arXiv:hep-ph/0411298 v3 29 Apr 2005

Sneutrino Hybrid Inflation in Supergravity

Stefan Antusch,^1 Mar Bastero-Gil,^2 Steve F. King,^1 and Qaisar Shafi^3 1School of Physics and Astonomy, University of Southampton, Southampton, SO17 1BJ, United Kingdom 2 Departamento de Fisica Teorica y del Cosmos and Centro Andaluz de Fisica de Particulas Elementales (CAFPE), Universidad de Granada, E-19071 Granada, Spain 3Bartol Research Institute, University of Delaware, Newark, DE 19716, USA

We propose a hybrid inflation scenario in which the singlet sneutrino, the superpartner of the right-handed neutrino, plays the role of the inflaton. We study a minimal model of sneutrino hybrid inflation in supergravity, where we find a spectral index ns ≈ 1 + 2γ with |γ| ≲ 0.02, and predict a running spectral index |dns/d ln k| ≪ |γ| and a tensor-to-scalar ratio r ≪ γ^2 for field values well below the Planck scale. In our scenario, the baryon asymmetry of our universe can be explained via non-thermal leptogenesis and a low reheat temperature TRH ≈ 10^6 GeV can be realized.

Introduction — Although inflation has become a widely accepted paradigm for solving the flatness and horizon problems of the early universe, the relation of inflation to particle physics remains unclear. Even though there are many models of inflation, there are not so many particle physics candidates for the scalar field responsible for inflation, the so called inflaton field [1]. The main reason for this is that the inflaton is required to satisfy slowroll conditions which are in general difficult to reconcile with the known couplings of particle physics candidates. The experimental discovery of neutrino mass and mixing, when combined with the ideas of the see-saw mechanism [2] and supersymmetry [3], gives a new perspective on this problem. In order to generate the observed neutrino masses within a see-saw extended version of the minimal supersymmetric standard model (MSSM), righthanded neutrinos are typically introduced and small neutrino masses arise naturally from the see-saw mechanism. Among the particles of this extended MSSM, the singlet sneutrinos, the superpartners of the right-handed neutrinos, become attractive candidates, in fact the only candidates, for playing the role of the inflaton. Motivated by such considerations, the possibility of chaotic (large field) inflation with a sneutrino inflaton [4] has recently been revisited [5]. An alternative to chaotic inflation is hybrid inflation [6], which, in contrast to chaotic inflation, involves field values well below the Planck scale. Hybrid inflation is thereby promising for connecting inflation to particle physics [7].

In this Letter we suggest that one (or more) of the singlet sneutrinos Ñ_i, where i = 1, 2, 3 is a family index, could be the inflaton of hybrid inflation. We present a minimal model of sneutrino hybrid inflation in supergravity, and find the spectral index n_s ≈ 1 + 2γ with |γ| ≲ 0.02, |dn_s/d ln k| ≪ |γ| and the tensor-to-scalar ratio r ≪ γ^2. We shall furthermore show how the baryon asymmetry of our universe can be explained via nonthermal leptogenesis [8, 9]. A low reheat temperature T_{RH} ≈ 10^6 GeV, consistent with the gravitino constraints in some supergravity theories [10], can be realized with values of the neutrino Yukawa couplings consistent with first family quark and lepton Yukawa couplings in Grand Unified Theories (GUTs).

The Model — Consider the superpotential [11] W = κŜ ( ϕ̂4 M^{′2} − M^2 ) + (λ_N )_{ij} M_∗ N̂_iN̂_j ϕ̂ϕ̂ + . . . , (1)

