arXiv:0901.0923v3 [hep-ph] 20 Jan 2009

CMSSM Spectroscopy in light of PAMELA and ATIC

Ilia Gogoladze^∗,^† Rizwan Khalid,^‡ Qaisar Shafi,^§ and Hasan Yüksel^¶ Bartol Research Institute, Department of Physics and Astronomy University of Delaware, Newark, Delaware 19716 (Dated: January 20, 2008)

Dark matter neutralinos in the constrained minimal supersymmetric model (CMSSM) may account for the recent cosmic ray electron and positron observations reported by the PAMELA and ATIC experiments either through self annihilation or via decay. However, to achieve this, both scenarios require new physics beyond the ‘standard’ CMSSM, and a unified explanation of the two experiments suggests a neutralino mass of order 700 GeV - 2 TeV. A relatively light neutralino with mass around 100 GeV (300 GeV) can accomodate the PAMELA but not the ATIC observations based on a model of annihilating (decaying) neutralinos. We study the implications of these scenarios for Higgs and sparticle spectroscopy in the CMSSM and highlight some benchmark points. An estimate of neutrino flux expected from the annihilating and decaying neutralino scenarios is provided.

PACS numbers: 95.35.+d, 98.62.Gq, 98.70.Vc, 95.85.Ry

I. INTRODUCTION

It is generally accepted that nearly 23% of the universe’s energy density resides in the form of non-luminous ‘dark’ matter [1]. This is a new form of matter which is non-baryonic and manifests itself primarily through its gravitational interactions. The highly successful Standard Model (SM) of strong, weak and electromagnetic interactions does not possess a viable dark matter candidate. Thus, new physics beyond the SM is required to incorporate dark matter, and many potential dark matter candidates have been proposed in the literature [2].

Supersymmetry, more precisely MSSM, (minimal supersymmetric SM), with R-parity conservation, is arguably the most compelling extension of the SM. The MSSM predicts the existence of a stable new elementary particle called the neutralino (lightest supersymmetric particle). With mass of order 100 GeV – TeV, the thermal relic abundance of the lightest neutralino has the right order of magnitude to account for the observed dark matter density.

Many recent investigations of the MSSM have focused on a theoretically well motivated special case called the CMSSM [3] (constrained MSSM, based on supergravity) which is far more predictive than the generic MSSM version. The latter can have more than a hundred free parameters, in contrast to the CMSSM with just 5 or so parameters. In these investigations the stable neutralino is usually found to be relatively light (100–few hundred GeV), and its indirect discovery relies on detecting cosmic ray signals (including positrons, antiprotons, gamma rays, etc.) from neutralino decay or pair annihilation in the galactic halo, galactic center, and the haloes of nearby galaxies.

The PAMELA experiment is currently taking data of high

∗On leave of absence from: Andronikashvili Institute of Physics, GAS, Tbilisi, Georgia.

†Electronic address: ilia@bartol.udel.edu ‡Electronic address: rizwan@udel.edu §Electronic address: shafi@bartol.udel.edu ¶Electronic address: yuksel@udel.edu

energy anti-proton and positron fluxes, and their most recent publication claims a significant positron ‘excess’ [4] with no corresponding anti-proton excess [5]. This result appears to confirm previous results from HEAT [6] and AMS [7] within the error bars. It has been pointed out that pulsars and/or other nearby astrophysical sources may account for the PAMELA results [8, 9]. More recently, the ATIC experiment [10] (see also PPB-BETS [11]) has reported an appreciable flux of electrons and positrons at energies around 100 – 800 GeV, which appears to be considerably higher than the expected background at these energies.

A unified explanation of the PAMELA and ATIC experiments involving neutralino as the dark matter candidate could be based on one of the following two mechanisms:

• The dark matter is a stable neutralino with mass around 700 GeV which primarily annihilates into leptons through new interactions which lie outside the MSSM framework [12]. Depending on the framework chosen, this scenario also invokes some ‘boost’ factor physics such as Sommerfeld enhancement [13].

• The dark matter is not entirely stable [14, 15] but extremely long-lived, with a lifetime ∼ 10^{26} sec. For neutralino dark matter, one could introduce suitably ‘tiny’ R (or ‘matter’) – parity violating couplings which satisfy the lifetime constraint and allow the neutralino to decay primarily into leptons. The tiny (∼ 10^{−13}) Rparity violating couplings can be understood through non-renormalizable couplings with additional discrete symmetries [16]. A simple example of this is provided by the R-parity violating superpotential coupling LLE^c, which leads to a three-body decay mode for the neutralino [14]. With a neutralino mass of around 2 TeV, this can simultaneously explain the PAMELA and ATIC data.

If one ignores say the ATIC result, it is possible to explain the PAMELA observations with a decaying neutralino of mass ∼ 300 GeV, which would make supersymmetry, and in particular the sparticles, far more accessible at the LHC. Even lighter (∼ 100 GeV) neutralino mass is feasible in the annihilation scenario.

Motivated by the PAMELA and ATIC observations we have performed an ISAJET [17] based analysis of CMSSM spectrocopy in which particular attention is paid to those regions of the CMSSM parameter space which contain heavy (∼ 300 GeV – 2 TeV) neutralinos, with a relic abundance consistent with the WMAP 5 dark matter bounds [1], and which provide a unified explanation of the PAMELA and ATIC observations.

The plan of the paper is as follows. We summarize the observations by PAMELA/ATIC experiments in Section II and review their implications in the context of dark matter decays or annihilations in Section III. In Section IV an estimate of neutrino flux expected from the annihilating and decaying neutralino scenarios is provided. Section V discusses how the CMSSM could be supplemented by new physics while preserving the neutralino cold dark matter framework. We outline in Section VI the procedure that we use to scan the CMSSM parameter space and the various experimental bounds that we take into account. In Section VII we present plots displaying the relevant CMSSM parameter space and highlight in Tables I and II a few benchmark points that are consistent with the PAMELA and ATIC measurements. Our conclusions are summarized in Section VIII.

