arXiv:1110.1482v2 [hep-ph] 13 Oct 2011

Prepared for submission to JHEP

Probing Dark Matter in the Economical 3-3-1 Model

D. T. Huong^a C. S. Kim^b H. N. Long^a and N. T. Thuy^b aInstitute of Physics, VAST, P.O. Box 429, Bo Ho, Hanoi 10000, Vietnam bDepartment of Physics and IPAP, Yonsei University, Seoul 120-479, Korea E-mail: dthuong@iop.vast.ac.vn, cskim@yonsei.ac.kr,

hnlong@iop.vast.ac.vn, ntthuy@iop.vast.ac.vn

Abstract: We show that the economical 3-3-1 model has a dark mater candidate. It is a real scalar H^0_1 in which main part is bilepton (with lepton number 2) and its mass is in the range of some TeVs. We calculate the relic abundance of H^0_1 dark matter by using micrOMEGAs 2.4 and figure out parameter space satisfying the WMAP constraints. Direct and indirect searches are studied for a special choice of parameters in the WMAP - allowed region.

Keywords: 3-3-1 Model, Dark Matter, Extensions of Electroweak Higgs sector, WMAP.

ArXiv ePrint: 1110.1482

Contents

1 Introduction 1

2 A brief review of the model 3

3 Stable Higgs bosons in 3-3-1 model 5

4 Thermal relic abundance 8 4.1 Constraints 8 4.2 Implication for parameter space from the WMAP constraints. 9

5 Direct and indirect searches for the dark matter 13 5.1 Direct search 13 5.2 Indirect search 15

6 Conclusions 17

A APPENDIX: Feynman diagrams contributing to the annihilation of H^0_1 dark matter 21

1 Introduction

Now is a golden age of cosmology and astrophysics. Many abstractive notions such as black holes, dark matter (DM), dark energy etc. have become step by step more scientifically feasible and widely accepted subjects. According to the WMAP [1] the non baryonic dark matter, which is called the cold dark matter (CDM), must exist and contain approximately 22% of all energy density of the universe. The characteristic of the CDM is thought to be massive and rarely interact with ordinary matter. There is yet little astrophysical data which bear on the CDM. However, there are a few proposals to explain the DM in the context of particle physics [2]. The most popular particles in this class are the sterile neutrino, the axion, the lightest supersymmetric particle and etc.

The DM does not exist within the SM. It has to be realized beyond the SM at the electroweak scale or above, so that newly introduced particles in those models are potentially good candidates for the DM. In most supersymmetric models, there is a conserved multiplicative quantum number R- parity, which implies that the lightest superpartner is stable and can be a DM candidate. This kind of model can not only explain the original DM but also represent the greatest expectations in particle physics at TeV scale to be probed by the LHC. However, there is yet no experimental evidence to support the models. The other way to extend the SM is the enlargement of the gauge symmetry group from

– 1 –

SU(3)_C ⊗ SU(2)_L⊗ U(1)_Y to larger groups. In particular, there exists a simple extension of the SM gauge group to SU(3)_C ⊗ SU(3)_L⊗ U(1)_X , the so called 3-3-1 models [3, 4].

Depending on the electric charge of particle at the bottom of the lepton triplet, the 3-3-1 models are classified into two main versions: the minimal model [3] with the lepton triplet (ν, l, l^c)_L and the version with right-handed (RH) neutrinos [4], where the RH neutrinos place at the bottom of the triplet: (ν, l, ν^c)_L. In the 3-3-1 model with right-handed neutrinos, the scalar sector requires three Higgs triplets. It is interesting to note that two Higgs triplets of this model have the same U(1)_X charges with two neutral components at their top and bottom. In the model under consideration, the new charge X is connected with the electric charge operator through a relation

Q = T_3 − 1 √ 3 T_8 + X. (1.1)

Assigning these neutral component vacuum expectation values (VEVs) we can reduce the number of Higgs triplets to two. Therefore, we have a resulting 3-3-1 model with two Higgs triplets [5, 6]. As a consequence, the dynamical symmetry breaking also affects the lepton number. Hence it follows that the lepton number is also broken spontaneously at a high scale of energy. Note that the mentioned model contains a very important advantage, namely, there is no new parameter, but it contains very simple Higgs sector; therefore, the significant number of free parameters is reduced. To mark the minimal content of the Higgs sector, this version that includes right-handed neutrinos (RHν) is going to be called the economical 3-3-1 model.

We would like here to emphasize that by choosing different electric charge operators, we can get a few different versions of 3-3-1 model such as the minimal 3-3-1 model, the 3-3-1 model with right handed neutrino, the economical 3-3-1 model and etc. However, all those models have the same motivations such as

1. The family number must be a multiplicative of three.

2. It could explain why the value sin^2 θ_W <^1_4 is observed.

3. It can solve the strong CP problem.

4. It is the simplest model that includes bileptons of both types: scalar and vectors ones.

5. The model has several sources of CP violation.

Besides those motivations, the 3-3-1 models can contain a candidate for the dark matter. As an example, the 3-3-1 model with right handed neutrino exhibites that the scalar bilepton is a candidate for the dark matter as shown in Ref. [7], in which the authors provided a new quantum number to forbid the interaction of bilepton with the SM particles. However, in the economical 3-3-1 model, which we are considering now, the model naturally contains a candidate for the dark matter even without introducing a new quantum number or a discrete symmetry.

– 2 –

The paper is organized as follows: Section 2 is devoted to a brief review of the model. The Higgs sector is considered in the effective approximation w ≫ v, u in section 3. Here, we also find out stable Higgs - a candidate for the dark matter. The relic abundance as well as its dependence/indepedence of parameters is figured out in section 4. We study direct and indirect searches for dark matter in section 5. Conclusions are given in the last one - section 6.

2 A brief review of the model

The particle content in this model, which is anomaly free, is given as follows: ψ_{aL} = (ν_{aL}, l_{aL}, (ν_{aR})^c)^T ∼ (3, −1/3), l_{aR} ∼ (1, −1), a = 1, 2, 3, Q_{1L} = (u_{1L}, d_{1L}, U_L)^T ∼ (3, 1/3) , Q_{αL} = (d_{αL}, −u_{αL}, D_{αL})^T ∼ (3^∗, 0), D_{αR} ∼ (1, −1/3) , α = 2, 3, u_{aR} ∼ (1, 2/3) , d_{aR} ∼ (1, −1/3) , U_R ∼ (1, 2/3) , (2.1)

where the values in the parentheses denote quantum numbers based on the (SU(3)_L, U(1)_X ) symmetry. Unlike the usual 3-3-1 model with right-handed neutrinos, where the third family of quarks should be discriminating [8], in this model under consideration the first family has to be different from the two others [9]. The electric charges of the exotic quarks U and D_α are the same as of the usual quarks, i.e., q_U = 2/3, q_{Dα} = −1/3.

