arXiv:hep-ph/0608315 v2 19 Oct 2006

Constraints on Hybrid Inflation from Flat Directions in Supersymmetry

Fuqiang Xu^1, Jin Min Yang^{2,1}

1 Institute of Theoretical Physics, Academia Sinica, Beijing 100080, China

2 CCAST (World Laboratory), P.O.Box 8730, Beijing 100080, China

We examine the constraints on F-term hybrid inflation by considering the flat directions in the Minimal Supersymmetric Standard Model (MSSM). We find that some coupling terms between the flat direction fields and the field which dominates the energy density during inflation are quite dangerous and can cause the no-exit of hybrid inflation even if their coupling strength is suppressed by Planck scale. Such couplings must be forbidden by imposing some symmetry for a successful F-term hybrid inflation. At the same time, we find that in the D-term inflation these couplings can be avoided naturally. Further, given the tachyonic preheating, we discuss the feasibility of Affleck-Dine baryogenesis after the F-term and D-term inflations.

Introduction: Hybrid inflation is now the standard paradigm of inflation and has proved very fruitful since it was introduced [1]. In the models of hybrid inflation, most of the energy density is provided by an auxiliary field σ instead of the slowly rolling inflaton field Φ. When σ falls below a critical value σ_c, the inflation ends, which gives a natural exit of inflation. But when a particle physics model is tried for hybrid inflation, e.g., F-term hybrid inflation, there always exist a mass term of inflaton which can be of the same order as the Hubble scale and destroy the slow-rolling condition (the so-called η problem). So far various approaches have been proposed to avoid this η problem [2].

The flat directions, abundant in the MSSM, have many distinctive features and may thus play an important role in the early universe. Such flat directions are protected from perturbative quantum corrections and only lifted by the soft breaking terms which are insignificant in the early universe. During the inflation these flat directions can get large vacuum expectation values (vev) which naturally make an initial condition for many phenomena. From the potential of a flat direction φ during inflation [11]

V (φ) = (m^2_0 + c_H H^2_I )|φ|^2 + AλH_I φ^ne^{inθφ} + h.c. nM^{n−3} +λ^2 |φ|^{2(n−1)} M^{2(n−3)}

, (1)

we get the large vevs φ_0 ∼ (H_I M^{n−3}/λ)^{1/n−2}. (2)

Here n is an integer (≥ 4), H_I is the Hubble parameter during inflation, m_0 is the soft mass term, c_H (< 0) and A are constants of O(1), and M is usually the Planck scale 1. Note that the large vevs of the flat directions can also cause some problems in various inflation models [3,4], especially they can kinematically block the resonance preheating in chaotic inflation due to the invalidation of the non-adiabaticity condition [5].

As noticed in [5], the large vevs of the flat directions can also cause no exit of hybrid inflation. In this work we will scrutinize this problem and find that such a problem can be caused by some coupling terms between the flat direction fields and the field which dominates the energy density during inflation. Such couplings must be forbidden by imposing some symmetry for a successful F-term hybrid inflation. Then we point out that in the D-term inflation these couplings can be avoided naturally and thus the problem of no-exit of hybrid inflation does not exist, and further the no-preheating problem can also be avoided.

We will also discuss the feasibility of Affleck-Dine baryogenesis for both F-term and D-term inflations, given the tachyonic preheating. It is well known that after chaotic inflation ends, the process of resonance preheating occur at once [6]. This preheating leads to the large oscillation of the fields which couples with inflaton, and can make the symmetries restored for a moment which can make the baryon number produced after chaotic inflation [7]. Noticing that similar processes may occur during tachyonic preheating [15] after hybrid inflation, we find that it is possible the baryon number produced in these phase is copious due to the large amplitude of inflaton.

Flat directions constraints in F-term hybrid inflation: So far in the literature the couplings of inflaton

1In fact if M is the GUT or smaller scale, the problem of no preheating in chaotic inflation (mentioned below) will be alleviated. The same thing will happen in hybrid inflation considered in our work below. But to be conservative, we consider the worst case where M is taken as the Planck scale.

to matter fields have not been intensively studied and only some toy models have been considered which have no relevance to SM particles [6,16]. In [17] the importance of gauge invariance was first highlighted and recently the strength of the couplings of inflaton to matter fields was studied [5]. In the following we will examine the couplings between the MSSM fields and the auxiliary field dominating the energy density where the gauge symmetry is also important.

