arXiv:1109.4972v2 [hep-ph] 26 Dec 2011

Nonstandard Higgs Decays and Dark Matter in the E_6SSM

J. P. Hall and S. F. King School of Physics and Astronomy, University of Southampton, Southampton, UK

R. Nevzorov and S. Pakvasa Department of Physics and Astronomy, University of Hawaii, Honolulu, USA

M. Sher Physics Department, College of William and Mary, Williamsburg, USA

We study the decays of the lightest Higgs boson within the exceptional supersymmetric (SUSY) standard model (E_6SSM). The E_6SSM predicts three families of Higgs–like doublets plus three SM singlets that carry U(1)_N charges. One family of Higgs–like doublets and one SM singlet develop vacuum expectation values. The fermionic partners of other Higgs–like fields and SM singlets form inert neutralino and chargino states. Two lightest inert neutralinos tend to be the lightest and next-to-lightest SUSY particles (LSP and NLSP). The considered model can account for the dark matter relic abundance if the lightest inert neutralino has mass close to half the Z mass. In this case the usual SM-like Higgs boson decays more than 95% of the time into either LSPs or NLSPs. As a result the decays of the lightest Higgs boson into l^+l^− + X might play an essential role in the Higgs searches. This scenario also predicts other light inert chargino and neutralino states below 200 GeV and large LSP direct detection cross-sections which is on the edge of observability of XENON100.

1. Introduction

Confirming the Higgs mechanism as the underlying principle of electroweak symmetry breaking is one of the main goals of upcoming accelerators. The strategy for Higgs boson searches depends on the production mechanism and on the decay branching fractions of Higgs to different channels. Physics beyond the Standard Model may lead to the modification of the Higgs signals. In particular, there exist several extensions of the Standard Model in which the Higgs boson can decay with a substantial branching fraction into particles which can not be directly detected. The presence of invisible decays modifies considerably Higgs boson searches, making Higgs discovery much more difficult. If the Higgs is mainly invisible, then the visible branching ratios will be dramatically reduced, preventing detection in the much studied channels at the LHC and the Tevatron. At e^+e^− colliders, the problems related to the observation of the invisible Higgs are less severe since it can be tagged through the recoiling Z. As a result the LEP II collaborations exclude invisible Higgs masses up to 114.4 GeV [1]. On the other hand, Higgs searches at hadron colliders are more difficult in the presence of such invisible decays. Previous studies have analysed ZH and W H associated production [2]-[5] as well as tt̄H production [6]-[7] and tt̄V V (bb̄V V ) production [8] as promising channels.

Here we consider the exotic decays of the lightest Higgs boson and associated novel collider signatures within the Exceptional Supersymmetric Standard Model (E_6SSM). The E_6SSM is based on the SU(3)_C × SU(2)_W × U(1)_Y × U(1)_N gauge group which is a subgroup of E_6 [9]-[10]. The additional low energy U(1)_N is a linear superposition of U(1)_χ and U(1)_ψ, i.e.

U(1)_N = 1 4 U(1)_χ + √ 15 4 U(1)_ψ . (1)

The two anomaly–free U(1)_ψ and U(1)_χ symmetries are defined by: E_6 → SO(10) × U(1)_ψ , SO(10) → SU(5)×U(1)_χ. The extra U(1)_N gauge symmetry is defined such that right–handed neutrinos do not participate in the gauge interactions. Since right–handed neutrinos have zero charges they can be superheavy, shedding light on the origin of the mass hierarchy in the lepton sector and providing a mechanism for the generation of the baryon asymmetry in the Universe via leptogenesis [11].

To ensure anomaly cancellation the particle content of the E_6SSM is extended to include three complete fundamental 27 representations of E_6. Each 27_i multiplet contains a SM family of quarks and leptons, right– handed neutrino N^c_i , SM-type singlet fields S_i which carry non-zero U(1)_N charge, a pair of SU(2)_W –doublets H^d_i and H^u_i and a pair of colour triplets of exotic quarks D_i and D_i which can be either diquarks (Model I) or leptoquarks (Model II) [9]-[10]. The S_i, H^d_i and H^u_i form either Higgs or inert Higgs multiplets. In addition to the complete 27_i multiplets the low energy particle spectrum of the E_6SSM is supplemented by SU(2)_W doublet L_4 and anti-doublet L_4 states from extra 27^′ and 27^′ to preserve gauge coupling unification. The analysis performed in [12] shows that the unification of gauge couplings in the E_6SSM can be achieved for any phenomenologically acceptable value of α_3(M_Z ) consistent with the measured low energy central value. The presence of a Z^′ boson and of exotic quarks predicted by the E_6SSM provides spectacular new physics signals at the LHC which were discussed in [9]–[10], [13]–[14]. Recently the particle spectrum and collider signatures associated with it were studied within the constrained version of the E_6SSM [15]–[18].