where κ and (λ_N )_{ij} are dimensionless Yukawa couplings and M, M^′ and M_∗ are three independent mass scales. The superfields N̂_i, ϕ̂ and Ŝ contain the following bosonic components, respectively: the singlet sneutrino inflaton Ñ [14], which is non-zero during inflation; the so-called waterfall field ϕ, which is held at zero during inflation but which develops a non-zero vacuum expectation value (vev) after inflation; and the singlet field S which is held at zero during and after inflation [15]. The form of W in Eq. (1) can be understood as follows. The first term on the right-hand side serves to fix the vev of the waterfall field after inflation and contributes a large vacuum energy to the potential during inflation. We have chosen the waterfall superfield to appear in this term as ϕ̂^4/M^{′2} instead of ϕ̂^2 in order to allow a Z_4 discrete symmetry to prevent explicit singlet (s)neutrino masses [17]. W is also compatible with a U (1)_R-symmetry under which W and Ŝ each carry unit R-charge, while the charge of N̂ is 1/2. Under suitable conditions the discrete subgroup of this symmetry acts as matter parity [16]. The second term on the right-hand side of Eq. (1) allows the sneutrino inflaton to give a positive mass squared for the waterfall field during inflation, which fixes its vev at zero as long as |Ñ| is above a critical value. After inflation, when the waterfall field acquires its non-zero vev, the same term yields the masses of the singlet (s)neutrinos.

With non-zero F-terms during inflation, the Kähler potential can contribute significantly to the scalar potential. Since the field values of the inflaton are well below the reduced Planck scale m_P = 1/ √ 8πG_N, we can consider an expansion in powers of 1/m^2_P [18]:

K = |Ŝ|^2+ |ϕ̂|^2+ |N̂|^2 + κ_S |Ŝ|^4 4m^2_P + κ_N |N̂|^4 4m^2_P + κ_ϕ |ϕ̂|^4 4m^2_P + κ_{Sϕ} |Ŝ|^2|ϕ̂|^2 m^2_P + κ_{SN} |Ŝ|^2|N̂ |^2 m^2_P + κ_{Nϕ} |N̂ |^2|ϕ̂|^2 m^2_P + . . . ,(2) where the dots indicate higher order terms and additional terms for the other fields in the theory. With a non-canonical Kähler potential as above, the field S acquires a large mass which holds it at zero during inflation. We will neglect radiative corrections to the potential in the following, which are generically subdominant in our model.

The Potential — We now analyze the scalar potential for the model defined by the superpotential W of Eq. (1) and the Kähler potential K of Eq. (2). The F-term contributions to the scalar potential are given by:

V_F = e^{K/m2P} [ K^{−1}_{ij} D_{zi} WD_z∗_j W^∗ − 3m^{−2}_P |W|^2 ] , (3)

with z_i being the bosonic components of the superfields ẑ_i ∈ {N̂, ϕ̂, Ŝ, . . . } [20] and where we have defined D_{zi} W := ∂W ∂z_i + m^{−2}_P ∂K ∂z_i W , K_{ij} := ∂^2K ∂z_i∂z^∗_j (4) and D_z∗_j W^∗ := (D_{zj} W)^∗. Since we assume that Ñ , ϕ and S are effective gauge singlets at the energy scales under consideration, there are no relevant D-term contributions. From Eqs. (1) and (2), with canonically normalized fields, we obtain the potential

V = κ^2 ( |ϕ|^4 M^{′2} − M^2

)_2 ( 1 + (1 − κ_{Sϕ}) |ϕ|^2 m^2_P + + (1 − κ_{SN} ) |Ñ |^2 m^2_P − κ_S |S|^2 m^2_P )

+ 4λ^2_N M^2_∗

(|Ñ |^4|ϕ|^2 + |Ñ |^2|ϕ|^4) + . . . , (5)

where we have shown only the leading order terms and the terms essential for our analysis.

Sneutrino Hybrid Inflation — Writing the potential of Eq. (5) in terms of real fields Ñ_R = √ 2|Ñ|, ϕ_R = √ 2|ϕ| and S_R = √ 2|S|, we obtain

V = κ^2 ( ϕ^4_R 4M^{′2}

− M^2

)_2 ( 1 − β ϕ^2_R 2m^2_P + γ Ñ^2_R 2m^2_P − κ_S S^2_R 2m^2_P ) + λ^2_N 2M^2_∗

(Ñ^4_Rϕ^2_R + Ñ^2_Rϕ^4_R) + . . . , (6)

where we have defined

β := κ_{Sϕ} − 1 (> 0 for inflation to end) , (7) γ := 1 − κ_{SN} . (8)

During inflation, the waterfall field ϕ_R has a zero vev and the potential is dominated by the vacuum energy V_0 = κ^2M^4. This false vacuum during inflation is stable as long as the mass squared for the waterfall field ϕ_R is positive. From Eq. (6) we obtain the requirement

m^2_{ϕR} = λ^2_N

Ñ 4_R M^2_∗ − β κ^2M^4 m^2_P

> 0 . (9)

