arXiv:hep-ph/0606228v2 9 Mar 2008

Gravitino production in an inflationary Universe and implications for leptogenesis

Raghavan Rangarajan^∗ and Narendra Sahu^† Theoretical Physics Division, Physical Research Laboratory, Navarangpura, Ahmedabad 380 009, India

Abstract

Models of leptogenesis are constrained by the low reheat temperature at the end of reheating associated with the gravitino bound. However a detailed view of reheating, in which the maximum temperature during reheating, T_{max}, can be orders of magnitude higher than the reheat temperature, allows for the production of heavy Majorana neutrinos needed for leptogenesis. But then one must also consider the possibility of enhanced gravitino production in such scenarios. In this article we consider gravitino production during reheating, its dependence on T_{max}, and its relevance for leptogenesis. Earlier analytical studies of the gravitino abundance have only considered gravitino production in the post-reheating radiation dominated era. We find that the gravitino abundance generated during reheating is comparable to that generated after reheating. This lowers the upper bound on the reheat temperature by a factor of 4/3.

Key words: Inflationary cosmology, gravitino abundance, leptogenesis

PACS numbers: 98.80.-k,98.80.Cq

∗Electronic address: raghavan@prl.res.in †Electronic address: narendra@prl.res.in

I. INTRODUCTION

Gravitinos in supersymmetric theories can have important cosmological consequences. Stable gravitinos can overclose the universe while unstable gravitinos can affect the expansion rate of the universe during eras prior to their decay. The decay products of unstable gravitinos can also overclose the universe or affect light element abundances generated during nucleosynthesis. These cosmological consequences are a function of the gravitino energy density, ρ~_G = m~_Gn~_G, where m~_G and n~_G are the mass and number density of gravitinos.

In a non-inflationary universe, n~_G ∼ T^3 and therefore cosmological constraints on the energy density of gravitinos provide bounds on m~_G, and equivalently on the scale of supersymmetry breaking [1, 2]. In an inflationary universe, n~_G is also a function of the reheat temperature, and so for a fixed m~_G, often taken to be O(100 GeV − 1 TeV), cosmological constraints on the energy density of gravitinos provide an upper bound on the reheat temperature [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13].

In Refs. [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] the number density of gravitinos is obtained by considering gravitino production in the radiation dominated era following reheating. It is presumed that n~_G = 0 at the beginning of the radiation dominated era. Gravitinos are then produced through thermal scattering and n~_G is found to be proportional to the reheat temperature, T_{reh}, which is the temperature of the thermal plasma at the beginning of the radiation dominated era when the inflaton field has decayed completely and the energy density of the universe is dominated by the inflaton decay products. The cosmological constraints on n~_G then provide an upper bound on T_{reh} of 10^{6−9} GeV.

If, as in Refs. [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13], one assumes instantaneous reheating after inflation or that T_{reh} is the maximum temperature during reheating, then the upper bound on T_{reh} makes it difficult to create sufficiently high number densities of GUT gauge and Higgs bosons whose decays could generate the baryon asymmetry of the universe. Similarly, the gravitino bound constrains leptogenesis models in which the lepton asymmetry is generated by the decay of heavy bosons or fermions [14]. However, as discussed in Refs. [15, 16], after the inflationary era the temperature does not rise instantaneously to T_{reh} but rises initially to a maximum temperature T_{max} and then falls to T_{reh}. In Ref. [16] the authors then argue that T_{max} can be as high as 10^3T_{reh} and that sufficient numbers of the lightest heavy Majorana right-handed neutrino of mass ∼ 10T_{reh} can be produced during reheating to allow for successful leptogenesis. This issue has also been studied in Ref. [14, 17].

While the above scenario considers the possible production of heavy neutrinos during reheating it does not consider the possible enhancement in the gravitino production as well. If the gravitino abundance generated post-reheating is proportional to the maximum temperature during that era, namely T_{reh}, one should ask whether the gravitino abundance generated during reheating is proportional to the maximum temperature, T_{max}, of the reheating era. If this abundance is larger than the abundance generated in the post-reheating era it could affect the viability of the leptogenesis scenario of Ref. [16]. Therefore in this article we explicitly calculate the gravitino abundance generated during the reheating era. We then compare it to the standard calculation of the gravitino abundance generated after reheating in the radiation dominated era, and discuss its relevance for leptogenesis models.

