arXiv:hep-ph/0507162 v2 14 Nov 2005

Leptogenesis from reheating after inflation and cosmic string decay

Rachel Jeannerot^{a∗} and Marieke Postma^{b†}

a)Instituut-Lorentz for Theoretical Physics, Niels Bohrweg 2, 2333 CA Leiden, The Netherlands b)NIKHEF, Kruislaan 409, 1098 SJ Amsterdam, The Netherlands

Abstract Cosmic strings form at the end of standard supersymmetric hybrid inflation, and both inflation and strings contribute to the CMB anisotropies. If the symmetry which is broken at the end of inflation is gauged B-L, there is a mixed scenario for leptogenesis: Right-handed neutrinos can be produced non-thermally during reheating via inflaton decay as well as via cosmic string decay. We show that the parameter space consistent with CMB data can accommodate either or both scenarios depending on the mass of the right-handed neutrinos.

1 Introduction

Supersymmetric theories beyond the standard model which predict light neutrino masses via the see-saw mechanism easily accommodate SUSY hybrid inflation [1, 2]. Reheating can proceed via inflaton decay into right-handed (s)neutrinos and thereby these models also provide an interesting framework for non-thermal leptogenesis [3, 4, 5]. In the simplest version of hybrid inflation cosmic strings form at the end [6, 7]; if the inflaton sector couples to right-handed (RH) (s)neutrinos these are B-L cosmic strings [8, 9]. B-L cosmic strings are not superconducting [10, 11]. Most of the energy lost by the string network goes into gravitational radiation and right-handed neutrinos, and therefore these strings provide a second mechanism of non-thermal leptogenesis [8]. In this paper we calculate the relative contributions to the baryon asymmetry of the universe from reheating at the end of standard F -term inflation and from B-L cosmic string decay.

Let G_{GUT} denote a gauge group which contains the Standard Model gauge group as well as gauged B-L. F -term inflation requires the existence of a gauge singlet and

∗E-mail:jeannerot@lorentz.leidenuniv.nl †E-mail:mpostma@nikhef.nl

two Higgs superfields which transform in complex conjugate representations of G_{GUT}; we assume that they break B-L when acquiring a non vanishing vacuum expectation value (VEV). In the case of SO(10), they could be a 16 + 16 or 126 + 126. Note that the transformation properties of the Higgs representation can affect the stability of the strings; we shall not discuss it further here [9]. Inflation takes place as the scalar singlet slowly rolls down a valley of local minima along which the VEV of the Higgs fields vanish. When the singlet falls below a certain critical value, the Higgs mass become tachyonic and inflation ends quickly in a phase transition during which the Higgs fields acquire a non-vanishing VEV breaking B-L spontaneously. If G_{GUT} is semi-simple, the assumption of standard SUSY hybrid inflation then requires that G_{GUT} breaks down to the Standard Model (SM) gauge group via at least one intermediate step, so that inflation solves the monopole problem; the gauge group broken at the end of inflation is not G_{GUT} but an intermediate symmetry group G_{int} ⊃ U(1)_{B−L} → H ⊅ U(1)_{B−L}. During this phase transition, B-L cosmic strings form. The simplest example is G_{GUT} = SO(10), E(6) or Pati-Salam, and G_{int} = SU(3)_c × SU(2)_L × U(1)_R × U(1)_{B−L} which breaks down to the SM gauge group at the end of inflation [12, 13].

The GUT Higgs fields which trigger the end of inflation give heavy Majorana masses to the right-handed neutrinos. After inflation the universe is reheated by inflaton decay into RH neutrinos and sneutrinos. If the reheat temperature is less than the neutrino mass their out-of-equilibrium decay into (s)leptons and the SM Higgs(inos) produces a net lepton asymmetry [4]. There is another contribution to the lepton asymmetry, coming from the decay of cosmic string loops [8]. Cosmic string loops decay into B-L Higgs and gauge fields, which in turn decay in right-handed neutrinos. Loops can also release righthanded neutrinos which are trapped as zero modes.

Thus both inflation and cosmic strings contribute non-thermally to the baryon asymmetry of the universe. We investigate here which of these scenarios is most efficient using the observed CMB anisotropies as a constraint. The string tension, as well as the inflaton mass are set by the symmetry breaking scale at the end of inflation η (the B-L breaking scale) and the Higgs self quartic coupling κ (the superpotential coupling). The string tension also depends logarithmically on the gauge coupling constant which we set to the unification value for the MSSM. The resulting lepton asymmetry depends on η, κ and the RH neutrino masses. Requiring that the inflaton gives the observed density perturbations fixes η as a function of κ. The string contribution to the density perturbations is constrained to be less than about 10% [14]. This restricts the value of κ, as discussed in our previous paper [15].

Most of the lepton asymmetry in B-L string decay is generated at the earliest time at which leptogenesis is possible. Refs. [16, 17] assume that the reheat temperature is high enough for the lightest RH neutrino with mass M_1 to be initially in thermal equilibrium. Any asymmetry generated is washed-out until the lightest RH neutrino freezes out. Hence, in their analysis the lepton asymmetry is dominated by the contribution generated at the freeze-out temperature T ∼ M_1. However, there is also the possibility that the RH neutrinos are never in thermal equilibrium after inflation. Then the loops formed immediately at the end of inflation give the dominant contribution to the lepton asymmetry. The final asymmetry is determined by three factors. First, it depends on the initial string density, which can be different from the density during the scaling regime. Second, the universe goes from matter domination to radiation domination during reheating. The earlier this happens, the larger the asymmetry. And the third factor which plays a rôle is the CP asymmetry per decaying (s)neutrino, which depends on the details of the neutrino sector.

The paper is organised as follows. In Sec. 2 we review standard SUSY F -inflation coupled to N=1 SUGRA and discuss the CMB constraints [15]. In Sec. 3 we determine the parameter space for successful non-thermal leptogenesis from reheating at the end of inflation. In Sec. 4 we turn to the parameter space for successful non-thermal leptogenesis which results from the decay of B-L cosmic strings. We distinguish three different cases. The first possibility is that M_1 < m_χ/2 and M_1 > T_R, with M_1 the lightest RH neutrino mass, m_χ the inflaton mass and T_R the reheat temperature. In this case reheating goes via production of RH neutrinos which are out-of-equilibrium at the end of inflation, and both non-thermal leptogenesis scenarios compete. The second possibility is that M_1 > m_χ/2 and reheating is gravitational. Then cosmic strings give the sole contribution to the lepton asymmetry. Finally there is the possibility that M_1 < T_R and the RH neutrinos are in thermal equilibrium at production. In this case both cosmic string decay and standard thermal leptogenesis contribute to the lepton asymmetry. In Sec. 5 we consider the consequences on leptogenesis of generating a dynamical μ-term. We give our conclusions in Sec. 6.

2 Hybrid inflation & CMB constraints

In this section we summarise the bounds on the parameter space implied by current CMB data for standard hybrid inflation with cosmic strings. The details can be found in Ref. [15].

The superpotential for standard hybrid inflation is [1, 2]

W_{inf} = κS(ϕϕ̄ − η^2), (1)

with S a gauge singlet superfield, and ϕ, ϕ̄ Higgs superfields in N -dimensional complex conjugate representations of a gauge group G_{GUT}. Upon acquiring a VEV the Higgs fields break G_{int} ⊃ U(1)_{B−L} down to a subgroup H ⊅ U(1)_{B−L}. The supersymmetric part of the scalar potential is given by (we represent the scalar components with the same symbols as the superfields)

V_{SUSY} = κ^2|ϕϕ̄ − η^2|^2 + κ^2|S|^2(|ϕ|^2 + |ϕ̄|^2) + V_D . (2)

Vanishing of the D-terms enforces |ϕ̄| = |ϕ|. Assuming chaotic initial conditions the fields get trapped in the inflationary valley of local minima at |S| > S_c = η and ϕ̄ = ϕ = 0. The potential is dominated by a constant term V_0 = κ^2η^4 which drives inflation. Inflation ends when the inflaton drops below its critical value S_c (or when the second slow-roll parameter η equals unity, whatever happens first) and the fields roll toward the global SUSY minima of the potential |ϕ| = |ϕ̄| = η and S = 0. During this phase transition B-L cosmic strings form [6, 8]. For a discussion on various GUT models see Ref. [9].

