arXiv:hep-ph/0408336 v1 30 Aug 2004

A model of cosmology and particle physics at an intermediate scale

M. Bastero-Gil^{1∗}, V. Di Clemente^{2†}and S. F. King^{3‡}

1 Departamento de Física Teórica y del Cosmos,

Universidad de Granada, E-18071, Granada, Spain 2 Department of Theoretical Physics, University of Oxford,

1, Keble Road, Oxford OX1 3NP, U.K.

3 Department of Physics and Astronomy, University of Southampton,

Highfield, Southampton, SO17 1BJ, U.K.

Abstract

We propose a model of cosmology and particle physics in which all relevant scales arise in a natural way from an intermediate string scale. We are led to assign the string scale to the intermediate scale M_∗ ∼ 10^{13}GeV by four independent pieces of physics: electroweak symmetry breaking; the μ parameter; the axion scale; and the neutrino mass scale. The model involves hybrid inflation with the waterfall field N being responsible for generating the μ term, the right-handed neutrino mass scale, and the Peccei-Quinn symmetry breaking scale. The large scale structure of the Universe is generated by the lightest right-handed sneutrino playing the rôle of a coupled curvaton. We show that the correct curvature perturbations may be successfully generated providing the lightest right-handed neutrino is weakly coupled in the see-saw mechanism, consistent with sequential dominance.

August 30, 2004 hep-ph/0408336

∗E-mail: mbg@ugr.es
†E-mail: v.di-clemente1@physics.ox.ac.uk
‡E-mail: sfk@hep.phys.soton.ac.uk

1 Introduction

WMAP [1] has provided an unprecedented glimpse into the early universe at the time of radiation decoupling, which strengthens the case for a period of cosmological inflation [2]. With inflation becoming increasingly established, the need for a synthesis between cosmology and particle physics becomes ever more pressing. Such a synthesis should provide a successful cosmological model of inflation, and cosmological perturbations which can provide the seed of large scale structure. It should give successful baryogenesis, for example via leptogenesis, and should generate the required cold dark matter abundance. Ultimately it should also explain the dark energy, but this is more ambitious since it first requires a solution to the cosmological constant problem, which from our present perspective seems very far away.

To achieve such a synthesis the theory should also give a successful description of particle physics phenomena such as right-handed neutrino masses M_{RR} and a solution to the strong CP problem such as provided for example by the Peccei-Quinn mechanism involving an intermediate scale axion at a scale f_a. The theory should also be supersymmetric, to stabilise the hierarchy and provide flat directions for inflation, in which case it should also provide an origin of the Higgs μ mass parameter. Ideally the theory should provide a complete explanation of electroweak symmetry breaking, not only for example in terms of radiative breaking, but also an explanation for the origin of the weak scale M_W . In fact from the point of view of string theory there is only one fundamental parameter namely the string scale M_∗, from which the Planck scale M_P should be derived in terms of the compactification scales. From this single scale M_∗ one must be able to derive all the relevant scales in physics above, such as the axion scale f_a, the scales of right-handed neutrino masses M_{RR}, the μ parameter, and the weak scale M_W , which in the framework of supersymmetric theories is related to the soft supersymmetry breaking masses m_{sof t}. The successful synthesis would therefore also be expected to provide an explanation of all these scales in terms of a single mass scale M_∗.

Recently we proposed a very promising model of inflation closely related to the supersymmetric standard model [3]. The explicit model was an extra-dimensional model [3] with an intermediate string scale M_∗ ∼ 10^{13} GeV. This model in turn was based on an earlier model without extra dimensions [4], and the purpose of embedding the model in extra dimensions is to provide a natural explanation for the small Yukawa couplings and various mass scales appearing in the model. The lightest natural mass scale in the model turns out to be an MeV, and this requires that the cosmological perturbations in the model to be generated from a new mechanism which depend on isocurvature perturbations in the slowly rolling Higgs field to be transferred to curvature perturbations during reheating [5]. This mechanism [5] in which isocurvature perturbations of a flat direction in hybrid inflation become converted to curvature perturbations during reheating, may be called a coupled curvaton scenario to distinguish it from the weakly coupled late-decaying curvaton scenario [6]. We recently showed that in the coupled curvaton scenario, preheating plays a crucial rôle in the conversion of the isocurvature perturbations to the curvature perturbations [7].

The purpose of the present paper is two-fold. Firstly by providing a careful analysis of mass scales in the model we are led to the remarkable conclusion that all mass scales follow from a single input physical mass scale, namely the string scale M_∗ which is uniquely fixed by physics to be of order 10^{13} GeV. This intermediate scale manifestly determines the (heaviest) right-handed neutrino mass scale M_{RR} as well as the Peccei-Quinn symmetry breaking or axion scale f_a. In addition we show how the assumption of a small cosmological constant fixes the value of the supersymmetry breaking scale F_S in terms of the string scale M_∗ and the Planck scale M_P . This requirement reduces the number of free parameters in the model to just one, the string scale M_∗, together with the Planck scale M_P which may in principle be determined by the string dynamics by a ratio of M_∗/M_c ∼ 60 where M_c is the compactification scale. From M_∗ and the (in principle) string determined M_P we show how the model then determines all the physical scales of interest, as well as the dimensionless couplings.

The second main purpose of the paper is to show that the large scale structure in the Universe may be generated by the lightest right-handed sneutrino playing the rôle of a coupled curvaton^1. Having a sneutrino rolling along a flat direction during inflation and playing a special rôle in determining the large scale structure of the universe only strengthens the synthesis of particle physics and cosmology in this approach. An oscillating sneutrino may also allow efficient leptogenesis to take place during the reheating process.

The layout of the remainder of the paper is as follows. In section 2 we review the model, including the superpotential, and then discuss qualitatively how all the parameters which enter these potentials can be obtained from a single mass scale M_∗. In section 3 we discuss the potential and the symmetry breaking aspects of the model. In section 4 we fix the mass scale of the theory. We also discuss the subtle interplay between the high energy gauge group symmetry breaking, supersymmetry and electroweak symmetry breaking, and show how the weak scale may be derived in terms of the string scale. We also show how the axion scale, the right-

1In [8] the right-handed sneutrino plays the rôle of the weakly coupled late-decaying curvaton.

handed neutrino mass scale and the origin of the μ parameter are all associated with the same string scale. Section 5 discusses the physics during the inflationary epoch including the special rôle played by the sneutrino as a coupled curaton. We also discuss the physics of preheating and reheating which is expected to give rise to curvature perturbations. Section 7 contains our conclusions. There are two Appendices detailing the calculation of Yukawa couplings (Appendix A) and soft masses (Appendix B) in the presence of extra dimensions.

2 The model

Let us consider two four dimensional boundaries^2 spatially separated along d extra dimensions with a common radius R = 1/M_c . These extra dimensions are compactified on some orbifold that leads at least two fixed points at {0, πR} where the two D3-branes (Brane I and Brane II) are located. All the families of quarks and leptons are localized in one of the fixed point (y = 0), Brane I, while SUSY is broken by the F -term of a gauge singlet field S localized in the parallel brane (y = πR), Brane II. The gauge group is G_A × G_B where G_A and G_B are localized in the bulk and the SUSY breaking brane respectively. The rest of the matter are localized in the bulk, namely the inflaton field, ϕ, the waterfall field, N, the MSSM Higgs fields h_u and h_d, and the massive Higgs fields H_1, H_2 which mediate the breakdown of the gauge group G_A × G_B to the Standard Model gauge group G_{SM} = SU(3) × SU(2) × U(1). This is depicted in Fig. (1).

