arXiv:1301.6253v2 [hep-ph] 3 Feb 2013

A Model of Four Generation Fermions and Cold Dark Matter and Matter-Antimatter Asymmetry

Wei-Min Yang

Department of Modern Physics, University of Science and Technology of China, Hefei 230026, P. R. China

E-mail: wmyang@ustc.edu.cn

Abstract: I suggest a practical particle model as an extension to the standard model. The model has a TeV scale U(1)_{B−L} symmetry and it contains the fourth generation fermions with the TeV scale masses, in which including a cold dark matter neutrino. The model can completely account for the fermion flavor puzzles, the cold dark matter, and the matter-antimatter asymmetry through the leptogenesis. In particular, it is quite feasible and promising to test the model in future experiments.

Keywords: new model beyond SM; fermion flavor; dark matter; leptogenesis

PACS: 12.60.-i; 12.15.Ff; 14.60.Pq; 95.35.+d

I. Introduction

The precise tests for the electroweak scale physics have established plenty of knowledge about the elementary particles [1, 2]. The standard model (SM) has been evidenced to be indeed a very successful theory at the electroweak energy scale. Nevertheless, there are a lot of the issues in the flavor physics and universe observations for which the SM is not able to account [3]. During the past more decades a series of experiment results of B physics and neutrino physics have told us a great deal of the detailed information of flavor physics [4]. What are paid more attention are some facts in the following. Firstly, the fermion mass spectrum emerges a very large hierarchy. The quark and charged lepton masses range from one MeV to one hundred GeV or so [1], while the neutrino masses are only at the Sub-eV level [5]. Secondly, the quark flavor mixing pattern is distinctly different from the lepton one. The former are only three small mixing angles [6], whereas the latter has bi-large mixing angles and a bit small but non-zero θ_{13} [7]. In addition, the CP violation in the quark sector has been verified to be non-zero but very small [8], however, it is in suspense whether the CP violation in the lepton sector vanishes or not [9]. Thirdly, that the light neutrino nature is Majorana or Dirac particle has to be further identified by the experiments such as 0νββ [10]. On the other hand, the astrophysics observations and researches lead to some impressive puzzles in the universe, in particular, the genesis of the matter-antimatter asymmetry and the original nature of cold dark matter [11]. Finally, a very important and unsolved problem is whether flavor physics are truly connected with the baryon asymmetry and/or cold dark matter in the universe or not? All the problems have a great significance for both particle physics and the early universe [12], so they always attract great attention in the experiment and theory fields.

The researches for the above-mentioned problems have motivated many new theories beyond the SM. The various theoretical approaches and models have been proposed to solve the intractable issues [13]. For instance, the Froggatt-Nielsen mechanism with the U(1) family symmetry can account for mass hierarchy [14], the discrete family group A_4 can lead to the tri-bimaximal mixing structure of the lepton mixing matrix [15], the non-Abelian continuous group SU(3) is introduced to explain the neutrino mixing [16], the model with the SO(3) family group can accommodate the experimental data of the quarks and leptons by the fewer parameters [17], some grand unification models based on the SO(10) symmetry group can also give some reasonable interpretations for fermion masses and flavor mixings [18]. In addition, some suggestions of the baryon asymmetry and cold dark matter are very constructive [19]. Although these theories are successful in explaining some specific aspects of the above problems, it seems very difficult for them to solve the whole problems all together. Indeed it is especially hard for a model construction to keep the principle of the simplicity, economy and the less number of parameters, otherwise the theory will be excessive complexity and incredible. On all accounts, a better theory beyond the SM has to be confronted with the integration of particle physics and the early universe, in other words, it should simultaneously account for flavor physics, the baryon asymmetry and cold dark matter. Of course, it is still a large challenge for theoretical particle physicists to find a desirable theory to uncover these mysteries of the universe [20].

In this work, I construct a practical model to integrate three parts of the fermion flavor, cold dark matter and leptogenesis. The model has the local gauge symmetries SU(3)_C ⊗ SU(2)_L ⊗ U(1)_X ⊗ U(1)_{B−L}. The subgroups U(1)_X ⊗ U(1)_{B−L} only appear above the TeV scale, and then are spontaneously broken to the supercharge subgroup U(1)_Y below that scale. Besides the SM particles, some new non-SM particles are introduced into the model. They are the fourth generation quarks and leptons, two vector gauge fields related to U(1)_X ⊗ U(1)_{B−L}, and three scalar fields, which are respectively one neutral singlet, one charged singlet and one symmetric triplet under SU(2)_L. The U(1)_X ⊗ U(1)_{B−L} breaking is accomplished by the neutral singlet scalar developing a non-vanishing vacuum expectation value (VEV) at the TeV scale. This breaking leads that one of the two new gauge fields obtains a TeV scale masse by the Higgs mechanism, in the meantime, the fourth generation neutrino is given rise to a TeV scale mass. The fourth generation neutrino has some unique natures in the model, which ensure that it is a cold dark matter particle. All of the SM particle masses are generated after the electroweak breaking. The triplet scalar field takes part in the symmetry breakings but it develops only a tiny VEV by virtue of its very heavy mass. This is a real source of the tiny masses of the light neutrinos. The leptogenesis is implemented by the charged singlet scalar decaying into a SM charged lepton and a cold dark matter neutrino. The decay process simultaneously satisfies the three conditions of the B − L violation, CP violation and being out-of-equilibrium. This mechanism can naturally generate the B − L asymmetry, subsequently it is converted into the baryon asymmetry through the electroweak sphaleron process [21]. In the model, the flavor physics is intimately associated with the cold dark matter and the matter-antimatter asymmetry in the universe. The model can completely accommodate and fit all the current experimental data of the fermion masses and mixings, the cold dark matter and the baryon asymmetry, furthermore, it also predicts some interesting results. Finally, the model is feasible and promising to be tested in future experiments. I give some methods of searching the non-SM particles of the model in the experiments at the LHC [22].

The remainder of this paper is organized as follows. In Section II I outline the model. In Sec. III, the model symmetry breakings, the particle masses and mixings are introduced. In Sec. IV, the leptogenesis and cold dark matter are discussed. In Sec. V, I give the detailed numerical results. Sec. VI is devoted to conclusions.

II. Model

The local gauge symmetries of the model are the direct product groups of SU(3)_C ⊗SU(2)_L ⊗U(1)_X ⊗U(1)_{B−L}. The subgroup symmetry of U(1)_X ⊗U(1)_{B−L} only appears above the TeV scale, and it will be broken to the supercharge subgroup U(1)_Y below that scale. The model particle contents and their gauge quantum numbers are in detail listed in the following,

G^a_μ(8, 1, 0, 0) , W^i_μ(1, 3, 0, 0) , X_μ(1, 1, 1, 0) , Y_μ(1, 1, 0, 1) , Q_i(3, 2, 0, 1 3 ) , [u_{iR}, u_{4R}, u_{4L}](3, 1, 1, 1 3 ) , [d_{iR}, d_{4R}, d_{4L}](3, 1, −1, 1 3 ) , L_i(1, 2, 0, −1) , [e_{iR}, e_{4R}, e_{4L}](1, 1, −1, −1) , ν_{4L}(1, 1, 1, −1) , H(1, 2, 1, 0) , ϕ(1, 1, −2, 2) , S^−(1, 1, −2, 0) , Δ(1, 3, 0, 2) . (1)