The superpotential in the E_6 inspired models involves many new Yukawa couplings that induce non–diagonal flavour transitions. To suppress these effects in the E_6SSM an approximate Z^H_2 symmetry is imposed. Under this symmetry all superfields except one pair of H^d_i and H^u_i (say H_d ≡ H^d_3 and H_u ≡ H^u_3 ) and one SM-type singlet field (S ≡ S_3) are odd. The Z^H_2 symmetry reduces the structure of the Yukawa interactions to

W_{E6 SSM} ≃ λŜ(Ĥ_uĤ_d) + λ_{αβ}Ŝ(Ĥ^d_αĤ^u_β ) + f̃_{αβ}Ŝ_α(Ĥ^d_βĤ_u) + f_{αβ}Ŝ_α(Ĥ_dĤ^u_β ) + κ_{ij}Ŝ(D̂_iD̂_j )

+ h^U_{ij} (Ĥ_uQ̂_i)û^c_j + h^D_{ij} (Ĥ_dQ̂_i)d̂^c_j + h^E_{ij} (Ĥ_dL̂_i)ê^c_j + h^N_{ij} (Ĥ_uL̂_i)N̂^c_j + 1 2 M_{ij}N̂^c_i N̂^c_j + μ^′(L̂_4L̂_4) + h^E_{4j} (Ĥ_dL̂_4)ê^c_j + h^N_{4j} (Ĥ_uL̂_4)N̂^c_j , (2)

where α, β = 1, 2 and i, j = 1, 2, 3 . The SU(2)_W doublets Ĥ_u and Ĥ_d and SM-type singlet field Ŝ, that are even under the Z^H_2 symmetry, play the role of Higgs fields. At the physical vacuum they develop vacuum expectation values (VEVs) ⟨H_d⟩ = 1 √ 2 ( v_1 0 ) , ⟨H_u⟩ = 1 √ 2 ( 0 v_2 ) , ⟨S⟩ = s √ 2 . (3)

generating the masses of the quarks and leptons. Instead of v_1 and v_2 it is more convenient to use tan β = v_2/v_1 and v = √ v^2_1 + v^2 = 246 GeV. The VEV of the SM-type singlet field, s, breaks the extra U(1)_N symmetry thereby providing an effective μ term as well as the necessary exotic fermion masses and also inducing that of the Z^′ boson. In the E_6SSM the Higgs spectrum contains one pseudoscalar, two charged and three CP–even states. In the leading two–loop approximation the mass of the lightest CP–even Higgs boson does not exceed 150 − 155 GeV [9].

Although Z^H_2 eliminates any problems related with baryon number violation and non-diagonal flavour transitions it also forbids all Yukawa interactions that would allow the exotic quarks to decay. Since models with stable charged exotic particles are ruled out by various experiments the Z^H_2 symmetry can only be an approximate one. From here on we assume that Z^H_2 symmetry violating couplings are small and can be neglected in our analysis. This assumption can be justified if we take into account that the Z^H_2 symmetry violating operators may give an appreciable contribution to the amplitude of K^0 − K^0 oscillations and give rise to new muon decay channels like μ → e^−e^+e^−. In order to suppress processes with non–diagonal flavour transitions the Yukawa couplings of the exotic particles to the quarks and leptons of the first two generations should be smaller than 10^{−3} − 10^{−4}. Such small Z^H_2 symmetry violating couplings can be ignored in the first approximation.

2. Masses and couplings of the lightest inert neutralinos

When Z^H_2 symmetry violating couplings tend to zero only H_u, H_d and S acquire non-zero VEVs. In this approximation the charged components of the inert Higgsinos (H̃^{u+}_2 , H̃^{u+}_1 , H̃^{d−}_2 , H̃^{d−}_1 ) and ordinary chargino states do not mix. The neutral components of the inert Higgsinos (H̃^{d0}_1 , H̃^{d0}_2 , H̃^{u0}_1 , H̃^{u0}_2 ) and inert singlinos (S̃_1, S̃_2) also do not mix with the ordinary neutralino states. Moreover if Z^H_2 symmetry was exact then both the lightest state in the ordinary neutralino sector and the lightest inert neutralino would be absolutely stable. Therefore, although Z^H_2 symmetry violating couplings are expected to be rather small, we shall assume that they are large enough to allow either the lightest neutralino state or the lightest inert neutralino to decay within a reasonable time.