II. OBSERVATIONS

The spectra of cosmic ray electrons and positrons should have contributions from known sources including e^− accelerated in supernova remnants and e^± from collisions between cosmic rays and interstellar protons [18]. Besides well known guaranteed backgrounds, any evidence for an additional component may carry indications of a new phenomon. Recently, the PAMELA [4] and ATIC [10] experiments have observed cosmic ray positrons and/or electrons within the energy range from several GeV up to a few TeV, and provided new hints for the long suspected excess in their fluxes [6, 7] with respect to the model expectations [19]. The revitalized interest in this long standing puzzle has recently generated much interest in finding both astrophysical and perhaps more exotic explanations.

The ATIC experiment has measured the combined electron and positron flux from ∼30 GeV reaching energies up to several TeV as shown in Fig. 1. The primary electron spectrum is based on calculations of Ref. [19] (light shaded) is also shown. As the normalization of the primary electron spectrum is already quite uncertain, we renormalize this down by a factor ∼ 0.8 in order to match the low energy part of the ATIC data. Unlike electrons, while there are no primary sources of positrons in this model (see also [20]), the expected secondary positron spectrum mainly due to cosmic ray interactions (dark shaded) is also presented. There is also a much smaller secondary electron component (not shown in the figure).

The PAMELA data is originally reported as the positron fraction of total electron/positron flux up to ∼ 100 GeV [4]. In order to show both electron and positron data on the same figure, we have converted the reported ratios into absolute flux units using the primary electron spectrum. As shown in the figure, the corresponding positron flux based on the PAMELA data suggests a strong deviation from the secondary positron background. While the measurements by PAMELA below ∼10 GeV might depend on solar modulation effects, the excess in the positron flux measurements with respect to the model expectations is evident at higher energies.

The ATIC measurement of the total electron/positron flux also shows some excess beyond ∼100 GeV, most prominently at ∼ 700 GeV (once the baseline for the primary electron spectrum is normalized to the ATIC data at low energies where the positron contribution is small). Even though the reported excess in the ATIC data is not large compared to their uncertainties [10] and possible systematic effects, and earlier experiments in a similar energy range show a rather large scatter (see e.g. compilation in [11]), ATIC observations nonetheless provide avenues for exploring new physics, especially when taken together with PAMELA.

One can interpret the combined observations of PAMELA and ATIC as a hint of an unknown source capable of producing comparable numbers of electrons and positrons in the energy range of 10–700 GeV. For instance, if the flux of excess e^± pairs follows, approximately, a power law of the form J(E) ≃ 0.4 ( E GeV )_{−2.2} GeV^{−1} m^{−2} s^{−1} sr^{−1} , (1)

with a cut-off around ≃ 700 GeV (solid line in Fig. 1), then both ATIC (dashed line) and PAMELA (dot-dashed line) requirements can be reasonably satisfied.

A very promising possibility that can account for the excess is astrophysical in origin, i.e., pulsar wind nebulae which could accelerate e^± pairs produced around a neutron star, and which would naturally yield equal numbers of positrons

FIG. 1: Cosmic ray electron (light shaded) and positron (dark shaded) spectra from the model of Ref. [19]. Data has been taken from Ref. [10] (squares), and Ref. [4] (circles). An additional contribution of e^± pairs with spectra J(E) ≃ 0.4 (E/GeV)^{−2.2} GeV^{−1}m^{−2}s^{−1}sr^{−1} with a cut-off around ≃ 700 GeV (solid line) can provide a better fit to both ATIC (dashed lined) and PAMELA (dot dashed line) measurements.

FIG. 2: Models of cosmic ray electron/positron background spectra and observations as in Fig. 1. Here the additional e^± contribution (solid line) is assumed to be originated from dark matter decay (top panels) or annihilation (bottom panels) and aimed at explaining either only PAMELA (left panels; as a lower bound on dark matter mass) or also ATIC (right panels; as an upper bound on dark matter mass). See text for details.

and electrons. Indeed, the tentative detection of TeV gamma rays from Geminga [21], a nearby pulsar, immediately suggests the possibility of particle accelaration up to multi–TeV energies [9] (provided that the origin of the gamma rays is inverse Compton scattering). Unlike electrons, which can also be accelarated in supernova remnants, positrons have no other known primary sources, and thus the resulting excess in positron flux could be very prominent and similar to the PAMELA observations [8, 9].

III. POSITRONS/ELECTRONS FROM DARK MATTER

Another exciting explanation is that some exotic mechanism such as dark matter decay or annihilation, which are the main subjects of this study, might be responsible for the excesses seen in observations. We will assume throughout that the dark matter is the lightest CMSSM neutralino. For a study on the signals from dark matter annihilation/decay products, an understanding of the distribution of dark matter within the galaxy is essential. Simulations of cold dark matter suggest that dark matter assembles in halos. The dark matter distribution within the halo is usually taken to be spherically symmetric and the density profile can be expressed as function of the distance from the center of the halo, ρ(r) = ρ_0 (r/r_s)^γ [1 + (r/r_s)^α]^{(β−γ)/α}

, . (2)

where the parameters (α, β, γ, r_s) = (1, 3, 1, 20 kpc) for the NFW profile [22], which also suggests that the density of dark matter at the solar circle is ρ(R_{sc} ≃ 8.5 kpc ) = ρ_{sc} ≃ 0.3 GeV/cm^3.

As our main motivation is to account for the observations of ATIC and PAMELA, we shall focus on generic leptophilic scenarios in which the dominant annihilation/decay products are assumed to be positrons and electrons. In such models, once electrons/positrons are created, their density n at a given place, time and energy, is governed by the diffusion equation, ∂n ∂t = ∇ · [D(E)∇n] + ∂ ∂E [ℓ(E) n] + Q(r, E) , (3)

where Q(r, E) is the source term describing the particle injection rate as discussed below, ℓ(E) = ℓ_0(E/GeV)^{−2} is the energy loss rate and D(E) = D_0(E/GeV)^δ is the diffusion coefficient, both assumed to be independent of space.