The scalar potential in Eq. (2) gets corrections from SUSY breaking by the finite energy density in the universe during inflation (given by the Coleman-Weinberg formula), from SUSY breaking today, and from supergravity. The hidden sector expectation values responsible for low energy SUSY breaking can generically be written as ⟨z⟩ = am_p, ⟨W_{hid}⟩ = μm^2_p, ⟨^{∂Whid}_{∂z} ⟩ = cμm_p, with z a hidden sector field, a, c dimensionless numbers, and μ a mass parameter related to the gravitino mass via m_{3/2} = e^{|a|2/2}μ. Further m_p = (8πG)^{−1/2} = 2.4 × 10^{18} GeV is the reduced Planck mass. The scalar potential along the inflationary valley can be calculated using the SUGRA formula

V = e^{K/m2p} [ ∑ α | | ∂W ∂ϕ_α + ϕ^∗_αW m^2_p | |^2 − 3 |W |^2 m^2_p ] . (3) 4

Assuming a minimal Kähler potential, the scalar potential including all corrections is [15]

V = κ^2η^4 + κ^4η^4N 32π^2 [ 2 ln ( 2κ^2σ^2 Λ^2 ) + (z + 1)^2 ln(1 + z^{−1}) + (z − 1)^2 ln(1 − z^{−1}) ]

+ κ^2η^4 [ σ4 8m^4_p + |a|^2σ^2 2m^2_p ] + κAm_{3/2}η^2σ, (4) with σ = |S|/ √ 2 the normalized real field, A = 2 √ 2 cos(arg μ − arg S), and we assume that arg S is constant during inflation. The cosmological constant today vanishes for |c + a^∗|^2 = 3, and we have dropped subdominant terms. Further we used the notation z = x^2 = |S|^2/η^2 = σ^2/(2η^2) so that z = x = 1 when σ = σ_c. The first line is the tree level potential term, the second line is the one-loop Coleman-Weinberg correction due to SUSY breaking during inflation [2], and the third line are the SUGRA corrections.

The Coleman-Weinberg potential and the non-renormalisable terms are always present, independent of low energy SUSY breaking. The A- and mass terms can be made small for a small gravitino mass (as in gauge mediation), or by tuning A and/or a. Another possibility is that the hidden sector superfield z only acquires its VEV after inflation, so that these terms are absent during inflation. We note that, assuming gravity mediated SUSY breaking, the generic values m_{3/2} ∼ 10^2 GeV, A ∼ 1, a ∼ 1, give rise to too large A- and mass terms, incompatible with the CMB data [15].

Both strings and the inflaton contribute to the primordial density perturbations [6, 15]. Cosmic strings do not predict the measured acoustic peaks in the CMB and hence their contribution to the temperature fluctuations should be small, less than about 10% [14]. The string contribution is proportional to the string tension

μ = 2πη^2θ(β), (5)

with β = (m_ϕ/m_A)^2. The Higgs mass is m^2_ϕ = κ^2η^2 and the vector boson mass is m^2_A ≃ g^2_{GUT}η^2 with the GUT coupling g^2_{GUT} ≈ 4π/25. When β = 1, the strings satisfy the Bogomolny bound (this is the case of cosmic strings which form at the end of brane inflation) and θ(1) = 1. However in the case of SUSY GUTs, the strings never satisfy the Bogomolny bound, β < 1 always, and [18]

θ(β) ≈ 1.04β^{0.195}, β > 10^{−2}, 2.4 log(2/β) , β < 10^{−2}. (6) 5

Requiring the string contribution to the quadrupole to be less than 10% gives the bound [15] Gμ < 6.9 × 10^{−7} ( 3 y ) ⇒ η_{bnd} < 4.1 × 10^{15} √ (3/y) θ(β) . (7)

Here y parameterizes the density of the string network, and should be taken form numerical simulations. Recent work predicts y = 9 ± 2.5 [19]. Older simulations give y = 6 [20], and semi-analytic approximations give y = 3 − 6 [21].

The density perturbations produced in hybrid inflation can be calculated using the slow roll formalism for the potential in Eq. (4). Setting it equal to the value observed by WMAP gives η as a function of κ. We will use the analytic approximations, derived in the limit that the Coleman-Weinberg(CW)-potential respectively the non-renormalisable (NR) terms dominate the potential: [15]

η_{CW} = 5 × 10^{15} GeV N^{1/3} ( κ 10^{−3} )_{1/3} , (8)

η_{NR} = 3 × 10^{15} GeV ( κ 10^{−6} ) . (9)

The symmetry breaking scale is restricted to the range

η_{CW} ≤ η ≤ min[η_{NR}, η_{bnd}]. (10)

If the A- and mass terms are absent or subdominant during inflation there are two distinct solutions, corresponding to η_{CW} and η_{NR} (the upper bound η_{bnd} comes from the fact that the string contribution to the CMB is limited). If on the other hand these terms do play a role, the whole range is possible. This is illustrated in Fig. 1, which shows η as a function of κ for N = 1, 16, 126. In this plot the A- and mass term are assumed to be negligible; if they are not the solution is somewhere in the range given by Eq. (10). The straight part at relatively large coupling is well approximated by η_{CW} . At low value there is a second branch of solutions given by η_{NR}. Also plotted is η_{bnd} for y = 3; above this line the string contribution to the CMB is more than 10%. The CMB constraints are satisfied for the coupling range 10^{−6} ≲ κ ≲ 10^{−2}/N and the SSB scale range η ∼ 10^{15} − 10^{16} GeV.

The CMB bound can be avoided if the strings are semi-local or not topologically stable down to low energy and decay at some later phase transition [9].

Figure 1: η vs. κ for N = 1, 16, 126 and y = 3. Further shown is the 10%-bound.

3 Non-thermal leptogenesis from inflaton decay

In this section we review the non-thermal leptogenesis scenario which happens during reheating as a result of inflaton decay into right-handed (s)neutrinos [4, 5].

The Higgs fields ϕ and ϕ̄ break local B-L spontaneously when developing a VEV at the end of inflation. The right-handed neutrinos acquire super-heavy Majorana masses via their coupling to ϕ̄. Some other GUT superfield (this is model dependent) gives a Dirac mass to the neutrinos and the light neutrinos acquire a super light Majorana mass via the see-saw mechanism [22]. The lepton asymmetry, generated as the righthanded (s)neutrinos decay into SM Higgs(inos) and (s)leptons, is converted into a baryon asymmetry via sphaleron transitions [3].

Depending on the transformation properties of the Higgs representation, the righthanded neutrino masses are generated via normalisable or non-renormalisable superpotential terms W = 1 m_p γ_{ij}ϕ̄ϕ̄F_iF_j , (11) W = y_{ij}ϕ̄F_iF_j, (12) where F is the n-dimensional spinorial representation of G which contains the righthanded neutrino superfield N, and i, j = 1..3 for three families. At the end of inflation S and ϕ_+ = (δϕ+δϕ̄)/ √ 2, with ϕ = η +δϕ and ϕ̄ = η +δϕ̄, oscillate around the global SUSY minimum of the potential until they decay into right-handed neutrinos and sneutrinos, thereby reheating the universe [4]. We work in the basis where the right-handed neutrinos mass matrix is diagonal. The decay rates Γ(ϕ_+ → N_iN_i) and Γ(S → Ñ_iÑ_i) are equal and given by Γ_N = 1 8π ( M_i η )_2 m_χ, (13)

with χ = S, ϕ_+ the oscillating fields which have equal mass m_χ = κη, and M_i = y_iη, γ_i^{η2}_{mp} the mass of the heaviest right-handed neutrino N_i (sneutrino Ñ_i) the inflaton can decay into (i.e., which satisfies M_i < m_χ/2). The reheat temperature is then

T_R = ( 45 2π^2g^∗ )_{1/4} (Γ_N m_p)^{1/2} ≃ 6 × 10^{−2}M_i √ κm_p η . (14)

where we have used g_∗ = 228.75 for the MSSM spectrum.

Non-thermal leptogenesis from inflaton decay takes place if the following constraints are satisfied:

Kinematic constraint: Inflaton decay into right-handed (s)neutrinos is kinematically allowed if M_i ≤ m_χ/2, i.e., M_i(κ) ≤ 1 2 κη (15)

Gravitino constraint: Gravitino overproduction is avoided if the reheat temperature T_R ≲ 10^{10} GeV [23]. This gives

M_i(κ) ≲ 1.6 × 10^{11} GeV ( T_R 10^{10} GeV ) √ η(κ) κm_p . (16)

The upper bound on T_R is model dependent and can be as low as 10^6 GeV. We note that the gravitino constraint can be avoided if the gravitino mass is sufficiently large so that it decays before BBN.

