arXiv:1101.3576v1 [hep-ph] 18 Jan 2011

Scalar Dark Matter Search at the LHC through FCNC Top Decay

Tong Li^∗ and Qaisar Shafi^† Bartol Research Institute, Department of Physics and Astronomy, University of Delaware, Newark, DE 19716, USA (Dated: January 20, 2011) We discuss an extended standard model electroweak sector which contains a stable scalar dark matter particle, the D boson. To search for the D boson at the LHC we exploit the flavor-changing neutral current (FCNC) top quark decay, t → cDD, mediated by the lightest standard model-like Higgs h^0 in a two Higgs doublet model framework. The branching ratio for t → cDD in this case can be as high as 10^{−3}, after taking into account constraints arising from the D boson relic abundance. With an integrated luminosity of 10 (100) fb^{−1}, the 14 TeV LHC can explore values of this branching ratio that are one (two) order of magnitude smaller in tt̄ production with tt̄ → cb̄ℓ^−(c̄bℓ^+) + E_T . For a D boson mass <∼ 60 GeV, m_h0 <∼ 2M_Z , 10 fb^{−1} luminosity and a branching ratio BR(t → cDD) ∼ 10^{−4}, the estimated number of signal events at the 14 TeV LHC is of order 80.

I. INTRODUCTION

A large number of direct and indirect experiments are currently underway [2–13] searching for the weakly interacting massive particle (WIMP) whose relic abundance presumably provides about 23% of the universe’s energy density [1]. The successful launch of the Large Hadron Collider (LHC) at CERN provides an unparalleled opportunity to produce WIMPs in p-p collisions and infer their existence through large missing energy events. The interplay between experiments at the LHC and the direct and indirect searches will play a crucial role in identifying the WIMP dark matter particle.

It is almost universally agreed that the Standard Model (SM) offers no viable WIMP

∗ email: tli@udel.edu † email: shafi@bartol.udel.edu

candidate, and therefore some extension of this highly successful theory is warranted. One particularly simple extension is to add a SM singlet real scalar field which yields a spin zero particle with mass on the order of the electroweak scale or less [14, 15]. An unbroken Z_2 parity, under which only the scalar field is odd, makes this spin zero particle (called D boson here) stable. For recent discussions see [16–24].

At the renormalizable level D only couples to the SM Higgs doublet. This coupling must be carefully adjusted to reproduce the required relic density of D, while making sure that constraints arising from the direct searches are not violated. However it is hard to achieve this within the SM+D framework [21, 22]. In order to obtain a consistent scenario with D boson dark matter, it is desirable to consider an extension of the SM, such as the two Higgs doublet model (2HDM) that we discuss here [21].

In this paper we propose a search for the D boson at the LHC by considering the impact D could have on rare top decays. With a total cross section σ(tt̄) ∼ 800 pb at LHC, a large number of tt̄ pairs will be produced and top quark physics will be studied in great detail. In particular, flavor changing neutral current (FCNC) decays of the top quark such as t → ch^0(γ, Z, g), with branching fractions as low as 10^{−5} or so, can be explored [27]. In the presence of D, one could envisage FCNC processes such as t → ch^0 → cDD which, unless highly suppressed, should be taken into consideration. In the SM+D model, such processes arise at the loop level and are heavily suppressed. We therefore consider as a concrete example a 2HDM+D model in which the FCNC process t → cDD arises at tree level, mediated by the lightest SM-like Higgs boson h^0. A D boson with mass <∼ 100 GeV in this model is a plausible dark matter candidate which is compatible with the direct searches [21, 22]. With the parameters of the model rather tightly constrained in order to achieve this, the 2HDM+D model, as we will show, gives rise to some rather unique signatures arising from t → cDD which may be detected at the LHC.

The paper is organized as follows. In Section II we describe the 2HDM+D model. The constraints from the relic abundance of D and the FCNC top decay into a pair of D’s are discussed in Section III. The prospects of discovering the signal associated with this process at the LHC are outlined in Section IV. Our findings are summarized in Section V.