All kinds of the notations are self-explanatory as usual. X_μ and Y_μ are two new vector gauge fields related to the gauge subgroups U(1)_X and U(1)_{B−L}, respectively. The last two numbers in the brackets are exactly the U(1)_X and U(1)_{B−L} charges. The fermion subscript i indicates the first three generation fermions, in addition, the model newly includes the fourth generation quarks and leptons. It should also be noted that the fourth generation left-handed fermions are all singlets under SU(2)_L. The right-handed neutrinos are absent in (1). The reason for this is that the neutral fermions ν_{iL}, ν_{4L} are considered as Majorana particles, so the corresponding ν_R are not independent fields but rather determined by the relation ν_R = C ν_L^T , in which C is a charge conjugation matrix. Besides the SM doublet Higgs field, two complex singlet scalar ϕ and S^−, and a symmetric triplet scalar Δ are introduced in the model. After the gauge symmetry breakings, ϕ and S^− have respectively a zero electric charge and a negative electric charge. These scalar field representations are such as ϕ = ϕ^0 + iϕ^{′0} √ 2 , H = ( H^+ H^0 ) , Δ = ( Δ^{0 Δ+√}_2

Δ^+√

2 Δ^{++} ) . (2)

In addition, ~H = iτ_2H^∗ will also be referred. In brief, all the non-SM particles in (1) compose the new particle spectrum, and they play key roles in the new physics beyond the SM. In general, the new particle masses are the TeV scale or above it, so they should appear in the TeV scale circumstances, for example, in the early universe.

Under the model gauge symmetries, the invariant Lagrangian of the model is composed of the three parts in the following. Firstly, the gauge kinetic energy terms are L_{Gauge} = L_{pure gauge} + ifγ^μD_μf + (D^μH)^†(D_μH) + (D^μϕ)^†(D_μϕ) + (D^μS^−)^†(D_μS^−) + T r[(D^μΔ)^†(D_μΔ)] , (3)

where f stands for all kinds of the fermions in (1). The covariant derivative D_μ is defined as

D_μ = ∂_μ + i ( g_3G^a_μ λ^a 2 + g_2W^i_μ τ^i 2 + g_X X_μ Q_X 2 + g_{B−L}Y_μ B − L 2 ) , (4) where λ^a and τ^i are Gell-Mann and Pauli matrices, Q_X and B − L are respectively the charge operators of U(1)_X and U(1)_{B−L}, and g_3, g_2, g_X , g_{B−L} are four gauge coupling constants. After the gauge symmetry breakings, some gauge fields will generate their masses and mixings by the Higgs mechanism.

Secondly, the model scalar potential is given by

V_{Scalar} = μ^2_H H^†H + λ_H (H^†H)^2 + μ^2_ϕϕ^†ϕ + λ_ϕ(ϕ^†ϕ)^2 + M^2_S S^+S^− + λ_S(S^+S^−)^2 + M^2_ΔT r[Δ^†Δ] + λ_Δ(T r[Δ^†Δ])^2 + λ_1(H^†H)(ϕ^†ϕ) + ( λ_2(H^†H) + λ_3(ϕ^†ϕ) ) T r[Δ^†Δ] + ( λ_4(H^†H) + λ_5(ϕ^†ϕ) + λ_6T r[Δ^†Δ] ) (S^+S^−)

+ λ_7( ~H^T Δ ~Hϕ^† + h.c.) , (5)

where all kinds of the coupling parameters are self-explanatory. In general, the size of the coupling coefficients are [λ_1, λ_2, . . . , λ_7] ∼ 0.1. For [M^2_S , M^2_Δ] > 0, M_S and M_Δ are original masses of the particles S^± and Δ, respectively. Their values are M_S ∼ 1 TeV and M_Δ ∼ 10^5 TeV in the model. For [μ^2_H , μ^2_ϕ] < 0, both the singlet ϕ and the doublet H will develop non-zero VEVs. ϕ is responsible for the B − L breaking U(1)_X ⊗ U(1)_{B−L} → U(1)_Y , in succession, H completes the electroweak breaking SU(2)_L ⊗ U(1)_Y → U(1)_{em}. The triplet Δ also takes part in the two breakings because it is involved in the couplings of the last term in (5). However, it is about to be seen that Δ has only a very tiny VEV due to the heavy M_Δ, therefore Δ only plays a secondary role in these breakings but it plays a key role in the generation of the tiny neutrino masses. Lastly, the singlet S^− does not participate in any breakings because of its VEV vanishing. In comparison with the SM Higgs sector [23], the phenomena of the model scalar sector are variety and more interesting.

Thirdly, the model Yukawa couplings are written as L_{Y ukawa} = ( Q_i ~H, u_{4L}M_{u4} ) ( y_{u1} I + y_{u2} Y_u y_{u3} F_u

y^u_3 F^{u†} −1 ) ( u_{iR} u_{4R} )

+ ( Q_iH, d_{4L}M_{d4} ) ( y^d_1 I + y^d_2 Y^d y^d_3 F^d y^d_3 F^{d†} −1 ) ( d_{iR} d_{4R} )

+ ( L_iH, e_{4L}M_{e4} ) ( y^e_1I + y^e_2Y^e y^e_3F^e y^e_3F^{e†} −1 ) ( e_{iR} e_{4R} )

+ 1 2 ( L_iΔ, ν_{4L}ϕ ) ( y^ν_1 I + y^ν_2 Y^ν 0

0 y_{ν4} ) ( CL_i^T Cν_{4L}^T )

+ y^u_4 d_{4L}S^−O^{u†}u_R + y^d_4 u_{4L}S^+O^{d†}d_R + y^e_4ν_{4L}S^+O^{e†}e_R + h.c. . (6)

These Yukawa couplings have apparently uniform and regular frameworks. M_{f4} are exactly the masses of the fourth generation quarks and charged lepton, which are directly allowed by the model symmetries, however, M_{f4} are about few TeV based on the model theoretical consistency. The coupling coefficients, y^f_1 , y^f_2 , y^f_3 , y^f_4 , are chosen some real numbers since their complex phases can be absorbed by the redefined fermion fields. Since every coupling coefficients scale the order of magnitude of itself term, they are arranged such a hierarchy as |y^f_4 | < |y^f_1 | < |y^f_2 | < |y^f_3 | ⩽ 1 in the model. The coupling matrices, I, Y^f , F^f , O^f , characterize the flavor mixings among the four generation fermions. At present we are lack of an underlying understand for the fermion flavor origin, however, it is believed that some flavor family symmetry is embedded in an underlying theory at a certain high-energy scale, but it is broken at the low-energy scale. The coupling matrices should imply some information of the flavor symmetry and its breaking. Therefore I suggest that the flavor structures of the coupling matrices have such a style as

I = 1 0 0 0 1 0 0 0 1 , Y^{f=u,d,e,ν} = 0 a_f −a_f a_f 1 1 −a_f 1 1 ,

F^{f=u,d,e} = 0 b_f 1 , O^{f=u,d,e} = 0 c_{1f} c_{2f} 1 . (7)