Inflation ends when m^2_{ϕR} becomes negative, i.e. ϕ_R develops a tachyonic instability and rolls rapidly to its global minimum at ⟨ϕ_R⟩ = √ 2M^′M . Clearly, this requires β > 0, as already indicated in Eq. (7). More precisely, inflation ends by a second order phase transition when the field value of the inflaton drops below the critical value Ñ_{Rc} given by

Ñ^2_{Rc} = √ β κ λ_N M^2M_∗ m_P

. (10)

From Eq. (6) we see that S_R can be set to zero during inflation if we take e.g. κ_S < −1/3, such that S_R gets a mass term larger than the Hubble parameter H ≈ √ V_0/( √ 3m_P). With ϕ_R = S_R = 0, the part of the scalar potential relevant for the evolution of the singlet sneutrino inflaton Ñ_R during inflation is given by

V = κ^2M^4 ( 1 + γ

Ñ^2_R 2m^2_P + δ Ñ^4_R 4m^4_P ) + . . . , (11)

where we have included the next-to-leading order term proportional to δ =^1_2 +κ^2_{SN} −κ_{SN} κ_N +^5_4 κ_N + . . . . The parameter γ in the scalar potential controls the mass of the inflaton. Furthermore, compared to the term proportional to γ, the term proportional to δ is suppressed by Ñ 2_R/m2_P and will be neglected. The slow-roll parameters are given by

ϵ := m^2_P 2 ( V^′ V )_2 ≃ (δÑ^3_R + m^2_PγÑ_R)^2 2m^6_P ≈ γ^2 Ñ^2_R 2m^2_P

, (12)

η := m^2_P ( V^{′′} V ) ≃ γ + 3 δÑ^2_R m^2_P

≈ γ , (13)

ξ := m^4_P ( V^′ V^{′′′} V^2 ) ≃ 6 δÑ^2_R(γm^2_P + δÑ^2_R) m^4_P

, (14)

where prime denotes derivative with respect to N_R. Thus, assuming that the slow-roll approximation is justified (i.e. ϵ ≪ 1, η ≪ 1), the spectral index n_s, the tensorto-scalar ratio r = A_t/A_s and the running spectral index dn_s/d ln k are given by

n_s ≃ 1 − 6ϵ + 2η ≈ 1 + 2γ , (15) r ≃ 16ϵ ≈ γ^2 8 Ñ^2_{Re} m^2_P

, (16)

dn_s d ln k ≃ 16ϵη − 24ϵ^2 − 2ξ ≈ −γ 12δ Ñ^2_{Re} m^2_P

. (17)

In the above formulae, Ñ_{Re} is the field value of the inflaton Ñ_R at N = 50 to 70 e-folds before the end of inflation, given approximately by

Ñ_{Re} ≈ Ñ_{Rc} e^{γN} , (18)

with the critical value Ñ_{Rc} at the end of inflation defined in Eq. (10). The experimental data on the spectral index from WMAP n_s = 0.99 ± 0.04 [21] restricts γ to be roughly |γ| ≲ 0.02. As discussed above, γ controls the sneutrino mass during inflation. In this model it stems mainly from supergravity corrections. Realizing a very small value of γ would require some tuning. In addition, we see that the tensor-to-scalar ratio r = A_t/A_s and the running spectral index dn_s/d ln k are suppressed by higher powers of γ or by Ñ^2_R/m^2_P and are thus generically small. Especially the prediction for the tensor-to-scalar ratio r ≪ γ^2 is thus in sharp contrast to the prediction of r = 0.16 for the case of chaotic sneutrino inflation.

In our model, the amplitude of the primordial spectrum is given by

P^{1/2}_R ≃ 1 √ 2ε ( H 2πm_P ) ≈ κ 2 √ 3 γ π M^2 m_P Ñ_{Re}

. (19)

Given the COBE normalization P^{1/2}_R ≈ 5 × 10^{−5} [22], from Eqs. (10), (19) and (18) we obtain

M^2 M_∗ m_P

≈ 3 × 10^{−8} γ^2 √ β κ λ_N , (20)

which relates the scale M in the superpotential to the cutoff scale M_∗. It has to be combined with the constraint Ñ_{Re} ≪ m_P (see Eqs. (18) and (10)) and with M < M^′, M_∗. Reheating and Non-thermal Leptogenesis — In our scenario, the observed baryon asymmetry can arise via nonthermal leptogenesis [8, 9].