II. SCALAR DARK MATTER IN TWO HIGGS DOUBLET MODEL

The renormalizable interaction of a real scalar dark matter particle D boson with two Higgs doublet fields H_1, H_2 can be written as [23]

− L_D = λ_D 4 D^4 + m^2_0 2 D^2 + D^2(λ_1H^†_1 H_1 + λ_2H^†_2 H_2 + λ_3(H^†_1 H_2 + H^†_2 H_1)). (1)

Note that an unbroken Z_2 symmetry under which D → −D has been imposed to keep the D boson stable. Since D couples at the renormalizable level only to the Higgs doublets, it interacts weakly with the rest of SM fields and plays the role of stable WIMP dark matter. The two Higgs doublets, after electroweak symmetry breaking, have physical components H^T_1 = (− sin βH^+, (v_1 +cos αH −sin αh^0 −i sin βA)/ √ 2) and H^T_2 = (cos βH^+, (v_2 +sin αH + cos αh^0 +i cos βA)/ √ 2). Here tan β = v_2/v_1 is the ratio of the vevs of the two Higgs doublets and α is the mixing angle of the CP-even neutral Higgs fiels. With Z_2 unbroken, the D particles can only be produced or annihilated in pairs through Higgs exchange. Using the above information, we obtain the mass of D and the h^0DD interaction (note that h^0 is the SM-like Higgs in our discussion),

m^2_D = m^2_0 + v^2(λ_1 cos^2 β + λ_2 sin^2 β + 2λ_3 cos β sin β), (2) −L_h0_{DD} = [−λ_1 cos β sin α + λ_2 sin β cos α + λ_3 cos(β + α)]vh^0DD = λ_hvh^0DD. (3)

Here v^2 = v^2_1 + v^2 = (246 GeV)^2, and both m_D and the effective coupling λ_h are free parameters in this model. The couplings of H and A to D are: −L_{HDD} = (λ_1 cos β cos α + λ_2 sin β sin α + λ_3 sin(β + α))vHDD = λ_H vHDD and −L_{ADD} = 0. For concreteness, in our numerical analysis we will neglect any contributions from H either by requiring a sufficiently small λ_H or an appropriately heavy mass m_H .

A two Higgs doublets extension of the SM is denoted as 2HDM I, 2HDM II and 2HDM III, where 2HDM I means that only one linear combination of H_1 and H_2 provides masses to both up and down type quarks. In 2HDM II H_1 provides masses both to down type quarks and charged leptons, and H_2 to the up quarks. Finally, in 2HDM III, both H_1 and H_2 provide masses to up and down type quarks, and charged leptons. In 2HDM I and II, the FCNC effects are generated at one loop level, and hence the FCNC top quark decay rate is too small to be detected at hadron colliders, even though it can be substantially larger than that predicted by the SM. In contrast, 2HDM III offers the possibility of a large detectable rate because of the presence of tree level FCNC. We therefore only focus on 2HDM III here, and we will refer to this model as 2HDM III+D.

The Yukawa couplings of H_1, H_2 to the fermions in this model are given by [28]

− L_{III} = Q_Lλ^u_1 ~H_1U_R + Q_Lλ^u_2 ~H_2U_R + Q_Lλ^d_1H_1D_R + Q_Lλ^d_2H_2D_R + L_Lλ^l_1H_1E_R + L_Lλ^l_2H_2E_R + h.c., (4)

where ~H_i = iσ_2H^∗_i . The coupling of the SM-like Higgs h^0 to fermions reads − L_{III} = U_LM^uU_R cos α v sin β h^0 − U_LM̃^uU_R cos(α − β) v sin β h^0 − D_LM^dD_R sin α v cos β h^0 (5)

+ D_LM̃^dD_R cos(α − β)

v cos β h^0 − E_LM^lE_R sin α v cos β h^0 + E_LM̃^lE_R cos(α − β) v cos β h^0 + h.c. , where M^{u,d,l} = (λ^{u,d,l}_1 v_1 + λ^{u,d,l}_2 v_2)/ √ 2 denote the diagonalized masses of the up and down type quarks and charged leptons. The off-diagonal entries M̃^u = λ^u_1 v/ √ 2 and M̃^{d,l} = λ^{d,l}_2 v/ √ 2 are not fixed.

