arXiv:hep-ph/0210073 v2 30 Jan 2003

Leptogenesis via multiscalar coherent evolution with supersymmetric neutrino see-saw

Masato Senami^∗ and Katsuji Yamamoto^† Department of Nuclear Engineering, Kyoto University, Kyoto 606-8501, Japan (Dated: January 30, 2003)

A novel scenario of leptogenesis is investigated in the supersymmetric neutrino see-saw model. The right-handed sneutrino Ñ and the ϕ field in the L̃Hu direction of the slepton and Higgs doublets start together coherent evolution after the inflation with right-handed neutrino mass MN smaller than the Hubble parameter of inflation. Then, after some period the motion of Ñ and ϕ is drastically changed by the cross coupling MN hν Ñ^∗ϕϕ from the MN NN and hν NLHu terms, and the significant asymmetries of Ñ and L̃ are generated. The L̃ asymmetry is fixed later by the thermal effect as the lepton number asymmetry for baryogenesis, while the Ñ asymmetry disappears through the decays Ñ → L̄ ¯H̃_u, L̃H_u with almost the same rate but opposite final lepton numbers.

PACS numbers: 12.60Jv, 14.60.St, 98.80.Cq

Baryogenesis via leptogenesis is considered as one of the promising scenarios to explain the baryon number asymmetry in the universe [1]. The leptogenesis is interesting particularly in the point that it may be related to the neutrino mass generation. In the supersymmetric standard model, as investigated fully so far, the leptogenesis may be realized via the Affleck-Dine mechanism [2, 3] in the L̃H_u flat direction of the slepton and Higgs doublets, L̃ and H_u, requiring the very small mass of the lightest ordinary neutrino [4]. It is also possible to realize the leptogenesis on the flat manifold of L̃-H_u-H_d, where the restriction on the lightest neutrino mass may be considerably moderated [5]. In this letter, we investigate another novel scenario of leptogenesis in the supersymmetric see-saw model for neutrino masses [6]. The lepton number asymmetry is indeed generated via the coherent evolution of the multiscalar fields, the right-handed sneutrino Ñ and the ϕ field in the L̃H_u direction. The potential terms provided with the supersymmetric neutrino see-saw and also the thermal effect [7] play important roles for leptogenesis in the respective epochs. The leptogenesis is completed when the generated lepton number asymmetry is fixed to some significant value by the thermal effect at the scale much higher than the gravitino mass m_{3/2} ∼ 10^3GeV. Hence, this scenario is not restricted by the low-energy electroweak physics.

In the present scenario of leptogenesis, it is supposed that some of the masses M_N ’s of the right-handed neutrinos N ’s (antineutrinos strictly) are smaller than the Hubble parameter H_{inf} ∼ 10^{13}GeV during the inflation. Specifically, we describe the generation of lepton number asymmetry by considering the simple case that

M_{N1} < H_{inf} (1)

for one N_1 while M_{N2} , M_{N3} > H_{inf} for the others N_2, N_3. The lepton doublets are arranged with unitary transfor-

∗E-mail address: senami@nucleng.kyoto-u.ac.jp †E-mail address: yamamoto@nucleng.kyoto-u.ac.jp

mation so that only L_1 has the Yukawa coupling with N_1. Then, the right-handed sneutrino Ñ_1 and the ϕ field in L̃_1H_u start together coherent evolution with large initial field values after the inflation in the manner of Affleck and Dine. The motions of Ñ_1 and ϕ are linked through the superpotential term h_ν N_1L_1H_u. (Ñ_2 = Ñ_3 = 0 due to the large masses M_{N2} , M_{N3} > H_{inf} .) Henceforth the generation indices are suppressed by considering only the one generation for leptogenesis, and the relevant scalar fields are specified as Ñ , L̃ = ( ϕ/ √ 2 0 ) , H_u = ( 0 ϕ/ √ 2 ) . (2)

If some of M_N ’s are smaller than H_{inf} in general, the coherent evolution after the inflation may be much more multidimensional involving the Ñ ’s, L̃’s and H_u. The leptogenesis scenario is essentially valid even in such cases, where the main source for asymmetry generation is the cross coupling M_N h_νÑ^∗ϕϕ from the M_N N N and h_νN LH_u terms of supersymmetric neutrino see-saw.