The spontaneous symmetry breaking in this model is obtained by two stages:

SU(3)_L ⊗ U(1)_X → SU(2)_L ⊗ U(1)_Y → U(1)_Q. (2.2)

The first stage is achieved by a Higgs scalar triplet with a VEV given by χ = ( χ^0_1, χ^−_2 , χ^0_3 )_T ∼ (3, −1/3) , ⟨χ⟩ = 1 √ 2 (u, 0, ω)^T . (2.3)

The last stage is achieved by another Higgs scalar triplet needed with the VEV as follows ϕ = ( ϕ^+_1 , ϕ^0_2, ϕ^+_3 )_T ∼ (3, 2/3) , ⟨ϕ⟩ = 1 √ 2 (0, v, 0)^T . (2.4)

The Yukawa interactions which induce masses for the fermions can be written in the most general form:

L_Y = L_{LNC} + L_{LNV}, (2.5)

in which, each part is defined by

L_{LNC} = h^U Q̄_{1L}χU_R + h^D_{αβ}Q̄_{αL}χ^∗D_{βR} +h^l_{ab}ψ̄_{aL}ϕl_{bR} + h^ν_{ab}ϵ_{pmn}(ψ̄^c_{aL})_p(ψ_{bL})_m(ϕ)_n +h^d_aQ̄_{1L}ϕd_{aR} + h^u_{αa}Q̄_{αL}ϕ^∗u_{aR} + H.c., (2.6) L_{LNV} = s^u_aQ̄_{1L}χu_{aR} + s^d_{αa}Q̄_{αL}χ^∗d_{aR} +s^D_α Q̄_{1L}ϕD_{αR} + s^U_α Q̄_{αL}ϕ^∗U_R + H.c., (2.7)

– 3 –

Table 1. Nonzero lepton number L of the model particles.

Field ν_{aL} l_{aL,R} ν^c_{aR} χ^0_1 χ^−_2 ϕ^+_3 U_{L,R} D_{αL,R} L 1 1 −1 2 2 −2 −2 2

Table 2. B and L charges of the model multiplets.

Multiplet χ ϕ Q_{1L} Q_{αL} u_{aR} d_{aR} U_R D_{αR} ψ_{aL} l_{aR} B-charge 0 0^1_3^1_3^1_3^1_3^1_3^1_3 0 0 L-charge^4_3 −^2_3 −^2_3^2_3 0 0 −2 2^1_3 1

where the subscripts p, m and n stand for SU(3)_L indices.

The VEV ω gives mass for the exotic quarks U, D_α and the new gauge bosons Z^′, X, Y , while the VEVs u and v give mass for the quarks u_a, d_a, the leptons l_a and all the ordinary gauge bosons Z, W [9]. To keep a consistency with the effective theory, the VEVs in this model have to satisfy the constraint

u^2 ≪ v^2 ≪ ω^2. (2.8)

In addition we can derive v ≈ v_{weak} = 246 GeV and |u| ≤ 2.46 GeV from the mass of W boson and the ρ parameter [6], respectively. From atomic parity violation in cesium, the bound for the mass of new natural gauge boson is given by M_Z′ > 564 GeV (ω > 1400 GeV) [10]. From the analysis on quark masses, higher values for ω can be required, for example, up to 10 TeV [9].

The Yukawa couplings of (2.6) possess an extra global symmetry [11, 12] which is not broken by v, ω but by u. From these couplings, one can find the following lepton symmetry L as in Table 1 (only the fields with nonzero L are listed; all other fields have vanishing L). Here L is broken by u which is behind L(χ^0_1) = 2, i.e., u is a kind of the SLB scale.

It is interesting that the exotic quarks also carry the lepton number (so-called leptoquarks); therefore, this L obviously does not commute with the gauge symmetry. One can then construct a new conserved charge L through L by making a linear combination L = xT_3 + yT_8 + LI. Applying L on a lepton triplet, the coefficients will be determined L = 4 √ 3 T_8 + LI. (2.9)

Another useful conserved charge B, which is exactly not broken by u, v and ω, is usual baryon number: B = BI. Both the charges L and B for the fermion and Higgs multiplets are listed in Table 2.

Let us note that the Yukawa couplings of (2.7) conserve B, however, violate L with ±2 units which implies that these interactions are much smaller than the first ones [9]: s^u_a , s^d_{αa}, s^D_α , s^U_α ≪ h^U , h^D_{αβ} , h^d_a, h^u_{αa}. (2.10)

– 4 –

In this model, the most general Higgs potential has very simple form [13]

V (χ, ϕ) = μ^2_1χ^†χ + μ^2ϕ^†ϕ + λ_1(χ^†χ)^2 + λ_2(ϕ^†ϕ)^2

+λ_3(χ^†χ)(ϕ^†ϕ) + λ_4(χ^†ϕ)(ϕ^†χ). (2.11)

It is noteworthy that V (χ, ϕ) does not contain trilinear scalar couplings and conserves both the mentioned global symmetries, this makes the Higgs potential much simpler and discriminative from the previous ones of the 3-3-1 models [11, 12, 14]. The non-zero values of χ and ϕ at the minimum value of V (χ, ϕ) can be obtained by χ^†χ = λ_3μ^2 − 2λ_2μ^2_1 4λ_1λ_2 − λ^2_3 ≡ u^2 + ω^2 2 , (2.12) ϕ^†ϕ = λ_3μ^2_1 − 2λ_1μ^2 4λ_1λ_2 − λ^2_3 ≡ v^2 2 . (2.13)

Any other choice of u, ω for the vacuum value of χ satisfying (2.12) gives the same physics because it is related to (2.3) by an SU(3)_L ⊗ U(1)_X transformation. It is worth noting that the assumed u ≠ 0 is therefore given in a general case. This model of course leads to the formation of Majoron [13].

3 Stable Higgs bosons in 3-3-1 model

This section is to show that the economical 3 − 3 − 1 model furnishes a good candidate for self interacting dark matter. The important properties are that dark matter must be stable and neutral. Hence, we are going to consider the scalar sector of the model and specially neutral scalar sector, and we can specify whether any of them can satisfy the self interacting dark matter conditions.

Let us review the Higgs states and coupling constants. In this model, the most general Higgs potential has very simple form given in (2.11). As usual, we first shift the Higgs fields as follows: χ = χ^{P 0}_1 +^{u√}_2

χ^−_2 χ^{P 0}_3 +^{ω√}_2 , ϕ = ϕ^+_1 ϕ^{P 0}_2 +^{v√}_2

ϕ^+_3

. (3.1)

The subscript P denotes physical fields as in the usual treatment. The constraint equations at the tree level are given as

μ^2_1 + λ_1(u^2 + ω^2) + λ_3 v^2 2 = 0, (3.2)

μ^2 + λ_2v^2 + λ_3

(u^2 + ω^2) 2 = 0. (3.3)

Note that u is a parameter of lepton-number violation, therefore the terms linear in u violate the latter. Applying the constraint equations (3.2) and (3.3) we get the minimum value, mass terms, lepton-number conserving and violating interactions as follows

V (χ, ϕ) = V_{min} + V^N_{mass} + V^C_{mass} + V_{LNC} + V_{LNV}, (3.4)

– 5 – where

V_{min} = − λ_2 4 v^4 − 1 4 (u^2 + ω^2)[λ_1(u^2 + ω^2) + λ_3v^2],

V^N_{mass} = λ_1(uS_1 + ωS_3)^2 + λ_2v^2S^2 + λ_3v(uS_1 + ωS_3)S_2, (3.5)

V^C_{mass} = λ_4 2 (uϕ^+_1 + vχ^+_2 + ωϕ^+_3 )(uϕ^−_1 + vχ^−_2 + ωϕ^−_3 ), (3.6)

