why there should be such a large hierarchy amongst the sizes of the various extra dimensions, as well as potentially providing a theory of the initial conditions for the moduli of the large 2 internal dimensions.

4. Have We Been MSLED?

A great deal of effort has been devoted to exploring the observable implications of supersymmetry over the last few years. The combination of good theoretical motivation and distinctive experimental signatures has attracted the interest of theorists, phenomenologists, cosmologists and experimentalists alike. The supersymmetric extension of the Standard Model has emerged from this study as the conservative choice for the most likely replacement of the Standard Model itself.

Implicit in this choice is the belief that the supersymmetric Standard Model is an inevitable consequence of TeV-scale supersymmetry breaking within a microscopic theory which is supersymmetric. Although originally motivated by solving the cosmological constant problem, what is intriguing about the SLED proposal is that it provides a radically different way in which supersymmetry could be realized at low energies. As such it provides a counterexample to the statement that the supersymmetric Standard Model is the sole low-energy manifestation of TeV-scale supersymmetry breaking.

Equally important, the connection with the cosmological constant makes the SLED proposal unique in several ways. First, if proven to be successful, it would be the only extant proposal which can provide a natural explanation for the observed size of the dark energy. Second, since it involves modifying physics at extremely low energies, it has very many observational consequences for particle physics and astrophysics, apart from its predictions for the dark energy. Finally, by relating the size of the extra dimensions to the observed dark energy, it is very predictive because it removes the freedom to shrink these dimensions to evade their experimental consequences.

In this article we provide a first step towards exploring the phenomenology of SLED models. We do so by identifying several robust consequences of the SLED proposal, as well as proposing a naturally minimal special case, MSLED, for which even more specific predictions may be made. The model which results encompasses many of the main properties of the large extra dimensions scenarios, but with a more focussed set of predictions because of the inability to tweak the model by choosing more large dimensions, or to arrange the

– 23 – dimensions to be smaller or to significantly change the field content and interactions in the 6-dimensional bulk.

Among the observable consequences which follow quite robustly for the SLED proposal are:

• Deviations from Newton’s inverse-square law must occur at μm scales.

• The Dark Energy should be capable of dynamically evolving even during the present epoch, due to the presence of at least one very light scalar corresponding to changes in the size of the extra large dimensions.

• The existence of the cosmologically light scalar(s) predicts that gravity is described by a scalar-tensor model over astrophysical distance scales.

• Astrophysical systems (like supernovae) and experiments at TeV scales should see (or be close to seeing) significant missing energy processes corresponding to emission of Kaluza Klein modes in the large two dimensions. Because the extra dimensions are supersymmetric, in SLED there are significantly more such states than there are gravitons.

The minimal MSLED version of the model also predicts:

• Particles on our brane consist purely of those of the Standard Model itself. In particular the Standard Model particles have no superpartners in the effective theory below the TeV scale where the scale of 6D gravity becomes important. They do not because supersymmetry is badly broken (at the TeV scale) on our brane.

• Low-energy particle physics should be well-described by the Standard Model, with suppressed flavour-changing interactions. Since the influence of extra-dimensional physics is suppressed at lower energies, it is unlikely that new effects should emerge in experiments involving low-energy K and B mesons.

Many of these implications are at the edge of being tested experimentally, both from accelerator and table-top experiments, so if the SLED picture is right we are likely to know within the comparatively near future.

4.1 MSLED vs the MSSM Since MSLED is being proposed as a low-energy realization of supersymmetry which is a well-motivated and concrete alternative to the standard MSSM picture, it is perhaps worth comparing their relative merits and liabilities given our present state of knowledge.

– 24 –

Theoretical Motivation: One of the main practical benefits of the supersymmetric Standard Model has been that it is both theoretically well-motivated, and yet is also concrete and broadly predictive, particularly in its MSSM form. This makes it possible to test in detail, and compare with the predictions of the Standard Model itself.^{14} MSLED is also very predictive, and has two strong theoretical motivations. Its main motivation comes from the SLED description of the cosmological constant, but it also shares the theoretical motivation of describing a class of weak-scale supersymmetry breaking which can plausibly arise from a more fundamental microscopic theory like string theory.

Hierarchy Problem: The MSSM and MSLED both address the hierarchy problem, although in different ways. The MSSM provides a way to understand the natural stability of the hierarchy against loop corrections, but does not in itself provide an explanation of why the force of gravity should be weak compared with the electro-weak force in the first place. (The explanation of this requires a theory of how supersymmetry breaks in a more microscopic context, which is not yet available.) In MSLED the TeV scale is fundamental and the weak strength of gravity relies on the size of the 2 large extra dimensions being so large, and the explanation of why this is true becomes a dynamical question. Given that this size is large, MSLED’s key claim is that it can preserve the resulting hierarchy against the influence of loops. The main issue to be addressed in showing this to be true also involves dynamics: do the extra dimensions warp as higher-energy scales are integrated out?

