arXiv:hep-ph/0309134 v2 9 Dec 2003

BA-03-12

GUT Scale Inflation, Non-Thermal Leptogenesis, and Atmospheric Neutrino Oscillations

V. N. Senoguz^∗ and Q. Shafi^†

Bartol Research Institute, University of Delaware, Newark, DE 19716, USA

Abstract

Leptogenesis scenarios in supersymmetric hybrid inflation models are considered. Sufficient lepton asymmetry leading to successful baryogenesis can be obtained if the reheat temperature T_r ≳ 10^6 GeV and the superpotential coupling parameter κ is in the range 10^{−6} ≲ κ ≲ 10^{−2}. For this range of κ the scalar spectral index n_s ≃ 0.99 ± 0.01. Constraints from neutrino mixing further restrict the range of κ that is allowed. We analyze in detail the case where the inflaton predominantly decays into the next-to-lightest right handed Majorana neutrino taking into account especially the constraints from atmospheric neutrino oscillations.

∗nefer@udel.edu †shafi@bxclu.bartol.udel.edu

1 Introduction

Supersymmetric hybrid inflation models [1, 2] provide a compelling framework for the understanding of the early universe. They account for the primordial density perturbations with a GUT scale symmetry breaking yet without any dimensionless parameters that are very small. As in any complete inflationary scenario, inflation in these models should be followed by a succesful reheating accounting for the observed baryon asymmetry of the universe.

In SUSY hybrid inflation it is generally preferable (and in many models necessary) to generate the baryon asymmetry via leptogenesis, which is then partially converted into baryon asymmetry by sphaleron effects [3]. If the gauge symmetry G = SO(10) or one of its subgroups (where inflation is associated with the breaking of a gauge symmetry G → H), the inflaton decays into the right handed neutrinos, whose subsequent out of equilibrium decay leads to the lepton asymmetry [4]. The right handed neutrinos could also be produced thermally, although it is difficult to reconcile the high reheat temperature required by thermal leptogenesis with the gravitino constraint [5].

In thermal leptogenesis [6] the lightest right handed Majorana neutrino N_1 washes away the previous asymmetry created by the heavier neutrinos. If, on the other hand, N_1 as well as the heavier neutrinos are out of equilibrium (T_r < M_1), the lepton asymmetry could predominantly result from the inflaton χ decaying into the next-to-lightest neutrino N_2. (χ → N_3 N_3 is ruled out by the gravitino constraint.)

In this letter we focus on the latter scenario. It is easier to account for the observed baryon asymmetry in this case since the asymmetry per right handed neutrino decay is in general greater than the case where the inflaton decays into the lightest neutrino, and unlike thermal leptogenesis there is no washout factor.

The plan of the paper is as follows: In Section 2 we briefly review a class of supersymmetric hybrid inflation models. In Section 3 we qualitatively discuss leptogenesis scenarios for these models. In Section 4 we perform an analysis of the ‘next-to-lightest’ scenario, showing numerically that sufficient lepton asymmetry can be generated while satisfying, in particular, the constraints from atmospheric neutrino mixing.

2 Supersymmetric Hybrid Inflation

In a class of realistic supersymmetric models, inflation is associated with the breaking of either a grand unified symmetry or one of its subgroups. Here we will limit ourselves to supersymmetric hybrid inflation models [2]. The simplest such model [1] is realized by the renormalizable potential (consistent with a U(1) R-symmetry) [7]

W_1 = κS(ϕϕ − M^2) (1)

where ϕ(ϕ) denote a conjugate pair of superfields transforming as nontrivial representations of some gauge group G, S is a gauge singlet superfield, and κ (> 0) is a dimensionless coupling. In the absence of supersymmetry breaking, the potential energy minimum corresponds to non-zero (and equal in magnitude) vevs (= M) for the scalar components in ϕ and ϕ, while the vev of S is zero. (We use the same notation for superfields and their scalar components.) Thus, G is broken to some subgroup H.

In order to realize inflation, the scalar fields ϕ, ϕ, S must be displayed from their present minima. For |S| > M, the ϕ, ϕ vevs both vanish so that the gauge symmetry is restored, and the tree level potential energy density κ^2M^4 dominates the universe. With supersymmetry thus broken, there are radiative corrections from the ϕ − ϕ supermultiplets that provide logarithmic corrections to the potential which drives inflation.