The spectrum of a particle per dark matter annihilation, χ χ → e^+e^−, can be written as ϕ^a(E) = δ(E − m_χ) in terms of the Dirac δ function, where m_χ is the mass of the dark matter particle. The corresponding source term is then

Q^a(r, E) = [ ρ(r) ρ_{sc} ]_2 [ 1 2 ρ^2_{sc} m^2_χ f_B⟨σv⟩ ] ϕ^a(E) , (4)

where the factor of 1/2 arises by assuming that the dark matter candidate is its own antiparticle. Here the term f_B⟨σv⟩ is the product of the annihilation cross section and the relative velocity together with the requried ‘boost factor f_B’ that may come from either new particle physics or astrophysical enhancements.

If the dark matter decays into three light particles such as χ → e^+e^−ν, the spectrum of each daughter particle, to a rough approximation, is given by ϕ^d(E) ≃ δ(E − m_χ/3) with the corresponding source term

Q^d(r, E) = ρ(r) ρ_{sc} [ ρ_{sc} m_χτ ] ϕ^d(E) , (5)

where τ is the lifetime corresponding to this decay channel, which may arise from new physics. Note that the prefactor ρ_{sc} is introduced to make the term in the second paranthesis dimensionless and will cancel out in our final results.

With these definitions of the source terms, we follow an approach similar to Ref. [23, 24] in evaluating the local particle flux. Assuming steady-state conditions, typical in assessing the particle flux from dark matter annihilation/decay, the solution of the diffusion equation can be cast as n(E) = κ ∫_∞ E dE^′ ϕ(E^′ )ζ(E, E^′ ) . (6)

The coefficient κ encodes particle physics input such that for annihilations κ^a =^1_2 (ρ^2_{sc}/m^2_χ)f_B⟨σv⟩, while for decays κ^d = ρ_{sc}/(m_χτ). The spectrum of each given daughter particle per annhilation or decay is ϕ. The function ζ encodes dependence of the solution on the chosen dark matter halo profile as well as particle propagation and diffusion and has a form similar to Ĩ in Ref. [23] for annihilations up to multiplicative factors. The flux of particles is simply J(E) = (c/4π)n(E), where c is the speed of light.

The meaning of Eqn. 6 is as follows. For a particle to be observed locally at a given energy E, it has to be produced at a higher energy E^′ at a more distant location in the galaxy. Then the particle will lose energy and diffuse until it reaches the solar system, abiding by the constraints of the diffusion equation. As high energy particles loose energy fast, their observed flux should be dominated by nearby processes within a few kiloparsecs. Higher production rate for rather cuspy halo profiles, especially for annihilations around the central parts of the galaxy are only important at lower energies. Since we focus on leptophilic scenarios, plausible severe constraints due to final states other than e^± pairs, such as antiprotons, are already avoided. Thus the exact parametrization of the underlying dark matter halo profile is less relevant as long as the local normalization of dark matter density, ρ_{sc} ≃ 0.3 GeV/cm^3 is consistent.

Besides electrons/positrons, if other charged leptonic intermediate states exist, such as tau that decay to e^±, the fit of the theoretical expectations to the observations might be visually improved. However, an exact reproduction of the observations cannot be essential since (1) the observations are highly uncertain, and more importantly (2) the background fluxes are not well known and already strongly dependent on models. Since an attempt to over–constrain the theories while assuming a perfect knowledge of the background electron/positron fluxes may not yield additional useful results, we choose to probe only the most generic features of the observations by PAMELA and ATIC and present our results for a NFW dark matter profile together with the MED diffusion model [23] with appropriate parameters (D_0 = 0.0112 pc^2/yr, δ = 0.7, ℓ_0 = 10^{−16} GeV/s).

Next we outline how the PAMELA and ATIC observations could be accounted for by a neutralino dark matter scenario through annihilation or decay, and what would be the expected ranges of parameters such as dark matter mass, lifetime or annihilation cross section under these assumptions. We identify two scenarios which can reasonably account for the positron excess observed by PAMELA with a relatively light (∼ 100 − 300 GeV) dark matter candidate. In addition we consider two scenarios with an appropriately heavy (∼ 700 GeV − 2 TeV) dark matter candidate which provide a unified explanation of both the PAMELA and ATIC observations.

In Fig. 2, the additional e^± contribution (solid line) is assumed to originate from dark matter decay or annihilation. The dashed line shows the expectation for total electron and positron flux when both e^− and e^+ fluxes are added to the primary electron background (light shaded). This can be compared to the ATIC data which corresponds to the total lepton spectrum. We also show the total positron spectrum (dot-dashed line) by adding only the additional positron flux from dark matter annihilation or decay to the secondary positron spectrum (dark shaded), which is then compared to the PAMELA data. The theoretical fits are slightly smoothed out to simulate finite resolution of experiments. The four panels displayed are:

• Top-Left: A decaying dark matter scenario with a lifetime τ ∼ 2 × 10^{27} s and m_χ ∼ 0.3 TeV which is the minimal mass required to account for PAMELA (dotdashed line) without causing significant tension with ATIC (dashed-line).

• Top-Right: A decaying dark matter scenario with a lifetime τ ∼ 3 × 10^{26} s and m_χ ∼ 2 TeV which is the maximum mass that can account for ATIC observation with rather sharp cut-off around ∼ 0.7 TeV (dashed line) and also account for PAMELA (dot-dashed line). Thus, masses in the range of ∼ 0.3–2 TeV with a lifetime of ∼ 10^{27} s can be regarded as acceptable for a decaying neutralino dark matter scenario.

• Bottom-Left: An annihilating dark matter scenario with f_B⟨σv⟩ ∼ 1.5 × 10^{−25} cm^3/s and m_χ ∼ 0.1 TeV, which corresponds to the minimal mass required to explain PAMELA (dot-dashed line) without significantly exceeding the ATIC measurement (dashed-line).

• Bottom-Right: An annihilating dark matter scenario with f_B⟨σv⟩ ∼ 6 × 10^{−24} cm^3/s and m_χ ∼ 0.7 TeV that can simultaneously fit the PAMELA excess (dotdashed line) and ATIC excess and also the observation of rather sharp cut-off around ∼ 0.7 TeV (dashed line). For an annihilating scenario, the preferred mass ranges are ∼ 0.1–0.7 TeV with f_B⟨σv⟩ ∼ 10^{−24} cm^3/s.