In both cases the explanation for the difference between the electro-weak and Planck scales could be dynamical. In the MSSM it depends on the way supersymmetry is broken, possibly by non-perturbative effects that lead naturally to a large hierarchy of scales. In the MSLED case it depends on the mechanism that fixes the size and shape of the extra dimensions, such as in the scalar potential discussed in section 2. An important point for the MSLED is that the same scale that is needed to understand the electro-weak hierarchy problem, also provides the natural scale for dark energy.

Low-Energy Supersymmetry: Both MSSM and MSLED involve supersymmetry broken at the electro-weak scale, although the way supersymmetry is realized in the low-energy theory is very different. The field content of the MSSM fills out complete 4D supermultiplets, and so supersymmetry is realized linearly. This happens because the typical splittings of masses in supermultiplets is smaller than the cutoff at the TeV scale. By contrast, in MSLED since supersymmetry is broken on the brane at the TeV scale, there are no super-partners for ordinary particles in the low-energy theory. Supersymmetry is therefore only realized

14Indeed, if naturality issues are taken seriously the MSSM is so predictive as to be close to being ruled out.

– 25 – nonlinearly there [15]. The bulk physics, however, has a small supersymmetry-breaking scale, and so particles fall into 6D supermultiplets which linearly realize 6D supersymmetry.

Dark Energy: The MSSM does not explain the small observed size of the cosmological constant within the low-energy effective theory, and so does not protect its value to be smaller than of order (1TeV)^4. One of the main motivations for the MSLED proposal is its potential to explain this major problem in a natural way. Being a much more recent proposal, it is not completely clear as yet whether the MSLED proposal will provide the definitive solution (with the main obstacle likely to be the possibility of the large 2 dimensions warping too much in response to the various internal brane tensions). Nevertheless we believe it goes further in this regard than does the MSSM, inasmuch as it provides a mechanism for understanding why ordinary particles like the electron do not in themselves provide too large a cosmological constant.

Gauge Coupling Unification: The measured strengths of the electro-weak and strong interactions at the weak scale appear to be consistent with the unification of these three gauge coupling constants, once they are run up to much higher energy scales — subject to the assumption of a plausible spectrum of super-partners at the TeV scale. The ability to understand this running is often considered as a triumph of the MSSM. The MSLED scenario does not offer a similarly natural explanation for this apparent coupling unification at the GUT scale, since it is the TeV scale rather than a larger scale which is fundamental within this model. One attitude to take within MSLED is that the evidence for unification is not that compelling, and so to simply put it aside.

An alternative approach is also possible, however [61, 62, 63]. For instance in [62], it is argued that precisely in the case of two large extra dimensions, there is a natural logarithmic ‘running’ of the gauge couplings coming from the logarithmic dependence on position of the massless propagator in two dimensions. This assumes that gauge couplings are position dependent because they are given by expectation values of bulk fields (such as happens in string theory) that vary logarithmically with position in the extra dimensions. In this picture, some bulk fields (like twisted moduli) couple differently to different gauge groups, and the place in the bulk where they vanish would correspond to the unification point. (The large energy desert over which couplings run is replaced in this picture by the large distance between our brane and this unification point within the bulk.) Although it is far from clear that such a picture can be consistent with the SLED proposal, it is a logical possibility which can be explored.

Proton Stability: The Standard Model beautifully explains the baryon and lepton number conservation of the renormalizable interactions as being an accidental consequence of the

– 26 – model’s particle content and gauge symmetries. Proton stability is then naturally assured if the scale which suppresses any higher-dimension non-renormalizable effective interactions is of order the GUT scale, since the first baryon-number violating interactions arise at dimension 6. This property is lost in the MSSM, for which gauge invariance permits many baryon and lepton-number violating renormalizable interactions. These must be forbidden using extra symmetries like R-parity, and even then care must be taken to avoid having dangerous dimension-5 interactions contribute to proton decay. MSLED inherits the natural explanation for lepton- and baryon-number conservation for all renormalizable interactions since it is simply given on our brane by the Standard Model itself. Just as for the Standard Model, baryon-number violating interactions first arise at dimension 6, but for MSLED the natural scale which suppresses these interactions is only M_g ∼ 10 TeV. Consequently, the existence of a symmetry (like baryon-number itself) must also be invoked to adequately suppress those non-renormalizable interactions which could mediate proton decay. Indeed, gauged baryon-number symmetries frequently arise within explicit quasi-realistic brane-world string compactifications [64, 25].