One of the underlying assumption of this model is that the radii of the extra dimensions are stabilized before inflation takes place, for example, by one of the mechanism proposed in the literature (see for example [9]). Done this, firstly we are going to discuss the size of the effective four dimensional parameters (Yukawa couplings and soft masses) in a general model with two parallel branes and then discuss particular issues of our model.

The four dimensional superpotential of the model in Fig. (1) is given by

W_4 = −κϕN^2 + λ_N Nh_uh_d + λ_H ϕH_1H_2 + λ_{ν,1}

N^2(ν^c_{R,1})^2 M_∗ + W_{M SSM} , (1) where W_{M SSM} defines the Yukawa couplings for the MSSM

W_{M SSM} = y^{ij}_u Q_ih_uU_j + y^{ij}_d Q_ih_dD_j + y^{ij}_e L_ih_de^c_{Rj} + y^{ij}_ν L_ih_uν^c_{Rj} . (2)

2From now on let us use the word D3-brane instead of four dimensional boundary. In spite of the abuse of language in this choice, schematically it may represent the string conection of our model and also it provides a simplification of the English in this paper.

y_j = 0

“Brane I” Q_i, U_i, D_i L_i, e_{Ri}, ν_{Ri}

Ĝ_A, ϕ̂, N̂ ĥ_u, ĥ_d Ĥ_1, Ĥ_2

4 + d-Dim. y_j = πR

“SUSY Breaking Brane, (Brane II)” gauge singlet S G_B

Figure 1: The model showing the parallel 3-branes spatially separated along d extra dimensions with coordinates y = (y_1, . . ., y_d) and a common radius R. The index i in the matter fields represents the family index, i = 1, 2, 3.

Following the relationship between higher dimensional couplings (λ̂_{i,j} ) and four dimensional one (λ_{i,j} ) given in Appendix A in Eq. (34), we get κ = ( M_∗ M_P )_3

κ̂ λ_N = ( M_∗ M_P )_3

λ̂_N λ_H = ( M_∗ M_P )_3 λ̂_H λ_ν ≡ λ_{ν,1} ∼ ( M_∗ M_P )_2 λ̂_ν , y^{ij}_u ∼ y^{ij}_d ∼ y^{ij}_e ∼ y^{ij}_ν ∼ ( M_∗ M_P ) λ̂_ν , (3)

where for the last equation we supposed that all the higher dimensional couplings present in W_{M SSM} are equal to λ̂_ν for all families. Phenomenologically the four dimensional MSSM couplings have to be of the order one^3. Therefore it turns out that the higher dimensional coupling is non-perturbative and it has to be λ̂_ν ∼ M_P /M_∗.

The size of the higher dimensional couplings are completely meaningless. They could be either in the perturbative or in the non-perturbative regime. From the effective field theory point of view what is important is the size of the four dimensional couplings. However for naturalness we impose that in the higher dimensional theory all the couplings are of the same order κ̂ ∼ λ̂_N ∼ λ̂_H ∼ λ̂_ν , (4)

3The family hierarchy in the Yukawa sector can be generated through some family symmetry very well explored in the literature.

and additionaly if we also require, as experimental fact, that at least the Yukawa coupling for the third generation (defined in W_{M SSM} ) have to be of order one, one gets κ ∼ λ_N ∼ λ_H ∼ λ ≡ ( M_∗ M_P )_2 , λ_ν ∼ ( M_∗ M_P ) . (5)

Before getting into some more technical details of the model, let us explain the physical motivations for considering each term of the superpotential (1).

1. Inflation: The term κϕN^2 will define the hybrid inflationary potential where ϕ is the inflaton which slow rolls in a semi-flat potential while the waterfall field N is set to zero. Once the inflaton field takes some value below a critical point given by the supersymmetric breaking sector of the model, inflation would end and the waterfall field develops an expectation value ⟨N⟩. 2. The μ problem: The term λ_N Nh_uh_d will provide a higgsino mass once inflation ends given by μ = λ_N ⟨N⟩ like in the Next to Minimal Supersymmetric Standard Model (NMSSM). 3. Right handed neutrino masses: We assume that the lightest right-handed neutrino gets Majorana mass through the non-renormalizable operator in Eq.(1) λ_{ν,1}N^2(ν^c_{R,1})^2/M_∗, where the Yukawa coupling is suppressed due to the fact that the operator contains two bulk fields N, and is given by λ_{ν,1} = λ_ν ∼ O(M_∗/M_P ). It is this lightest right-handed neutrino ν^c_{R,1}, that we shall henceforth simply refer to as ν^c_R, that will play the rôle of the coupled curvaton, althought it may be completely subdominant in the see-saw mechanism, only contributing to the lightest physical neutrino mass m_1, which may be vanishingly small, leading only to an upper bound on its Yukawa couplings.

4. G_A × G_B symmetry breaking: The vevs of H_1 and H_2 which transform under G_A × G_B as H_1 = (R̄, R) and H_2 = (R, R̄) mediate the breaking of the group G_A ×G_B down to the SM gauge group. With G_A × G_B unbroken, any F (D)-flat direction would be protected against radiative corrections during inflation arising from either Yukawa or gauge interactions. For example, during inflation the Brane I soft masses will be smaller than the Hubble constant (see Appendix B), this means any F (D)-flat direction would satisfy automatically the slow roll conditions. However, well after inflation ends the Higgses H_1 and H_2 get a vev and the Brane I soft masses turn out to be of the order M_{SU SY} /(4π) due to bulk particles propagating inside a loop with M_{SU SY} masses, i.e. gaugino mediation [10].

In order to specify completely the superpotential (1) we have to impose a global U(1)_{P Q} Peccei-Quinn symmetry in such a way undesirable terms like N^3, ϕ^3, ϕh_uh_d and so on are forbidden. Under this global symmetry the fields have the following charges:

Q_N + Q_{hu} + Q_{hd} = 0 , Q_ϕ + 2Q_N = 0 , Q_ϕ + Q_{H1} + Q_{H2} = 0 , Q_N + Q_{νR,1} = 0 .(6)

The global symmetry, U(1)_{P Q} also forbids explicit RH Majorana neutrino masses in the superpotential, but B −L symmetry is broken by the non-renormalizable term λ_{ν,1}N^2(ν^c_{R,1})^2/M_∗. The global symmetry is broken at the scale of the scalar singlet VEV’s releasing a very light axion and providing as consequence an axionic solution to the CP-strong problem. In the next section will discuss what is precisely the axion scale f_a.