The flavor structures are both simple and reasonable, in particular, there are only few flavor parameters. The size of the flavor parameters are normally [|a_f |, |b_f |, |c_{1f} |, |c_{2f} |] ∼ 0.1. The majority of their complex phases can be removed by the redefined fermion fields. The remaining complex phases will become the sources of the CP violations in the quark and lepton sectors. In (6), the y^f_1 I couplings have evidently a full flavor symmetry among the first three generation fermions but they are relatively smaller. The y^f_2 Y^f couplings only keep such a discrete symmetry S_2 as f_2 ⇌ −f_3 between the second and third generation fermions. The couplings between the first three and fourth generation fermions, y^f_3 F^f , break the flavor symmetry S_2, but they are relatively bigger. Lastly, the couplings involving the charged scalar S^±, y^f_4 O^f , are the smallest ones. After the gauge symmetries are broken spontaneously, all kinds of the fermion masses, m_{u,d.e}, m_ν , M_{ν4} , will be generated by the corresponding couplings and the VEVs of H, Δ, ϕ, respectively. Finally, I in particular point out that the matrices y^f_1 I + y^f_2 Y^f can be diagonalized by the unitary matrix U_0 as follows

U^T_0 (y^f_1 I + y^f_2 Y^f )U_0 = y^f_1 − √ 2a_f y^f_2 0 0 0 y^f_1 + √ 2a_f y^f_2 0 0 0 y^f_1 + 2y^f_2 ,

U_0 = 1 2 √ 2 √ 2 0 −1 1 √ 2 1 −1 √ 2 . (8)

The mixing angles of U_0 are θ_{12} = θ_{23} = 45^∘, θ_{13} = 0^∘. It evidently distinguishes from the tri-bimaximal mixing matrix [24]. For |y^f_1 | < |a_f y^f_2 | < |y^f_2 |, the first and second eigenvalues are approximately the same size, and the third one is the biggest. This property of (8) plays a key role in the neutrino mass and mixing in the model.

In summary, the above features of the particle contents and Lagrangian are very important not only for the particle masses and mixings, but also guarantee the cold dark matter and leptogenesis in the model. In the following sections of the paper, it is about to be seen that ν_{4L} has unique natures and plays a special role in the model. It is actually a cold dark matter particle. The leptogenesis is really implemented by the decay S^− → e^−_i + ν_4. In a word, the above contents form the theoretical framework of the model.

III. Symmetry Breakings and Particle Masses and Mixings

The gauge symmetry breakings of the model go through two stages. The first step of the breakings is U(1)_X ⊗ U(1)_{B−L} → U(1)_Y , namely the B − L breaking, in succession, the second step is SU(2)_L ⊗ U(1)_Y → U(1)_{em}, i.e. the electroweak breaking. The former is achieved by the real part component of ϕ developing a nonvanishing VEV at the TeV scale, while the latter is accomplished by the neutral component of H developing a non-vanishing VEV at the electroweak scale. In addition, the neutral component of Δ also develops a very tiny but non-zero VEV owing of the last term couplings in (5). The scalar vacuum structures and the conditions of the vacuum stabilization are easy derived from the scalar potential (5). The details are as follows ϕ → ϕ^0 + v_ϕ √ 2 , H → ( 0_{H0+ v} H √ 2 ) , Δ → (_{Δ0+vΔ√} 2 Δ^+√ 2 Δ^+√

2 Δ^{++} ) , S^− → S^−,

⟨ϕ⟩ = v_ϕ √ 2 = √ λ_1μ^2_H − 2λ_H μ^2_ϕ 4λ_ϕλ_H − λ^2_1 , ⟨H⟩ = v_H √ 2 = √ λ_1μ^2_ϕ − 2λ_ϕμ^2_H 4λ_ϕλ_H − λ^2_1 , ⟨Δ⟩ = v_Δ √ 2 = −λ_7v_ϕv^2_H √ 2(2M^2_Δ + λ_2v^2_H + λ_3v^2_ϕ) ≈ −λ_7v_ϕv^2_H 2 √ 2M^2_{Δeff} , ⟨S^−⟩ = 0 , (9)

The stable conditions include [μ^2_H , μ^2_ϕ, λ_1] < 0, [λ_H , λ_ϕ, λ_S , λ_Δ, λ_2, λ_3, λ_4, λ_5, λ_6, 4λ_ϕλ_H − λ^2_1] > 0, and M^2_S ≫ [v^2_ϕ, v^2_H ]. In addition, |λ_1| should be sufficient small so that v_ϕ is one order of magnitude larger than v_H , in this way, this ensures that the B − L breaking precedes the electroweak breaking. M_{Δeff} in (9) is a effective mass of the Δ particle when the breakings are completed (see (10)). Provided that M_Δ ∼ 10^5 TeV, v_ϕ ∼ 2.5 TeV, v_H ∼ 250 GeV, and λ_7 ∼ 0.1, thus this naturally leads to v_Δ ∼ 0.1 eV, consequently, gives the tiny neutrino masses. Thus it can be seen that the tiny nature of the neutrino masses essentially originates in the very heavy M_Δ in the model. In this sense, this is a new form of the seesaw mechanism [25]. Finally, the S^− field has a vanishing VEV, so it does not actually participate in the breakings. In short, all the conditions are not difficult to be satisfied so long as the parameters are chosen as some suitable values.

After the model gauge symmetry breakings are over, the following massive scalar bosons, H^0, ϕ^0, S^±, Δ[Δ^0, Δ^±, Δ^{±±}], appear in the scalar sector. Their masses and mixings are such as tan2θ_h = λ_1v_ϕv_H λ_ϕv^2_ϕ − λ_H v^2_H , M^2_H0_{,ϕ}0 = ( λ_ϕv^2_ϕ + λ_H v^2_H ) ∓ | |λ_ϕv^2_ϕ − λ_H v^2_H | | √ 1 + tan^22θ_h ,

M^2_{Seff} = M^2_S + 1 2 (λ_4v^2_H + λ_5v^2_ϕ + λ_6v^2_Δ),

M^2_{Δeff} = M^2_Δ + 1 2 (λ_2v^2_H + λ_3v^2_ϕ + 2λ_Δv^2_Δ), (10)

where θ_h is the mixing angle between H^0 and ϕ^0. Provided that λ_ϕ ∼ λ_H > |λ_1|, then tan2θ_h < 0.1, thus the two neutral boson masses are approximately M_H0 ≈ √ 2λ_H v_H and M_ϕ0 ≈ √ 2λ_ϕ v_ϕ. In a similar way, there is also a very weak mixing between H^0 and Δ^0, or between ϕ^0 and Δ^0. However, these very weak mixings in the scalar sector can all be ignored throughout. M_{Seff} and M_{Δeff} are respectively the effective masses of the particles S^± and Δ. Provided that M_S ⩽ v_ϕ, then M_{Seff} ∼ v_ϕ. In view of M_Δ ≫ v_ϕ, obviously, there is M_{Δeff} ≈ M_Δ. At present, M_H0 has been measured by the LHC [26], it’s value is 125 GeV. However, the model predicts that M_ϕ0 and M_S are about 1 TeV, it are quite feasible to find the two bosons at the LHC, but the Δ particles are too heavy to be detected.