Flavour Problems: The MSSM has many soft supersymmetry-breaking parameters, which potentially include many arbitrary phases and flavour-changing interactions. The current lack of experimental evidence for these interactions introduces a new naturalness problem whose resolution is not provided within the model. New problems of this sort do not arise for MSLED to the extent that it is only the Standard Model which appears on our brane. (Of course, MSLED does not in itself shed any light on why the known fermions have the particular masses and mixing angles they are observed to have.)

Falsifiability: Both the MSSM and MSLED are likely to be decisively tested (and possibly ruled out) in the next few years. Their experimental signatures are quite different, with the MSSM predicting a rich spectroscopy of supersymmetric particles, and MSLED predicting very finely-spaced Kaluza-Klein states and missing energy at accelerators, as well as deviations of gravity in table-top experiments. Depending on how it is embedded into a more fundamental theory it may also predict that TeV-scale KK modes and string states are also present to be seen in colliders.

Plan B: Both models have simple extensions that share their main attractive features and predictions but which can provide some (but not all) experimental signatures, should these be required (such as by experiments searching for flavour changes in meson physics). In the MSSM new gauge and matter supersymmetric multiplets could be considered as well as more general soft supersymmetry breaking couplings. In the MSLED case, various extensions of the standard model could be considered on our brane rather than just the Standard

– 27 –

Model. These extensions could eventually be explored if required either on experimental or theoretical grounds.

Dark Matter: Both models favour a WIMP candidate for dark matter, although the MSSM has in the lightest super-partner a very generic candidate, due to the assumed conservation of R-parity. MSLED may also have many possible candidates, such as higher-dimensional KK modes, although further studies are required in order to better identify the alternatives.

Fundamentalism: Neither the MSSM nor MSLED have been derived from a more fundamental theory such as string theory, but both have reasonable prospects for being found near already known string vacua.

There are clearly more open questions than answers regarding the possible experimental tests of the SLED and MSLED scenarios, but we regard the exploration of these issues to be worth pursuing given the exciting connections which may emerge between particle physics, gravitation, astrophysics and cosmology.

Acknowledgements

We thank useful conversations with C. Csaki, E. Dudas, D. Ghilencea, E. Kiritsis, G. Moore, A. Nelson, M. Petrini, S. Parameswaran, A. Pomarol, L. Randall, A. Tomasiello and A. Zaffaroni. FQ, CB and JM respectively thank the Ecole Polytechnique, IFAE, Barcelona and McGill University, for hospitality while this work was being completed. C.B.’s research has been supported by grants from NSERC (Canada), FQRNT (Québec) and McGill University. FQ is partially supported by PPARC and a Royal Society Wolfson award. J.M receives financial support from the Ramón y Cajal Program and grant FPA2002-00748.

References

[1] S. Perlmutter et al., Ap. J. 483 565 (1997) [astro-ph/9712212]; A.G. Riess et al, Ast. J. 116 1009 (1997) [astro-ph/9805201]; N. Bahcall, J.P. Ostriker, S. Perlmutter, P.J. Steinhardt, Science 284 (1999) 1481, [astro-ph/9906463].

[2] Y. Aghababaie, C.P. Burgess, S. Parameswaran and F. Quevedo, Nucl. Phys. B680 (2004) 389–414, [hep-th/0304256].

[3] Y. Aghababie, C.P. Burgess, J.M. Cline, H. Firouzjahi, F. Quevedo, G. Tasinato and I.

Zavala, JHEP 0309 (2003) 037 (48 pages) [hep-th/0308064].

[4] C.P. Burgess, “Supersymmetric Large Extra Dimensions and the Cosmological Constant: An Update,” [hep-th/0402200].

– 28 –

[5] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett. B429 (1998) 263 hep-ph/9803315; Phys. Rev. D59 (1999) 086004 [hep-ph/9807344]; I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 436 (1998) 257 [hep-ph/9804398].

[6] J.-W. Chen, M.A. Luty and E. Pontón, JHEP 0009 (2000) 012, [hep-th/0003067].

[7] G.W. Gibbons, R. Güven and C.N. Pope, “3-Branes and Uniqueness of the Salam Sezgin Vacuum,” [hep-th/0307238].

[8] D. Hoover et.al., in preparation.

[9] H. Nishino and E. Sezgin, Phys. Lett. 144B (1984) 187; Nucl. Phys. B278 (1986) 353; S.

Randjbar-Daemi, A. Salam, E. Sezgin and J. Strathdee, Phys. Lett. B151 (1985) 351; A. Salam and E. Sezgin, Phys. Lett. B 147 (1984) 47.

[10] S. Cullen and M. Perelstein, Phys. Rev. Lett. 83 (1999) 268 [hep-ph/9903422]; V. Barger, T.