In our discussion, we follow Ref. [29] and parameterize the off-diagonal entries to have the geometric mean form M̃^{u,d,l}_{ij} = ρ^{u,d,l}_{ij} √m_im_j with ρ_{ij} ≃ 1 for concreteness, and ρ_{ii} negligibly small for illustration. With this parametrization for M̃^i, the Yukawa couplings are identical to those in MSSM, if the off-diagonal elements are set equal to zero. To simplify our analyses, we further ignore the off-diagonal elements except those involving the top quark. This parametrization, together with the assumption of a sufficiently heavy non SM-like Higgs H allows one to satisfy a variety of experimental constraints, for instance from quark flavor changing processes and rare B decays [30]. Note that the couplings of h^0 to W , Z in 2HDM III is given by

L_h0_{W W} =

2M^2_W v sin(β − α)h^0W^2 , L_h0_{ZZ} =

M^2_Z v sin(β − α)h^0Z^2 , (6)

which will alter the Higgs decay width from its SM value.

III. DARK MATTER CONSTRAINTS AND TOP QUARK FCNC DECAY IN 2HDM+D MODEL

The annihilation of a pair of D’s into SM particles proceeds through s-channel h^0 exchange. Let us first consider DD → h^0 → ff̄^′. We parameterize the Higgs-fermion and

Higgs-D interactions as

− L_Y = a^f_{ij}f̄^i_Lf^j_Rh^0 + h.c. + bh^0D^2 , f = u, d, l (7)

where R(L) = (1 ± γ_5)/2. In the 2HDM III+D we have a^u_{ij} = M^u_{ij} cos α v sin β − M̃^u_{ij} cos(α − β) v sin β

, (8) a^d_{ij} = −M^d_{ij} sin α v cos β + M̃^d_{ij} cos(α − β) v cos β

, (9) a^l_{ij} = −M^l_{ij} sin α v cos β + M̃^l_{ij} cos(α − β) v cos β

, (10) b = λ_hv. (11)

The partial decay width of h^0 into fermions is given by

Γ(h^0 → ff̄^′) = 1 8π [ ∑ f N^c_f |a_{ff} |^2(m^2_h0 − 4m^2_f )^{3/2} 1 m^2_{h0} + 1 m^3_{h0} ∑ f≠f^′ N^c_f |a_{ff} ′ |^2(m^2_h0 − m^2_f − m^2_f ′ − 2m_f m_f ′ ) √ (m^2_{h0} − m^2_f − m^2_f ′ )^2 − 2m^2_f m^2_f ′ ], (12)

where N^c_f is the number of colors of the f-fermion (3 for a quark and 1 for a lepton). The sum is over fermions with m_f < m_D. In the non-relativistic limit the total averaged annihilation rate of a DD pair is then given by ⟨σ_{ann}v_{rel}⟩ = σ_{ann}v_{rel} = 8b^2 (4m^2_D − m^2_{h0} )^2 + m^2_hΓ^2_h

Γ(h̃^0 → X^′) 2m_D , (13)

where Γ(h̃^0 → X^′) = ∑ i Γ(h̃^0 → X_i), with h̃^0 being a “virtual” Higgs having the same couplings as the Higgs h^0 to other states, but with a mass of 2m_D. The X_i indicates any possible decay mode of h̃^0. Note that the sum should also include other decay channels, for instance h^0 → γγ, gg and h^0 → W^+W^−, ZZ, if allowed by the relevant kinematics. For a given model, Γ(h̃^0 → X^′) is obtained by calculating the h^0 width and setting the mass equal to 2m_D. In Eq. (13), v_{rel} is the average relative velocity of the two D particles. For cold dark matter the velocity is small, and therefore to a good approximation, the average relative speed of the two D’s is v_{rel} = 2p_{Dcm} /m_D, and s = (p_f + p¯_f )^2 is equal to 4m^2_D.

