arXiv:1201.6189v1 [hep-ph] 30 Jan 2012

Split neutrinos - leptogenesis, dark matter and inflation

Anupam Mazumdar^1 and Stefano Morisi^2 1Lancaster University, LA1 4YB, United Kingdom, Niels Bohr Institute, Copenhagen University, Denmark 2 AHEP Group, Institut de Física Corpuscular – C.S.I.C./Universitat de València Edificio Institutos de Paterna, Apt 22085, E–46071 Valencia, Spain

We propose a simple framework to split neutrinos with a slight departure from tribimaximal mixing - where two of the neutrinos are Majorana type which provide thermal leptogenesis. The Dirac neutrino with a tiny Yukawa coupling explains primordial inflation and the cosmic microwave background radiation, where the inflaton is the gauge invariant flat direction. The observed baryon asymmetry, and the scale of inflation are intimately tied to the observed reactor angle sin θ13, which can be further constrained by the LHC and the 0νββ experiments. The model also provides the lightest right handed sneutrino as a part of the inflaton to be the dark matter candidate.

It is important to connect the origins of inflation, observed neutrino masses, matter-anti-matter/baryon asymmetry, and dark matter within a falsifiable framework of particle physics beyond the Standard Model (SM), which can be constrained by various low energy observations [1]. Since inflation dilutes all matter except the quantum fluctuations which we see in the cosmic microwave background (CMB) radiation, it is important that the inflaton itself cannot be an arbitrary field, its decay must produce the baryons and the dark matter [2].

Furthermore, in order to explain the observed neutrino masses, one must go beyond the SM. In the simplest setting it is possible to augment the SM gauge group by an extra U(1)_{B−L}, whose breaking might be responsible for generating the observed neutrino masses. In a supersymmetric (SUSY) setup, this could be realizable within MSSM × U(1)_{B−L}, where (MSSM stands for the minimal supersymmetric SM).

Gauging U(1)_{B−L} in the SUSY context provides a unique D-flat direction which can be the inflaton candidate as studied previously in Refs. [3, 4]. It was pointed out that a small Dirac Yukawa coupling of order O(10^{−12}), can actually help maintaining the flatness of the inflationary potential and provides the right amplitude for the density perturbations, and furthermore - the lightest of the right handed sneutrino (which is now part of the inflaton) can be an excellent dark matter candidate [4].

However, neither inflation nor dark matter requires all the three generations to be Dirac in nature. In fact it is quite plausible that two of the other neutrinos could be Majorana type [5, 6]. Since Dirac neutrino does not carry any lepton number, but the Majorana neutrinos do, it is now an interesting possibility to realize leptogenesis within this simplest setup.

In this paper we will demonstrate that it is possible to split neutrinos with one Dirac and two Majorana types with a non-vanishing reactor angle sin θ_{13}, which can explain the baryon asymmetry. The overall neutrino masses are now governed by the Dirac Yukawa and the scale at which the U(1)_{B−L} is broken, therefore achieving inflation, dark matter candidate, neutrino masses, and baryon asymmetry with a common setup.

Let us first consider for simplicity a single generation of neutrino with a tiny Dirac Yukawa coupling, h. The superpotential will be given by: W ⊃ hNH^uL (1) where N, L and H^u are superfields containing the right handed neutrino, left-handed lepton, and the Higgs which give mass to the up-type quarks, respectively. The above superpotential generates a renoramlizable potential: V (|σ|) = m^2_σ 2 |σ|^2 + h^2 12 |σ|^4 − Ah 6 √ 3 |σ|^3 . (2)

where m^2_σ = (m^2_{~N} +m^2_{~L1} +m^2_Hu )/3 is the soft-SUSY mass and it can be in a wide range, i.e. m_σ ≥ O(500) GeV, compatible with the current searches of SUSY particles at the LHC. The A-term is proportional to the inflaton mass m_σ, and the flat direction field σ is

σ = ( ~N + H^u + ~L_1)/ √ 3, (3)

where ~N, ~L_1, H_u are the scalar components of corresponding superfields. Since the right handed sneutrino ~N is a singlet under the SM gauge group, its mass receives the smallest contribution from quantum corrections due to SM gauge interactions, and hence it can be set to be the LSP (lightest supersymmetric particle). Therefore the dark matter candidate arises from the right handed sneutrino component of the inflaton.

