arXiv:1102.5644v1 [hep-ph] 28 Feb 2011

Asymmetric Sneutrino Dark Matter in the NMSSM with Minimal Inverse Seesaw

Zhaofeng Kang,^1 Jinmian Li,^1 Tianjun Li,^{1, 2} Tao Liu,^1 and Jin Min Yang^1 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: March 1, 2011)

Abstract

We dynamically realize the supersymmetric inverse seesaw mechanism in the next to the minimal supersymmetic standard model (NMSSM) in a minimal form. The crucial observation is that the inclusion of a dimension-five operator N̄^2S^2/M_∗, which violates lepton number and is suppressed by the fundamental scale M_∗, can readily produce a light neutrino mass scale m_ν ∼ 0.01 eV. This model is protected by Z^R_4 × Z^M_2 discrete symmetry and a very predictive parameter space is restricted by the requirement of naturalness. Then we study some interesting phenomenological consequencese: (i) A light sneutrino (∼ 8 GeV), which is the lightest supersymmetric particle (LSP) and then the dark matter candidate, can elegantly explain the DAMA/CoGeNT results and even account for the FERMI-LAT gamma ray signals; (ii) It is possible that the sneutrino is an asymmetric dark matter and thus the Ω_{DM} : Ω_b ≈ 5 : 1 naturally predicts a light dark matter; (iii) Higgs physics maybe dramatically changed due to the significant coupling y_N LH_uN and the light sneutrinos out of the inverse seesaw sector, consequently the lightest Higgs boson is likely dominantly decay to a pair of light sneutrinos. In the DAMA/CoGeNT region, the Higgs typically decays to a pair of LSPs with branching ratio > 90%.

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

I. INTRODUCTION AND MOTIVATION

Theoretically, imposing supersymmetry on the standard model (SM) leads to the minimal supersymmeric standard model (MSSM), which is the most promising way to stabilize the weak scale M_Z ∼ 100 GeV ≪ M_{Pl}. But phenomenologically the MSSM suffers the μ−problem and the little hierarchy problem. As a popular solution of these problems, the next to the minimal supersymmetric standard model (NMSSM) [1] has recently attracted much attention. Its superpotential and soft terms for the Higgs sector are given by W_{NMSSM} =λSH_u · H_d + κ 3 S^3, (1)

−L_{soft} =m^2_{Hu} |H_u|^2 + m^2_{Hd} |H_d|^2 + m^2_S |S|^2 + ( λA_λSH_u · H_d + κ 3 A_κS^3 + h.c. ) , (2)

where H_u · H_d ≡ H^1_uH^2_d − H^2_uH^1_d (for simplicity the dot will be omitted hereafter). Once the singlet Higgs field develops a non-zero vacuum expectation value (VEV) v_s ≡ ⟨S⟩ and breaks the Z_3 symmetry around the TeV scale, the μ term is generated as μ = λv_s, which gives an elegantly dynamical solution to the μ−problem (and also the μ/Bμ problem).

However, the NMSSM cannot possibly be the whole story because a tiny non-zero neutrino mass ≲ O(0.1) eV is needed to be generated. Classically, such a tiny mass parameter can be addressed by the dimension-five operators (H_uL_i)(H_uL_j )/Λ, with Λ ∼ 10^{14} GeV. To understand the UV origin of these high-dimensional operators, the elegant seesaw mechanism is proposed [2]: W_{seesaw} = y^{ij}_N H_uL_iN_j + M^{ij}_N 2 N_iN_j. (3)

In this mechanism, three right-handed neutrinos (RHNs) with large Majorana masses M^{ij}_N ≃ Λ (the seesaw scale) are introduced. Although this mechanism is attractive for its simplicity and well motivated in the SO(10) grand unification theory (GUT), generically speaking it is not testable at the future colliders. If the seesaw scale is lowered to TeV, the RHNs will have very weak Yukawa couplings y^{ij}_N ∼ 10^{−6} and thus it is still irrelevant for collider experiments (note, however, in the NMSSM with SN^2 coupling to account for the TeV-scale seesaw, the RHNs may be accessible [3]). Moreover, the origin of such an intermediate seesaw scale remains a puzzle.

The inverse seesaw [4] can lower the seesaw scale while keep the large Yukawa couplings for the left-handed neutrinos. The superpotential is given by W_{IV S} = y_N H_uLN + M_N NN̄ + M¯_N 2 N̄^2. (4)

Here, for simplicity, we neglect the family indices. The light neutrinos are the three lightest eigensates of the 9×9 mass matrix, which, in the basis (ν_L, N, N̄), is given by

M_{inverse} = 0 m^T_D 0 m_D 0 M^T_N 0 M_N M¯_N , (5)

where each block denotes a 3 × 3 matrix with Dirac neutrino mass matrix m_D = Y_N ⟨H^0_u⟩. In this paper, to illustrate our main idea, we consider one family of neutrinos for simplicity. Then the effective light neutrino, which is dominated by ν_L, obtains a mass m^{eff}_ν = − m^2_D M^2_N + m^2_D

M¯_N . (6)

We are interested in the case with M_N at the weak scale and y_N ∼ O(1). So, the smallness of neutrino masses are generated by small Majorana masses M¯_N . Since this mass term violates lepton number, we see that the small neutrino masses may be ascribed to the degree of lepton number violation.

However, such an inverse seesaw mechanism suffers from a fine-tuning problem, namely the Majorana mass term must be very small. Some efforts have been tried to construct dynamical models to solve this naturalness problem. Commonly, they start from a lepton number (L) conserving model and then the smallness of M¯_N is a result of the spontaneous breaking of U(1)_L [5]. Usually, some new complicated structures and degrees of freedom are introduced to realize the dynamical goal. In this work we start from a L−violating theory and present a very simple model to realize the inverse seesaw without introducing any new extra fields or any new ad hoc terms. Thus, our framework is a kind of minimal dynamical realization for the inverse seesaw mechanism.

Our model has rich and interesting phenomenology. First of all, a left-right mixing sneutrino as the lightest supersymmetric particle (LSP) may serve as a dark matter (DM) candidate. In fact, the recent DM direct detection results from DAMA [6] and CoGeNT [7] can be explained by a light DM with a mass around ∼ 8 GeV and a rather large DMnucleon scattering cross section σ_{SI} ∼ 10^{−40}cm^2 [8] (a recent interesting work on light DM with isospin violation can recoil DAMA/CoGeNT with other experiments is explored in the [9]). Such a light DM candidate is absent in the MSSM [10], while in the NMSSM its presence requires some fine-tuning in the parameter space [11] (some other exotic extensions allowing for a light DM can be found in [12]). However, in our model, if the light sneutrino LSP has a proper doublet sneutrino component, it can possibly explain the DAMA/CoGeNT signals by the Z−boson mediated recoil [13]. In some cases, it may have leptonic annihilation into τ^+τ^− with a rate ∼ 10^{−27}cm^3/s, which, according to the analysis in [14], may be favored by the FGST (FERMI Gamma-Ray Space Telescope) observation of gamma ray in the region 0.3 − 100 GeV (please see some following study in [15]). On the other hand, since the sneutrino LSP carries lepton number, it can be the asymmetric dark matter (ADM) candidate [16–18]. Finally, provided that the sneutrino is so light, the Higgs boson may mainly decay invisibly into a pair of light sneutrinos. Such an interesting phenomenology not only affects the collider physics about Higgs but also may provide a way to alleviate the little hierarchy problem. And in the DAMA/CoGeNT region, the Higgs typically decays to a pair of LSPs with branching ratio > 90%. All these phenomenological consequences will be discussed in our analysis.

