arXiv:1107.3529v2 [hep-ph] 6 Nov 2012

Origins of the Isospin Violation of Dark Matter Interactions

Xin Gao,^1 Zhaofeng Kang,^1 and Tianjun Li^{1, 2} 1Key Laboratory of Frontiers in Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, P. R. China 2George P. and Cynthia W. Mitchell Institute for Fundamental Physics, Texas A&M University, College Station, TX 77843, USA (Dated: November 7, 2012)

Abstract

Light dark matter (DM) with a large DM-nucleon spin-independent cross section and furthermore proper isospin violation (ISV) f_n/f_p ≈ −0.7 may provide a way to understand the confusing DM direct detection results. Combing with the stringent astrophysical and collider constraints, we systematically investigate the origin of ISV first via general operator analyses and further via specifying three kinds of (single) mediators: A light Z^′ from chiral U(1)_X , an approximate spectator Higgs doublet (It can explain the W + jj anomaly simultaneously) and color triplets. In addition, although Z^′ from an exotic U(1)_X mixing with U(1)_Y generating f_n = 0, we can combine it with the conventional Higgs to achieve proper ISV. As a concrete example, we propose the U(1)_X model where the U(1)_X charged light sneutrino is the inelastic DM, which dominantly annihilates to light dark states such as Z^′ with sub-GeV mass. This model can address the recent GoGeNT annual modulation consistent with other DM direct detection results and free of exclusions.

PACS numbers: 12.60.Jv, 14.70.Pw, 95.35.+d

I. INTRODUCTION AND MOTIVATION

The way that the dark matter (DM) interacts with visible matters is a puzzle due to the absence of confirmative experimental results. The recent possible progresses made on direct detections may shed light on it. On the one hand, the DAMA/LIBRA [1] and Co- GeNT [2] experiments report events, which point to a light DM (LDM) having mass ∼8 GeV and a rather large spin-independent (SI) recoil cross section with nucleons, σ^{SI}_n ∼ 10^{−4} pb (The supscript SI will be implied). On the other hand, the XENON [4] and CDMS [3] experiments report null results, which challenges the CoGeNT/DAMA results. Moreover, for the CoGeNT/DAMA favored DM there may be some expected but not found signals from astrophysics or colliders. So how to reconcile these results guides us to identify some of the DM properties.

DM-nucleon interactions with isospin violation (ISV) may provide a way to reconcile various direct detection results [5]. DM ISV is not a novel phenomena [6, 7], and it arises when the DM-proton and DM-neutron interactions have different strengths, namely f_p ≠ f_n. In particular, if f_n/f_p < 0, the DM-proton and DM-neutron scattering amplitudes will destructively interfere, leading to a cancellation in the DM-nucleus scattering amplitude. The degree of cancelation varies with the target nucleus used in different experiments. Ref [5] showed that if f_n/f_p = −0.7, we can not only substantially weaken the XENON100 constraint but also make the CoGeNT- and DAMA-region overlap. This scenario has tension with the CDMS-Ge experiment which uses the same nucleus as the CoGeNT experiment. But if we only consider the annual modulation results (The observed CoGeNT annual modulation has significance of 2.8σ [8]), the inelastic DM (iDM) scenario [9] is able to enhance the modulation and thus reduce the tension between the CDMS-Ge and CoGeNT experiments. Ref. [10] found that by taking f_n/f_p = −0.7 and the quenching factor Q_{Na} close to its upper-limit 0.43, one can address all the confusing experimental results via an iDM ∼10 GeV with a mass splitting δ ≃ 15 keV. Additionally, right now the direct detection experiments may have reached the level to measure the individual strength of f_n and f_p [11]. In a word, it is worthy of studying the origin of DM ISV systematically.

In our analyses, we focus on the scalar and fermionic DMs, which are required to present the following features:

• A proper ISV f_n/f_p ≈ −0.7. How to get this ISV is highly non-trivial. We will show that conventional mediators like the Higgs boson, Z boson and squarks fail to accommodate this value, at least for single mediator case. Thus we need to investigate new mediators beyond them.

• A large DM-nucleon SI scattering cross section σ_n ∼ 10^{−2} pb. In the ISV scenario, the nucleus amplitude is reduced by the destructive interference, so σ_n is required to about 2 orders larger than the conventional scenario. That large σ_n will bring tensions with some astrophysical or collider constraints.

• The right DM relic density Ω_{DM}h^2 ≃ 0.11. We allow DM annihilation channels whose final states are not the standard model (SM) light fermions. Such channels actually appear in the complete models where LDM can annihilate into light dark sector states. This point will be very helpful somewhere.

• If possible, the DM models should have connection with other new physics. Especially, we try to account for the recent Tavetron CDF W+2jets anomaly [12].

The paper is organized as follows. In Section II, we make some general analysis on the dark matter with ISV based on effective operators. In Section III, we turn to their possible simple UV origin by specifying the mediators. Next, a concrete model with sneutrino iDM is presented. Conclusion and discussions are given in Section V, and finally some useful formulas are collected in the Appendices.

II. GENERIC OPERATOR ANALYSES

In this section we will investigate the ISV origin based on the effective operator analyses. The DM candidate is assumed to be either a scalar ϕ or fermion χ. Relevant constraints are also collected to constrain the DM interactions.

A. Effective operators for CoGeNT/DAMA in the ISV scenario

The generic effective description on the interactions between DM and the SM fields involves a large class of operators, e.g., O_{DM}f̄Γf where Γ = 1, γ_μ, γ_5... and f denotes the SM fermion and O_{DM} denotes the DM bilinear such as χ̄χ, χ̄γ^μχ..., and so on. But they are greatly reduced if we just interest in the operators which are relevant to the CoGeNT/DAMA experiments.

In the first place, we pick out the operators which can generate DM-nucleon SI scattering cross sections. Such operators are limited. Furthermore, if the corresponding cross sections are not non-relativistic (NR) suppressed, the SM degrees of freedom in these operators must constitute one of the following three operators [13, 14]: q̄q, q̄γ_μq, (G^a_{μν} )^2. (1)

Obviously, the gluon operator can not generate ISV and then are dropped in what follows. Recovering the DM-bilinears, we then obtain the operators of interest: a_{qi}χ̄χq̄_iq_i, a_{qi} ϕ^†ϕq̄_iq_i, (2) b_{qi}χ̄γ^μχq̄_iγ_μq_i, b_{qi} ϕ^† ∂^{↔μ}ϕq̄_iγ_μq_i. (3) The operators in the first and second line lead to scalar and vector interactions between DM and nucleons, respectively. a_q and b_q label the corresponding operator coefficients which are assumed to be suppressed by the mass scale of some mediator Λ ≫ M_{DM}, unless otherwise specified. Note that if DM is a CP self-conjugate particle, i.e., χ is a Majorana and ϕ is a real scalar, its vector interaction vanishes automatically. In our notation, q = u, d denote for the up- and down-type quarks respectively, and i is the family index (All fields are written in the mass eigenstates). We will show that only the first family quarks are crucial to produce ISV. To suppress the potential large flavor violation, the quark bilinears are supposed to be diagonal in the flavor space, but we will find that this assumption does not hold so naively.

There are some other operators which do not contribute to σ_n in the NR limit, but they are usually generated together with Eq. (2) and Eq. (3) in a UV completed theory. Moreover, these operators are relevant to determine the DM relic density and indirectly detect DM. So we list them as the following: χ̄γ^5χf̄γ^5f, χ̄χf̄γ^5f, χ̄γ^5χf̄f, χ̄γ^5γ_μχf̄γ^5γ^μf, χ̄γ_μχf̄γ^5γ^μf, χ̄γ^5γ_μχf̄γ^μf, χ̄σ^{μν} χf̄σ_{μν} f, χ̄σ^{μν} γ^5χf̄σ_{μν} f, |ϕ|^2f̄γ_5f, ϕ^†∂^↔_μϕf̄γ^μγ^5f, (4) where f should be so light that DM can annihilate into it, with corresponding rate casted in Appendix B. Now Eqs. (2)-(4) give a general effective description on the DM models inspired by the CoGeNT/DAMA experiments. Having established this setup, we will investigate the ISV originating from the scalar and vector interactions, respectively.