V_{LNC} = λ_1(χ^†χ)^2 + λ_2(ϕ^†ϕ)^2 + λ_3(χ^†χ)(ϕ^†ϕ) + λ_4(χ^†ϕ)(ϕ^†χ)

+2λ_1ωS_3(χ^†χ) + 2λ_2vS_2(ϕ^†ϕ) + λ_3vS_2(χ^†χ) + λ_3ωS_3(ϕ^†ϕ) + λ_4 √ 2 (vχ^−_2 + ωϕ^−_3 )(χ^†ϕ) + λ_4 √ 2 (vχ^+_2 + ωϕ^+_3 )(ϕ^†χ), (3.7)

V_{LNV} = 2λ_1uS_1(χ^†χ) + λ_3uS_1(ϕ^†ϕ) + λ_4 √ 2 u [ ϕ^−_1 (χ^†ϕ) + ϕ^+_1 (ϕ^†χ) ] . (3.8)

In the above equations, we have dropped the subscript P and used χ = (χ^0_1, χ^−_2 , χ^0_3)^T , ϕ = (ϕ^+_1 , ϕ^0_2, ϕ^+_3 )^T . Moreover, we have expanded the neutral Higgs fields as

χ^0_1 =

S_1 + iA_1 √ 2 , χ^0_3 =

S_3 + iA_3 √ 2 , ϕ^0_2 =

S_2 + iA_2 √ 2 . (3.9)

In the pseudoscalar sector, all the fields are Goldstone bosons: G_1 = A_1, G_2 = A_2 and G_3 = A_3 (cl. Eq. (3.5)). The scalar fields S_1, S_2 and S_3 gain masses via (3.5), thus we get one Goldstone boson G_4 and two neutral physical fields the standard model H^0 and the new H^0_1 with masses

m^2_H0 = λ_2v^2 + λ_1(u^2 + ω^2) − √ [λ_2v^2 − λ_1(u^2 + ω^2)]^2 + λ^2_3v^2(u^2 + ω^2) ≃ 4λ_1λ_2 − λ^2_3 2λ_1 v^2, (3.10)

M^2_H0_1 = λ_2v^2 + λ_1(u^2 + ω^2) + √ [λ_2v^2 − λ_1(u^2 + ω^2)]^2 + λ^2_3v^2(u^2 + ω^2) ≃ 2λ_1ω^2. (3.11)

In term of original fields, the Goldstone and Higgs fields are given by

G_4 = 1 √ 1 + t^2_θ

(S_1 − t_θS_3), (3.12)

H^0 = c_ζ S_2 − s_ζ √ 1 + t^2_θ

(t_θS_1 + S_3), (3.13)

H^0_1 = s_ζ S_2 + c_ζ √ 1 + t^2_θ

(t_θS_1 + S_3), (3.14)

where t_{2ζ} ≡ λ_3M_W M_X λ_1M^2_X − λ_2M^2_W

. (3.15)

– 6 –

From Eq. (3.11), it follows that mass of the new Higgs boson M_H0_1 is related to mass of the bilepton gauge X^0 (or Y^± via the law of Pythagoras) through

M^2_H0_1 =

8λ_1 g^2

M^2_X [ 1 + O ( M^2_W M^2_X )]

= 2λ_1s^2_W πα M^2_X [ 1 + O ( M^2_W M^2_X )] ≈ 18.8λ_1M^2_X . (3.16)

Here, we have used α =^1_{128} and s^2_W = 0.231.

In the charged Higgs sector, the mass terms for (ϕ_1, χ_2, ϕ_3) are given by (3.6), thus there are two Goldstone bosons and one physical scalar field:

H^+_2 ≡ 1 √ u^2 + v^2 + ω^2

(uϕ^+_1 + vχ^+_2 + ωϕ^+_3 ) (3.17)

with mass

M^2_H+_2 = λ_4 2 (u^2 + v^2 + ω^2) = 2λ_4

M^2_Y g^2 = s^2_W λ_4 2πα M^2_Y ≃ 4.7λ_4M^2_Y . (3.18)

The two remaining Goldstone bosons are

G^+_5 = 1 √ 1 + t^2_θ

(ϕ^+_1 − t_θϕ^+_3 ), (3.19)

G^+_6 = 1 √ (1 + t^2_θ)(u^2 + v^2 + ω^2) [ v(t_θϕ^+_1 + ϕ^+_3 ) − ω(1 + t^2_θ)χ^+_2 ] . (3.20)

Thus, all the pseudoscalars are eigenstates and massless (Goldstone). Other fields are related to the scalars in the weak basis by the linear transformations:

H^0 H^0_1 G_4 = −s_ζ s_θ c_ζ −s_ζ c_θ c_ζ s_θ s_ζ c_ζ c_θ c_θ 0 −s_θ S_1 S_2 S_3

, (3.21)

H^+_2 G^+_5 G^+_6 = 1 √ ω^2 + c^2_θv^2 ωs_θ vc_θ ωc_θ c_θ √ ω^2 + c^2_θv^2 0 −s_θ √ ω^2 + c^2_θv^2 vs_{2θ} 2 −ω vc^2_θ ϕ^+_1 χ^+_2 ϕ^+_3

. (3.22)

Let us comment on our physical Higgs bosons. In the effective approximation w ≫ v, u, from Eqs. (3.21), and (3.22) it follows that

H^0 ∼ S_2, H^0_1 ∼ S_3, G_4 ∼ S_1, H^+_2 ∼ ϕ^+_3 , G^+_5 ∼ ϕ^+_1 , G^+_6 ∼ χ^+_2 . (3.23)

From the Higgs gauge interactions given in [13], the coupling constants of H^0_1 Higgs and SM gauge bosons depend on s_ζ with t_{2ζ} =^{λ3MW MX}_{λ1M 2X −λ2M 2W} . In the w ≫ v, u limit, M_X ≫ M_W or |t_{2ζ} | → 0. Therefore, the H^0_1 Higgs does not interact with the SM gauge bosons W^±, Z^0, γ.

– 7 –

However, there are couplings of H^0_1 Higgs with the Bilepton Y and Z^′. In order to forbid the decay of H^o_1 , we assume that M^2_{H01} ≤ M^2_Y . It means that 2λ_1ω^2 ≤^1_4 g^2ω^2 or λ_1 ≤ 0.051. The interactions of H^0_1 Higgs with new gauge boson Z^′ is Z^′ − H^0_1 − G_3 interaction. But G_3 is a Goldstone bosons, this interaction can be gauged away by a unitary transformation.

Let us consider the interaction of dark matter to Higgs bosons. From the Higgs potential (2.11), we can obtain the coupling of the new Higgs H^0_1 to H^0H^0. The decay rate of the H^0_1 → H^0H^0 is written as

Γ_H0_{1 →H}0_H0 = λ^2_3 16π w^2 M_H0_1 ( 1 − 2M^2_{H0} M^2_{H01} ) . (3.24)

The lifetime is the inversion of decay rate τ =^ℏ_Γ , with ℏ = 6.6 × 10^{−25} GeV × s. If taking τ > 10^{20}s (the life time longer than our universe’s age), M_H0_1 = 7000 GeV, w = 10000 GeV, M_H0 = 120 GeV, then we get

Γ_H0_{1 →H}0_H0 = λ^2_3 16π 10^8 7.10^3 ( 1 − 2 × 120^2 49.10^6 ) ≃ 284 × λ^2_3. (3.25)

In order to get the constraint on the lifetime of H^0_1 longer than our universe’s age, it is easy to see that the value of λ_3 is approximately order of 10^{−24}. It is to be emphasized that the limit of λ_3 makes sure that t_ζ is small.