In the field basis (H̃^{d0}_2 , H̃^{u0}_2 , S̃_2, H̃^{d0}_1 , H̃^{u0}_1 , S̃_1) the mass matrix of the inert neutralino sector takes a form

M_{IN} = ( A_{22} A_{21}

A_{12} A_{11} ) , A_{αβ} = − 1 √ 2 0 λ_{αβ} s f̃_{βα}v sin β λ_{βα}s 0 f_{βα}v cos β f̃_{αβ}v sin β f_{αβ} v cos β 0 , (4) where A_{αβ} are 3 × 3 sub-matrices and A_{12} = A^T_{21}. In the basis of inert chargino interaction states (H̃^{u+}_2 , H̃^{u+}_1 , H̃^{d−}_2 , H̃^{d−}_1 ) the corresponding mass matrix can be written as M_{IC} = ( 0 C^T C 0 ) , C_{αβ} = 1 √ 2 λ_{αβ} s , (5) where C_{αβ} are 2 × 2 sub-matrices.

In our analysis we require the validity of perturbation theory up to the GUT scale that constrains the allowed range of all Yukawa couplings. We also choose s and λ_{αβ} so that the masses of all inert chargino states are larger than 100 GeV and Z^′ boson is relatively heavy (M_Z′ ≳ 865 GeV). The restrictions specified above set very strong limits on the masses of the lightest inert neutralinos. In particular, our numerical analysis indicates that the lightest and second lightest inert neutralinos (χ^0_1 and χ^0_2) are typically lighter than 60 − 65 GeV [19]-[20]. Therefore the lightest inert neutralino tends to be the lightest SUSY particle in the spectrum and can play the role of dark matter. The neutralinos χ^0_1 and χ^0_2 are predominantly inert singlinos. Their couplings to the Z–boson can be rather small so that such inert neutralinos would remain undetected at LEP.

In order to clarify the results of our numerical analysis, it is useful to consider a simple scenario when λ_{αβ} = λ_α δ_{αβ} , f_{αβ} = f_α δ_{αβ} , f̃_{αβ} = f̃_α δ_{αβ} . In this case the mass matrix of inert neutralinos reduces to the block diagonal form. In the limit where f_α = f̃_α one can easily prove using the method proposed in [21] that there are theoretical upper bounds on the masses of the lightest and second lightest inert neutralino states. The corresponding theoretical restrictions are

|m_χ0_α |^2 ≲ μ^2_α = 1 2 [ |m_χ±_α |^2 + f^2_αv^2 2 ( 1 + sin^2 2β ) − √( |m_χ±_α |^2 + f^2_αv^2 2 (1 + sin^2 2β)

)_2 − f^4_αv^4 sin^2 2β ] , (6)

where m_χ±_α = λ_αs/ √ 2 are the masses of the inert charginos. The value of μ_α decreases with increasing |m_χ±_α | and tan β. At large values of |m_χ±_α | and tan β, Eq. (6) simplifies resulting in

|m_χ0_α |^2 ≲ f^4_αv^4 sin^2 2β 4 ( |m_χ±_α |^2 + f^2_αv^2 2 (1 + sin^2 2β)

) . (7)

The theoretical restriction on |m_χ0_α | achieves its maximal value around tan β ≃ 1.5. For this value of tan β the requirement of the validity of perturbation theory up to the GUT scale implies that f_1 = f̃_1 = f_2 = f̃_2 are less than 0.6. As a consequence the lightest inert neutralinos are lighter than 60 − 65 GeV for |m_χ±_α | > 100 GeV.

The inert neutralino mass matrix (4) can be diagonalized using the neutralino mixing matrix defined by

N^a_i M^{ab}N^b_j = m_iδ_{ij} , no sum on i. (8)

In the limit where off–diagonal Yukawa couplings vanish and λ_αs ≫ f_αv, f̃_αv the eigenvalues of the inert neutralino mass matrix can be easily calculated (see [22]). In particular, the masses of two lightest inert neutralino states (χ^0_1 and χ^0_2) are given by

m_χ0_α ≃ f̃_αf_αv2 sin 2β 2 m_χ±_α . (9)

From Eq. (9) one can see that the masses of χ^0_1 and χ^0_2 are determined by the values of the Yukawa couplings f̃_α and f_α.