The temperature fluctuations δT/T turn out to be proportional to (M/M_P )^2, where M denotes the symmetry breaking scale of G, and M_P = 1.2 × 10^{19} GeV is the Planck mass [1, 2]. Comparison with the δT/T measurements by COBE [8] and WMAP [9] shows that the gauge symmetry breaking scale M is naturally of order 10^{16} GeV.^1

The inflationary scenario based on the superpotential W_1 in Eq. (1) has the characteristic feature that the end of inflation essentially coincides with the gauge symmetry breaking. Thus, modifications should be made to W_1 if the breaking of G to H leads to the appearance of topological defects such as monopoles, strings or domain walls. For instance, the breaking of G_{P S} ≡ SU(4)_c × SU(2)_L × SU(2)_R [10] to the MSSM by fields belonging to ϕ(4, 1, 2), ϕ(4, 1, 2) produces magnetic monopoles that carry two quanta of Dirac magnetic charge [11]. As shown in [12], one simple resolution of the

1We take (δT /T )_h = 6.3 × 10^{−6} [8] where h denotes the horizon scale. This value corresponds to A ≃ 0.76 for n_s = 0.99, in agreement with [9].

monopole problem is achieved by supplementing W_1 with a non-renormalizable term:

W_2 = κS(ϕϕ − μ^2) − β S(ϕϕ)^2 M^2_S

, (2)

where μ is comparable to the GUT scale, M_S ∼ 5 × 10^{17} GeV is a superheavy cutoff scale, and the dimensionless coefficient β is of order unity. The presence of the non-renormalizable term enables an inflationary trajectory along which the gauge symmetry is broken. Thus, in this ‘shifted’ hybrid inflation model the magnetic monopoles are inflated away.

A variation on these inflationary scenarios is obtained by imposing a Z_2 symmetry on the superpotential, so that only even powers of the combination ϕϕ are allowed [13]:

W_3 = S ( −μ^2 +

(ϕϕ)^2 M^2_S ) , (3)

where the dimensionless parameters κ and β (see Eq. (2)) are absorbed in μ and M_S . The resulting scalar potential possesses two (symmetric) valleys of local minima which are suitable for inflation and along which the GUT symmetry is broken. The inclination of these valleys is already non-zero at the classical level and the end of inflation is smooth, in contrast to inflation based on the superpotential W_1 (Eq. (1)). An important consequence is that, as in the case of shifted hybrid inflation, potential problems associated with topological defects are avoided.

In all these models, for the symmetry breaking scale M ∼ 10^{16} GeV, one predicts an essentially scale invariant spectrum (0.98 ≲ n_s ≲ 1 depending on the value of κ or of M and |dn_s/d ln k| < 10^{−3} [14]) which is consistent with a variety of CMB measurements including the recent WMAP results [9, 15].

After the end of inflation, the system falls toward the SUSY vacuum and performs damped oscillations about it. The inflaton, which we collectively denote as χ, consists of the two complex scalar fields (δϕ + δϕ)/ √ 2 (δϕ = ϕ − M, δϕ = ϕ − M) and S, with equal mass m_χ. In the presence of N = 1 supergravity, SUSY breaking is induced by the soft SUSY violating terms in the tree level potential and S acquires a vev comparable to the gravitino mass m_{3/2} (∼ TeV). This (mass)^2 term provides an extra force driving S to the minimum, but its effect is negligible for κ ≳ 10^{−6}.

More often than not, SUGRA corrections tend to derail an otherwise succesful inflationary scenario by giving rise to scalar (mass)^2 terms of order H^2, where H denotes the Hubble constant. Remarkably, it turns out that for a canonical SUGRA potential (with minimal Kähler potential |S|^2 + |ϕ|^2 + |ϕ|^2), the problematic (mass)^2 term cancels out for the superpotential W_1 in Eq. (1) [7]. This property also persists when non-renormalizable terms that are permitted by the U(1)_R symmetry are included in the superpotential.^2

As noted in [19, 14], for large values of κ the presence of SUGRA corrections due to the minimal Kähler potential can give rise to n_s values that exceed unity by an amount that is not favored by the data on smaller scales. SUGRA corrections also become important for tiny values of κ. Nevertheless, they remain ineffective for a wide range of κ (10^{−6} ≲ κ ≲ 10^{−2}). As we shall discuss below, leptogenesis consistent with the observed baryon asymmetry generally constrains κ to a similar range.