To avoid H^0_1 decaying to H^+_2 H^−_2 , we need the constraint for the mass of two Higgs, namely M^2_{H01} < 4M^2_{H+2} , which means λ_1 < λ_4. From the Lagrangian given in (2.5), it is easy to see that the H^0_1 does not interact with the SM leptons but it interacts with exotic quarks. As we know the exotic quarks are heavy ones, we assume that their masses are heavier than that of H^0_1 . Hence, H^0_1 can be stable and be candidate for dark matter.

4 Thermal relic abundance

4.1 Constraints

Before considering the relic abundance of dark matter, let us summarize the constraints on the couplings λ_{1,2,3,4}, the VEV w, and exotic quarks masses:

1. From Eqs. (3.10) and (3.11), we obtain the constraints as follows

λ_1 > 0, λ_2 > 0, 4λ_1λ_2 > λ^2_3. (4.1)

2. The mass of the charged Higgs boson H^±_2 is proportional to that of the charged bilepton Y through a coefficient of Higgs self-interaction λ_4 > 0. Analogously, this happens for the standard-model-like Higgs boson H^0 and the new H^0_1 . Combining (4.1) with the constraint equations (3.2), (3.3) we get a consequence: λ_3 is negative (λ_3 < 0).

– 8 –

3. In order to get the stable Higgs particle H^0_1 , we need the constraints as follows

λ_1 < λ_4, λ_1 ≤ 0.051, |λ_3| ∼ 10^{−24}, M_H0_1 ≤ M_U . (4.2)

Since λ_3 < 0, we get λ_3 ∼ −10^{−24}.

4. In the limit of λ given in (4.2), the SM Higgs mass can be estimated as M^2_{H0} =

4λ_1λ_2−λ^2_3

2λ_1 v

2 ≃ 2λ_2v^2. Combining with the constraint 80 < M_H0 <160 GeV, we can obtain the constraints on λ_2 as follows: 0.053 < λ_2 < 0.212.

4.2 Implication for parameter space from the WMAP constraints.

In this subsection, we discuss constraints on the parameter space of the 3-3-1 model originating from the WMAP results on dark matter relic density [15],

Ωh^2 = 0.1120 ± 0.0056 .

In order to calculate the relic density, we use micrOMEGAs 2.4 [16] after implementing new model files into CalcHEP [17]. The parameters of our model are the self-Higgs couplings, λ_1, λ_2, λ_3, λ_4, the VEV w and exotic quarks masses. Note that the usual quarks u, s, b gain masses at one-loop level [9]. We express the couplings of Higgs with exotic quarks s^u_1 , s^d_{22}, s^d_{33} as functions of λ_1, w and exotic quarks masses.

All Feynman diagrams contributing to the annihilation of H^0_1 Higgs are listed in the Appendix (A). At the tree level, the annihilation of H^0_1 dark matter can be done through s-, or t-channel, or direct annihilation. Since there is neither coupling of H^0_1 H^0_1 to one neural gauge boson nor coupling of H^0_1 H^0_1 with one fermion, the propagator in the s-channel can be H^0_1 or H^0 Higgs only. To draw Feynman diagrams contributing to the annihilation of H^0_1 H^0_1 through s- and t-channels, we list all non-zero couplings H^0_1 AB and H^0AB, where A, B can be Higgs, or gauge boson, or fermion. We see that H^0_1 couples to one usual quark (anti-usual quark) u, s, b and one anti-exotic quark (exotic quark) while H^0 couples to c, d, t quarks. Therefore, the annihilation of H^0_1 H^0_1 into uū, ss̄, bb̄ are done through t-channel through exotic quark exchange while the contributions of the remaining usual quarks are done via s-channel through H^0 exchange. Since the coupling H^0_1 H^0_1 H^0 ∼ vλ_3, the contribution of cc̄, dd̄, tt̄ channels to^1_{Ωh2} is very small. H^0_1 Higgs can also annihilate into two Higgs bosons or two gauge bosons directly. Theses vertices arise from the Higgs potential and Higgs-gauge interactions.

First we study the behavior of Ωh^2 as a function of one parameter each time. Table 3 shows the dependence of Ωh^2 on λ_2, λ_3, λ_4 corresponding to the point 1, 2, 3. In all three cases, we fix λ_1 = 0.04, w = 10 TeV, and exotic quarks masses M_U = 36 TeV, M_{D2} = M_{D3} = 100 TeV as a special choice of parameters in the WMAP allowed band (please look at Fig. 1), the green dot-dashed line. We can see that neither Ωh^2 nor the contribution of channels change when varying λ_2 in the range 0.053 ∼ 0.212, or λ_3 from −10^{−33} to −10^{−20}, which regions satisfy the constraints given in 4.1. The couplings H^0H^0H^0 and H^0H^+_2 H^−_2 are proportional to vλ_2, and these contribute to the annihilation of H^0_1 dark matter through s-channel H exchange. The coupling H^0_1 H^0_1 H^0 is vλ_3 ∼ λ_3,

– 9 –

Table 3. Ωh^2 and dominant channels when varying λ_2, λ_3, λ_4.

point 1 2 3 λ_1 0.04 0.04 0.04 λ_2 0.053 to 0.212 0.12 0.12 λ_3 −10^{−24} −10^{−33} to −10^{−20} −10^{−24} λ_4 0.06 0.06 0.004 to 200 w (TeV) 10 10 10 M_U (TeV) 36 36 36 M_{D2} (TeV) 100 100 100 M_{D3} (TeV) 100 100 100 Ωh^2 0.1127 0.1127 (0.1116, 0.1128) uū(97.40%) uū(97.40%) uū(97.36 − 97.45%) ss̄(1.26%) ss̄(1.26%) ss̄(1.26%) channels bb̄(1.28%) bb̄(1.28%) bb̄(1.28%) H^+_2 H^−_2 (0.05%) H^+_2 H^−_2 (0.05%) H^+_2 H^−_2 (0 − 0.09%) rest (0.01%) rest (0.01%) rest (0.01 − 0.02%)

where λ_3 is very small. That is why Ωh^2 does not depend on λ_2. The relic density changes negligibly if we vary λ_4. It gets the minimum value Ωh^2 = 0.1116 at the point λ_4 = 0.15 and the maximum value Ωh^2 = 0.1128 at the two points λ_4 = 0.08 and λ_4 = 0.19. With λ_4 ≥ 0.2, the relic density keeps constant value Ωh^2 = 0.1095.