3 The potential

Now we are ready to study in detail the scalar potential of our model. We will write the potential along the D-flat directions in both Higgs sectors, h_u = h_d = h and H_1 = H_2 = H, and comment later on symmetry breaking. Also we will take the coefficients c_i for the vacuum energy Eq. (36) and for the soft bulk masses Eq. (37) given in Appendix B equal to one for simplicity, with

V_0 ∼ F^2_S , (7) m^2 ≡ ( F_S M_P )_2

∼ m^2_ϕ ∼ m^2_h ∼ m^2_N ∼ m^2_H , (8) A ≡ F_S M_∗ = A_{λH} c_H = A_{λN} c_N = A_κ c_κ (9) With this simplifications the scalar potential for the real components of the fields, at energy below M_∗ looks like

V = V_0 + m^2 ( ϕ^2 + h^2 + N^2 + H^2 ) + 2λA ( c_H ϕH^2 − c_κϕN^2 + c_N Nh^2 ) + λ^2(h^2 − 2ϕN)^2 + 2λ^2N^2h^2 + λ^2(H^2 − N^2)^2 + 2λ^2ϕ^2H^2 + 4λ^2_ν

N^4ν̃^2_R M^2_∗

+ 4λ^2_ν

N^2ν̃^4_R M^2_∗

+ 4λ_ν λ Nν̃^2_R M_∗ (h^2 − 2ϕN) , (10)

where the couplings λ and λ_ν are those given by (5), and the first line of the above equation are the soft susy breaking terms.

Neglecting the m^2-term since m ≪ A, the global minimum of the potential (10) is given by ⟨ϕ⟩ = c_κ A 4λ , (11) ⟨N⟩ = c_κ A 2 √ 2λ , (12) ⟨H⟩ = ⟨h⟩ = ⟨ν̃_R⟩ = 0 , (13) where all c_i ≈ O(1). These coefficients should satisfy c_H > c_κ/4 (c_N > (2− √ 2)c_κ/8), in order to stabilize the vev for h (H) at zero. On the other hand, there is no minimum with ⟨H⟩ ≠ 0 and ⟨H⟩ ∼ ⟨ϕ⟩ ∼ ⟨N⟩. The solutions of the the minimization equations with H ≠ 0 are a maximum of the potential instead.

Using Eqs. (5) and (9) the VEV are approximately ⟨ϕ⟩ ∼ ⟨N⟩ ∼ A λ = F_S M_∗ ( M_P M_∗ )_2

. (14)

All parameters (couplings and mass terms) of our potential (10) are functions of just two free parameters^4, M_∗ and F_S . However, one of them can be eliminated by imposing zero cosmological constant around the global minima of the scalar potential, V (⟨ϕ⟩, ⟨N⟩) = 0, and therefore F_S can be expressed as a function of M_∗,

F_S =

M^4_∗ M^2_P

. (15)

With this choice for F_S all the differents scales involved in our model are function of just one scale M_∗. The soft masses (Eqs. (8) and (9)) can be rewritten as

m^2 = M^2_∗ ( M_∗ M_P )_6 , A = M_∗ ( M_∗ M_P )_2

. (16)

In general, since M_∗ < M_P we have m/A = M_∗/M_P ≪ 1, and λ ≃ (M_∗/M_P )^2 ≪ 1. Plugging Eq. (15) into (14) we found that the VEV of the scalar fields are degenerated at the higher dimensional cutoff scale M_∗ ⟨ϕ⟩ ∼ ⟨N⟩ ∼ M_∗. (17) The H_1, H_2 fields will develop later a much smaller vev by a similar mechanism to the radiative electroweak symmetry breaking in the Higgs sector. Extending the matter content of the model on Brane I by two pairs of fermions F_1, F̄_1 and F_2, F̄_2, in conjugate representations, they will couple respectively to the Higgses as H_1F_1F̄_2 and H_2F_2F̄_1 with Yukawa couplings of order one (same order of magnitude as the top Yuwaka coupling). Radiative corrections due to this large Yukawa coupling will render one of the H_1, H_2 masses negative, lifting the D-flat direction and allowing them to get a vev. We notice that up to this point all the matter fields on Brane I are massless. The only massive fields are those living in the bulk.

4The reduced four dimensional Planck scale is fixed at M_P = 2.4 × 10^{18} GeV by gravity.

4 The question of scale

In this section we shall address the numerical question: what are the correct sizes of m^2 and A in order to reproduce a good phenomenology? In other words, how large is the single mass scale M_∗ in the theory? The physical requirement that one of the scales m or A is precisely the Electroweak scale will fix uniquely the value of M_∗, and consequently the remaining scales. We shall see that we are led to the conclusion that M_∗ must be identified with an intermediate mass scale.

4.1 The electroweak scale

Chiral matter do not directly feel the breaking of SUSY which takes place in the “hidden” 3- brane sector. The effects for the chiral matter of SUSY-breaking are only transmitted through the influence of bulk fields, which are the only ones which can move into the bulk spacetime and couple to both kinds of 3-brane sectors. As we have seen from the Fig. (1) the bulk fields are the inflaton, the Higgses, the waterfall field and gauginos belonging to the gauge group, G_A. Their soft masses are equal to what we have called m in (8). So far we have not mentioned gravity in this paper. It is widely believed that gravity is propagating in the bulk in which case the gravitino mass would be m_{3/2} ∼ m. With this information in mind we could think that the most natural selection for m would be the Electroweak Scale, m_{3/2} ∼ m ∼ M_{SU SY} ∼ TeV. However this is not possible because the other scale involved, A, would be A = (M_P /M_∗) TeV and it can be as much as A ∼ 10^3 TeV. On the other hand, A is the scale associated with gauginos living in the SUSY breaking brane. When the full group G_A × G_B breaks down to the SM group, it turns out that SM gauginos would be as heavy as 10^3 TeV which we regard as phenomenologically unacceptable.

The other possibility (the only one) is choose the scale A as the Electroweak scale. Fixing A ∼ TeV and using Eq. (16) we have that the scale M_∗ (the fundamental scale in higher dimensions) has to be M_∗ ≈ 10^{13}GeV , (18) As a consequence the SUSY breaking scale is F^{1/2}_S ∼ 10^8 GeV and the m-term is m ∼ 10 MeV. In the next section we will see that m will give us the inflaton mass. Using Eq. (39) in Appendix B, the Hubble expansion parameter during inflation turns our to be of the order MeV.

Some of the phenomenological benefits of an intermediate scale have been noted in [12,13]. Below we carefully examine these issues relevant to the present model.

4.2 The μ-scale

A problem of the Minimal version of the Supersymmetric Standard Model (MSSM) is why the μ term which is a supersymmetric mass has to be of the same order of the soft terms, as required to get an acceptable phenomenology. In the other words, what is the origin of the μ-scale?. There are many solutions to this problem^5, for example in the Next to Minimal model (NMSSM) the μ-parameter is replaced by a trilinear coupling involving an extra field N and the higgsses, λNH_u H_d. Once N gets a vev, the μ-term is generated.

The solution of the μ-problem in our model relies on the same mechanism as in the NMSSM. However, there are many features that make our model different to the usual NMSSM model. The usual NMSSM involves a term like κN^3 in the superpotential so that the model has an exact Z_3 symmetry [15,16] which is broken at the weak scale (at the scale of ⟨N⟩) leading to a serious domain wall problem^6 [18]. In our model a global U(1)_{P Q} symmetry forbids such cubic terms so there is no domain wall problem. As we will see in the next subsection the global U(1)_{P Q} symmetry is linked with the solution to the CP - strong problem. In fact the singlet field N in our model plays three rôles. It switches on the μ-term once it gets a vev μ = λ⟨N⟩ ≈ A ≈ M_∗ ( M_∗ M_P )_2

≈ TeV , (19)

It plays the rôle of a waterfall field of hybrid inflation, ending inflation through a phase transition, as discussed in Sec. 5. And its vev is responsible for generating the right-handed neutrino mass scale.