The predictions for dark matter annihilation and decay barely differ only at low energies as can be seen in Fig. 2, where the flux from the former is larger. This is due to the fact that the annihilation rate is proportional to the square of the dark matter density and any enhancement towards the Galactic Center will cause an enhanced contributions at lower energies.

IV. NEUTRINOS FROM DARK MATTER

An interesting application of these results is the plausible presence of other leptonic final states such as neutrinos. Dark matter annihilating dominantly into neutrinos has been considered in Ref. [25, 26] and more recently in the context of more recent observations [27, 28]. For instance, neutralino decay may yield neutrinos besides pairs of e^±. Similarly, it is conceivable that in annihilation, neutrinos and e^± pairs are produced in comparable numbers.

To further illustrate the implication of the four scenarios, we calculate the total neutrino flux (utilizing prescriptions outlined in Refs. [26, 29]) using the above parameters and present the results in Fig. 3. The total neutrino flux for these bumps is ∼ 6 × 10^{−9} cm^{−2}s^{−1}sr^{−1} when averaged over the whole sky (both smoothed with a 10% Gaussian in the figure). The fluxes from the decay (thick lines) and annihilation (thin lines) scenarios are comparable as their main normalizations

FIG. 3: The atmospheric neutrino spectrum averaged over whole sky (solid line) is compared to the total neutrino flux associated with the parameters used in top-left ( top-right, bottom-left, bottom-right) panel of Fig. 2 which is denoted with a thin-dot-dashed (thin-dashed, thick-dot-dashed, thick-dashed) line. See text for details.

are provided by the requirement to account for the PAMELA and ATIC observations. The fluxes are also averaged over the whole sky which dampens any relative enhancement of annihilation compared to decay scenarios, especially towards the center of the Galaxy.

These can be compared to the atmospheric neutrino spectrum (solid line) which is based on measurements by Refs. [30, 31, 32, 33, 34] and also agrees with the theoretical modelling of Ref. [35]. The bumps at ∼ 100 GeV which are devised to account for PAMELA only fall short by several orders of magnitude below the atmospheric neutrino flux. However at energies ∼ 700 GeV, the corresponding neutrino fluxes are within reach of the atmospheric neutrino background, thus offer hope to test this scenario in the near future.

As we have focused here on leptophilic scenarios, we do not discuss models in which gamma ray fluxes are among the primary decay or annihilation products (see e.g. Refs. [36, 37] where the dominant dark matter annihilation/decay products are gamma rays). However, gamma rays might accompany the production of e^± pairs such as through internal bremsstrahlung [38]. Also inverse Compton and synchrotron emission might be produced from the electrons and positrons. In such cases, especially for annihilations, dark matter profiles that are shallower around the center of the Galaxy compared to the NFW parametrization might be preferred [39].

V. FROM OBSERVATIONS TO CMSSM

In order to understand the unexpectedly high electronic flux observed by PAMELA and ATIC the CMSSM must be supplemented by new physics. If one wishes to preserve the basic neutralino cold dark matter framework, which we propose to do in this paper, at least two options are available.

Perhaps the simplest modification one could contemplate is to include R-parity violating superpotential coupling(s) with suitably tiny dimensionless coefficient(s), such that the neutralino primarily decays into leptons, with lifetime ∼ 10^{26}sec. A simple example is provided by the coupling LLE^c [14], which leads to 3-body leptonic decays of the neutralino. This modification has an important advantage in that it preserves the basic structure of the CMSSM, especially by leaving intact the standard calculations for estimating the relic neutralino abundance. The implications for CMSSM spectroscopy for this case which has a rather heavy neutralino (∼ 2 TeV) are discussed in Section VII.

Dark matter neutralinos annihilating in the halos of galaxies provide an exciting new source for cosmic rays including positrons. To explain the PAMELA and ATIC observations in terms of neutralino annihilations, the CMSSM must be supplemented by new physics which should accomplish the following three things: allow neutralino annihilations primarily into leptonic channels, produce a boost factor of order 10^3 or so through Sommerfeld enhancement [13], and last but by no means least, ensure that the relic abundance of neutralinos is consistent with WMAP bounds. Several interesting proposals for annihilating WIMPS that explain PAMELA and ATIC have been put forward [12]. However, it is not obvious if they

FIG. 4: Plots in (m_{1/2}, m0) and (m_{1/2}, tan β) planes for μ > 0 (left panel) and μ < 0 (right panel). Gray points satisfy constraints from colliders ( BR(Bs → μ^+μ^−), BR(B → Xsγ), and the chargino and Higgs mass bounds). Light blue points satisfy the WMAP upper bound on dark matter relic abundance. Green (m_{χ̃}0_1 ≤ 0.3 TeV), red (0.65 TeV ≤ m_{χ̃}0_1 ≤ 0.75 TeV), black (1.9 TeV ≤ m_{χ̃}0_1 ≤ 2.1 TeV), and dark blue (m_{χ̃}0_1 ≤ 2.5 TeV) points satisfy both the upper and lower bounds on dark matter relic abundance. Green, red and black points are subsets of dark blue points. Dense regions in all figures correspond to parameter values that are especially relevant for PAMELA and ATIC, and for which additional data has been accumulated.

can be easily adapted to the CMSSM scenario we are considering in which the neutralino makes up the observed cold dark matter in the universe. Thus, even though an explicit particle physics construction for neutralino annihilation satisfying the above conditions is not yet available, we will in the following discussion present spectroscopy results which cover a wide range of neutralino masses currently favored by PAMELA and ATIC, including the 700 GeV or so value motivated from neutralino annihilation.