As argued above, one might expect that the gravitino abundance generated during reheating will be a function of T_{max}. Interestingly, what we find is that by manipulating the relations between T_{max}, T_{reh}, the inflaton decay rate and the scale of inflation the dependence on T_{max} cancels out and the gravitino abundance is proportional to T_{reh} only. Furthermore, while one would not expect the gravitino abundance generated in the reheating and the post-reheating eras to be similar that is indeed what we find. The resulting contraint on the reheat temperature and on leptogenesis models is then only slightly stronger than before.

Our results are valid for a reheating scenario that does not include preheating. Gravitino production during preheating has been considered in Ref. [18, 19, 20, 21, 22, 23, 24].

II. PRODUCTION OF GRAVITINOS

During inflation the Universe cools down by several orders of magnitude. Subsequently the inflaton decays while performing coherent oscillations about the minimum of its potential. Very soon after the inflaton enters the oscillating phase the temperature of the universe rises to a maximum value [15]

T_{max} ≃ 0.8g^{−1/4}_∗ M^{1/2}_I (Γ_ϕM_{Pl})^{1/4} , (1)

where M_I = V^{1/4}_I , V_I being the vacuum energy density during the inflationary epoch (taken to be constant). g_∗ is the number of relativistic degrees of freedom and Γ_ϕ is the decay rate of the inflaton field. Subsequently, the temperature of the thermal bath falls approximately as R^{−3/8} [15], where R is the scale factor of expansion of the Universe. This particular dependence on R goes on until the universe becomes radiation dominated when the inflaton field decays completely at t_{reh} = Γ^{−1}_ϕ . The temperature of the universe at t_{reh} is given by [15] T_{reh} ≃ 0.55g^{−1/4}_{∗reh} (M_{Pl}Γ_ϕ)^{1/2} . (2) In the following we examine the production of gravitinos during reheating between T_{max} and T_{reh}, and during the subsequent radiation dominated era, and discuss its consequences.

Gravitinos are produced by the scattering of the inflaton decay products; see, for example, Tables 1 in Refs. [7, 12] for a list of processes. The number density of gravitinos generated is then given by the solution of the Boltzmann equation dn~_G dt + 3Hn~_G = ⟨Σ_{tot}|v|⟩n^2 , (3)

where n = (ζ(3)/π^2)T^3 (ζ(3) = 1.20206.. is the Riemann zeta function of 3), Σ_{tot} is the total scattering cross section for gravitino production, v is the relative velocity of the incoming particles, and ⟨...⟩ refers to thermal averaging. We have ignored the gravitino decay term above as the gravitino lifetime is 10^{7−8}(100 GeV/m~_G)s [7] and is not relevant during the gravitino production era for gravitinos of mass 10^{2−3} GeV. We may re-express this equation as Ṫ dn^{G̃} dT + 3Hn~_G = ⟨Σ_{tot}|v|⟩n^2 , (4) In SU(N) supersymmetric models with n_f pairs of fundamental and antifundamental chiral supermultiplets, ⟨Σ_{tot}|v|⟩ is given by [25] ⟨Σ_{tot}|v|⟩ ≡ α M^2 = 1 M^2 [ 1 + ( m^2_{g̃} 3m^2_{G̃} )] 3g^2_N (N^2 − 1)π 32ζ(3) × [{ln(T^2/m^2_{g,th}) + 0.3224}(N + n_f ) + 0.5781n_f ] , (5)

where m_{g̃} is the gaugino mass and m_{g,th} is the thermal mass of the gauge boson which is given as m^2_{g,th} = 1 6 g^2_N (N + n_f )T^2 . (6) In the above equations g_N (N = 1, 2, 3) are the gauge coupling constants corresponding to U(1)_Y , SU(2)_L and SU(3)_C respectively and M = M_{Pl}/ √ 8π ≃ 2.4 × 10^{18} GeV is the reduced Planck mass. (For U(1) gauge interactions, N^2 − 1 → 1 and N + n_f → n_f , where n_f is the sum of the square of the hypercharges of chiral multiplets [29].) Using the one loop β-function of MSSM, the solution of the renormalization group equation for the gauge coupling constants is given by

g_N (T ) ≃ [ g^{−2}_N (M_Z ) − b_N 8π^2 ln(T/M_Z ) ]_{−1/2} , (7)

with b_1 = 11, b_2 = 1, b_3 = −3. It is presumed here that inflaton decays perturbatively and the products thermalise quickly as discussed in Appendix A of Ref. [16]. Also see Refs. [26, 27] for an alternate description of reheating and the gravitino bound.