Gravitational decay: The decay rate into right-handed (s)neutrinos should be larger than the gravitational decay rate into light particles. In a full theory, the superpotential is W = W_{infl} + W_{hid} + W_{GUT}, where W_{GUT} contains GUT superfields, some of them containing the MSSM fields. The gravitational decay rate of the inflaton into light SM particles can then be computed by considering for example a term of the form W_{GUT} = aHF F , F containing the standard model fermions and H some GUT Higgs superfield containing the SM Higgs. In the SUGRA potential Eq. (3) there is a coupling between the inflaton and the SM particles, leading to a decay rate Γ_{grav} ≃ 1 8π m^3_χη^2 m^4_p

. (17)

Note that this is parametrically smaller than the standard gravitational decay rate Γ_{grav} = (1/8π)m^3_χ/m^2_p [24]. Requiring Γ_N > Γ_{grav} then leads to M_i(κ) ≳ κ^2η^3 m^2_p

. (18)

The wash-out constraint: The lepton asymmetry produced by the decay of the RH neutrino N_i is washed out by the L-violating processes involving RH neutrinos, unless they are out of thermal equilibrium which is automatic if M_j ≲ T_R, with j = 1, 2, 3. The strongest constraint is for the lightest RH neutrino: M_1(κ) M_i(κ) ≳ 1 16 √ m_pκ η(κ) , (19)

with as before M_i the mass of the RH neutrino the inflaton decays into. This implies M_1 ≳ 10^{−1} − 10^{−3}M_i for (η, κ) allowed by CMB data (see Eqs. 8-10). No wash-out is assured if M_1 < m_χ < M_2, M_3 and the inflaton decays into the lightest right-handed neutrino. The CP violating parameter ϵ can be improved by at most a factor (M_2/M_1) ≃ 10^1 − 10^3 if the decay is not into the lightest neutrino, but into the next to lightest one (see the Appendix: ϵ_1 ∝ M_1 and ϵ_2 ∝ M_2) [5].

Perturbative couplings: We require the couplings γ_i, y_i in Eqs. (11, 12) to be less than unity. For a renormalisable mass term this bound cannot compete with the kinematic constraint. For a non-renormalisable mass term this implies M_i ≲ η^2 m_p

∼ 1 × 10^{15} GeV(N κ)^{2/3}, (20)

where in the last step we used η = η_{CW} , see Eq. (8). If η/m_p < κ, which only happens for k ≳ 10^{−2}, then for non-renormalisable mass terms all neutrino masses are lighter than the inflaton mass.

Lepton asymmetry: The lepton asymmetry produced is [25] n_L s = 3 2 T_R m_χ ϵ_i, (21)

with ϵ_i the CP asymmetry per decaying RH neutrino N_i. For hierarchical RH neutrino masses and hierarchical light neutrinos the CP asymmetry in the decay of the lightest RH neutrino is bounded by [26, 27]

|ϵ_1| ≤ 2 × 10^{−10} ( M_1 10^6 GeV ) ( (Δm^2_{atm})^{1/2} 0.05 eV ) . (22)

As discussed in the appendix, the upper bound on ϵ_2 is of the same order of magnitude, but with M_1 → M_2 in the above formula. The CP-asymmetry induced by the decay of the heaviest RH neutrino is suppressed by a factor M_2/M_3. For quasi-degenerate light neutrinos (m_1 ≈ m_2 ≈ m_3 ≫ (Δm^2_{atm})^{1/2}) the asymmetry is smaller [27]

|ϵ_1| ≤ 2 × 10^{−10} ( M_i 10^6 GeV ) ( (Δm^2_{atm})^{1/2} 0.05 eV ) ( (Δm^2_{atm})^{1/2} m̄ ) , (23)

with m̄ = 1/3 √ m^2_1 + m^2 + m^2_3.

If the RH neutrinos are quasi-degenerate and M_i − M_j ∼ Γ_i the CP-asymmetry is enhanced. The only constraint is then |ϵ_i| < 1. Upper bounds on the CP-asymmetry in type II see-saw models have also been derived for non-degenerate neutrinos, and are of the same magnitude as Eq. (22) [28].

The baryon asymmetry inferred from BBN translates into a primordial lepton asymmetry given by n_L/s = 2.4 × 10^{−10} for the MSSM spectrum. For hierarchical light neutrinos, this is obtained for

M_i(k) ≳ 5.4 × 10^3 ( κη(κ)^3 m_p

)_{1/4} √

GeV. (24)

For smaller M_i the produced asymmetry is too small.

The parameter space compatible with NT leptogenesis from inflaton decay is shown in Figs. 2 and 3. The kinematic, perturbative coupling and gravitino constraints all give an upper bound on M_i. The perturbative coupling constraint is weakest and not shown. The kinematic constraint is strongest for small κ, whereas the gravitino constraint dominates

Figure 2: M_i vs. κ for η = η_{CW} and N = 1. The parameter space is bounded by the kinematic constraint (left), successful leptogenesis (right), and the gravitino constraint (lines, for T_R = 10^7, 10^8, 10^9, 10^{10} GeV) .

for large coupling. The gravitational decay and leptogenesis constraint give a lower bound on M_i. The leptogenesis bound is strongest. The κ range is bounded by the CMB data, as given by Eqs. (8, 9, 10) and Fig. 1, to 10^{−6} ≲ κ ≲ 10^{−2}/N .

Fig. 2 shows the parameter space for η = η_{CW} and N = 1. The colored regions are excluded. The upper bound is fixed by the reheat temperature; the bounds for T_R = 10^7, 10^8, 10^9, 10^{10} GeV are shown. Leptogenesis is only possible for T_R > 10^6 GeV. For T_R ∼ 10^9 GeV, successful leptogenesis requires M_i = 10^9 − 10^{11} GeV and κ = 10^{−5} − 10^{−3}. One should remember that in addition to the constraints shown in the plot, it should be checked that M_1 > T_R and there is no wash-out of asymmetry. This is the case for M_1 ≳ 10^{−2}M_i, with leptogenesis dominated by inflaton decay into N_i, in agreement with Eq. (19).

For a fixed coupling value, the possible range of neutrino mass M_i is about a decade. Therefore the bounds are all close to saturation. E.g. the leptogenesis constraint gives M_i ∝ (ϵ_i/ϵ^{max}_i )^{−1/2}, and thus (ϵ_i/ϵ^{max}_i ) ≳ 10^{−2} is required. Hence, degenerate light neutrinos with m̄ ∼ eV are marginally excluded.

Figure 3: M_i vs. κ for max[η_{CW} , η_{NR}] < η < η_{bnd}, T_R = 10^{10} GeV and N = 1, 16, 126. The parameter space is bounded by the kinematic constraint (left), successful leptogenesis (bottom), the gravitino constraint (top), and for N = 16, 126 by the CMB data (right).

Fig. 3 shows the parameter space for η in the whole range of Eq. (10) for T_R = 10^{10} GeV and N = 1, 16, 126. The parameter space is enhanced compared to Fig. 2, about twice as big. The main consequence of increasing N is that the small κ range is excluded by the CMB data, and that leptogenesis requires a slightly larger neutrino mass.

4 Leptogenesis from string decay

Cosmic strings form in SUSY GUT models with standard hybrid inflation [6, 7]. The string mass per unit length is then constrained by CMB data, see Eqs.(5), (8) and (9). When the symmetry broken is gauged B-L, they also provide a non-thermal scenario for leptogenesis [8]. We first describe various possible NT leptogenesis scenarios with B-L strings forming at the end of inflation. We then discuss the evolution of the string network and analyse the various scenarios in details.

4.1 Leptogenesis scenarios

Depending on whether the mass of the lightest RH neutrino M_1 is larger or smaller than the reheat temperature T_R, and on whether the inflaton decays into right handed neutrinos or not, there will also be a contribution to the lepton asymmetry of the universe from inflaton decay or standard thermal leptogenesis. We distinguish the following cases: Case 1: The reheat temperature is lower than the lightest right-handed neutrino mass, T_R < M_1, and there is no wash-out at any time. The lepton asymmetry is set by the earliest time that string loops form, which is right at the end of inflation. Reheating of the universe takes place at a later time, via inflaton decay into righthanded neutrinos. Apart from NT leptogenesis from B-L strings, there is also a contribution from non-thermal leptogenesis from inflaton decay as discussed in section 3.

