arXiv:hep-ph/0404187 v2 26 Jul 2004

Minimal seesaw model with tri/bi-maximal mixing and leptogenesis

Sanghyeon Chang,^∗ Sin Kyu Kang,^† and Kim Siyeon^‡ ∗Department of Physics, Yonsei University, Seoul 120-749, Korea †School of Physics, Seoul National University, Seoul 151-734, Korea ‡Department of Physics, Chung-Ang University, Seoul 156-756, Korea (Dated: July 26, 2004)

We examine minimal seesaw mechanism in which the masses of light neutrinos are described with tri/bi-maximal mixing in the basis where the charged-lepton Yukawa matrix and heavy Majorana neutrino mass matrix are diagonal. We search for all possible Dirac mass textures which contain at least one zero entry in 3 × 2 matrix and evaluate the corresponding lepton asymmetries. We present the baryon asymmetry in terms of a single low energy unknown, a Majorana CP phase to be clued from neutrinoless double beta decay.

PACS numbers: PACS numbers: 14.60.Pq, 14.60.St, 13.40.Em

I. INTRODUCTION

Thanks to the accumulating data from experiments on the atmospheric and solar neutrinos experiments [1, 2, 3], we are now convinced that neutrinos oscillate among three active neutrinos. Interpreting each experiment in terms of two-flavor mixing, the mixing angle for the oscillation of atmospheric neutrinos is understood to be maximal or nearly maximal: sin^2 2θ_{atm} ≃ 1, , whereas the one for the oscillation of solar neutrinos is not maximal but large: sin^2 θ_{sol} ≃ 0.3, [6]. The upper bound for θ_{reac}, sin θ_{reac} ≲ 0.2, was obtained from the non-observation of the disappearance of ν_e in the Chooz experiment[4] with Δm^2 ≤ 10^{−3} eV^2. The unitary mixing matrix is defined via ν_a =

∑_3 j=1 U_{aj} ν_j (a = e, μ, τ ), where ν_a is a flavor eigenstate and ν_j is a mass eigenstate. Including data from SNO[3] and KamLand[5], the range of the magnitude of the MNS mixing matrix is given by [7, 8, 9, 10],

|U | = 0.79 − 0.86 0.50 − 0.61 0 − 0.16 0.24 − 0.52 0.44 − 0.69 0.63 − 0.79 0.26 − 0.52 0.47 − 0.71 0.60 − 0.77 (1)

at the 90% confidence level. The existing data also show that the neutrino mass squared differences which induce the solar and atmospheric neutrino oscillations are Δm^2_{sol} ≃ ( 7^{+10}_{−2} ) × 10^{−5} eV^2 and Δm^2_{atm} ≃ ( 2.5^{+1.4}_{−0.9} ) × 10^{−3} eV^2, respectively. It can be readily recognized that the central values of elements in the mixing matrix in Eq.(1) are pointing an elegant form, which is called tri/bi-maximal mixing[11],

U_{T B} = 2√ 6 1√ 3 0 −^{1√}_6^{1√}_3 −^{1√}_2 −^{1√}_6^{1√}_3^{1√}_2 , (2)

which consists of sin θ_{sol} =^{1√}_3 and sin θ_{atm} =^{1√}_2 . There are some literatures[12] which proposed textures of the mass matrix based on the particular mixing type U_{T B} .

On the other hand, the baryon density of our universe Ω_Bh^2 = 0.0224 ± 0.0009 implied by WMAP(Wilkinson Microwave Anisotropy Probe) data indicates the observed baryon asymmetry in the Universe[13, 14], η^{CMB} B = n_B − n¯_B n_γ = ( 6.5^{+0.4}_{−0.3} ) × 10^{−10}, (3)

where n_B, n¯_B and n_γ are number density of baryon, anti-baryon and photon, respectively. The leptogenesis [15] has become a compelling theory to explain the observed baryon asymmetry in the universe, due to increasing reliance on

∗Electronic address: schang@phya.yonsei.ac.kr †Electronic address: skkang@phya.snu.ac.kr ‡Electronic address: siyeon@cau.ac.kr

the seesaw mechanism from experiments. Theory for lepton asymmetry requires two heavy right-handed neutrinos or more. For that reason, a class of models with two heavy right-handed neutrinos and 3×2 neutrino Dirac mass matrix is called the minimal neutrino seesaw models(MNSMs) which were intensively studied by several authors recently [16, 17], especially for simple Dirac mass textures that make prediction compatible with solar and atmospheric neutrino data.