Inflation happens near the inflection point [7, 8], where A ∼ 4m_σ. Near the inflection point it is possible to probe the properties of the inflaton [4]: σ_0 ≈ √ 3m_σ/h = 6 × 10^{12} m_σ (0.05 eV/m_ν ), and V (σ_0) ≈ (m^4_σ /4h^2) = 3 × 10^{24} m^4_σ (0.05 eV/m_ν )^2, where m_ν denotes the neutrino mass which is given by m_ν = h⟨H_u⟩, with ⟨H_u⟩ ≡ v_u ≃ 174 GeV. The largest neutrino mass is m_ν ∼ O(1) eV [9]. The above potential, see Eq. (2), has been studied extensively in order to match the current temperature anisotropy in the CMB radiation. It is possible to match the central values of the temperature anisotropy denoted by δ_H = 1.91 × 10^{−5} and the spectral tilt: n_s = 0.968, see [8], for a wide range of masses 100 GeV ≤ m_σ ≤ 10^9 GeV and the Yukawa for the Dirac neutrino in the range: 10^{−12} ≤ h ≤ 10^{−8}. The process of reheating and thermalization is quite efficient for a generic flat direction inflaton which radially oscillates around its minimum VEV, ϕ = 0, and which carries the SM charges, see for details [10]. The temperature at which thermal equilibrium is reached can be estimated to be T_R ≤ 10^6 GeV for m_σ ∼ 1 TeV in our case.

Scatterings in a thermal bath with the new U(1) gauge interactions also bring the right handed sneutrino into thermal equilibrium. Note that part of the inflaton, i.e. its ~N component see Eq. (3), has never decayed as it is the LSP. Its relic abundance which matches that of the cosmological observations, Ω_{CDM} h^2 ∼ 0.12 will be then set by thermal freeze-out, which was calculated in Ref. [4] for a wide range of the lightest sneutrino mass, i.e. 100 GeV ≤ m_{~N} ≤ 2000 GeV.

Although after inflation the reheat temperature is sufficiently high enough to realize the electroweak baryogenesis within MSSM. However, given the current evidence on the Higgs mass searches at the LHC, it is unlikely that the phase transition would be the first order [11]. Therefore, one would have to rely on other ways of generating the observed matter-anti-matter asymmetry. First of all we would need lepton number carrier, the Dirac neutrinos cannot generate lepton asymmetry.

In our case, the Affleck-Dine baryogenesis would not be realizable even if some of the neutrinos are Majorana. Note that the inflaton is comprised of Eq. (3), where all the three fields take the same VEVs. Once NLH^u takes a large VEV, other directions such as LH^u, LLe, udd can not be lifted at higher VEVs simultaneously. All other directions become massive by virtue of the large inflaton’s VEV, see for a review [12]. The only plausible scenario would be to realize thermal/non-thermal leptogenesis. However, this would require at least two of the neutrinos to be of Majorana type.

Let us first construct the neutrino masses. It was proposed in Ref. [5] that two right-handed neutrinos, namely N_e and N_τ , could have Majorana mass terms, while the N_μ right handed neutrino has no Majorana mass at the tree-level^1, and it is coupled to the left-handed neutrino which forms a Dirac mass term. Since neutrino has a split nature the authors in Ref. [5] call this scenario schizophrenic. However the Dirac nature is not protected at higher level, so schizophrenic case is equivalent to the quasi-Dirac case [13, 14]. The overall neutrino masses scale is governed by the Dirac Yukawa h. Therefore a

1 Majorana neutrino mass term N_μN_μ is forbidden by means of an Abelian discrete symmetry.

lower limit for 0νββ is obtained in both normal and inverse neutrino mass hierarchy. Since the second neutrino Majorana mass can be made zero, the limit for 0νββ is about a factor of two larger than the usual Majorana case and this model can be ruled out very soon by next generation of experiments [15].