In the simplest supersymmetric hybrid inflation model, the superpotential contains the terms

W ⊃ gϕ̂(σ̂^2 − σ^2_0), (3)

where g is a coupling constant, ϕ̂ is the inflaton superfield and σ̂ is the superfield containing the scalar field σ. Large vevs of flat directions can induce a mass λ_1φ_0 for the σ field if we assume the existence of the λ^2_1|φ|^2|σ|^2 interaction with λ_1 being a coupling constant (such a term is assumed to have the same sign as the interaction terms from the superpotential W ). Then if

λ_1φ_0 > √ 2gσ_0, (4)

the mass-square of σ will remain positive even for ⟨ϕ⟩ < ϕ_c (ϕ_c is the critical value at which the hybrid inflation naturally exits), which leads to ⟨σ⟩ = 0 and no tachyonic preheating and no exit from hybrid inflation.

In fact, the above problem always exists in hybrid inflation if λ_1 > √ 2g, which can be seen clearly by replacing H_I = √ V_0/3M^2_P with V_0 = g^2σ^4_0 into Eq.(2). We find that if we ignore the coupling constants in Eq.(1), then we have φ_0 ≥ σ_0, where σ_0 decides the dominant energy density in hybrid inflation even for n = 4.

Then a natural idea for solving this problem is to suppress the dangerous large coupling λ_1 to invalidate Eq.(4). But it is difficult to find out a way in generic hybrid inflation. For example, let us consider the matter fields contained in the MSSM flat directions besides the two scalar fields σ and ϕ in hybrid inflation. With the addition of σ field, the superpotential is obtained by multiplying the σ superfield with the following MSSM gauge invariant terms H_uH_d , H_uL, (5) and H_uQu , H_dLe , H_dLe , QLd , udd , LLe, (6) where H_u and H_d are the two Higgs doublets, L and Q denote respectively a doublet of lepton and quark, and e, u and d denote respectively a singlet of lepton, up-quark and down-quark. Here we drop out the higher order gauge-invariant terms, which are negligible, as shown in our following analysis. We will label a generic MSSM flat direction by φ. Examples of such flat directions are given by LH_u ∼ φ^2 in terms of doublet components L = (φ, 0) and H_u = (0, φ), and by Q_1L_1d_2 ∼ φ^3. Then we obtain interactions like

λ^2_1|φ|^2σ^2 + λ^2|φ|^4σ^2/M^2_P (7)

where λ_i(i = 1, 2) are coupling constants.

Let us consider the renormalizable terms, i.e. σH_uH_d and σH_uL. It is natural to assume their coupling constants to be O(1). On the other hand, we know that these gauge invariant terms correspond to the D-flat directions of the MSSM [8]. These terms σH_uH_d and σH_uL can lead to λ_{1,2} ∼ O(1). Since φ_0 ≥ σ_0 even for n = 4 (Dflat H_uH_d and H_uL directions are lifted by n = 4 nonrenormalizable terms), it is impossible to avoid Eq.(6) unless g ≫ O(1).

Actually, the coupling terms in Eq.(7) with even a small λ_i cannot be neglected because the vevs of the flat directions which are lifted by a large n (n can be as large as 9 [8]) are much larger than σ_0. From some calculations we find that there are two other dangerous flat directions: LLe and udd, which are lifted up by n = 6 non-renormalizable terms.

Some global symmetry^2 like R-symmetry U (1)_R [18] must be imposed to forbid the 4 dangerous terms H_uH_d, H_uL, LLe and udd in Eq.(6). If we use R-symmetry, we must make special assignment for the R-charges of involved superfields, e.g., the R-charge must be zero for σ field as can be seen from Eq.(3).