The lightest inert neutralino states are made up of the following superposition of interaction states

χ̃^0_α = N^1_αH̃^{d0}_2 + N^2_αH̃^{u0}_2 + N^3_αS̃_2 + N^4_αH̃^{d0}_1 + N^5_αH̃^{u0}_1 + N^6_αS̃_1 , (10)

Using the above lightest and second lightest inert neutralino compositions it is straightforward to derive the couplings of these states to the Z-boson. In general the part of the Lagrangian that describes the interactions of Z with χ^0_1 and χ^0_2, can be presented in the following form: L_{Zχχ} = ∑ α,β M_Z 2v Z_μ ( χ^0_αγ_μγ_5χ^0_β ) R_{Zαβ} , R_{Zαβ} = N^1_αN^1_β − N^2_αN^2_β + N^4_αN^4_β − N^5_αN^5_β . (11)

In the case where off–diagonal Yukawa couplings go to zero while λ_αs ≫ f_αv, f̃_αv the relative couplings of the lightest and second lightest inert neutralino states to the Z-boson are given by R_{Zαβ} = R_{Zαα} δ_{αβ} , R_{Zαα} = v^2 2m^2_{χ±α} ( f^2_α cos^2 β − f̃^2_α sin^2 β ) . (12)

One can see that the couplings of χ^0_1 and χ^0_2 to the Z-boson can be very strongly suppressed or even tend to zero. This happens when |f_α| cos β = |f̃_α| sin β, which is when χ^0_α contains a completely symmetric combination of H̃^{d0}_α and H̃^{u0}_α . Eq. (12) also indicates that the couplings of χ^0_1 and χ^0_2 to Z are always small when inert charginos are rather heavy or f̃_α and f_α are small (i.e. m_χ0_α → 0).

Although χ^0_1 and χ^0_2 might have extremely small couplings to Z, their couplings to the lightest CP–even Higgs boson h_1 can not be negligibly small if the corresponding states have appreciable masses. If all Higgs states except the lightest one are considerably heavier than the EW scale the mass matrix of the CP–even Higgs sector can be diagonalised using the perturbation theory [23]-[27]. Then the effective Lagrangian that describes the interactions of the inert neutralinos with the lightest CP-even Higgs eigenstate takes the form L_{h1 χχ} ≃ ∑ i,j (−1)^{θi+θj} X^{h1}_{ij} ( ψ^{0T}_i (−iγ_5)^{θi+θj} ψ^0_j ) h_1 , X^{h1}_{ij} = − 1 √ 2 ( F_{ij} cos β + F̃_{ij} sin β ) , (13)

where i, j = 1, 2, ...6 and

F_{ij} = f_{11}N^6_i N^5_j + f_{12}N^6_i N^2_j + f_{21}N^3_i N^5_j + f_{22}N^3_i N^2_j ,

F̃_{ij} = f̃_{11}N 6_i N 4_j + f̃_{12}N 6_i N 1_j + f̃_{21}N 3_i N 4_j + f̃_{22}N 3_i N 1_j .

In Eq. (13) ψ^0_i = (−iγ_5)^{θi} χ^0_i is the set of inert neutralino eigenstates with positive eigenvalues, while θ_i equals 0 (1) if the eigenvalue corresponding to χ^0_i is positive (negative). The inert neutralinos are labeled according to increasing absolute value of mass, with ψ^0_1 being the lightest inert neutralino and ψ^0_6 the heaviest.

In the limit when off-diagonal Yukawa couplings that determine the interactions of the inert Higgs fields with H_u, H_d and S vanish and λ_αs ≫ f_αv, f̃_αv) one obtains X^{h1}_{αβ} ≃ |m_χ0_α | v δ_{αβ} , (14)

where α, β = 1, 2, labeling the two light, mostly inert singlino states. These simple analytical expressions for the couplings of the SM–like Higgs boson to the lightest and second lightest inert neutralinos are not as surprising as they may first appear. When the Higgs spectrum is hierarchical, the VEV of the lightest CP–even state is responsible for all light fermion masses in the E_6SSM. As a result we expect that their couplings to SM–like Higgs can be written as usual as being proportional to the mass divided by the VEV.

3. Exotic Higgs decays and Dark Matter

In our analysis we require that the lightest inert neutralino account for all or some of the observed dark matter relic density, which is measured to be Ω_{CDM}h^2 = 0.1099 ± 0.0062 [28]. If a theory predicts a greater relic density of dark matter than this then it is ruled out, assuming standard pre-BBN cosmology. A theory that predicts less dark matter cannot be ruled out in the same way but then there would have to be other contributions to the dark matter relic density.

In the limit where all non-SM fields other than the two lightest inert neutralinos are heavy (≳ TeV) the lightest inert neutralino state in the E_6SSM results in too large density of dark matter. Indeed, because the mass of χ̃^0_1 is inversely proportional to the masses of inert charginos the lightest inert neutralinos tend to be very light |m_χ0_σ | ≪ M_Z . As a result the couplings of χ̃^0_1 to gauge bosons, Higgs states, quarks (squarks) and leptons (sleptons) are quite small leading to a relatively small annihilation cross section for χ̃^0_1χ̃^0_1 → SM particles. Since the dark matter number density is inversely proportional to the annihilation cross section at the freeze-out temperature the lightest inert neutralino state gives rise to a relic density that is typically much larger than its measured value. Thus in the limit considered the bulk of the E_6SSM parameter space that leads to small masses of χ̃^0_1 is almost ruled out^1.