The relevant superpotential is given by W = M_N 2 N N + e^{iδN} 4M N N N N + h_ν N LH_u. (3) The N N N N term may originate in the physics of Planck scale, and its phase factor e^{iδN} is included here with real M_N . The N N N term is discarded for simplicity by requiring the R-parity. The LH_uLH_u term is not considered either, since it does not provide significant effect if the Yukawa coupling h_ν > 0 is not extremely small. As seen later in Eqs. (6) and (7), the Yukawa coupling h_ν ∼ 3 × 10^{−3} is relevant for the present scenario of leptogenesis starting at the large scale ∼ 10^{15}GeV. Then, its value at the electroweak scale M_W is evaluated as h_ν (M_W ) ∼ 10^{−3} by considering the renormalization group effects mainly provided by the top quark loop for the H_u field. The ordinary neutrino mass via see-saw mechanism is roughly estimated as

m_ν ∼ 10^{−4}eV ( h_ν(M_W ) 10^{−3}

)_2 ( 10^{11}GeV M_N ) (4) depending on h_ν (M_W ) and M_N . (The neutrino mixing is present in general with matrix form of h_ν .) Hence, this neutrino relevant for leptogenesis should be identified with the lightest one, being compatible with the data on the atmospheric and solar neutrino experiments [8, 9]. It is interesting that the lightest neutrino mass is expected to be m_ν ∼ 10^{−4}eV for the present leptogenesis with Ñ and ϕ, while m_ν ≲ 10^{−8}eV is required for the conventional Affleck-Dine leptogenesis in the L̃H_u flat direction [4].

The scalar potential is given with W in Eq. (3) as

V = −c_N H^2|Ñ |^2 − c_ϕH^2|ϕ|^2 + | | | |M^N Ñ + e^{iδN} M Ñ Ñ Ñ + h^ν 2 ϕϕ | | | | 2 + h^2_ν |Ñ|^2|ϕ|^2 + H ( b_N M_N 2 ÑÑ + a_N e^{iδN} 4M Ñ Ñ Ñ Ñ + h.c. )

+ H ( a_h h_ν 2 Ñϕϕ + h.c. ) + V_{th}(ϕ). (5)

Here the soft supersymmetry breaking terms are induced by the expansion of the universe with the Hubble parameter H. The thermal terms [7] are also included in V_{th}(ϕ). The D^2 terms are vanishing for the ϕ field. The evolution of the scalar fields is governed by the equations of motion with this potential V and the redshift of H.

(i) Inflation epoch: H = H_{inf}

The scalar fields settle into one of the minima (Ñ_0, ϕ_0) of V during the inflation with H = H_{inf} , which are determined as

|Ñ_0| ∼ |ϕ_0| ∼ 3 × 10^{15}GeV ( H_{inf} M 10^{13}GeV10^{18}GeV )_{1/2} (6) for the Yukawa coupling

h_ν ∼ 3 × 10^{−3} ( H_{inf} /M 10^{13}GeV/10^{18}GeV )_{1/2} . (7)

(We henceforth take H_{inf} = 10^{13}GeV typically.) We consider for definiteness the case with this range of h_ν , though it does not require a fine tuning. If h_ν < (H_{inf} /M )^{1/2}, |Ñ_0| and |ϕ_0| take larger values. If h_ν > (H_{inf} /M )^{1/2}, on the other hand, ϕ_0 = 0 may be obtained due to the h^2_ν |Ñ|^2|ϕ|^2 term. The leptogenesis can be realized even in these cases with some modifications of scenario, which will be described elsewhere.