This work is organized as follows. In Section II a dynamical model for the inverse seesaw is constructed and some discussions about the naturalness of the model are presented. In Section III, we explore some interesting phenomenology for this model. The conclusion is given in Section IV. Some necessary interactions of the sneutrinos are presented in the appendix.

II. MINIMAL DYNAMICAL MODEL FOR THE INVERSE SEESAW

A. The Model and Its Symmetry

As stated in the preceding section, the inverse seesaw mechanism suffers from the finetuning problem. To avoid this problem, we now construct a simple dynamical model based on the NMSSM. First, we see from Eq. (6) that with the assumption m_D ≫ M_N , the light neutrino mass is then an absolute result of the smallness of M¯_N ∼ O(0.05) eV. In particle physics, it is very illustrative to get such a small mass scale from some ’fundamental’ mass scale, namely

(5 TeV)^2 M_∗ ≃ 0.01 eV , (7)

where M_∗ is the fundamental scale such as the Planck scale or the string scale. In the usual GUTs, the effective fundamental scale can be decrease by a factor about 3 due to the large degrees of freedom at the GUT scale [19]. So M_∗ can be around 10^{17} GeV in principle. Therefore, it naturally guides us to conjecture that M¯_N may simply open a window to the fundamental scale (UV) physics. In this spirit, we construct the following simple model to dynamically realize the inverse seesaw mechanism W_{DIS} = ( y_N LH_uN + λ_1SNN̄ ) + λ_2 4M_∗ S^2N̄^2, (8)

−L^{soft}_{DIS} =m^2_L|~L|^2 + m^2_N | ~N|^2 + m^2_{N̄} | ~N̄|^2 + ( y_N A_N H_u ~L ~N + λ_1A_1S ~N ~N̄ + h.c. ) . (9)

Such a very simple model can provide all the elements we need and it must be the minimal framework to dynamically realize the inverse seesaw mechanism because we do not introduce any new fields (only the NMSSM plus right-handed neutrinos). With the singlet S developing a TeV-scale VEV v_s, both M_N and M¯_N can be generated

M_N = λ_1v_s ∼ 100 GeV , (10)

M¯_N = λ_2v^2_s M_∗ ∼ 0.01 eV, (11)

where the operator coefficient λ_2 is set to be 1. So, M_N can be naturally at weak scale and M¯_N can be close to the light neutrino mass scale.

Now, the fermion spectrum contains a light Majorana neutrino with mass given by Eq. (6), whose corresponding eigenstate is

ν_1 ≈ sin θ_1ν_L − cos θ_1N̄, (12)

with sin θ_1 ≈ M_N / √ m^2_D + M^2_N . The other two orthogonal Weyl fermions form a Dirac fermion:

ν_{2,3} ≈ 1 √ 2 ( cos θ_1ν_L ± N + sin θ_1N̄ ) , (13)

M_2 = √ M^2_N + m^2_D + O(M¯_N ) ≈ M_N . (14)

We make a comment on the dimension-five operator introduced in our model. In fact, this operator closely resembles the classical dimension-five operator in the SM or MSSM: (LH_u)(LH_u) Λ → N̄N̄SS M_∗ . (15)

The canonical seesaw scale is a somewhat peculiar scale Λ ∼ 10^{14} GeV because of the VEV v_u ≲ 174 GeV. But by virtue of the inverse seesaw mechanism, the smallness of neutrino mass is transmitted to the small Majorana mass of the extra singlet N̄. Combined with the NMSSM singlet Higgs field S that has a TeV-scale VEV, then we can obtain the neutrino mass scale naturally via the dimension-five operator introduced in our model without invoking new unknown scales.

We make a comment here. The assumption m_D ≫ M_N is not realistic since it will lead to the light neutrino dominated by the N̄ component while the major doublet component as heavy as M_N . As a result, electroweak phenomenology such as W, Z boson decay will be inconsistent with the current experimental data. On the other hand, if M_N /m_D is too large, M¯_N will not be sufficiently generated in our scenario. So in the actual calculation, M_N ∼ 5m_D will be assumed.

Note that our dynamical scheme is highly constrained. First, we need the NMSSM with v_s ≫ v where v ≡ √ ⟨H^0_u⟩^2 + ⟨H^0_d ⟩^2. It is clear that the larger M_N , the smaller m_ν . In the fully inverse seesaw limit, v_s takes a value around 5 TeV to produce a neutrino mass scale m_ν ∼ 0.05 eV which is the heaviest neutrino mass observed by the neutrino oscillation [20]. As a result, if the little hierarchy problem does not appear, we have μ = λv_s ≃ 100 GeV with λ ∼ 10^{−2}. Further, we are interested in M_N is several hundred GeVs, so typically λ_1 ≲ 10^{−1} and in most cases we shall ignore the role of this parameter.

Since the small neutrino mass scale is simply a relic of fundamental scale physics, this inspires us to investigate the possible model at the fundamental scale. We find that a new U(1)^′_R symmetry can guarantee the general form of our model. At the renormalizable level, the supersymmetric model described by Eq. (1) plus Eq. (8) possess an accidental U(1)_B × U(1)_L × U(1)_R symmetry with the field charges assigned as

L : H_u[0], H_d[0], S[0], L[1], E^c[−1], N[−1], N̄[1], B : H_u[0], H_d[0], S[0], Q[1], U^c[−1], D^c[−1], N̄[0], R : H_u[2/3], H_d[2/3], S[2/3], L[2/3], E^c[2/3], · · · (16)

where the dots denote that all other fields carry the same charge 2/3. In fact, the U(1)_R charge assignment is not fixed according to this superpotential and in the above we simply choose one as an example, which is consistent with SU(5) GUT. Note that the Z_3 symmetry simply is an accidental result of U(1)_R symmetry, which forbids the bare mass terms. At the dimension-five level, the operator S^2N̄^2 violates the global symmetry U(1)_L and U(1)_R simultaneously, but still leaves a discrete Z^L_2 ⊂ U(1)_L and a new U(1)^′_R invariance: R^′ ≡ R − 1 3 L. (17)

If U(1)^′_R is generated to all orders, then it is not difficult to prove that one of its consequence is that U(1)_B and the matter parity Z^M_2 ≡ (−1)^{3(B−L)} conserve to all orders [21].

Some comments are in order. First, we only utilize the universal Abelian U(1)_L charge invariance at the renormalizable model. But R−charge does not re-scale, since we fix it to be 2 for the superpotential, not zero, which is quite different from the ordinary U(1). Second, we may directly use the U(1)_R alone to accomplish this task, namely to pick out some required operators and forbid the others, rather than using such a redefined U(1)_R′ ( This means the basic symmetry of the whole model is only U(1)_R × G_{gauge}. This is an interesting conjecture, even if taking supersymmetry (SUSY) breaking into account, where the U(1)_R is required [22]. Of course, according to the well known conclusion that no continuous global symmetry is a fundament symmetry, we may finally break it by higher dimension operators). Finally, our model does not conserve the U(1)_L and thus the U(1)_{B−L}, which is an essential difference from the dynamical inverse seesaw model proposed in the literature [5]. Although the U(1)_{B−L} is not conserved, the matter parity is still well defined, which is from the fact Z^L_2 (equally Z^{B−L}_2 ) is left. We shall see below that this symmetry is important when it is regarded as an exact symmetry even if taking non-renormalizable operators into account.