First let us consider scalar interactions shown in Eq. (2). Above all, we need to translate the ISV of the microscopic DM-quark interaction into the ISV of the DM-nucleon interaction. This can be done in a conventional way, i.e., constructing the effective theory describing the DM-nucleon interaction from the interaction at the quark level. We have to figure out the quark bilinear matrix elements in the nucleon states which, in the case of scalar interaction, are given by m_q⟨n|q̄q|n⟩ = m_nf^{(n)}_{Tq} , (5) where n denotes either the proton or neutron and m_q (m_n) is the quark (nucleon) mass. f^{(n)}_{Tq} are the form factors. For the light quarks they take such values: f^{(p)}_{Tu} = 0.020 ± 0.004, f^{(n)}_{Tu} = 0.014±0.003, f^{(p)}_{Td} = 0.026±0.005, f^{(n)}_{Td} = 0.036±0.008, and f^{(p,n)}_{Ts} = 0.118±0.062 [15]. As for the heavy quarks q = c, b, t, they contribute to the nucleon mass through the triangle diagram [16], and the corresponding nucleon matrix elements are given by m_q⟨n|q̄q|n⟩ = 2 27 m_n ( 1 − ∑ q=u,d,s f^{(n)}_{Tq} ) . (6)

Thus the universal form factor (for heavy quarks) is

f^{(n)}_{TG} = 1 − ∑ q=u,d,s f^{(n)}_{Tq} , (7)

which is 0.84 and 0.83 for the proton and neutron respectively.

Now the effective operators describing the DM-nucleon scalar interaction are f_nχ̄χn̄n and f_nϕ^†ϕn̄n with the effective coupling

f_n ∝ a_n = m_n [ ∑ q=u,d,s a_q f^{(n)}_{Tq} m_q + 2 27 f^{(n)}_{TG} ∑ c,b,t a_q m_q ] ≡ ∑ q=quarks

B^n_q a_q, (8)

where f_n = a_n for a fermionic DM while f_n = a_n/2M_{DM} for a scalar DM, because in this case a_q has dimension −1 and moreover σ_n is written in the form of Eq. (C1). Hereafter the 1/2M_{DM} factor will be absorbed into a_q. The dimensionless quantities B^n_q ≡ f^{(n)}_{Tq} m_n/m_q are independent on DM interactions, encoding the ISV in the nucleon itself. Using quark masses m_u = 0.002 GeV, m_d = 0.005 GeV, m_s = 0.095 GeV, m_c = 1.25 GeV, m_b = 4.2 GeV and m_t = 172.3 GeV, then we get B^p_u ≈ 9.3, B^n_u ≈ 6.5, B^p_d ≈ 5.1, B^n_d ≈ 7.1, (9) B^{p,n}_s ≈ 1.2, B^{p,n}_c ≈ 0.05, B^{p,n}_b ≈ 0.015, B^{p,n}_t ≈ 0.00035. (10) Remarkably, from Eqs. (8)-(10) it is obvious that only the DM and u/d interactions break isospin effectively. Immediately, we draw the conclusion: If scalar interactions account for the CoGeNT/DAMA experiments, the interactions between DM and the first family quarks must give the predominant contribution. Thus, at the nucleon level f_n = If_p, where I ≠ 1 measures the degree of ISV, means that at the quark level we should make a_u and a_d satisfy a_u a_d ≃ IB^p_d − B^n_d B^n_u − IB^pu . (11)

The ratio is about −0.77 for I = −0.7 (Throughout this work, we shall use it as a referred value of ISV and 8 GeV as the referred DM mass). Furthermore, the effective DM-proton coupling can be organized in a form f_p ≃ ( B^p_d B^n_u − B^n_d B^p_u B^n_u − B^puI ) × a_d. (12) f_p is factorized into the DM-quark effective coupling multiplying a model-independent factor casted in the bracket, which takes value −2.5 for I ≃ −0.7.

Next we turn to the vector interactions. The quark bilinear matrix elements in the nucleon states are greatly simplified by virtue of the conservation of the vector current, to which the sea quarks and gluons do not contribute. As a consequence, the effective operators for the DM and nucleons interactions are simply given by L_{vec} = b_nχ̄γ_μχn̄γ^μn, b_nϕ^† ∂^↔_μϕn̄γ^μn, f_p = b_p = 2b_u + b_d, f_n = b_n = 2b_d + b_u. (13)

Even in the case they are generated by integrating out a colored mediator instead of a heavy vector boson, the above descriptions still hold. Then analogously to Eq. (11), ISV at the nucleon level b_n = I b_p entails a ratio b_u b_d = 2 − I 2I − 1 . (14)

It takes a value −9 : 8 when I = −0.7. Obviously, again the ISV from vector interactions must originate from the interactions between the mediator and the first family quarks. The DM-proton effective coupling in this case is expressed as

f_p = 3 2I − 1 b_d, (15)

and f_p = −1.25b_d for I = −0.7.

Comments are in orders: (i) For the scalar interactions, the ISV in the DM-nucleon interaction depends on both the ISV in the nucleon itself, i.e., B^{(p)}_{u,d} ≠ B^{(n)}_{u,d} , and the ISV hidden in the DM-quark interactions. While for the vector interactions, it is totally determined by the latter. (ii) In the ISV scenario we need σ_p ∼ 10^{−2} pb, so numerically we have the ratio ⟨σ_{an}v⟩/σ_p ∼ 10^2 with ⟨σ_{an}v⟩ ≃ 1 pb the required annihilation rate of thermal DM. On the other hand, a typical operator q̄qχ̄χ (q denotes a light quark) gives the ratio ⟨σ_{an}v⟩ σ_p ∼ M^2_{DM} μ^2_p

, μ_p ≃ 1 GeV. (16)

Interestingly, for LDM around 10 GeV it is just at the aforementioned order. This numerical coincidence involves three basic elements of DM, the mass, relic density and scattering rate. Thus the GoGeNT/DAMA inspired LDM models with ISV is “justified” to some degree. Note that the estimation in Eq. (16) ignores velocity suppressing, but it still makes sense on account of the operator (χ̄γ_5χ)(q̄γ_5q), which has no velocity suppressing, usually does exist in a complete theory and moreover has comparable operator coefficient with (χ̄χ)(q̄q). Such arguments apply to other cases such as ϕ^†ϕq̄q.

B. Some constraints

The 8 GeV LDM with a quite large DM-nucleon scattering rate suffers a list of constraints, including the cosmological, astrophysical and collider constraints. We denote them as C_{1−4} in the following:

C_1: PAMELA The PAMELA measures the antiproton spectrum from 1-100 GeV, which shows no deviation from the background [17]. On the other hand, due to the crossing symmetry, LDM may lead to the low-energy antiproton excess [18, 19] since it couples to quarks with significant strength. But the PAMELA constraint only applies to the DM annihilating into quarks with a rate larger than 0.1 pb, so it is avoided if the rate has velocity suppressing (A preferred case in this paper). Moreover, the constraint can also be avoided by properly choosing astrophysical parameters [18].

C_2: Solar Neutrino Because of the large DM-nucleon cross section, the solar captures DM particles with a large rate. DMs subsequently (cascade) annihilate into neutrinos, which are expected to be observed by the Super-Kamiokande. No observation of such signals excludes thermal DM with dominant annihilation modes into ττ̄ /νν̄/4τ as well as the heavy quarks modes b̄b/c̄c [20]. We have to emphasize that this constraint is so strong that generically one has to sufficiently suppress the DM annihilation rates through these channels, especially directly to neutrinos.

C_3: CMB DM annihilations at redshifts z ∼ 500 − 1000 may distort the Cosmic Microwave Background (CMB) spectrum, and the lack of such distortion gives a constraint on the GeV scale DM [21]. To make DM being a thermal relic, its annihilation modes should be dominated by the μ or τ modes (and the corresponding 4 leptons), or the DM annihilation rate is velocity dependent.

C_4: Colliders σ_p can be converted to the DM production rate at the hadronic colliders like Tevatron, and the lack of relevant signals provides another constraint [22, 23]. It is of great concern in the ISV scenario since it needs a large σ_p. The vector interactions accounting for σ_p (even as weak as 0.001 pb) have been definitely excluded, and the scalar interactions are also on the brink of exclusion, as shown in Fig. 1. Consequently the scenario of iDM with ISV is excluded. However, the collider constraint is draw in terms of effective operators with a cut-off scale much higher than the DM mass. Therefore the constraint is invalid if the mediators, which generate DM-quark interactions, have a mass M_m much lighter than M_{DM}. In that case, σ_p gets a great enhancement because σ_n ∝ 1/M^4_m while the DM production rate does not since it scales as 1/s. As a result the constraints in [22, 23] are evaded.

In addition, Ref. [24] gives the LEP bound on the operators O_{DM}ēΓe, and shows that this operator is not allowed to provide the main annihilation channel for a thermal DM. Let us summarize the constraints and point their possible implications (A recent more quantitative study see Ref. [25]). Among them, C_1 can be satisfied and is thus not very sever. While C_2 is a rather stringent constraint even if DM annihilation is velocity dependent, and it implies that thermal DM annihilates into μ or light quarks (The e^± mode is excluded by the LEP in C_4). In the ISV scenario, light quark modes are thus favored, e.g., in the models given in Section III B and Section III C. But C_3 may disfavor it except that the annihilation rate is suppressed by velocity today (Taking the astrophysical uncertainty into account, we may also regard C_3 only as a referred constraint). Last but not the least, C_4 gives the most powerful constraint in the actual model building. It picks out the models whose DM-quark interaction is either a scalar type or mediated by a very light gauge boson.