A. Gravitino production during reheating

If the potential for the oscillating inflaton field is dominated by the mass term, then the energy density of the inflaton field scales as 1/R^3 during reheating. (We ignore change in the inflaton energy density due to decays.) Einstein’s equation then implies ( Ṙ R )_2 = 8πG 3 ρ_{max} ( R_{max} R )_3

, (8)

where ρ_{max} and R_{max} are the inflaton energy density and scale factor at T_{max}. Solving the above equation for R we get

R = R_{max} [ 3 2 H_{max}(t − t_{max}) + 1 ]_{2/3} , (9)

where H_{max} ≃ √ 8π 3 M^2_I M_{Pl}

. (10)

(For t ≫ t_{max}, R ∼ t^{2/3}.)

For Eq. (4) we require Ṫ and H as functions of the temperature T . During reheating the energy density of the relativistic particles is given by ρ_r ∝ R^{−3/2} [15]. Since ρ_r ∼ T^4, we get

T = T_{max} ( R_{max} R )_{3/8} . (11)

Using Eq. (9) the T − t relation is then obtained as

T = T_{max} 1 [_3 2 H_{max}(t − t_{max}) + 1

] 1_4 . (12)

This implies that

Ṫ = −3 8 T H_{max} 1 [_3 2 H_{max}(t − t_{max}) + 1 ] = − 3 8 T H_{max} ( T T_{max}

)_4

. (13)

The Hubble expansion parameter in terms of T is then given by H = Ṙ R = − 8 3 Ṫ T = H_{max} ( T T_{max}

)_4 . (14)

Using Eqs. (13) and (14), Eq. (4) can be rewritten as dn~_G dT − 8 T n~_G = −CT , (15)

where C = 8 3 T^4_{max} H_{max} α M^2 ( ζ(3) π^2

)_2

. (16)

Solving for n~_G in the regime T_{max} to T_{reh} we get

n~_G(T_{reh}) = C 6 T^8_{reh} ( 1 T^6_{reh} − 1 T^6_{max} ) (17) = C 6 T^2_{reh} for T_{max} ≫ T_{reh} . (18)

α has been taken to be constant although there is a log dependence due to the running gauge couplings in the one loop β function of MSSM.

B. Gravitino production in the radiation dominated era

After the inflaton field decays completely at t_{reh} the universe enters the radiation dominated era. Unlike the reheating era during which the entropy continuously increases, in the radiation dominated era the total entropy remain constant (except for epochs of outof-equilibrium decays). Therefore it is useful to express the abundance of any species i as Y_i = n_i/s, where n_i is the number density of the species i in a physical volume and s is the entropy density given by s = 2π^2 45 g_∗T^3 . (19)

g_∗ = 228.75 in the MSSM. With this definition, Eq. (4) reads as Ṫ dY^{G̃} dT = ⟨Σ_{tot}|v|⟩Y n . (20)

For the radiation dominated era,

T = T_{reh} 1 [2H_{reh}(t − t_{reh}) + 1]^{12}

, (21)

where H_{reh} = √ 8π^3g_{∗reh} 90 T^2_{reh} M_{Pl}

. (22)

This implies that Ṫ is Ṫ = −H^{reh} T^2_{reh}

T^3 = − ( g_{∗reh}π^2 90 ) 1_2

T^3 M . (23)

Then dY~_G dT = − ( 90 g_{∗reh}π^2

)_{1/2} ( 1 (2π^2/45)g_∗ ) ( α M ) (ζ(3) π^2

)_2 . (24)

Assuming α to be independent of temperature and integrating the above equation from T_{reh} to T_f , the final temperature, we get the number density of gravitinos at T_f to be

Y~_G(T_f ) = Y~_G(T_{reh}) + ( 90 g_{∗reh}π^2

)_{1/2} ( 1 (2π^2/45)g_{∗reh} )

× ( α M ) (ζ(3) π^2

)_2

(T_{reh} − T_f ) . (25)