A reasonable density of dark matter can be obtained for |m_χ0_1 | ∼ M_Z /2 when the lightest inert neutralino states annihilate mainly through an s–channel Z–boson, via its inert Higgsino doublet components which couple to the Z–boson. It is worth noting that if χ̃^0_1 was pure inert Higgsino then the s–channel Z–boson annihilation would proceed with the full gauge coupling strength leaving the relic density too low to account for the observed dark matter. In the E_6SSM the LSP is mostly inert singlino so that its coupling to the Z–boson is typically suppressed, since it only couples through its inert Higgsino admixture leading to an increased relic density. In practice, the appropriate value of Ω_{CDM}h^2 can be achieved even if the coupling of χ̃^0_1 to the Z–boson is relatively small. This happens when χ̃^0_1 annihilation proceeds through the Z–boson resonance, i.e. 2|m_χ0_1 | ≃ M_Z .

Because the scenarios that result in the reasonable density of dark matter imply that χ^0_1 and χ^0_2 have large couplings to the lightest Higgs boson which are much larger than the b–quark Yukawa coupling and the decays of the lightest Higgs state into these inert neutralinos are kinematically allowed, the SM–like Higgs boson decays predominantly into χ^0_1 and χ^0_2. The corresponding partial decay widths are given by

Γ(h_1 → χ^0_αχ^0_β ) = Δ_{αβ} 8πm_{h1} ( X^{h1}_{αβ} + X^{h1}_{βα}

)_2[

m^2_{h1} − (|m_χ0_α | + (−1)^{θα+θβ} |m_χ0_β |)^2 ]

× √( 1 − |m_χ0_α |^2 m^2_{h1} − |m_χ0_β |^2

m^2_{h1}

)_2 − 4 |m_χ0_α |^2|m_χ0_β |^2

m^4_{h1} , (15)

where Δ_{αβ} = 1 2 (1) for α = β (α ≠ β). On the other hand the large coupling of χ^0_1 to the lightest Higgs state

give rise to the relatively large χ^0_1–nucleon elastic–scattering cross section. Since in the E_6SSM the couplings of the lightest inert neutralino to quarks (leptons) and squarks (sleptons) are suppressed, the χ^0_1–nucleon elastic scattering, which is associated with the spin-independent cross section, is mediated mainly by the t–channel lightest Higgs boson exchange. Thus in the leading approximation the spin–independent part of χ^0_1–nucleon cross section in the E_6SSM takes the form σ_{SI} = 4m^2_rm^2_N πv^2m^4_{h1}

|X^{h1}_{11} F^N |^2 ,

m_r = m_χ0_1 m_N m_χ0_1 + m_N

, F^N = ∑ q=u,d,s f N T q + 2 27 ∑ Q=c,b,t f N T Q , (16)

where m_N f^N_{T q} = ⟨N|m_qq̄q|N⟩ , f^N_{T Q} = 1 − ∑ q=u,d,s f^N_{T q} .

As one can see from Eq. (16) the value of σ_{SI} depends rather strongly on the hadronic matrix elements, i.e. the coefficients f^N_{T q} , that are related to the π–nucleon σ term and the spin content of the nucleon. As a consequence σ_{SI} varies over a wide range (see Table 1). Recently the CDMSII and XENON100 collaborations set upper limits on σ_{SI} [31],[32].

In order to illustrate the features of the E_6SSM mentioned above we specify a set of benchmark points (see Table 1). For each benchmark scenario we calculate the spectrum of the inert neutralinos, inert charginos and Higgs bosons as well as the branching ratios of the decays of the lightest CP-even Higgs state and the dark matter relic density. In Table 1 the masses of the heavy Higgs states are computed in the leading one–loop approximation. In the case of the lightest Higgs boson mass the leading two–loop corrections are taken into account. In order to construct benchmark scenarios that are consistent with cosmological observations we restrict our considerations to low values of tan β ≲ 2 that allows to obtain |m_χ0_1 | ∼ |m_χ0_2 | ∼ M_Z /2. However, even for tan β ≲ 2 the lightest inert neutralino states can get appreciable masses only if inert chargino mass

1When f_{αβ} , f̃_{αβ} → 0 the masses of χ̃^0_1 and χ̃^0_2 tend to zero and inert singlino states essentially decouple from the rest of the spectrum. In this limit the lightest non-decoupled neutralino may be rather stable and can play the role of dark matter [29]. The presence of very light neutral fermions in the particle spectrum might have interesting implications for the neutrino physics (see, for example [30]).