III. ISV IN THE SU(3)_C × U(1)_{EM}−UV COMPLETIONS

ISV at the effective operator level can not give more information, while figuring out the ISV origin in the SU(3)_C ×U(1)_{EM}−UV completed models provides more guidance on actual model building. Thus in this section we will specify mediators which connect DM and the quarks, and four kinds of mediator will be discussed.

A. Chiral U(1)_X Vector Boson

A simple way to produce ISV is to introduce an exotic U(1)_X gauge boson as the mediator. Before proceeding to a discussion on Z^′, we briefly prove that the Z boson in the SM can only generate ISV with |f_n/f_p| ≪ 1. Explicitly, the interactions between the Z boson and SM quark neutral current are given by L_{NC} ⊃ 1 cos θ_w [ ū_Lγ^μ ( 1 2 − 2 3 sin^2 θ_w ) u_L + ū_Rγ^μ ( − 2 3 sin^2 θ_w ) u_R +d̄_Lγ^μ ( − 1 2 + 1 3 sin^2 θ_w ) d_L + d̄_Rγ^μ ( + 1 3 sin^2 θ_w ) d_R ] Z_μ . (17)

θ_w is the Weinberg angle. Utilizing the formula Eq. (13), one can easily get b_p b_n = − ( 1 − 4 sin^2 θ_w ) ≈ −0.08 ≪ 1. (18)

We emphasize that this result is completely determined by the SM structure.

FIG. 1: Top: favored regions and exclusion contours in the (M_{DM}, σ_n) plane, ISV f_n/f_p = −0.7, δ = 0; Bottom (for the annual modulation): ISV f_n/f_p = −0.7, δ = 15 keV. Collider exclusion for some operators are also imposed. The data are from Ref. [10] and Ref. [23].

Now consider Z^′ from an exotic U(1)_X . In terms of the discussions in the last Section, we only need to consider a light Z^′ (But the following discussions apply to any Z^′ boson with mass much larger than the typical transfer momentum scale). We will investigate what kind of quark U(1)_X charge assignment can generate the required ISV, and the implications to model building are also discussed. For generality, we start from the Z^′ and SM fermion current couplings L_{NC} = −g_X ∑ i,j f̄_iγ^μ [(Q_{fL} )_{ij}P_L + (Q_{fR} )_{ij}P_R] f_jZ^′_μ, (19)

where g_X is the gauge coupling of U(1)_X and Q_{fL/R} are the charge matrices of the left- and right-handed fermions in the family space. To not induce large tree-level flavor changing neutral currents, it is reasonable to assume Q_{fL/R} are diagonal matrices (it must be true for

Abelian gauge group). Focusing on the quark sector, we first transform quark flavors into the mass eigenstates via q_{L/R} → V^†_{qL/R} q_{L/R} (The same letters are used to label gauge basis and mass basis) and then get L^′_{NC} = − g_X ∑ q=u,d;i,j q̄_iγ^μ [( V_{qL} Q_{qL} V^†_{qL} ) ij P_L + ( V_{qR} Q_{qR} V^†_{qR} ) ij P_R ] q_j Z^′_μ ⊃ − g_X 2 ∑ q,i [ (Q_{qL} )_i|(V_{qL} )_{1i}|^2 + (Q_{qR} )_i|(V_{qR} )_{1i}|^2 ] q̄γ^μqZ^′_μ + ... (20) In the second line, we only explicitly show terms involving the first family, while other terms, involving the second and third families or axial vector currents, are denoted by the dots.

In this paper, the charge matrices are further assumed to be family universal (Q_{qL/R} )_i ≡ Q_{qL/R} , and thus due to the unitarity of V_{qL/R} , the SM fermion mixings will not induce any flavor changing neutral currents in Eq. (20). In that case, the first-family quark charges account for the proper ISV: b_u b_d = Q_{uL} + Q_{uR} Q_{dL} + Q_{dR} = Q_{qL} + Q_{uR} Q_{qL} + Q_{dR} . (21)

In the second equation relations Q_{uL} =Q_{dL} = Q_{qL} have been used, because u_L and d_L comes from the same SU(2)_L multiplet q_L. Obviously, the ISV effect is ascribed to the difference between the u_R and d_R charges. Immediately we draw such a conclusion: Quarks must form chiral representations of U(1)_X . Therefore, we are forced to work in the two Higgs doublets model (2HDM) where H_u couples to up-type quarks and H_d couples to down-type quarks and charged leptons.

The number of free charges in Eq. (21) can be reduced further in a more realistic model. First, the U(1)_X gauge invariance of Yukawa interactions give charge equations

Q_{qL} − Q_{uR} + Q_{Hu} = 0, Q_{qL} − Q_{dR} + Q_{Hd} = 0 . (22)

Next, if we do not introduce additional colored fermions at low energy, to cancel the mixed SU(3)_C − SU(3)_C − U(1)_X anomaly (disregarding other anomalies), quark charges need to satisfy the following condition, 3 ( Q_{qL} − Q_{uR} 2 − Q_{dR} 2 ) = 0 . (23)

From these equations, we get Q_{Hu} = −Q_{Hd} . Finally, combining them and Eq. (13), we get the charge conditions to obtain the proper ISV: Q_{uR} = 7 − 5I 6(1 − I) Q_{Hu} , Q_{dR} = − 5 − 7I 6(1 − I) Q_{Hu} , Q_{qL} = 1 + I 6(1 − I)

Q_{Hu} . (24)

I = −0.7 gives rise to a somewhat peculiar solution: Q_{uR} = 35/34Q_{Hu} , Q_{dR} = −33/34Q_{Hu} and Q_{qL} = 1/34Q_{Hu} [43]. However, if Eq. (23) is relaxed by introducing new colored vectorlike fermions, the more elegant solution can be found. But such a possibility is beyond the scope of this work. Additionally, it is not difficult to check that such U(1)_X can not originate from E_6 gauge symmetry.

The large DM-nucleon recoil cross section can be readily achieved in the case of a light mediator Z^′. Denoting the Dirac or complex scalar DM U(1)_X charge as Q_{DM}, then in light of Eq. (15) and Eq. (24) we have

f_p = g^2_X Q_{DM}Q_{Hu} M^2_Z′ 2 1 − I ≈ 1.2 × 10^{−5} × ( 1 GeV M_Z′ )_2 ( g^2_X Q_{DM}Q_{Hu} 10^{−5} ) , (25)

where I = −0.7 has been fixed. The smallness of the product in the second bracket square can be simply due to a very weak coupling g_X ≪ 1, which is consistent with the lightness of the dark gauge boson Z^′. And we will verify this point in the concrete model constructed in Section IV A.

As mentioned in the introduction, the inelastic DM (iDM) [9] is of special interest. In the iDM scenario, DM has an exciting state, with mass splitting tens of keV. When DM scatters with nucleons, it dominantly scatter into its exciting state. The vector interaction mediated by a vector boson Z^′ can realize the iDM scenario, and in this case we only need to consider the following interactions g_{ab}χ̄_aγ^μχ_bZ^′_μ, g_{ab}ϕ^†_a ∂^{↔μ}ϕ_bZ^′_μ, (26) where χ is a pseudo Dirac fermion and ϕ is an approximately complex scalar. The gauge interactions have to be off-diagonal and thus g_{ab} ∝ 1 − δ_{ab} at the leading order. Therefore, if the ISV-iDM is favored, U(1)_X models should receive special attention and we shall consider them in details later.

B. (Approximate) Spectator Higgs Doublet

The conventional models, such as the minimal supersymmetric standard model (MSSM), with one or two Higgs doublets as mediators fail in accommodating the desired ISV. In these models the Higgs doublets not only dominantly mediate interactions but also account for the fermion masses, and consequently we have the relations a_{ui/di} m_{ui/di} ∝ 1 v_{u/d} , (27) with v_{u/d} the vacuum expectation value (VEV) of Higgs field H_{u/d}, respectively. Such ratios are independent on flavors, and then the second and third families give the main contribution to σ_p due to their larger form factors. As a result, in such models the DM-nucleon interactions do not show significant ISV.

However, if the Higgs doublet is an (at least approximate) spectator to the electroweak symmetry breaking (EWSB), ISV may arise. The VEV of a spectator Higgs doublet is zero or very small, and hence its Yukawa couplings are free parameters. In this way we avoid Eq. (27) and the light quark contributions to σ_p can be dominant to allow for ISV. With such a Higgs, ISV readily arises from the interactions between the spectator Higgs and quarks −L_Y ⊃ ( y_{u,1}q̄_LϵH^†_1 u_R + y_{d,1}q̄_LH_1d_R ) + ( y_{u,2}q̄_LϵH^†_2 u_R + y_{d,2}q̄_LH_2d_R ) + h.c. . (28) Here H_1 is the SM Higgs field breaking electroweak symmetry via its neutral component’s VEV ⟨H^0_1 ⟩ ≡ v around 174 GeV. And H_2 = ( H^+,^{H0+iA0√}_2 )_T , which carries the same SM quantum numbers as H_1, is the spectator Higgs with negligible VEV. Thus Yukawa matrices y_{u,2} and y_{d,2} are free except for constraints from flavor violations.