Han, C. Kao, R.-J. Zhang, Phys. Lett. B461 (1999) 34-42, [hep-ph/9905474]; C. Hanhart, D.R. Phillips, S. Reddy, M.J. Savage, Nucl. Phys. B595 (2001) 335 [nucl-th/0007016]; J.A. Pons, D.R. Phillips and S. Reddy, Phys. Lett. B509 (2001) 1-9, [astro-ph/0102063].

[11] S. Hannestad and G. Raffelt, Phys. Rev. Lett. 87 (2001) 051301, [hep-ph/0103201]; Phys.

Rev. Lett. 88 (2002) 071301, [hep-ph/0110067]; Phys. Rev. D67 (2003) 125008, Erratum-ibid. D69 (2004) 029901, [hep-ph/0304029]; S. Hannestad, Phys. Rev. D64 (2001) 023515, [hep-ph/0102290.

[12] P. Breitenlohner and A. Kabelschacht, Nucl. Phys. B148 (1979) 96; N. Marcus and J.H.

Schwarz, Phys. Lett. 115B (1982) 111; P.S. Howe, G. Sierra and P. Townsend, Nucl. Phys. B221 (1983) 331.

[13] L.J. Romans, Nucl. Phys. B269 (1986) 691–711.

[14] S. Randjbar-Daemi, A. Salam, E. Sezgin and J. Strathdee, Phys. Lett. B151 (1985) 351;

M.B. Green, J.H. Schwarz and P.C. West, Nucl. Phys. B254 (1985) 327; J. Erler, J. Math. Phys. 35 (1994) 1819 [hep-th/9304104].

[15] E. Dudas and J. Mourad, Phys. Lett. B514 (2001) 173 [hep-th/0012071]; J. Bagger, F. Feruglio and F. Zwirner, JHEP 0202 (2002) 010 [hep-th/0108010]; I. Antoniadis, K. Benakli and A. Laugier, [hep-th/0111209]; K. A. Meissner, H. P. Nilles and M. Olechowski, [hep-th/0205166]; M. Klein, [hep-th/0205300]; C.P. Burgess, E. Filotas, M. Klein and F. Quevedo, JHEP 0310 (2003) 041 (29 pages) [hep-th/0209190]; I. Antoniadis and M. Tuckmantel, Nucl. Phys. B697 (2004) 3-47 [hep-th/0406010].

[16] For first steps in this direction see D. Atwood, C.P. Burgess, E. Filotas, F. Leblond, D.

London and I. Maksymyk, Physical Review D63 (2001) 025007 (14 pages) [hep-ph/0007178]; J. L. Hewett and D. Sadri, Phys. Rev. D 69 (2004) 015001 [hep-ph/0204063]. S. Baek, S. C. Park and J. h. Song, Phys. Rev. D 66, 056004 (2002) [hep-ph/0206008]. G. Azuelos, P.H. Beauchemin and C.P. Burgess, ATLAS publication SN-ATLAS-2004-037,

– 29 –

[hep-ph/0401125]; P.H. Beauchemin, G. Azuelos and C.P. Burgess, J. Phys. G30 (2004) N17 [hep-ph/0407196].

[17] S.A. Abel and B.W. Schofield, Nucl. Phys. B685 (2004) 150-170 [hep-th/0311051]. [18] A. Albrecht and C. Skordis, Phys. Rev. Lett. 84 2076 (2000) (astro-ph/9908085). [19] A. Albrecht, C.P. Burgess, F. Ravndal and C. Skordis, Phys. Rev. D65 (2002) 123506 (astro-ph/0107573).

[20] J. Scherk and J.H. Schwarz, Phys. Lett. B82 (1979) 60.

[21] E. Pontón and E. Poppitz, JHEP 0106 (2001) 019,2001, [hep-th/0105021]; M. Peloso and E.

Poppitz, Phys. Rev. D68 (2003) 125009, [hep-ph/0307379]. (Others?) [22] A. Albrecht, C.P. Burgess, F. Ravndal and C. Skordis, Phys. Rev. D65 (2002) 123505 [hep-th/0105261].

[23] J. Kerimo and H. Lu, Phys. Lett. B576 (2003) 219-226 [hep-th/0307222]; M. Cvetic, G.W.

Gibbons and C.N. Pope, Nucl. Phys. B677 (2004) 164-180, [hep-th/0308026]. [24] I. Antoniadis, E. Dudas and A. Sagnotti, Phys. Lett. B 464 (1999) 38 [hep-th/9908023];

G. Aldazabal and A. M. Uranga, JHEP 9910, 024 (1999) [hep-th/9908072]; G. Aldazabal, L. E. Ibáñez and F. Quevedo, JHEP 0001 (2000) 031 [arXiv:hep-th/9909172]; JHEP 0002 (2000) 015 [hep-ph/0001083].