Constraints: gravitino constraint T_R < 10^{10} GeV, gravitational decay constraint Γ_{grav} < Γ_N , kinematical constraint M_i < m_χ/2.

Case 2: Same as case 1 but now the inflaton does not decay into RH neutrinos. For example, if M_i > m_χ/2 ∀i and there is no other superpotential term involving the singlet or the Higgs fields, decay is through gravitational interactions: Γ_N < Γ_{grav}. Gravitational reheating can alleviate the gravitino constraint. Leptogenesis comes from the decay of the string forming gauge field in right handed neutrinos. This is the only contribution to the lepton asymmetry. Constraint: gravitino T_R < 10^{10} GeV.

Case 3: The reheat temperature is higher than the lightest neutrino mass T_R > M_1.

The asymmetry will be washed out at high temperatures by L-violating processes mediated by N_1, and can only be created for T_R < M_1. The asymmetry is then dominated by the loop formation rate at T ∼ M_1. There are two contributions to the lepton asymmetry: NT leptogenesis from B-L strings and standard thermal leptogenesis. This is the case considered before [16, 17].

Constraints: gravitino constraint T_R < 10^{10} GeV, kinematical constraint M_1 < m_χ/2. In order to analyse the various scenarios, we study analytically the evolution of the string network, both in the scaling regime and at the initial times.

4.2 String network and neutrino density

The evolution of a cosmic string network has been extensively studied over the years [29]. Numerical simulations and analytical studies agree that the string network reaches a scaling regime, in which the energy-density carried by the network remains a constant fraction of the total energy density in the universe. The scaling solution is an attractor solution, and is independent of the initial string density. This is one of the reasons that string network at formation has not been discussed much in the literature. However, the lepton asymmetry is dominated by the initial time, and thus depends sensitively on the initial density. We first discuss the familiar scaling regime, before turning to a discussion of the initial string density.

4.2.1 The scaling regime

To describe the approach to the scaling regime, we introduce the characteristic length-scale L which sets the correlation length and the average distance between long strings [29]. The energy density in long strings, ρ_∞ ∼ μ/L^2, evolves as ρ̇_∞ = −2Hρ_∞ − f(p) ρ_∞ L (25)

where the terms on the right hand side describe the energy loss due to expansion of universe, and due to production of loops respectively. The function f(p) depends on the reconnection probability p as f(p) ∼ √ p. For gauge field theory cosmic strings p = 1.

Introducing γ(t) such that L = γ(t)t, (26) one finds that the above equation has a stable attractor solution, the scaling solution. It does not depend on the initial string density: L = γ_s(t)t ≡ f(P ) 2(1 − β) t (27)

where we wrote β = Ht. Since γ_s = √ p/(2(1 − β)) = O(1) is constant, the long strings scale with the horizon.

The scale L characterizes the network on macroscopic scales, but does not say anything about what happens on the smallest scales. Simulations show that the long strings have small-scale wiggles, whose characteristic length also scales with time [29]. These wiggles set the typical loop size, which we parametrise as

l_{loop} ∼ αt (28)

with α ∼ (ΓGμ)^n, and Γ ∼ 50. The “standard” value is n = 1 giving α = α_1 ≡ (ΓGμ) [29]. More recent simulations suggest n = 3/2 (5/2) in the radiation (matter) dominated era [30]. The loop formation rate ṅ_{loop} is set by the requirement that the string network keeps its scaling solution. The loops loose energy by emitting gravitational radiation and contract until the loop radius becomes of the order of the string width, at which point it decays emitting X-particles (with X = ϕ, A, N, i.e., the string Higgs or gauge fields, or RH neutrino zero modes). For α ≲ α_1, the loop lifetime is less than a Hubble time and we can then neglect the red shifting between birth and death. The injection rate of right-handed neutrinos during scaling is then simply

ṅ_N = x_Nṅ_{loop} ≃ x_N γ^2αp t^{−4}, (29)

where x_N is the number of right-handed (s)neutrinos produced per decaying loop.

The minimal number of RH neutrinos released per loop is x_N = 1. However, we expect the loop to decay when its radius becomes of the order of the string width m^{−1}_ϕ with a burst of the strings Higgs and gauge particles [29]. These in turn (mostly) decay into RH neutrinos. The number of neutrinos emitted per loop is then of the order x_N ≲ E_{loop} | |_{R∼m−1ϕ} m_X ≃ (2π)^2θ(β) κ η m_X (30)

with θ(β) ∼ 0.1 − 1 given in Eq. (6). If the loops decay mainly into Higgs fields m_X = m_ϕ and x_N ∼ κ^{−2}, whereas if decay is mainly into gauge bosons m_X = m_A and x_N ∼ κ^{−1}. If the string width at which the loop decays is smaller than the the inverse Higgs mass m^{−1}_ϕ , then x_N is correspondingly smaller.

The lepton density is obtained by integrating Eq. (29) with a red shift factor (a(t_{in})/a(t))^3 = (t_{in}/t)^{3/2} to account for the expansion of the universe. Here it is assumed that both t and the initial time t_{in} are in the radiation dominated era following inflaton decay. This gives (using t ∼ H^{−1}) n_L(H) ≃ x_N ϵ_i γ^2_s α

H^{3/2}_{in} H^{3/2}, (31)

independent of the reheating temperature.

Some simulations find that loops form on the smallest possible scale (given by the resolution of the simulation). These results suggest that scaling is maintained mostly by particle emission rather than via loop formation and subsequent gravitational decay. This is called the VHS scenario, after the authors of Ref. [31]. The emitted X-particles are the RH neutrinos themselves, due to the existence of zero mode solutions, and the string forming Higgs and gauge fields which then (mostly) decay into RH neutrinos. This gives a RH neutrino injection rate [32] ṅ_N ≃ f_X μ m_X γ^2 t^{−3}. (32)

with X = ϕ, A, N, and f_X the fraction of the energy in loops that goes into X-particles. Not all of the loop energy can go into high-energy particles, as this would give too large a diffuse γ-ray back ground, in conflict with the EGRET data [33]. Combining the EGRET bound with the CMB bound gives^1 [32]

f_X ≲ 10^{−5} ( 7 × 10^{−7} Gμ ) (33)

We note, however, that the EGRET flux is dominated by late times. It is therefore not impossible that f_X is time-dependent, and much larger than the bound above at early times.

When leptogenesis takes place after reheating, the lepton number density is obtained by integrating (32) taking into account the expansion of the universe. This gives n_L(H) ≃ f_X ϵ_i γ^2_s μH^{1/2}_{in} H^{3/2} m_X . (34)

4.2.2 The initial string density

Cosmic strings are formed during the B-L breaking phase transition. The string density is set by the correlation length at the time of the phase transition ξ̂ [34, 35]. The universe is cold at the end of inflation, and the equilibrium correlation length is set by the mass of the symmetry breaking Higgs fields ξ(t)^{−1} = m_ϕ(t) = κ^2(S^2(t) − η^2). Both the correlation length and the relaxation time τ = ξ diverge during the phase transition, and eventually

1A similar injection rate and EGRET constraint apply for large loops which undergo ’quick death’, i.e., loops that decay through many self-intersections into small loops which in turn decay emitting heavy X-particles.

ϕ must fall out of equilibrium. The correlation length at freeze out ξ̂ is thus in the range

(κη)^{−1} < ξ̂ < H^{−1}_∗ . (35)

with H_∗ the Hubble constant at the end of inflation. The lower bound is set by the maximum Higgs mass m_ϕ = kη obtained in the vacuum. The upper bound is set by causality, as fluctuations cannot exceed the horizon. A more careful estimate of ξ̂ is given in Ref. [36]. Writing S(t) = S_c − Ṡt near the phase transition, the inverse Higgs mass, which sets the correlation length, is m^2_ϕ(t) = −(κ^2ηṠ)t. Freeze out happens approximately at the time when the relaxation time is equal to |t|, and thus

ξ̂ ≈ ξ(−τ ) = (κ^2ηṠ)^{−1/3}. (36)

During slow roll inflation Ṡ ∼ (60H^2). If the velocity does not change much between time observable scales leave the horizon and the time of the phase transition, then this is a good estimate. The freeze-out correlation length ξ̂ determines the typical distance between cosmic strings.