In the gauge sector, the gauge symmetry breakings give rise to masses and mixings for some of the vector gauge bosons through the Higgs mechanism. The breaking procedure of U(1)_X ⊗ U(1)_{B−L} → U(1)_Y is such as g_X X_μ Q_X 2 + g_{B−L}Y_μ B − L 2 −→ g_1(B_μ Q_Y 2 + Z^′_μ Q_N 2 ), g_1 = g_X g_{B−L} √ g^2_X + g^2_{B−L} , tanθ_g = g_X g_{B−L} , Q_Y = Q_X + (B − L) , Q_N = −tanθ_gQ_X + cotθ_g(B − L) , B_μ = cosθ_gX_μ + sinθ_gY_μ , Z^′_μ = −sinθ_gX_μ + cosθ_gY_μ , M_{Bμ} = 0 , M_Z′_μ = 1 2 |Q_N (ϕ)|g_1v_ϕ =

2g_1v_ϕ sin2θ_g , (11)

where g_1, B_μ, Q_Y are respectively the gauge coupling constant, gauge field, supercharge operator of U(1)_Y , Z^′_μ is an obtained mass neutral gauge field, and Q_N is a new charge operator related to Z^′_μ. There are two gauge parameters g_1 and tanθ_g in (11), however, g_1 is not a free parameter but determined by the electroweak relation g_1 = √ 4πα/cosθ_W , only the mixing angle tanθ_g is a free parameter. In addition, the last equation in (11) implies M_Z′_μ ⩾ 2g_1v_ϕ, so M_Z′_μ should be few TeV or so. It should also be pointed out that the mixing between Z^′_μ and Z_μ, which is the SM weak neutral gauge boson, is very small. Their mixing angle is given by tan2θ^′_g ≈ sin^3θ_gcosθ_gv^2_H 2sinθ_W v^2_ϕ . (12)

Because of v^2_H /v^2_ϕ ∼ 10^{−2} and sinθ_W ∼ 0.5, this mixing can indeed be ignored.

Below the electroweak scale, the Yukawa sector becomes clear and simple since the fourth generation heavy quarks and charged lepton have decoupled. After they are integrated out from (6), the effective Yukawa coupling matrices of the three generation quarks and charged lepton are given by

Y^{f=u,d,e} eff = y^f_1 I + y^f_2 Y^f + (y^f_3 )^2F^f ⊗ F^{f†}, F^f ⊗ F^{f†} =

0 0 0 0 b_f b^∗_f b_f 0 b^∗_f 1 . (13)

Each term physical meaning is very explicit. According to the standard procedures, in (6) the symmetry breakings give rise to all kinds of the fermion masses as follows M_{f=u,d,e} = − v_H √ 2 Y^f_{eff} , M_ν = − v_Δ √ 2 (y^ν_1 I + y^ν_2 Y^ν ), M_{ν4} = − v_ϕ √ 2 y_{ν4} . (14)

Obviously, there is the mass hierarchical relation M_ν ∼ 0.01 eV ≪ M_{f=u,d,e} < M_{ν4} ∼ 1 TeV. In addition, the hierarchical coefficients, |y^f_1 | ≪ |y^f_2 | ≪ |y^f_3 |, will lead to the hierarchical masses of the three generation quarks and charged lepton. On the other hand, there is not such a term as F^ν ⊗ F^{ν†} in M_ν , so M_ν is distinguished from M_{f=u,d,e} . This is a primary source that the lepton flavor mixing is greatly different from the quark one. In short, the interesting features of the fermion mass matrices dominate the fermion masses and flavor mixings.

Finally, the fermion mass eigenvalues and flavor mixing matrices are solved by diagonalizing the above mass matrices. The quark and charged lepton mass matrices M_{f=u,d,e} are hermitian, while the light neutrino mass matrix M_ν is symmetry. Therefore, the mass matrix diagonalizations are accomplished as such

U^†_uM_uU_u = diag (m_u, m_c, m_t) , U^†_d M_dU_d = diag (m_d, m_s, m_b) , U^†_e M_eU_e = diag (m_e, m_μ, m_τ ) , U^†_nM_ν U^∗_n = diag (m_{n1} , m_{n2} , m_{n3} ) . (15)

In the light of the characteristic structures of M_{f=u,d,e}, the mass eigenvalues of the quarks and charged lepton are certainly some hierarchy, and the flavor mixing matrices U_{f=u,d,e} are all closed to an unit matrix. In contrast, an exact solution of the M_ν diagonalization can be given by use of (8) as

U_n = U_0 , m^2_{n2} − m^2_{n1} = 2 √ 2y^ν_1 y^ν_2 a_ν v^2_Δ , m^2_{n3} − m^2_{n2} ≈ 2(y^ν_2 v_Δ)^2. (16)

Obviously, U_n is completely different from U_{f=u,d,e} , moreover, the two mass-squared differences can explain the neutrino data very well. The above results are convenient for the following numerical analysis. The flavor mixing matrix in the quark sector and one in the lepton sector are respectively defined by [27, 28]

U^†_u U_d = U_{CKM} , U^†_e U_n = U_{P MNS} · diag ( e^{iβ1} , e^{iβ2} , 1 ) . (17)

The two unitary matrices U_{CKM} and U_{P MNS} are parameterized by the standard form in particle data group [1]. β_1, β_2 are two Majorana phases in the lepton mixing. All kinds of the mixing angles and CP -violating phases can be calculated numerically. Finally, all of the results can be compared with the current and future experimental data.

IV. Cold Dark Matter and Leptogenesis

The model can naturally and elegantly account for the cold dark matter and leptogenesis after the model symmetry breakings are completed. The fourth generation Majorana neutrino ν_{4L} own some unique properties. It has been seen from the model lagrangian that ν_{4L} has only the three types of the couplings, ν_{4L}γ^μν_{4L}Z^′_μ, ν^T_{4L}ν_{4L}ϕ^0, and e_Rν_{4L}S^−. Provided that the mass order M_{ν4} < M_S < [M_{u4} , M_{d4} , M_{e4} ], the only decay channel of ν_{4L} is ν_{4L} → e_iu_jd_k via an off-shell boson S^+ because there are some weak mixings between the fourth generation quarks and the first three generation ones. If the coupling coefficients are |y^f_4 | ⩽ 10^{−9} in the last line of (6), then the ν_{4L} decay width is estimated as ⩽ 10^{−44} GeV. In other words, the ν_{4L} lifetime is actually two orders of magnitude longer than the now age of universe, therefore it becomes a relatively stable particle in the universe. On the other hand, a pair of ν_{4L} can annihilate into other particle pair. The annihilate processes are mediated by either the gauge boson Z^′_μ or the scalar boson ϕ^0. Because the ν_{4L} mass is derived from the B − L breaking, M_{ν4} should be around one TeV. Consequently, the Majorana neutrino ν_{4L} is genuinely a weak interactive massive particle (WIMP), of course, it also belongs to one of the fewer species of particles which can survive from the early universe to the now epoch. Therefore ν_{4L} is a good candidate of the cold dark matter [29].