Now we consider the dependence of the relic density of H^0_1 dark matter on the remaining parameters λ_1, w, M_U , M_{D2} and M_{D3} . First, we fix the values of λ_{2,3,4} satisfying the constraints given in (4.2), especially taking λ_2 = 0.12, λ_3 = −10^{−24}, λ_4 = 0.06 and varying the masses of exotic quarks. We consider the relic density as a function of λ_1. Fig. 1 compares WMAP data to the theoretical prediction. The red dashed line presents predictions from our theory by fixing M_{D2} = M_{D3} = 100 TeV, w=10 TeV and M_U = 24 TeV. In order to meet fully the WMAP dada, the value of λ_1 must be different from the allowed value in (4.2). However, if we change the masses of exotic quarks, we can obtain allowed region, namely the green dot-dashed line given by taking w = 10 TeV and M_U = 36 TeV. The allowed region of λ_1 satisfy both the WMAP data and the stable Higgs constraints (4.2) is 0.0393 < λ_1 < 0.0406. The orange full line is obtained by fixing w = 30 TeV and M_U = 36 TeV. In this case, the constraints on λ_1 is 0.0424 < λ_1 < 0.0436. On the other hand, if we change the mass of exotic D-quarks, we can find the other allowed region of λ_1. For example, if we take M_{D2} = M_{D3} = 12 TeV, the allowed region of λ_1 is 0.0502 < λ_1 < 0.051. Hence, we could conclude that the mass of exotic U-quark can be larger or smaller than that of D-quarks in order to come to agreement with the WMAP data.

Fig. 2 shows the dependence of the relic density on the VEV w for λ_1 = 0.04, λ_2 = 0.12, λ_3 = −10^{−24} and λ_4 = 0.06. This figure shows that the VEV w < 15.33 TeV is in the WMAP-allowed region for M_U = 36 TeV, M_{D2} = M_{D3} =100 TeV. However, if the values of

– 10 –

Figure 1. Ωh^2 vs λ_1 for λ_2 = 0.12, λ_3 = −10^{−24}, λ_4 = 0.06, M_{D2} =M_{D3} =100 TeV, and for w=10 TeV, M_U = 24 TeV (red dashed line), w = 10 TeV, M_U = 36 TeV (green dot-dashed line), w = 30 TeV, M_U = 36 TeV (orange full line), and M_{D2} = M_{D3} = 12 TeV, w = 10 TeV, M_U = 70 TeV (brown large dashing line). The blue dotted vertical line corresponds to λ_1 = 0.051.

M_U = 24 TeV or M_D = M_U = 36 TeV, there is no allowed region of ω in agreement with the WMAP data. The situation becomes totally different for M_U = 70 TeV, M_{D2} = M_{D3} = 12 TeV (brown large dashing line). The relic density at first increases then decreases as a function of w. In the WMAP band, w is in the range 8.752 - 13.85 GeV or 23.3 - 24.61 GeV.

Similarly, we can figure out the region of M_U , M_{D2} , and M_{D3} in agreement with the WMAP data by fixing λ_1 = 0.04, λ_2 = 0.12, λ_3 = −10^{−24}, λ_4 = 0.06, and w = 10 TeV. The value of M_U is in the narrow band 34.93 ∼ 36.73 TeV for M_{D2} = M_{D3} = 100 TeV, and M_U is should be heavier, 66.71 < M_U < 85.01 TeV if we take M_{D2} = M_{D3} = 12 TeV. In case of M_U = 36 TeV and M_{D3} = 100 TeV, M_{D2} is in the region of 37.99 < M_{D2} < 259.7 TeV. For M_U = 36 TeV and M_{D2} = 100 TeV, the relic density is always in the WMAP-allowed region for M_{D3} > 40 TeV. There are many choices of (M_U , M_{D2} , M_{D3} ) set satisfying the WMAP result, and we can see that the WMAP constraints do not require the order of exotic quarks masses.

To give an overview of the behavior of the relic density in the M_{D2} - M_{D3} plane, as shown in Fig. 3, we consider the model with λ_1 = 0.04, λ_2= 0.12, λ_3 = −10^{−24}, λ_4 = 0.06 and w = 10 TeV. The region of M_{D2} - M_{D3} in agrement with the WMAP is very wide for M_U = 36 TeV (red), while it seems to be two narrow bands for M_U = 70 TeV (grey bands).

From now on we take M_D = M_{D2} = M_{D3} for convenience. In the M_U - M_D plane (see Fig. 4), we can see that to satisfy the WMAP constraints, M_U must be heavier than 35.2 TeV and M_D must be heavier than 11.8 TeV. For M_U = 36 TeV and w = 10 TeV, the relic density as slowly varying function of M_D. The situation is similar to that of M_U = 40

– 11 –

Figure 2. Ωh^2 vs w for λ_1 = 0.04, λ_2 = 0.12, λ_3 = −10^{−24}, λ_4 = 0.06, and for M_U = 24 TeV, M_{D2} = M_{D3} = 100 TeV (red dashed line), M_U = 36 TeV, M_{D2} = M_{D3} = 100 TeV (green dot-dashed line), M_U = M_{D2} = M_{D3} = 36 TeV (orange full line) and M_U = 70 TeV, M_{D2} = M_{D3} = 12 TeV (brown large dashing line).

Figure 3. Contour plots for 0.1064 < Ωh^2 < 0.1176 (WMAP constraints) in M_{D2} − M_{D3} plane for λ_1 = 0.04, λ_2 = 0.12, λ_3 = −10^{−24}, λ_4 = 0.06, w=10 TeV, and for M_U = 36 TeV (red) and M_U = 70 TeV (grey).

TeV and w = 30 TeV. On the other hand, for the value of M_D around 12 TeV, the relic density varies very slowly as a function of M_U . For 12 < M_D < 22 TeV, the relic density at w = 10 TeV is the same as that at w = 30 TeV.

– 12 –

Figure 4. Contour plots for 0.1064 < Ωh^2 < 0.1176 (WMAP constraints) in M_U − M_D plane for λ_1=0.04, λ_2=0.12, λ_3 = −10^{−24}, λ_4=0.06 and for w=10 TeV (red) and w=30 TeV (green).

Similarly we investigate contour plots for 0.1064 < Ωh^2 < 0.1176 (WMAP constraints) in the M_U - w plane. The allowed region of M_U is in the narrow band for fixing M_D. For an example, if 15 < M_D < 21 TeV, the allowed region of M_U is in 40 < M_U < 64 TeV. Finally we study contour plots for 0.1064 < Ωh^2 < 0.1176 (WMAP constraints) in the λ_1 - M_U plane. Combining with the constraint on λ_1 given in (4.2), we can see that the allowed bands are: 0.028 < λ_1 < 0.051 for M_{D2} = M_{D3} =100 TeV, and for M_{D2} = M_{D3} =12 TeV, 0.039 < λ_1 < 0.051 if w = 10 TeV, and no region of λ_1 allowed if w = 30 TeV.

In next section we will study how to search for the DM in the WMAP - allowed region, in direct and indirect searches. We would like to analyze the results as functions of M_H0_1 , which is expressed in term of λ_1 and w. With the WMAP constrains, we use the best parameter space, λ_1 = 0.04, λ_2 = 0.12, λ_3 = −10^{−24}, λ_4 = 0.06, M_U = 36 TeV, M_{D2} = M_{D3} = 100 TeV, and we vary 5 < w < 15.3 TeV, which requires M_H0_1 to be few TeVs.

5 Direct and indirect searches for the dark matter

Experimentalists worldwide are actively chasing searches for DM candidates either directly through detection of elastic scattering of the weakly interacting massive particles with the nuclei in a large detector or indirectly through detection of products of the dark matter annihilation (photons, positrons, neutrinos or antiprotons) in the galaxy or in the sun.