The present relic density of D is given by ρ_D = m_Ds_0Y_∞, where s_0 = 2889.2 cm^{−3} is the present entropy density. Y_∞ is the asymptotic value of the ratio n_D/s_0, with Y^{−1}_∞ = 0.264 √ g_∗M_{P l}m_D⟨σ_{ann}v_{rel}⟩x^{−1}_f through the time (temperature) evolution which is obtained by solving the Boltzmann equation, where x_f = m_D/T_f and T_f is the freeze-out temperature of the relic particle. The relic density can be expressed in terms of the critical density

Ω_Dh^2 ≃

1.07 × 10^9 GeV^{−1} M_{P l} x_f √ g_∗ 1 ⟨σ_{ann}v_{rel}⟩ , (14)

where g_∗ is the number of relativistic degrees of freedom with mass less than T_f . The freeze-out temperature x_f can be estimated through the iterative solution of the Boltzman equation [33]

x_f = ln [ c(c + 2) √ 45 8 g 2π^3 M_{P l}m_D⟨σ_{ann}v_{rel}⟩ √g_∗x_f ] ≃ ln 0.038M_{P l}m_D⟨σ_{ann}v_{rel}⟩ √g_∗x_f , (15)

where the constant c, of order unity, is determined by matching the late-time and early-time solutions, and g is the weak interaction gauge coupling constant.

It is important to note that in the SM+D model, a D boson mass range 10 GeV <∼ m_D <∼ (50, 70) GeV, with a SM Higgs mass of (120, 200) GeV, is ruled out by the upper limits on the WIMP-nucleon spin-independent elastic cross-section from the XENON10 and CDMSII experiments [21, 22]. However, it has been shown that the direct detection constraints can be evaded if the Higgs-nucleon coupling happens to be sufficiently small due to cancelations among the various contributions arising from the underlying Yukawa couplings. This can be realized in the 2HDM+D model by setting tan α tan β ≃ 0.405, without violating the relic density constraint [21]. It is shown in Ref. [21] that by setting tan α tan β = 0.45 in the 2HDM+D model, and for all reasonable values of the D boson mass, the D bosonnucleon elastic cross section can be smaller than O(10^{−44}) cm^2, which is the upper limit from XENON10 [2] and CDMS II [3, 4]. For m_D >∼ 40 GeV and with m_h0 >∼ 120 GeV, the relevant cross section could be smaller than O(10^{−45}) cm^2, which is the projected sensitivity of XENON100 [31] and SuperCDMS [32]. Thus, we employ tan α tan β = 0.45 in the following analyses.

For given values of m_D and Ω_Dh^2, x_f and g_∗ and therefore also ⟨σ_{ann}v_{rel}⟩, can be determined. One can then estimate the interaction strength b in Eq. (7). In Fig. 1 we plot x_f (left panel) and ⟨σ_{ann}v_{rel}⟩ (right panel) versus m_D, with 0.108 ≤ Ω_Dh^2 ≤ 0.1158 from cosmological observations [1]. In Fig. 2, we show the allowed range for the parameter λ_h = b/v as a function of m_D for several values of Higgs mass m_h0 , and with tan β = 3 and 30. The D boson mass, we note, can be as low as 1 GeV or so. Since we are interested in producing D particles and studying their properties through the FCNC top quark decay at the LHC, we

FIG. 1: x_f (left) and ⟨σ_{ann}v_{rel}⟩ (right) vs. D mass m_D with 0.108 ≤ Ω_Dh^2 ≤ 0.1158 [1].

limit ourselves to a D mass below 100 GeV. Note that as the D mass decreases, λ_h becomes larger. For small enough m_D, λ_h can approach unity, which may spoil the applicability of perturbative calculation. Thus, we will only consider λ_h < 1.

We next explore D-physics through the FCNC decay of top quark, where a major difference between 2HDM III+D and SM+D can show up. The decay amplitude for f_i → f_j DD is given by M(f_i → f_jDD) = 2b s − m^2_h + iΓ_hm_h0 f̄_j (a^f_{ji}R + a^{f∗}_{ij} L)f_i. (16)

In the SM the branching ratio BR(t → cDD) was estimated to be <∼ 10^{−13} in Ref. [23]. Using Eq. (7), the corresponding results for the 2HDM III+D model are shown in Fig. 3. We find that the branching ratio BR(t → cDD) for this case can be as large as ∼ 10^{−3}, if tan β is sufficiently small tan β = 3 and the h^0 mass is below the h^0 → V V threshold (V stands for vector bosons W and Z). With tan β = 30, the upper limit for BR(t → cDD) is ∼ 10^{−5} because top quark FCNC coupling decreases for larger tan β values. If the h^0 mass is larger than the V V threshold, we find BR(t → cDD) <∼ 10^{−5} for small tan β, and BR(t → cDD) <∼ 10^{−7} for large tan β.