VI. PHENOMENOLOGICAL CONSTRAINTS AND SCANNING PROCEDURE

We employ ISAJET 7.78 package [17] to perform random scans over the parameter space. In this package, the weak scale values of gauge and third generation Yukawa couplings are evolved to M_{GUT} via the MSSM renormalization group equations (RGEs) in the DR regularization scheme, where M_{GUT} is defined to be the scale at which g_1 = g_2. We do not enforce an exact unification of the strong coupling g_3 = g_1 = g_2 at M_{GUT}, since a few percent deviation from unification can be assigned to unknown GUT-scale threshold

FIG. 5: Plots in (m0, A0) and (m_{1/2}, A0) planes for μ > 0 (left panel) and μ < 0 (right panel). Color coding same as in Fig. 4.

corrections [40]. At M_{GUT}, the CMSSM boundary conditions are imposed and all the SSB parameters, along with the gauge and Yukawa couplings, are evolved back to the weak scale M_Z. In the evaluation of Yukawa couplings the SUSY threshold corrections [41] are taken into account at the common scale M_{SUSY} = √m_{t̃L} m_{t̃R} . The entire parameter set is iteratively run between M_Z and M_{GUT} using the full 2-loop RGEs until a stable solution is obtained. To better account for leading-log corrections, one-loop step-beta functions are adopted for gauge and Yukawa couplings, and the SSB parameters m_i are extracted from RGEs at multiple scales m_i = m_i(m_i). The RGE-improved 1-loop effective potential is minimized at an optimized scale M_{SUSY}, which effectively accounts for the leading 2-loop corrections. Full 1-loop radiative corrections are incorporated for all sparticle masses.

The requirement of radiative electroweak symmetry breaking (REWSB) [42] puts an important theoretical constraint on the parameter space. Another important constraint comes from limits on the cosmological abundance of stable charged particles [43]. This excludes regions in the parameter space where charged SUSY particles, such as τ̃_1 or t̃_1, become the lightest supersymmetric particle (LSP). We accept only those solutions for which the neutralino is the LSP.

We have performed random scans for the following parameter range:

0 ≤ m_0 ≤ 20 TeV, 0 ≤ m_{1/2} ≤ 10 TeV, −3 ≤ A_0/m_0 ≤ 3, 5 ≤ tan β ≤ 58, (7)

FIG. 6: Plots in (mA, m_{χ̃}0_1 ) and (m_{χ̃}±_1 , m_{χ̃}0_1 ) planes for μ > 0 (left panel) and μ < 0 (right panel). Gray points satisfy constraints from

colliders ( BR(Bs → μ^+μ^−), BR(B → Xsγ), and the chargino and Higgs mass bounds). Light blue points satisfy the WMAP upper bound on dark matter relic abundance. Dark blue points satisfy both the upper and lower bounds on dark matter relic abundance. Orange and brown points satisfy the constraint from Δaμ (for μ > 0, as expected). Orange points satisfy only the lower bound on dark matter relic density, while brown ones satisfy both the upper and lower bounds. Vertical lines correspond to m_{χ̃}0_1 = 0.3, 0.65, 0.75, 1.9 and 2.1 TeV. ATIC imposes 0.65 TeV ≤ m_{χ̃}0_1 ≤ 0.75 TeV (1.9 TeV ≤ m_{χ̃}0_1 ≤ 2.1 TeV) based on annihilating (decaying) neutralinos. PAMELA requires m_{χ̃}0_1 ≥ 0.1 TeV (m_{χ̃}0_1 ≥ 0.3 TeV) based on annihilating (decaying) neutralinos.

with μ > 0 and μ < 0, and m_t = 172.6 GeV [44].

After collecting the data, we use the IsaTools package [45] to implement the following phenomenological constraints:

m_{χ̃}±_1 (chargino mass) ≥ 103.5 GeV [43], m_h (lightest Higgs mass) ≥ 114.4 GeV [46], BR(B_s → μ^+μ^−) < 5.8 × 10^{−8} [47], 2.85 × 10^{−4} ≤ BR(B → X_sγ) ≤ 4.24 × 10^{−4} (2σ) [48], Ω_{CDM}h^2 = 0.111^{+0.011}_{−0.015} (2σ) [1], 3.4 × 10^{−10} ≤ Δa_μ ≤ 55.6 × 10^{−10} (3σ) [49]. We have applied the constraints from experimental data successively on the data that we acquired from ISAJET. As a first step we apply the constraints from BR(B_s → μ^+μ^−), BR(B → X_sγ), chargino mass, and Higgs mass. We then apply the WMAP upper bound on the relic density of cold dark matter followed by the constraint on the muon anomalous magnetic moment a_μ = (g − 2)_μ/2 at the 3σ allowed region. Finally, we apply the lower bound on the dark matter relic abundance. The data is then plotted showing the successive application of each of these constraints.

FIG. 7: Plots in (mg̃, m_{χ̃}0_1 ) and (m~_t, m_{χ̃}0_1 ) planes for μ > 0 (left panel) and μ < 0 (right panel). Color coding same as in Fig. 6. Vertical lines correspond to m_{χ̃}0_1 = 0.3, 0.65, 0.75, 1.9 and 2.1 TeV. ATIC imposes 0.65 TeV ≤ m_{χ̃}0_1 ≤ 0.75 TeV (1.9 TeV ≤ m_{χ̃}0_1 ≤ 2.1 TeV) based on annihilating (decaying) neutralinos. PAMELA requires m_{χ̃}0_1 ≥ 0.1 TeV (m_{χ̃}0_1 ≥ 0.3 TeV) based on annihilating (decaying) neutralinos.

VII. IMPLICATIONS FOR CMSSM

PAMELA and ATIC, as discussed previously, have set constraints on the mass and other properties of the dark matter candidate which, in our CMSSM case, is the neutralino. The preferred mass values are as follows:

• m_{χ̃}0_1 >∼ 0.3 TeV: This region is interesting if we wish to explain the PAMELA results based on decaying neutralinos.

• 1.9 TeV <∼ m_{χ̃}0_1 <∼ 2.1 TeV: This relatively narrow range of neutralino mass explains the results from both PAMELA and ATIC based on decaying neutralinos.

• m_{χ̃}0_1 >∼ 0.1 TeV: This region of neutralino masses can explain the PAMELA observation if we assume that neutralinos annihilate, rather than decay, preferentially into electrons and positrons.

• 0.65 TeV <∼ m_{χ̃}0_1 <∼ 0.75 TeV: This region can explain the results from both PAMELA and ATIC based on annihilating neutralinos.