6 Proceedings of the DPF-2011 Conference, Providence, RI, August 8-13, 2011

Table I: Benchmark scenarios. The branching ratios and decay widths of the lightest Higgs boson, the masses of the Higgs states, inert neutralinos and charginos as well as the couplings of χ̃^0_1 and χ̃^0_2 are calculated for s = 2400 GeV, mQ = mU = MS = 700 GeV, Xt = √ 6MS that correspond to m_{h2} ≃ M_Z′ ≃ 890 GeV. i ii iii iv v λ 0.6 0.6 0.468 0.468 0.468 tan(β) 1.7 1.564 1.5 1.5 1.5 A_λ 1600 1600 600 600 600 m_H± ≃ mA ≃ m_{h3} /GeV 1977 1990 1145 1145 1145 m_{h1} /GeV 133.1 134.8 115.9 115.9 115.9 λ22 0.094 0.0001 0.094 0.001 0.468 λ21 0 0.06 0 0.079 0.05 λ12 0 0.06 0 0.080 0.05 λ11 0.059 0.0001 0.059 0.001 0.08 f22 0.53 0.001 0.53 0.04 0.05 f21 0.05 0.476 0.053 0.68 0.9 f12 0.05 0.466 0.053 0.68 0.002 f11 0.53 0.001 0.53 0.04 0.002 f̃_{22} 0.53 0.001 0.53 0.04 0.002 f̃_{21} 0.05 0.4 0.053 0.49 0.002 f̃_{12} 0.05 0.408 0.053 0.49 0.05 f̃_{11} 0.53 0.001 0.53 0.04 0.65 m_{χ̃}0_1 /GeV 33.62 -36.69 35.42 -45.08 -46.24 m_{χ̃}0_2 /GeV 47.78 36.88 51.77 55.34 46.60 m_{χ̃}0_3 /GeV 108.0 -103.11 105.3 -133.3 171.1 m_{χ̃}0_4 /GeV -152.1 103.47 -152.7 136.9 -171.4 m_{χ̃}0_5 /GeV 163.5 139.80 162.0 178.4 805.4 m_{χ̃}0_6 /GeV -200.8 -140.35 -201.7 -192.2 -805.4 m_{χ̃}±_1 /GeV 100.1 101.65 100.1 133.0 125.0 m_{χ̃}±_2 /GeV 159.5 101.99 159.5 136.8 805.0 Ωχh^2 0.109 0.107 0.107 0.0324 0.00005 RZ11 -0.144 -0.132 -0.115 -0.0217 -0.0224 RZ12 0.051 0.0043 -0.045 -0.0020 -0.213 RZ22 -0.331 -0.133 -0.288 -0.0524 -0.0226 σSI /10^{−44} cm^2 1.7-7.1 2.0-8.2 3.5-14.2 6.0-24.4 6.1-25.0 Br(h → χ̃^0_1χ̃^0_1) 57.8% 49.1% 76.3% 83.4% 49.3% Br(h → χ̃^0_1χ̃^0_2) 0.34% 3.5 × 10^{−11} 0.26% 7.6 × 10^{−9} 3.0 × 10^{−8} Br(h → χ̃^0_2χ̃^0_2) 39.8% 49.2% 20.3% 12.3% 47.9% Br(h → bb̄) 1.87% 1.59% 2.83% 3.95% 2.58% Br(h → τ τ̄) 0.196% 0.166% 0.30% 0.41% 0.27% Γ^{tot}/MeV 141.2 169.0 82.0 58.8 90.1

eigenstates are light, i.e. m_χ±_1 ≃ 100 − 200 GeV. We demonstrate (see benchmark point (v) in Table 1) that the scenarios with only one light inert chargino mass eigenstate may lead to the dark matter density consistent with cosmological observations.

When tan β ≲ 2 the mass of the lightest CP–even Higgs boson is very sensitive to the choice of the coupling λ(M_t). In particular, to satisfy LEP constraints λ(M_t) must be larger than g^′_1 ≃ 0.47, where g^′_1 is the low energy U(1)_N gauge coupling. If λ ≳ g^′_1 the vacuum stability requires all Higgs states except the lightest one to be considerably heavier than the EW scale so that the qualitative pattern of the Higgs spectrum is rather similar to the one which arises in the PQ symmetric NMSSM [26]-[27], [33]. In this case the lightest Higgs state manifests itself in the interactions with gauge bosons and fermions as a SM–like Higgs boson.