The main framework of our work is seesaw mechanism in bottom-up approach. We launch our analysis by taking U_{T B} for mixing of light neutrinos and then investigate the structure of 3×2 Dirac matrix. That is, our concern remains on the combination of tri/bi-maximal mixing and MNSMs, in order to study the phenomenological implication of the high energy theory based on the low energy theory. One advantage of our framework is that physical observables can be explained in minimal terms of physical parameters. In Section II, we present the light neutrino mass matrix in terms of the mixing given in Eq.(2) and mass squared differences measured in experiment. The mass matrix reconstructed in that way will constrain Dirac mass matrix. In subsections, depending on the type of mass hierarchy, possible 3 × 2 Dirac matrices will be examined carefully. In Section III, leptogenesis will be discussed in details based on the Dirac matrices investigated before. In section IV, we will present numerical results on leptogenesis in our scheme and a relationship between leptogenesis and neutrinoless double beta decay as well as the lower bound of M_1 will be discussed focusing on the contribution from a single Majorana phase.

II. DIRAC MASS MATRICES IN MINIMAL SEESAW

In general, a unitary mixing matrix for 3 generations of neutrinos is given by

Ũ = R (θ_{23}) R (θ_{13}, δ) R (θ_{12}) P (φ, φ^′) (4)

where R’s are rotations with three angles and a Dirac phase δ and the P = Diag ( 1, e^{iφ/2}, e^{iφ′/2} ) with Majorana phases φ and φ^′ is a diagonal phase transformation. The mass matrix of light neutrinos is given by M_ν = Ũ Diag(m_1, m_2, m_3)Ũ^T , where m_1, m_2, m_3 are real positive masses of light neutrinos. Or the Majorana phases can be embedded in the diagonal mass matrix such that

M_ν = U Diag(m_1, m̌_2, m̌_3)U^T , (5)

where U ≡ Ũ P^{−1} and m̌_2 ≡ m_2e^{iφ} and m̌_3 ≡ m_3e^{iφ′} .

If the U_{T B} in Eq.(2) is adopted for the U in Eq.(5), the light neutrino mass is

M_ν = m_1

1 0 0 0 1 0 0 0 1

+ m̌^2 − m^1 3 1 1 1 1 1 1 1 1 1

+ m̌^3 − m^1 2 0 0 0 0 1 −1 0 −1 1 , (6)

which orients toward a minimal model of neutrino sector by removing an angle and the Dirac phase. With SNO and KamLand, data have narrowed down the possible mass spectrum of neutrinos into two types, Normal Hierarchy (N H), m_1 ≲ m_2 < m_3, and Inverse Hierarchy (IH), m_3 < m_1 ≲ m_2 for MSW LMA. Those two types include the possibility of zero mass for a neutrino, which is necessarily followed by relegating one of the Majorana phases to the unphysical. In other words, the minimal model with the physical observables which the present experimental data guarantee can be obtained by U_{T B} and dictating zero mass to one generation of neutrinos, where the non-zero physical parameters in the model consist of 2 masses, 2 angles, one Majorana phase.

When only two of three neutrinos are massive, by accommodating the experimental results Δm^2_{sol} = m^2 − m^2_1 and Δm^2_{atm} = |m^2_3 − m^2| to the two types of mass hierarchies, one can obtain the following expressions for mass eigenvalues,

m_1 = 0 m_2 = √ Δm^2_{sol} m_3 = √ Δm^2_{sol} + Δm^2_{atm} for N H (7)

m_1 = √ Δm^2_{atm} − Δm^2_{sol} m_2 = √ Δm^2_{atm} m_3 = 0 for IH. (8)

Phase transformation P = Diag ( 1, e^{iφ/2}, 1 ) now can replace the phase transformation in Eq.(4) without loss of generality, whether N H or IH, so that one can single m̌_2 out in order to investigate the CP violating contribution of the Majorana phase.