IV. OBSERVABILITY OF FCNC TOP DECAY t → cDD AT THE LHC

In the following we discuss the search for D particles through FCNC top decay at the LHC. We are interested in the tt̄ pair production pp → tt̄X, with one of the top quarks decaying into a pair of D bosons through the FCNC process t → cDD (or t̄ → c̄DD).

FIG. 2: λ_h in 2HDM III+D model vs. m_D with tan α tan β = 0.45, tan β = 3 (left) and tan β = 30 (right), where the shaded areas 1 (black) and 2 (red) are for m_h0 =120 and 200 GeV, respectively (same for other figures). In 2HDM III+D, we have assumed the physical Higgs h^0 to be much lighter than the other neutral scalar bosons.

FIG. 3: The branching ratios of t → cDD in 2HDM III+D as a function of m_D with tan α tan β = 0.45, tan β = 3 (left) and tan β = 30 (right). Γ_t denotes the total decay width of top quark, dominated by t → bW .

To circumvent potentially large QCD backgrounds, we require that the W boson from the second top quark decays leptonically. Consequently the process we are interested in is

tt̄ → c b̄ ℓ^−(c̄ b ℓ^+) + E_T , ℓ = e, μ. (17)

The overall branching fraction is given by

BR(tt̄ → ℓ^− b̄ c (ℓ^+ b c̄) + E_T ) = 2 × 2 9 × BR_{t→cDD} × (1 − BR_{t→cDD}), (18) where the factor^2_9 is the leptonic decay branching ratio of the W boson.

For our numerical analyses, we adopt the CTEQ6L1 parton distribution function and evaluate the SM backgrounds by using the automatic package Madgraph. We work at the parton-level, but simulate the detector effects by the kinematical acceptance and employ Gaussian smearing for the electromagnetic and hadronic energies. We employ the following basic acceptance cuts for the event selection [34, 35]

p_T (ℓ) ≥ 15 GeV, |η(ℓ)| < 2.5, (19) p_T (j) ≥ 25 GeV, |η(j)| < 3.0, (20) ΔR_{jj}, ΔR_{jℓ} ≥ 0.4, (21) E_T ≥ 30 GeV. (22)

To simulate the detector effects on the energy-momentum measurements, we smear the electromagnetic and jet energies by a Gaussian distribution whose width is parameterized as [34, 35] ΔE_ℓ E_ℓ = a_{cal} √ E_ℓ/GeV ⊕ b_{cal}, a_{cal} = 10%, b_{cal} = 0.7%, (23) ΔE_j E_j = a_{had} √ E_j /GeV ⊕ b_{had}, a_{had} = 50%, b_{had} = 3%. (24) In principle, the leading SM background to our signal is from the decay of W to lepton plus two jets. For instance, the leading irreducible backgrounds to our signal are jt(t̄) and jbW^±, bb̄W^±. Also, tt̄ production with both W ’s decaying leptonically can be a reducible background if one of the charged leptons is not detected. This background should be included in our analyses when the transverse momentum and pseudo-rapidity of the lepton are in the range p_T (ℓ) < 10 GeV and |η(ℓ)| > 2.5. The SM backgrounds always come with W leptonic decays with missing neutrinos. To suppress backgrounds, we veto the events with small transverse mass of the lepton and missing energy M_T = √ (E_{T ℓ} + E_T )^2 − (⃗p_{T ℓ} + ⃗p_T )^2 < 90 GeV [36]. Furthermore, we take the b-quark tagging efficiency as 50% and a probability of 0.4%(10%) for a light (c-quark) jet to be mis-identified as a b jet [34, 35]. In Fig. 4 we show the total tt̄ production cross section, with tt̄ → cb̄ℓ^−(c̄bℓ^+) + E_T , versus the D mass after

FIG. 4: Production cross section of pp → tt̄X with tt̄ → ℓ c b +E_T vs. D mass after basic cuts and M_T cut at 14 TeV LHC. Branching fractions for top quark FCNC decay 2×BR_{t→cDD}(1−BR_{t→cDD}) are not included while W leptonic decay rate is included. σ(pb) signals jt(t̄) bt̄(b̄t) jjW^± jcW^± + cc̄W^± jbW^± + bb̄W^± tt̄ basic cuts 72 7.5 0.32 2.8 2.4 12.7 0.1 all cuts 44 0.03 1.6 × 10^{−3} 8.6 × 10^{−3} 0.01 0.05 0.05