(ii) Oscillation epoch: H_{inf} > H > H_{tr}

After the inflation the Hubble parameter decreases as H = (2/3)t^{−1} in the matter dominated universe, and the multiscalar coherent evolution of Ñ and ϕ starts with the initial condition (Ñ , ϕ) = (Ñ_0, ϕ_0) at t = t_0 ∼ H^{−1}_{inf} , as given in Eq. (6). The higher order potential terms suppressed by M are soon reduced by redshift, and the quartic couplings h^2_ν |ϕ|^4 and h^2_ν|Ñ |^2|ϕ|^2 dominate in this epoch with h_ν as given in Eq. (7). Then, driven by these quartic couplings, the scalar fields oscillate in magnitude with scaling by redshift as

|Ñ | ∼ |ϕ| ∼ (H_{inf} M )^{1/2}(H/H_{inf} )^{2/3} ∝ H^{2/3}. (8)

The field phases, however, remain almost constant except for the vicinities of Ñ = 0 and ϕ = 0, and the significant asymmetries of Ñ and L̃ do not appear in this epoch.

(iii) Transition epoch: H_{tr} ≳ H > H_{th}

Since Ñ and ϕ decrease with H as given in Eq. (8), the mass term M^2_N |Ñ |^2 and M_N -h_ν cross coupling M_N h_νÑ^∗ϕϕ become comparable to the quartic couplings h^2_ν|ϕ|^4 and h^2_ν|Ñ |^2|ϕ|^2 with |Ñ| ∼ |ϕ| ∼ M_N /h_ν and the Hubble parameter

H_{tr} ∼ 10^{10}GeV ( M_N 10^{11}GeV )_{3/2} , (9)

where h_ν ∼ (H_{inf} /M )^{1/2} with H_{inf} = 10^{13}GeV is taken from Eq. (7). The thermal mass term should also be considered at H ∼ H_{tr}, which is given by (yT_p )^2|ϕ|^2 with relevant coupling y under the condition y|ϕ| < T_p [7]. The temperature T_p of the dilute plasma of inflaton decay products is given in terms of the reheating temperature T_R of the universe after the inflaton decay is completed:

T_p ∼ (T^2_RHM_P)^{1/4}, (10)

where M_P = 2.4 × 10^{18}GeV is the reduced Planck mass. The thermal mass is constrained at H ∼ H_{tr} as yT_p < T^2_p /|ϕ| ∼ h_νT^2_p /M_N for y|ϕ| < T_p with |Ñ| ∼ |ϕ| ∼ M_N /h_ν . Hence, the thermal mass term (yT_p )^2|ϕ|^2 is smaller than the M^2_N |Ñ|^2 and M_N h_νÑ^∗ϕϕ terms at H ∼ H_{tr} for the right-handed neutrino mass

M_N ≳ 10^{10}GeV ( h_ν 3 × 10^{−3}

)_{4/5} (

T_R 10^9GeV )_{4/5} . (11)

In this situation, the M^2_N |Ñ|^2 and M_N h_νÑ^∗ϕϕ terms as well as the h^2_ν|ϕ|^4 term dominate for H ≲ H_{tr}, so that the motion of Ñ and ϕ is changed drastically. Specifically, the Ñ field oscillates mainly driven by the mass term M^2_N |Ñ|^2 with |Ñ | ∝ H. The motion of ϕ follows after Ñ toward the new stable configuration with (h_ν /2)ϕϕ ≃ −M_N Ñ so as to make |F_N |^2 ∼ |F_ϕ|^2 ≪ M^2_N |Ñ|^2 in V , where F_N ≃ M_N Ñ + (h_ν /2)ϕϕ and F_ϕ = h_νÑ ϕ. Consequently, the scalar fields decrease roughly as |Ñ| ∼ (M_N /h_ν)(H/H_{tr}) ∝ H, (12) |ϕ| ∼ (M_N /h_ν)(H/H_{tr})^{1/2} ∝ H^{1/2} (13)

with |F_N | ∼ |F_ϕ| ∝ H^{3/2}. Through this drastic change in the multiscalar coherent evolution, the significant asymmetries of Ñ and L̃ appear, which is really seen in the rate equations d dt (n_Ñ H^2 ) ≃ − 2 H^2