Effective neutrino mass models with one zero mass eigenvalue involved in three active neutrinos can be generated naturally from MNSMs. In the basis the mass matrix M_R of right-handed neutrinos N_R = (N_1, N_2) is diagonal, the model is given

L = −l_LM_Ll_R − ν_Lm_D N_R + 1 2 N^c_RM_RN_R + h.c., (9) from which the light masses are derived through the seesaw mechanism, M_ν = −m_D M^{−1}_R m^T_D in top-down approach. On the other hand, the matrix m_D is found as the solution to the seesaw mechanism in bottom-up approach once one launches the analysis with the light neutrino masses M_ν . Let M_1 and M_2 be the masses of right-handed neutrinos and M_{ij} the elements of the matrix M_ν . The Dirac matrix,

m_D = √ M_1a_1 √ M_2b_1 √ M_1a_2 √ M_2b_2 √ M_1a_3 √ M_2b_3 , (10)

is resulted in with

a_1 = √ M_{11} − b^2_1, b_1 = √ M_{11} − a^2_1,

a_i = 1 M_{11} [ a_1M_{1i} − σ_ib_1 √ M_{11}M_{ii} − M^2_{1i} ] , b_i = 1 M_{11} [ b_1M_{1i} + σ_ia_1 √ M_{11}M_{ii} − M^2_{1i} ] , (11)

M_{11}M_{23} = [ M_{12}M_{13} + σ_2σ_3 √ (M_{11}M_{22} − M^2_{12}) (M_{11}M_{33} − M^2_{13}) ] . where the i is 2 or 3, the σ_i is a sign ±, and the sign of a_1 is fixed as positive. The solution in eq. (12) was first derived and formulated in Ref.[17]. It is clear that only 5 parameters out of 6; a_1, b_1, a_i, b_i, can be specified in terms of the elements of M_ν . There are various ways to decrease the number of parameters in Dirac matrix, posing one or more zeros or posing equalities between elements for the matrix texture. It is known that texture zeros or equalities among matrix entries can be generated by imposing additional symmetries to the theory.

In this paper, we focus on posing one or more zeros in Dirac matrix, and show that only one-zero textures are allowed for N H and only one-zero and two-zero textures are allowed for IH, accompanied with the low energy mixing U_{T B} . On the other hand, from Eq.(11), one can recognize that, if there exists a kind of symmetry between entries in M_ν, the Dirac matrix also has a symmetry in certain entries inherited from the symmetry of the M_ν . So, there are a number of patterns with equalities among the entries in Dirac matrices obtained with one or two zeros, as a consequence of maximal mixing.

A. Normal Hierarchy

With m_1 = 0, the neutrino mass M_ν in Eq.(6) reduces to

M_ν = m̌_2 3 1 1 1 1 + d 1 − d

1 + d , (12)

where d = 3m_3/2m̌_2, which, using Eq.(11), gives rise to Dirac matrix with the following entries:

a_1 = √ m̌_2/3 − b^2_1, b_1 = √ m̌_2/3 − a^2_1, a_i = a_1 − σ_ib_1 √ d, b_i = b_1 + σ_ia_1 √ d, i = 2, 3 (13)

where σ_2σ_3 = −1. Depending on the position of texture zero, the types of Dirac matrices can be classified as follows;

• N H 1-a : b_1 = 0, a_1 = √ m̌_2/3, a_1 = a_2 = a_3, b_2 = −b_3 = σ_2 √ m_3/2

• N H 1-b : a_1 = 0, a_1 ↔ b_1, a_i ↔ b_i in N H 1-a

• N H 2-a : b_2 = 0, a_2 = √ m̌_2/3 + m_3/2, a_1 = a_2/(1 + d), a_3 = a_2(1 − d)/(1 + d), b_1/a_1 = −σ_2 √ d, b_3 = 2b_1

• N H 2-b : a_2 = 0, a_1 ↔ b_1, a_i ↔ b_i in N H 2-a

The matrix in Eq.(12) features the equalities between M_{22} and M_{33} and between M_{12} and M_{13} as a consequence of the maximal mixing of atmospheric neutrinos. In the case with b_2 = 0, it can be recognized that the ratios of a_1 to a_2 and a_3 to a_2 inherit those of M_{12} to M_{22} and M_{23} to M_{22}, respectively. b_3 = 0 or a_3 = 0 cases will not be presented as an independent case, since it can be made by exchanging b_3 with b_2 and a_3 with a_2 from N H 2-a and 2-b.