3 Leptogenesis in SUSY Hybrid Inflation Models

The observed baryon asymmetry of the universe can be naturally explained via leptogenesis in SUSY hybrid inflation models. If inflation is associated with the breaking of the gauge symmetry G = SO(10) [20] or one of its subgroups such as G_{P S} ≡ SU(4)_c × SU(2)_L × SU(2)_R [12] and G_{LR} ≡ SU(3)_c × SU(2)_L × SU(2)_R × U(1)_{B−L} [21], the inflaton decays into right handed neutrino superfields [4]. Their subsequent out of equilibrium decay to lepton and Higgs superfields leads to the observed baryon asymmetry via sphaleron effects [3].

Before discussing the constraints on κ from leptogenesis, we note that an important constraint that is independent of the details of the seesaw parameters already arises from considering the reheat temperature T_r after inflation, taking into account the gravitino problem which requires that T_r ≲ 10^{10} GeV [5]. We expect the heaviest right handed neutrino to have a mass of around 10^{14} GeV, which is in the right ball park to provide via the seesaw a mass scale of about .05 eV to explain the atmospheric neutrino anomaly through oscillations. Comparing this with [2]

T_r = ( 45 2π^2g^∗

) 1_4 (Γ_χ m_P )^{12} ≃ 1 16 (m_P m_χ)^12 M M_i (4)

(where m_P ≃ 2.4 × 10^{18} GeV is the reduced Planck mass, and the decay rate of the

2In general, K is expanded as K = |S|^2 + |ϕ|^2 + |ϕ|^2 + α|S|^4/M^2_P + . . ., and only the |S|^4 term in K generates a mass^2 for S, which would spoil inflation for α ∼ 1 [16, 17]. From the requirement |S| < M_P , one obtains an upper bound on α (≲ 10^{−3}) [18]. Since smaller values of α do not effect the dynamics of inflation significantly and other terms in K are supressed, we take the Kähler potential to be minimal for simplicity.

inflaton Γ_χ = (1/8π)(M^2_i /M^2)m_χ), we see that for m_χ ≳ 10^5 GeV, M_i should not be identified with the heaviest right handed neutrino, otherwise T_r would be too high [21]. Here we have assumed that the right handed neutrinos N_i acquire mass from a non-renormalizable coupling W ⊃ (1/m_P )γ_iϕ ϕN_iN_i.^3 Thus, we require that m_χ 2 ≤ M_3 ≤

2M^2 m_P . (5)

The gravitino constraint expressed by Eq. (5) requires κ ≲ 10^{−3} independent of the details of seesaw parameters for the SUSY hybrid inflation model [22, 2, 14]. However, in shifted and smooth hybrid inflation the Majorana mass of the heaviest right handed neutrino M_3 ≤ 2M^2/M_S can remain an order of magnitude greater than the inflaton mass so that this constraint does not restrict κ or M (see Figs. 5, 7).

We now consider the case where the inflaton χ predominantly decays into a right handed neutrino that is heavy compared to the reheat temperature T_r. The ratio of the number density of the right-handed (s)neutrino n_N to the entropy density s is given by n_N s ≃ 3 2 T_r m_χ B_r , (6)

where B_r denotes the branching ratio into the right handed neutrino channel. The resulting lepton asymmetry is n_L s = n_N s ϵ , (7) where ϵ is the lepton asymmetry produced per right handed neutrino decay.

Note that unlike thermal leptogenesis, there is no washout factor in non-thermal leptogenesis since lepton number violating 2-body scatterings mediated by right handed neutrinos are out of equilibrium as long as the lightest right handed neutrino mass M_1 ≫ T_r [23]. More precisely, the washout factor is proportional to e^{−z} where z = M_1/T_r [6], and can be neglected for z ≳ 10.

Suppose that the right handed Majorana masses are hierarchical, with M_1 ≪ M_2, M_3 (but M_1 > T_r). If M_2, M_3 are heavier than m_χ/2 the inflaton only decays into 2N_1. With B_r = 1, the lepton asymmetry is then n_L s ≃ 3 2 T_r m_χ ϵ_1 , (8)

3In this paper we do not consider the possibility of a renormalizable Yukawa coupling W ⊃ y_iϕN_iN_i. This would require ϕ to be a SU (2)_R Higgs triplet (or a 126 of SO(10)), and the Yukawa couplings would have to be arranged to yield the intermediate scale Majorana masses consistent with the neutrino oscillation parameters.