B. Tadpole Term for S

A light gauge singlet at low energy may destabilize the weak scale. Without any fundamental symmetry like gauge symmetry to protect the singlet, some dangerous tadpole terms with quadratic divergence may be generated by the Planck-scale-suppressed operators [23]. Although in this section we consider the Planck scale suppressed operators as in the literatures, the results hold if we change the Planck scale to the effective fundamental scale.

We first briefly review how the NMSSM can avoid the dangerous tadpole and meanwhile generate a safe tadpole of S to solve the domain-wall problem associated with the spontaneous breaking of the low-energy accidental Z_3 discrete symmetry. In particular, the odd-dimensional operators in the superpotential and even-dimensional operators in the Kähler potential will not destabilize the electroweak scale [24].

The study in [25] utilizes a Z^M_2 × Z^R_4 symmetry as the fundamental symmetry of the NMSSM superpotential and Kähler potential even at the Planck scale. The Z^R_4 symmetry is a discrete subgroup of U(1)_R, under which all NMSSM superfields transform as Φ → iΦ and the superpotential transforms as W → −iW. This symmetry forbids any terms with odd powers of superfields in the Kähler potential and even powers of superfields in the superpotential. When coupling the theory to the supergravity, the Z^R_4 symmetry will be broken by SUSY-breaking effect and consequently Z^M_2 singlet S will acquire a tadpole μ^2_sS induced by the non-renormalizable operators. However, according to the conclusion in [24], such a tadpole is safe and able to solve the domain-wall problem since μ^2_sS breaks Z_3 explicitly at a proper level.

In our work, the situation is different in two aspects. On the one hand, the new singlets N and N̄ are charged under the matter parity Z^M_2 , which is regarded as an exact symmetry in our model (no R−parity breaking operators are introduced) and thus the corresponding tadpoles are forbidden. In other words, Z^M_2 protects N and N̄ from tadpole. On the other hand, one essential point of our model is the operator S^2N^2/M_{Pl} with even powers of superfields in the superpotential. So, we have to check whether it will induce a harmful tadpole of S. In fact, the Z^R_4 ⊂ U(1)_R symmetry is still conserved, with the charge assignment as S, L, Q → −(S, L, Q), H_d, N, U → −i(H_d, N, U), H_u, N̄, E^C , D → i(H_u, N̄, E^C , D). (18) Then W → −W under this transformation. In the following we shall argue that the theory is safe from tadpole up to dimension-eight level.

First of all, it is not difficult to find out that under the symmetry Z^M_2 × Z^R_4 the allowed high-dimensional terms with S and Higgs bilinear term H_uH_d take forms of S^{2n+1}(H_uH_d)^m (with n and m being non-negative integers) which are odd powers of fields. So, according to the above discussions, they are safe operators. Next, let us consider the coupling of S with (N, N̄). There are two kinds of operators: one type are in the forms of S^{2n+1}(NN̄)^m, which are safe; the other type are S^{2n}(N^2)^{2m+1}(N̄^2)^{2k} (exchanging N with N̄ will not give anything new), which are potentially dangerous. But following the method of calculation given in [24], we can explicitly check that up to dimension-eight level (the next order is dimension-ten), the dangerous tadpole is absent. In fact, the inclusive potentially harmful terms are

S^2N̄^2, S^2N^2, S^2N^4, S^6N^2, S^2N^6, S^2N^2N̄^4. (19)

Then, due to the fact that in the super-Feynman diagram calculation one cannot connect two lines coming from the same vertex to form a loop (the superfield propagator which is proportion to δ(θ_1 −θ_2) vanish), we conclude that they do not generate any tadpoles. For example, Fig. 1 will be the potential contribution to tadpole coming from the high-dimensional operator S^2N^2, but vanishes. Although we cannot ensure the safety of the theory up to arbitrary high orders, we believe that the sufficiently suppressed higher dimension operators will not destabilize the electroweak scale.

FIG. 1: The vanishing tadpole from operator S^2N^2.

III. PHENOMENOLOGICAL CONSEQUENCES

In our model some new light degrees of freedom come into play around the weak scale and thus may cause some interesting phenomenology. In this section, we give a preliminary study for such phenomenology. We will mainly discuss those phenomenological aspects which are relevant to the recent experimental results. Some similar analysis has been carried out, albeit based on different models [26].

A. Light Sneutrino Dark Matter

It is well known that in the MSSM the sneutrino has sizable coupling with Z−boson, which renders it not a good candidate for the cold DM [27]. To make it viable, several ways have been tried. One is to include lepton flavor violation and consequently the sneutrino is real and does not couple to Z diagonally [28]. Introducing right-handed neutrinos can also make the mixed ν̃ a good thermal DM candidate [29] (note that the analysis in [3] found that the almost pure right-handed sneutrinos can be thermal WIMP in the low scale seesaw, where the right-handed neutrinos have extra coupling to the NMSSM singlet S in a renormalziable way SN^2 and this can not only explain the TeV Majorana mass scale but also open effective annihilation channels for the right-handed sneutrinos). Another way is to abandon the canonical seesaw, and instead take the inverse seesaw to make ν̃ a viable DM candidate. A previous study (albeit not inspired by the recent detection experiments) has been carried out in [26]. In our following study we will show that in our model the ~ν LSP can easily explain the DAMA/CoGeNT signals. Further, since the ~ν LSP has distinct leptonic property, it may serve as a very special DM candidate favored by the recent indirect detection of DM.

First, we check the slepton mass and pay special attention to a light DM candidate motivated by DAMA/CoGeNT. In the basis Φ^† = (~ν^∗_L, ~N, ~N̄^∗), from Eq. (A1) we obtain the mass square matrix

M^2_{~ν} ≈ m^2_L +^1_2 M^2_Z cos 2β + m^2_D (−m_DA_N + μm_D cot β) −m_DM_N m^2_N + M^2_N + m^2_D B_N m^2_{N̄} + M^2_N , (20)

where B_N = A_1M_N + κM^2_N /λ_1 − λ_1λ v^2 sin 2β/2. For simplicity, we have assumed all parameters to be real. The contribution from the small Majorana mass term for N̄ and the corresponding soft bilinear term B¯_N N̄^2 can be safely ignored for almost all of the study on DM. However, it will induce a small but non-zero mass splitting for the CP-eigenstates, typically at the order B¯_N /m_{~ν} ∼ 10^{−11} GeV, provided that a small bilinear parameter from ordinary SUSY-breaking B_{~N} ≡ λ_1A_0v^2_s /M_{Pl}. This has important implication on the DM detection and will be discussed later.

FIG. 2: The first two diagrams are the ~ν_1 − N scattering. The third diagram is the t−channel annihilation of ~ν_1 into a pair of τ leptons. The last diagram is the t−channel annihilation of ~ν_1 into a pair of neutrinos via exchanging a neutralino (suppressed by neutralino mass).

Now we focus on a light LSP ∼ 8 GeV. We denote its fraction in various interaction eigenstates as

~ν_L = c_{L1}~ν_1 + · · · , ~N^∗ = c_{N1}~ν_1 + · · · , ~N̄ = c¯_{N1}~ν_1 + · · · , (21)

where dots denote other irrelevant heavy components. Typically, our desired LSP should have the doublet component c_{L1} ≲ 0.2 so as to explain the DAMA/CoGeNT signals by the Z−boson mediated large scattering rate σ^{SI}_{~ν1P} ∼ 10^{−40} cm^2 [13] (note that the latest CDMS results seem to disfavor the DAMA/CoGeNT region [30]) and meanwhile give an effective coupling between the LSP and Z−boson g_{Z11} Z~ν_1~ν^∗_1 with g_{Z11} ≈ g_2c^2_{L1} < 0.023 to satisfy the constraint from the Z−boson invisible decay width [31].