B. Inverse Hierarchy

With m_3 = 0,

M_ν = m_1 3 x + 2 x − 1 x − 1 x + 1/2 x + 1/2 x + 1/2 , (14)

where x ≡ m̌_2/m_1, which, using Eq.(11), gives rise to Dirac matrix with the following entries:

a_1 = √ m_1(x + 2)/3 − b^2_1, b_1 = √ m_1(x + 2)/3 − a^2_1, a_i = ( (x − 1)a_1 − 3σb_1 √ x/2 ) /(x + 2), b_i = ( (x − 1)b_1 + 3σa_1 √ x/2 ) /(x + 2), i = 2, 3

(15)

where σ ≡ σ_i and σ_2σ_3 = 1. The equality M_{22} = M_{23} = M_{33} in Eq.(14), which is again a consequence of the maximal mixing of atmospheric neutrinos, constrains the elements of the Dirac matrix such that a_2 = a_3, b_2 = b_3. Hence, texture with a single zero included appears only if a_1 = 0 or b_1 = 0, while texture with two zeros appears if a_2 = a_3 = 0 or b_2 = b_3 = 0 .

• IH 1-a : b_1 = 0, a_1 = √ m̌_2/3 + 2m_1/3, a_i = a_1(x − 1)/(x + 2), b_i/a_i = 3σ √ x/2/(x − 1) • IH 1-b : a_1 = 0, a_1 ↔ b_1, a_i ↔ b_i in IH 1-a

• IH 2-a : b_2 = b_3 = 0, a_2 = a_3 = √ m̌_2/3 + m_1/6, a_1 = 2a_2(x − 1)/(2x + 1), b_1/a_1 = −3σ √ x/2/(x − 1) • IH 2-b : a_2 = a_3 = 0, a_1 ↔ b_1, a_i ↔ b_i in IH 2-a

Listed are all the cases with one or more texture zeros in Dirac matrix derivable from the light neutrino mass with U_{T B} , whether N H or IH. In the following, the eligibility of each case to generate the CP asymmetry for leptogenesis will be examined.

III. LEPTOGENESIS

The baryon asymmetry Eq.(3) can be rephrased

Y_B = n_B − n¯_B s ≃ (8.8 − 9.8) × 10^{−11}. (16)

The n_γ is the photon number density and the s is entropy density so that the number density with respect to a comoving volume element is taken into account. The baryon asymmetry produced through sphaleron process is related to the lepton asymmetry [18, 19] by Y_B = aY_{B−L} = a a − 1 Y_L, (17)

where a ≡ (8N_F + 4N_H )/(22N_F + 13N_H ), for example, a = 28/79 for the Standard Model(SM) with three generations of fermions and a single Higgs doublet, N_F = 3, N_H = 1. The purpose of this work is to estimate whether the Yukawa interaction which produces the light neutrinos with the mixing Eq.(2) through the seesaw mechanism can also generate a sufficient lepton asymmetry for the observed baryon asymmetry. The generation of a lepton asymmetry requires the CP-asymmetry and out-of-equilibrium condition. The Y_L is explicitly parameterized by two factors, ε, the size of CP asymmetry, and κ, the dilution factor from washout process.

Y_L =

(n_L − n_L) s = κ ε_i g^∗ (18) where g^∗ ≃ 110 is the number of relativistic degree of freedom. The ε_i is the magnitude of CP asymmetry in decays of heavy Majorana neutrinos [20, 21],

ε_i = Γ(N_i → ℓH) − Γ(N_i → ℓ̄H^∗) Γ(N_i → ℓH) + Γ(N_i → ℓ̄H^∗)

, (19)

where i denotes a generation. When one of two generations of right neutrinos has a mass far below that for the other generation, i.e., M_1 < M_2, the ε_i in Eq.(19) is obtained from the decay of M_1[22, 23, 24],

ε_1 = 1 8πv^2 Im [ (m_D^†m_D )^2_{12} ] (m_D^†m_D)_{11} f ( M_2 M_1 ) , (20)

where v = 174 GeV and f (M_2/M_1) represents loop contribution to the decay width from vertex and self energy and is given by f(x) = x [ 1 − (1 + x^2) ln

1 + x^2

x^2 + 1 1 − x^2 ] (21)

for the Standard Model. For large value of x, the leading order of f(x) is (−3/2)x^{−1}.