4.3 The axion scale

The most elegant explanation of the strong CP problem is provided by the Peccei-Quinn (PQ) mechanism [20], in which the CP violating angle Θ̄ is set to zero dynamically as a result of a global, spontaneously broken U(1)_{P Q} Peccei-Quinn symmetry. The corresponding Goldstone mode of this symmetry is the axion field and the static Θ̄ parameter is substituted by a dynamical one, a(x)/f_a, where a(x) is the axion field and f_a is a dimensionful constant known as the axion decay constant.

In our model the U(1)_{P Q} Peccei-Quinn symmetry is spontaneously broken once the scalar fields charged under U(1)_{P Q} (see Eq. (6)) get a VEV of the order M_∗. This implies automatically

5Note that the Giudice-Masiero mechanism [14] presents also a solution of the μ problem within the MSSM by generating the μ term via a non-minimal Kahler potential.

6See for example [19] for an alternative solution to the domain wall problem based on a Z_2 R-symmetry.

that the axion decay constant is f_a ∼ M_∗ ∼ 10^{13}GeV . (20) On the other hand, the axion also has interesting cosmological implications, especially as a cold dark matter candidate. Indeed coherent oscillations around the minimum of its potential may dominate the energy density of the universe if its potential is very flat. This puts an upper bound for f_a of order f_a ≤ 10^{12} GeV. It seems that our prediction is a little bit higher that the allowed by experiments. However, as has been pointed out in [21], f_a can be as big as 10^{15} GeV in models where the reheating temperature is below a GeV, that is, below the temperature at which the axion field begins to oscillate. The point is that during inflation the PQ symmetry is broken and the axion field is displaced at some arbitrary angle, and it relaxes to zero only after reheating and only below the QCD phase transition when its potential is tilted. At this point the dangerous energy stored in the axion field is released, but if the reheating temperature is of order a GeV then the resulting axion density from the displaced axion field will be diluted by the entropy release produced by the inflaton decay. In the Refs. [4,17] has been showed that the reheating temperature for the model under consideration is around the GeV scale and therefore an axion decay constant of the order 10^{13} GeV may be consistent cosmological constraints.

4.4 The right-handed neutrino mass scale

Neutrino oscillation phenomenology requires that there must be two further heavy right-handed neutrinos with a Majorana mass arising from the renormalisable operator λ_{ν,i}N(ν^c_{R,i})^2 where λ_{ν,i} ∼ 1, and i = 2, 3. We have not included these operators in the superpotential in Eq. (1) because these heavy right-handed neutrinos play no rôle in cosmology, but such operators may readily be included by suitable choice of PQ charges for the second and third right-handed neutrinos ν_{R,i}, i = 2, 3. The heaviest right-handed neutrinos of mass λ_{ν,2}⟨N⟩ and λ_{ν,3}⟨N⟩ will give the dominant contribution to the solar and atmospheric neutrino masses of the order of m_2 ≈ y^2_{ν,2}v^2/λ_{ν,2}⟨N⟩, and m_3 ≈ y^2_{ν,3}v^2/λ_{ν,3}⟨N⟩, respectively, where the mild hierarchy m_2 ≪ m_3 can be achieved by suitable choices of Yukawa couplings above [11]. On the other hand the lightest right-handed neutrino which plays an important rôle during inflation, and will explain the amplitude for the curvature perturbation, will play no part in the see-saw generation of atmospheric and solar neutrino masses, but will generate the lightest physical neutrino mass m_1. The lightest right-handed neutrino mass given by λ_{ν,1}⟨N⟩, where now λ_{ν,1} ∼ M_∗/M_P , will contribute to the lightest physical neutrino mass m_1 = y^2_{ν,1}v^2/(λ_{ν,1}⟨N⟩). A hierarchy in the neutrino sector (m_1 ≪ m_2) is trivially achieved when y_{ν,1} ≪ (M_∗/M_P )^{1/2} y_{ν,2} ∼ 3 × 10^{−3} y_{ν,2}. As we will see in the next section we need such small Yukawa coupling for y_{ν,1} in order to stabilize the preheating effect due to the oscillations of the lightest right-handed neutrino. Since m_1 can be arbitrarily light, the lightest right-handed neutrino responsible for its mass can be effectively decoupled from the see-saw mechanism due to its highly suppressed Yukawa coupling. The scenario described above is familiar in neutrino phenomenology and is known as the sequential dominance mechanism [11].

To summarize, a hierarchical neutrino mass scheme, where m_3 ∼ 0.05 eV, assuming y_{ν,3} ∼ 0.1 − 0.5, led to a right-handed neutrino mass scale of the same order as the axion scale,

⟨N⟩ ∼ M_∗ ∼ 10^{13}GeV (21)

Therefore in our model we are led to assign the string scale to the intermediate scale M_∗ ∼ 10^{13} GeV by four independent pieces of physics: electroweak symmetry breaking; the μ parameter; the axion scale; and the atmospheric neutrino mass scale.

5 The lightest right-handed sneutrino as a coupled curvaton

In a previous paper we suggested that the Higgs fields of the supersymmetric standard model could play the rôle of a coupled curvaton [5] within this class of models, and we discussed how Higgs perturbations could be converted into the total curvature perturbations during the first stages of reheating. At first we assumed that the curvature Higgs contribution does not change after horizon crossing, and we obtained the desired curvature perturbation for a Higgs VEV value h_∗ ∼ 1 TeV. However we later found that, once the fields get coupled during the phase transition, the evolution of the field fluctuations will be affected suppressing the amplitude of curvature perturbation of the Higgs field relative to its value at horizon crossing. Subsequently we showed that this suppression could be compensated by taking into account preheating or parametric resonance effects [34] which can enhance the value of the curvature perturbation to the desired value [7].

In this section we propose and study the possibility that the the rôle of the coupled curvaton is instead played by the lightest right-handed sneutrino, with the inflaton identified as the field ϕ, as before. The N field and the Higgs fields will here be assumed to be zero during inflation. The associated lightest right-handed neutrino ν_{R,1} shall simply be referred to as ν_R, its Majorana

Yukawa coupling as λ_ν = λ_{ν,1}, and its Yukawa coupling to left-handed leptons as y_ν = y_{ν,1}, for ease of notation.

According to the potential in Eq. 10, there is a flat direction for both ν̃_R and ϕ, while N field is held at zero for values of the inflaton field ϕ larger than the critical value

ϕ_c = c_κA + √ c^2_κA^2 − 16m^2 4λ ≈ c_κ A 2λ . (22)

The inflationary epoch is therefore described by a slowly rolling inflation field ϕ and a slowly rolling light right-handed sneutrino field ν̃_R (recall that the large mass of the right-handed sneutrino is generated by the VEV of the N field, which is zero during inflation). As long as ϕ > ϕ_c, the N field dependent squared mass is positive and then N (as well as H) is trapped at the origin; the potential energy in Eq. (23) is then dominated by the vacuum energy V_0, and the potential (10) simplifies to:

V = V_0 + m^2_ϕϕ^2 + m^2_νν̃^2_R , (23)

with V_0 ≈ F^2_S ≈ (10^8GeV)^2, and m_α ∼ c_αm. The slow roll conditions are given by:

ϵ_N =

M^2_P m^4_ϕϕ^2_N V^2_0

< 1 , (24)

|η_N | = M^2_P m^2_ϕ V_0

< 1 , (25)

where the subscript N means N e-folds before the end of inflation. Using Eqs. (36) and (37) we then get |η_N | = c_ϕ/c_V , and ϵ_N ≪ η_N , and slow-roll only requires c_ϕ/c_V < 1/3.