with ϵ_1 given by

ϵ_1 = − 1 8π 1 (hh^†)_{11} ∑ i=2,3 Im [ { ( hh^† ) 1i}^2 ] [ f^V ( M^2_i M^2_1 ) + f^S ( M^2_i M^2_1 )] , (9)

where

f^V (x) = √ x ln ( 1 + 1 x ) , f^S (x) = 2 √ x x − 1 . (10)

Assuming M_1 ≪ M_2, M_3, Eq. (9) simplifies to

ϵ_1 ≃ − 3 8π 1 (hh^†)_{11} ∑ i=2,3 Im [ { ( hh^† ) 1i}^2 ] M_1 M_i . (11)

This formula leads to the upper bound [24]

ϵ_1 ≲ 2 × 10^{−10} ( M_1 10^6 GeV ) ( m_{ν3} 0.05 eV ) . (12)

From the observed baryon to photon ratio η ≡ n_B/n_γ ≃ 6.1 × 10^{−10} [9], the lepton asymmetry is found to be |n_L/s| ≃ 2.4 × 10^{−10}, where we have used n_B/s ≃ η/7.04 [25] and n_L/s = −(79/28)n_B /s [26]. Using Eqs. (4, 8, 12), together with the gravitino constraint T_r ≲ 10^{10} GeV, we find that sufficient lepton asymmetry requires

m^3_χ ≤ 10^{12} GeV ( m_{ν3} 0.05 eV

)_2

M^2 , (13)

which yields m_χ ≲ 10^{15} GeV for M ∼ M_{GU T} . From M_1 < m_χ/2, we also obtain the lower bounds T_r ≥ 1.6 × 10^6 GeV ( 0.05 eV m_{ν3} ) , (14)

m^3_χ ≥ M^2 × 10^{−3} GeV ( 0.05 eV m_{ν3} ) , (15)

yielding T_r ≳ 10^6 GeV and m_χ ≳ 10^{10} GeV or κ ≳ 10^{−7}. This remains so even with degenerate neutrinos, since the cosmological bound on the sum of neutrino masses leads to the limit m_{νi} < 0.23 eV [9].

An alternative scenario [27] is the case where M_1 ≪ M_2 ≪ M_3 (but M_1 > T_r) and M_2 < m_χ/2. Since the decay width of the inflaton is proportional to M^2_i , the branching ratios to 2N_1 and 2N_2 are (M_1/M_2)^2 and 1 − (M_1/M_2)^2 respectively. Thus, provided ϵ_1 ≲ ϵ_2, the contribution to the lepton asymmetry from N_1 is negligible. From Eq. (9) (with permuted indices) and Eq. (10)

ϵ_2 ≃ − 1 8π 1 (hh^†)_{22} [ 2 M_1 M_2 ( ln [ M_1 M_2 ] − 1 ) Im [ { ( hh^† ) 21}^2 ] + 3 M_2 M_3 Im [ { ( hh^† ) 23}^2 ] ] (16) or, since the first term is negligible for hierarchical Dirac neutrino masses

ϵ_2 ≃ − 3 8π M_2 M_3 Im [ { ( hh^† ) 23}^2 ] (hh^†)_{22}

. (17)

We can also write this as Eq. (11) with permuted indices and recover Eq. (12) with M_1 replaced by M_2 (see [24], section 2.1). This indicates that ϵ_2 can easily attain values ≳ ϵ_1, so that the dominant contribution to the lepton asymmetry is from N_2. Qualitatively, Eq. (12) shows that lepton asymmetry sufficient to meet the observational constraint |n_L/s| ≃ 2.4 × 10^{−10} can be generated with reasonable values for the phases.

We conclude this section by summarizing the various constraints on κ and the symmetry breaking scale M. As noted in the previous section, for large κ (or M) the SUGRA contribution gives rise to n_s values that exceed unity by an amount that is not favored by the data on smaller scales (n_s ≤ 1 at k = 0.05 Mpc^{−1} [9]). This provides an upper bound on κ and M for the shifted and smooth hybrid inflation models [14]. For SUSY hybrid inflation with the renormalizable potential Eq. (1), the gravitino constraint (Eq. (5)) provides a more stringent upper bound.