Two comments are in order. First, it is important that the LSP is complex so the diagonal coupling to the Z−boson is preserved. Consequently, the Z−boson just mediates a large elastic cross section σ_{~ν1,p}. This makes it distinguishable from other real or inelastic sneutrino LSP candidates. Second, although a large DM-nucleon scattering rate can be achieved via

Z−boson mediation, in principle the Higgs bosons such as h can also act as the mediator: σ^{SI}_{p,n} ≈ m^4_{p,n} 4πm^4_hv^2 ( μ_{h11} m_{p,n} + m_{~ν1} )_2 [ ∑ q=u,d,s f^{(p,n)}_{Tq} g_{qqh} + 2 27 ∑ q=c,b,t f^{(p,n)}_{TG} g_{qqh} ]_2

≈ 0.67 × 10^{−40} × ( h_{d1} 1.0 )_2 ( μ_{h11} 5GeV

)_2 (100GeV m_h )_4 cm^2, (22)

where g_{qqh} = h_{d1}/ cos β for down-type quarks and g_{qqh} = h_{u1}/ sin β for up-type quarks. In the estimation, we assumed a large tan β = 30 and f_{Ts} = 0.14. Note that if the DM is light, compared to a fermionic DM (as heavy as ~ν_1) scattering with the nucleon, a scalar DM-nucleon scattering cross section is potentially enhanced by the coupling in the case of μ_{h11} > λ_{fh}m_{~ν1} , where λ_{fh} is the Yukawa coupling between the Higgs and fermionic DM. However, in this case the DM annihilates to the SM fermions like bb̄ quite effectively (without p−wave suppressing, see Eq. (25)). As a result, it induces antiproton excess in the low energy spectra and may be disfavored by the PAMELA data [32].

We now discuss the way to give such a light sneutrino LSP with a doublet fraction c_{L1} ∼ 0.2. If the SUSY-breaking is mediated by gravity, then all of the matrix elements are expected to be around the weak scale. Moreover, for the favored parameter pattern we have M_N ∼ O(500) GeV, so the scalar singlets ~N and ~N̄ both have rather large mass term. As a result, the generation of a light sparticle needs some fine-tuning (reducing the mass eigenvalue by some proper non-diagonal elements). There are quite a few free parameters to tune so as to produce a light LSP required by DAMA/CoGeNT. Based on the structure of the mass matrix in Eq. (20), the following observations are useful to understand the origin of such a light LSP:

• The complex LSP generically has significant ~ν_L component because various states are well mixed with each other. In practice, since M_N is larger than m_L and m_D, in general ~ν_L is the dominant component of ~ν_1. Increasing m^2_L helps to increase the eigenvalue of the LSP and decrease the ~ν_L component.

• To reduce the ~ν_L component, the element B_N should be properly large to reduce the eigenvalues of the (2,3)-block so that ~ν_1 can mainly come from ~N and ~N̄. A large B_N implies a large A_1 or/and κ/λ_1. But the element −m_DA_N + μm_D cot β ≃ −m_DA_N is also important to determine the mixing. We assume A_N = A_1 and κ ∼ λ ≪ 1. By the way, a small κ may be required to generate a multi-TeV v_s.

• Although the soft masses m^2_N , m^2_{N̄} ≪ M^2_N , it is important to tune them to obtain a small mass of ~ν_1 without significantly affecting c_{L1}.

Now we give a sample point: tan β = 3.0, λ = 0.03, κ = 0.08, y_N = 0.848, λ_1 = 0.14, A_N = A_1 = 341 GeV, m_N = m¯_N = 171.2 GeV, m_L = 400GeV, μ = 150 GeV. Other soft parameters such as squark masses are important to Higgs system but not important to the sneutrino sector, and thus they are fixed as 400 GeV. Then we get a snuetrino LSP:

m_{~ν1} ≈ 8.0 GeV, c_{L1} ≈ 0.24. (23)

Such a LSP does not lead to antiproton excess because its annihilation is mediated by Z−boson and is p−wave suppressed (see Eq. (24)).

Now we check the annihilation rate of the sneutrino LSP pair, which determines the freeze-out relic density of LSP and its indirect signals. As a convention, we label ~ν_1 as 1 and its antiparticle as 2. Then we have to distinguish the annihilation modes: (anti)particle- (anti)particle self-annihilation rate σ_{11} = σ_{22}, and the antiparticle-particle annihilation rate σ_{12} = σ_{21}. In our interested parameter space, the contribution to σ_{12} from s−channel Z−boson mediation is suppressed by (c_{L1})^4 ≲ 10^{−3} and also is p−wave suppressed, which is negligible. Explicitly we have ⟨σ_Z v_{rel}⟩ ≈ 7 24π (c_{L1}g_2)^4 m^2_{~ν1} M^4_Z

|v|^2(1 − 4x_f )^{1/2}. (24)

The contribution from the s−channel Higgs mediation is chirality suppressed. For example, the annihilation to b̄b is given by ⟨σ_sv_{rel}⟩_b¯_b ≃ h^2_{d1} 4π μ^2_{h11} v^2 cos^2 β m^2_b m^4_h ( 1 − m^2_b /m^2_{~ν1} )_{3/2}

≈ 7.7 × 10^{−26} × ( h_{d1} 1.0 )_2 ( μ_{h11} 5GeV

)_2 (100GeV m_h )_4

cm^3/s, (25)

where we fixed tan β = 30. If we take tan β = 3, then ⟨σ_sv_{rel}⟩_b¯_b will be reduced by about two orders. Thus, the antiproton production from DM annihilation is suppressed.

The sneutrino LSP may have the leptonic annihilation property due to the significant ~N component and the survived vertex y_N LH_uN at low energy. This vertex tends to play a major role in the annihilation of LSP for y_N ∼ 1. Explicitly, the average rate of annihilation into lepton pairs via t−channel chargino mediation is given by (the amplitude square is given in Eq. (A5)) ⟨σ_tv_{rel}⟩_f¯_f ≃ 1 16π c^4_{N1}y^4_N s M^4_C ( 1 + 2x_f 3 v^2 + 4x_f (x_{~ν1} − x_f ) ) (1 − 4x_f )^{1/2}, (26)

where in the CM frame v_{rel} = 2 √ 1 − 4m^2_{~ν1} /s and 1 − v^2_f = 4x_f ≃ m^2_f /m^2_{~ν1} ∼ 10^{−1} for the GeV scale lepton. It is suppressed by an explicit chiral factor or p−wave suppression, but still it dominates over the Higgs exchanging annihilation rate given in Eq. (25) in case of a light chargino M_C ∼ m_h and/or a rather small μ_{h11} as well as a small tan β.

The annihilation rate presented in Eq. (27) has some implications. On the one hand, when we consider the DM annihilation today, DM is at the non-relativistic limit and thus it is safe to drop the terms ∝ v^2 ∼ 10^{−6}. Then the chiral suppressed mode is barely able to account for the FGST:

⟨σ_tv_{rel}⟩_f¯_f ≃ 0.72 × 10^{−26} × (c_{N1} 0.5 )_4 ( y_N 2.0 )_4 (100GeV M_C )_4 cm^3/s. (27)

On the other hand, at the DM decoupling era, the DM is semi-relativistic with v ∼ 1/4 (for a typical WIMP m_{~ν1} /T_f ∼ 20 − 25). Consequently, the p−wave annihilation mode is active and it is dominant for light leptons e and μ. So even the annihilation channel mediated by Higgs (to b̄b) is suppressed for the sake of suppressing antiprotons, we can still allow DM to have significant annihilation rate to the states such as ēe (required by ADM discussed later), in additional to the τ̄ τ channel with annihilation rate fixed by FGST. In other words, our model can realize the ambitious scenario that, the sneutrino LSP is an ADM thus predicted to be light, which supports both DAMA/CoGeNT and FGST.