We now present the results of the random scan focusing attention on the above mentioned neutralino mass ranges. In Fig. 4 we plot the results in the (m_{1/2}, m_0) and (m_{1/2}, tan β) planes for μ > 0 (left panel) and μ < 0 (right panel). All of these points satisfy the theoretical requirement of REWSB and correspond to a neutralino with mass less than 2.5 TeV.

FIG. 8: Plots in (m_h, m_{χ̃}0_1 ) and (mτ̃ , m_{χ̃}0_1 ) planes for μ > 0 (left panel) and μ < 0 (right panel). Color coding same as in Fig. 6. Vertical lines correspond to m_{χ̃}0_1 = 0.3, 0.65, 0.75, 1.9 and 2.1 TeV. ATIC imposes 0.65 TeV ≤ m_{χ̃}0_1 ≤ 0.75 TeV (1.9 TeV ≤ m_{χ̃}0_1 ≤ 2.1 TeV) based on the model of annihilating (decaying) neutralinos. PAMELA requires m_{χ̃}0_1 ≥ 0.1 TeV (m_{χ̃}0_1 ≥ 0.3 TeV) based on annihilating (decaying) neutralinos.

In addition, these points satisfy the various experimental constraints listed earlier. Gray points satisfy the constraints from BR(B_s → μ^+μ^−), BR(B → X_sγ), and the Higgs and chargino masses. After application of the WMAP 5 upper bound on neutralino dark matter (light blue points), the allowed region is drastically shrunk, with the remaining gray points associated with an unacceptably high dark matter relic density. The other colors (green, red, dark blue and black) in Fig. 4 correspond to different ranges of neutralino mass such that the neutralino satisfies both the WMAP 5 upper and lower bounds on dark matter relic abundance. The specific mass ranges have been picked out as interesting in trying to explain the data from PAMELA and ATIC. These are;

• Green points correspond to m_{χ̃}0_1 ≤ 0.3 TeV.

• Black points correspond to 1.9 TeV ≤ m_{χ̃}0_1 ≤ 2.1 TeV.

• Red points correspond to 0.65 TeV ≤ m_{χ̃}0_1 ≤ 0.75 TeV.

Note that if we want to explain just the PAMELA data through neutralino annihilation with a suitable ‘boost’ factor, there is almost no constraint on the CMSSM parameter space as it requires in this case m_{χ̃}0_1 >∼ 0.1 TeV, which is satisfied by almost all CMSSM allowed points.

The (m_{1/2}, m_0) plane for μ > 0 is distinctly different from that of μ < 0. With μ < 0, the ratio between m_{1/2} and m_{χ̃}0_1

Point 1 Point 2 Point 3 m_{1/2} 665.1 2051.8 4437.6 m0 1305.5 7251.8 10970 tan β 54.928 28.236 12.49 A0 6.975 -1606.2 -26842 sgn μ + + + m_h 117 122 120 mH 642 6545 15510 mA 637 6502 15408 m_H± 648 6546 15536 m_{χ̃}±_{1,2} 533, 730 771, 1720 3888, 11161

m_{χ̃}0_{1,2,3,4} 283, 532, 714, 730 743, 753, 928, 1753 2099, 3857, 11131, 11131

mg̃ 1563 4638 9293 mũ_{L,R} 1876, 1845 8134, 8082 11311, 11080 m~_{t1,2} 1327, 1537 5357, 6776 2132, 9570

m~_{dL,R} 1878, 1841 8135, 8076 13433, 13231

m~_{b1,2} 1496, 1571 6751, 7678 9807, 12760

mν̃_{1,2,3} 1374, 1374, 1165 7363, 7363, 7129 11328, 11328, 11121 mẽ_{L,R} 1377, 1328 7362, 7284 11311, 11080 mτ̃_{1,2} 824, 1169 6802, 7127 10648, 11114 ΩCDM h^2 0.1199 0.1042 0.11375 ⟨σv⟩(cm^3/s) 1.495 × 10^{−26} 1.76 × 10^{−26} 6.2 × 10^{−31} σ_{χ̃}0_{1−p,SI}(pb) 1.81 × 10^{−9} 4.07 × 10^{−9} 3.56 × 10^{−14}

σ_{χ̃}0_{1−n,SI}(pb) 1.95 × 10^{−9} 4.17 × 10^{−9} 3.68 × 10^{−14}

TABLE I: Sparticle and Higgs masses (in units of GeV), with mt = 172.6 GeV and μ > 0. We present three benchmark points. Also included are the spin-independent neutralino-nucleon interaction cross-sections. Point 1 can explain results from PAMELA based on either a decaying or an annihilating neutralino model. Point 2 (Point 3) can explain ATIC and PAMELA based on the model of neutralino annihilation (decay).

is fixed (more precisely in a narrow range), and the neutralino is always bino-like. While this is true also for the case μ > 0 for low values of m_{1/2}, we find solutions in which m_{1/2} and m_{χ̃}0_1 lose this correlation for higher values, and the neutralino develops a strong higgsino component. This is the reason for the difference in the (m_{1/2}, m_0) planes between μ > 0 and μ < 0. This difference is more apparent in Fig. 7 where we plot results in the (m_{g̃}, m_{χ̃}0_1 ) plane.

In Fig. 5 we present the results in the (m_0, A_0) and (m_{1/2}, A_0) planes for both μ > 0 (left panel) and μ < 0 (right panel). Color coding is the same as in Fig. 4. Even though it is not explicitly shown in Fig. 5, the constraint from Δa_μ favors a small magnitude (<∼ 4 TeV) for A_0 and μ > 0.