For small values of κ, the SUGRA correction and the soft SUSY breaking (mass)^2 term become important. We find by numerical calculation that the primordial density perturbations are too small for κ ≲ 10^{−6} for SUSY hybrid inflation and κ ≲ 10^{−7} for the shifted model. Sufficient leptogenesis requires Eqs. (13, 15), and these are satisfied for the range allowed by the constraints above (except for smooth hybrid inflation, for which Eq. (13) provides a lower bound for M). The allowed ranges of κ and M are shown in Fig. 1.^4

4 Leptogenesis and Atmospheric Neutrino Oscillations

Two-family numerical calculations for SUSY hybrid inflation models discussed here have been carried out previously in refs. [27, 22, 12, 28]. Here we update and extend these calculations using recent measurements of neutrino oscillation parameters.

A comment is in order whether two-family calculations are physically relevant. We consider the case where the χ → N_2 N_2 branch is dominant, and Eq. (17) approx-

4To be specific we assumed that the SUSY breaking induces a mass of 1 TeV for S, a mass of 10 TeV would increase the relevant lower bounds by a factor of ≃ 1.5.

imates the lepton asymmetry in terms of two families only. Since the Dirac masses are assumed to be hierarchical, the μτ block is dominant. Furthermore, the gauge symmetries suggest a Dirac mixing matrix close to the CKM matrix V_{CKM}, which is close to the unit matrix especially in the μτ sector. Under these conditions the neutrino mixing matrix U_{MNS} is approximately obtained by rotating the charged lepton and neutral Dirac sectors only in the μτ sector with respect to the weak basis and diagonalizing the resulting light neutrino mass matrix [27].

Note that the mixing angle obtained this way can only be identified with the atmospheric neutrino mixing angle if the mixing angles θ_{13} and θ_{12} are both small. While the solar mixing angle at weak scale is not small [29], its RG evolution can lead to a small angle at the reheat temperature [30]. This occurs for a wide range of CP phases for large tan β (≃ m_t/m_b ∼ 50 for G ⊃ SU(4)_c) and degenerate neutrino masses of ≃ 0.1 eV [31]. For hierarchical neutrino masses radiative effects on the mixing are in general small [32, 33]. The solar mixing in this case could be accounted for by non-diagonal Majorana masses of ∼ 10^{−3} eV that can arise from higher dimensional operators [34].

Thus, we can ignore the first family only if we consider the special case of a small solar mixing angle at large energy scales. For this special case the lepton asymmetry and the atmospheric neutrino mixing angle can be calculated without assuming any particular ansatz for the Dirac and Majorana mass matrices.

The lepton asymmetry in this case is given by [27] n_L s = 9 T_R 16π m_χ M_2 M_3 c^2s^2 sin 2δ (m^D_3^2 − m^D_2^2)^2 ⟨H_u ⟩(m^D_2^2 s^2 + m^D_3^2 c^2)

. (18)

Here ⟨H_u⟩ = 174 sin β GeV (≈ 174 GeV for large tan β), where β = ⟨H_u⟩/⟨H_d ⟩. m^D_{2,3} are the Dirac masses of the neutrinos (in a basis where they are diagonal and positive) and c = cos θ, s = sin θ, with θ and δ being the rotation angle and phase which diagonalize the right handed Majorana mass matrix.

The light neutrino mass matrix is given by the seesaw formula: m_ν ≈ −m̃^D 1 M_νc m^D, (19)

where m^D is the Dirac neutrino mass matrix and M_νc the right handed Majorana mass matrix. The atmospheric neutrino mixing angle θ_{23} lies [27] in the range

| φ − θ^D| ≤ θ_{23} ≤ φ + θ^D, for φ + θ^D ≤ π/2 , (20) where φ is the rotation angle which diagonalizes the light neutrino mass matrix in the basis where the Dirac mass matrix is diagonal and θ^D is the Dirac mixing angle.

In our analysis we will assume θ^D ≈ 0 and so take φ = θ_{23}. (From SU(4)_c symmetry, θ^D ≃ |V_{cb}| ≃ 0.03 [35].) We take m^D_3 compatible with G, i.e. m^D_3 = m_τ × tan β for G_{LR}, and m^D_3 = m_t for SO(10) or G_{P S} . These relations hold at M_{GUT}, while the relevant values of the parameters are those at the leptogenesis scale. We estimate the Dirac masses by using the above relations as approximations, with the values for the quark and lepton masses at T_r = 10^9 GeV given in [36].

The light neutrino masses are assumed to be either hierarchical with m_{ν2} = 8.5 × 10^{−3} eV and m_{ν3} = 0.06 eV [29, 37, 38], or degenerate with m_{ν2} = 0.104 eV and m_{ν3} = 0.122 eV. Note that the RG evolution of the masses is particularly important for the degenerate case. The latter values are calculated with tan β = 50 [31].