By the way, the rate σ_{11} is from t−channel neutralino exchanging. It is suppressed by small mixing factor from (c_{N1} sin θ_1)^4 and thus the annihilation to light neutrinos is negligible in our model.

B. Sneutrino as Asymmetric Dark Matter

The sneutrino LSP can serve as the asymmetric dark matter (ADM). ADM is the most attractive framework to understand the coincidence between the density of the baryonic matter and dark matter, Ω_{DM} : Ω_b ≃ 5 : 1 [16]. In some recent studies [17], usually one has to introduce extra DM candidate which interacts with leptons or quarks at high order so as to extend the lepton number or baryon number to the dark sector and moreover maintain the chemical equilibrium between the two sectors. DM and baryon number densities usually are roughly equal by virtue of the chemical equilibrium. Turn to our model, the sneutrino LSP carries lepton number and thus in principle it can serve as an ADM candidate (a previous study on such a LSP can be found in [18], which is based on the canonical seesaw equipped with special SUSY-breaking). This is a unique property of the sneutrino LSP because the other LSP candidates, the neutralino or gravitino DM does not carry lepton or baryon number.

In our scenario we can assume the matter-antimatter asymmetry has been generated through some mechanism such as GUT-baryogenesis, Affleck-Dine mechanism or even EWbaryogenesis at the early universe. Especially, the lepton number asymmetry has been generated and some is transferred to the (s)RHN system (N, N̄). The (s)RHNs decouple around T_f ∼ m_{~ν1} /20 ≪ T_{sph}, the out-of-equilibrium temperature of electroweak sphaleron process. From then on the baryon and lepton symmetry conserves respectively. In such a way, the asymmetry stored in the sneutrino sector is calculable according to the well established chemical equilibrium condition.

Obviously, it is crucial to determine the chemical equilibrium condition at T_{sph}. To do this, we follow the way developed in [33]. First, assign a chemical potential μ_ϕ to various particle ϕ in our model. Then at temperature T , the asymmetry of particle ϕ in thermal equilibrium can be expressed with μ_ϕ (lower index is ignored) [34]

n_+ − n_− = g

T^3 π^2 μ T ∫_∞ 0 dx x^2 exp[− √ x^2 + (m/T )^2] ( θ + exp[− √ x^2 + (m/T )^2]

)_2

≡ { f_b(m/T ) ×^{gT 3}_3 (_μ T ) , (for bosons) f_f (m/T ) ×^{gT 3}_6 (_μ T ) , (for fermions)

(28)

where the Boltzmann suppressed factor f_{b,f} (m/T ) denotes the threshold effect for heavy particle in the plasma. If the particle are in the ultra-relativistic limit m ≪ T , it tends to 1; in the opposite limit, a decoupled particle has vanishing asymmetry density as expected. In this work, for simplicity, we take all sparticles, except for three lightest complex sleptons, to be highly Boltzmann suppressed and thus do not contribute to total charge asymmetry. In other words, as a quite crude approximation, at T_{sph} only SM and RHNs fermions as well as three light ~ν particles store the charge asymmetry.

Then the chemical equilibrium establishes relations between μ_ϕ. Around T_{sph}, at first all Yukawa couplings (including CKM mixing and dimensionless coupling in this model) have entered chemical equilibrium. As a result, the Higgs mediated flavor changing processes force all families to carry the same chemical potential. Next, the W -boson and the charged Higgs mediated processes force the up and down components of the SU(2)_L doublets to share the same potential (due to from those constraints, the quark/squark sector carries a potential μ_{uL} while the lepton/slepton sector including all (s)RHNs carry μ_{νL} ). Third, the gauginos mediate equilibrium for SM particle and its superpartner, while the soft trilinear terms make all sfermion families carry the same potential. Finally, the EW-sphaleron process is effective and thus the left-handed quarks and leptons satisfy 3μ_{uL} + μ_{νL} = 0. (29) Totally, there are two independent chemical potentials, one is μ_{νL} and the other is the neutral Higgs μ_0. Especially, we have μ_{~νL} = μ_{~N} = μ_{νL} . Then the total baryon number is calculated to be B ≃ 4T^2μ_{uL} , (30) while the sneutrino asymmetry is given by S = 2T^2 3 k∑ i=1 μ_{νLi} = 2kT^2 3 μ_{νL} , (31)

with i summing over all sneutrino states lighter than T_{sp} (since all of their asymmetry will be finally transferred to LSP). Using Eq. (29) we get their net charge ratio n_{~ν1} n_B = − S B = k 2 , (32)

which determines the relic number density ratio. Then from the observed energy ratio, we obtain

m_{~ν1} = 2 k Ω_{DM} Ω_B m_p ≃ 3.3 GeV − 10 GeV. (33)

Taking the Boltzmann factor into account, one may get the right mass value of DM (∼ 8 GeV) required by the DAMA/CoGeNT and FGST.

Of course, if the ~ν is the viable ADM, its symmetric part should almost annihilate away during its freeze-out through ~ν_1 + ~ν^∗_1 → ff̄ whose cross section is denoted as σ_{12}, while the particle-particle annihilation rate σ_{11} = σ_{22} should be small (moreover, the particleantiparticle oscillation by virtue of the dark lepton number violating term is negligible at this era, which will be addressed later). The only mode proceeds via exchanging a neutralino as stated before, which is highly suppressed. This is also consistent with a large Yukawa coupling y_N . Note that this does not violate the FGST requirement since it only requires τ^±-pair mode dominates over the qq̄ modes while allows even a larger annihilation rate to the neutrinos as well as electrons (they do not produce hard gamma spectrum).

One problem with ~ν_1 as the ADM may be that presently it may have no pair annihilation modes and thus has nothing to do with the gamma-ray signals. Amazingly, recall that ~ν_1 and ~ν^∗_1 are just approximate degenerate states and they are split by the small sneutrino mass term coming from the Planck-scale-suppressed soft mass term. In the CP-basis, ~ν_1 and ~ν^∗_1 oscillate with a rate ∼ δm_±. It just regenerates the symmetric DM after the LSP decouples. Note that the oscillating time scale t_{os} ∼ δm^{−1}_± should be much larger than the Hubble time scale t_H ∼ H^{−1} during the LSP freeze-out by symmetric annihilation σ_{12}. Otherwise, the asymmetric part will be erased by significant oscillation effect, rendering the symmetric relic density determined by ordinary freeze-out dynamics again. In conclusion, the ADM sets a nontrivial constraint

H(T = T_f ) =

1.66g^{1/2}_∗ T^2_f M_{Pl}

< δm_± (34)

where δm_± = B¯_N /m_{~ν} and z_1 = m_{~ν1} /T_{os} ≫ 1 are used. Roughly, it requires the soft term of S^2N̄^2/M_{Pl} suppressed by two orders compared to ordinary soft parameters.