[25] G. Aldazabal, L. E. Ibáñez, F. Quevedo and A. M. Uranga, JHEP 0008 (2000) 002 [arXiv:hep-th/0005067]; R. Blumenhagen, L. Goerlich, B. Kors and D. Lust, JHEP 0010 (2000) 006 [hep-th/0007024]; G. Aldazabal, S. Franco, L. E. Ibáñez, R. Rabadán and A. M. Uranga, JHEP 0102 (2001) 047 [arXiv:hep-ph/0011132]. L. E. Ibáñez, F. Marchesano and R. Rabadán, JHEP 0111 (2001) 002 [arXiv:hep-th/0105155]; M. Cvetic, G. Shiu and A. M. Uranga, Nucl. Phys. B 615 (2001) 3 [arXiv:hep-th/0107166]; Phys. Rev. Lett. 87 (2001) 201801 [arXiv:hep-th/0107143].

[26] S. Sethi, C. Vafa and E. Witten, Nucl. Phys. B 480 (1996) 213, [arXiv:hep-th/9606122];

K. Dasgupta, G. Rajesh and S. Sethi, JHEP 9908 (1999) 023, [arXiv:hep-th/9908088]; S. B. Giddings, S. Kachru and J. Polchinski; Phys. Rev. D66, 106006 (2002); J. Louis and A. Micu, Nucl. Phys. B 626 (2002) 26 [arXiv:hep-th/0110187].

[27] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, Phys. Rev. D68 (2003) 046005, [hep-th/0301240]; C. Escoda, M. Gomez-Reino and F. Quevedo, JHEP 0311 (2003) 065, [hep-th/0307160]; C. P. Burgess, R. Kallosh and F. Quevedo, JHEP 0310 (2003) 056, [hep-th/0309187]; R. Brustein and S. P. de Alwis, [hep-th/0402088]; A. Saltman and E. Silverstein, [hep-th/0402135].

[28] J. F. G. Cascales, M. P. Garcia del Moral, F. Quevedo and A. M. Uranga, JHEP 0402 (2004) 031 [hep-th/0312051];

[29] K. Benakli, Phys. Rev. D 60 (1999) 104002 [arXiv:hep-ph/9809582]; C. P. Burgess, L. E. Ibanez and F. Quevedo, Phys. Lett. B 447 (1999) 257 [arXiv:hep-ph/9810535].

– 30 –

[30] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370-3373, [hep-ph/9905221]; Phys.

Rev. Lett. 83 (1999) 4690-4693, [hep-th/9906064].

[31] G. R. Dvali and S. H. H. Tye, Phys. Lett. B 450 (1999) 72 [hep-ph/9812483]; C. P. Burgess, M. Majumdar, D. Nolte, F. Quevedo, G. Rajesh and R. J. Zhang, JHEP 0107 (2001) 047, [hep-th/0105204]; G. R. Dvali, Q. Shafi and S. Solganik, (unpublished) [hep-th/0105203]; S. H. Alexander, Phys. Rev. D 65 (2002) 023507, [hep-th/0105032]; C. Herdeiro, S. Hirano and R. Kallosh, JHEP 0112 (2001) 027, [arXiv:hep-th/0110271]; K. Dasgupta, C. Herdeiro, S. Hirano and R. Kallosh, Phys. Rev. D 65 (2002) 126002, [arXiv:hep-th/0203019]; J. Garcia-Bellido, R. Rabadan and F. Zamora, JHEP 0201 (2002) 036, [hep-th/0112147]; N. Jones, H. Stoica and S. H. Tye, JHEP 0207 (2002) 051, [hep-th/0203163]; M. Gomez-Reino and I. Zavala, JHEP 0209 (2002) 020, [hep-th/0207278]. For a review see: F. Quevedo, Class. Quant. Grav. 19 (2002) 5721 [hep-th/0210292].

[32] S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, JCAP 0310 (2003) 013, [hep-th/0308055]; S. Buchan, B. Shlaer, H. Stoica and S. H. H. Tye, JCAP 0402 (2004) 013, [hep-th/0311207]; A. Buchel and R. Roiban, [hep-th/0311154]; J. P. Hsu, R. Kallosh and S. Prokushkin, JCAP 0312 (2003) 009, [hep-th/0311077]; H. Firouzjahi and S. H. H. Tye, [hep-th/0312020]; L. Pilo, A. Riotto and A. Zaffaroni, [hep-th/0401004]; R. Kallosh and S. Prokushkin, [hep-th/0403060]; E. Halyo, [hep-th/0402155]; C.P. Burgess, J.M. Cline, H. Stoica and F. Quevedo, [hep-th/0403119]; O. DeWolfe, S. Kachru and H. Verlinde, [hep-th/0403123]; N. Iizuka and S. P. Trivedi, [hep-th/0403203].