Using these Dirac and light neutrino masses, we have numerically calculated the range of κ, the symmetry breaking scale M and the reheat temperature T_r consistent with the observed baryon asymmetry n_B /s ≃ 8.7 × 10^{−11} [9] and the near maximal atmospheric mixing sin^2 2θ_{23} ≳ 0.95 [39, 37, 38].^5 For the allowed range of κ we also required that M_2 ≤ m_χ/2 < M_3 and γ_3 ≤ 1 where M_3 = 2γ_3M^2/m_P (2γ_3M^2/M_S for shifted and smooth hybrid inflation). The results are summarized below.

1. SUSY hybrid inflation with G_{LR} ≡ SU(3)_c × SU(2)_L × SU(2)_R × U(1)_{B−L} a. Hierarchical neutrinos: The charged lepton masses at 10^9 GeV are m_μ = 86 MeV and m_τ = 1.47 GeV. We set, as an approximation, m^D_i = m_i × tan β with tan β = 10. We obtain solutions for κ ∼ 10^{−3.5} with T_r ≃ 10^9 GeV, M_2 ≃ 10^{10.5} GeV and M_3 ≃ 10^{13} GeV (Fig. 2).

b. Degenerate neutrinos: With tan β = 50, solutions are obtained for κ ∼ 10^{−3} with T_r ≃ 10^{10.5} GeV, M_2 ≃ 10^{12} GeV and M_3 ≃ 10^{13} GeV (Fig. 3). 2. SUSY hybrid inflation with G = SO(10) a. Hierarchical neutrinos: We set, as an approximation, m^D_i = m^q_i where m^q_i are the quark masses at 10^9 GeV (m_c = 0.427 GeV and m_t = 149 GeV). We find that there are no solutions consistent with near maximal atmospheric mixing.

5For details of the calculation, we refer the reader to refs. [27, 22]. Note that in ref. [27], the small angle MSW solution for m_2 was assumed and the atmospheric mixing angle was found to be small for a particular value of κ. Our results are different but not contradictory, since they hold for different values of m_2 and κ. Also, instead of fixing the heavy Majorana masses and calculating the Dirac masses, we have fixed the Dirac masses and calculated the heavy Majorana masses.

b. Degenerate neutrinos: Solutions are obtained for κ ∼ 10^{−4} with T_r ≃ 10^9 GeV, M_2 ≃ 10^{11} GeV and M_3 ≃ 10^{13} GeV (Fig. 4).

3. Shifted hybrid inflation with G_{P S} ≡ SU(4)_c × SU(2)_L × SU(2)_R a. Hierarchical neutrinos: As in case 2a, there are no solutions with m^D_i = m^q_i , although solutions are obtained with higher values of m^D_2 . As a numerical example, m^D_2 = 2 GeV allows solutions (with the coefficient of the non-renormalizable coupling β = 0.5) for κ ∼ 10^{−2.5}, with the symmetry breaking scale M ∼ M_{GU T} and T_r ∼ 10^{9.5} GeV (Fig. 5).

b. Degenerate neutrinos: Solutions for κ ∼ 10^{−3} and T_r ∼ 10^9 GeV are obtained with m^D_2 = 0.427 GeV and m^D_3 = 149 GeV (Fig. 6). We have taken β = 0.5, for which κ ≥ 3 × 10^{−4} is required for the inflationary trajectory.

4. Smooth hybrid inflation with G_{P S} a. Hierarchical neutrinos: As in case 3a, we take m^D_2 = 2 GeV to allow solutions. The baryogenesis and neutrino mixing constraints can be satisfied with T_r ∼ 10^{10} GeV, and the heavy Majorana masses are M_2 ∼ 10^{11} GeV and M_3 ∼ 10^{15} GeV (Fig. 7). b. Degenerate neutrinos: Taking m^D_2 = 2 GeV to allow solutions, the baryogenesis and neutrino mixing constraints can only be satisfied for a narrow range of masses, with the symmetry breaking scale M ≲ 10^{16} GeV and T_r ≳ 10^{10} GeV.