C. Impact on Higgs physics

In our model the Higgs phenomenology may be quite peculiar. First of all, v_s is required to be several TeV in order to produce a proper neutrino mass scale (the NMSSM is near the decoupling limit). Given that μ = λv_s ∼ 100 GeV, we immediately have λ ≪ 1 and thus the lightest CP-even Higgs boson mass will not obtain enough enhancement from the tree-level quartic term via the coupling λSH_uH_d. Actually, in the NMSSM the lightest CP-even Higgs boson mass square is approximately given by

m^2_h ≃ M^2_Z cos^2 2β + λ^2v^2 sin^2 2β +

3m^4_t 4π^2v^2 log ( m^2_{~t} m^2_t ) , (35)

where the last term is the dominant radiative correction (in the MSSM this term lifts up m^2_h to meet the LEP lower bound and thus needs a heavy stop quark m_{~t} ∼ 1 TeV which causes the little fine-tuning problem). In principle, in our model a new contribution Δm^2_{Hu} ∝ y^2_N m^2_D log(m^2_{~N} /m^2_D)/16π^2 from the coupling y_N LH_uN may be significant in some part of parameter space (e.g., y_N ∼ 1) and thus help to alleviate the little fine-tuning problem (however, in the MSSM with the canonical seesaw, such a large Yukawa coupling of neutrinos just produces a negative effect and lowers the m_h value [35]).

But in this paper we focus on another more interesting effect on the Higgs, that may alleviate the little hierarchy problem. In the previous section, we have demonstrated the possibility of accommodating a rather light sneutrino LSP in the model, although at the price of some kind of fine tuning. In this section, starting from light sneutrino states (but not confined in the DM phenomenology), we pay special attention on the Higgs physics. Then, in the presence of SM singlets interacting with the Higgs sector, the decay modes of Higgs will be affected substantially if some states are sufficiently light. So the invisible Higgs decay scenario can relax the LEP2 lower bound on the Higgs mass [36, 37]. Notice that the sneutrinos are R−parity odd, their dominant decay mode is ~ν_i → LSP + X, where X is a neutrino for neutralino/gravitino LSP and a light Higgs (if kinetically allowed) or a pair of fermions for sneutrino LSP (this is natural when family structure is introduced).

We denote the lightest Higgs component contained in the three CP-even Higgs as R_{Hu} = h_{u1}h + · · · (similar for H_d and S). Then the decay mode to bb̄ has a width given by

Γ_{h→}¯_{bb} ≈ N_ch^2_{d1} m^2_b v^2 cos^2 β m_h 16π , (36)

N_c = 3 is the color factor. This tree level value will be significantly reduced by the (supersymmetric) QCD correction at the NLO order. This decay mode is the dominant one in the MSSM. But in our model, new invisible decay modes are open: h → ν_iν_j and h → ν̃_1ν̃^∗_1 . The former is suppressed by small y^2_N and mixing factor, but the latter generically can be rather significant. The decay to a pair of kinetically allowed sneutrinos has a width given by Γ_{h→~ν}∗_{1 ~ν1} = 1 32π μ^2_{h11} m_h ( 1 − 4m^2_{~ν1} m^2_h )_{1/2} , (37)

where the coupling μ^2_{h11} is defined in Eq. (A2). From Eq. (A2) we see that this mode is potentially important, especially when the decays to neutrinos are suppressed by h^2_{u1} ≪ 1. Compared to the tree level bb̄ decay mode in Eq. (36), this mode is enhanced by a factor (μ_{h11}/h_{d1}y_bm_h)^2. Even without taking QCD correction into account, when tan β is in the small region tan β ∼ 3 the Higgs invisible decay can be dominant decay mode.

In light of the above general analysis, to show the possibility for the Higgs boson h to have a sizable invisible decay we consider the parameter space with the following characteristics:

• To reduce the number of free parameters, all the new soft terms are assumed to be zero unless specified. This is well justified if the soft terms origin from gauge mediation (GMSB) or anomaly mediation (AMSB), where the soft terms involving singlets are proportional to Yukawa couplings of the singlets (in GMSB they are generated only through RGE effect and thus suppressed further by loop factor). Anyway, in the interested region 100 GeV ∼ m_D ≪ M_N , even if soft terms are generated at the weak scale, they do not play major role in our discussion.

• At least one sneutrino ~ν_i is lighter than m_h/2 and has significant coupling μ_{hii}h~ν_i~ν_i.

For simplicity, we use all the calculation in the previous section, and denote ~ν_i as ~ν_1. ~ν_1 is not necessarily the DM candidate and consequently many constraints are relaxed, such as the fraction of the ~ν_L component in ~ν_1.

• To keep μ_{h11} significantly large, saying ∼ 5 GeV, then from Eq. (A2) it can be clearly seen that m_D and M_N can not be too small. Generically, the lightest Higgs is h_{dR} dominated, and the NMSSM decoupling limit shows a hierarchy h_{d1} ≫ h_{u1} ≫ h_{s1}. Then there are two obvious cases with physical simplicity. One is characterized by the ~ν_L-dominated ~ν_1, but usually the singlet components in ~ν_1 are still appreciable and then the massive coupling is approximated to be

μ_{h11} ∼ c_{L1} m_D (h_{u1}m_D/v + c_{N1}h_{d1}μ/v) , (38)

which is rather large and sensitive to μ. This case can be realized clearly with a somewhat small m_L ∼ 150 GeV, properly reduced by the small mixing with heavy singlets. But m_{~ν1} > M_Z /2 is required to satisfy Z−decay width. Oppositely, m_L ∼ 300 GeV is larger compared to singlet mass term, leading to singlets dominated ~ν_1 and μ_{h11} ∼ c_{L1} c_{N1}h_{d1}m_Dμ/v. By keeping c_{L1} ≲ 0.25 and μ ≃ 250 GeV, it takes value around 10 GeV. In this case the m_{~ν1} does not have to be tuned to set in the narrow window (M_Z /2, m_h/2). But since m_D is smaller than the previous case, it is expected that the Higgs invisible decay width will be suppressed more or less compared to small m_L scenario.

Define R ≡ Γ_{h→~ν1~ν}∗_1 /Γ_{h→}¯_{bb} for a typical Higgs with mass m_h ≃ 100 GeV, where the decay rate is using the numerical result calculated in the NMSSMtools [38]. For the two cases, we consider the R varies with tan β with input parameters respectively given by: on the left panel of Fig. 3 we set m_L = 160GeV, λ = 0.024, κ = 0.0593, and y_N = 0.5, λ_1 = 0.06; on the right panel, m_L = 320GeV, λ = 0.024, κ = 0.0729, and y_N = 0.3, λ_1 = 0.0866. From the figure it is seen R decreases as (in larger tan β region) tan β increases, and the Higgs invisible decay width benefits from a larger μ.

FIG. 3: The lightest CP-even Higss boson h decays to a pair of light sneutrino with a ratio R defined as R = Γ_{h→~ν1~ν}∗_1 /Γ_{h→}¯_{bb}. From top to bottom, the curves corresponds to fixed μ = 220, 190, 160, 130, 100 GeV, respectively.

• There is a third interesting case related with sneutrino DM. Typically, m_L < M_N , but we can still get a singlet-dominated ~ν_1 by some proper tuning ( please see the detailed discussion in Section III A). In this dark matter inspired parameter scenario, both m_D and M_N take large values, leading to a rather large μ_{h11}. It implies that the Higgs inevitably decays to such LSPs with overwhelming branching ratio, typically > 90%. However, it should be stressed that to suppress the sneutrino LSP annihilation into b̄b, a small tan β is favored.

In conclusion, once there is light sneutrino states from this sector, we have to investigate their probably significant effect on the Higgs decay and their detection. By the way, we point out that a recent paper [39] studied an interesting phenomenology of a light CP-odd

Higgs and found it can decay to light neutrinos so as to relax the collider constraints on this particle.