5.1 Direct search

In direct search, the recoil energy deposited by scattering of WIMPs with the nuclei is measured. In general, WIMP-nuclei interactions can be split into two types: a spin independent interaction and a spin dependent interaction. In our model, scalar H^0_1 Higgs DM can only contribute to spin independent interaction. To calculate the direct detection rate

– 13 – we use the method, as mentioned in [18]; The direct detection rate depends on the WIMP nucleus cross section. To derive the H^0_1 -nucleus cross section one has to compute first the interactions at the quark level then convert them into effective couplings of WIMPs to protons and neutrons. Finally, we have to sum the proton and neutron contributions and turn this summation into a cross section at the nuclear level.

The calculation of the cross section for WIMP scattering on a nucleon is obtained at the tree level. The normalized cross section on a point-like nucleus is given as

σ^{SI}_H0_{1 N} =

4μ^2_{H01} π (Zf_p + (A − Z)f_n)^2 A^2

, (5.1)

where μ_H0_1 is the H^0_1 - nucleus reduced mass, f_p and f_n are amplitudes for protons and neutrons, respectively. For Xenon, A = 131, Z = 54, while for Germanium A = 76, Z = 32. The recoil spectrum of the nuclei depends on the velocity distribution and is contained in the elastic form factor of the nucleus. Using micrOMEGAs 2.4, we get the amplitudes and cross sections for WIMP-nucleon elastic scattering calculated at zero momentum as well as the total number of events/day/kg if we consider detector made of Xe or Ge.

Figure 5. H^0_1 DM-nucleon cross sections vs M_H0_1 for λ_1 = 0.04, λ_2 = 0.12, λ_3 = −10^{−24}, λ_4 = 0.06, M_U = 36 TeV and M_{D2} = M_{D3} = 100 TeV.

Fig. 5 shows the values of σ_{WIMP−nucleon} as a function of dark matter mass by fixing the nucleon form factors, σ_0 = 40 MeV and σ_{πN} = 55 MeV. The value of σ_{WIMP−nucleon} is in order of 10^{−6}(pb), which is allowed by experimental constraints of CDMs 2009 (Ge). However, in the limit the dark matter mass is smaller than 2.5 TeV or larger than 3.5 TeV, the result given by our theoretical prediction is somehow different from experiment of CDMs 2009 (Ge). We would like to emphasize that the form factors of nucleons can be reset by changing the pion-nucleon sigma term, σ_{πN} = 55-73 MeV and from the SU(3) symmetry breaking effect, σ_0 = 35 ± 5 MeV [19], however, the final WIMP-nucleon cross section predicted by our model does not change much.

– 14 –

Figure 6. Number of events/day/kg vs M_H0_1 for λ_1 = 0.04, λ_2 = 0.12, λ_3 = −10^{−24}, λ_4 = 0.06, M_U = 36 TeV and M_{D2} = M_{D3} = 100 TeV.

Let us deal with the number of the nucleon recoil in Ge and Xe detectors. The predicted number of nucleon recoil is given in Fig. 6. The Xe detector is more sensitive than Ge detector. In the limit, 2.5 < M_H0_1 < 3.5 TeV, the theoretical predictions are 22.3 and 14.6 nucleon recoils those are observed in the Xe and Ge detectors for 1 kg per year, respectively. It is worth mentioning that the number of the nucleon recoils exposure between 10 keV ∼ 50 keV approximately equals one half of total of that number.

5.2 Indirect search

DM annihilation in the galactic halo produces pairs of the SM particles that hadronize and decay into stable particles. These particles then evolve freely in the interstellar medium. The final states with γ, e^+ and p̄ are particularly interesting as they are the subject of indirect searches. From Feynman diagrams, we can see that the annihilation of H^0_1 H^0_1 into tt̄, cc̄, dd̄, ll̄, ν_lν̄_l and ZZ are done through s-channel H^0 exchange. The annihilation of H^0_1 H^0_1 into H^0H^0 is done through s-, t-channel H^0_1 , H^0 exchange or quartic couplings. Since the couplings H^0_1 H^0_1 H^0, H^0_1 H^0H^0, and H^0_1 H^0_1 H^0H^0 are proportional to λ_3, the contributions of those channels are very small. With the choice of parameters λ_1 = 0.04, λ_2 = 0.12, λ_3 = −10^{−24}, λ_4 = 0.06, M_U = 36 TeV, M_{D2} = M_{D3} = 100 TeV and 5 < w < 15.3 TeV, the dominant channel is uū. For example, in case of w = 10 TeV, the relative contribution in % are displayed as following: (97.40% : H^0_1 H^0_1 → uū); (1.28% : H^0_1 H^0_1 → bb̄); (1.26% : H^0_1 H^0_1 → ss̄); (0.05% : H^0_1 H^0_1 → H^+_2 H̄^−_2 ); and (0.01% : the rest). The total annihilation cross section times the relative velocity of incoming dark matter particles is shown in Fig. 7. With the allowed region of the dark matter mass satisfied the WMAP constraints, we find 2.15 × 10^{−26} < σv < 2.4 × 10^{−26}cm^3/s. This result is in the same order of that given in [20], which is said that away from the Higgs resonance and the W threshold, < σv > is essentially constant and equal to the so-called typical annihilation cross section, < σv >∼ 3.10^{−26}cm^3/s. The AMS-2 experiment given in [21] predicted for

– 15 – dark matter mass up to 600 GeV. With dark matter mass from 100 GeV to 600 GeV, σv keeps constant value in order of 10^{−26}cm^3/s. We expect that our result for heavy dark matter can be covered by the future experiment of AMS-2.

Figure 7. The annihilation cross section times the relative velocity of incoming DM particles vs M_H0_1 for λ_1 = 0.04, λ_2 = 0.12, λ_3 = −10^{−24}, λ_4 = 0.06, M_U = 36 TeV and M_{D2} = M_{D3} = 100 TeV.

Figure 8. Photon flux vs E for λ_1 = 0.04, λ_2 = 0.12, λ_3 = −10^{−24}, λ_4 = 0.06, w = 10 TeV, M_U = 36 TeV and M_{D2} = M_{D3} = 100 TeV.

Let us proceed with the discussion of the photon flux and energy spectrum for dark matter with mass 2828.4 GeV. The spectrum for photon flux is predicted in Fig. 8. It is easy to see that the photon flux in the energy range from a few MeV to 10 GeV is much larger than that of higher energy ranges. These results can be understood as following: As previously mentioned, our model predicts that the annihilation of the dark matter and antidark matter to u-quark and u-quark is the dominating channel. Therefore, the dominating jet is the neutral pion jet, composed of pairs of u-quark and anti-quark in this case. The γ-rays from particle annihilation processes have spectra bounded by the rest mass energy

– 16 – of the annihilation particle. The γ-rays are dominated by pion decay at low energy from a few MeV to 10 GeV. The additional contribution to photon spectrum at higher energy due to other annihilation processes such as polarization of the gauge bosons final state, photon radiation, etc, which are predicted to be tiny. Antiproton flux and positron flux also can be calculated by MicrOMEGAs 2.4. The fluxes go down fast as functions of energy and their values are significant at low energy as the same as photon case.