The amplitude of the spectrum of the (comoving) curvature perturbation R, generated by the inflaton field is given by [24]:

P^{1/2}_R ≃ ( H_∗ ϕ̇_∗ ) ( H_∗ 2π ) ≃ ( H_∗ 2πη_N ϕ_∗ ) , (26)

where the subscript “*” denotes the time of horizon exit, say 60 e-folds before the end of inflation. The value of the inflaton field during inflation is around the cutoff of the theory, ϕ_∗ ∼ ϕ_c ∼ M_∗, as usual in SUSY inflation [38], while the Hubble parameter is of the order of H ≃ M_∗(M_∗/M_P )^3. Therefore P^{1/2}_R ≃ ( M_∗ M_P )_3

, (27)

which for M_∗ ≃ 10^{13} GeV is quite below the COBE value P^{1/2}_R = 5 × 10^{−5} [23].

However, the quantum fluctuations of any light field during inflation, i.e., the Higgs h and the lightest right-handed sneutrino ν_R, will contribute to the total curvature perturbation^7, R, such that [25,26] R = ∑ α ρ_α + P_α ρ + P R_α , (28)

ρ_α and P_α being respectively the energy density and the pressure for each component, with ρ_α + P_α = ϕ̇^2_α, ρ and P the total energy density and pressure, R_α the curvature perturbation generated by each field, R_α ≃ H Q_α ϕ̇_α , (29) and Q_α the gauge invariant quantum fluctuations of the field [27]. Given the model parameters, we know that the inflaton field has a background value of the order of the cut-off scale M_∗, both during inflation and at the global minimum, but the value of the sneutrino field is arbitrary during inflation. At the global minimum it will relax to zero. Given that, we may assume that even during inflation the sneutrino field is not far from its global minimum value, and therefore ϕ ≫ ν_R. From this condition it follows that ϕ̇ ≫ ν̇_R, but R_ϕ ≪ R_ν . The total curvature perturbation in Eq. (28) is dominated by the field with the largest kinetic energy, and during inflation this is just the inflaton field, which as we have seen gives rise to a too small contribution. Nevertheless, the COBE normalization of the spectrum constraints its value at the onset of the radiation dominated era, after inflation and the reheating process is complete. In single field models of inflation, the total curvature perturbation on large scale remains practically constant after horizon crossing, and it is enough to estimate the spectrum at that point. On the other hand, in a multifield inflationary model (or in general in a multi-component Universe) we have both adiabatic (total) and entropy or isocurvature perturbations. The latter are given by the relative contributions between different components, R_α − R_β . Entropy modes can seed the the adiabatic one, i.e., the total curvature perturbation, when their contribution to the total energy density becomes comparable [28–33]. This is what we expect at the end of inflation, when all the fields move fast toward the global minimum. At this point, the energy densities of the fields become comparable, and the total curvature perturbation, Eq. (28) may become of the order of R_ν .

Here we would like to consider instead the lightest right-handed sneutrino as the main source of the isocurvature perturbation during inflation. The Yukawa coupling of the lightest right-

7We have dropped the reference to the wavenumber in the curvature perturbation but it is implicitly assumed that we only refer to large scale perturbations, with k ≪ Ha.

handed sneutrino to the N field is a factor (M_P /M_∗) larger than the coupling κ between ϕ and N. Hence, the right handed sneutrino acquires a mass in the global minimum which is larger than the other particles by the same factor. Nevertheless, due to the coupling with the other fields, it may oscillate together with N and ϕ but with a smaller amplitude ν_R ∼ (κ/λ_ν )M_∗. In any case, during the oscillations the energy density of the 3 fields become comparable, with M_{RR} ν_R ∼ (κN)N. Previous to that we have to consider the effect of the phase transition on the perturbations of the fields. The tachyonic instability in the N direction makes the field grow until it reaches the straight-line trajectory in field space, N = √ 2(ϕ − ϕ_c). On the other hand the sneutrino still follows undisturbed its inflationary trajectory for a while. With respect to Q_N perturbations, they also feel the tachyonic instability, they grow as Q_N ∝ Ṅ and we end up with Q_N = − √ 2Q_ϕ along the straight-line trajectory. At this point no change has been induced in the total curvature perturbation. The fact that Q_N is non negligible after the phase transition does not mean that we are generating additional entropy modes. Along the straight line trajectory we still have only one degree of freedom, the adiabatic mode [26].

Soon after that, the lightest right-handed sneutrino starts feeling the presence of the other fields. The effect on its perturbation is the same than we found for the Higgs in Ref. [7]: when the field gets coupled the R_ν perturbation is dragged toward R, and by the time they first reach the global minimum all the contributions R_α are comparable but some orders of magnitude smaller than the initial R_ν .

From this point of view, during the phase transition the initial entropy perturbation is only partially converted into the adiabatic one. In other words, entropy perturbations are suppressed due to the tachyonic instability during the phase transition. And in particular for our model values, we are still some orders of magnitude below the COBE normalization. Again, once the oscillations begin, the presence of a third field, in this case the sneutrino, will curve the initial straight-line trajectory in the N-ϕ plane, giving rise to preheating of the large scale perturbations. In this scenario this will happen before the fields reach the global minimum. We have the inflaton field decreasing from its value at the critical point, while N and ν̃_R are growing and moving faster than ϕ. First N gets destabilized, and then ν̃_R. But for the values of the fields such that λ_νν̃^2_R/M_∗ > κ(ϕ_c − ϕ), there is an approximate minimum with N ≃ ν̃_R and λ_νν̃^2_R/M_∗ ≃ ϕ ≃ ϕ_c, around which N and the RH sneutrino oscillates. It is already during this period that the large scale perturbations are preheated. First, N and ν̃_R do not oscillate in phase, and in addition there is a tachyonic instability in the N and ν̃_R squared masses during

Figure 2: Left plot: Evolution of the background fields, ϕ, N , and ν̃_R, after they have passed the critical point;

inset: oscillations of N and ν̃_R, previous to that of ϕ. Right plot: Amplitude of the spectrum of the curvature P^{1/2}_{Rα} for the different components of the model: inflaton ϕ, N field and lightest right-handed sneutrino sneutrino ν̃_R.

the oscillations, which enhances the resonance [35]. This effect only lasts a short period of time, until the inflaton field is close enough to the global minimum to drag towards it the other fields.

At the same time we may also preheat fluctuations on smaller scales^8, which will backreact on the system shutting down the resonance. But we do not expect this to happen until the inflaton is also oscillating, due to the small amplitude of the previous N − ν̃_R oscillations. Another effect to be considered is the decay of the heavy sneutrino, which happens earlier than the decay of the singlets ϕ and N. Once the lightest right-handed sneutrino (the source of the entropy perturbation) disappears the resonance on the large scales will stop.