The annihilate channels of ν_{4L} have two ways. The principal annihilate process is that a pair of ν_{4L} annihilate into all kinds of the SM fermion pairs by the intermediate gauge boson Z^′_μ, as shown in the figure (1). The other annihilate process is that two ν_{4L} neutrinos annihilate into two Higgs bosons H^0 by the TeV scale boson ϕ^0 mediating. Because λ_1 is smaller, the cross section of the latter case is normally far smaller than one of the former except for some Breit-Wigner resonance points, so I can ignore the latter and only consider the former. The annihilate cross section of

Figure. 1. The diagram of the cold dark matter ν_{4L} annihilating into all kinds of the SM fermion pairs by the gauge boson Z^′_μ at the TeV scale .

the figure (1) is calculated as follows

σ(ν_{4L} + ν_{4L} → f + f) = g^4_1 Q^2_N (ν_{4L}) s 256 π[(s − M^2_Z′_μ )^2 + (Γ_Z′_μ M_Z′_μ )^2] ∑ f_L,f_R √ s − 4m^2_f s − 4M^2_{ν4} R_f ,

R_f =

Q^2_N (f_L) + Q^2_N (f_R) 3 (1 − m^2_f + M^2_{ν4} s + 4m^2_f M^2_{ν4} s^2 ) + 2Q_N (f_L)Q_N (f_R) m^2_f s (1 −

2M^2_{ν4} s ) + (Q_N (f_L) − Q_N (f_R))^2 m^2_f M^2_{ν4} M^4_Z′_μ

(1 −

2M^2_Z′_μ s ),

Γ(Z^′_μ → f + f) = g^2_1 M_Z′_μ 96π ∑ f_L,f_R,ν_{4L} √ 1 − 4m^2_f M^2_Z′_μ R^′_f ,

R^′_f = ( Q^2_N (f_L) + Q^2_N (f_R) ) (1 − m^2_f M^2_Z′_μ

) + 6Q_N (f_L)Q_N (f_R) m^2_f M^2_Z′_μ

, (18)

where s = 4M^2_{ν4} /(1−v^2) is the squared center-of-mass energy, v is the velocity of ν_{4L} in the center-of-mass frame. The sum for f_L, f_R count all kinds of the SM fermions who are permitted by kinematics. In fact, all of the relatively lighter m_f in (18) can been approximated to zero except for the relatively heavier m_t, M_{ν4} . On the basis of WIMP, the relic abundance of ν_{4L} in the current universe is determined by the annihilation cross section as such

Ωh^2 ≈

2.58 × 10^{−10} GeV^{−2} ⟨σv_r⟩ , (19)

where v_r is the relative velocity of the two annihilate particles. In addition, the heat average (19) can be calculated by ⟨σv_r⟩ ≈ a + b⟨v^2⟩ = a + b^{3Tf}_{Mν4} , in which T_f ≈ M_{ν4} /20 is the freeze temperature of ν_{4L}. A rough estimate is as follows. Because of g^2_1 ∼ 0.1, ∑ Q^2_N (f) ∼ 10, √ s ∼ M_Z′_μ ∼ 10^3 GeV, a weak cross section is naturally obtained as σ ∼ 10^{−9} GeV^{−2}, eventually, it leads to Ωh^2 ∼ 0.1, which is closed to the observation value.

Figure. 2. The tree and loop diagrams of the decay of S^− → e^−_i + ν_4, by which the B − L asymmetry is generated .

The baryon asymmetry through the leptogenesis can be implemented in the model. On the basis of the relevant couplings in (5) and (6), the main decay channel of the charged scalar boson S^− is S^− → ν_4e^−_i (not including a heavy e^−_4 ), in addition, S^− → u_id_j can be ignored because its decay branching ratio is smaller. The figure (2) draws the tree and loop diagrams of S^− → ν_4e^−_i , of course, its CP conjugate process S^+ → ν_4e^−_i has the corresponding diagrams. However, this decay process has simultaneously three items of the notable characteristics. Firstly, the decay evidently violates one unit of the B − L quantum number, namely △(B − L) = −1. Secondly, because there is a CP -violating source in the leptonic Yukawa sector, a CP asymmetry of the decay is surely generated by the interference between the tree diagram and the loop one. The CP asymmetry is defined and calculated as ε = Γ(S^− → e^−_i + ν_4) − Γ(S^+ → e^+_i + ν_4) Γ(S^− → e^−_i + ν_4) + Γ(S^+ → e^+_i + ν_4)

= −v_H λ_4^3 ∑ i=1 4∑ j=1 M_{ei} Im(O^e_i T^∗_{ij}O^{e∗}_j )(M^2_S − M^2_{ν4} − M^2_{ej} )f_j 4 √ 2 π^3 ∑ i=1 |O^e_i |^2(M^2_S − M^2_{ν4} )^2 ,

T_{ij} = (y^e_1I + y^e_2Y^e)_{ij} , T_{i4} = y^e_3F^e, f_j = ln x_j x_j − 1

, x_j =

M^2_S M^2_{ν4}

(1 − M^2_{ej} M^2_S − M^2_{ν4} ) + M^2_{H0} M^2_S − M^2_{ν4}

, (20)

where provided with M_{e4} > M_S + M_{ν4} . Thirdly, the decay is really an out-of-equilibrium process. Provided that the coupling coefficient |y^e_4| ⩽ 10^{−9} as before, then the decay rate is far smaller than the Hubble expansion rate of the universe, namely

Γ(S^− → e^−_i + ν_4) H(T = M_S ) = M_S 16π (1 −^{M 2ν4}_{M 2S} )^{2 3} ∑ i=1 |y^e_4O^e_i |^2

1.66 √ g_∗M^2_S M_{pl} ≪ 1 , (21) where m^2_{ei} /M^2_S has been approximated to zero, M_{pl} = 1.22 × 10^{19} GeV, and g_∗ is the effective number of relativistic degrees of freedom. In brief, the decay process S^− → e^−_i + ν_4 can indeed satisfy Sakharov’s three conditions [30]. Therefore, this mechanism can naturally generate an asymmetry of B − L at the TeV scale. It can be seen from (20) that the CP asymmetry ε linearly depends on the three quantities λ_4, T_{ij} , f_j , in particular, the major contribution comes from T_{i4}, namely the process by the e^−_4 inner mediating. In addition, ε has no relation with y^e_4 though the decay rate depends on y^e_4. In the model, there are λ_4 ∼ 0.1, T_{i4} ∼ 0.01, f_j ∼ 0.1, thus M_S ∼ 1 TeV will give ε ∼ 10^{−8}.

The above B − L asymmetry occurs at the TeV scale. At that time the heavy S^∓ and ν_4 have been the non-relativistic particles, but the produced leptons are truly the relativistic states, moreover, their energy are normally more than 100 GeV. Therefore the sphaleron electroweak transition can smoothly put into effect [31]. Consequently, the B − L asymmetry will eventually be converted into an asymmetry of the baryon number through the sphaleron process. According to the standard discussions, the baryon asymmetry is determined by η_B = 7.04 c_{sp}Y_{B−L} = 7.04 c_{sp} ( κ (−1) ε g_∗ ) , (22)

where 7.04 is a ratio of the entropy density to the photon number density, c_{sp} = 28/79 is a coefficient of the sphaleron conversion, Y_{B−L} stands for the B − L asymmetry, which is related to ε by the expression in the parentheses. κ is a dilution factor, it can actually be approximated to κ ≈ 1 on account of the very weak decay rate. At the TeV scale, only the SM particles are the relativistic statuses, whereas the non-SM particles are the non-relativistic statuses, so g_∗ exactly equal to the effective number of degrees of freedom of the SM particles, namely g_∗ = 106.75. In short, the baryon asymmetry can be calculated by the relations of (20) and (22). The model can achieve the leptogenesis at the TeV scale.