Now we consider the interactions between the spectator Higgs field and dark sector. As the Z^′ mediator case, we do not need to specify a dark matter model. Written in components, the generic interactions between H_2 and the dark sector are given by a|ϕ|^2H^0, χ̄(α − βγ^5)χH^0, (29) a_A|ϕ|^2A^0, χ̄(α_A − β_Aγ^5)χA^0. (30) The CP-even component H^0 leads to the DM-nucleon SI scattering. Although the CP-odd component A^0 does not contribute to such a scattering, it opens other annihilation channels for DM. Letters a, α, etc., denote the DM-Higgs effective couplings and they are model dependent. If DM is a real or complex scalar coming from the Higgs-port models [38], we can readily get the first term in Eq. (29) via the following term λ_ϕ|ϕ|^2H_1H_2 + h.c. ⇒ a = √ 2λ_ϕv. (31) If DM is a SM singlet fermion, the renormalizable interaction between DM and H^0 needs extra particles, e.g., a SM singlet scalar S which further mixes with H^0 after EWSB. If the dark sector contains a term λSχ̄χ, we then realize the operators given in Eq. (29). A case in point is the singlet-like neutralino DM within the next to the MSSM [39].

ISV is determined by the Yukawa flavor structure involving H_2. Transforming the quarks into the mass eigenstates, we find that Eq. (28) becomes L_Y ⊃ H^0 − iA^0 √ 2 ūY_{uu}P_Ru − H^−d̄Y_{du}P_Ru + H^0 + iA^0 √ 2 d̄Y_{dd}P_Rd + H^+ūY_{ud}P_Rd + h.c., (32) where the effective Yukawa coupling matrices are defined by Y_{qq}′ ≡ V^†_{qL} y_q′_{,2}V_q′_{,R}. Generally speaking, Y −matrices are not diagonal, and consequently the spectator neutral Higgs gives rise to tree-level flavor changing neutral currents. But y_{q,2} and V_{qR} are free matrices, thus the flavor problem in principle can be avoided by properly arranging them (We do not enter into the details here.). Integrating out H^0 we get the effective DM-quark operator coefficients:

a_q = a √ 2(2M_{DM}) 1 m^2_{H0}

(Y_{qq})_{11} , (scalar DM),

a_q = α √ 2m^2_{H0}

(Y_{qq})_{11} , (fermionic DM). (33)

In terms of Eq. (11), ISV I ≈ −0.7 is obtained given the ratio (Y_{uu})_{11}/(Y_{dd})_{11} ≈ −0.77. Of course, (Y_{qq})_{22,33} should be sufficiently small so that DM dominantly interacts with the first-family quarks.

Interestingly, recently a spectator Higgs doublet is also introduced to explain the CDF W+2jets anomaly [35, 36]. We now investigate whether or not the spectator Higgs producing proper ISV can additionally account for this anomaly, where the relevant process is pp̄ → H^± → W^±H^0(A^0) → ℓ^+ℓ^−ν + jj [35] and the measured invariant mass of two jets fixes the neutral Higgs mass, e.g., m_H0 ≃ 150 GeV. Ref. [35] presents a benchmark point to explain the data: (Y_{uu})_{11} ≃ 0.06 and m_H± ≃ 250 GeV. Such parameters in turn means that to obtain σ_p ∼ 0.01 pb we need

Scalar DM : a (Y_{uu})_{11} ∼ 1.6 GeV, a (Y_{dd})_{11} ∼ −2.0 GeV, Fermionic DM : α (Y_{uu})_{11} ∼ 0.10, α (Y_{dd})_{11} ∼ −0.13 . (34)

For a real scalar or Majorana DM these values should be reduced by half. This data alone is not problematic, but there is a potential problem which renders the above analysis invalid.

The problem is that H^0 can decay to a pair of LDM, and its branch-width Γ(H^0 → 2DM) may exceed Γ(H^0 → uū) which, however, has been assumed to be the largest one in Ref. [35]. Explicitly, their ratios are

Γ(H^0 → 2DM) Γ(H^0 → uū) ∼ (Y_{uu})^{−4}_{11} 3 ( a(Y_{uu})_{11} M_{H0} )_2 , 1 3 ( α(Y_{uu})_{11} (Y_{uu})^2_{11}

)_2 . (35)

for scalar and fermionic DM, respectively. In the above estimation we only consider the decay H^0 → ūu at the leading order, ignoring QCD corrections. With the aforementioned parameter setting, we find that for the (real) scalar DM the two channels are comparable, and thus the previous analysis is not affected substantially. But for the fermionic DM H^0 dominantly decays to the DM pair and thus that analysis is no longer valid. The situation can be improved by considering the alternative process pp̄ → H^0 → W^±H^∓ → ℓ^+ℓ^−ν + jj [35] and further inverting the order of H^0 and H^± masses. Now m_H± = 150 GeV, so the decay width of H^± → W^±+DM+DM is suppressed by an additional phase factor factor 1/(2π)^3. Moderately increasing (Y_{uu})_{11} and/or lowering m_H0 so as to increase the production rate of H^±, the fermionic DM may also be consistent with W + jj.

Finally we discuss the condition that such a spectator Higgs doublet can appear. Equivalently we need find when v_2 is so small that Yukawa couplings y_{u/d,2} become free parameters. Roughly speaking, this requires (Y_{uu})_{11}v_2 < m_u, (Y_{dd})_{11}v_2 < m_d, where (Y_{uu})_{11} ∼ 0.06 is taken to explain W +2jets. So we get the condition v_2 < 0.05 GeV. Now let us consider the renomalizable scalar potential of the two Higgs doublet model

V =μ^2_1|H_1|^2 + μ^2|H_2|^2 + μ^2_{12}(H^†_1 H_2 + H^†_2 H_1) + λ_1 2 |H_1|^4 + λ_2 2 |H_2|^4

+ λ_3|H_1|^2|H_2|^2 + λ_4|H^†_1 H_2|^2 + λ_5 2 (H^†_1 H_2)^2 + λ^∗_5 2 (H^†_2 H_1)^2, (36)

where all parameters are assumed to be real for simplicity. A small v_2 requires an accordingly small Higgs mixing μ^2_{12}, which can be seen from the tadpole equation ∂V ∂H_0 = μ^2_{12}v + λ_2v^3_2 + λ_3v^2v_2 + λ_4v^2v_2 + λ_5v^2v_2 = 0. (37)

Thus for μ^2_{12} ≲ O(10) GeV^2 we get v_2 ∼ −μ^2_{12}v/((λ_3 + λ_4 + λ_5)v^2 + μ^2) ∼ O(10) MeV with λ_{3,4,5} ∼ O(0.1). In conclusion, it is not difficult to get an approximate spectator Higgs doublet to account for ISV and the W+jj anomaly simultaneously, at least for scalar DM.

C. Color Triplets

Color triplet, which mediate DM-quark interaction in the s−channel and generate scalar and vector interactions simultaneously, are distinguished from Z^′ and Higgs mediators. We focus on the fermionic DM and scalar color triplet mediators case. For the scalar DM and fermionic color triplet mediators case the discussions are similar and thus not presented.

We allow each quark type q_{L/R} to have its corresponding color triplet mediator ~q_{L/R}, just like the case in the MSSM. However, only the first family, which is relevant to ISV, will be considered. The relevant terms take a general form as (We adopt a MSSM notation): L = − m_χχ̄χ − ∑ α,β=L/R m^2_{uαβ} ~u_α~u^†_β − ∑ m^2_{dαβ} ~d_α ~d^†_β