It is convenient to consider separately the factor that depends on Dirac matrix in ε_1 in Eq.(20) at this stage. Im [ (m_D^†m_D )^2_{12} ] (m_D^†m_D)_{11}

= M_2 Im [ (a^∗_1b_1 + a^∗_2b_2 + a^∗_3b_3)^2 ] |a_1|^2 + |a_2|^2 + |a_3|^2

≡ M_2Δ_1, (22)

where a’s and b’s are defined in Eq.(11). From a number of types of matrices with a texture zero derived in Eq.(13) and Eq.(15), only 6 different non-zero values of Δ_1’s can be evaluated. Those particular Dirac matrices to contribute the imaginary parts are the matrix with b_2 = 0 and that with a_2 = 0 for N H, and the matrix with b_1 = 0, that with a_1 = 0, that with b_2 = b_3 = 0, and that with a_2 = a_3 = 0 for IH. For N H, if a_1 = 0, or b_1 = 0, the (m^†_D m_D )_{12} vanishes from the trivial relation between entries. Applying Eq.(13) and Eq.(15) for Eq.(22), one can find that each type of Dirac matrix gives rise to Δ_1 as follows;

Δ_1(N H 2 − a) =

6m_2m_3(m^2_3 − m^2) sin φ (2m^2 + 3m^2_3) √ 4m^2 + 9m^2_3 + 12m_2m_3 cos φ

, (23)

Δ_1(N H 2 − b) =

−6(m^2_3 − m^2) sin φ 5 √ 4m^2 + 9m^2_3 + 12m_2m_3 cos φ

, (24)

where m_2 and m_3 are given in terms of Δm^2_{sol} and Δm^2_{atm} in Eq.(7),

Δ_1(IH 1 − a) =

−2m_1m_2(m^2 − m^2_1) sin φ (2m^2_1 + m^2) √ 4m^2_1 + m^2 + 4m_1m_2 cos φ

, (25)

Δ_1(IH 1 − b) =

2(m^2 − m^2_1) sin φ 3 √ 4m^2_1 + m^2 + 4m_1m_2 cos φ

, (26)

Δ_1(IH 2 − a) =

−2m_1m_2(m^2 − m^2_1) sin φ (m^2_1 + 2m^2) √ m^2_1 + 4m^2 + 4m_1m_2 cos φ

, (27)

Δ_1(IH 2 − b) =

2(m^2 − m^2_1) sin φ 3 √ m^2_1 + 4m^2 + 4m_1m_2 cos φ

, (28)

where m_1 and m_2 are given in terms of Δm^2_{sol} and Δm^2_{atm} in Eq.(8). Thus, for M_2 ≫ M_1 case, the CP asymmetry in Eq.(20) reduces to ε_1 ≈ 3/(16πv^2)M_1Δ_1, which is now parameterized by the lightest mass of heavy neutrino M_1 and Majorana phase φ. The sign of ε_1 depends on the position of a texture zero in a row of Dirac matrix.

The κ in Eq.(18) is determined by solving the full Boltzmann equations. The κ can be simply parameterized in terms of K defined as the ratio of Γ_1 the tree-level decay width of N_1 to H the Hubble parameter at temperature M_1, where K ≡ Γ_1/H < 1 describes processes out of thermal equilibrium and κ < 1 describes washout effect[19][25], κ ≃ 0.3 K (ln K)^{0.6} for 10 ≲ K ≲ 10^6, (29) κ ∼ 1 2 √ K^2 + 9 for 0 ≲ K ≲ 10. (30)

The decay width of N_1 by the Yukawa interaction at tree level and Hubble parameter in terms of temperature T and the Planck scale M_{pl} are Γ_1 = ( m^†_Dm_D ) 11 M_1/(8πv^2) and H = 1.66g^{1/2}_∗ T^2/M_{pl}, respectively. At temperature T = M_1, the ratio K is K = M_{pl} 1.66 √ g^∗(8πv^2)

(m^†_D m_D)_{11}

M_1

, (31)

which reduces to, using the Dirac matrices in Eq.(10), K ≈ 1 10^{−3}eV ( |a_1|^2 + |a_2|^2 + |a_3|^2 ) , (32)

where all fixed numbers are included in a factor of order. As done for the Δ_1’s, one can apply Eq.(13) and Eq.(15) for Eq.(32) to find dilution factor κ when the decay width is determined by Yukawa couplings in each type of Dirac matrix. For the six types of Dirac matrices that are eligible for the CP asymmetry as in Eqs.(23)-(28), the ratio K for each case is K(N H 2 − a, −b) ≈ ( 2m^2 + 3m^2_3, 5m_2m_3 ) (10^{−3}eV) √ 4m^2 + 9m^2_3 + 12m_2m_3 cos φ