Our benchmark scenarios indicate that in the case when |m_χ0_1 | ∼ |m_χ0_2 | ∼ M_Z /2 the SM–like Higgs boson decays more than 95% of the time into χ^0_1 and χ^0_2 while the total branching ratio into SM particles varies from 2% to 4%. When the masses of the lightest and second lightest inert neutralinos are close or they form a Dirac (pseudo–Dirac) state (see benchmark scenarios (ii) and (v) in Table 1) then the decays of the lightest Higgs boson into χ^0_1 and χ^0_2 lead to the missing E_T in the final state. Thus these decay channels give rise to a large invisible branching ratio of the SM–like Higgs boson. If the mass difference between the second lightest and the lightest inert neutralino is 10 GeV or more, then some of the decay products of a χ^0_2 that originates from a SM-like Higgs boson decay might be observed at the LHC. In our analysis we assume that all scalar particles, except for the lightest Higgs boson, are heavy and that the couplings of the inert neutralino states to quarks, leptons and their superpartners are relatively small. As a result the second lightest inert neutralino decays into the lightest one and a fermion–antifermion pair mainly via a virtual Z. In our numerical analysis we did not manage to find any benchmark scenario with |m_χ0_2 | − |m_χ0_1 | ≳ 20 GeV leading to reasonable values of Ω_{CDM}h^2. Hence we do not expect any observable jets at the LHC associated with the decay of a χ^0_2 produced through a Higgs decay. However, it might be possible to detect μ^+μ^− pairs that come from the exotic decays of the lightest CP–even Higgs state mentioned above.

In Table 1 benchmark scenarios (i), (iii), (iv) can lead to these relatively energetic muon pairs in the final state of the SM-like Higgs decays. Since the Higgs branching ratios into SM particles are rather suppressed, the decays of the lightest CP–even Higgs state into l^+l^− + X might play an essential role in Higgs searches.

In Table 1 we also specify the interval of variations of σ_{SI} for each benchmark scenario. The lower limit on σ_{SI} corresponds to f^N_{T s} = 0 while the upper limit implies that f^N_{T s} = 0.36. From Table 1 and Eq. (16) it also becomes clear that σ_{SI} decreases when m_{h1} grows. Since in all of the benchmark scenarios presented in Tables 1 the lightest inert neutralino is relatively heavy (|m_χ0_1 | ∼ M_Z /2), allowing for a small enough dark matter relic density, the coupling of χ^0_1 to the lightest CP-even Higgs state is always large giving rise to a χ^0_1–nucleon spin-independent cross section which is on the edge of observability of XENON100.

In addition to the exotic Higgs decays and large LSP direct detection cross-sections, the scenarios considered here imply that at least two of the inert neutralino states that are predominantly the fermion components of the inert Higgs doublet superfields and one of the inert chargino states should have masses below 200 GeV. Because these states are almost inert Higgsinos they couple rather strongly to W and Z–bosons. Thus at hadron colliders the corresponding inert neutralino and chargino states can be produced in pairs via off-shell W and Z–bosons. Since they are light their production cross sections at the LHC are not negligibly small. After being produced inert neutralino and chargino states sequentially decay into the LSP and pairs of leptons and quarks resulting in distinct signatures that can be discovered at the LHC in the near future.

Acknowledgments

R.N. would like to thank FTPI, University of Minnesota for its hospitality and M. A. Shifman, K. A. Olive, A. I. Vainshtein, A. Mustafayev, W. Vinci, P. A. Bolokhov, P. Koroteev for fruitful discussions. Authors are grateful to X. R. Tata, M. Muehlleitner, L. Clavelli, D. Stockinger, D. J. Miller, D. G. Sutherland, J. P. Kumar, D. Marfatia, K. R. Dienes, B. D. Thomas for valuable comments and remarks. The work of R.N. and S.P. was supported by the U.S. Department of Energy under Contract DE-FG02-04ER41291, and the work of M.S. was supported by the National Science Foundation PHY-0755262. S.F.K. acknowledges partial support from the STFC Rolling Grant ST/G000557/1. J.P.H. is thankful to the STFC for providing studentship funding.

References

1 [LEP Higgs Working for Higgs boson searches and ALEPH Collaboration and DELPHI Collaboration and CERN-L3 Collaboration and OPAL Collaboration], arXiv:hep-ex/0107032.

2 D. Choudhury and D. P. Roy, Phys. Lett. B 322 (1994) 368 [arXiv:hep-ph/9312347]. 3 S. G. Frederiksen, N. Johnson, G. L. Kane and J. Reid, Phys. Rev. D 50 (1994) 4244. 4 R. M. Godbole, M. Guchait, K. Mazumdar, S. Moretti and D. P. Roy, Phys. Lett. B 571 (2003) 184 [arXiv:hep-ph/0304137].