Let us assume the situation that the inflaton is the lightest singlet sneutrino Ñ_1 and that it dominates leptogenesis and reheating after inflation [23]. This is e.g. the case if the waterfall field ϕ decays earlier than the singlet sneutrino inflaton via heavier singlet neutrinos N_2 (or N_3) with comparably large couplings to ϕ. From Eq. (1), using ⟨ϕ⟩ = √ M^′M , we see that its mass is given by M_{R1} = 2(λ_N )_{11}M^′M/M_∗ in the basis where the mass matrix M_R of the singlet (s)neutrinos is diagonal. It decays mainly via the extended MSSM Yukawa coupling (Y_ν )_{i1}L̂_iĤ_uN̂_1 into slepton and Higgs or into lepton and Higgsino with a decay width given by Γ_{N1} = M_{R1}(Y^†_ν Y_ν )_{11}/(4π). The decay of the singlet sneutrino after inflation reheats the universe to a temperature T_{RH} ≈ (90/(228.75π^2))^{1/4} √ Γ_{N1} m_P. If M_{R1} ≫ T_{RH}, the lepton asymmetry is produced via cold decays of the singlet sneutrinos [25]. In this case, the produced baryon asymmetry can be estimated as n_B/n_γ ≈ −1.84 ε T_{RH}/M_{R1}, where ε is the decay asymmetry for the singlet sneutrino decay. Note that ε is bounded by |ε| ≲^3_{8π} √ Δm^2_{31}M_{R1}/v^2_u [26] for the case of hierarchical singlet (s)neutrinos and light neutrinos. Δm^2_{31} ≈ 2.6 × 10^{−3} eV^2 is the atmospheric neutrino mass squared difference and v_u = ⟨H_u⟩. The bound on ε implies |n_B/n_γ | ≲ 1.84 √ Δm^2_{31}T_{RH} 3/(8πv^2_u), and hence T_{RH} ≳ 10^6 GeV for the observed baryon-to-photon ratio n_B/n_γ = (6.5^{+0.4}_{−0.8}) × 10^{−10} [21].

To take a concrete example of the above discussion, neutrino Yukawa couplings (Y_ν )_{i1} ≈ 10^{−6} and a sneutrino mass of M_{R1} = 10^8 GeV imply a reheat temperature T_{RH} ≈ 10^6 GeV, compatible with the gravitino constraints (see e.g. [10]) in some supergravity theories, saturating the lower bound on T_{RH} [27]. In this example the lightest singlet neutrino is effectively decoupled from the see-saw mechanism as in sequential dominance [29]. Using M_{R1} = 2(λ_N )_{11}M^′M/M_∗ and Eq. (20), taking γ = β = 10^{−2} yields κ = 10^{−2}M^′/M . In addition, Ñ_{Re} ≪ m_P is satisfied for M M^′/m^2_P ≪ 10^{−4} (using Eqs. (18) and (10)). We see that this can be achieved easily with M ≈ 0.1M^′ and both scales somewhat below the GUT scale. M_∗ is not constrained directly and can for example be around 10^{17} GeV. With M ≈ 10^{15} GeV and M^′ ≈ 10^{16} GeV we obtain for instance Ñ_{Re} ≈ 10^{16} GeV, well below the Planck Scale. For (λ_N )_{33} = O(1), the heaviest singlet (s)neutrino has a mass M_{R3} ≈ 10^{14} GeV in this case.