− α∑ q=u,d [ λ_{qα}χ̄(1 + γ_5)q~q^†_α + λ^′_{qα}χ̄(1 − γ_5)q~q^†_α + h.c. ] , (38)

where DM and mediators are assumed to be odd under a Z_2 symmetry. ~q_L and ~q_R carry identical SU(3)_C × U(1)_{EM} quantum numbers and they can violate the chiral symmetry in two ways, via the direct left-right (L-R) mixing or via simultaneously coupling to q_L and q_R (L-R coupling), i.e., λ_{qL} λ^′_{qR} ≠ 0. The scalar triplets mass eigenstates are denoted by ~q_{1,2}, with corresponding mass eigenvalues m_{~q1,2} . And ~q_{1,2} are related to the gauge eigenstates by ~q_α = ∑ l F_{qαl} ~q_l with F_{qL1} = cos θ_q, F_{qL2} = sin θ_q, F_{qR1} = − sin θ_q, F_{qR2} = cos θ_q. (39) tan θ_q =x_q − √ 1 + x^2_q < 0, x_q ≡ ( m^2_{~qL} − m^2_{~qR} ) /2m^2_{~qLR} . (40) Then the interactions can be rewritten in a from L ⊃ − χ̄ (α^q_l + β^q_l γ_5) q~q_l + h.c., α^q_l = ∑ α ( λ_{qα} + λ^′_{qα} ) F_{qαl}, β^q_l = ∑ α ( λ_{qα} − λ^′_{qα} ) F_{qαl}. (41) In light of Eq. (B9) and Eq. (B12), integrating out Φ leads to the effective operators involving SI scattering in the form of Eq. (2) and Eq. (3), and the operator coefficients are

a_u = − 1 m^2_{~ul} Re ( λ^∗_{uα} λ^′_{uβ} F^∗_{uαl}F_{uβ l} ) , b_u = − 1 2m^2_{~ul} ( λ_{uα} λ^∗_{uβ} + λ^′_{uα} λ^{′∗}_{uβ} ) F_{uαl}F^∗_{uβ l} . (42) The expressions for a_d and b_d are obtained by replacing u with d in the above equations. There are two interesting limits. One is the chiral limit a_{u/d} → 0 which arises when both L-R mixing and L-R coupling are negligible. In this limit the scalar interactions vanish while vector interactions leave [44]. But this limit fails to produce a negative I, because b_u and b_d take the same sign. Therefore this limit should be avoided. In the other limit, oppositely, only scalar interactions leave, which happens when DM is a Majorana fermion or real scalar. For general case both scalar and vector interactions do exist and we have f_n = a_n + b_n.

L-R couplings usually are small. As an example, we consider the MSSM with neutralino χ_1 as the lightest supersymmetric particle (LSP). Its Higgsino component gets L-R coupling from the Yukawa couplings which however are small. So we take λ_{qL} = λ^′_{qR} = 0 and consider L-R mixing as the unique chiral symmetry breaking source, then

a_q = − λ^′_{qL} λ_{qR} m^2_{~q1} × ( m^2_{~q2} − m^2_{~q1}

2m^2_{~q2} sin 2θ_q ) ≡ − λ^′_{qL} λ_{qR} m^2_{~q1} F_q, (43)

with q = u, d. We need F_q ∼ O(1). But if ~q_{1,2} are degenerate or the L-R mixing angle θ_q is small, F_q and hence a_q will be suppressed. According to Eq. (12), I = −0.7, we get

f_p = 0.5 × 10^{−5} × ( λ^′_{dL} λ_{dR} 1 ) ( 500 GeV m_{~q1} )_2 ( F_q 1 ) GeV^{−2}. (44)

This estimated value should be doubled for complex scalar DM.

We apply the above result to the supersymmetric models with a gauge group U(1)_X , and the light U(1)_X −gaugino is the LSP. Moreover, the first-family squarks are the dominant mediators (The second and third family squarks are negligible due to either their heaviness or their smallness of U(1)_X charges). Then the relevant terms are L ⊃ − √ 2 2 Q_{qL} g_X ~B_X (1 − γ_5) q~q^†_L − √ 2 2 Q_{uR} g_X ~B_X (1 + γ_5) u~u^†_R − √ 2 2 Q_{dR} g_X ~B_X (1 + γ_5) d ~d^†_R + h.c., (45)

where Q denotes U(1)_X charge. The couplings defined in Eq. (38) inherit the U(1)_X gauge couplings, and we can extract them from the above equation: λ^′_{dL} =λ^′_{uL} = √ 2 2 g_X Q_{qL} , λ_{dR} = √ 2 2 g_X Q_{dR} , λ_{uR} = √ 2 2 g_X Q_{uR} . (46)

But the induced a_q are only semi-quantized since they depend on extra parameters F_q/m^2_{~q1} . In the light of Eq. (11) we have a_u a_d = Q_{uR} Q_{dR} ( m^2_{~d1} F_u m^2_{~u1} F_d ) ≃ −0.77. (47)

Using Eq. (40) one can see that Q_{uR} Q_{dR} < 0 is necessary to get I < 0, and therefore we require a chiral U(1)_X . It is tempting to regard U(1)_X as U(1)_Y and the LSP as bino, but quantitatively this possibility is excluded owing to the fact that a_{u,d} are suppressed by large squark mass squares and small U(1)_Y gauge couplings. The exotic U(1)_X with a relatively large gauge coupling may work.

To end up this subsection we would like to comment on another interesting aspect of the SM extended with color triplets. In the model Eq. (38), the Yukawa couplings λ_{q/u/d} generically are complex (Namely they introduce physical CP phases), as opens the possibility to generate sufficient matter asymmetry, which is short within the SM, via triplets decay. Additionally, DM may also be asymmetric so as to explain the coincidence Ω_{DM}h^2 : Ω_bh^2 ≈ 5 : 1 and in turn a light DM around 8 GeV [37].

D. Dual Mediators

In the previous discussions we concentrate on ISV coming from a single-type mediator, and find that no conventional mediator succeeds in giving proper ISV. Dual mediators bring difference. We have shown that Z−boson only mediates the DM-neutron interaction. But if it interferes with an ordinary Higgs mediator, proper ISV may be produced. The interactions of the complex sneutrino DM ~ν_1 [30, 31] fit this scenario. Nevertheless, to guarantee the Z−boson invisible decay width (to a pair of DMs) below the experimentally allowed level, we get g_{Z11} < 0.023 [33] with g_{Z11} the effective coupling constant of the vertex Z^μ~ν_1 ∂^↔_μ~ν^∗_1 . Then we obtain f_n ≈ −M^{−2}_Z g g_{Z11} /4 cos θ_w ∼ −0.5 × 10^{−6} GeV^{−2}, and thus the resulted σ_p is much smaller than the desired value.

We consider replacing Z with X, a GeV-scale light gauge boson of U(1)_X . Here X only interacts with the SM sector via kinematic mixing with the U(1)_Y gauge boson. As noticed in Ref. [7], this kind of mediator only mediates the DM-proton interaction. To see that, we start from the gauge kinetic sector of the U(1)_X × U(1)_Y gauge groups L_{gauge} = − 1 4 F^{μν}_Y F_{Y μν} − 1 4 F^{μν}_X F_{Xμν} + θ 2 F^{μν}_Y F_{Xμν} . (48) We focus on the small mixing limit θ ≪ 1, where the Z invisible decay width is not affected much in the presence of U(1)_X charged LDM. Recall that X mass M_X should be lighter than DM, then we have M_X < M_{DM} ≪ M_Z , which allows us to approximate the leading interactions between X_μ and the SM-sector as [34]: L_{coupling} ⊃θX_μ ( cos θ_wJ^μ_{em} + O(M^2_X /M^2_Z )J^μ_Z ) , J^μ_{em} =g sin θ_w [ 2 3 ūγ^μu + ( − 1 3 ) d̄γ^μd + (−1) ēγ^μe ] . (49)

We are working in the mass eigenstate basis (Z_μ, A_μ, X_μ). The kinematic mixing only induces the coupling between X_μ and the electromagnetic current J^μ_{em}. In other words, X_μ behaves like a massive photon and only mediates the DM-proton interaction. As for the DM and X gauge interactions can be written as

−L_{DM} ⊃ g_{DM}X_μϕ^∗ ∂^{↔μ}ϕ, g_{DM}X_μχ̄γ^μχ. (50)

With them, we can derive the coefficient

b_p = ( g sin 2θ_w 2 ) ( g_{DM}θ M^2_X ) . (51)

To get a correct I, we further introduce a Higgs mediator, identified as the SM Higgs h. It is not difficult to get its isospin-conserving contributions to a_{p,n}: a_p ≈ a_n ≈ m_n √ 2(2M_{DM}) a v 1 m^2_h ( f^{(n)}_{Ts} + 3 × 2 27 f^{(n)}_{TG} )

= 0.15 × 10^{−5} ( 10 GeV M_{DM} ) ( 100 GeV m_h )_2 GeV^{−2}. (52)

A scalar DM ϕ is under consideration. In the above equation only contributions from the s quark and heavy quarks are included. The parameter a is assumed to come from λ_ϕ|H|^2|ϕ|^2 with λ_ϕ = 1, but such a large λ_ϕ endangers not only perturbitivity but also naturalness (It renders DM sub-TeV heavy). 2HDM with a large tan β can alleviate this problem. If ϕ couples to the Higgs fields mainly via λ_ϕ|ϕ|^2H_dH_u and moreover the heavier CP-even Higgs boson (≃ H^0_d ) is the dominant mediator, then in Eq. (52) we get a v → √ 2λ_ϕv_u v_d = √ 2λ_ϕ tan β. (53)

Now we only need λ_ϕ tan β/(m_H0_d /100 GeV)^2 ∼ 1, which allows λ_ϕ to be much smaller than the SM-Higgs case. In summary, in the dual mediators case the total DM-nucleon coupling f_p = a_p + b_p while f_n = a_n ≈ a_p, and the proper ISV means b_p a_p = I 1 − I . (54)

Analysis on fermionic DM can be employed similarly, with the replacement a/2M_{DM} → α in Eq. (52). The numerical problem is exacerbated, and a rather light m_h is required to enhance a_p = a_n, just as the case in the NMSSM with neutralino LSP [39].