TABLE I: tt̄ production cross section with tt̄ → cb̄ℓ^−(c̄bℓ^+) + E_T after basic cuts and M_T cut, assuming m_D = 20 GeV. Branching fractions for top quark FCNC decay 2 × BR_{t→cDD}(1 − BR_{t→cDD}) are not included, while the W leptonic decay rate is included. For comparison, the background processes are also included with the sequential cut as indicated.

basic cuts and M_T cut. Assuming m_D = 20 GeV, we list in Table I the cross section values of our signal and SM backgrounds with basic cuts and M_T cut separately at the 14 TeV LHC. One can see that the backgrounds are substantially suppressed.

After including the appropriate branching fractions for the individual FCNC top quark decay, the expected number of events that we are interested in is given by N = L × σ(pp → tt̄X) × 2 × 2 9 × BR_{t→cDD} × (1 − BR_{t→cDD}), (25)

FIG. 5: The 5σ discovery limit for BR(t → cDD) through pp → tt̄X with tt̄ → ℓ c b + E_T in the BR-m_D plane at 14 TeV LHC with integrated luminosity of 10 fb^{−1} (solid) and 100 fb^{−1} (dashed), including all the judicious cuts described in the early section.

where L is the integrated luminosity. In Fig. 5 we show the 5σ signal significance obtained in terms of Gaussian statistics, given by the ratio S/ √ B of signal to background events with luminosities of 10 fb^{−1} and 100 fb^{−1}. Assuming 10 fb^{−1} luminosity and BR(t → cDD) >∼ 10^{−4} at 14 TeV LHC, we can expect to observe more than 80 events for m_D <∼ 60 GeV after including all selection cuts and detector effects. With an integrated luminosity of 10 (100) fb^{−1} and the same D mass range, one can explore branching ratios of t → cDD as low as 2 × 10^{−4} (7 × 10^{−5}) at 14 TeV LHC.

V. CONCLUSION

A stable SM singlet real scalar field, called the D boson, provides a plausible cold dark matter candidate that is compatible with the relic abundance measurements. We implement this scenario in a two Higgs doublet model (type III) extension which contains tree level flavor changing decay t → cDD mediated by the lightest SM-like Higgs boson h^0. The existence of D can be explored at the LHC through this FCNC top quark decay, with a branching ratio which can approach 10^{−3} for m_h0 <∼ 2M_{W,Z} . In tt̄ production with tt̄ → c b̄ ℓ^−(c̄ b ℓ^+) +E_T , with m_D <∼ 60 GeV and an integrated luminosity of 10 (100) fb^{−1} at the 14 TeV LHC, one can reach 5σ significance with a branching ratio BR(t → cDD) > 2 × 10^{−4} (7 × 10^{−5}).

Acknowledgment

We thank Tao Han for providing his Fortran codes HANLIB for our calculations. This work is supported by the DOE under grant No. DE-FG02-91ER40626.

[1] E. Komatsu et al., arXiv: 1001.4538 [astro-ph.CO].

[2] J. Angle et al. [XENON Collaboration], Phys. Rev. Lett. 100, 021303 (2008). [3] Z. Ahmed et al. [CDMS Collaboration], Phys. Rev. Lett. 102 (2009) 011301. [4] Z. Ahmed et al. [CDMS Collaboration], Science 327 (2010) 1619. [5] R. Bernabei et al. [DAMA Collaboration], Eur. Phys. J. C56, 333 (2008). [6] Z. Ahmed et al. [The CDMS-II Collaboration and CDMS-II Collaboration], Science 327 (2010) 1619-1621, arXiv:0912.3592 [astro-ph.CO].

[7] C. E. Aalseth et al. [CoGeNT Collaboration], arXiv:1002.4703 [astro-ph.CO]. [8] O. Adriani et al. [PAMELA Collaboration], Nature 458 (2009) 607. [9] J. Chang et al., Nature 456 (2008) 362.