Summary and Conclusions — We have proposed a hybrid inflation scenario in which one (or more) of the singlet sneutrinos, the superpartners of the right-handed neutrinos, play the role of the inflaton. Sneutrinos are present in any extension of the MSSM where the smallness of the observed neutrino masses is explained via the see-saw mechanism. In a minimal model of sneutrino hybrid inflation in supergravity we have shown how the baryon asymmetry of our universe can be explained via non-thermal leptogenesis after inflation. For achieving a low reheat temperature, the Yukawa couplings can have values consistent with first family quark and lepton Yukawa couplings in GUT models. For example, the inflaton can be the lightest singlet sneutrino with a mass around 10^8 GeV and can have Yukawa couplings ≈ 10^{−6} in order to realize a reheat temperature T_{RH} ≈ 10^6 GeV, consistent with the gravitino constraints in some supergravity theories. In contrast to chaotic inflation, the field values of the singlet sneutrino inflaton in hybrid inflation are well below the Planck scale, so that the supergravity corrections can be carefully monitored. In the minimal model considered here these corrections play an essential role. We have found the spectral index n_s ≈ 1 + 2γ with |γ| ≲ 0.02 and a running spectral index |dn_s/d ln k| ≪ |γ|. Furthermore, sneutrino hybrid inflation predicts a small tensor-to-scalar ratio r ≪ γ^2, much smaller than the prediction r ≈ 0.16 of chaotic sneutrino inflation. This makes sneutrino hybrid inflation easily distinguishable from chaotic sneutrino inflation.

Acknowledgements

We would like to thank Nefer Senoguz and Mark Hindmarsh for very helpful discussions. We acknowledge support from the PPARC grant PPA/G/O/2002/00468 and from DOE under contract DE-FG02-91ER40626.

[1] A. H. Guth, Phys. Rev. D23 (1981), 347–356; A. D.

Linde, Phys. Lett. B108 (1982), 389–393; A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48 (1982), 1220– 1223; for a review cointaining an extensive list of references, see e.g.: D. H. Lyth and A. Riotto, Phys. Rept. 314 (1999) 1.

[2] for a review, see e.g.: S. F. King, Rept. Prog. Phys. 67 (2004) 107.

[3] for a review, see e.g.: D. J. H. Chung, L. L. Everett, G. L. Kane, S. F. King, J. Lykken and L. T. Wang, Phys. Rept. 407 (2005) 1.

[4] H. Murayama, H. Suzuki, T. Yanagida, and J. Yokoyama, Phys. Rev. Lett. 70 (1993), 1912–1915.

[5] J. R. Ellis, M. Raidal, and T. Yanagida, Phys. Lett.

B581 (2004), 9–18.

[6] A. D. Linde, Phys. Lett. B 249 (1990) 18; A. D. Linde, Phys. Lett. B 259 (1991) 38; A. D. Linde, Phys. Rev. D 49 (1994) 748; E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart and D. Wands, Phys. Rev. D 49 (1994) 6410; D. H. Lyth, hep-ph/9609431; A. D. Linde and A. Riotto, Phys. Rev. D 56, R1841 (1997).

[7] G. R. Dvali, Q. Shafi and R. K. Schaefer, Phys. Rev. Lett.

73 (1994) 1886; R. Jeannerot, S. Khalil, G. Lazarides and Q. Shafi, JHEP 0010 (2000) 012; R. Jeannerot, S. Khalil and G. Lazarides, Phys. Lett. B 506 (2001) 344; V. N. Senoguz and Q. Shafi, Phys. Lett. B 567 (2003) 79. [8] M. Fukugita and T. Yanagida, Phys. Lett. 174B (1986), 45. [9] for non-thermal leptogenesis, see e.g.: G. Lazarides and Q. Shafi, Phys. Lett. B 258 (1991) 305; H. Murayama and T. Yanagida, Phys. Lett. B322 (1994), 349–354; K. Hamaguchi, H. Murayama, and T. Yanagida, Phys. Rev. D65 (2002), 043512; T. Moroi and H. Murayama, Phys. Lett. B553 (2003), 126–134.

[10] M. Y. Khlopov and A. D. Linde, Phys. Lett. B138 (1984), 265–268; J. R. Ellis, J. E. Kim, and D. V. Nanopoulos, Phys. Lett. B145 (1984), 181; J. R. Ellis, D. V. Nanopoulos, and S. Sarkar, Nucl. Phys. B259 (1985), 175; T. Moroi, H. Murayama, and M. Yamaguchi, Phys. Lett. B303 (1993), 289–294; M. Kawasaki, K. Kohri, and T. Moroi, astro-ph/0402490.