[33] C.P. Burgess, P. Martineau, F. Quevedo, G. Rajesh and R.-J. Zhang, JHEP 0203 (2002) 052, [hep-th/0111025].

[34] W. W. M. Allison et al. [Soudan-2 Collaboration], Phys. Lett. B 449, 137 (1999) [hep-ex/9901024]. Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81, 1562 (1998) [hep-ex/9807003]. A. Surdo [MACRO Collaboration], Nucl. Phys. Proc. Suppl. 110, 342 (2002).

[35] B. T. Cleveland et al., Astrophys. J. 496, 505 (1998). R. Davis, Prog. Part. Nucl. Phys. 32, 13 (1994). J. N. Abdurashitov et al. [SAGE Collaboration], J. Exp. Theor. Phys. 95, 181 (2002) [Zh. Eksp. Teor. Fiz. 122, 211 (2002)] [astro-ph/0204245]. J. N. Abdurashitov et al. [SAGE Collaboration], J. Exp. Theor. Phys. 95, 181 (2002) [Zh. Eksp. Teor. Fiz. 122, 211 (2002)] [astro-ph/0204245]. W. Hampel et al. [GALLEX Collaboration], Phys. Lett. B 447, 127 (1999). C. M. Cattadori [GNO Collaboration], Nucl. Phys. Proc. Suppl. 110, 311 (2002). M. Altmann et al. [GNO Collaboration], Phys. Lett. B 490, 16 (2000) [hep-ex/0006034]. S. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Lett. B 539, 179 (2002) [hep-ex/0205075]. Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 89, 011301 (2002) [nucl-ex/0204008]. Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 89, 011302 (2002) [nucl-ex/0204009]. Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 87, 071301 (2001) [nucl-ex/0106015].

– 31 –

[36] K.R. Dienes, E. Dudas and T. Gherghetta, Nucl. Phys. B557 (1999) 25; R. N. Mohapatra, S. Nandi and A. Perez-Lorenzana, Phys. Lett. B 466, 115 (1999) [hep-ph/9907520]; R. N. Mohapatra and A. Perez-Lorenzana, Nucl. Phys. B 576, 466 (2000) [hep-ph/9910474]; R. Barbieri, P. Creminelli and A. Strumia, Nucl. Phys. B 585, 28 (2000) [hep-ph/0002199]; K.R. Dienes and I. Sarcevic, Phys. Lett. B500 (2001); N. Arkani-Hamed, S. Dimopoulos, G. Dvali and J. March-Russell, Phys. Rev. D65 (2002) 024032; K. Abazajian, G. M. Fuller and M. Patel, Phys. Rev. Lett. 90, 061301 (2003) [hep-ph/0011048]; K. Abazajian, G. M. Fuller and M. Patel, Phys. Rev. D 64, 023501 (2001) [astro-ph/0101524]; D. O. Caldwell, hep-ph/0105275; D. O. Caldwell, R. N. Mohapatra and S. J. Yellin, Phys. Rev. Lett. 87, 041601 (2001); [hep-ph/0010353]; Phys. Rev. D 64, 073001 (2001) [hep-ph/0102279]; A. Lukas, P. Ramond, A. Romanino and G. G. Ross, JHEP 0104, 010 (2001) [hep-ph/0011295]. I. Antoniadis, E. Kiritsis, J. Rizos and T. N. Tomaras, Nucl. Phys. B 660 (2003) 81 [hep-th/0210263].

[37] G. Cacciapaglia, M. Cirelli, Y. Lin and A. Romanino, Phys. Rev. D 67, 053001 (2003) [hep-ph/0209063]. G. Cacciapaglia, M. Cirelli and A. Romanino, Phys. Rev. D 68, 033013 (2003) [hep-ph/0302246]. M. Cirelli, hep-ph/0305141.

[38] G. Bhattacharyya, H.V. Klapdor-Kleingrothaus, H. Paes and A. Pilaftsis, Phys. Rev. D67 (2003) 113001, [hep-ph/0212169]; M. Gozdz and W.A. Kaminski, Phys. Rev. D68 (2003) 057901, [hep-ph/0305041].

[39] G.F. Giudice, R. Rattazzi and J.D. Wells, Nucl. Phys. B544 (1999) 3–38, [hep-ph/9811291];

E.A. Mirabelli, M. Perelstein and M.E. Peskin, Phys. Rev. Lett. 82 (1999) 2236-2239, [hep-ph/9811337]; J.L. Hewett, Phys. Rev. Lett. 82 (1999) 4765-4768, [hep-ph/9811356]; T Han, J.D. Lykken and R.-J. Zhang, Phys. Rev. D59 (1999) 105006, [hep-ph/9811350]; I. Antoniadis, K. Benakli and M. Quiros, Phys. Lett. B460 (1999) 176–183, [hep-ph/9905311]; S. Cullen, M. Perelstein and M.E. Peskin, Phys. Rev. D62 (2000) 055012, [hep-ph/0001166].