[10] A. A. Abdo et al. [The Fermi LAT Collaboration], Phys. Rev. Lett. 102 (2009) 181101. [11] F. Aharonian et al. [H.E.S.S. Collaboration], Astron. Astrophys. 508 (2009) 561. [12] R. Bernabei et al., Eur. Phys. J. C67 (2010) 39.

[13] C. E. Aalseth et al. [ CoGeNT Collaboration ], [arXiv:1002.4703[astro-ph.CO]]. [14] V. Silveira and A. Zee, Phys. Lett. B161, 136 (1985).

[15] D.E. Holz and A. Zee, Phys. Lett. B517, 239 (2001) [arXiv: hep-ph/0105284]. [16] M.C. Bento, O. Bertolami, R. Rosenfeld, and L. Teodoro, Phys. Rev. D62, 041302 (2000) [arXiv:astro-ph/0003350]; M.C. Bento, O. Bertolami, and R. Rosenfeld, Phys. Lett. B518, 276 (2001) [arXiv:hep-ph/0103340]; D.E. Holz and A. Zee, Phys. Lett. B517, 239 (2001) [arXiv:hep-ph/0105284]; J. McDonald, Phys. Rev. Lett. 88, 091304 (2002) [arXiv:hep-ph/0106249]; G. Cynolter, E. Lendvai, and G. Pocsik, Acta Phys. Polon. B36, 827 (2005) [arXiv:hep-ph/0410102]; S.h. Zhu, arXiv:hep-ph/0601224; S. Andreas, T. Hambye, and M.H.G. Tytgat, JCAP 0810, 034 (2008) [arXiv:0808.0255 [hep-ph]]; W.L. Guo, L.M. Wang, Y.L. Wu, Y.F. Zhou, and C. Zhuang, Phys. Rev. D79, 055015 (2009) [arXiv:0811.2556 [hep-ph]]; S.M. Carroll, S. Mantry, and M.J. Ramsey-Musolf, Phys. Rev. D81, 063507 (2010) [arXiv:0902.4461 [hep-ph]]; I. Gogoladze, N. Okada, Q. Shafi, Phys. Lett. B679 (2009) 237; T.E. Clark, B. Liu, S.T. Love, and T. ter Veldhuis, Phys. Rev. D80, 075019 (2009) [arXiv:0906.5595 [hep-ph]]; R.N. Lerner and J. McDonald, Phys. Rev. D80, 123507 (2009) [arXiv:0909.0520 [hep-ph]]; G.K. Yeghiyan, Phys. Rev. D80, 115019 (2009) [arXiv:0909.4919 [hep-ph]]; arXiv:0910.2071 [hep-ph]; M. Gonderinger, Y. Li, H. Patel, and M.J. Ramsey-Musolf, JHEP 1001, 053 (2010) [arXiv:0910.3167 [hep-ph]]; C.S. Kim, S.C. Park, K. Wang, and G. Zhu, Phys. Rev. D81, 054004 (2010) [arXiv:0910.4291 [hep-ph]]; S. Mantry, arXiv:0911.4508 [hep-ph].

[17] M. Farina, D. Pappadopulo, and A. Strumia, Phys. Lett. B688 (2010) 329; M. Asano, S. Matsumoto, M. Senami, and H. Sugiyama, JHEP 1007 (2010) 013; M. Aoki, S. Kanemura, and O. Seto, Phys. Lett. B685 (2010) 313; M. Asano, R. Kitano, Phys. Rev. D81 (2010) 054506; A. Bandyopadhyay, S. Chakraborty, A. Ghosal, and D. Majumdar, [arXiv:1003.0809 [hepph]]; S. Andreas, C. Arina, T. Hambye, F.S. Ling, and M.H.G. Tytgat, Phys. Rev. D82 (2010) 043522; X.G. He, S.Y. Ho, J. Tandean, and H.C. Tsai, Phys. Rev. D82 (2010) 035016; V. Barger, M. McCaskey, and G. Shaughnessy, Phys. Rev. D82 (2010) 035019; W.L. Guo and Y.L. Wu, [arXiv:1006.2518[hep-ph]]; V. Barger, Y. Gao, M. McCaskey, and G. Shaughnessy, [arXiv:1008.1796[hep-ph]].