6 Conclusions

We have shown that the economical 3-3-1 model provides a candidate for dark matter without any discrete symmetry; and it just requires some constraints on Higgs coupling constant. The scalar Higgs H^0_1 is a good candidate for self interacting dark matter. To forbid the decay of H^0_1 , we require that λ_1 ≤ 0.051, λ_1 < λ_4, and |λ_3| ∼ 10^{−24}. The constraint on the Higgs coupling λ_3 looks unnatural, which could be canceled by introducing a discrete symmetry S_3. However, by introducing new symmetry the Higgs sector becomes more complicated. Therefore, we do not consider such scheme in this work. The parameter space has been studied in detail and the results satisfying the WMAP observation are summarized as following:

• The relic density does not change much when varying λ_2 from 0.053 to 0.212, λ_3 around −10^{−24} value, λ_4 from 0.004 to 200.

• λ_1 should be around 0.04.

• The region of w is narrow compared to those of M_U , M_{D2} and M_{D3} .

• U-quark mass can be smaller or larger than D-quarks masses.

We have studied direct and indirect searches for H^0_1 dark matter. The dark matter–nucleon cross section is in agreement with CDMs 2009 (Ge). The total number of events observed in Xe and Ge detectors is quite small because of the heavy dark matter. We hope that these results can be covered in future by experiments. Dark matter annihilation is considered with special choice of parameters. In case M_U < M_{D2} = M_{D3} , the dominant channel is uū, while the dominant channel is ss̄ for M_{D2} = M_{D3} > M_U , because the interactions of quarks with other particles depend much on exotic quarks masses. However, choosing Uquark mass smaller or larger than D- quark mass does not affect our results on cross section times relative velocity as well as photon flux. The value of σv is in order of 10^{−26}cm^3/s in agreement with typical annihilation cross section. Photon flux is dominated at low energy below 10 GeV.

Acknowledgments

N. T. T. would like to thank S. Kraml at LPSC, Grenoble, France for kind help and hospitality during her visit where this work was initialed and P. V. Dong at Institute of Physics,

– 17 –

Hanoi, Vietnam for comments and H. Sung Cheon at Yonsei University, Seoul, Korea for discussion. The work H. N. L. was supported in part by the National Foundation for Science and Technology Development (NAFOSTED) of Vietnam under Grant No. 103.01-2011.63. The work of C. S. K. and N. T. T. was supported in part by the National Research Foundation of Korea (NRF) grant funded by the Korea government of the Ministry of Education, Science and Technology (MEST) (No. 2011-0027275), (No. 2011-0017430) and (No. 2011 -0020333).

References

[1] K. Nakamura et al. (Particle Data Group), Review of particle physics, J. Phys. G 37, 075021 (2010); D. N. Spergel et al. (WMAP), Astrophys. J. Suppl. 170, 377 (2007).

[2] G. Jungman, M. Kamionkowski and K. Griest, Supersymmetric dark matter, Phys. Rept.

267, 195 (1996); G. Bertone, D. Hooper and J. Silk, Particle dark matter: Evidence, candidates and constraints, Phys. Rept. 405, 279 (2005); H. Murayama, Physics Beyond the Standard Model and Dark Matter, Lectures at Les Houches Summer School - Session 86: Particle Physics and Cosmology: The Fabric of Spacetime, [arXiv:hep-ph/0704.2276]; S. Dodelson, L. M. Widrow, Sterile neutrinos as dark matter, Phys. Rev. Lett. 72, 17 (1994); C. Boehm and P. Fayet, Scalar dark matter candidates Nucl. Phys. B 683, 219 (2004); D. Fargion and M. Yu. Khlopov, Tera-Leptons Shadows over Sinister Universe , [arXiv:hep-ph/0507087]; S. B. Gudnason, C. Kouvaris and F. Sannino, Dark Matter from new Technicolor Theories, Phys. Rev. D 74, 095008 (2006) [arXiv:hep-ph/0608055]; S. B. Gudnason, C. Kouvaris and F. Sannino, Towards working technicolor: Effective theories and dark matter, Phys. Rev. D 73, 115003 (2006) [arXiv:hep-ph/0603014]; D. Fargion, M. Yu. Khlopov, C. A. Stephan, Cold dark matter by heavy double charged leptons?, Class. Quant. Grav. 23, 7305 (2006) [arXiv:astro-ph/0511789]; M. Yu. Khlopov, Composite dark matter from 4th generation, JETP Lett. 83, 1 (2006) [arXiv:astro-ph/0511796] ; C. G. Boehmer, T. Harko, Can dark matter be a Bose-Einstein condensate?, JCAP 0706, 025 (2007) [arXiv:0705.4158[astro-ph]] ; C. Kouvaris, Dark Majorana Particles from the Minimal Walking Technicolor , Phys. Rev. D 76, 015011 (2007) [arXiv:hep-ph/0703266] ; M. Yu. Khlopov and C. Kouvaris, Strong Interactive Massive Particles from a Strong Coupled Theory , Phys. Rev. D 77, 065002 (2008) [arXiv:0710.2189[astro-ph]]; K. Hamaguchi, S. Shirai and T. T. Yanagida, Composite messenger baryon as a cold dark matter, Phys. Lett. B 654, 110 (2007) [arXiv:0707.2463[hep-ph]]; G. Belanger, A. Pukhov, G. Servant, Dirac Neutrino Dark Matter, JCAP 0801, 009(2008) [arXiv:hep-ph/0706.0526]; H. S. Cheng, J. L. Feng and K. T. Matchev, Kaluza-Klein dark matter, Phys. Rev. Lett. 89, 211301 (2002) [arXiv:hep-ph/0207125]; G. Servant and T. M. P. Tait, Elastic scattering and direct detection of Kaluza-Klein dark matter, New J. Phys. 4, 99 (2002) [arXiv:hep-ph/0209262]; Is the lightest Kaluza-Klein particle a viable dark matter candidate?, Nucl. Phys. B 650, 391 (2003) [arXiv:hep-ph/0206071] ; F. Fucito, A. Lionetto and M. Prisco, Extra-dimensions and dark matter, JCAP 0606, 002 (2006) [arXiv:hep-ph/0603042]; K. Hsieh, R. N. Mohapatra and S. Nasri, Dark matter in universal extra dimension models: Kaluza-Klein photon and right-handed neutrino admixture, Phys. Rev. D 74, 066004 (2006) [arXiv:hep-ph/0604154]; Mixed dark matter in universal extra dimension models with TeV scale W(R) and Z-prime, JHEP 0612, 067 (2006) [arXiv:hep-ph/0610155] ; M. Regis, M. Serone and P. Ullio, A Dark Matter Candidate from an Extra (Non-Universal) Dimension,

– 18 –

JHEP 0703, 084 (2007) [arXiv:hep-ph/0612286]; D. Hooper and S. Profumo, Dark matter and collider phenomenology of universal extra dimensions , Phys. Rept. 453, 29 (2007) [arXiv:hep-ph/0701197]; S. Matsumoto, J. Sato, M. Senami and M. Yamanaka, Relic abundance of dark matter in universal extra dimension models with right-handed neutrinos, Phys. Rev. D 76, 043528 (2007) [arXiv:0705.0934[hep-ph]] ; B. A. Dobrescu, D. Hooper, K. Kong and R. Mahbubani, Spinless photon dark matter from two universal extra dimensions, JCAP 0710, 012 (2007) [arXiv:0706.3409[hep-ph]]; A. Martin, [arXiv:hep-ph/0602206]; A. Birkedal, A. Noble, M. Perelstein and A. Spray, Little Higgs dark matter, Phys. Rev. D 74, 035002 (2006) [arXiv:hep-ph/0603077]; C. S. Chen, K. Cheung and T. C. Yuan, Novel Collider Signature for Little Higgs Dark Matter Models , Phys. Lett. B 644, 158 (2007) [arXiv:hep-ph/0605314]; M. Perelstein and A. Spray, Indirect Detection of Little Higgs Dark Matter , Phys. Rev. D 75, 083519 (2007) [arXiv:hep-ph/0610357 ]; D. Hooper and G. Zaharijas, Distinguishing Supersymmetry From Universal Extra Dimensions or Little Higgs Models With Dark Matter Experiments, Phys. Rev. D 75, 035010 (2007) [arXiv:hep-ph/0612137].