At the time of string formation (quantities will be denoted by subscript_∗), the correlation length ξ̂ = L = γ_∗t_∗ (see Eq. (26)) t^{−1}_∗ ∼ H_∗ ∼ κη^2 m_p

. (37)

Using Eqs. (35, 36), we get the range and “best” value for γ_∗:

γ_{min} ≡ η/m_p < γ_∗ < 1 ≡ γ_{max}, γ_{best} ≡ γ_∗ ∼ 0.1κ^{−1/3}(η/m_p)^{1/3}. (38)

Since γ_∗ < γ_s and ρ_∞ ∝ γ^{−2}, the energy density in the network is initially larger than during the scaling regime. Solving Eq. (25) with the initial conditions above, it can be seen that the scaling regime is typically reached in only a couple of Hubble times. We will use the approximation that initial network reaches the scaling regime instantaneously, and an amount of energy ρ_∗ ∼ μ/(γ_∗t_∗)^2 is dumped into loops and/or particles at the initial time given by Eq. (37).^2

Eq. (28) for the loop size breaks down at the initial time. The reason is that the loop radius is smaller than ∼ m^{−1}_ϕ , (m^{−1}_A ), i.e., the width of the profile function of the Higgs

2We neglect friction in the thermal bath which is absent for T < Gμm_p. Note that the strings form before reheating has completed. Taking for T the reheat temperature Eq. (14), this gives M_i < 4θη^{5/2}/(κ^{1/2}m^{3/2}_p ) ∼ 6 × 10^{14} GeVθκ^{1/3}N^{5/6}, where in the last step we used η = η_{CW} .

(gauge) field, and various parts of the loop overlap. It is not possible to speak of cosmic string loops anymore, which are well defined only for l_{loop} ∼ αt > 2πm^{−1}_ϕ , (2πm^{−1}_A ), which requires t ≫ t_∗. Therefore it is expected that initially the energy loss in gravitational radiation is small, and the network mainly decays directly into RH neutrinos and into gauge and Higgs fields which (mostly) decay into RH neutrinos. The lepton number density at H < T_R is then n_L(H) ≃ f_X ϵ_i ρ_∗ m_X ( a(t_∗) a(t) )_3 ≃ f_X ϵ_i γ^2_∗ μΓ^{1/2}H^{3/2} m_X . (39)

where f_X is the fraction of the energy going into X-particles and ϵ_i is the CP asymmetry per decaying RH neutrino, see Eq. (22). Before inflaton decay the universe is matter dominated and a ∝ t^{2/3}, afterwards the universe is radiation dominated and a ∝ t^{1/2}. This is used in the second step to write (a(t_∗)/a(t))^3 = H^{3/2}H^{−2}_∗ Γ^{1/2}, where the time t ∼ H^{−1} is after reheating of the universe H < Γ. This factor takes the red shift due to the expansion of the universe into account. The earlier the transition from matter to radiation domination, i.e., the larger the decay rate, the larger T_R and the larger is the final number density. The initial time t_{in} is right at the end of inflation, see Eq. (37).

Eq. (39) is the same as the lepton asymmetry produced during the scaling regime as given by Eq. (34) under the replacement γ_∗ → γ_s (difference in energy densities stored in long strings), and Γ → H_{in} (difference in whether leptogenesis takes place before or after reheating).

4.3 Results

For the parameters at hand Γ < H_∗ and the inflaton decays some time after inflation. The lepton asymmetry n_L/s is to be evaluated after reheating, when entropy is defined. The entropy is s = (2π^2/45)g_∗T^3 ∼ 10^2T^3 with T ≃ 0.4 √ m_pH.

4.3.1 Case 1

The string contribution is dominated by the asymmetry produced at the initial time. The lepton number density is given by Eq. (39). Dividing by the entropy gives n_L s ≃ ϵ_if_X γ^2_{in} μΓ^{1/2}_N m_X m^{3/2}_p

. (40) 18

Using Eqs. (13) and (22), we see that n_L/s is proportional to M_iM_j the mass of the heaviest RH neutrino the inflaton can decay into and the mass of the RH neutrino which is mostly produced by strings. For M_i = M_j , which is automatic if the strings decay mostly into ϕ-particles, successful leptogenesis with n_L/s = 2.4 × 10^{−10} requires

M_i ≃ 9 × 10^3C ( m^3_p GeV^2 ηκ )_{1/4} = 4 × 10^{12}C GeV κ^{1/3}N^{1/12}

, (41)

where in the second step we used η = η_{CW} , and we introduced

C = γ_∗ √ m_X /η θ(β)f_X . (42)

C is minimized for γ_∗ → γ_{min} and f_X → 1. In this limit the energy density in the string network is of the same order as the energy density in the oscillating inflaton field. If both the inflaton and the strings decay into ϕ particles (X = ϕ) this gives a contribution to the lepton asymmetry of similar magnitude. If however γ_∗ > γ_{min} or f_X < 1, the energy stored in the string network is subdominant, and thus also its contribution to the asymmetry:

(n_L)_{inflaton} (n_L)_{strings} ∼ f_X ( γ_∗ γ_{min}

)_2 (43)

The string contribution can dominate over the inflaton contribution to the asymmetry if the strings decay mostly into RH (s)neutrinos. Another possibility is that M_1 < m_χ < M_2 and the string decays mostly into gauge particles. The inflaton decays into lightest RH (s)neutrino, whereas the gauge field can also decay in the next to lightest one. Since ϵ_2/ϵ_1 ∼ M_2/M_1 the CP-asymmetry is then larger per decaying Aparticle than per decaying ϕ-particle. However, the number of gauge particles produced by string decay can be of the same order as the number of Higgs particles from inflaton decay only in the limit κ → 1 (so that m_ϕ ∼ m_A) and f_X → 1.

For degenerate light neutrinos the CP asymmetry ϵ_i is smaller by a factor Δm_{atm}/m_3, and M_i ∝ ϵ^{1/2}_i is larger. The N -dependence of the neutrino mass M_i is weak; the main effect of considering a larger Higgs representation is the stronger constraint on the coupling coming from CMB data: κ ≲ 10^{−2}/N . The bound on the neutrino mass is weakest in the limit κ → 1. This is only possible if the strings do not contribute to the CMB anisotropies, i.e., if they are semi-local or are not topologically stable [9].

Figure 4: M_i vs. κ for case 2 with η = η_{CW} and N = 1. The lines A-C correspond to A = (γ_{in}, X, f_X ) = (γ_{min}, A, 1), B = (γ_{best}, A, 1), C = (γ_{min}, A, 10^{−5}). The parameter space is bounded by the kinematic constraint (top and bottom), and gravitino constraint (parallel lines, for T_R = 10^7, ..., 10^{11} GeV).

4.3.2 Case 2

If m_χ < M_i < η inflaton decay into RH neutrinos is kinematically forbidden, and in the absence of other direct couplings the inflaton decays gravitationally. This implies a low reheat temperature which alleviates the gravitino constraint. Note however that the lepton asymmetry n_L ∝ Γ^{1/2} is less efficient and large neutrino masses are needed. The string loops decay into RH neutrinos and gauge quanta which subsequently decay into RH neutrinos.

To get the RH neutrino mass required for leptogenesis in case 2, we use Eq. (40) with Γ_N replaced by the gravitational decay rate, to yield

M_i ≃ 9 × 10^5 GeV

C^2 κ^{3/2} ( m_p η )_{7/2} = 7 × 10^{11} GeVC^2 κ^{8/3}N^{7/6}

, (44)

with C given by Eq. (42). The neutrino mass is quadratic in C, and thus the dependence on the uncertain parameters grouped in C is larger than in case 1. Minimizing C gives

M_i ≳ 2 × 10^{13} GeV.

The lower bound on the neutrino mass Eq. (44) is shown in Fig. (4) as well as the kinematic constraint m_χ/2 < M_i < m_A/2 ∼ η/2, and the gravitino constraint. The reheat temperature is independent of the neutrino mass, but does depend on the coupling κ. For κ < 10^{−2} one has T_R < 3 × 10^9 GeV and there is no gravitino problem. Leptogenesis is possible for M_i ∼ 10^{14} − 10^{16} GeV and κ ∼ 10^{−2}. The RH neutrino mass increases rapidly with small κ, and much smaller couplings are excluded. The large neutrino masses needed are incompatible with a non-renormalisable mass term as in Eq. (11) and perturbative couplings, see Eq. (20).

4.3.3 Case 3

Consider now the case that the lightest RH neutrino reaches thermal equilibrium after inflation (M_1 < T_R). As follows from Eq. (19) thermal equilibrium can only occur if the inflaton decays in N_2 or N_3, and not in the lightest RH neutrino. The lepton asymmetry is thus produced via string decay in one of the heavier RH neutrinos and i = 2, 3. Any produced lepton asymmetry will be washed out until L-violating reactions fall out of equilibrium at T ∼ M_1. We assume that this occurs in the scaling regime.