As an example, in Fig. (2) we have plotted the evolution of the background fields (LHS plot), and the different field contributions to the curvature perturbation R_α (RHS plot), during the first oscillations of the fields, after they have passed the critical point. The value of the lightest right-handed sneutrino field during inflation is ν_R = 1 TeV, which gives R_{ν∗} ≃ 10^{−5}

8Without the sneutrino and/or the Higgs, there is indeed a strong parametric resonance (tachyonic preheating [35]) for the fluctuations with a wavenumber up to O(κN_0) [36] during the first 3 oscillations of the fields, before it enters in a narrow resonance regime.

at horizon-crossing. Nevertheless, as it can be seen in the plot, after the phase transition all contributions are roughly equal. For the numerical integration, we have chosen λ_ν = 2 × 10^5κ, and we have also introduced a decay rate for the lightest right-handed sneutrino, Γ_ν ≃ y^2_ν M_{RR}, with y_ν ≃ 7 × 10^{−3}. This gives rise to the right order of magnitude for the amplitude of the curvature perturbation (slightly larger than COBE). The main enhancement is produced during the oscillations of the fields N and ν̃_R, and the resonance ends when ν̃_R goes to zero and we are left only with ϕ and N oscillating.

The decay of the lightest right-handed sneutrino gives rise to radiation, with ρ_R ≃ 0.2ρ_ϕ, where ρ_ϕ refers to the energy density in the oscillating singlets.^9 Having converted a fraction of the initial vacuum energy into radiation, the background fields still oscillate (in phase) but with smaller amplitudes compared to the case without the sneutrino, which may not be large enough to allow the preheating of the small scale fluctuations. Nevertheless one has to bear in mind that larger decay rates for the sneutrino means a shorter resonance for the curvature perturbation, or no resonance at all. On the other hand, for a smaller decay rate the resonance will then be shut down by the backreaction of the small scale modes.

6 Conclusion

We have proposed a model of cosmology and particle physics in which all relevant scales are derived from an intermediate string scale M_∗ ∼ 10^{13} GeV, identified with both the Peccei-Quinn symmetry breaking axion scale f_a and the heaviest right-handed neutrino mass scale M_{RR}. A supersymmetry breaking scale is derived from the constraint of having a small cosmological constant leading to F^{1/2}_S ∼ M^2_∗ /M_P ∼ 10^8 GeV. The μ parameter of the MSSM and the electroweak breaking scale are then given by F_S /M_∗ ∼ 10^3 GeV. The model involves hybrid inflation, with the inflaton mass given by F_S /M_P ∼ MeV, and their Yukawa couplings given by (M_∗/M_P )^2 ∼ 10^{−10}. In our model we were led to assign the string scale to the intermediate scale M_∗ ∼ 10^{13}GeV by four independent pieces of physics: electroweak symmetry breaking; the μ parameter; the axion scale; and the neutrino mass scale. In recent years models with an intermediate string scale (10^{11} < M_∗ < 10^{14} GeV) have been seen of great interest because contain many phenomenological issues (see for example [12,13]). The novelty of our construction is we give an explicit potential (10) where the link between particle physics and cosmology is explicit. Also

9The decay of the lightest right-handed sneutrino is also expected to generate leptogenesis, and cold dark matter can arise from preheating of neutralinos as discussed in [40].

the intermediate scale appears as a consequence of requiring zero cosmological constant at the global minimum of the potential together with requiring one of the mass parameters involved in the potential to be the electroweak scale. In addition, if all the dimensionless couplings are equal in the higher dimensional model, we found that the effective couplings are just powers of the ratio M_∗/M_P .

The large scale structure in the Universe is generated by the lightest right-handed sneutrino playing the rôle of a coupled curvaton. We showed that it is possible to obtain the correct curvature perturbation by including the effects of preheating and adjusting neutrino Yukawa couplings to be rather small, leading to a (lightest) right-handed neutrino mass of about 10^8 GeV. This is possible because of sequential dominance [11] since in this case the lightest right-handed neutrino plays no essential rôle in the see-saw mechanism. The sneutrino as a coupled curvaton only strengthens the synthesis between cosmology and particle physics at the intermediate scale.

Acknowledgements

VDC was supported at the University of Oxford by PPARC rolling grant PPA/G/0/2002/00479.

Appendix A: Yukawa Couplings

In higher dimensions the superpotential is well defined just in one of the fixed points (Brane I or Brane II)^{10}. In general the Lagrangian in higher dimensions is given by

L_{4+d} = ∫ d^2θ Ŵ_{4+d} ( δ^d(0) + δ^d(y_i − πR) ) , (30)

where the superpotential Ŵ_{4+d} is a function of bulk fields (Ψ̂_i) and brane fields (Φ_j ), given by:

W_{4+d} ∋ λ̂_{i,j} M^{αd2}∗ Ψ̂^α_i Φ^β_j M^{α+β−3} ∗ . (31)

Here we have introduced a mass scale, M_∗, in such a way the couplings λ̂_{i,j} remain dimensionless. This scale is actually the Planck scale in higher dimensions, or the string scale in string theories, which is related with the four dimensional Planck scale, M_P , through the well known formula

M^2_P = M^{2+d}_∗ R^d . (32)

10Notice that this is always the case if the coupling involves bulk and brane fields. However by construction also couplings which involve just bulk fields have to be defined in one of the four dimensional boundary due to an enhancement of the number of supersymmetries contained in the bulk.

Using the fact that the bulk fields contain a volume suppression factor with respect their zero mode (the effective four dimensional field), i.e, Ψ̂_i = Ψ_i/R^{d/2}, we can express the four dimensional effective superpotential, after integrating out the extra d dimensions, as

W_4 = ∫ d^dy Ŵ_{4+d} ( δ^d(0) + δ^d(y_i − πR) )

= λ̂_{i,j} ( M_∗ M_P )_α Ψ_{αi} Φβ_j M^{α+β−3} ∗ . (33)

Redefining the effective four dimensional coupling as λ_{i,j} = ( M_∗ M_P )_α λ̂_{i,j} , (34)

we notice that in general we get an important suppression factor if M_∗ ≪ M_P^{11}. In other words, if there is a fundamental intermediate scale, M_∗, defined in the higher dimensional theory, we always get small couplings, λ_{i,j} ≪ 1, even though the higher dimensional couplings, λ̂_{i,j} , can be of order one or even non-perturbative as it would be in our particular case.

Finally note that following the same procedure in the Kahler potential will lead to no additional volume effects. For example consider a canonically normalized 4 + d-dimensional Kahler potential term of the form Ψ̂_iΨ̂^†_i then the corresponding 4-dimensional Kahler potential will contain the term Ψ_iΨ^†_i which maintains its canonical form due to a cancellation of the volume factors. There may be some small additional corrections due to canonical normalization effects [39], but these will not affect the analysis here.