IV. CONCLUSION

In this work, we dynamically realize the supersymmetric inverse seesaw mechanism in the NMSSM with a minimal field content. The crucial observation is that a Z^R_4 × Z^M_2 symmetry allows for a Planck-scale-suppressed lepton number violating dimension-five operator N̄ 2S2/M_{Pl}, which can just produce a light neutrino mass scale m_ν ∼ 0.01 eV. The theory accommodates the NMSSM Z_3-breaking domain-wall problem solution and is safe up to dimension-eight level. Naturalness and neutrino mass constrained the NMSSM parameters as v_s ∼ 5 × 10^3 GeV and λ ∼ 0.03. We then preliminarily explored some phenomenology of this model. In additional to the neutrino physics, the most salient thing is that the left-right mixed (with doublet slepton component c_{L1} ≃ 0.2) light sneutrinos with mass ∼ 8 GeV can be the LSP candidate. Such a LSP dark matter can readily explain the DAMA/CoGeNT events and even explain the FGST gamma-ray signals.

We also discussed the possibility that the sneutrino LSP is an asymmetric dark matter (ADM) and thus the ratio Ω_{DM} : Ω_b ≈ 5 : 1 naturally predicts a light DM. Further, the Higgs physics is also dramatically changed in our model, owing to the significant low energy coupling y_N LH_uN and the appearance of light sneutrinos. We found that the lightest CP-even Higgs boson probably dominantly decay to a pair of light sneutrinos and thus substantially relax the LEP bound. It provides a simple way to solve little hierarchy problem. Especially, in the region with light sneutrino LSP required by DAMA/CoGeNT, the Higgs boson invisibly decay with a dominant branching ratio (while the branching ratio to b̄b typically is less than 10%), which will affect significantly the hunting for the Higgs boson at LHC.

Note that in the inverse seesaw mechanism the lepton flavor violating process like μ → eγ may be enhanced [40]. But in our model it depends on the flavor structure of (y_N )_{ij}H_uL_iN_j when three families are incorporated. In principle, we can work in a limit (y_N )_{ij} ∼ δ_{ij} to avoid such large lepton flavor violating processes.

Acknowledgement

We thank M. Buckly for useful communication and Chunli Tong for great help on the numerical calculation, as well as Wenyu Wang in the early collaboration. This work was supported by the National Natural Science Foundation of China under grant Nos. 10821504,

10725526 and 10635030, by the DOE grant DE-FG03-95-Er-40917, and by the Mitchell-Heep Chair in High Energy Physics.

Appendix A: Interactions and Annihilation of Sneutrinos

In this appendix, we will present some necessary interactions involving the sneutrinos, including the mass terms, the coupling to Higgs as well as some amplitude square of the sneutrino annihilation.

Collect all the relevant F −term and soft terms for the snuretinos, and write the doublets as H^T_u = (H^+_u , H^0_u), H^T_d = (H^0_d , H^−_d ), ~L^T = (~ν^0_L, ~e^−_L ), then the relevant scalar potential for the sneutrino system reads

V =|λ_1 ~N ~N̄ + κS^2 − λH^0_uH^0_d |^2 + |λSH^0_d + y_N ~ν_L ~N|^2 + | − y_N H^0_u ~ν_L + λ_1S ~N̄|^2 + |λ_1S ~N|^2 + |y_N H^0_u ~N|^2 + m^2_L|~ν_L|^2 + m^2_N | ~N|^2 + m^2_{N̄} | ~N̄|^2 + ( −y_N A_N H^0_u ~ν_L ~N + λ_1A_1S ~N ~N̄ + h.c. ) , (A1)

where the D−term for ~L is not written. From the above we can read the mass matrix for the sneutrinos. We pay attention to the coupling between the lightest Higgs h and ~ν^∗_1 ~ν_1, namely the vertex^{1√}_2 μ_{h11}h~ν^∗_1 ~ν_1 (1/ √ 2 factor stems from the kinetic normalization for the real Higgs h) with the coupling given by

μ_{h11} =c_{N1}μ cos β [ c_{L1}h_{s1} m_D v_s sin β − c¯_{N1} vM_N v^2_s

(h_{d1} tan β − h_{u1}) ]

+ h_{u1} m^2_D v [ c^2_{L1} + c^2_{N1} − c_{L1}c_{N1} ( A_N m_D − μ m_D h_{d1} h_{u1} + M_N m_D c¯_{N1} c_{N1} )]

+ h_{s1}M_N [ M_N v_s ( c^2_{N1} + c^2_{N̄1} ) + c¯_{N1}c_{N1} ( A_1 v_s − c_{L1} c_{N1} m_D v_s + 2κ )] . (A2)

Here the coefficients such as h_{u1} are the h-component contained in the real part of neutral Higgs R_u. This coupling controls the strength of the LSP interacting with SM fermions via the Higgs h and plays a significant role in direct and indirect detection of DM.

Next we calculate some amplitude square for ~ν_1 annihilation. First of all, we give the contribution from the t−channel chargino exchange, via a vertex in Eq. (8), L_{~ν1} ⊃ y_N c_{N1}~ν^∗_1 ~CP_Lτ^− + h.c., (A3) with ( ~C^−)^T = ( ~H^−_d , ( ~H^+_u )^†) and (τ^−)^T = (τ^−_L , (τ^+_R )^†) denoting the chargino and tau lepton, respectively. Here we neglected the contribution from the vertex g_2 ~L^†~W L + c.c. because the light chargino is dominated by Higgsino and it also suppressed by smaller ~ν_1 from ~ν_L. In the center mass frame, we denote the kinetics of initial DM pair and final fermion pairs as p_1 = E(1, ⃗β), p_2 = E(1, −⃗β), k_1 = E^′(1, ⃗β^′), k_2 = E^′(1, −⃗β^′). (A4)

For the particle i with mass m_i, the velocity is defined as β_i = √ 1 − 4m^2_i /s with s = (k_1 + k_2)^2. Sum over the final spin states, the amplitude square is given by |M|^2 ≈ s^2 4M^4_C [ 8x_f (x_{~ν1} − x_f ) + v^2(1 − v^2_f cos^2 θ) − 4vv_f x_f cos θ ] , (A5)

where the t−channel propagator factor is approximated to a contact form, and the terms linear in v will disappear after integrating over the angle to get the cross section.

For the Z−mediated process, from the vertex c^2_{L1}g_2(~ν_1∂_μ~ν^∗_1 − ~ν^∗_1 ∂_μ ~ν_1)Z^μ, we have the following p−wave suppressed (understood from the momentum dependent vertex proportional to (p_1 − p_2) ∼ v) amplitude square |M|^2 ≈ 4 M^4_Z [ 2(p_1 − p_2) · k_1(p_1 − p_2) · k_2 − s 2 (p_1 − p_2)^2 ]

≈ 8 M^4_Z [ ( ⃗p_1 · ⃗k_1)^2 + s| ⃗p_1|^2 ] ≈ s^2|v|^2 M^4_Z ( 1 + 2 cos^2 θ ) . (A6)

[1] See, e.g., J. R. Ellis, et al., Phys. Rev. D39, 844 (1989); M. Drees, Int. J. Mod. Phys. A 4, 3635 (1989); P. N. Pandita, Phys. Lett. B318, 338 (1993); Z. Phys. C59, 575 (1993); S. F. King, P. L. White, Phys. Rev. D52, 4183 (1995); B. Ananthanarayan, P.N. Pandita, Phys. Lett. B353, 70 (1995).