Loop scenario The lepton number density is now given by Eq. (31). Diving by the entropy we get n_L s ≃ ϵ_if_N γ^2_{in}α ( H_{in} m_p )_{3/2} , (45)

with H_{in} ≃ M^2_1 /m_p. Setting it equal to the observed value gives the RH neutrino mass needed for successful leptogenesis:

M_i ≃ 10^{14} GeVC^{1/2} ( M_i M_1 )_{3/4} ≳ 2 × 10^{14} GeV ( C^{′2}N^{1/2} κ )_{1/4} . (46)

In the second step we used the equilibrium condition Eq. (19) and η = η_{CW} ; further we defined

C^′ = √ (α/α_1) f_N (47)

The number of RH neutrinos released per loop is bounded by x_N ≲ κ^{−2} (see Eq. (30)). Further α gives the loop size at birth (see Eq. (28)); taking α = (ΓGμ)^n with n = 3/2

Figure 5: M_i vs. κ for case 3 with η = η_{CW} , N = 1, and α = α_1. The lila part corresponds to leptogenesis in the loop scenario with 1 < x_N < κ^{−2}, and the lines A-B to the VHS scenario with A = (γ_{in}, X, f_{VHS} ) = (γ_s, ϕ, 1), and B = (γ_s, A, 1). The parameter space is bounded by the kinematic constraint (top), and the gravitino constraint (parallel lines, for T_R = 10^{11}, ..., 10^{14} GeV).

instead of n = 1 lowers C^′ by about a factor 10. Thus C^′ ≳ 0.1κ. The lower bound on the RH neutrino mass is then

M_i ≳ 6 × 10^{12} GeVN^{1/8} ( κ 10^{−2} )_{1/4} , (48)

together with the CMB constraint 10^{−6} ≲ κ ≲ 10^{−2}/N .

The bound on the neutrino mass Eq. (46) is shown in Fig. (5) for 1 < f_N < κ^{−2}, together with the kinetic and gravitino constraint. Large couplings κ ≳ 10^{−2} are needed, which is marginally excluded by the CMB data. The reheat temperature has to be large T_R ≳ 10^{13} GeV.

VHS Scenario The lepton number density is now given by Eq. (34), leading to n_L s = ϵ_if_X γ^2_{in} μH^{1/2}_{in} m_X m^{3/2}_p

(49) 22 with H_{in} ≃ M^2_1 /m_p, γ_{in} = γ_s ∼ 1, and with i = 2, 3. Leptogenesis requires

M_i ≃ 4 × 10^2C m_p GeV^{1/2} η^{1/2} ( M_i M_1 )_{1/2} ≳ 7 × 10^{12} GeVC κ^{1/3}N^{1/12}

(50)

where in the second step we used the equilibrium condition Eq. (19) and η = η_{CW} .

The EGRET data requires the fraction of the total energy that goes into X-particles to be small f_X ≲ 10^{−5}; as a result leptogenesis is not efficient enough and too large neutrino masses are needed, incompatible with the kinematic constraint. If however in the early scaling regime f_X ∼ 1 also possible — remember that the EGRET bound is determined by late times — smaller neutrino masses are possible, as shown in Fig. (5).

Our results Eq. (46, 50) for C = 1, C^′ = 1 agree with those found in Ref. [16]. Ref. [17] assumes degenerate light neutrino masses, and finds stronger bounds.

5 μ-term

The μ-problem can naturally be resolved in SUSY hybrid inflation with the introduction of a superpotential term [37] W = λSHH^′ (51) where H, H^′ contains the two Higgs doublets of the MSSM. After inflation, S gets a VEV due to low energy SUSY breaking which is of order ⟨S⟩ ∼ m_{3/2}/κ provided λ > κ (otherwise S ends up in wrong minimum), and the μ-term is generated. However, the superpotential term above opens up a new decay channel for the inflaton and jeopardizes non-thermal leptogenesis.

The kinematic constraint M_i < m_χ/2 together with the constraint λ > κ assures that decay rate for inflaton decay into SM higgses and higgsinos

Γ_H = λ^2 16π m_χ (52)

is larger than the decay rate into RH neutrinos. Inflaton decay is predominantly into SM Higgs fields (unless all the couplings are tuned 2M_i/η ∼ κ ∼ λ), and NT leptogenesis via inflaton decay does not occur. Likewise, string decay into Higgs fields does not contribute to the lepton asymmetry, since the Higgs decays into SM Higgses. On the other hand, if the string decays into gauge fields, or if RH zero modes are released during decay, leptogenesis is still possible. We will consider this possibility in some detail.

As a side remark, we note that there are other ways in these models to generate a μ-term which do not alter the inflaton decay rate, and are thus compatible with NT leptogenesis from reheating [38].

Either case 2 or case 3 is realized, depending on whether the reheat temperature

T_R ≃ 4 × 10^{−2}κ^{3/2} √ η m_p ( λ κ ) (53)

is smaller or larger than the mass of the lightest RH neutrino. Note that the reheat temperature is minimized in the limit λ → κ.

5.1 Results

5.1.1 Case 2

Leptogenesis is a result of string decay into RH neutrinos and into gauge fields which in turn decay into RH neutrinos. The RH neutrinos are out-of-equilibrium at all times, and the asymmetry is dominated by the initial time just at the end of inflation. There is no contribution to the asymmetry from inflaton decay nor from thermal leptogenesis.

The lepton asymmetry is given by Eq. (39) with the replacement Γ_N → Γ_H and X = A. This gives M_i ≃ 3 × 10^8 GeVC^2 κ^2N^{1/2} (κ λ ) (54) where we used η = η_{CW} . The reheat temperature is a function of κ only: T_R(κ/λ) = 10^8, 10^{10}, 10^{12} GeV for κ = 10^{−5}, 2 × 10^{−4}, 3 × 10^{−3}. The neutrino mass can be lowered by lowering the ratio (κ/λ) ≤ 1, but at the cost of increasing the reheat temperature with the inverse ratio. This makes it harder to satisfy the out-of-equilibrium condition M_i > T_R.

The results are shown in Fig. 6 for various values of C together with the kinematic constraint M_i < m_A ∼ η, and the out-of-equilibrium condition M_i > T_R. Note that the lower bound on the neutrino mass is proportional to f^{−1}_X , and the results for different values of f_X can be obtained by multiplying with the appropriate factor. Masses as low as M_i ∼ 10^8 GeV are compatible with leptogenesis.

5.1.2 Case 3

The lightest RH neutrino reaches thermal equilibrium, and all asymmetry is erased until it falls out of equilibrium at T ∼ M_1.

Figure 6: M_i vs. κ for case 2 with μ-term and η = η_{CW} , N = 1. The lines A-B correspond to A = (γ_{in}, X, f_X ) = (γ_{min}, A, 1), and B = (γ_{best}, A, 1). The parameter space is bounded by the kinematic constraint (top), and the wash-out constraint T_R < M_1 (bottom).

Loop scenario The lepton asymmetry is independent of the decay rate, in particular, on whether the inflaton decays into RH neutrinos or SM Higgses. Hence, the results of case 3 without a μ-term apply and

M_i ≃ 10^{14} GeVC^{′1/2} ( M_i M_1 )_{3/4} . (55)

The only differences are that now i = 1 is possible and still the lightest RH neutrino reaches equilibrium, and f_N < κ^{−1} so that C > κ^{1/2}. The results do not depend on the decay rate and the symmetry breaking scale η; the κ-dependence enters only via x_N .

The lower bound on M_i is shown in Fig. 7 for 1 < x_N < κ^{−1}, together with the kinetic and equilibrium M_1 < T_R constraint. Here it is assumed that (κ/λ) = 1, which minimizes the reheat temperature. Hence, the equilibrium constraint can be relaxed by taking (κ/λ) < 1, but at the cost of increasing the reheat temperature, and thereby aggravating the gravitino problem.

Figure 7: M_i vs. κ for case 1 with μ-term and η = η_{CW} , N = 1. The lila part corresponds to leptogenesis in the standard scenario with 1 < f_N < κ^{−1}, and the line A to the VHS scenario with (γ_{in}, X, f_X ) = (γ_s, ϕ, 1). The parameter space is bounded by the kinematic constraint (top), and the equilibrium constraint T_R > M_1 (top).