Appendix B: Soft Masses

We shall suppose that SUSY is broken by the F_S -term of a four dimensional gauge-singlet field S localized at the Brane II (y_i = πR) and mediated across the extra dimensional space to the Brane I by bulk fields propagating in a loop correction like gaugino mediation [10]. The SUSY breaking Lagrangian contains six terms that lead to the bulk gaugino mass (M_A), Brane II gaugino mass (M_B ), vacuum energy (V_0), soft masses for bulk fields (M_{Ψi} ), soft masses for Brane II fields (M_{Φi} ) and trilinear soft terms (A_{λi,j} ). In general we have L^{sof t}_{4+d} = δ^d(y_i − πR) ( c_{λij} ∫ d^2θ

Ŵ_{4+d}S M_∗ + c_{Ψi} ∫ d^4θ

Ψ̂^†_iΨ̂_iS^†S M^{2+d}_∗

+ c_{Φi} ∫ d^4θ

Φ^†_i Φ_iS^†S

M^2_∗ + c_V ∫ d^4θ S^†S + c_A ∫ d^2θ Ŵ (A)_α Ŵ α(A)S M^{1+d}_∗ + c_B ∫ d^2θ

W^{(B)}_α W^{α(B)}S M_∗ ) , (35)

11This suppression factor only would depend on the number α of fields living in the bulk and it will be completely independent of the number d of extra dimensions.

where W^{(A)}_α (W^{(B)}_α ) is the field strength of the gauge group G_A (G_B ) and the constants c_i = {c_{λij} , c_{Ψi} , c_{Φi} , c_V , c_A, c_B} are of the order one. These constants are completely model-dependent, for example, the non-renomalizable terms (35) might come from integrating out some modes of mass M_∗ propagating in a loop process such that c_i = N /(4π)^2, being N the massive mode’s degree of freedom. It is straightforward to show that in the effective four dimensional theory we get different mass scales asociated with bulk fields and branes fields as along as M_∗ ≪ M_P . These are given by

V_0 = c_V F^2_S (36) M_A = c_A F_S M_P M^2_{Ψi} = c_{Ψi} ( F_S M_P )_2

(37)

M_B = c_B F_S M_∗ M^2_{Φi} = c_{Φi} ( F_S M_∗ )_2 A_{λi,j} = c_{λij} F_S M_∗ . (38)

The vacuum energy (V_0) would dominate the total energy density during inflation providing the typical expansion rate (the Hubble constant) as^{12}

H^2 =

V_0 3M^2_P = c_V 3 ( F_S M_P )_2 = c_V 3c_{Ψi} M^2_{Ψi} . (39)

The bulk mass scale (M_{Ψi} ) would give us, for example, the inflaton mass. Therefore, in order to satisfy the slow roll condition during inflation (H < M_{Ψi} ) it turns out from (39) that we just need some tuning on the constants c_i, i.e. c_V < 3c_{Ψi} . Finally, the Brane II mass scale would define the typical MSSM soft term, M_{SU SY} ∼ M_{Φi} ∼ O(TeV). Notice that in general we would have H ≪ M_{SU SY} which is completely different what happen in the normal four dimensional supersymmetric hybrid inflationary models where H ∼ M_{SU SY} [38].

References

[1] C. L. Bennett et al., “First Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Preliminary Maps and Basic Results,” arXiv:astro-ph/0302207.

[2] For a recent review with original references see for example S. F. King, “Inflation, large scale structure and particle physics,” arXiv:hep-ph/0304264.

12As we have said at the beginning of the section one important assumption of our model is that the location of the two branes are already stabilized before inflation takes place wich means that only the four dimensional space are inflated away. In the case that all de 4 + d-dimensions feel inflation at the same time, the Hubble constant would be given by H^2 = V_0/(3M^2_∗ ) instead [37].

[3] M. Bastero-Gil, V. Di Clemente and S. F. King, Phys. Rev. D 67 (2003) 083504 [arXiv:hepph/0211012].

[4] M. Bastero-Gil and S. F. King, Phys. Lett. B 423 (1998) 27 [arXiv:hep-ph/9709502];

M. Bastero-Gil and S. F. King, Nucl. Phys. B 549 (1999) 391 [arXiv:hep-ph/9806477].

[5] M. Bastero-Gil, V. Di Clemente and S. F. King, Phys. Rev. D 67 (2003) 103516 [arXiv:hepph/0211011].

[6] D. H. Lyth and D. Wands, Phys. Lett. B 524 (2002) 5 [arXiv:hep-ph/0110002]; T. Moroi and T. Takahashi, Phys. lett. B522(2001) 215; Erratum ibid. B539(2002) 303 [arXiv:hepph/0110096]; K. Enqvist and M. S. Sloth, Nucl. Phys. B626 (2002) 395 [arXiv:hepph/0109214]; N. Bartolo and A. R. Liddle, Phys. Rev. D 65 (2002) 121301; K. Dimopoulos and D. H. Lyth, [arXiv:hep-ph/0209180]; K. Enqvist, S. Kasuya and A. Mazumdar, Phys. Rev. Lett. 90 (2003) 091302; M. Postma, Phys. Rev. D 67 (2003) 063518; C. Gordon and A. Lewis, [arXiv:astro-ph/0212248]; K. Dimopoulos, [arXiv:astro-ph/0212264]; A. R. Liddle and L. A. Urena-Lopez, [arXiv:astro-ph/0302054]; K. Dimopoulos, G. Lazarides, D. Lyth and R. Ruiz de Austri, [arXiv:hep-ph/0303154]; K. Enqvist, A. Jokinen, S. Kasuya and A. Mazumdar, [arXiv:hep-ph/0303165]; K. Dimopoulos, D. H. Lyth, A. Notari and A. Riotto, [arXiv:hep-ph/0304050]; M. Postma and A. Mazumdar, [arXiv:hepph/0304246]; M. Postma, [arXiv:astro-ph/0305101]; S. Kasuya, M. Kawasaki and F. Takahashi, [arXiv:hep-ph/0305134].

[7] M. Bastero-Gil, V. Di Clemente and S. F. King, arXiv:hep-ph/0311237.

[8] J. McDonald, Phys. Rev. D 68 (2003) 043505 [arXiv:hep-ph/0302222]; J. McDonald, arXiv:hep-ph/0404154.

[9] L. Amendola, E. W. Kolb, M. Litterio and F. Occhionero, Phys. Rev. D 42 (1990) 1944, E. Ponton and E. Poppitz, JHEP 0106 (2001) 019 [arXiv:hep-ph/0105021], P. Kanti, K. A. Olive and M. Pospelov, Phys. Lett. B 538 (2002) 146 [arXiv:hep-ph/0204202].

[10] D. E. Kaplan, G. D. Kribs and M. Schmaltz, Phys. Rev. D 62 (2000) 035010 [arXiv:hepph/9911293], Z. Chacko, M. A. Luty, A. E. Nelson and E. Ponton, JHEP 0001 (2000) 003 [arXiv:hep-ph/9911323], V. Di Clemente, S. F. King and D. A. Rayner, Nucl. Phys. B 617 (2001) 71 [arXiv:hep-ph/0107290], V. Di Clemente, S. F. King and D. A. Rayner, Nucl. Phys. B 646 (2002) 24 [arXiv:hep-ph/0205010].

[11] S. Antusch and S. F. King, arXiv:hep-ph/0405272; S. F. King, JHEP 0209 (2002) 011 [arXiv:hep-ph/0204360]; S. F. King, Nucl. Phys. B 576 (2000) 85 [arXiv:hep-ph/9912492]; S. F. King, Nucl. Phys. B 562 (1999) 57 [arXiv:hep-ph/9904210]; S. F. King, Phys. Lett. B 439 (1998) 350 [arXiv:hep-ph/9806440].

[12] 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]; L. E. Ibanez, C. Munoz and S. Rigolin, Nucl. Phys. B 553 (1999) 43 [arXiv:hep-ph/9812397].

[13] S. A. Abel, B. C. Allanach, F. Quevedo, L. Ibanez and M. Klein, JHEP 0012 (2000) 026 [arXiv:hep-ph/0005260]. D. Bailin, G. V. Kraniotis and A. Love, Phys. Lett. B 491 (2000) 161 [arXiv:hep-ph/0007206].