The model in Ref. [5] is based on S_3, i.e. the permutation group of three objects, see for instance [16]. Note that S_3 has three irreducible representations, 1, 1^′ and 2, where 1^′ is the antisymmetric singlet. The relevant product rules are 1^′ × 1^′ = 1, and 2 × 2 = 1 + 1^′ + 2. In the basis where the generators of S_3 are reals, the product of two doublets, i.e. a = (a_1, a_2) and b = (b_1, b_2) are given by

(a_1b_1 + a_2b_2)_1 + (a_1b_2 − a_2b_1)_1′ + ( a_1b_2 + a_2b_1 a_1b_1 − a_2b_2 ) 2 . (4)

In order to obtain the neutrinos mass matrix, we extend the SM by introducing three right-handed neutrinos: N_μ ∼ 1 singlet of S_3 and N = (N_e, N_τ ) ∼ 2 doublet of S_3. As in Ref.[5], we assume that the combination L_e, L_μ and L_τ

L_2 = 1 √ 3 (L_e + L_μ + L_τ ) ∼ 1 , (5)

transforms as a singlet of S_3, and that L = ( L_1 L_3 ) = (_{1√} 2 (L_μ − L_τ ) 1√ 6 (−2L_e + L_μ + L_τ ) ) ∼ 2, (6)

transform as a doublet of S_3. Equivalently we assume that the right-handed charged leptons combination

l^c_2 = 1 √ 3 (l^c_e + l^c_μ + l^c_τ ) ∼ 1 , (7)

transforms as a singlet of S_3, and that

l^c = ( l^c_1 l^c_3 ) = (_{1√} 2 (l^c_μ − l^c_τ ) 1√ 6 (−2l^c_e + l^c_μ + l^c_τ ) ) ∼ 2. (8)

We assume two Abelian symmetries Z_2 ×Z^′_2 under which L_2 ∼ (+, +), L ∼ (−, +), l^c_2 ∼ (+, +), l^c ∼ (−, −), N_μ ∼ (+, +) and N ∼ (−, +). In the scalar sector we assume three sets of SU_L(2) Higgs doublets H^{u,d}, φ^{u,d} and ϕ^{u,d}. These three sets are distinguished by means of Z_2 × Z^′_2 under which they transform as H^{u,d} ∼ (+, +), φ^{u,d} ∼ (−, −) and ϕ^{u,d} ∼ (+, −) respectively. The matter content of our model is summarized in table I.

The scalar Higgs doublets H^{u,d}_i ≡ {H_1, H_1′ , H_2}^{u,d} transform as 1, 1^′ and 2 with respect to S_3 where H^{u,d}_2 = (H^{u,d}_a , H^{u,d}_b ). Equivalently the Higgs scalar fields ϕ^{u,d}_i ≡ {ϕ^{u,d}_1 , ϕ^{u,d}_2 } with ϕ_2 = (ϕ^{u,d}_a , ϕ^{u,d}_b ) and φ^{u,d} = (φ^{u,d}_a , φ^{u,d}_b ) are doublets of S_3.

L2 L l^c_2 l^c Nμ N H^{u,d}_i φ^{u,d} ϕ^{u,d}_i ξ S3 1 2 1 2 1 2 1, 1^′, 2 2 1, 2 2 Z2 + − + − + − + − + + Z^′_2 + + + − + + + − − +

TABLE I: Matter content of the model.

The superpotentials are given by

W_l = y^l_1L_2l^c_2H^d_1 + y^l_2L_2(l^cφ)^d_2 + y^l_3(Ll^c)_1ϕ^d_1 + y^l_4(Ll^c)_2ϕ^d_2 , (9) W_ν = hL_2N_μH^u_1 + h_s(LN)_1H^u_1 + h_a(LN)_1′ H^u_1′ + +h_2(LN)_2H^u_2 .

After electroweak symmetry breaking S_3 is completely broken, namely ⟨H^0_a^α⟩ ≠ ⟨H^0_b^α⟩, ⟨ϕ^0_a^α⟩ ≠ ⟨ϕ^0_b^α⟩ and ⟨φ^0_a^α⟩ ≠ ⟨φ^0_b^α⟩ where α = u, d. Under this assumption it is possible to show that the M_l · M^†_l can be hierarchical and approximatively diagonal, where M_l is the charged lepton mass matrix. So the lepton mixing arises mainly from the neutrino sector. The Dirac neutrino mass matrix is given by

m_D = (10) −^{2√}_6^{1√}_3 0 1√ 6 1√ 3 1√ 2 1√ 6 1√ 3 −^1√_2 h_sv + h_2u_b 0 0 0 hv 0 0 0 h_sv − h_2u_b +