[40] CDF Collaboration, Phys. Rev. Lett. 89 (2002) 281801, [hep-ex/0205057].

[41] D. Gross, Phys. Lett. B197 (1987) 129; Nucl. Phys. B303 (1988) 407; D. Amati, Phys. Lett.

B197 (1987) 81; Int. J. Mod. Phys. A3 (1988) 1615; H. Verlinde and E. Verlinde, Nucl. Phys. B371 (1992) 246-268, [hep-th/9110017].

[42] S. Dimopoulos and G. Landsberg, Phys. Rev. Lett. 87 (2001) 161602, [hep-ph/0106295]; S.B.

Giddings and S. Thomas, Phys. Rev. D65 (2002) 056010, [hep-ph/0106219]; D.M. Eardley and S.B. Giddings, Phys. Rev. D66 (2002) 044011, [gr-qc/0201034]; R. Emparan, Phys. Lett. B526 (2002) 393-398, [hep-ph/0108060]; G.F. Giudice, R. Rattazzi and J.D. Wells, Nucl. Phys. B630 (2002) 293-325, [hep-ph/0112161]; J.L. Feng and A.D. Shapere, Phys. Rev. Lett. 88 (2002) 021303, [hep-ph/0109106]; R. Emparan, M. Masip, R. Rattazzi, Phys. Rev. D65 (2002) 064023, [hep-ph/0109287]; S. Hossenfelder, S. Hofmann, M. Bleicher and H. Stoecker, Phys. Rev. D66 (2002) 101502, [hep-ph/0109085]; Phys. Lett. B548 (2002) 73-76, [hep-ph/0112186]; K. Cheung, Phys. Rev. Lett. 88 (2002) 221602, [ hep-ph/0110163]; R. Casadio and B. Harms, Int. J. Mod. Phys. A17 (2002) 4635-4646, [hep-th/0110255]; L.A.

– 32 –

Anchordoqui, J.L. Feng, H. Goldberg and A.D. Shapere, Phys. Rev. D65 (2002) 124027, [hep-ph/0112247]; A. Ringwald and H. Tu, Phys. Lett. B525 (2002) 135-142, [hep-ph/0111042]; M.B. Voloshin, Phys. Lett. B518 (2001) 137-142, [hep-ph/0107119]; S.N. Solodukhin, Phys. Lett. B533 (2002) 153-161, [hep-ph/0201248; T.G. Rizzo, JHEP 0202 (2002) 011, [hep-ph/0201228]; E. Kohlprath and G. Veneziano, JHEP 0206 (2002) 057, [gr-qc/0203093]; S.D.H. Hsu, Phys. Lett. B555 (2003) 92-98, [hep-ph/0203154].

[43] For a recent review with later references, see: P. Kanti, [hep-ph/0402168].

[44] S. B. Giddings, in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed. N. Graf, eConf C010630 (2001) P328 [arXiv:hep-ph/0110127].

[45] K. S. Thorne, ‘Nonspherical Gravitational Collapse: A Short Review,” in *J R Klauder, Magic Without Magic*, San Francisco 1972, 231-258.

[46] M. Cavaglia, S. Das and R. Maartens, Class. Quant. Grav. 20 (2003) L205 [arXiv:hep-ph/0305223].

[47] V. S. Rychkov, Phys. Rev. D 70 (2004) 044003

[48] R. Barate et al. [ALEPH Collaboration], Phys. Lett. B 429, 169 (1998). S. Chen et al.

[CLEO Collaboration], Phys. Rev. Lett. 87, 251807 (2001). K. Abe et al. [Belle Collaboration], Phys. Lett. B 511, 151 (2001) B. Aubert et al. [BaBar Collaboration], hep-ex/0207076. C. Jessop, SLAC-PUB-9610, Nov. 2002.

[49] B. Aubert et al. [BABAR Collaboration], Phys. Rev. Lett. 89, 201802 (2002) K. Abe et al.

[Belle Collaboration], Phys. Rev. D 66, 071102 (2002)

[50] B. Ratra and P. J. E. Peebles, Phys. Rev. D 37 (1988) 3406; K. Coble, S. Dodelson and J.

Frieman, Phys. Rev. D 55 1851 (1997); R. Caldwell and P. Steinhardt, Phys. Rev. D 57 6057 (1998); I. Zlatev, L. Wang and P.J. Steinhardt, Phys. Rev. Lett. 82 (1999) 896; P.J. Steinhardt, L. Wang and I. Zlatev, Phys. Rev. D59 (1999) 123504; P. J. E. Peebles and B. Ratra, Rev. Mod. Phys. 75 (2003) 559 [astro-ph/0207347].