Note that in our calculations we have assumed M_1 ≫ T_r so that washout effects are negligible. Since M_2/T_r turns out to be in the range 10−100, this assumption conflicts with a strong hierarchy between M_1 and M_2. Eqs. (17) and (18) have to be suitably modified for M_2 ∼ M_1. However, the resulting lepton asymmetry does not change significantly, unless the right handed neutrinos are quasi degenerate ((M_2 − M_1) ≪ M_1). On the other hand, if we drop the assumption M_1 ≫ T_r, the constraints to generate sufficient lepton asymmetry become more stringent [6, 40].

5 Conclusion

We have reviewed non-thermal leptogenesis in SUSY hybrid inflation models. For the simplest SUSY hybrid inflation model, sufficient lepton asymmetry can be generated provided that the dimensionless coupling constant appearing in the superpotential Eq. (1) satisfies 10^{−6} ≲ κ ≲ 10^{−2}. SUGRA correction to the potential is negligible for this range and the power spectrum is essentially scale invariant. For shifted and smooth hybrid inflation, leptogenesis with larger values of the coupling constant and the symmetry breaking scale is also possible.

Constraints from neutrino mixing could further restrict the range of κ that is allowed. We have applied the constraint of maximal (or near maximal) atmospheric mixing, as observed by Super-Kamiokande and K2K, to the case where the inflaton predominantly decays into the next-to-lightest right handed Majorana neutrino. We have numerically shown, for this case, that sufficient lepton asymmetry can still be generated with hierarchical Dirac neutrino masses imposed by the gauge symmetries.

We conclude that SUSY hybrid inflation models can satisfactorily meet the gravitino and baryogenesis constraints, consistent with the observed neutrino (mass)^2 differences and near maximal atmospheric neutrino mixing.

Acknowledgments This work was supported by DOE under contract number DE-FG02-91ER40626. Q. S. thanks George Lazarides for discussions.

References

[1] G. Dvali, Q. Shafi and R. Schaefer, Phys. Rev. Lett. 73 (1994) 1886, hep-ph/9406319.

[2] For a comprehensive review, see G. Lazarides, Lect.Notes Phys. 592 (2002) 351, hep-ph/0111328.

[3] M. Fukugita and T. Yanagida, Phys. Lett. B 174 (1986) 45.

[4] G. Lazarides and Q. Shafi, Phys. Lett. B 258 (1991) 305.

[5] M. Yu. Khlopov and A. D. Linde, Phys. Lett. B 138 (1984) 265;

J. Ellis, J. E. Kim, and D. Nanopoulos, Phys. Lett. B 145 (1984) 181.

[6] W. Buchmuller, P. diBari and M. Plumacher, hep-ph/0302092.

[7] E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart and D. Wands, Phys. Rev. D 49 (1994) 6410.

[8] G. F. Smoot et.al., Astrophys. J. Lett. 396 (1996) L1;

C. L. Bennett et.al., Astrophys. J. Lett. 464 (1996) 1; E. F. Bunn, A. R. Liddle and M. White, Phys. Rev. D 54 (1996) 5917, astro-ph/9607038.

[9] D. N. Spergel et.al., astro-ph/0302209; H. V. Peiris et.al., astro-ph/0302225. [10] J. C. Pati and A. Salam, Phys. Rev. D 10 (1974) 275. [11] G. Lazarides, M. Magg and Q. Shafi, Phys. Lett. B 97 (1980) 87. [12] R. Jeannerot, S. Khalil, G. Lazarides and Q. Shafi, JHEP 10 (2000) 12, hep-ph/0002151.

[13] G. Lazarides and C. Panagiotakopoulos, Phys. Rev. D 52 (1995) 559, hep-ph/9506325;

G. Lazarides, C. Panagiotakopoulos and N. D. Vlachos, Phys. Rev. D 54 (1996) 1369, hep-ph/9606297;

R. Jeannerot, S. Khalil and G. Lazarides, Phys. Lett. B 506 (2001) 344, hep-ph/0103229.

[14] V. N. Senoguz and Q. Shafi, Phys. Lett. B 567 (2003) 79, hep-ph/0305089. [15] U. Seljak, P. McDonald and A. Makarov, astro-ph/0302571. [16] C. Panagiotakopoulos, Phys. Lett. B 402 (1997) 257, hep-ph/9703443. [17] G. Lazarides and N. Tetradis, Phys. Rev. D 58 (1998) 123502, hep-ph/9802242. [18] T. Asaka, K. Hamaguchi, M. Kawasaki and T. Yanagida, Phys. Rev. D 61 (2000) 083512, hep-ph/9907559.