+ 0 0 −^2√_6 1√ 2 0^1√_6 −^{1√}_2 0^{1√}_6 h_av^′ + h_2u_a 0 0 0 0 0 0 0 −h_av^′ + h_2u_a

where ⟨H^{u0}_1 ⟩ = v, ⟨H^{u0}_1′ ⟩ = v^′ ⟨H^{u0}_a ⟩ = u_a and ⟨H^{u0}_b ⟩ = u_b. Note that in the limit v^′, u_a → 0 (or h_a, h_2 → 0) the Dirac neutrino mass matrix is diagonalized on the left by tribimaximal mixing U_{T B} [17]^2. For values of h_a, h_2 ≠ 0 we have deviation from tribimaximal mixing. In particular we generate a deviation of the reactor angle from zero in agreement with recent T2K [18] and Double Chooz [19] experiments. Apparently the reactor angle is a free parameter in this model (proportional to h_a, h_2), however we will show below that it is related to the baryon asymmetry.

Let us now consider the right-handed Majorana neutrinos mass terms. We assume a scalar iso-singlet (so coupled only to right-handed neutrino mass terms) ξ = (ξ_a, ξ_b) ∼ 2 doublet of S_3. The superpotential is given by

W_M = M(NN)_1 + y_Δ(NN)_2ξ (11)

2 Tribimaximal mixing U_{T B} is given by the first matrix in Eq. (10).

Since the term N_μN_μ is missing the second neutrino mass state ν_2 does not take a Majorana mass at tree level and gives rise to a quasi Dirac neutrino mass. Such a term can be forbidden by means of Abelian symmetries. For instance, in the Ref. [5], the N_μN_μ term was missing by means of the extra Z_8 symmetry under which N_μ → ω^6N_μ and a new scalar isosinglet X → ωX where ω^8 = 1. Then the Dirac coupling of N_μ is given by L_2N_μHX^2/M^2_P where M_P is the Planck scale.

We assume ⟨ξ_a⟩ = 0 and ⟨ξ_b⟩ ≠ 0, then the righthanded neutrino mass M_R is diagonal with masses

M_{Ne} = M + Δ, M_{Nτ} = M − Δ , (12)

where the two independent free parameters are respectively, M the U(1)_{B−L} breaking scale, i.e. M ∼ 1 − 2 TeV, and Δ = y_Δ⟨ξ_b⟩. In the limit Δ ≪ M the two massive right-handed neutrinos have degenerate masses. It would be now desirable to have a mass splitting between N_e and N_τ , since we would like to create the observed matter-anti-matter asymmetry in the universe.

Light neutrino mass matrix arises from type-I seesaw mechanism [20], m_ν = −m_D M^{−1}_R m^T_D where m_D is defined in Eq.(10). We assume u_a = 0 in Eq.(10) and in order to simplify the notation we observe that the VEVs v, v^′ and u_b can be reabsorbed with a re-defination of the Yukawa couplings h_s, h_a and h_2 like h_α → v_uh_α/v_α where v_u is the standard model Higgs doublet’s VEV.

The light-neutrino mass matrix is not diagonal in the tribimaximal basis U_{T B} , and it is given by

U^T_{T B} · m_ν · U_{T B} = (13)

h^2_a M_{Nτ} + y^2_1 M_{Ne} 0 ha( y_1 M_{Ne} + y^2 M_{Nτ} ) 0^h_{vu} 0 h_a(^{y1}_{MNe} +^{y2}_{MNτ} ) 0^{h2a}_{MNe} +^{y2}_{MNτ} v^{2u}

where y_1 = h_2 + h_s and y_2 = h_2 − h_s. When h_a = 0 the above matrix is diagonal. In general the matrix in Eq.(13) is diagonalized by a rotation in the 1 − 3 plane R_{13}(θ). The lepton mixing matrix is given by V_l = U_{T B} · R_{13}(θ) and the reactor neutrino mixing angle (V_l)_{13} is given by

sin θ_{13} = √ 2 3 sin θ ≈ h_a √ 2 3 (M_{Ne} y_2 + M_{Nτ} y_1) (M_{Ne} y^2_2 − M_{Nτ} y^2_1 )

. (14)