[51] J. Frieman, C. Hill, A. Stebbins and I. Waga Phys. Rev. Lett. 75 2077 (1995); S.M. Carroll, Phys. Rev. Lett. 81 (1998) 3067-3070, [astro-ph/9806099]; C.F. Kolda and D.H. Lyth, Phys. Lett. B458 (1999) 197–201, [hep-ph/9811375]; C.P. Burgess, in Dark 2002, proceedings of the 4th International Heidelberg Conference on Dark Matter in Astro and Particle Physics, Cape Town, South Africa, 4-9 Feb 2002, [astro-ph/0207174]; C.P. Burgess, P. Grenier and D. Hoover, JCAP 0403 (2004) 008, [hep-ph/0308252].

[52] P. J. E. Peebles and A. Vilenkin, Phys. Rev. D 59 (1999) 063505 [astro-ph/9810509]; M.

Peloso and F. Rosati, JHEP 9912 (1999) 026, [hep-ph/9908271]; A.S. Majumdar, Phys. Rev. D64 (2001) 083503, [astro-ph/0105518]; K. Dimopoulos and J. W. F. Valle, Astropart. Phys. 18 (2002) 287 [astro-ph/0111417]; M. Malquarti and A.R. Liddle, Phys. Rev. D66 (2002) 023524, [astro-ph/0203232]; N.J. Nunes and E.J. Copeland, Phys. Rev. D66 (2002) 043524, [astro-ph/0204115]; M. Giovannini, Phys. Rev. D67 (2003) 123512, [hep-ph/0301264].

– 33 –

[53] C. D. Hoyle, U. Schmidt, B. R. Heckel, E. G. Adelberger, J. H. Gundlach, D. J. Kapner, H.

E. Swanson, Phys. Rev. Lett. 86 (2001) 1418-1421, [hep-ph/0011014].

[54] For a recent review with references, see E.G. Adelberger, B.R. Heckel and A.E. Nelson, Ann.

Rev. Nucl. Part. Sci. 53 (2003) 77–121, [hep-ph/0307284].

[55] C.M. Will, Living Rev. Rel. 4 (2001) 4, [gr-qc/0103036]; A. Aguirre, C.P. Burgess A.

Friedland and D. Nolte, Class. Quant. Grav. 18 (2001) R223– R232, [hep-ph/0105083]; G. Esposito-Farese, “Binary-pulsar tests of strong-field gravity and gravitational radiation damping,” [gr-qc/0402007].

[56] T. Damour and A.M. Polyakov, Nucl. Phys. B423 (1994) 532-558, [hep-th/9401069].

[57] M. Bourgay, et.al., Nature 426 (2003) 531; A.G. Lyne, et.al., Science 303 (2004) 1153; S.M.

Ransom, V.M. Kaspi, R. Ramachandran, P. Demorest, D.C. Backer, E.D. Pfahl, F.D. Ghigo and D.L. Kaplan, [astro-ph/0404149].

[58] N. Arkani-Hamed, L. J. Hall, C. F. Kolda and H. Murayama, Phys. Rev. Lett. 85 (2000) 4434, [astro-ph/0005111].

[59] E.W. Kolb and R. Slansky, Phys. Lett. B135 (1984) 378; J. Saito, Prog. Theor. Phys. 77 (1987) 322; G. Servant and T.M.P. Tait, Nucl. Phys. B650 (2003) 391, [hep-ph/0206071]; H.-C. Cheng, J.L. Feng and K.T. Matchev, Phys. Rev. Lett. 89 (2002) 211301, [hep-ph/0207125].

[60] A.R. Liddle and D.H. Lyth, Cosmological Inflation and Large-Scale Structure, Cambridge University Press (2000).

[61] K.R. Dienes, E. Dudas and T. Gherghetta, Phys. Lett. B436 (1998) 55-65, [hep-ph/9803466];

Nucl.Phys. B537 (1999) 47-108, [hep-ph/9806292].

[62] C. P. Bachas, JHEP 9811 (1998) 023 [hep-ph/9807415]; N. Arkani-Hamed, S. Dimopoulos and J. March-Russell, [hep-th/9908146]. I. Antoniadis and C. Bachas, Phys. Lett. B 450 (1999) 83 [hep-th/9812093].

[63] L. E. Ibáñez, [hep-ph/9905349]; I. Antoniadis, C. Bachas and E. Dudas, Nucl. Phys. B 560 (1999) 93 [hep-th/9906039].

[64] See for instance: L. E. Ibáñez and F. Quevedo, JHEP 9910 (1999) 001 [hep-ph/9908305];

D. M. Ghilencea, L. E. Ibanez, N. Irges and F. Quevedo, JHEP 0208 (2002) 016 [arXiv:hep-ph/0205083].

– 34 –