Now we discuss the feasibility of Affleck-Dine baryogenesis during tachyonic preheating after the F-term hybrid inflation. After the inflation the A-term in the potential in Eq.(1) becomes small as the Hubble parameter H decreases, and there will appear a CP-violating interaction [7] c(ϕ^2/M^{m−2}_P )φ^m + h.c. (8)

During tachyonic preheating, the large oscillation of inflaton ϕ can make the flat directions go to zero and

ϕ^2 ∼ ⟨ϕ^2⟩e^{i2θϕ} . (9)

Through Affleck-Dine mechanism, this process will produce baryon number

n_B ∼ 2|φ_0|^2θ̇_φ. (10)

The initial value of θ_φ is determined by the H_I-dependent A-term in Eq.(1). Such baryon number will be released in the ensuing decay of φ. Because φ_0 is so large, this

2Note that unlike a discrete symmetry [20], such a global symmetry may have a potential problem since it may be violated by quantum gravity effects [19].

baryon number generated during the tachyonic preheating after hybird inflation cannot be neglected. This is quite similar to the case of resonance preheating after chaotic inflation considered in [7].

D-term inflation and its consequence: In the preceding section we have shown that it is not easy to obtain a negative mass-square term due to the large vevs of flat directions, which will lead to no elegant exit of hybrid inflation in the F-term inflation. Here we show that such a problem can be solved naturally in D-term inflation.

D-term inflation can preserve the flat directions of global supersymmetry and, in particular, keep the inflation potential flat provided that one of the contributions to the potential V_D contains a Fayet-Iliopoulos term as in Eq. (12). This was first pointed out in [10] and significantly improved in [9].

Consider a toy model of D-term inflation, whose field content includes a inflaton chiral superfield ϕ̂ and auxiliary superfields σ̂_± with charges ±1 under an anomalous U (1)_X symmetry. From the superpotential

W = cϕ̂σ̂_+σ̂_−, (11)

and the minimal Kahler potential, we obtain the treelevel scalar potential

V = |c|^2(|σ_+σ_−|^2 + |ϕσ_+|^2 + |ϕσ_−|^2) + g^2 2 (|σ_+|^2 − |σ_−|^2 + ξ^2)^2 (12)

Here c is a coupling constant and the Fayet-Iliopoulos term ξ^2 is assumed to be positive. The role of σ field in Eq. (3) is now replaced by the σ_− field in this model.

Now we argue that in the D-term inflation the no-exit problem happened in generic F-term inflation discussed in the preceding section does not exist. The magnitude of the vevs of the MSSM flat directions are primarily fixed by higher dimension operators in the Kahler potential that couple the flat direction to other fields like △L = ∫ d^4θ(c_1|ϕ̂|^2 + c_2|σ̂_+|^2 + c_3|σ̂_−|^2) φ^+φ M^2

, (13)

where c_i(i = 1, 2, 3) are coupling constants. These induced mass terms for flat direction φ always vanish because ⟨σ_−⟩ = 0 and ⟨σ_+⟩ = 0 during D-term inflation. Here the zero vev of σ_± can be obtained by minimizing the potential of Eq. (12) when ϕ > ϕ_c = gξ/c with ϕ_c being the critical value at which inflation ends. Then the flat directions can only get vev after inflation where U (1)_X is broken and we get ⟨σ_+⟩ = 0, ⟨σ_−⟩ ∼ ξ, ⟨F_{σ+} ⟩ ∼ ξϕ. (14) After the quick tachyonic preheating, the inflaton ϕ fall down to its global minimum and equal to zero. So the

⟨F_{σ+} ⟩ ∼ 0, but there always exist the kinetic energies in Eq. (13) which will lead to the negative mass-square term of flat directions fields. Of course, such delayed appearance of the vevs of flat directions will not cause the problem of no-exit of inflation.

On the other hand, as pointed in [5], the large vev of flat directions will prohibit the tachyonic preheating in F-term inflation. However, we should point out that this problem does not happen in D-term inflation because the direct coupling terms between flat directions and σ_± are forbidden by U (1)_X gauge symmetry. Then the preheating will proceed despite of the large vevs of the flat directions. The ensuing Affleck-Dine baryogenesis can occur as indicated in [14] after tachyonic preheating, but the decays of inflaton and σ_± must be quite different with those in no-preheating case.