Since most of the gravitinos are generated close to T_{reh} we have ignored the variation of g_∗ with temperature and used g_{∗reh} in the final expression. Using Eqs. (18), (16) and (19) the first term on the right hand side of the above equation is given by

Y~_G(T_{reh}) = α M^2 ( ζ(3) π^2

)_2 ( 1 (2π^2/45)g_{∗reh} ) 4 9 T^4_{max} H_{max}T_{reh}

. (26)

This term is usually neglected while estimating the gravitino abundance [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13]. However as we see below this is comparable with the second term in Eq. (25). Now using Eq. (26) in Eq. (25) we get the effective number density of gravitinos at T_f to be

Y~_G(T_f ) = α M^2 ( ζ(3) π^2

)_2 ( 1 (2π^2/45)g_{∗reh} ) [ 4 9 T^4_{max} H_{max}T_{reh} + M ( 90 g_{∗reh}π^2 )_{1/2} T_{reh} ] , (27)

where we have used T_f ≪ T_{reh}. Relating T_{max} to T_{reh} from Eqs. (1) and (2) the number density of gravitinos in a comoving volume is then given as

Y~_G(T_f ) = αT_{reh} M ( ζ(3) π^2

)_2 ( 1 (2π^2/45)g^{3/2}_{∗reh} ) (1.0 + 3.0) , (28)

where we have used g_{∗reh} in the expressions for T_{max}.

III. DISCUSSION AND COMMENTS

Generalizing Eq. (17) for any T during reheating one sees that n~_G does not vary monotonically during reheating. As shown in Fig. (1), n~_G rises dramatically from T_{max} to T_1 = T_{max}/4^{1/6} and then falls from T_1 to T_{reh}. However R^3 ∼ T^{−8} and the number density per comoving volume, n̄~_G = (1/R^3_{max}) ∫_T T_{max} dT d/dT (nG̃R 3), is proportional to (1/T^6 − 1/T^6_{max}) and so most gravitinos are produced close to T ∼ T_{reh}. (s ∼ T^3 and, as shown in Fig. (2), Y~_G increases steadily in the reheating phase for T_{reh} < T < T_{max}.) For T < T_{reh}, one can show from Eq. (25) that dn~_G/dT is always greater than 0, indicating that the gravitino number density is always decreasing during the radiation dominated era. (If Y~_G(T_{reh}) is set to 0, then n~_G first increases and then decreases.) Y~_G is always increasing but for T ≪ T_{reh} it becomes approximately constant, as seen in Fig. (2).

We now address a concern as to whether one can distinguish production as occuring in the reheating era or in the radiation dominated era when production in both eras occurs close to T_{reh}. In our analysis, for T < T_{max} during reheating the ratio of the radiation and inflaton energy densities increases as ρ_{rad}/ρ_{inf} ∼ R^{−3/2}/R^{−3} ∼ R^{3/2} ∼ T^{−4} while the gravitino abundance increases as Y~_G ∼ T^{−1} (from Eq. (26)). Therefore much of the change in the gravitino abundance in the reheating era occurs when ρ_{rad} ≪ ρ_{inf} . Similarly, Eq. (25) implies that in the radiation dominated era the gravitino abundance changes linearly with T ∼ t^{−1/2}, while the inflaton energy density falls exponentially fast. Again much of the gravitino production at T < T_{reh} will occur when it is valid to treat the dynamics of the era as due to radiation only. Therefore we believe that our treatment of the problem is valid.

From Eq. (28) it is clear that the gravitino production during the reheating period is 1/3 of that during the radiation dominated era. A priori one would not have expected the gravitino production in both these eras to be similar. Furthermore, the gravitino abundance generated during reheating can be re-expressed as independent of T_{max}, which is also unexpected. Interestingly, the contribution to Y~_G from the reheating era is linearly proportional to T_{reh}, as it is for the radiation dominated era. It is then straightforward to revise the earlier upper bound on T_{reh} from the cosmological constraints on n~_G. The bound of 10^{6−9} GeV will now be lowered by a factor of 4/3 and thus is not greatly affected. Since T_{max} ∝ √ T_{reh}, T_{max} is also not much affected. Therefore heavy particles of mass greater than T_{reh} can still be produced during reheating and leptogenesis scenarios are not significantly further