Let us now take a closer look at the sparticle spectroscopy that arises in the CMSSM. In Figs. 6, 7 and 8 we present the results in the (m_A, m_{χ̃}0_1 ), (m_{χ̃}±_1 , m_{χ̃}0_1 ), (m_{g̃}, m_{χ̃}0_1 ), (m_{t̃}, m_{χ̃}0_1 ), (m_h, m_{χ̃}0_1 ) and (m_{τ̃} , m_{χ̃}0_1 ) planes for both μ > 0 (left panels) and μ < 0 (right panels). In these three figures we use consistent color coding. In particularl, points in gray satisfy the constraints from colliders on BR(B_s → μ^+μ^−), BR(B → X_sγ), and the Higgs and chargino masses. Shown in light and dark blue are points that further satisfy bounds on the density of dark matter set by WMAP. Light blue points only satisfy the upper bound set by WMAP while dark blue ones satisfy both upper and lower bounds. Finally, we also show in orange and brown colors the regions allowed by the bounds on Δa_μ. Orange points satisfy only the lower bound on dark matter relic density while brown points saturate the WMAP bound on the dark matter relic abundance.

The vertical lines in Figs. 6, 7 and 8 correspond to m_{χ̃}0_1 = 0.3, 0.65, 0.75, 1.9 and 2.1 TeV. These lines isolate the interesting ranges of neutralino mass from the point of view of PAMELA and ATIC as discussed above.

Let us focus on trying to explain both PAMELA and ATIC using a decaying neutralino. This corresponds to the interval between the vertical lines m_{χ̃}0_1 = 1.9 and 2.1 TeV in Figs. 6, 7 and 8. Of particular interest is the t̃ (stop) coannihilation region in Fig. 7. In Fig. 8 we see that the stau is quite heavy for 1.9 TeV <∼ m_{χ̃}0_1 <∼ 2.1 TeV, so that coannihilation occurs mainly with the stop. The chargino can also be relatively ‘light’ in these regions. However, it is clear from the (m_{χ̃}±_1 , m_{χ̃}0_1 ) (Fig. 6) and (m_{t̃}, m_{χ̃}0_1 ) (Fig. 7) planes that the chargino and the stop are not simultaneously ‘light’. Therefore, to simultaneously explain both PAMELA and ATIC using a decay-

Point 1 Point 2 Point 3 m_{1/2} 697.25 1307.3 15689 m0 186.39 17042.7 4161.8 tan β 22.73 37.60 19.65 A0 222.3 -38866.3 -35936 sgn μ - - - m_h 116 116 124 mH 866 15075 19224 mA 860 14977 19099 m_H± 869 15071 19209 m_{χ̃}±_{1,2} 552, 809 1271, 12085 3727, 13326

m_{χ̃}0_{1,2,3,4} 292, 552, 780, 809 650, 1258, 12024, 12025 1997, 3692, 13290, 13290

mg̃ 1567 3396 8988 mũ_{L,R} 1439, 1386 17146, 17183 17230, 17131 m~_{t1,2} 1132, 1354 694, 10027 2014, 11683 m~_{dL,R} 1442, 1380 17146, 17190 17230, 17120

m~_{b1,2} 1317, 1351 10287, 14164 11938, 16008

mν̃_{1,2,3} 496, 496, 487 17068, 17068, 14620 15913, 15913, 15257 mẽ_{L,R} 506, 320 17045, 17040 15889, 15752 mτ̃_{1,2} 295, 503 11919, 14708 14440, 15268 ΩCDM h^2 0.0981 0.1011 0.0982 ⟨σv⟩(cm^3/s) 1.16 × 10^{−28} 9.52 × 10^{−29} 1.219 × 10^{−30} σ_{χ̃}0_{1−p,SI}(pb) 2.51 × 10^{−13} 3.05 × 10^{−13} 5.60 × 10^{−14} σ_{χ̃}0_{1−n,SI}(pb) 5.73 × 10^{−13} 3.08 × 10^{−13} 5.65 × 10^{−14}

TABLE II: Sparticle and Higgs masses (in units of GeV), with mt = 172.6 GeV and μ < 0. We present three benchmark points. Also included are the spin-independent neutralino-nucleon interaction cross-sections. Point 1 can explain results from PAMELA based on either a decaying or an annihilating neutralino model. Point 2 (Point 3) can explain ATIC and PAMELA based on the model of neutralino annihilation (decay).

ing neutralino requires a very heavy sparticle spectrum in the CMSSM, and the only particle that can be observed relatively easily at the LHC is the lightest Higgs boson.

If we focus our attention on explaining only the PAMELA results (m_{χ̃}0_1 >∼ 0.3 TeV), we obtain a sparticle spectrum that is much more accessible at the LHC. As shown in Fig. 6 in this case we can find a relatively light chargino (∼ 500GeV) and CP-odd and charged Higgs with masses ∼ 600GeV.

While we do not currently have a nice theoretical model for neutralino annihilations within the framework of CMSSM, it is plausible that such a model may be constructed in the future. If we allow for this possibility, it makes sense to explain ATIC and PAMELA in terms of neutralino annihilations and study the corresponding CMSSM sparticle spectroscopy. The advantage here is that we need a significantly lighter neutralino to explain the ATIC and PAMELA observations, and the corresponding spectroscopy is much more exciting from the point of view of the LHC.

In Table I (Table II) we present a few representative points for μ > 0 (μ < 0). All of these points correspond to a binolike neutralino and have been chosen such that:

• Point 1 may be used to explain PAMELA based on either decaying or annihilating neutralinos.

• Point 2 may be used to explain both ATIC and PAMELA based on annihilating neutralinos.

• Point 3 may be used to explain both ATIC and PAMELA based on decaying neutralinos.

We also calculate for each benchmark point the neutralinonucleon cross section. For μ > 0, the cross sections corresponding to the benchmark points 1 and 2 are a few orders of magnitude smaller then the exclusion limits set by the current experiments for direct dark matter detection such as CDMS [50] and XENON10 [51]. The cross sections in the case of μ < 0 are smaller still.

VIII. CONCLUSIONS

We have explored the implications for Higgs and sparticle spectroscopy of the CMSSM model in the light of recent cosmic ray observations reported by the PAMELA and ATIC experiments. Our investigation is based on the premise that the lightest CMSSM neutralino comprises the dark matter in the universe, and that the underlying physics should provide a unified explanation, either through neutralino self annihilation or via its decay, for the positron and electron-positron excess reported by these two experiments. We have identified some benchmark points in the CMSSM parameter space which are consistent with this unified explanation. The corresponding sparticle mass spectra turns out, as expected, to be relatively heavy. The outlook for new particle discovery at the LHC is considerably enhanced if the ATIC data is simply ignored. In one example based on the decaying neutralino scenario, we find a relatively light chargino (∼ 500 GeV) and CP-odd and charged Higgs with masses ∼ 600 GeV. The CMSSM analysis reported here can be extended to other related scenarios with neutralino LSP such as those based on SU(5) [52].