(33) K(IH 1 − a, −b) ≈ ( 2m^2_1 + m^2, 3m_1m_2 ) (10^{−3}eV) √ 4m^2_1 + m^2 + 4m_1m_2 cos φ

(34) K(IH 2 − a, −b) ≈ ( m^2_1 + 2m^2, 3m_1m_2 ) (10^{−3}eV) √ m^2_1 + 4m^2 + 4m_1m_2 cos φ

, (35)

which shows that the dilution factor also depends on the phase φ, but it does not significantly affect the order of magnitude. Out of all the types of Dirac matrices examined, there is no such a case that Yukawa couplings originate decays of neutrinos N_1 which satisfy the out-of-equilibrium condition K < 1 at T = M_1. The washout effect of asymmetry is most suppressed with the Dirac matrix of type N H 2 − b, where, depending on φ, the dilution factor ranges from 0.010 to 0.013, the amount of asymmetry survived from washout is at most about 1%. When T < M_1, the Boltzmann equations still depict the finite value of κ as M_1/T increases for the universe evolution [20][21][26].

IV. DISCUSSION

Based on the formulation of the leptogenesis derived in the previous section, we numerically analyze baryon asymmetry for each case classified as N H or IH. For the numerical calculation, we take Δm^2_{sol} = 7.0 × 10^{−5} eV^2 and Δm^2_{atm} = 2.5 × 10^{−3} eV^2 as inputs.

Consider a model with neutrino masses in normal hierarchy. In Fig.1, we plot the baryon asymmetry Y_B as a function of the Majorana phase φ for N H2 − b. The different curves correspond to M_1 = 2.0 × 10^{11} to 2.0 × 10^{13} GeV for fixed M_2/M_1 = 5. We note that we can choose any reasonable M_2/M_1 value which can protect L-violating processes with N_1 from the wash-out when T < M_2. As expected from Eq.(20), the value of Y_B for a fixed φ increases with M_1. The horizontal line in Fig.1 presents the current cosmological observation of Y_B given in Eq.(16). From the analysis, we see that the current observation on Y_B constrains the lower bound of M_1, which turns out to be M_1 ≳ 2.0 × 10^{11} GeV. It is clear that the CP asymmetry in high energy is almost proportional to the imaginary part of Majorana CP contribution in low energy from Eqs.(22)-(28). Thus, the plots show that the lower bound of M_1 to generate the observed baryon asymmetry should be raised if the imaginary contribution of low energy phase is decreased as the φ approaches 0 or π. In all aspects of the prediction of Y_B, N H2 − a and N H2 − b are quite similar to each other except an overall factor. The Y_B for N H2 − b is enhanced from both the enhancement of CP asymmetry, Δ_1(b)/Δ_1(a) ≃ 3.6, and the suppression of wash-out effect, κ(b)/κ(a) ≃ 4.5. The lower bound of M_1 with φ = π/2 is pulled down to 2.0 × 10^{11} GeV for N H2 − b, whereas that for N H2 − a is 3.2 × 10^{12}GeV. Suppressing a certain Yukawa coupling by putting a texture zero can vary the amount of the asymmetry by order of magnitude.

In Fig.2, we plot Y_B as a function of the Majorana phase φ for IH1 − a. The different curves correspond to M_1 = 5.5 × 10^{13} to 5.5 × 10^{15} GeV for fixed M_2/M_1 = 5. As in N H, we obtain a lower bound on M_1 ≳ 5.5 × 10^{12} GeV for IH. The prediction of Y_B for IH with the same value of M_1 is smaller than that for N H because Δ_1 for IH is proportional to m^2 − m^2_1 which corresponds to the solar mass squared difference, while Δ_1 for N H is proportional to m^2_3 − m^2 which corresponds to the atmospheric mass squared difference. We expect from Eqs.(25-28) that the predictions of Y_B’s for other cases of IH are almost the same as that for IH 1-a because m_1m_2/(2m^2_1 + m^2) ∼ 1/3.