[19] A. Linde and A. Riotto, Phys. Rev. D 56 (1997) 1841, hep-ph/9703209. [20] B. Kyae and Q. Shafi, astro-ph/0302504.

[21] G. Lazarides, R. K. Schaefer and Q. Shafi, Phys. Rev. D 56 (1997) 1324, hep-ph/9608256.

[22] G. Lazarides and N. D. Vlachos, Phys. Lett. B 459 (1999) 482, hep-ph/9903511. [23] M. Fukugita and T. Yanagida, Phys. Rev. D 42 (1990) 1285;

L. E. Ibanez and F. Quevedo, Phys. Lett. B 283 (1992) 261, hep-ph/9204205. [24] K. Hamaguchi, hep-ph/0212305.

[25] E. Kolb and M. Turner, The Early Universe (Addison-Wesley, 1990). [26] S. Y. Khlebnikov and M. E. Shaposhnikov, Nucl. Phys. B 308 (1988) 885;

J. A. Harvey and M. S. Turner, Phys. Rev. D 42 (1990) 3344. [27] G. Lazarides, Q. Shafi, and N. D. Vlachos, Phys. Lett B 427 (1998) 53, hep-ph/9706385.

[28] The third reference in [13].

[29] S. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Lett. B 539 (2002) 179, hep-ex/0205075.

[30] K. S. Babu, C. N. Leung and J. Pantaleone, Phys. Lett. B 319 (1993) 191, hep-ph/9309223.

[31] S. Antusch, J. Kersten, M. Lindner and M. Ratz, hep-ph/0305273. [32] J. A. Casas, J. R. Espinosa, A. Ibarra and I. Navarro, Nucl. Phys. B 573 (2000) 652, hep-ph/9910420.

[33] M. Frigerio and A. Y. Smirnov, JHEP 0302 (2003) 004, hep-ph/0212263. [34] J. C. Pati, hep-ph/0204240.

[35] G. Lazarides and Q. Shafi, Nucl. Phys. B 350 (1991) 179. [36] H. Fusaoka and Y. Koide, Phys. Rev. D 57 (1998) 3986, hep-ph/9712201. [37] M. H. Ahn et al. [K2K Collaboration], Phys. Rev. Lett. 90 (2003) 041801, hep-ex/0212007.

[38] G. L. Fogli, E. Lisi, A. Marrone and D. Montanino, Phys. Rev. D 67 (2003) 093006, hep-ph/0303064.

[39] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81 (1998) 1562, hep-ex/9807003.

[40] E. K. Akhmedov, M. Frigerio and A. Y. Smirnov, JHEP 0309 (2003) 021, hep-ph/0305322.

Figure 1: The allowed range of the dimensionless superpotential coupling κ (left) and the symmetry breaking scale M (right) for SUSY hybrid inflation with G_{LR} (dash-dotted line), SUSY hybrid inflation with SO(10) (dotted line), shifted hybrid inflation (solid line) and smooth hybrid inflation (dashed line).

κ Figure 2: From bottom to top, T_r, M_2 (dashed lines), m_χ/2, M_3 (dotted lines) and M as functions of κ, for SUSY hybrid inflation with G_{LR} and hierarchical left handed Majorana neutrinos. The regions for T_r, M_2 and M_3 are bound by the baryon asymmetry and near maximal atmospheric mixing (sin^2 2θ_{23} ≥ 0.95) constraints.

κ Figure 3: Same as Fig. 2, for degenerate left handed Majorana neutrinos. Note that the allowed regions for M_2 and M_3 are also constrained by M_2 ≤ M_χ/2 < M_3.

κ Figure 4: Same as Fig. 2, for SUSY hybrid inflation with G = SO(10) and degenerate left handed Majorana neutrinos.

κ Figure 5: Same as Fig. 2, for shifted hybrid inflation with G = G_{P S} and hierarchical left handed Majorana neutrinos.

κ Figure 6: Same as Fig. 2, for shifted hybrid inflation with G = G_{P S} and degenerate left handed Majorana neutrinos. Note that M_3 is bound below by m_χ/2, and κ > 3 × 10^{−4} is required for the inflationary trajectory for β = 0.5.

Figure 7: From bottom to top, T_r, M_2 (dashed lines), m_χ/2, and M_3 (dotted lines) as functions of the symmetry breaking scale M = (μM_S )^{1/2}, for smooth hybrid inflation with G_{P S} and hierarchical left handed Majorana neutrinos.