FIG. 1: The gravitino number density, n_{G̃}, the gravitino number density per comoving volume, n̄_{G̃}, and the entropy density, s, are plotted as a function of the temperature T during reheating. T_{reh} and M_I are chosen to be 10^9 GeV and 10^{16} GeV respectively, and so T_{max} ≈ 2 × 10^{12} GeV. T_1 ≈ T_{max}. α is treated as constant and evaluated at T_{reh}, with g_i(M_z) obtained from α_{EM} (M_Z ) = 1/128, sin^2 θ_W (M_Z ) = 0.231, α_s(M_Z ) = 0.119, and M_Z = 91.2 GeV [28].

constrained than before.

Comparison with numerical analysis: The total gravitino density, including that generated during reheating, has been obtained numerically in Ref. [29]. Our analytical derivation agrees well with their fit to the gravitino abundance. For a reheat temperature of 10^9 GeV, both Eq. (F12) of Ref. [29] and our Eq. (28) give Y~_G = 2 × 10^{−13} indicating the robustness of our analysis. Furthermore, our analytical derivation allows one to appreciate various aspects of the gravitino abundance obtained in Ref. [29]. The fit to the gravitino abundance in Ref. [29] gives an abundance dependent on T_{reh}, but not also on T_{max} as one might have expected. Our analysis above shows that the abundance generated during reheating does indeed depend on T_{max} (see Eq. (26)) but it also depends on the scale of inflation and T_{reh}, and by manipulating the expressions relating these three quantities, as we have done, the dependence on T_{max} cancels out.

The dominant term in the fit of Ref. [29] for the total gravitino abundance has the same functional form as that obtained by earlier analytical calculations that did not include gravitino generation during reheating, namely, linear dependence on T_{reh}. Our analysis indicates

FIG. 2: Y_{G̃} = n_{G̃}/s generated during the reheating era, the radiation dominated era, and the sum of contributions from both eras are shown as a function of the temperature T for the same parameters as in Fig. (1). Since Y_{G̃} in both eras is largely generated close to T_{reh}, α is evaluated at T_{reh}. The final value of Y_{G̃} is ≈ 2 × 10^{−13}.

that this is because gravitino generation during reheating also has a linear dependence on T_{reh}, just as in the post-reheating era. We emphasise that it would be improper to naively conclude that the linear dependence is because the gravitino abundance generated during the radiation dominated era is dominant, since we have shown that the gravitino abundance generated in both eras differ only by a factor of 3.

IV. CONCLUSION

In conclusion, in this article we have calculated the gravitino abundance generated during reheating. We find that it is linearly proportional to the the reheat temperature T_{reh}, as in the standard calculation of gravitinos produced in the radiation dominated era after reheating. Further, we find that it is about 1/3 the number density of gravitinos generated in the radiation dominated era. Therefore this lowers the upper bound on T_{reh} from cosmological constraints on the gravitino number density by a factor of 4/3. This does not significantly alter the viability of leptogenesis scenarios.

[1] H. Pagels and J. R. Primack, Supersymmetry, Cosmology And New Tev Physics, Phys. Rev.

Lett. 48 223 (1982) .

[2] S. Weinberg, Cosmological Constraints on the Scale of Supersymmetry Breaking, Phys. Rev.

Lett. 48 1303 (1982) .

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

[4] L. M. Krauss, New Constraints On ’Ino’ Masses From Cosmology. 1. Supersymmetric ’Inos’, Nucl. Phys. B 227 556 (1983) .

[5] I. V. Falomkin, G. B. Pontecorvo, M. G. Sapozhnikov, M. Yu. Khlopov, F. Balestra and G. Piragino, Low-Energy Anti-P He-4 Annihilation And Problems Of The Modern Cosmology, GUT And Susy Models, Nuovo Cim. A 79, 193 (1984) [Yad. Fiz. 39, 990 (1984)] .

[6] M. Yu. Khlopov and A. D. Linde, Is It Easy To Save The Gravitino?, Phys. Lett. B 138 265 (1984) .

[7] J. Ellis, J. E. Kim and D. V. Nanopoulos, Cosmological Gravitino Regeneration And Decay, Phys. Lett. B 145 181 (1984) .