Although the Majorana phase is not detectable through neutrino oscillations, it may affect the amplitude of neutrinoless double beta decay. Thus, one can anticipate that there may exist a correlation between leptogenesis and neutrinoless double beta decay in our scenario where the heavy Majorana neutrino mass matrix and the charged-lepton Yukawa matrix are both diagonal. The neutrinoless double beta decay amplitude is proportional to the effective Majorana mass |⟨m_{ee}⟩| which can be written in the form: |⟨m_{ee}⟩| = | 3∑ i=1 U^2_{ei}m_ie^{iφi} | = {_{m2} 3 , (N H) 1 3 (4m^2_1 + m^2 + 4m_1m_2 cos φ)^{1/2}, (IH)

(36)

where φ_i are Majorana CP-violating phases. The |⟨m_{ee}⟩| depends on the CP phase φ only with inverted hierarchy, so that one can draw a simple correlation between leptogenesis and neutrinoless double beta decay only for the particular case. In Fig.3, we present a correlation between Y_B and |⟨m_{ee}⟩| for IH 1-a. The inputs are taken to be the same as in Fig.2. As the value of |⟨m_{ee}⟩| approaches to that with φ = π/2, the asymmetry is enhanced and the bound of M_1 becomes lower. The lower bound of M_1 as a function of Majorana phase or that of effective Majorana mass is obtained from the current cosmological observation of Y_B. In Fig.4, we present a correlation between the lower bound of M_1 and |⟨m_{ee}⟩|.

We examined the minimal seesaw mechanism of 3 × 2 Dirac matrix by starting our analysis with the masses of light neutrinos with tri/bi-maximal mixing in the basis where the charged-lepton Yukawa matrix and heavy Majorana neutrino mass matrix are diagonal. We found all possible Dirac mass textures which contain one zero entry or two in the matrix and evaluated the corresponding lepton asymmetries. The baryon asymmetry can be presented in terms of low energy observables, where only one Majorana CP phase among them remains yet unknown. The numerical work exhibits the dependence of both the size of baryon asymmetry and the lower bound of M_1 upon the low energy CP phase to be clued from neutrinoless double beta decay.

Note added : After completing this wrok, we have been noticed that similar analysis for the hierarchical case in supersymmetric seesaw model appeared in Ref.[27].

Acknowledgments

S.K.K is supported in part by BK21 program of the Ministry of Education in Korea and in part by KOSEF Grant No. R01-2003-000-10229-0. S.C. is supported in part by Grant No. R02-2003-000-10050-0 from BRP of the KOSEF and by Brainpool program of the KOFST. K.S. was supported by the Basic Science Research Institute Special Program of Chung-Ang University in 2004.

[1] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81 (1998) [2] S. Hukuda et al. [Super-Kamiokande Collab.], Phys. Rev. Lett. 86, 5656 (2001); Phys. Lett. 539, 179 (2002). [3] Q. Ahmad et al. [SNO Collab.], Phys. Rev. Lett. 87, 071301 (2001); Q. Ahmad et al. [SNO Collab.], Phys. Rev. Lett. 89, 011301 (2002);S. Ahmed et al. [SNO Collab.], arXiv:nucl-ex/0309004.

[4] M. Apollonio et al. [CHOOZ Collaboration], Phys. Lett. B 420 (1998) 397.

[5] K. Eguchi et al. [KamLAND Collaboration], Phys. Rev. Lett. 90, 021802 (2003) [arXiv:hep-ex/0212021]. [6] G. L. Fogli, E. Lisi, A. Marrone, D. Montanino, A. Palazzo and A.M.Rotunno, hep-ph/0310012; A. Bandyopadhyay, S.

Choubey, S. Goswami, S.T. Petcov and D.P. Roy, hep-ph/0309174. [7] W. l. Guo and Z. z. Xing, Phys. Rev. D 67, 053002 (2003) [arXiv:hep-ph/0212142]. [8] M. Fukugita, M. Tanimoto and T. Yanagida, Phys. Lett. B 562, 273 (2003) [arXiv:hep-ph/0303177]. [9] M. C. Gonzalez-Garcia and C. Pena-Garay, Phys. Rev. D 68, 093003 (2003) [arXiv:hep-ph/0306001]. [10] M. Maltoni, T. Schwetz, M.A.Tortola and J. W. F. Valle, Phys. Rev. D68, 113010 (2003). [11] P. F. Harrison and W. G. Scott, Phys. Lett. B 557, 76 (2003) [arXiv:hep-ph/0302025]; Z. -z. Xing, Phys. Lett. B533, 85 (2002).