VHS scenario The lepton asymmetry is the same as in case 3 without a μ-term, and requires

M_i ≃ 4 × 10^2 m_p GeV^{1/2} η^{1/2} ( M_i M_1 )_{1/2} = 4 × 10^{12} GeVC^′ (κN )^{1/6} ( M_i M_1 )_{1/2} (56)

where in the second step we used η = η_{CW} . The result is shown in Fig. 7. The lower bound on the neutrino mass is proportional C ∝ f^{−1/2}_X , and the result for different values of f_X can be obtained by multiplying with the appropriate factor.

For couplings κ < 10^{−4} the reheat temperature is T_R < 10^{10} GeV, and this is a scenario with can accommodate inflation and leptogenesis, and in which both the gravitino problem and the μ-problem are solved. The lightest RH neutrino can be in equilibrium or not: both case 2 and 3 can work.

6 Conclusions

In this paper, we have investigated various possibilities for leptogenesis after hybrid inflation when gauged B-L is spontaneously broken at the end. One of the Higgs fields gives heavy Majorana mass to the RH neutrinos and NT leptogenesis can take place during reheating via inflaton decay into RH (s)neutrinos. Cosmic strings form at the end of inflation [6, 7]. If stable, they also contribute to primordial fluctuations. Interestingly enough, since the string Higgs field breaks B-L, these are the so-called B-L strings whose decay gives a second NT contribution to the lepton asymmetry of the universe [8]. In this paper we investigated which of these two mechanisms is most efficient, taking into account the CMB constraints [15].

Leptogenesis via inflaton decay can account for the observed asymmetry for neutrino masses in the range M_i = 10^9 − 10^{11} GeV, and quartic Higgs couplings κ = 10^{−5} − 10^{−2}. The minimal reheat temperature required for getting enough lepton asymmetry is T_R ∼ 7 × 10^6 GeV. To assure that all are out-of-equilibrium at T_R, and there is no wash-out of lepton number, the mass of the RH neutrino the inflaton decays into has to satisfy M_i ≲ 10^2 × T_R.

The calculation of the lepton asymmetry created by string decay is hampered by our poor knowledge of the properties of the string network. The initial string density, the loop formation and decay mechanisms all introduce uncertainties. In general, only the ’best case’ scenarios give a large contribution to the lepton asymmetry, in which it is assumed that the initial string density is high and/or that the fraction of string energy going into X-particles is appreciable. We argued that both of these assumptions are not far-fetched, as they fit well with our knowledge of cosmic strings.

We distinguished three different cases, depending on whether the inflaton field decays into RH (s)neutrinos, and wether the lightest neutrino is out-of-equilibrium at reheating.

In case 1, the inflaton decays into RH neutrinos and all RH neutrinos are out-of-equilibrium at T_R. The lepton asymmetry is determined by the energy density in the string network right at the end of inflation. If the strings mostly decay into Higgs particles, the contribution to the asymmetry is subdominant with respect to the contribution from inflaton decay. The strings can give a dominant contribution if it decays mostly into RH neutrinos or into gauge particles, but for the latter only in the ’best case’ scenario.

If inflaton decay is not into RH neutrinos and the RH neutrinos never attain thermal equilibrium (case 2), the only contribution to the baryon asymmetry of the Universe is from cosmic strings decay. String decay into RH neutrinos and vector particles, which subsequently decay into RH neutrinos, can still produce a lepton asymmetry. The minimal reheat temperature required for getting enough lepton asymmetry T_R ∼ 10^6 GeV. Gravitational inflaton decay can ameliorate the gravitino constraint. However, large M_i ∼ 10^{13} − 10^{15} GeV RH neutrino masses and couplings κ ≳ 10^{−3} are required. Such large couplings favor small Higgs representations.

The most unfavorable scenario is case 3, in which the lightest RH neutrino attains thermal equilibrium. The mass of the heaviest RH neutrino the inflaton can decay into (which cannot be M_1) must be large, M_i > 10^{13} GeV, the coupling must also be large, and the reheat temperature must be high T_R ≳ 10^{13} GeV. We note that in this case there is also a contribution to the lepton asymmetry from thermal leptogenesis.

Finally, we looked at the possibility of generating the MSSM μ-term dynamically. Inflaton decay is now into SM Higgses and Higgsinos, and only case 2 and 3 can occur. For a wide range of RH neutrino masses and for couplings κ < 10^{−4} this is a scenario which can accommodate inflation and leptogenesis, and in which both the gravitino problem and the μ-problem are solved.

Acknowledgements

RJ would like to thank The Dutch Organisation for Scientific Research [NWO] for financial support.

A CP-asymmetry

In this appendix we derive the typical values for the CP-asymmetry factor ϵ_i, extending the usual analysis to i = 2, 3. We use the formalism and notation of [39].

The CP-asymmetry is

ϵ_i = − 1 8π 1 (hh^†)_{ii} ∑ j≠i Im [ {(hh^†)_{ij} }^2 ] f( M^2_j M^2_i

) (57)

with in SUSY theories f(x) = √ x [ 2 x − 1 + ln(1 + x^{−1}) ] . (58)

For hierarchical RH neutrino masses M_1 ≪ M_2 ≪ M_3, we need the limits x ≪ 1 (where f → 3/ √ x) and x ≫ 1 (where f → − √ x(2 + ln(x))). The function f is maximized for f ∼ 1, but this does not occur for hierarchical RH masses. Then [39]

ϵ_1 = − 3 8π 1 (hh^†)_{11} [ Im [ {(hh^†)_{12}}^2 ] M_1 M_2

+ Im [ {(hh^†)_{13}}^2 ] M_1 M_3 ]

≈ − 3 8π m^2_u v^2

I. (59)

Here I ∼ O(1) a phase factor, v = 174 GeV sin β the Higgs VEV (note that sin β ≈ 1 for β ≳ 3). In the second step we have used

(hh^†)_{22} ≈ (m^2_c /v^2)I_{22}, (hh^†)_{12} ≈ (m_um_c/v^2)I_{12}, (hh^†)_{23} ≈ (m_tm_c/v^2)I_{23}, (60)

with I order one constants, and m_u, m_c, m_t he Dirac neutrino masses which are labeled in analogy with the quark masses. One can express the Dirac masses in terms of the RH neutrino masses:

|M_1| = m^2_u/A_1, |M_2| = m^2_c /A_2, |M_3| = m^2_t /A_3, (61)

with A_1 = s^2_{12} √ Δm^2_{sol}, A_2 = √ Δm^2_{atm}/2 and A_3 = 2|m_1|/s^2_{12}. The numerical values for A_i depend on the spectrum of light neutrino masses. For example A_1 = 2×10^{−12} GeV, 3× 10^{−11} GeV for normal hierarchy (m_3 ≈ (Δm^2_{atm})^{1/2} ≫ m_2 ≈ (Δm^2_{sol})^{1/2} ≫ m_1) respectively inverted hierarchy(m_1 ≈ m_2 ≈ (Δm^2_{atm})^{1/2} ≫ m_3 ≈ (Δm^2_{sol})^{1/2}) [39]. Here it is approximated that θ_{13} = 0 and θ_{23} = π/4. The CP-asymmetry is

ϵ_1 ≈ −

3A_1M_1 8πv^2 = 10^{−11} − 10^{−10} ( M_1 10^6 GeV ) . (62) 29

The bound in Eq. (22) is obtained for inverted hierarchy and order one phases. For quasidegenerate neutrinos (m_1 ≈ m_2 ≈ m_3 ≫ (Δm^2_{atm})^{1/2}) the asymmetry is suppressed by a factor Δ √ m^2_{atm}/m̄ with m̄ = 1/3 √ m^2_1 + m^2 + m^2_3 [27].

A similar calculation for decay of the next to lightest RH neutrino gives

ϵ_2 = − 1 8π 1 (hh^†)_{22} [ Im [ {(hh^†)_{21}}^2 ] M_1 M_2

+ Im [ {(hh^†)_{23}}^2 ] M_2 M_3 ]

≈ − 1 8π [ − m^2_u v^2

M_1 M_2 + 3 A_3 v^2

M_2 ]

≈ 2 × 10^{−10} ( M_2 10^6 GeV ) (63)

where in the last step we have neglected the subdominant term proportional to M_1, and we have used A_3 < 6 × 10^{−11} GeV valid for hierarchical (light) neutrinos. The bound is of the same order of magnitude as the bound on ϵ_1, but with M_1 ↔ M_2. Finally, for the CP-asymmetry of the heaviest RH neutrino we get

ϵ_3 = 1 8πv^2 [ M^2_1 A_1 M_3 + M^2_2 A_2 M_3 ] ≈ A_2M_2 8πv^2 M_2 M_3

= 3 − 7 × 10^{−11} ( M_2 10^6 GeV ) M_2 M_3

(64)

where we have used A_2 = 3 − 5 × 10^{−11} valid for hierarchical light neutrinos. Note that ϵ_3 is suppressed by a factor M_2/M_3 and is smaller than ϵ_1, ϵ_2.