V. Numerical Results

In the section I present the model numerical results. The model involves a number of the new parameters besides the SM ones. In the light of the III and IV section discussions, the parameters involved in the numerical calculations are collected together in the following. The gauge sector has the gauge coupling g_1 and the mixing angle tanθ_g. The scalar sector includes the three VEVs, v_ϕ, v_H , v_Δ, the two scalar boson masses M_H0 , M_S , and the scalar coupling λ_4. The Yukawa sector has M_{e4} , all kinds of the coupling coefficients, and the flavor parameters, see (6) and (7). Among which, the three parameters, g_1, v_H , M_H0 , in fact belong to the SM parameters. Their values have been determined in the electroweak scale physics and by the recent LHC experiments [26], namely g_1 = 0.356, v_H = 246 GeV, M_H0 = 125 GeV. In addition, the three parameters, v_ϕ, v_Δ, M_{e4} , also belong to the fundamental parameters in the model. Based on an overall consideration, the above six parameters are fixed throughout to the following values,

g_1 = 0.356, v_H = 246 GeV, M_H0 = 125 GeV, v_ϕ = 2.5 TeV, v_Δ = 0.1 eV, M_{e4} = 2.5 TeV. (23)

The rest of the model parameters have to be determined by fitting all kinds of the experimental data.

In the light of (6), the model Yukawa sector consists of the relatively independent quark sector and lepton one, so I will respectively discuss them. In the quark sector, the ten parameters in the following are involved in fitting the quark masses and mixing. Their input values are such as

y^u_1 = −1.1 × 10^{−5}, y^u_2 = −7.5 × 10^{−3}, y^u_3 = 1 , a_u = −0.056 , b_u = 0.018 , y^d_1 = −1.1 × 10^{−5}, y^d_2 = 5.55 × 10^{−4}, y^d_3 = 0.153 , a_d = 0.168 , b_d = −0.039 i . (24)

In the above the choices of the imaginary parts of a_u, a_d, b_u, b_d have a certain degree of freedoms. Here I only choose b_d as a pure imaginary number since this style is simple and the best in the fits, of course, it is exactly the source of the CP violation in the quark sector. In short, this set of the values in (24) are reasonable, and also consistent with the previous discussions. According to the relevant relations in (13)–(17), the quark masses and mixing are solved as follows

m_u = 0.00234 , m_c = 1.274 , m_t = 173 , m_d = 0.00481 , m_s = 0.0952 , m_b = 4.18 , s^q_{12} = 0.2252 , s^q_{23} = 0.0411 , s^q_{13} = 0.00354 , δ^q = 0.377 π = 67.8^∘, J^q_{CP} = 2.95 × 10^{−5}, (25)

where mass is in GeV unit, s_{αβ} = sinθ_{αβ} . In addition, the Jarlskog invariant J^q_{CP} , which measures the magnitude of the CP violation, is also figured out by using the quark mixing angles and complex phase. It is very clear that the numerical results in (25) accurately fit all the current experimental data of the quark masses, mixing, and CP violation [1]. However, there are several points worthy pointed out in the successful fits. Firstly, the hierarchical parameters, y^f_3 , y^f_2 , y^f_1 , respectively dominate the 3rd, 2nd, 1st generation fermion masses, the parameters a_d and a_u impact on the mixing angles sinθ_{12} and sinθ_{13}, the parameters b_d and b_u are in charge of sinθ_{23} and δ. Secondly, both the hierarchy of y^f_3 , y^f_2 , y^f_1 and the flavor structures of (7) jointly lead that the quark transform matrices U_u and U_d in (15) are both closed to an unit matrix, as a result, the quark mixing matrix U_{CKM} has eventually three small mixing angles. Thirdly, since the quark masses and mixing angles have been measured to a certain precision, the variable scope of the parameter space are very narrow. Fourthly, there is no any fine-tuning in the fits. Fifthly, there are the parameter relations y^d_1 = y^u_1 , a_d = −3a_u, a_d − a_u = λ_c in (24), which λ_c = 0.224 is Cabibbo mixing angle. This should not be by coincidence, maybe there is an underlying reason for them.

In the lepton sector, although the case of the charged lepton is similar to one of the quarks, the neutrino case makes great differences due to its particularity. It is in fact seen from (8) and (16) that U_n has been fixed to U_0, and the three parameters, y^ν_1 , y^ν_2 , a_ν , determine the three mass eigenvalues of the neutrinos. Therefore, only y^ν_1 , y^ν_2 are used to fit the two mass-squared differences of the neutrinos and a_ν can be fixed freely. The relevant parameters are chosen as follows

y^e_1 = 3.51 × 10^{−5}, y^e_2 = 5.7 × 10^{−4}, y^e_3 = 0.0974 , a_e = 0.24 , b_e = −0.1 i , y^ν_1 = 0.088 , y^ν_2 = 0.304 , a_ν = 0.1 , (26)

where the pure imaginary b_e is chosen as the source of the CP violation in the lepton sector. Inputting (26) into the relevant equations, the lepton masses and mixing are calculated as follows

m_e = 0.511 MeV, m_μ = 105.7 MeV, m_τ = 1777 MeV, m_{n1} = 0.0032 eV, m_{n2} = 0.0093 eV, m_{n3} = 0.049 eV, s^l_{12} = 0.557 , s^l_{23} = 0.654 , s^l_{13} = 0.153 , δ^l = π, β_1 = −0.063 π, β_2 = −0.063 π . (27)

For a convenient comparison with the experimental data, the above results are converted into the commonly interested quantities in neutrino physics. They are such as

△m^2_1 = 7.57 × 10^{−5} eV^2, △m^2_{32} = 2.34 × 10^{−3} eV^2, sin^22θ^l_{12} = 0.86 , sin^22θ^l_{23} = 0.98 , sin^22θ^l_{13} = 0.092 , m_{ββ} = 0.006 eV, J^l_{CP} = 0 , (28)

where △m^2_{αβ} = m^2_{nα} − m^2_{nβ} , and m_{ββ} is the effective Majorana mass for neutrinoless double beta decay. These results in (27) and (28) are excellently in agreement with the recent experimental data [1, 32], in particular, the value of sin^22θ^l_{13} is identical with the new results of the neutrino oscillation at Daya Bay [33]. In addition, the valid input values in (26) are only seven, but the output values in (27) are twelve, the model really shows a stronger prediction power. Firstly, the lepton CP -violating phase angle is π, as a result, the Jarlskog invariant J^l_{CP} is zero, i.e. the lepton CP violation is vanishing. Of course the reason for this arises from θ_{13} = 0 in U_0. It should be emphasized that if a_e has a imaginary part, there can be a non-vanishing CP violation in the lepton sector. Secondly, the two Majorana phases are the same but smaller. Thirdly, m_{ββ} = 0.006 eV is not too small, it is therefore promising to detected in the near future. Anyway, all the predicted results are expected to be tested in further neutrino experiments.

In the scheme of (26), a_e completely determines sinθ_{12} and sinθ_{13}, while b_e has only a weak effect on sinθ_{23}. The figure (3) draws the variations of the three lepton

Figure. 3. The graphs of the variations of the lepton mixing angles with the parameter a_e when the other parameters are fixed in (26) .

mixing angles with the parameter a_e when the other parameters are fixed in (26). It can be seen from the graphs that sinθ_{23} is almost unchanged, sinθ_{12} scales down very slowly as a_e increasing, in the meantime, sinθ_{13} has only a weak rise toward right-hand side. In brief, the scenario can excellently explain that the lepton mixing angles are sinθ_{23} ≈ 41^∘, sinθ_{12} ≈ 34^∘ and sinθ_{13} ≈ 9^∘. All these results essentially stem from the theoretical structures of the model.