The best fit value [21, 22] of the reactor neutrino mixing angle is about sin θ_{13} ∼ O(0.1). For small value of the θ angle, the eigenvalues of the matrix in Eq.(13) are approximatively given by m_{ν1} ≈ ( h^2_a M_{Nτ} + y^2_1 M_{Ne} ) v^2_u, m_{ν2} = hv_u, m_{ν3} ≈ ( h^2_a M_{Ne} + y^2 M_{Nτ} ) v^2_u. (15)

Form this set of equalities we can see immediately that the absolute scale of the neutrinos is fixed by the parameter h that must be about less then 10^{−12} in order to have neutrino mass O(0.1) eV. Note that from inflation h ≥ 10^{−12} for an electroweak scale soft-SUSY breaking masses, therefore predicting large absolute neutrino mass scale in our case. We can obtain y_1 and y_2 from the two neutrinos square mass difference Δm^2_{atm} and Δm^2_{sol}, namely

y^2_1 = −h^2_a M_{Ne} M_{Nτ} + M_{Ne} v^2_u √ h^2v^2_u − Δm^2_{sol}, (16)

y^2 = −h^2_a M_{Nτ} M_{Ne} − M_{Nτ} v^2_u √ h^2v^2_u + Δm^2_{atm} − Δm^2_{sol}.

The parameter h_a is also related to the reactor angle as it is clear from Eq.(14). In particular we can write sin θ_{13} as a function of M, Δ, h and h_a.

Let us now estimate the required CP asymmetry for thermal leptogenesis. The asymmetry is calculated by the interference diagrams between tree-level and one-loop diagrams, which give rise to ϵ = ∑ ϵ_{ββ}, [23]

ϵ = ∑ j Im [ (m^†_D m_D)_{1j}

]_2

8π(m^†_Dm_D )_{11} g(x_j ) ≈ h^2_a 2π M Δ sin^2 α (17)

where ϵ_{ββ} is the asymmetry of the decay of the right handed (s)neutrinos into β-family (s)leptons and Higgs, and x_j = M^2_j /M^2_1 and we have used the approximation (in the SUSY case) g(1 + z) ≈ 2z^{−1} and α is the phase of h_a. The baryon asymmetry is given by

Y_B = η_B /η_γ ≈ (ϵ η)/g_{SM} (18)

where g_{SM} = 118 and η is the efficiency factor η ∼ Min(1, m^∗/m_{ν1} ) (see for instance [24]) where m_{ν1} is the lightest neutrino mass and m^∗ = 256 √ g_{SM} v^2/(3M_P ) = 2.3 · 10^3 eV. Note that the reheat temperature after inflation is sufficiently high to excite the right handed Majorana (s)neurinos from a thermal bath.

For fixed values of M, Δ and α, the baryon asymmetry is a function of the coupling h_a. Equivalently, the reactor angle is a function of h_a if we fix h, Δm^2_{atm} and Δm^2_{sol}, besides M, Δ and α. In Fig. (1), we show the parametric plot of Y_B versus s_{13} = sin θ_{13}, varying h_a for different choice of the values of M and Δ by fixing Δm^2_{sol}, Δm^2_{atm} at their best fit values, α = π/2 (maximal CP violation in the lepton sector), and h = 10^{−12} in order to have the neutrino mass scale of about 0.1 eV.

To summarize, we have provided a simple realization of split neutrinos where there is one Dirac neutrino whose light Yukawa coupling explains the flatness of the inflaton potential, the amplitude of the CMB perturbations, and governs the overall scale of neutrino masses through U(1)_{B−L} breaking scale. Besides the Dirac neutrino,

FIG. 1: Dashed with M = 10^3 GeV, Δ = 10^{−6}GeV, dotdashed with M = 10^4 GeV, Δ = 10^{−5} GeV and contineous with M = 10^3GeV, Δ = 10^{−5.2} GeV fixing h = 10^{−12}. The horizontal line is the experimental central value of the baryon asymmetry. The two vertical lines are respectively the 3σ lower bound and the best fit values for sin θ13 [21].

there are two Majorana neutrinos with a slight departure from tribimaximal mixing, which explains the reactor angle ∼ θ_{13}, and tied intimately to the lepton asymmetry obtained from the decay of the two right handed Majorana (s)neutrinos. This could be a minimal model beyond the SM, where we can explain inflation, dark matter, neutrino masses and the baryon asymmetry, which can be further constrained by the searches of SUSY particles at the LHC, the right handed sneutrino, essentially the inflaton component as a dark matter candidate, and from the 0νββ experiments.