Im[b_N M_N HÑÑ ] − 2 H^2 Im [ M_N Ñ F^∗_N + a_hh_ν 2 HÑ ϕϕ ] ,(14) d dt ( n_{L̃} H^2 ) ≃ − 2 H^2 Im [ h_ν 2 ϕϕF^∗_N + a_hh_ν 2 HÑ ϕϕ ] (15)

with n_{L̃} = n_{Hu} = n_ϕ/2. The main sources are scaled as Im[(h_ν/2)ϕϕF^∗_N ]/H^2 ≃ −Im[M_N Ñ F^∗_N ]/H^2 ∝ H^{5/2}/H^2 with |F_N | ∝ H^{3/2}, and hence the asymmetries n_Ñ and n_{L̃} oscillate rapidly by the exchange Ñ ↔ L̃. The sum n_Ñ + n_{L̃}, however, varies rather moderately with the remaining sources ∝ H^3, since the main sources are cancelled as Im[F_N F^∗_N ] = 0 with F_N ≃ M_N Ñ + (h_ν /2)ϕϕ.

(iv) Completion epoch: H_{th} ≳ H ≫ m_{3/2}

After the transition epoch continues for some period, the thermal log term [7] eventually becomes significant on the evolution of ϕ. It is mainly provided as

a_{th}α^2_sT^4_p ln(|ϕ|^2/T^2_p ) (16)

(a_{th} = 9/8) through the modification of SU(3)_C coupling due to the decoupling of top quark from the plasma with large mass h_t|ϕ|/ √ 2 > T_p. This thermal log term acts as the effective mass term for the ϕ field giving (a_{th}α^2_sT^4_p /|ϕ|^2)ϕ ∝ H^{1/2} in ∂V /∂ϕ^∗. It dominates over the term F_N h_ν ϕ^∗ ∝ H^2 in ∂V /∂ϕ^∗ (|F_N | ∼ |F_ϕ| = h_ν |Ñ||ϕ|) with the Hubble parameter

H_{th} ∼ 10^7GeV ( h_ν 3 × 10^{−3} )_{4/3}

× ( M_N 10^{11}GeV )_{−1/6} ( T_R 10^9GeV )_{4/3} , (17)

where Eqs. (10), (13) and (12) are considered. Then, the rotation of the ϕ field phase is accelerated by this thermal log term with the change of field scaling

|ϕ| ∝ H^{1/2} → H^{3/2} (18)

while keeping |Ñ| ∝ H. After a while the top quark enters the plasma at H ∼ 0.1H_{th} with |ϕ| ∼ T_p (h_t ∼ 1). Then, the thermal mass term T^2_p |ϕ|^2 instead becomes important, and the ϕ field decreases as |ϕ| ∝ H^{7/8}. In the preceding epoch, the significant exchange of asymmetries, n_Ñ ↔ n_{L̃}, took place through the Ñ -ϕ couplings, as seen in Eqs. (14) and (15). These couplings are actually turned off in this epoch with the rapid decrease of |ϕ| ∝ H^{3/2} and H^{7/8} later due to the thermal terms, and the ϕ and Ñ evolve almost independently.

In this way, the L̃ asymmetry is fixed to some significant value as the lepton number asymmetry for t > H^{−1}_{th} ,

n_{L̃} ≃ n_L ≡ ϵ_L[(3/2)H^2M ], (19) since the L̃ violating sources in Eq. (15) decreases fast enough as H^4/H^2 and H^{11/4}/H^2 later with rapidly varying phase of Ñ^∗ϕϕ. This concludes that the thermal effect plays the positive role for the completion of leptogenesis, which is in salient contrast to the conventional Affleck-Dine mechanism where the thermal effect rather suppresses the asymmetry seriously. The resultant lepton-to-entropy ratio after the reheating is estimated with s ≃ 3H^2_RM^2_P/T_R as n_L s ∼ 10^{−10} ( ϵ_L 1 ) ( M 10^{18}GeV ) ( T_R 10^9GeV ) . (20)

Here the reheating temperature is restricted as T_R ≲ 10^8−10^{10}GeV to avoid the gravitino problem [10, 11, 12]. The lepton number asymmetry is converted to the baryon number asymmetry through the electroweak anomalous effect as n_B/s = −(8/23)n_L/s [13]. Hence, the sufficient baryon-to-entropy ratio can be provided for the nucleosynthesis with η = (2.6 − 6.2) × 10^{−10} [14].