IV. A MODEL: SNEUTRINO IDM WITH LIGHT Z^′ MEDIATOR

Ref [10] points out that light iDM models with ISV can explain the annual modulation the CoGeNT and DAMA in a consistent way. As a realization, in this section we propose the sneutrino iDM model with a very light and very weakly coupled Z^′ mediator. This model is also an UV completion example of the previous general analysis.

Before the proceeding discussion on the sneutrino iDM model, we would like to emphasize that Z^′ below GeV scale (It is even much lighter than the Z^′ discussed in [27]) is of particular interest. In addition to evade the collider bounds, such a light Z^′ provides the kinetic block mechanism like in [7, 28], which forces DM to mainly annihilate into 2e or/and 2μ today, to avoid the stringent constraints from Solar neutrino, CMB as well as PAMELA.

We explicitly show how does this mechanism work for a scalar iDM. At the early Universe, DM has two kinds of comparable annihilation channels, DM+DM→ qq̄ via Z^′ mediation and the invisible modes DM+DM→ XX via contact interactions. X denotes the sub-GeV hidden state such as Z^′ which subsequently decays into the safe states e/μ/γ. The total annihilation rate can be parameterized as σ_{an}|v| ∼ ∑ ±

1 4 g^4_X Q^2_{DM} (Q_{fL} ± Q_{fR} )^2 16π c_f M^2_{DM} v^2 + ( g^4_X Q^4_{DM} 16π 1 M^2_{DM} + ... ) , (55)

with Q_f the U(1)_X charge of f. The second term collets the invisible modes and today it becomes the dominant term for Q_f ∼ Q_{DM}. So the DM annihilation produces no dangerous final states. But for a Dirac iDM, the modes DM+DM→ ff̄ have no v^2 suppressing and thus the mechanism fails. But lowering Z^′ mass even orders lighter or assuming that only Q_u and Q_d are nonzero among Q_f may help to avoid the Solar neutrino constraint.

A. Light Sneutrino iDM from Low Scale Seesaw Mechanism

In the MSSM extended with low-scale seesaw mechanism, sneutrino is a natural scalar iDM candidate (A simple non-supersymmetric iDM model is presented in Appendix A.). To realize ISV as in Section III A, the MSSM gauge groups are extended by U(1)_X , and the right-handed neutrino (RHN) is charged under it. The origin of the RHN Majorana mass scale is attributed to the U(1)_X breaking scale. On our purpose, the relevant terms are W ⊃y^N_{ij} L_iN_j H_u + λ_i 2 SN^2_i + μH_uH_d, (56) −L_{soft} ⊃ ( m_{~Ni} | ~N_i|^2 + m^2_S |S|^2 ) + A_0 ( y^N_{ij} ~L_i ~N_j H_u + λ_i 2 S ~N^2_i + h.c. ) . (57)

All parameters are assumed to be real and only one family of RHN is introduced. The singlet soft mass scale typically is below one GeV and A_0, which controls the mass splitting of sneutrinos, is very small. Such a soft parameter pattern may be expected if it originates in the gauge mediated SUSY-breaking.

S carries U(1)_X charge Q_S = −Q_N /2, and we will show S can spontaneously break U(1)_X at a low scale ⟨S⟩ ≡ v_s ∼ O(100) GeV. The scalar potential involving S is V_S =V_F + V_D + V_{soft}, V_F =|λ_iSN_i + y^N_{ji} L_j H_u|^2,

V_D = g^2_X 2 ( Q_{Hu} |H_u|^2 + Q_{Hd} |H_d|^2 + Q_S |S|^2 + ∑ f Q_f | ~f|^2 )_2 , (58)

with V_{soft} = −L_{soft} given by Eq. (57). In V_S, the part relevant to U(1)_X breaking can be casted into a ϕ^4−model:

V_S ⊃ − μ^2_S|S|^2 + κ 4 |S|^4, μ^2_S = ( g^2_X Q_{Hu} Q_S cos 2β ) v^2 − m^2_S , κ = 2g^2_X Q^2_S , (59)

where the relation Q_{Hd} = −Q_{Hu} has been used. It is seen that V_D alone, i.e., in the limit m^2_S → 0, is adequate to trigger U(1)_X spontaneously breaking given Q_{Hu} Q_S > 0. In this case the solution is

v_s = √ 2 κ μ_S ≈ √ cos 2β(Q_{Hu} /Q_S )^{1/2} × v, (60) which is at the weak scale and we will use this result in the following.

We now examine the mass spectrum. In the first, ignoring the small Z − Z^′ mixing effect, at leading order the Z^′ mass is M_Z′ ≈ √ 2g_X |Q_S |v_s ≃ √ 2|Q_{Hu} ||Q_S | cos 2β × g_X v . (61) Thus M_Z′ can be naturally at the GeV scale given g_X ∼ 10^{−2}. Note that the CP-even component of S, denoted as h_s, approximately degenerates with Z^′. Assuming that the dominant DM annihilation mode is DM+DM→ 2h_s via the contact interactions from |λ|^2| ~N||S|^2, the proper DM relic density requires λ ∼ 0.1. Next, the neutralino system consists of the singlino ~S and U(1)_X gaugino ~λ_X . For the model under consideration they have a Dirac mass term M_Z′ ~S~λ_X and a gaugino mass term^1_2 M_{~λX} ~λ_X ~λ_X , so the smaller eigenvalue is below M_Z′ ≲ 1 GeV. In turn, the LSP is the neutralino rather than the 8 GeV sneutrino. As a solution, we introduce extra singlets S^′ (They may be necessary to cancel the U(1)_X gauge anomalies) having terms M_iSS_i or S^2S_i so as to lift the neutralino masses above 8 GeV. We finally discuss the sneutrino LSP, which is dominated by the RHN sparticle ~N. A_0 splits its CP-even and CP-odd states to form an iDM with mass and splitting

M^2_{DM} = m^2_{~N1} = λ^2v^2_s + m^2_{~N} , δ ≃ λv_s m_{~N1} A_0. (62)

The RHN Majorana mass should be M_N = λv_s ∼ m_{~N1} ∼ 10 GeV. Therefore to get δ ∼ 10^{−5} GeV we need an unnaturally small A_0 ∼ δ. This problem can be overcome in the model with inverse seesaw mechanism [29], where the splitting is naturally small because it is suppressed by the light neutrino mass [30].

V. DISCUSSION AND CONCLUSION

The light dark matter models with ISV f_n/f_p ≈ −0.70 and a large DM-nucleon spinindependent cross section σ_n ∼ O(0.01) pb may provide a way to understand the confusing direct detection experimental results. Combining with the stringent astrophysical and collider constraints, we can further deduce the DM properties. In this work, we investigated the possible origin of ISV based on effective analysis, and found that ISV must arise from the DM and first-family quarks couplings. To further explore their UV origins, we considered the operators as a result of integrating out the following mediators:

Z^′ from U(1)_X The U(1)_X must be chiral, and the light Z^′ is strongly favored.

Spectator Higgs doublets Conventional Higgs doublet mediates interactions preserving isospin, so we introduce (approximate) spectator Higgs doublet whose couplings to the SM quarks are free parameters. Such a Higgs doublet can be additionally used to explain Tevatron CDF W + jj anomaly.

Color triplets Combining the squarks in the MSSM with exotic U(1)_X (quarks strongly charged under it), we found that the light ~B_X LSP can generate proper ISV via the first-family squark mediation. This scenario is economic furthermore suffers no flavor problem.

Exotic Z^′ plus Higgs For a SM-neutral U(1)_X having kinetic mixing with U(1)_Y , its light gauge boson X_μ only mediates DM-proton interaction. Combining it with a conventional Higgs mediator, we can obtain the desired ISV. Similar point is also adopted in Ref. [32] during the completion of this work.

As a realistic model building, we propose the MSSM with low scale seesaw mechanism and sub-GeV scale U(1)_X gauge group extension. In this model a light sneutrino plays the role of isospin-violating-iDM to explain the CoGeNT annual modulation, in consistent with other detections results and various bounds. .

VI. ACKNOWLEDGMENTS

We would like to thank Yang Bai, Wanlei Guo and D. Sanford for useful discussion. This research was supported in part by the DOE grant DE-FG03-95-Er-40917 (TL), and by the Natural Science Foundation of China under grant numbers 10821504 and 11075194 (TL).