[12] P.F.Harrison, D.H.Perkins, W.G.Scott, Phys. Lett. B 458 (1999) 79; Phys. Lett. B 530 (2002) 167, P.F.Harrison and W.G.Scott, Phys. Lett.B535 (2002) 163; Z.-z. Xing, Phys. Lett. B 533 (2002) 85; C. S. Lam, Phys. Lett. B 507 (2002) 214; X. He and A. Zee, Phys. Lett. B 560 (2003) 87; Phys. Rev. D 68 (2003) 037302 ; Y. Koide, Phys. Lett. B 574 (2003) 82. [13] C. L. Bennett et al. Astrophys. J. Suppl. 148, (2003)1 [arXiv:astro-ph/0302207]. [14] D. N. Spergel et al. Astrophys. J. Suppl. 148, (2003)175 [arXiv:astro-ph/0302209].

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

[16] P. H. Frampton, S. L. Glashow and T. Yanagida, Phys. Lett. B 548, 119 (2002); T. Endoh, S. Kaneko, S.K. Kang, T.

Morozumi and M. Tanimoto, Phys. Rev. Lett. 89 (2002) 231601; J. Phys. G 29, 1877 (2003); M. Raidal and A. Strumia, Phys. Lett. B 553, 72 (2003); G.C.Branco, R. Gonzalez Felipe, F.R. Joaquim, I. Masina, M.N. Rebelo and C.A. Savoy , Phys. Rev. D 67, 073025 (2003); S. Raby, Phys. Lett. B 561, 119 (2003); B. Dutta and R.N. Mohapatra, Phys. Rev. D 68, 056006 (2003); J. Cao, Z. Xiong and J. M. Yang , Eur. Phys. J. C 32, 245 (2004); J. -w. Mei and Z. -z. Xing, hep-ph/0310326; hep-ph/0312167; R. G. Felipe, F.R. Joaquim and B.M. Nobre, hep-ph/0311029; A. Ibarra and G. G. Ross, Phys. Lett. B 575, 279 (2003).

[17] V. Barger, D. A. Dicus, H.-J. He and T.-j. Li, Phys.Lett. B 583, 173 (2004). [18] J. A. Harvey and M. S. Turner, Phys. Rev. D 42, 3344 (1990). [19] E. W. Kolb and M. S. Turner, “The Early Universe,” Addison-Wesley, 1990 [20] E. W. Kolb and S. Wolfram, Nucl. Phys. B 172, 224 (1980) [Erratum-ibid. B 195, 542 (1982)]. [21] M. A. Luty, Phys. Rev. D 45, 455 (1992).

[22] M. Flanz, E. A. Paschos and U. Sarkar, Phys. Lett. B 345, 248 (1995) [Erratum-ibid. B 382, 447 (1996)] [arXiv:hep-ph/9411366].

[23] L. Covi, E. Roulet and F. Vissani, Phys. Lett. B 384, 169 (1996) [arXiv:hep-ph/9605319]. [24] W. Buchmuller and M. Plumacher, Phys. Lett. B 431, 354 (1998) [arXiv:hep-ph/9710460]. [25] G. Giudice, A. Notari, M. Raidal, A. Riotto and A. Strumia, hep-ph/0310123; W. Buchmuller, P. Di Bari and M. Plumacher, hep-ph/0401240; T. Endoh, T. Morozumi and Z. Xiong , Prog. Theor. Phys. 111, 123 (2004); for approximated expressions, see E. K. Akhmedov, M. Frigerio and A. Yu. Smirnov, JHEP 0309, 021 (2003); A. Pilaftsis, Int. J. Mod. Phys. A 14, 1811 (1999); H. B. Nielsen and Y. Takanishi, Phys. Lett. B 507, 241 (2001).

[26] W. Buchmuller and M. Plumacher, Int. J. Mod. Phys. A 15, 5047 (2000) [arXiv:hep-ph/0007176]. [27] A. Ibarra and G. G. Ross, hep-ph/0312138.

FIG. 1: YB as a function of Majorana CP phase for case NH 2-b, with various values of M1 where M2/M1 = 5. The horizontal lines are the current cosmological bound of YB .

FIG. 2: YB as a function of Majorana CP phase for case IH 1-a, with various values of M1 where M2 /M1 = 5

FIG. 3: YB as a function of |⟨mee⟩| for case IH 1-a, with various values of M1 where M2/M1 = 5

FIG. 4: The lower bound of M1 as a function of |⟨mee⟩| for case IH 1-a