I next calculate the relic abundance of the cold dark mater neutrino ν_{4L}. The calculation of its annihilate cross section needs refer the two parameters tanθ_g and y_{ν4} . By virtue of the relevant equations in (11) and (14), I respectively use the two mass parameters M_Z′_μ and M_{ν4} to take the place of them. The M_Z′_μ value is bounded by both the relation M_Z′_μ ⩾ 2g_1v_ϕ and the experimental limits, while the value of M_{ν4} is determined by fitting the current observations of the relic abundance of the cold dark matter, namely Ωh^2 = 0.112 [34]. A set of reasonable values of the two mass parameters are chosen as

M_Z′_μ = 2 TeV, M_{ν4} = 788 GeV. (29)

According to (11), (18) and (19), the gauge mixing angle sinθ_g and the ν_{4L} relic abundance are calculated as follows

sinθ_g = 0.522 , Ωh^2 = 0.112 . (30)

The above results are very desired. In the figure (4), I draw the graphs of Ωh^2 versus

Figure. 4. The graphs of Ωh^2 versus M_{ν4} for M_Z′_μ = [2, 2.5, 3] TeV, the red curve corresponds to the case in (29) .

M_{ν4} for the three values of M_Z′_μ = [2, 2.5, 3] TeV, the red curve exactly corresponds to the case in (29). A smaller value of M_Z′_μ can not satisfy the inequality condition and the experimental limits, whereas a larger M_Z′_μ can lead to a very small sinθ_g, this is also unacceptable. Based on a overall consideration, a reasonable region of M_Z′_μ should be about 1.5 − 3.5 TeV, therefore, the corresponding values of ν_{4L} should lie in 700 − 1100 GeV. Because ν_{4L} has no any direct interactions with the SM particles, however, it will be difficult for searching it in future experiments.

Finally, I analyze the leptogenesis. The four parameters, λ_4, c_{1e}, c_{2e}, M_S , have to be added to fulfil the calculations. The reasonable values of λ_4, c_{1e}, c_{2e} are all around 0.1. Since the role of c_{2e} is relatively insignificant, I directly take c_{2e} = c_{1e} for simplicity. The value of M_S is determined by fitting the baryon asymmetry. In addition, the order of magnitude of the parameter y^e_4 is ⩽ 10^{−9}. In short, these parameters are chosen as the following values,

y^e_4 ⩽ 10^{−9}, c_{1e} = c_{2e} = 0.1 , λ_4 = 0.1 , M_S = 907.3 GeV. (31)

By use of (20)–(22), the ratio of the S^∓ decay width to the Hubble expansion rate as well as the baryon asymmetry are calculated as follows

Γ(S^− → e^−_i + ν_4) H(T = M_S )

⩽ 1.9 × 10^{−8} , η_B = 6.15 × 10^{−10}. (32)

It can be seen from the above results that the S^∓ decay is indeed out-of-equilibrium, and also η_B is precisely in agreement with the current data of the baryon asymmetry

Figure. 5. The graphs of the baryon asymmetry subjecting to M_S for the five set of values of the parameters [c_{1e} = c_{2e} = c_e, b_e] when the other parameters are fixed in the context, the green curve corresponds to the case in (26) and (31) .

[35]. Of course, M_S ∼ 1 TeV is also in accordance with the previous expectation. It should especially be emphasized that the baryon asymmetry can still be generated though the lepton CP violation vanishing. The reason for this is that the fourth generation charged lepton and neutrino are bound to inhabit in the universe exactly as the model descriptions. The baryon asymmetry subjecting to M_S is drawn in the figure (5), in which the parameters [c_{1e} = c_{2e} = c_e, b_e] are chosen as the five set of values, while the other parameters are fixed in the context, the green curve exactly corresponds to the case in (26) and (31). It can be inferred from the figure that the reasonable area of M_S should be about 800 − 1000 GeV. Therefore, there is a great chance to find the S^∓ particle in the future.

To summarize all kinds of the above numerical results, the model excellently and accurately fits all the current experimental data of the fermion masses and flavor mixings, and the cold dark matter and baryon asymmetry. All of the current measured values are correctly reproduced, while all of the non-detected values are finely predicted in the experimental limits. All the results are naturally produced without any fine tuning. In particular, the model gives a number of interesting predictions. A mass spectrum of all kind of the model particles is summarized as

Figure. 6. The diagrams of producing some non-SM particles of the model at the LHC, in which A_μ denotes photon.

follows M_ν ∼ 0.01 eV ≪ M_{SMparticles} ∼ (0.001 − 100) GeV < M_{ν4} ∼ 800 GeV < (M_ϕ0 , M_S ) ∼ 1 TeV < (M_Z′_μ , M_{e4} , M_{u4} , M_{d4} ) ∼ (2 − 3) TeV ≪ M_Δ ∼ 10^5 TeV. (33)

In the end, I give some methods how to test the model at the LHC. On the basis of the model interactions, the figure (6) draws some optimum mechanisms of producing the model non-SM particles by the proton-proton collisions. (a) diagram can produce the fourth generation quarks if the colliding energy is enough effective, moreover, it is also a new channel of producing the SM Higgs boson H^0. (b) and (c) respectively illustrate the productions of the heavy gauge boson Z^′_μ and scalar boson ϕ^0. The charged scalar boson pair S^∓ can be produced by the (d) process. The fourth generation charged lepton and the cold dark matter neutrino are both not able to be produced in similar ways, but they can be found in the decay products of Z^′_μ, ϕ^0, S^∓, namely Z^′_μ → e_4e_4, Z^′_μ → ν_4ν_4, ϕ^0 → ν_4ν_4, S^∓ → e^∓_4 ν_4. The loss of energy in the decay processes should be regarded as a definitive signal of the cold dark matter neutrino ν_4. In particular, the (d) process produces a pair of S^∓, in succession, S^∓ decay into e^∓ and ν_4, the final sate leptons will eventually generate a matter-antimatter asymmetry. In other word, the TeV scale collider can experimentally produce the matter-antimatter asymmetry. In short, the model is quite feasible to be tested at the LHC as long as the luminance and running time are enough large. Undoubtedly, the best efficient methods to test the model are of course by the lepton-antilepton collisions at the ILC. To save space, here I do not go into details. A full discussion of the test of the model is planed in another paper.

VI. Conclusions

In the paper, I have suggested a practical and feasible particle model to account for the fermion flavor puzzle, the cold dark matter, and the matter-antimatter asymmetry. The model has the TeV scale U(1)_{B−L} symmetry. It contains several new particles with the TeV scale masses, for example, the gauge boson Z^′_μ, the scalar bosons ϕ^0 and S^∓, and the fourth generation quarks and leptons, in which the fourth generation neutrino is exactly the cold dark matter. In addition, the model has also the very heavy scalar boson Δ whose mass is ∼ 10^5 TeV, by the new form seesaw Δ develops only the tiny VEV. This is the essential source of the tiny masses of the light neutrinos. These non-SM particles play key roles in the model. The model can not only excellently explain the fermion masses and flavor mixings, but also elegantly accommodate the cold dark matter and leptogenesis at TeV scale, moreover, it gives some interesting predictions. The theory can perfectly integrate three party of the flavor physics, the cold dark matter and the matter-antimatter asymmetry, therefore, it is quite deserved to be tested in future experiments on the ground and in the sky. Finally, I believe that the new non-SM particles, including the cold dark matter neutrino ν_4, are possible to be discovered at the LHC and ILC in the future. In a word, all kinds of the experiments toward these goals will not only provide us more information about particle physics, but also help us understand the mysteries of the universe.

Acknowledgments

I would like to thank my wife for large helps. I also thank Ayres Freitas for his helpful comments. This research is supported by chinese universities scientific fund.