The motion of Ñ after the decoupling from ϕ for H < H_{th} ≪ M_N is determined by the M^2_N |Ñ|^2 and b_N HM_N Ñ Ñ terms, and the analytic solution is obtained in a good approximation with H ≪ M_N for the two eigenmodes η_R(t) and η_I(t) in Ñ (t) as

η_{R,I}(t) ≃ η̄_{R,I} cos [M_N t + σ_{R,I}(|b_N |/3) ln t + δ_{R,I}] (21)

with σ_R = +1, σ_I = −1, and

Ñ ≡ H(M/M_N )^{1/2}(b_N /|b_N |)^{−1/2}(η_R + iη_I). (22)

The parameters η̄_{R,I} and δ_{R,I} are determined as the result of Ñ motion from t = t_0 ∼ H^{−1}_{inf} through t > H^{−1}_{th} ≫ M^{−1}_N . The Ñ asymmetry is evaluated with Eqs. (21) and (22) as

n_Ñ (t) ≃ −2H^2M η̄_Rη̄_I cos[(2|b_N |/3) ln t + δ_R − δ_I], (23)

where the rapid oscillations of η_R and η_I with M_N t in Eq. (21) are cancelled.

This Ñ asymmetry oscillates slowly in ln t for some while due to the b_N term, as seen in Eq. (23). Then, the incoherent decays of Ñ become significant with the dominant modes

Ñ → L̄ ¯H̃_u[L = −1], L̃H_u[L = +1], (24)

where the decay products are ultra-relativistic with h_ν|Ñ | ≪ M_N /2. The motion of Ñ is significantly decelerated by these Ñ decays at H ∼ Γ_Ñ ≃ (h^2_ν/4π)M_N (∼ 10^5GeV numerically), so that it is linked again to ϕ, tracking the instantaneous minimum of V as Ñ ≃ −(h_ν /2M_N )ϕϕ with |Ñ | ∝ |ϕ|^2 ∝ H^{7/4} in magnitude and dθ_Ñ /dt ≃ 2dθ_ϕ/dt ∝ H^{1/4} in phase. Then, the Ñ asymmetry remaining after the transition epoch diminishes rapidly through the decays as n_Ñ = 2(dθ_Ñ /dt)|Ñ|^2 ∝ H^{15/4}. It is the essential point that the decay modes (24) have almost the same rate Γ_Ñ /2 but the opposite

FIG. 1: Typical time variations of the asymmetries ϵ~_N (t) (thin) and ϵ~_L(t) ≃ ϵL(t) (bold) are depicted.

final lepton numbers L = ±1. This means that the Ñ asymmetry does not leave any significant lepton number asymmetry.

The equations of motion for Ñ and ϕ are solved by numerical calculations to confirm the present scenario of leptogenesis. The typical time variations of n_Ñ (t) and n_{L̃}(t) ≃ n_L(t) are depicted in Fig. 1 in terms of the asymmetry fractions ϵ_a ≡ n_a/[(3/2)H^2M ]. Here the model parameters are taken for example as H_{inf} = 10^{13}GeV, M = 5 × 10^{18}GeV, M_N = 10^{11}GeV, e^{iδN} = e^{i(3/10)π}, h_ν = 3 × 10^{−3}, c_N = 1.2, c_ϕ = 0.8, b_N = 1.3e^{i(2/3)π}, a_N = 1.5e^{i(5/4)π}, a_h = 0.8e^{i(1/4)π}, T_R = 10^9GeV. The relevant scales, H_{inf} , H_{tr} and H_{th}, are marked together specifying the respective epochs. We really observe the expected changes of the asymmetries through H_{inf} → H_{tr} → H_{th}, resulting in the desired lepton number asymmetry ϵ_L ∼ 1. Particularly, the variations of ϵ_{L̃} and ϵ_Ñ are separated for t > H^{−1}_{th} ; ϵ_{L̃} is fixed to some significant value while ϵ_Ñ oscillates slowly in ln t as given in Eq. (23). It is also checked that the sum n_Ñ + n_{L̃} varies rather moderately in the transition epoch, while the respective asymmetries oscillate rapidly.