[14] G. F. Giudice and A. Masiero, Phys. Lett. B 206 (1988) 480.

[15] P. Fayet, Nucl. Phys. B90 (1975) 104; H.-P. Nilles, M. Srednicki and D. Wyler, Phys. Lett.

B120 (1983) 346; J.-P. Derendinger and C. A. Savoy, Nucl. Phys. B237 (1984) 307; J. Ellis, J. F. Gunion, H. E. Haber, L. Roszkowski, F. Zwirner, Phys. Rev. D39 (1989) 844; L. Durand and J. L. Lopez, Phys. Lett. B217 (1989) 463; M. Drees, Int. J. Mod. Phys. A4 (1989) 3635.

[16] The phenomenology of the NMSSM has been widely discussed in the literature, see for example: U. Ellwanger, M. Rausch de Traubenberg, C. A. Savoy, Phys. Lett. B315 (1993) 331 and Z. Phys. C67 (1995) 665; T. Elliott, S. F. King, P. L. White, Phys. Lett. B351 (1995) 213; S. F. King and P. L. White, Phys. Rev. D52 (1995) 4183; A. Dedes, C. Hugonie, S. Moretti and K. Tamvakis, Phys. Rev. D 63 (2001) 055009 [arXiv:hep-ph/0009125].

[17] M. Bastero-Gil and S. F. King, Phys. Rev. D 63 (2001) 123504.

[18] Y. Zel’dovich, I. Kobzarev and L. Okun, Sov. Phys. JETP 40,1 (1975); T. Kibble, J. Phys A9 (1976) 1387; A. Vilenkin, Phys. Rep. 121 (1985) 263; S. A. Abel, S. Sarkar and P. L. White, Nucl. Phys. B454 (1995) 663.

[19] C. Panagiotakopoulos and K. Tamvakis, Phys. Lett. B446 (1999) 224.

[20] R. Peccei and H. Quinn, Phys. Rev. Lett. 38 (1977) 1440 and Phys. Rev. D16 (1977) 1791.

[21] K. Choi, E. J. Chun and J. E. Kim, Phys. Lett. B 403 (1997) 209 [arXiv:hep-ph/9608222].

[22] For a recent review with original references see for example: S. F. King, arXiv:hepph/0310204.

[23] COBE: G. F. Smoot et al., Ap. J. 396 (1992) L1; E. L. Wright et al., Ap. J. 396 (1992) L13; M. J. White and E. F. Bunn, Astrophys. J. 443 (1995) L53 [arXiv:astro-ph/9410088]; C. L. Bennett et al.,Ap. J. 464 (1996) L1 [arXiv:astro-ph/9601067]; E. F. Bunn and M. White, Ap. J. 480 (1997) 6 [arXiv:astro-ph/9607060].

[24] V. Lukash, Zh. Eksp. Teor. Fiz. 79 (1980) 1601 [ Sov. Phys. JETP 52 (1980) 807]; D. H.

Lyth, Phys. Rev. D31 (1985) 1792.

[25] D. Wands, K. A. Malik, D. H. Lyth and A. R. Liddle, Phys. Rev. D 62 (2000) 043527 [arXiv:astro-ph/0003278];

[26] C. Gordon, D. Wands, B. A. Bassett and R. Maartens, Phys. Rev. D63 (2001) 023506 [arXiv:astro-ph/0009131].

[27] M. Sasaki, Prog. Theor. Phys. 76 (1986) 1036; V. F. Mukhanov, Zh. Eksp. Teor. Fiz. 94 (1988) 1 [Sov. Phys. JETP 68 (1988) 1297.

[28] S. Mollerach, Phys. Rev. D 42 (1990) 313.

[29] A. Linde and V. Mukhanov, Phys. Rev. D56 (1997) 535.

[30] D. Polarski and A. A. Starobinsky, Nucl. Phys. B385 (1992) 623; Phys. Rev. D51 (1994) 6123; D. Langlois, Phys. Rev. D 59 (1999) 123512

[31] S. Mollerach and S. Matarrese, Phys. Rev. D45 (1992) 1961; N. Deruelle, C. Gundlach and D. Langlois, Phys. Rev. D 46 (1992) 5337; A. A. Starobinsky and J. Yokoyama, arXiv:grqc/9502002.

[32] J. García-Bellido and D. Wands, Phys. Rev. D52 (1995) 6739; Phys. Rev. D53 (1996) 5437;

[33] N. Bartolo, S. Matarrese and A. Riotto, Phys. Rev. D 64 (2001) 123504.

[34] B. Basset, D. Kaiser and R. Maartens, Phys. Lett. B 455 (1999) 84 [arXiv:hep-ph/9808404];

F. Finelli and R. Brandenberger, Phys. Rev. Lett. 82 (1999) 1362 [arXiv:hep-ph/9809490]; B. A. Bassett, F. Tamburini, D. I. Kaiser and R. Maartens, Nucl. Phys. B 561 (1999)

188 [arXiv:hep-ph/9901319]; B. A. Bassett and F. Viniegra, Phys. Rev. D 62 (2000) 043507 [arXiv:hep-ph/9909353]; P. Ivanov, Phys. Rev. D 61 (2000) 023505 [arXiv:astroph/9906415]; K. Jedamzik and G. Sigl, Phys. Rev. D 61 (2000) 023519 [arXiv:hepph/9906287]; A. R. Liddle, D. H. Lyth, K. A. Malik and D. Wands, Phys. Rev. D 61 (2000) 103509 [arXiv:hep-ph/9912473]; B. A. Bassett, C. Gordon, R. Maartens and D. I. Kaiser, Phys. Rev. D 61 (2000) 061302 [arXiv:hep-ph/9909482]; F. Finelli and R. Brandenberger, Phys. Rev. D 62 (2000) 083502 [arXiv:hep-ph/0003172]; F. Finelli and S. Khlebnikov, Phys. Lett. B504 (2001) 309 [arXiv:hep-ph/0009093]; Phys. Rev. D65 (2002) 043505.

[35] G. Felder, J. García-Bellido, P. B. Greene, L. Kofman, A. Linde and I. Tkachev, Phys. Rev.

Lett 87 (2001) 011601; G. Felder, L. Kofman and A. Linde, Phys. Rev. D64 (2001) 123517; E. J. copeland, S. Pascoli and A. Rajantie, ibid. 65 (2002) 103517.

[36] M. Bastero-Gil, S. F. King and J. Sanderson, Phys. Rev. D 60 (1999) 103517 [arXiv:hepph/9904315].

[37] N. Arkani-Hamed, S. Dimopoulos, N. Kaloper and J. March-Russell, Nucl. Phys. B 567 (2000) 189 [arXiv:hep-ph/9903224].

[38] D. H. Lyth and A. Riotto, Phys. Rept. 314 (1999) 1 [arXiv:hep-ph/9807278].

[39] S. F. King, I. N. R. Peddie, G. G. Ross, L. Velasco-Sevilla and O. Vives, arXiv:hepph/0407012; S. F. King and I. N. R. Peddie, Phys. Lett. B 586 (2004) 83 [arXiv:hepph/0312237].

[40] M. Bastero-Gil and S. F. King, Phys. Rev. D 63 (2001) 123509 [arXiv:hep-ph/0011385].