[11] We may alternatively consider a superpotential of the form [12]: W_ϕ¯_ϕ = κŜ(ϕ̂^n ^̄ϕ^n/M^{′ 2n−2} −M^2), with n > 1, where ϕ, ϕ̄ can now transform non-trivially under a continuous symmetry group, e.g. under a global B-L symmetry. The choice n = 1 would typically not allow positive square masses for both waterfall fields during inflation. The choice n > 1 also allows “smooth” hybrid inflation driven by the S field [13].

[12] see e.g.: V. N. Senoguz and Q. Shafi, Phys. Lett. B 596 (2004) 8.

[13] G. Lazarides and C. Panagiotakopoulos, Phys. Rev. D 52 (1995) R559; R. Jeannerot, S. Khalil and G. Lazarides, Phys. Lett. B 506 (2001) 344.

[14] Henceforth we will consider one of the singlet sneutrinos as the inflaton for simplicity and drop family indices.

[15] More precisely S acquires a vev of order the soft masses after inflation and can be used to generate an effective μterm by adding a coupling ŜĤuĤd to the superpotential, where Ĥu and Ĥd contain the Higgs doublets coupling to the up-type quarks and down-type quarks [16].

[16] G. R. Dvali, G. Lazarides and Q. Shafi, Phys. Lett. B 424 (1998) 259; S. F. King and Q. Shafi, Phys. Lett. B422 (1998), 135–140.

[17] The dots in Eq. (1) include Z4 -violating higherdimensional operators such as, e.g., Ŝϕ̂^5/M^{′3} (or even Ŝϕ̂^5/m^3_P) which lift the degeneracy of the true vacuum and effectively blow away potential domain wall networks associated with Z4-breaking after inflation.

[18] Supergravity corrections to the inflaton mass can easily be of the order of the Hubble parameter, inducing η = O(1). In our example, we are going to solve this “ηproblem” by explicit tuning. An alternative route could be an effective no-scale supergravity theory leading to zero soft scalar masses at high energy (see e.g. [19]).

[19] see e.g. M. K. Gaillard, H. Murayama, and K. A. Olive, Phys. Lett. B355 (1995), 71–77.

[20] We have replaced the superfields in W and K by their bosonic components [3].

[21] D. N. Spergel et al., Astrophys. J. Suppl. 148 (2003), 175.

[22] G. F. Smoot et al., Astrophys. J. 396 (1992) L1;

C. L. Bennett et al., Astrophys. J. 464 (1996) L1. [23] In general, after the second order phase transition ending inflation both involved fields, the waterfall field ϕ and the sneutrino inflaton Ñ, oscillate and can be relevant for leptogenesis and reheating. The sneutrino dominates leptogenesis and reheating if it decays later than ϕ. Leptogenesis and reheating via the decay of ϕ have been discussed e.g. in [24].

[24] G. Lazarides, R. K. Schaefer and Q. Shafi, Phys. Rev. D 56, 1324 (1997); V. N. Senoguz and Q. Shafi, Phys. Lett. B582 (2004), 6–14.

[25] Leptogenesis via sneutrino decay has been discussed first in: B. A. Campbell, S. Davidson and K. A. Olive, Nucl. Phys. B 399 (1993) 111;

[26] K. Hamaguchi, H. Murayama, and T. Yanagida, Phys.

Rev. D65 (2002), 043512; S. Davidson and A. Ibarra, Phys. Lett. B535 (2002), 25–32;

[27] For TRH ≈ 10^6 GeV, successful leptogenesis requires the upper bound on ε to be saturated. For quasi-degenerate light neutrinos via an additional mass term from a triplet see-saw, TRH ≈ 10^5 GeV is possible since the bound on the decay asymmetry is relaxed [28].

[28] S. Antusch and S. F. King, Phys. Lett. B597 (2004), 199–207;

[29] S. F. King, Phys. Lett. B 439 (1998) 350; S. F. King, Nucl. Phys. B 562 (1999) 57; S. F. King, Nucl. Phys. B 576 (2000) 85; for a review, see: S. Antusch and S. F. King, New J. Phys. 6 (2004) 110; consequences for leptogenesis are discussed in: M. Hirsch and S. F. King, Phys. Rev. D 64 (2001) 113005; and for lepton flavour violation in: T. Blazek and S. F. King, Nucl. Phys. B 662 (2003) 359.