In summary, we have investigated the leptogenesis via multiscalar coherent evolution in the supersymmetric seesaw model. The right-handed sneutrino Ñ and the ϕ field in L̃H_u of the slepton and Higgs doublets start together coherent evolution after the inflation with M_N smaller than H_{inf} . Then, after some period the motion of Ñ and ϕ is drastically changed by the cross coupling M_N h_νÑ^∗ϕϕ, and the significant asymmetries of Ñ and L̃ are generated. The L̃ asymmetry is fixed later by the thermal effect as the lepton number asymmetry n_L. The Ñ asymmetry, on the other hand, disappears through

the incoherent decays Ñ → L̄ ¯H̃_u, L̃H_u with almost the same rate but opposite final lepton numbers. The sufficient amount of n_L for baryogenesis can be obtained with the lightest neutrino mass m_ν ≲ 10^{−3}eV given by the see-saw mechanism with the right-handed neutrino mass M_N ∼ 10^{10} − 10^{14}GeV ≲ H_{inf} .

Acknowledgments

This work is supported in part by Grant-in-Aid for Scientific Research on Priority Areas B (No. 13135214) from the Ministry of Education, Culture, Sports, Science and Technology, Japan.

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

[2] I. Affleck and M. Dine, Nucl. Phys. B 249, 361 (1985). [3] M. Dine, L. Randall and S. Thomas, Nucl. Phys. B 458, 291 (1996).

[4] T. Asaka, M. Fujii, K. Hamaguchi and T. Yanagida, Phys. Rev. D 62, 123514 (2000); M. Fujii, K. Hamaguchi and T. Yanagida, ibid. D 63, 123513 (2001).

[5] M. Senami and K. Yamamoto, Phys. Rev. D66, 035006 (2002).

[6] T. Yanagida, in Proceedings of Workshop on Unified Theory and Baryon Number in the Universe, eds. O. Sawada and A. Sugamoto (KEK 1979); M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, eds. P. van Niewenhuizen and D. Z. Freedman (North Holland 1979).

[7] R. Allahverdi, B. A. Campbell and J. Ellis, Nucl. Phys.

B579, 355 (2000); A. Anisimov and M. Dine, ibid. 619, 729 (2001).

[8] Supre-Kamiokande Collaboration, S. Fukuda et al., Phys.

Rev. Lett. 86, 5651 (2001); 86 5656 (2001).

[9] SNO Collaboration, Q. R. Ahmad et al., Phys. Rev. Lett.

87, 071301 (2001); 89, 011302 (2002).

[10] J. Ellis, J. E. Kim and D. V. Nanopolous, Phys. Lett. B 145, 181 (1984); E. Holtmann, M. Kawasaki, K. Kohri and T. Moroi, Phys. Rev. D 60, 023506 (1999); M. Kawasaki, K. Kohri and T. Moroi, ibid. D 63, 103502 (2001).

[11] K. Kohri, Phys. Rev. D 64, 043515 (2001). [12] R. Kallosh, L. Kofman, A. Linde and A. V. Proeyen, Phys. Rev. D 61, 103503 (2000); G.F. Giudice, I. Tkachev and A. Riotto, JHEP 08, 009 (1999); 11, 036 (1999); H. P. Nilles, M. Peloso and L. Sorbo, Phys. Rev. Lett 87, 051302 (2001).

[13] J. A. Harvey and M. S.Turner, Phys. Rev. D 42, 3344 (1990).

[14] K. Hagiwara et al., Particle Data Group, Phys. Rev. D 66, 010001 (2002), http://pdg.lbl.gov/.