Appendix A: A Non-Supersymmetric Scalar iDM Model

In the non-supersymmetric case, there is a simple way to realize iDM at renormalizable level. The dark sector consists of two SM singlets ϕ_{1,2} with mass hierarchy O(8 GeV)^2 ∼ m^2_{ϕ1} ≪ m^2_{ϕ2} . The relevant scalar potential for iDM generation is quite simple: −V ⊃ ( m^2_{ϕ1} |ϕ_1|^2 + m^2_{ϕ2} |ϕ_2|^2 ) + ( η_1ϕ_1ϕ^∗_2S^2 + η_2ϕ^2S^2 + h.c ) . (A1)

We need to arrange charge assignment properly so that the dark sector conserves the Z_2 symmetry to protect DM stable. Singlet S breaks U(1)_X at v_s ∼ O(100) GeV as the model given in the text, and this VEV also induces a quartic mass term for the heavy state ϕ_2

−V ⊃ η_2v^2_s ϕ^2 + c.c., (A2)

At the same time, the dark global U(1) symmetry which acts on ϕ_i only is broken. This leads to a small mass splitting between the CP-even and CP-odd states of ϕ_1. To extract out the splitting analytically, we diagonlize the mass matrix for ϕ_{1,2} by the unitary matrix U_ϕ, where we have ignored the U(1) breaking mass term. Then we obtain

ϕ_1 → cos θ_{12}ϕ^′_1 + sin θ_{12}ϕ^′_2, ϕ_2 → − sin θ_{12}ϕ^′_1 + cos θ_{12}ϕ^′_2, (A3)

where fields with primes are in the (approximate) mass eigenstates. The mixing angle is

θ_{12} ≃ η_1 v^2_s m^2_{ϕ2}

≪ 1, (A4)

which is invalid if (η_1v^2_s )^2 < m^2_1m^2 (To assure the positivity) and |ηv_1v_2|, m^2_1 ≪ m^2. With it, substituting Eq. (A3) into Eq. (A1), then we get the mass splitting:

δ = 2η_2 sin θ^2_{12} × v^2_s m_{ϕ1} ≈ 2η_2η^2_1 ( v_s m_{ϕ2} )_4 v^2_s m_{ϕ1} . (A5)

δ ∼ 10^{−5} GeV can be obtained in many ways, even setting m_2 at the TeV scale.

Appendix B: Operators after Integrating Out Mediators

The models on the DM-SM fermions interactions can be classified based on the propagators mediating DM and SM particle interactions. In this appendix, we borrow some results from the Ref. [13]. For the scalar DM, it interacts with SM fermions by exchanging a Z^′ boson, a (real) Higgs doublet h and the colored fermion Q, the corresponding Lagrangian is given by L = − 1 4 F^{′μν} F^′_{μν} + 1 2 m^2_Z′ Z^{′μ}Z^′_μ + aϕ^† ∂^↔_μϕZ^{′μ} + q̄γ^μ(α − βγ^5)q Z^′_μ, (B1) L = 1 2 (∂h)^2 − 1 2 m^2_hh^2 − aϕ^†ϕh − q̄(α − βγ^5)qh, (B2) L = Q̄ (i∂ − m_Q) Q − q̄ ( α − βγ^5 ) Qϕ^† − h.c.. (B3) Integrating out the heavy propagators via equation of motion, we obtain the effective operators generating SI cross section (Other operators belongs to Eq. (4), we do not list here) L_{eff} ⊃ − aα m^2_Z′

(ϕ^† ∂^↔_μϕ), (B4) L_{eff} ⊃ aα m^2_h ϕ^†ϕ q̄ q, , (B5) L_{eff} ⊃ 1 m_Q ( |α|^2 − |β|^2 ) q̄qϕ^†ϕ + i m^2_Q ( |α|^2 + |β|^2 ) q̄γ^μqϕ^†∂^↔_μϕ. (B6)

For the real scalar DM, vector interactions disappear. Interactions of fermionic DM can be described analogous to scalar DM L = − 1 4 F^{′μν} F^′_{μν} + 1 2 m^2_Z′ Z^{′μ}Z^′_μ + χ̄γ^μ(α − βγ^5)χZ^′_μ + q̄γ^μ(~α − ~βγ^5)qZ^′_μ, (B7) L = 1 2 (∂h)^2 − 1 2 m^2_hh^2 − χ̄(α − βγ^5)χh − q̄(~α − ~βγ^5)qh, (B8) L = |∂Φ|^2 − m^2_Φ|Φ|^2 − χ̄(α − βγ^5)qΦ − h.c. , (B9)

where Φ denotes the scalar color triplet mediators. And the corresponding effective operators are L_{eff} ⊃ − 1 m^2_Z′ α~α χ̄γ^μχ q̄γ_μq, (B10) L_{eff} ⊃ α~α m^2_h χ̄χ q̄q, (B11) L_{eff} ⊃ 1 4m^2_Φ [( |α|^2 − |β|^2 ) χ̄χq̄q + ( |α|^2 + |β|^2 ) χ̄γ_μχq̄γ^μq ] . (B12)

When the DM is a Majorana fermion, the vector interaction vanishes.

Appendix C: Scattering and Annihilating

In this appendix we briefly introduce the formula involving direct detections and give the relevant annihilation rates. Ignoring small ISV from the form factor of proton and neutron, the DM-nucleus SI scattering cross section at the zero momentum transfer (It is not the actual cross section σ_n) can be written in a form [40]

σ_0 = δ_C μ^2_N π [Zf_p + (A − Z)f_n]^2 , (C1)

where A is the atomic mass of the nucleus while Z is its atomic number. The reduced mass μ_N = M_{DM}m_N /(M_{DM} + m_N ), and δ_C = 4 for the self-conjugate particle like Majorana and real scalar DM, otherwise δ_C = 1. In references DM-proton scattering cross section is used frequently and it is defined as

σ_p = δ_C μ^2_p π f^2_p , (C2)

where μ_p is the DM-proton reduced mass. f_p coming from the scalar interaction in Eq. (2) and vector interaction in Eq. (3) are respectively given by

Fermionic DM : f_p = ∑ q B^p_q a_q; f_p = 2a_u + a_d,

Scalar DM : f_p = ∑ q B^p_q a_q 2M_{DM}

; f_p = 2a_u + a_d. (C3)

The DM can annihilate into the SM particles, which determines the final DM relic density after the annihilation freeze-out. And the thermally average annihilation cross section, expanded with relative velocity v_{rel} (The subscript will be omitted), takes a form of ⟨σv⟩_{F.O.} = a + b⟨v^2⟩ = (a + 3b/x_f ) (C4) where x_f ≡ M_{DM}/T_f = 3/⟨v^2⟩ with T_f the DM decoupling temperature, and x_f ∼ 20 − 30 for the weakly interactive massive particle. The DM relic density can be formulated as

Ωh^2 ≈

1.07 × 10^9x_f GeV^{−1} M_{Pl} √ g_∗⟨σv⟩_{F.O.} , (C5)

with g_∗ as the effective relativistic degrees of freedom when DM decouples. The actual effective annihilation rate, which is used to determine relic density and calculate DM annihilation signals, is given by

⟨σv⟩_{F.O} = T_{DM} × (a + 3b/x_f ) , (C6)

where T_{DM} = 1/2 for the complex DM while T_{DM} = 4 for the self-conjugate DM [41].

The a and b can be extracted out from partial wave expansion of the cross section times the relative velocity σv = a + bv^2 (regarded as a rough thermal averaged cross section). Here the relative velocity is v = 2 √ 1 − 4M^2_{DM}/s with s the Mandelstam variable. For the fermionic DM, σv from operators involved given by [42], a_f χ̄χf̄f : c_f 16π × 2a^2_f M^2_{DM}β^3_f v^2, (C7) G_{P,f} √ 2 χ̄γ^5χf̄γ^5f : c_f 4π × G^2_{P,f} M^2_{DM}β_f , (C8) G_{P S,f} √ 2 χ̄γ^5χf̄f : c_f 4π × G^2_{P S,f} M^2_{DM}β^3_f , (C9) G_{SP,f} √ 2 χ̄χf̄γ^5f : c_f 16π × G^2_{SP,f} M^2_{DM}β_f , (C10) b_f χ̄γ_μχf̄γ^μf : c_f 4π × 2b^2_f M^2_{DM}β_f (2 + z_f ) , (C11) G_A √ 2 χ̄γ^5γ_μχf̄γ^5γ^μf : c_f 4π × G^2_{A,f} M^2_{DM}β_f [ z_f + 1 12 (4 − z_f ) v^2 ] , (C12) G_{AV,f} √ 2 χ̄γ^5γ_μχf̄γ^μf : c_f 48π × G^2_{AV,f} M^2_{DM}β^2_f v^2, (C13) G_{V A,f} √ 2 χ̄γ_μχf̄γ^5γ^μf : c_f 2π × G^2_{V A,f} M^2_{DM}β_f , (C14) G_T √ 2 χ̄σ^{μν} χf̄σ_{μν} f : c_f 4π × G^2_{T,f} M^2_{DM}β_f (7 + z_f ) , (C15) where the final state velocity β_f ≡ √ 1 − z_f and z_f ≡ m^2_f /M^2_{DM}, the color factor c_f = 3 for quarks otherwise 1. The scalar DM and relevant operators σv are given by a_f |ϕ|^2f̄f : c_f 8π × 2a^2_f β^3_f , (C16) F_{V f} √ 2 ϕ^† ∂^↔_μϕf̄γ^μf : c_f 4π × F^2_{V f} M^2_{DM}β_f [ 2 3 (2 + z_f ) v^2 ] , (C17) F_{SP f} √ 2 |ϕ|^2f̄γ_5f : c_f 8π × F^2_{SP f} β_f , (C18) F_{V Af} √ 2 ϕ^†∂^↔_μϕf̄γ^μγ^5f : c_f 4π × F^2_{V Af} M^2_{DM}β_f [ 2 3 (2 − z_f ) v^2 ] . (C19)

[1] DAMA, R. Bernabei et al., Eur. Phys. J. C56 (2008), 333-355, 0804.2741 R. Bernabei et al., Eur. Phys. J. C67 (2010), 39-49.