[18] C. Bird, P. Jackson, R. Kowalewski, and M. Pospelov, Phys. Rev. Lett. 93, 201803 (2004) [arXiv:hep-ph/0401195]; C. Bird, R. Kowalewski, and M. Pospelov, Mod. Phys. Lett. A21, 457 (2006) [arXiv:hep-ph/0601090].

[19] V. Barger, P. Langacker, M. McCaskey, M.J. Ramsey-Musolf, and G. Shaughnessy, Phys. Rev.

D77, 035005 (2008) [arXiv:0706.4311 [hep-ph]].

[20] H. Davoudiasl, R. Kitano, T. Li, and H. Murayama, Phys. Lett. B609, 117 (2005) [arXiv:hep-ph/0405097]; C.E. Yaguna, JCAP 0903, 003 (2009) [arXiv:0810.4267 [hep-ph]].

[21] X. G. He, T. Li, X. Q. Li, J. Tandean, and H. C. Tsai, Phys. Rev. D79 (2009) 023521 [arXiv:0811.0658 [hep-ph]].

[22] S. Matsumoto, K. Fujii, T. Honda, S. Kanemura, T. Nabeshima, N. Okada, Y. Takubo, and H. Yamamoto, [arXiv:1006.5268[hep-ph]].

[23] X. G. He, T. Li, X. Q. Li, H. C. Tsai, Mod. Phys. Lett. A22 (2007) 2121. [24] X. G. He, T. Li, X. Q. Li, J. Tandean, and H. C. Tsai, Phys. Lett. B688 (2010) 332. [25] CDF Collaboration (T. Aaltonen et al.), Phys. Rev. Lett. 101 (2008) 192002. [26] ATLAS Collaboration (J. Carvalho et al.), Eur. Phys. J. C52 (2007) 999. [27] J.A. Aguilar-Saavedra, and G.C. Branco, Phys. Lett. B495 (2000) 347; J.A. Aguilar-Saavedra, Phys. Lett. B502 (2001) 115; F. Larios, R. Martinez, and M.A. Perezint, J. Mod. Phys. A21 (2006) 3473.

[28] For reviews see, J. Gunion, H. Haber, G. Kane, and S. Dawson, The Higgs Hunter’s Guide (Addison-Wesley, 1990); S. Bejar, [arXiv: hep-ph/0606138]; R.A. Diaz, [arXiv: hep-ph/0212237].

[29] T.P. Cheng and M. Sher, Phys. Rev. D35 (1987) 3484.

[30] D. Atwood, L. Reina, and A. Soni, Phys. Rev. D55 (1987) 3156; R. A. Diaz, R. Martinez, and J. A. Rodriguez, Phys. Rev. D63 (2001) 095007; R. A. Diaz, R. Martinez, and J. A. Rodriguez, Phys. Rev. D67 (2003) 075011; R. A. Diaz, R. Martinez, and N. Poveda, Braz. J. Phys. 33 (2003) 831; C. S. Huang, and J. T. Li, Int. J. Mod. Phys. A20 (2005) 161; J. P. Idarraga, R. Martinez, J. A. Rodriguez, and N. Poveda, arXiv: hep-ph/0509072.

[31] E. Aprile and L. Baudis for the XENON100 Collaboration, 7th International Workshop on the Identification of Dark Matter 2008, Stockholm, Sweden, 18-22 Aug 2008, PoS IDM 2008 (2008) 018, [arXiv:0902.4253 [astro-ph.IM]].

[32] P. L. Brink et al. [CDMS-II Collaboration], In the Proceedings of 22nd Texas Symposium on Relativistic Astrophysics at Stanford University, Stanford, California, 13-17 Dec 2004, pp 2529 [arXiv:astro-ph/0503583].

[33] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405 (2005) 279.

[34] CMS TDR: CMS Physics: Technical Design Report V.2: Physics Performance, CERN-LHCC- 2006-021.

[35] ATLAS TDR: ATLAS Detector and Physics Performance. Technical Design Report Vol. 2 , CERN Report No. CERN-LHCC-99-15.

[36] T. Han, K. I. Hikasa, J.M. Yang, and X.M. Zhang, Phys. Rev. D70 (2004) 055001.