References

[1] E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart and D. Wands, Phys. Rev.

D 49, 6410 (1994) [arXiv:astro-ph/9401011].

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

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

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

[5] V. N. Senoguz and Q. Shafi, Phys. Lett. B 582 (2004) 6 [arXiv:hep-ph/0309134].

V. N. Senoguz and Q. Shafi, Phys. Lett. B 596, 8 (2004) [arXiv:hep-ph/0403294]. V. N. Senoguz and Q. Shafi, arXiv:hep-ph/0412102.

[6] R. Jeannerot, Phys. Rev. D 56 (1997) 6205 [arXiv:hep-ph/9706391]. [7] R. Jeannerot, J. Rocher and M. Sakellariadou, Phys. Rev. D 68, 103514 (2003) [arXiv:hep-ph/0308134].

[8] R. Jeannerot, Phys. Rev. Lett. 77 (1996) 3292 [arXiv:hep-ph/9609442]. [9] For a discussion on GUT models and Spontaneous Symmetry Breaking patterns which lead to B-L string formation See R. Jeannerot and M. Postma, to appear soon.

[10] R. Jeannerot and M. Postma, JHEP 0412, 032 (2004) [arXiv:hep-ph/0411259]. [11] R. Jeannerot and M. Postma, JHEP 0412, 043 (2004) [arXiv:hep-ph/0411260]. [12] A. C. Davis and R. Jeannerot, Phys. Rev. D 52, 7220 (1995) [arXiv:hep-ph/9501275]. [13] R. Jeannerot, Phys. Rev. D 53, 5426 (1996) [arXiv:hep-ph/9509365]. [14] L. Pogosian, S. H. H. Tye, I. Wasserman and M. Wyman, Phys. Rev. D 68, 023506 (2003) [arXiv:hep-th/0304188]. M. Wyman, L. Pogosian and I. Wasserman, arXiv:astro-ph/0503364. E. Jeong and G. F. Smoot, Astrophys. J. 624 (2005) 21 [arXiv:astro-ph/0406432]. J. H. Wu, arXiv:astro-ph/0501239. A. A. Fraisse, arXiv:astro-ph/0503402.

[15] R. Jeannerot and M. Postma, arXiv:hep-ph/0503146.

[16] N. Sahu, P. Bhattacharjee and U. A. Yajnik, Phys. Rev. D 70 (2004) 083534 [arXiv:hep-ph/0406054].

[17] P. H. Gu and H. Mao, arXiv:hep-ph/0503126.

[18] C. T. Hill, H. M. Hodges and M. S. Turner, Phys. Rev. Lett. 59 (1987) 2493. [19] M. Landriau and E. P. S. Shellard, Phys. Rev. D 69 (2004) 023003 [arXiv:astro-ph/0302166].

[20] B. Allen, R. R. Caldwell, E. P. S. Shellard, A. Stebbins and S. Veeraraghavan, Phys.

Rev. Lett. 77 (1996) 3061 [arXiv:astro-ph/9609038].

[21] L. Perivolaropoulos, Phys. Lett. B 298 (1993) 305 [arXiv:hep-ph/9208247].

D. P. Bennett, A. Stebbins and F. R. Bouchet, Astrophys. J. 399 (1992) L5 [arXiv:hep-ph/9206233]. D. Coulson, P. Ferreira, P. Graham and N. Turok, arXiv:hep-ph/9310322.

[22] P. Minkowski, Phys. Lett. B 67 (1977) 421, M. Gell-Mann, P. Ramond and R.

Slansky, in Supergravity, P. van Nieuwenhuizen and D. Freeman eds., North Holland, Amsterdam 1979, p. 315; T. Yanagida, Prog. Theor. Phys. 64 (1980) 1103; R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44 (1980) 912; J. Schechter and J. W. F. Valle, Phys. Rev. D 22 (1980) 2227.

[23] M. Y. Khlopov and A. D. Linde, Phys. Lett. B138 (1984) 265; J. Ellis, J. E. Kim and D. V. Nanopoulos, Phys. Lett. B145 (1984) 181; J. R. Ellis, D. V. Nanopoulos and S. Sarkar, Nucl. Phys. B 259, 175 (1985); J. R. Ellis, G. B. Gelmini, J. L. Lopez, D. V. Nanopoulos and S. Sarkar, Nucl. Phys. B 373, 399 (1992); S. Sarkar, Rept. Prog. Phys. 59, 1493 (1996) [arXiv:hep-ph/9602260]; M. Kawasaki and T. Moroi, Prog. Theor. Phys. 93 (1995) 879, [hep-ph/9403364]; E. Holtmann, M. Kawasaki, K. Kohri and T. Moroi, Phys. Rev. D 60 (1999) 023506; M. Kawasaki, K. Kohri and T. Moroi, Phys. Rev. D 63 (2001) 103502, [hep-ph/0012279]; R. G. Leigh and R. Rattazzi, Phys. Lett. B 352, 20 (1995), [arXiv:hep-ph/9503402]; M. Y. Khlopov, Y. L. Levitan, E. V. Sedelnikov and I. M. Sobol, IC-93-191

[24] D. V. Nanopoulos, K. A. Olive and M. Srednicki, Phys. Lett. B 127, 30 (1983).

[25] T. Asaka, K. Hamaguchi, M. Kawasaki and T. Yanagida, Phys. Rev. D 61 (2000) 083512 [arXiv:hep-ph/9907559].

[26] S. Davidson and A. Ibarra, Phys. Lett. B 535 (2002) 25 [arXiv:hep-ph/0202239].

[27] W. Buchmuller, P. Di Bari and M. Plumacher, Nucl. Phys. B 643 (2002) 367 [arXiv:hep-ph/0205349].

[28] S. Antusch and S. F. King, Phys. Lett. B 597, 199 (2004) [arXiv:hep-ph/0405093].

[29] A. Vilenkin and E. P. S. Shellard, “Cosmic strings and other topological defects”, Cambridge monographs on mathematical physics, Cambridge University Press, England, 1994; M. B. Hindmarsh and T. W. B. Kibble, Rept. Prog. Phys. 58 (1995) 477 [arXiv:hep-ph/9411342].

[30] X. Siemens, K. D. Olum and A. Vilenkin, Phys. Rev. D 66, 043501 (2002) [arXiv:gr-qc/0203006].

[31] G. R. Vincent, M. Hindmarsh and M. Sakellariadou, Phys. Rev. D 56, 637 (1997) [arXiv:astro-ph/9612135]; G. Vincent, N. D. Antunes and M. Hindmarsh, Phys. Rev. Lett. 80, 2277 (1998) [arXiv:hep-ph/9708427].

[32] P. Bhattacharjee and G. Sigl, Phys. Rept. 327, 109 (2000) [arXiv:astro-ph/9811011].

[33] P. Sreekumar et al. [EGRET Collaboration], Astrophys. J. 494 (1998) 523 [arXiv:astro-ph/9709257].

[34] T. W. B. Kibble, J. Phys. A 9 (1976) 1387.

[35] W. H. Zurek, Phys. Rept. 276 (1996) 177 [arXiv:cond-mat/9607135].

[36] E. J. Copeland, S. Pascoli and A. Rajantie, Phys. Rev. D 65 (2002) 103517 [arXiv:hep-ph/0202031].

[37] G.R. Dvali, G. Lazarides and Q. Shafi, Phys. Lett. B424, 259 (1998) [arXiv:hep-ph/9710314].

[38] G. Lazarides and Q. Shafi, beyond with several consequences,” Phys. Rev. D 58, 071702 (1998) [arXiv:hep-ph/9803397]. R. Jeannerot, S. Khalil, G. Lazarides and Q. Shafi, monopoles in supersymmetric SU(4)c x SU(2)L x SU(2)R,” JHEP 0010, 012 (2000) [arXiv:hep-ph/0002151].

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