5 H. Davoudiasl, T. Han and H. E. Logan, Phys. Rev. D 71 (2005) 115007 [arXiv:hep-ph/0412269]. 6 J. F. Gunion, Phys. Rev. Lett. 72 (1994) 199 [arXiv:hep-ph/9309216].

7 B. P. Kersevan, M. Malawski and E. Richter-Was, Eur. Phys. J. C 29 (2003) 541 [arXiv:hep-ph/0207014]. 8 E. E. Boos, S. V. Demidov and D. S. Gorbunov, Int. J. Mod. Phys. A 26 (2011) 3201 [arXiv:1010.5373 [hep-ph]].

9 S. F. King, S. Moretti, R. Nevzorov, Phys. Rev. D 73, 035009 (2006) [arXiv:hep-ph/0510419]. 10 S. F. King, S. Moretti, R. Nevzorov, Phys. Lett. B 634, 278 (2006) [arXiv:hep-ph/0511256]. 11 S. F. King, R. Luo, D. J. . Miller and R. Nevzorov, JHEP 0812, 042 (2008) [arXiv:0806.0330 [hep-ph]]. 12 S. F. King, S. Moretti, R. Nevzorov, Phys. Lett. B 650, 57 (2007) [arXiv:hep-ph/0701064]. 13 S. F. King, S. Moretti, R. Nevzorov, arXiv:hep-ph/0601269.

14 S. F. King, S. Moretti, R. Nevzorov, AIP Conf. Proc. 881, 138 (2007) [hep-ph/0610002]. 15 P. Athron, S. F. King, D. J. Miller, S. Moretti, R. Nevzorov, arXiv:0810.0617 [hep-ph]. 16 P. Athron, S. F. King, D. J. Miller, S. Moretti, R. Nevzorov, Phys. Lett. B 681, 448 (2009) [arXiv:0901.1192 [hep-ph]].

17 P. Athron, S. F. King, D. J. Miller, S. Moretti, R. Nevzorov, Phys. Rev. D 80, 035009 (2009) [arXiv:0904.2169 [hep-ph]].

18 P. Athron, S. F. King, D. J. Miller, S. Moretti, R. Nevzorov, Phys. Rev. D 84, 055006 (2011), [arXiv:1102.4363 [hep-ph]].

19 J. P. Hall, S. F. King, R. Nevzorov, S. Pakvasa, M. Sher, Phys. Rev. D 83, 075013 (2011) [arXiv:1012.5114 [hep-ph]].

20 J. P. Hall, S. F. King, R. Nevzorov, S. Pakvasa and M. Sher, PoS QFTHEP2010, 069 (2010) [arXiv:1012.5365 [hep-ph]].

21 S. Hesselbach, D. J. Miller, G. Moortgat-Pick, R. Nevzorov, M. Trusov, Phys. Lett. B 662, 199 (2008) [arXiv:0712.2001 [hep-ph]].

22 J. P. Hall, S. F. King, JHEP 0908, 088 (2009) [arXiv:0905.2696 [hep-ph]].

23 R. B. Nevzorov, K. A. Ter-Martirosyan and M. A. Trusov, Phys. Atom. Nucl. 65, 285 (2002) [arXiv:hep-ph/0105178].

24 P. A. Kovalenko, R. B. Nevzorov and K. A. Ter-Martirosian, Phys. Atom. Nucl. 61, 812 (1998) [Yad. Fiz.

61, 898 (1998)].

25 R. B. Nevzorov and M. A. Trusov, J. Exp. Theor. Phys. 91, 1079 (2000) [arXiv:hep-ph/0106351]. 26 D. J. Miller, R. Nevzorov and P. M. Zerwas, Nucl. Phys. B 681, 3 (2004) [arXiv:hep-ph/0304049]. 27 R. Nevzorov, D. J. Miller, arXiv:hep-ph/0411275.

28 J. Dunkley et al. [WMAP Collaboration], Astrophys. J. Suppl. 180, 306 (2009) [arXiv:0803.0586 [astro-ph]]. 29 J. P. Hall and S. F. King, JHEP 1106, 006 (2011) [arXiv:1104.2259 [hep-ph]]. 30 J. M. Frere, R. B. Nevzorov and M. I. Vysotsky, Phys. Lett. B 394, 127 (1997) [arXiv:hep-ph/9608266]. 31 Z. Ahmed et al. [The CDMS-II Collaboration], Science 327, 1619 (2010) [arXiv:0912.3592 [astro-ph.CO]]. 32 E. Aprile et al. [XENON100 Collaboration], Phys. Rev. Lett. 105, 131302 (2010) [arXiv:1005.0380 [astroph.CO]].

33 D. J. Miller, S. Moretti and R. Nevzorov, arXiv:hep-ph/0501139.