Conclusion: We discussed the effects of large vevs of MSSM flat directions in hybrid inflation in detail. We have shown that some dangerous coupling terms between the flat direction fields and the field which dominate the energy density during inflation must be forbidden for a successful inflation even if their coupling constants are small. Such couplings must be forbidden by imposing some symmetry for a successful F-term hybrid inflation. At the same time, we found that in the D-term inflation these couplings can be avoided naturally. Further, given the tachyonic preheating, we discussed the feasibility of Affleck-Dine baryogenesis after the F-term and D-term inflations.

This work was supported in part by National Natural Science Foundation of China (NNSFC) under number No. 10475107.

[1] A. Linde, Phys. Lett. B 259, 38 (1991). [2] D. H. Lyth and A. Riotto, Phys. Rept. 314, 1 (1999). [3] B. Garbrecht, C. Pallis and A. Pilaftsis, hep-ph/0605264. [4] M. Berkooz, D. Chung and T. Volansky, Phys. Rev. D 73, 063526 (2006); Phys. Rev. Lett. 96, 031303 (2006) [5] R. Allahverdi and A. Mazumdar, hep-ph/0603244. [6] L. Kofman, A.D. Linde and A.A. Starobinsky, Phys. Rev.

Lett. 73, 3195 (1994); Phys. Rev. D 56, 3258(1997). [7] G.W. Anderson, A.D. Linde and A. Riotto, Phys. Rev.

Lett. 77, 3716(1996).

[8] T. Gherghetta, C. Kolda and S. Martin, Nucl. Phys. B 468, 37 (1996).

[9] P. Binetruy and G. Dvali, Phys. Lett. B 388, 241 (1996);

E. Halyo, Phys. Lett. B 387, 43 (1996). [10] E. Stewart, Phys. Rev. D 51, 6847 (1995). [11] M. Dine, L. Randall and S. Thomas, Nucl. Phys. B 458, 291 (1996).

[12] I. Affleck and M. Dine, Nucl. Phys. B 249, 361 (1985). [13] M. Dine, N. Seiberg and E. Witten, Nucl. Phys. B 289, 589 (1987); J. Atick, L. Dixon and A. Sen, Nucl. Phys. B 292, 109 (1987).

[14] C. Kolda and J. March-Russell, Phys. Rev. D 60, 023504 (1999).

[15] G. Felder, J. Garcia-Bellido, P. Greene, L. Kofman, A.

Linde, I. Tkachev, Phys. Rev. Lett. 87, 011601 (2001). [16] J. Traschen and R. Brandenberger, Phys. Rev. D 42, 2491 (1990); Y. Shtanov, J. H. Traschen and R. H. Brandenberger, Phys. Rev. D 51, 5438 (1995); D. Boyanovsky, H. J. de Vega and R. Holman, hep-ph/9701304; D. Cormier, K. Heitmann and A. Mazumdar, Phys. Rev. D 65, 083521 (2002).

[17] R. Allahverdi and A. Mazumdar, hep-ph/0512227; P.

Jaikumar and A. Mazumdar, Nucl. Phys. B 683, 264 (2004); R. Allahverdi, R. Brandenberger and A. Mazumdar, Phys. Rev. D 70, 083535 (2004); K. Enqvist, A. Mazumdar and M. Postma, Phys. Rev. D 67, 121303 (2003); A. Mazumdar and M. Postma, Phys. Lett. B 573, 5 (2003); R. Allahverdi, Phys. Rev. D 70, 043507 (2004).

[18] P. Fayet, Nucl. Phys. B 90, 104 (1975); A. Salam and J.

Srathdee, Nucl. Phys. B 87, 85 (1975).

[19] M. Kamionkowski and J. March-Russell, Phys. Lett. B 282, 137 (1992); R. Holman, et al., Phys. Lett. B 282, 132 (1992).

[20] L. Krauss and F. Wilczek, Phys. Rev. Lett. 62, 1221 (1989); M. Alford, J. March-Russell and F. Wilczek, Nucl. Phys. B 337, 695 (1990); J. Preskill and L. Krauss, Nucl. Phys. B 341, 50 (1990).