[2] P. Minkowski, Phys. Lett. B67, 421 (1977); T. Yanagida, Horizontal gauge symmetry and masses of neutrinos, In Proceedings of the Workshop on the Baryon Number of the Universe and Unified Theories, Tsukuba, Japan, 13-14 Feb 1979; M. Gell-Mann, P. Ramond, R. Slansky, Complex spinors and unified theories, published in Supergravity, P. Nieuwenhuizen and D.Z. Freedman (eds.), North Holland Publ. Co., 1979; R. N. Mohapatra and G. Senjanovic, Phys. Rev., D23:165, 1981.

[3] D. G. Cerdeno, C. Munoz and O. Seto, Phys. Rev. D 79, 023510 (2009); D. G. Cerdeno and O. Seto, JCAP 0908, 032 (2009).

[4] 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).

[5] F. Bazzocchi, D. G. Cerdeno, C. Munoz and J. W. F. Valle, Phys. Rev. D 81, 051701 (2010);

E. Ma, Phys. Rev. D 80, 013013 (2009); F. Bazzocchi, arXiv:1011.6299 [hep-ph].

[6] R. Bernabei et al. [DAMA/LIBRA Collaboration], arXiv:1002.1028 [astro-ph.GA]. [7] C. E. Aalseth et al. [CoGeNT collaboration], arXiv:1002.4703 [astro-ph.CO]. [8] J. Kopp, T. Schwetz and J. Zupan, JCAP 1002, 014 (2010); S. Chang, et al., JCAP 1008, 018 (2010); D. Hooper, J. I. Collar, J. Hall and D. McKinsey, arXiv:1007.1005 [hep-ph].

[9] J. L. Feng, J. Kumar, D. Marfatia and D. Sanford, arXiv:1102.4331 [hep-ph]. [10] J. Cao et al., Phys. Rev. D 82, 051701 (2010); JHEP 1007, 044 (2010). [11] J. F. Gunion, A. V. Belikov and D. Hooper, arXiv:1009.2555 [hep-ph]; D. A. Vasquez, et al., Phys. Rev. D82, 115027 (2010); P. Draper, et al., arXiv:1009.3963 [hep-ph]; N. Fornengo, S. Scopel and A. Bottino, arXiv:1011.4743 [hep-ph].

[12] See, e.g., R. Essig, J. Kaplan, P. Schuster and N. Toro, arXiv:1004.0691 [hep-ph]; D. Feldman, Z. Liu, P. Nath and G. Peim, arXiv:1004.0649 [hep-ph]; J. M. Cline, A. R. Frey and F. Chen, arXiv:1008.1784 [hep-ph]; S. Andreas et al., Phys. Rev. D 82, 043522 (2010); Z. Kang et al., JCAP 1101, 028 (2011) [13] M. R. Buckley, D. Hooper and T. M. P. Tait, arXiv:1011.1499 [hep-ph]. [14] D. Hooper and L. Goodenough, arXiv:1010.2752 [hep-ph].

[15] H. E. Logan, arXiv:1010.4214 [hep-ph]. J. Kopp, V. Niro, T. Schwetz and J. Zupan, arXiv:1011.1398 [hep-ph]. G. Zhu, arXiv:1101.4387 [hep-ph]. A. Abada, S. Nasri and D. Ghaffor, arXiv:1101.0365 [hep-ph].

[16] S. M. Barr, R. S. Chivukula and E. Farhi, Phys. Lett. B 241, 387 (1990); D. B. Kaplan, Phys.

Rev. Lett. 68, 741 (1992); N. Cosme, L. Lopez Honorez and M. H. G. Tytgat, Phys. Rev. D 72, 043505 (2005); R. Kitano, H. Murayama and M. Ratz, Phys. Lett. B 669, 145 (2008); H. An, S. L. Chen, R. N. Mohapatra and Y. Zhang, JHEP 1003, 124 (2010).

[17] See, e.g., D. E. Kaplan, M. A. Luty and K. M. Zurek, Phys. Rev. D 79, 115016 (2009); J. Shelton and K. M. Zurek, arXiv:1008.1997 [hep-ph]; N. Haba and S. Matsumoto, arXiv:1008.2487 [hep-ph]; M. R. Buckley and L. Randall, arXiv:1009.0270 [hep-ph]; P. H. Gu, M. Lindner, U. Sarkar and X. Zhang, arXiv:1009.2690 [hep-ph].

[18] D. Hooper, J. March-Russell and S. M. West, Phys. Lett. B 605, 228 (2005). [19] X. Calmet, S. D. H. Hsu, D. Reeb, Phys. Rev. Lett. 101, 171802 (2008). [20] T. Schwetz, M. A. Tortola and J. W. F. Valle, New J. Phys. 10, 113011 (2008); G. L. Fogli et al., Phys. Rev. Lett. 101, 141801 (2008).

[21] G. Lazarides and Q. Shafi, Phys. Rev. D 58, 071702 (1998). [22] A. E. Nelson and N. Seiberg, Nucl. Phys. B 416, 46 (1994).

[23] H. P. Nilles, M. Srednicki and D. Wyler, Phys. Lett. B 124, 337 (1983) A. B. Lahanas, Phys.

Lett. B 124, 341 (1983) U. Ellwanger, Phys. Lett. B 133, 187 (1983) J. Bagger and E. Poppitz,

Phys. Rev. Lett. 71, 2380 (1993); J. Bagger, E. Poppitz and L. Randall, Nucl. Phys. B 455, 59 (1995); V. Jain, Phys. Lett. B 351, 481 (1995).

[24] S. A. Abel, Nucl. Phys. B 480, 55 (1996).

[25] C. Panagiotakopoulos and K. Tamvakis, Phys. Lett. B 446, 224 (1999). [26] C. Arina et al., Phys. Rev. Lett. 101, 161802 (2008).

[27] L.E. Ibanez, Phys. Lett. B137, 160 (1984); J.S. Hagelin, G.L. Kane and S. Raby, Nucl. Phys.

B241, 638 (1984); T. Falk, K. A. Olive, and M. Srednicki, Phys. Lett. B339, 248 (1994). [28] L. J. Hall, T. Moroi and H. Murayama, Phys. Lett. B 424, 305 (1998). [29] N. Arkani-Hamed, et al., Phys. Rev. D 64, 115011 (2001). [30] CDMS Collaboration, arXiv:1012.5078 [astro-ph.CO].

[31] K. Nakamura et al. [Particle Data Group], J. Phys. G 37, 075021 (2010). [32] J. Lavalle, Phys. Rev. D 82, 081302 (2010).

[33] J. A. Harvey and M. S. Turner, Phys. Rev. D 42, 3344 (1990). [34] E. W. Kolb and M. S. Turner, “The Early Universe”, Addison-Wesley (1990) [35] J. Cao and J. M. Yang, Phys. Rev. D 71, 111701 (2005); S. Heinemeyer et al., arXiv:1007.5512 [hep-ph].

[36] R. Dermisek and J. F. Gunion, Phys. Rev. Lett. 95, 041801 (2005); Phys. Rev. D 76, 095006 (2007).

[37] R. Dermisek, Mod. Phys. Lett. A 24, 1631 (2009).

[38] U. Ellwanger, J. F. Gunion and C. Hugonie, JHEP 0502, 066 (2005). [39] A. Abada, G. Bhattacharyya, D. Das and C. Weiland, arXiv:1011.5037 [hep-ph]. [40] F. Deppisch and J. W. F. Valle, Phys. Rev. D 72, 036001 (2005).