[3] F. Pisano and V. Pleitez, An SU(3) × U(1) model for electroweak interactions, Phys. Rev.

D 46, 410 (1992) [arXiv:hep-ph/9206242]; P. H. Frampton, Chiral dilepton model and the flavor question , Phys. Rev. Lett. 69, 2889 (1992) ; R. Foot, O. F. Hernandez, F. Pisano and V. Pleitez, Lepton masses in an SU(3)_L × U(1)_N gauge model , Phys. Rev. D 47, 4158 (1993) [arXiv:hep-ph/9207264] .

[4] M. Singer, J. W. F. Valle and J. Schechter, Canonical neutral current predictions from the weak electromagnetic gauge group SU(3) × U(1), Phys. Rev. D 22, 738 (1980); R. Foot, H. N. Long and Tuan A. Tran, SU(3)_L × U(1)_N and SU(4)_L × U(1)_N gauge models with right-handed neutrinos, Phys. Rev. D 50, 34 (1994) [arXiv:9402243(hep-ph)]; J. C. Montero, F. Pisano and V. Pleitez, Neutral currents and GIM mechanism in SU(3)_L × U(1)_N models for electroweak interactions, Phys. Rev. D 47, 2918 (1993) [arXiv:hep-ph/9212271]; H. N. Long, SU(3)_L × U(1)_N model for right-handed neutrino neutral currents, Phys. Rev. D 54, 4691 (1996) [arXiv:hep-ph/9607439]; The 3-3-1 model with right-handed neutrinos , Phys. Rev. D 53, 437 (1996) [arXiv:hep-ph/9504274] .

[5] W. A. Ponce, Y. Giraldo and L. A. Sanchez, Minimal scalar sector of 3-3-1 models without exotic electric charges, Phys. Rev. D 67, 075001 (2003) [arXiv:hep-ph/0210026].

[6] P. V. Dong, H. N. Long, D. T. Nhung and D. V. Soa, SU(3)(C) × SU(3)(L) × U(1)(X) model with two Higgs triplets, Phys. Rev. D 73, 035004 (2006) [arXiv:hep-ph/0601046]; P. V. Dong and H. N. Long, The economical SU(3)_C × SU(3)_L × U(1)_X model, Adv. High Energy Phys. 2008, 739492 (2008) [arXiv:0804.3239(hep-ph)].

[7] C.A. de S. Pires, P. S. Rodrigues da Siva, Scalar Bilepton Dark Matter, JCAP 0712, 012 (2007) [arXiv:0710.2104 [hep-ph]].

[8] H. N. Long and V. T. Van, Quark family discrimination and flavor changing neutral currents in the SU(3)(C) × SU(3)(L) × U(1) model with right-handed neutrinos, J. Phys. G: Nucl. Part. Phys. 25, 2319 (1999) [arXiv:hep-ph/9909302].

[9] P. V. Dong, D. T. Huong, Tr. T. Huong, H. N . Long, Fermion masses in the economical 3-3-1 model, Phys. Rev. D 74, 053003 (2006) [arXiv:hep-ph/0607291].

[10] P. V. Dong, H. N. Long and D. T. Nhung, Atomic parity violation in the economical 3-3-1 model, Phys. Lett. B 639, 527 (2006) [arXiv:hep-ph/0604199] .

[11] D. Chang and H. N. Long, Interesting radiative patterns of neutrino mass in an

– 19 –

SU(3)(C) × SU(3)(L) × U(1)(X) model with right-handed neutrinos, Phys. Rev. D 73, 053006 (2006) [arXiv:hep-ph/0603098].

[12] M. B. Tully and G. C. Joshi, Generating neutrino mass in the 331 model, Phys. Rev. D 64, 011301 (2001) [arXiv:hep-ph/0011172].

[13] P. V. Dong, H. N . Long, D. V. Soa, Higgs-gauge boson interactions in the economical 3-3-1 model, Phys. Rev. D 73, 075005 (2006) [arXiv:hep-ph/0603108 ].

[14] Rodolfo A. Diaz, R. Martinez, F. Ochoa, The Scalar sector of the

SU(3)(C) × SU(3)(L) × U(1)(X) model, Phys. Rev. D 69, 095009 (2004) [arXiv:hep-ph/0309280] ; Rodolfo A. Diaz, F. Ochoa, SU(3)(C) × SU(3)(L) × U(1)(X) models for beta arbitrary and families with mirror fermions, Phys. Rev. D 72, 035018 (2005) [arXiv:hep-ph/0411263].

[15] E. Komatsu, K. M. Smith, J. Dunkley, C. L. Bennett, B. Gold, G. Hinshaw, N. Jarosik, D.

Larson, M. R. Nolta, L. Page, D. N. Spergel, M. Halpern, R. S. Hill, A. Kogut, M. Limon, S. S. Meyer, N. Odegard, G. S. Tucker, J. L. Weiland, E. Wollack, E. L. Wright, Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Interpretation, Astrophys. J. Suppl. 192, 14, (2011) [arXiv:1001.4538].

[16] G. Belanger, F. Boudjema, P. Brun, A. Pukhov, S. Rosier-Lees, P. Salati, A. Semenov, Indirect search for dark matter with micrOMEGAs2.4, Comput. Phys. Commun. 182, 842 (2011) [arXiv:1004.1092 [hep-ph]].

[17] A. Pukhov, CalcHEP 2.3: MSSM, structure functions, event generation, batchs, and generation of matrix elements for other packages, [arXiv:hep-ph/0412191].

[18] G. Belanger, F. Boudjema, A. Pukhov, A. Semenov, Dark matter direct detection rate in a generic model with micrOMEGAs2.2, Comput. Phys. Commun. 180, 747 (2009) [arXiv:0803.2360 [hep-ph]].

[19] J. Gasser, Leutwyler, M. E. Sainio, Sigma term update, Phys. Lett. B 253, 252 (1991); M.

M . Pavan, I. I Strakovsky, R. L. Workman, R. A. Arndt, The pion-nucleon Sigma term is definitely large: results from a G.W.U. analysis of pion nucleon scattering data, PiN Newslett. 16, 110 (2002) [arXiv:hep-ph/0111066].

[20] C.E. Yaguna, Gamma rays from the annihilation of singlet scalar dark matter, JCAP 0903, 003 (2009) [arXiv:0810.4267[hep-ph]].

[21] A. Goudelis, Y. Mambrini and C. Yaguna, Antimatter signals of singlet scalar dark matter, JCAP 0912, 008 (2009) [arXiv:0909.2799[hep-ph]].

– 20 –

A APPENDIX: Feynman diagrams contributing to the annihilation of H^0_1 dark matter

– 21 –

– 22 –