[8] R. Juszkiewicz, J. Silk and A. Stebbins, Constraints On Cosmologically Regenerated Gravitinos, Phys. Lett. B158 463 (1985) .

[9] J. Ellis, D. V. Nanopoulos and S. Sarkar, The Cosmology Of Decaying Gravitinos, Nucl. Phys.

B 259 175 (1985) .

[10] M. Kawasaki and K. Sato, Decay Of Gravitinos And Photodestruction Of Light Elements, Phys. Lett. B189 23 (1987) .

[11] M. Yu. Khlopov, Yu. L. Levitan, E. V. Sedel’nikov, and I. M. Sobol, Nonequilibrium cosmological nucleosynthesis of light elements: Calculations by the Monte Carlo method, Phys. Atom. Nucl. 57 1393 (1994) [Yad. Fiz. 57, 1466 (1994)].

[12] M. Kawasaki and T. Moroi, Gravitino production in the inflationary universe and the effects on big bang nucleosynthesis, Prog. Theor. Phys. 93, 879 (1995) [hep-ph/9403364] .

[13] R. H. Cyburt, J. R. Ellis, B. D. Fields and K. A. Olive, Updated nucleosynthesis constraints on unstable relic particles, Phys. Rev. D 67 103521 (2003) [astro-ph/0211258] .

[14] D. Delepine and U. Sarkar, Gravitino constraints on models of neutrino masses and leptogenesis, Phys. Rev. D 60 (1999) 055005 [hep-ph/9811479] .

[15] E.W. Kolb and M. Turner, The Early Universe, Addison-Wesley, Frontiers in Physics Series, 69 (1990), pp. 278-281 .

[16] D. J. H. Chung, E. W. Kolb and A. Riotto, Production of massive particles during reheating, Phys. Rev. D 60, 063504 (1999) [hep-ph/9809453] .

[17] G. F. Giudice, E. W. Kolb and A. Riotto, Largest temperature of the radiation era and its cosmological implications, Phys. Rev. D 64, 023508 (2001) [hep-ph/0005123] .

[18] P. B. Greene and L. Kofman, Preheating of fermions, Phys. Lett. B 448, 6 (1999) [arXiv:hep-ph/9807339] .

[19] A. L. Maroto and A. Mazumdar, Production of spin 3/2 particles from vacuum fluctuations, Phys. Rev. Lett. 84, 1655 (2000) [arXiv:hep-ph/9904206] .

[20] R. Kallosh, L. Kofman, A. D. Linde and A. Van Proeyen, Gravitino production after inflation, Phys. Rev. D 61, 103503 (2000) [arXiv:hep-th/9907124] .

[21] S. Tsujikawa, B. A. Bassett and F. Viniegra, Multi-field fermionic preheating, JHEP 0008, 019 (2000) [arXiv:hep-ph/0006354] .

[22] H. P. Nilles, M. Peloso and L. Sorbo, Nonthermal production of gravitinos and inflatinos Phys.

Rev. Lett. 87, 051302 (2001) [arXiv:hep-ph/0102264] .

[23] H. P. Nilles, K. A. Olive and M. Peloso, The inflatino problem in supergravity inflationary models Phys. Lett. B 522, 304 (2001) [arXiv:hep-ph/0107212] .

[24] D. I. Podolsky, G. N. Felder, L. Kofman and M. Peloso, Equation of state and beginning of thermalization after preheating, Phys. Rev. D 73, 023501 (2006) [arXiv:hep-ph/0507096].

[25] M. Bolz, A. Brandenburg and W. Buchmuller, Thermal production of gravitinos, Nucl. Phys.

B 606, 518 (2001) .

[26] R. Allahverdi and A. Mazumdar, Quasi-thermal universe: From cosmology to colliders, [hep-ph/0505050] .

[27] R. Allahverdi and A. Mazumdar, Supersymmetric thermalization and quasi-thermal universe:

Consequences for gravitinos and leptogenesis, JCAP 0610, 008 (2006), [hep-ph/0512227] . [28] S. Eidelman et al., Particle physics data group, Phys. Lett. B 592, 1 (2004) [http://pdg.lbl.gov] .

[29] M. Kawasaki, K. Kohri and T. Moroi, Big-bang nucleosynthesis and hadronic decay of longlived massive particle, Phys. Rev. D 71 083502 (2005) [astro-ph/0408426] .