References

[1] K. Nakamura et al. [Particle Data Group], J. Phys. G 37, 075021 (2010).

[2] G. Altarelli, M. W. Grunewald, Phys. Reps. 403-404, 189 (2004).

[3] C. Quigg, Annu. Rev. Nucl. Part. Sci. 59, 505 (2009); H. Fritzsch, Int. J. Mod.

Phys. A 24, 3354 (2009); M. Bartelmann, Rev. Mod. Phys. 82, 331 (2010).

[4] G. Isidori, Y. Nir, and G. Perez, Annu. Rev. Nucl. Part. Sci. 60, 355 (2010);

M. Antonelli et al., Phys. Reps. 494, 197 (2010); L. Camilleri, E. Lisi, and J. F. Wilkerson, Annu. Rev. Nucl. Part. Sci. 58, 343 (2008); R. N. Mohapatra, et al., Rep. Prog. Phys. 70, 1757 (2007); K. S. Babu, arXiv:0910.2948.

[5] Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81, 1562 (1998); Phys. Rev. Lett. 85, 3999 (2000); M. Apollonio et al. [CHOOZ Collaboration], Phys. Lett. B 466, 415 (1999); Eur. Phys. J. C 27, 331 (2003); K. Eguchi et al. [KamLAND Collaboration], Phys. Rev. Lett. 90, 021802 (2003); Q. R. Ahmad et al. [SNO Collaboration], Phys. Rev. Lett. 89, 011301 (2002).

[6] M. Bona, et al. [UTfit Collaboration], JHEP 0803, 049 (2008).

[7] T. Schwetz, M. Tortola and J. W F Valle, New J. Phys 10, 113011 (2008).

[8] A. Hocker and Z. Ligeti, Annu. Rev. Nucl. Part. Sci. 56, 501 (2006).

[9] H. Nunokawa, S. Parke and J. Valle, Prog. Part. Nucl. Phys. 60, 338 (2008).

[10] F. T. Avignone III, S. R. Elliott, J. Engel, Rev. Mod. Phys. 80, 481 (2008).

[11] M. Dine and A. Kusenko, Rev. Mod. Phys. 76, 1 (2004); J. M. Cline, arXiv:hep-ph/0609145v3; E. Aprile and S. Profumo, New J. Phys. 11, 105002 (2009); T. Bringmann, New J. Phys. 11, 105027 (2009).

[12] E. W. Kolb and M. S. Turner, The Early universe, Front. Phys. 69, 1 (1990).

[13] G. Altarelli, arXiv:hep-ph/0610164; G. Altarelli and F. Feruglio, Rev. Mod.

Phys. 82, 2701 (2010); C. H. Albright and M. C. Chen, arXiv:hep-ph/0608137; G. Ross and M. Serna, arXiv:0704.1248.

[14] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 147, 277 (1979).

[15] G. Altarelli and F. Feruglio, Nucl. Phys. B 741, 215 (2006).

[16] S. F. King and G. G. Ross, Phys. Lett. B 574, 239 (2003); G. G. Ross and L.

Velasco-Sevilla, Nucl. Phys. B 692, 50 (2004); I. M. Varzielas and G. G. Ross, Nucl. Phys. B 733, 31 (2006); S. Antusch, S. F. King, M. Malinsky, JHEP 0806, 068 (2008); W. M. Yang, Q. Wang, and J. J. Zhong, Commun. Theor. Phys. 57, 71 (2012).

[17] W. M. Yang and H. H. Liu, Nucl. Phys. B 820, 364 (2009).

[18] M. C. Chen and K. T. Mahanthappa, Int. J. Mod. Phys. A 18, 5819 (2003); G.

L. Kane, S. F. King, I. N. R. Peddie and L. V. Sevilla, JHEP 08, 083 (2005); S. F. King, JHEP 08, 105 (2005); C. Hagedorn, M. Lindner and R. N. Mohaptra, JHEP 06, 042 (2006); W. M. Yang and Z. G. Wang, Nucl. Phys. B 707, 87 (2005).

[19] D. S. Gorbunov and V. A. Rubakov, Introduction to The Theory of The Early Universe: Hot Big Bang Theory (World Scientific Publishing Co. Pte. Ltd, 2011), G. Bertone, Particle Dark Matter (Cambridge University Press, 2010).

[20] R. N. Mohapatra, J. Mod. Phys. A 25, 4311 (2010); Z. Z. Xing, Nucl. Phys. B (Proc. Suppl.) 203C204, 82 (2010).

[21] V. A. Kuzmin, V. A. Rubakov, M. A. Shaposhnikov, Phys. Lett. B 155 (1985) 36.

[22] L. Evans, New J. Phys. 9, 335 (2007); K. Jakobs and M. Schumacher, J. Mod.

Phys. A 23, 5093 (2008).

[23] M. Carena and H. E. Haber, Prog. Part. Nucl. Phys. 50, 63 (2003); A. Djouadi, arXiv:1203.4199.

[24] P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B 530, 167 (2002).

[25] M. Gell-Mann, P. Ramond, R. Slansky, in Supergravity, eds. P. van Niewenhuizen and D. Z. Freeman (North-Holland, Amsterdam, 1979); T. Yanagida, in Proc. of the Workshop on Unified Theory and Baryon Number in the Universe, eds. O. Sawada and A. Sugamoto (Tsukuba, Japan, 1979); R. N. Mohapatra, G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

[26] W. Murray, arXiv:1201.4576.

[27] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).

[28] B. M. Pontecorvo, Sov. Phys. JETP 6, 429 (1958); Z. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962).

[29] G. Bertone, D. Hooper and J. Silk, Phys. Rep. 405, 279 (2005); L. Bergstrom, New J. Phys. 11, 105006 (2009).

[30] A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967) [JETP Lett. 5, 24 (1967 SOPUA,34,392-393.1991 UFNAA,161,61-64.1991)].

[31] W. Buchmuller, R. D. Peccei and T. Yanagida, Annu. Rev. Nucl. Part. Sci. 55, 311 (2005); S. Davidson, E. Nardi and Y. Nir, Phys. Reps. 466, 105 (2008).

[32] M. C. G.-Garcia, M. Maltoni, Phys. Reps. 460, 1 (2008); E. Lisi, Pro. Part.

Nucl. Phy. 64, 171 (2010); M. Nakahata, Nucl. Phys. B (Proc. Suppl.) 145, 23 (2005); F. Ardellier et al. [Double Chooz Collab.], hep-ex/0606025v4 (2006); RENO Collab., http://neutrino.snu.ac.kr/RENO; J. C. Anjos et al., Nucl. Phys. B Proc. Suppl. 155, 231 (2006); D. S. Ayres, et al. [NOvA Collab.], hep-ex/0503053 (2005), http://www-nova.fnal.gov (2005); C. Arnaboldi et al., Phys. Rev. Lett. 95, 142501 (2005); R. Arnold et al. [NEMO Collaboration], Nucl. Phys. A 781, 209 (2007).

[33] F. P. An et al [Daya Bay Collab.], Phys.Rev.Lett. 108, 171803 (2012).

[34] E. Komatsu et al [WMAP Collaboration], Astrophys. J. Suppl. 180, 330 (2009).

[35] D. N. Spergel et al., Ap. J. Supp. 148, 175 (2003); H. W. Hu, S. Dodelson, Ann.

Rev. Astron. Astrophys. 40, 171 (2002).