[2] CoGeNT, C. E. Aalseth et al., (2010), 1002.4703.

[3] CDMS-II, Z. Ahmed et al., Results from a Low-Energy Analysis of the CDMS II Germanium Data, (2010), 1011.2482.

[4] XENON Collaboration, J. Angle et. al., Phys. Rev. Lett. 100 (2008) 021303; XENON100, E.

Aprile et al., Phys. Rev. Lett. 105 (2010), 131302.

[5] J. L. Feng, J. Kumar, D. Marfatia, and D. Sanford, (2011), 1102.4331. [6] A. Kurylov and M. Kamionkowski, Phys. Rev. D 69, 063503 (2004); F. Giuliani, Phys. Rev.

Lett. 95, 101301 (2005); S. Chang et al., JCAP 1008, 018 (2010). [7] Z. Kang, T. Li, T. Liu, C. Tong and J. M. Yang, JCAP 1101, 028 (2011). [8] J. I. Collar, Talk at 2011 May Symposium”, Space Tele- scope Science Institute, Baltimore, Maryland, 5 May 2011.

[9] D. Tucker-Smith and N. Weiner, Phys. Rev. D64 (2001); Phys. Rev. D72 (2005);Y. Cui, D. E. Morrissey, D. Poland and L. Randall, JHEP 0905, 076 (2009).

[10] M. T. Frandsen, F. Kahlhoefer, J. March-Russell, C. McCabe, M. McCullough and K.

Schmidt-Hoberg, arXiv:1105.3734 [hep-ph].

[11] C. L. Shan, arXiv:1103.0482 [hep-ph]; M. Pato, arXiv:1106.0743 [astro-ph.CO]. [12] T. Aaltonen et al. [CDF Collaboration], [arXiv:1104.0699 [hep-ex]]. [13] P. Agrawal, Z. Chacko, C. Kilic and R. K. Mishra, arXiv:1003.1912 [hep-ph]. [14] J. Fan, M. Reece and L. T. Wang, arXiv:1008.1591 [hep-ph]. [15] J. R. Ellis, A. Ferstl and K. A. Olive, Phys. Lett. B 481, 304 (2000). [16] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov Phys. Lett. B78 (1978) 443. [17] O. Adriani et al., Phys. Rev. Lett. 102, 051101 (2009); O. Adriani et al. [ PAMELA Collaboration ], Phys. Rev. Lett. 105, 121101 (2010).

[18] Q.-H. Cao, I. Low, and G. Shaughnessy, Phys.Lett. B691, 73 (2010). [19] J. Lavalle, arXiv:1007.5253 [astro-ph.HE].

[20] R. Kappl and M. W. Winkler, arXiv:1104.0679 [hep-ph]; S. L. Chen and Y. Zhang, arXiv:1106.4044 [hep-ph].

[21] G. Hutsi, A. Hektor, and M. Raidal, JCAP 1007 (2010).

[22] Q.-H. Cao, C.-R. Chen, C. S. Li, and H. Zhang (2009); J. Goodman et al., Phys. Rev. D82, 116010 (2010); J. Goodman et al., Phys. Lett. B695, 185 (2011).

[23] Y. Bai, P. J. Fox, and R. Harnik, JHEP 12, 048 (2010). [24] P. J. Fox, R. Harnik, J. Kopp and Y. Tsai, arXiv:1103.0240 [hep-ph]. [25] Y. Mambrini and B. Zaldivar, arXiv:1106.4819 [hep-ph].

[26] M. Farina, D. Pappadopulo, A. Strumia and T. Volansky, arXiv:1107.0715 [hep-ph]. [27] Y. Mambrini, JCAP 1009, 022 (2010); E. J. Chun, J. C. Park and S. Scopel, JHEP 1102, 100 (2011); Y. Mambrini, arXiv:1104.4799; P. Gondolo, P. Ko and Y. Omura, arXiv:1106.0885; M. T. Frandsen, F. Kahlhoefer, S. Sarkar and K. Schmidt-Hoberg, arXiv:1107.2118 [hep-ph].

[28] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer and N. Weiner, Phys. Rev. D 79, 015014 (2009).

[29] R. N. Mohapatra and J. W. F. Valle, Phys. Rev. D 34, 1642 (1986); M. C. Gonzalez-Garcia and J. W. F. Valle, Phys. Lett. B 216, 360 (1989).

[30] Z. Kang, J. Li, T. Li, T. Liu and J. Yang, arXiv:1102.5644 [hep-ph]. [31] G. Belanger, M. Kakizaki, E. K. Park, S. Kraml and A. Pukhov, JCAP 1011, 017 (2010). [32] E. Del Nobile, C. Kouvaris and F. Sannino, arXiv:1105.5431 [hep-ph]. [33] K. Nakamura et al. [Particle Data Group], J. Phys. G 37, 075021 (2010). [34] M. Baumgart, C. Cheung, J. T. Ruderman, L. T. Wang and I. Yavin, JHEP 0904, 014 (2009). [35] Q. H. Cao, M. Carena, S. Gori, A. Menon, P. Schwaller, C. E. M. Wagner and L. T. M. Wang, arXiv:1104.4776 [hep-ph].

[36] G. Segr‘e and B. Kayser, [arXiv:1105.1808[hep-ph]]. [37] Xin. G, Z. Kang, and T. Li, in prepartion.

[38] See, e.g., J. McDonald, Phys. Rev. D 50, 3637 (1994); H. Davoudiasl, R. Kitano, T. Li and H. Murayama, Phys. Lett. B 609, 117 (2005); W. L. Guo, L. M. Wang, Y. L. Wu, Y. F. Zhou and C. Zhuang, Phys. Rev. D 79, 055015 (2009); S. Andreas, C. Arina, T. Hambye, F. S. Ling and M. H. G. Tytgat, Phys. Rev. D 82, 043522 (2010) T. Araki, C. Q. Geng and K. I. Nagao, Phys. Rev. D 83, 075014 (2011); Y. Cai, X. G. He and B. Ren, Phys. Rev. D 83, 083524 (2011).

[39] See e.g., J. F. Gunion, et al., arXiv:1009.2555 [hep-ph]; D. A. Vasquez, G. Belanger, C. Boehm, A. Pukhov and J. Silk, Phys. Rev. D 82, 115027 (2010); P. Draper, et al., Phys. Rev. Lett.

106, 121805 (2011); J. Cao, et al., JHEP 1007, 044 (2010); J. Cao, et al., arXiv:1104.1754 [hep-ph]; P. Belli, R. Bernabei, A. Bottino, F. Cappella, R. Cerulli, N. Fornengo and S. Scopel, arXiv:1106.4667 [hep-ph]; D. A. Vasquez, et al., arXiv:1107.1614 [hep-ph].

[40] G. Jungman, M. Kamionkowski and K. Griest, Phys. Rept. 267, 195 (1996). [41] M. Srednicki, R. Watkins and K. A. Olive, Nucl. Phys. B 310, 693 (1988). [42] M. Beltran, D. Hooper, E. W. Kolb and Z. C. Krusberg, Phys. Rev. D 80, 043509 (2009);

K. Cheung, P. Y. Tseng and T. C. Yuan, JCAP 1101, 004 (2011).

[43] A recent reanalysis given in Ref. [26] requires charge assignment I = 1/5.4, in turn Q_{uR} = 5/4Q_{Hu} , Q_{dR} = −3/4Q_{Hu} , Q_{qL} = 1/4Q_{Hu} , which is a natural pattern. Anyway, the U(1)_X charges are quite sensitivity to the actual data, and in this paper we will not fix the concrete values.

[44] This fact implies a possibility: We do not have a gauge boson mediator, but a color triplet mediator in the chiral limit also realizes iDM.