The work of AM was supported by STFC grant ST/J000418/1, and SM was supported by the Spanish MICINN under grants FPA2008-00319/FPA, FPA2011- 22975 and programme Juan de la Cierva, MULTI- DARK CSD2009-00064, by Prometeo/2009/091 (Generalitat Valenciana), by the EU ITN UNILHCPITN-GA- 2009-237920.

[1] A. Mazumdar, arXiv:1106.5408 [hep-ph].

[2] A. Mazumdar and J. Rocher, Phys. Rept. 497, 85 (2011). [3] R. Allahverdi, A. Kusenko and A. Mazumdar, JCAP 0707, 018 (2007).

[4] R. Allahverdi, B. Dutta and A. Mazumdar, Phys. Rev.

Lett. 99, 261301 (2007). R. Allahverdi, B. Dutta and Y. Santoso, Phys. Lett. B 687, 225 (2010).

[5] R. Allahverdi, B. Dutta and R. N. Mohapatra, Phys.

Lett. B 695, 181 (2011).

[6] S. Morisi and E. Peinado, Phys. Lett. B 701, 451 (2011). [7] R. Allahverdi, et.al. , JCAP 0706, 019 (2007). K. Enqvist, A. Mazumdar and P. Stephens, JCAP 1006, 020 (2010).

[8] S. Hotchkiss, A. Mazumdar and S. Nadathur, JCAP 1106, 002 (2011).

[9] G. Drexlin [KATRIN Collaboration], Nucl. Phys. Proc.

Suppl. 145 (2005) 263.

[10] R. Allahverdi, et.al, Phys. Rev. D 83, 123507 (2011). [11] M. Carena, G. Nardini, M. Quiros and C. E. M. Wagner, Nucl. Phys. B 812, 243 (2009).

[12] K. Enqvist and A. Mazumdar, Phys. Rept. 380, 99 (2003).

[13] J. W. F. Valle, Phys. Rev. D 27, 1672 (1983). [14] J. W. F. Valle and M. Singer, Phys. Rev. D 28, 540 (1983).

[15] A. Osipowicz et al. [KATRIN Collaboration], arXiv:hep-ex/0109033; V. E. Guiseppe et al. [Majorana Collaboration], arXiv:0811.2446 [nucl-ex]; A. A. Smolnikov [GERDA Collaboration], arXiv:0812.4194 [nuclex]; A. Giuliani [CUORE Collaboration], J. Phys. Conf. Ser. 120, 052051 (2008).

[16] F. Caravaglios and S. Morisi, hep-ph/0503234; S. Morisi, Int. J. Mod. Phys. A 22, 2921 (2007).

[17] P. F. Harrison, D. H. Perkins and W. G. Scott, Phys.

Lett. B 530, 167 (2002).

[18] K. Abe et al. [T2K Collaboration], Phys. Rev. Lett. 107, 041801 (2011).

[19] Double CHOOZ experiment, talk by H.De. Kerrect at LowNu2011, http://workshop.kias.re.kr/lownu11/ [20] P. Minkowski, Phys. Lett. B67 (1977) 421; T. Yanagida, KEK Report 79-18, p. 95, (1979); M. Gell-Mann, P. Ramond and R. Slansky, p. 315. S. L. Glashow, 1979 Cargese Summer Institute on Quarks and Leptons p. 687; Plenum, 1980; R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett.44, 912 (1980).

[21] T. Schwetz, M. Tortola and J. W. F. Valle, New J. Phys.

13, 109401 (2011).

[22] G. L. Fogli, E. Lisi, A. Marrone, A. Palazzo and A. M. Rotunno, Phys. Rev. D 84, 053007 (2011).

[23] E. Roulet, L. Covi and F. Vissani, Phys. Lett. B 424, 101 (1998); S. Davidson, E. Nardi and Y. Nir, Phys. Rept. 466, 105 (2008).

[24] A. Pilaftsis, Phys. Rev. D 56, 5431 (1997); G. F. Giudice, A. Notari, M. Raidal, A. Riotto and A. Strumia, Nucl. Phys. B 685, 89 (2004).