Acknowledgments

We thank Matt Kistler for helpful discussion and comments. This work is supported in part by the DOE Grant # DE-FG02-91ER40626 (I.G., Q.S. and H.Y.), GNSF grant 07 462 4-270 (I.G.), and by Bartol Research Institute (R.K.).

[1] For a recent discussion see E. Komatsu et al. [WMAP Collaboration], arXiv:0803.0547 [astro-ph].

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

267, 195 (1996); A. B. Lahanas, N. E. Mavromatos and D. V. Nanopoulos, Int. J. Mod. Phys. D 12, 1529 (2003); J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, Phys. Rev. D 71, 095007 (2005); G. Bertone, D. Hooper and J. Silk, Phys. Rept. 405, 279 (2005); D. Hooper and S. Profumo, Phys. Rept. 453, 29 (2007).

[3] For recent discussions and additional references see L. Roszkowski, R. Ruiz de Austri and R. Trotta, JHEP 0707 (2007) 075; A. Belyaev, S. Dar, I. Gogoladze, A. Mustafayev and Q. Shafi, arXiv:0712.1049 [hep-ph]. D. Feldman, Z. Liu and P. Nath, JHEP 0804, 054 (2008); J. R. Ellis, K. A. Olive and P. Sandick, JHEP 0808, 013 (2008) F. Feroz, B. C. Allanach, M. Hobson, S. S. AbdusSalam, R. Trotta and A. M. Weber, JHEP 0810, 064 (2008); G. Barenboim, P. Paradisi, O. Vives, E. Lunghi and W. Porod, JHEP 0804, 079 (2008); J. L. Kneur and N. Sahoury, arXiv:0808.0144 [hep-ph]; H. Baer and X. Tata, arXiv:0805.1905 [hep-ph];

[4] O. Adriani et al., arXiv:0810.4995 [astro-ph]. [5] O. Adriani et al., arXiv:0810.4994 [astro-ph];

[6] S. W. Barwick et al. [HEAT Collaboration], Astrophys. J. 482, L191 (1997). [arXiv:astro-ph/9703192]; J. J. Beatty et al., Phys. Rev. Lett. 93, 241102 (2004) [arXiv:astro-ph/0412230].

[7] M. Aguilar et al. [AMS-01 Collaboration], Phys. Lett. B 646, 145 (2007). [arXiv:astro-ph/0703154].

[8] F. A. Aharonian, A. M. Atoyan and H. J. Volk, Astron. Astrophys. 294, L41 (1995); D. Hooper, P. Blasi and P. D. Serpico, arXiv:0810.1527 [astro-ph]; P. D. Serpico, arXiv:0810.4846 [hep-ph]; S. Profumo, arXiv:0812.4457 [astro-ph]; K. Ioka, arXiv:0812.4851 [astro-ph].

[9] H. Yuksel, M. D. Kistler and T. Stanev, arXiv:0810.2784 [astroph];

[10] J. Chang et al., Nature 456, 362 (2008). [11] S. Torii et al., arXiv:0809.0760 [astro-ph].

[12] L. Bergstrom, T. Bringmann and J. Edsjo, arXiv:0808.3725 [astro-ph]; V. Barger, W. Y. Keung, D. Marfatia and G. Shaughnessy, arXiv:0809.0162 [hep-ph]; J. H. Huh, J. E. Kim and B. Kyae, arXiv:0809.2601 [hep-ph]; R. Harnik and G. D. Kribs, arXiv:0810.5557 [hep-ph]; A. E. Nelson and C. Spitzer, arXiv:0810.5167 [hep-ph]; I. Cholis, D. P. Finkbeiner, L. Goodenough and N. Weiner, arXiv:0810.5344 [astroph]; I. Cholis, L. Goodenough, D. Hooper, M. Simet and N. Weiner, arXiv:0809.1683 [hep-ph]; P. J. Fox and E. Poppitz, arXiv:0811.0399 [hep-ph]; C. R. Chen and F. Takahashi, arXiv:0810.4110 [hep-ph]; M. Cirelli, M. Kadastik, M. Raidal and A. Strumia, arXiv:0809.2409 [hep-ph]; M. Fairbairn and J. Zupan, arXiv:0810.4147 [hep-ph]; Y. Nomura and J. Thaler, arXiv:0810.5397 [hep-ph]; C. R. Chen, K. Hamaguchi, M. M. Nojiri, F. Takahashi and S. Torii, arXiv:0812.4200 [astroph]; E. J. Chun and J. C. Park, arXiv:0812.0308 [hep-ph]; J. Kalinowski, S. F. King and J. P. Roberts, arXiv:0811.2204 [hep-ph]; S. Baek and P. Ko, arXiv:0811.1646 [hep-ph]; R. Allahverdi, B. Dutta, K. Richardson-McDaniel and Y. Santoso, arXiv:0812.2196 [hep-ph].

[13] A. Sommerfeld, Annalen der Physik, 403, 257 (1931);

J. Hisano, S. Matsumoto and M. M. Nojiri, Phys. Rev. Lett. 92, 031303 (2004); J. Hisano, S. Matsumoto, M. M. Nojiri and O. Saito, Phys. Rev. D 71, 063528 (2005); N. Arkani-Hamed, D. P. Finkbeiner, T. Slatyer and N. Weiner, arXiv:0810.0713 [hep-ph]; M. Lattanzi and J. I. Silk, arXiv:0812.0360 [astroph].

[14] P. f. Yin, Q. Yuan, J. Liu, J. Zhang, X. j. Bi and S. h. Zhu, arXiv:0811.0176 [hep-ph];

[15] K. Ishiwata, S. Matsumoto and T. Moroi, arXiv:0811.0250 [hep-ph]; C. R. Chen, F. Takahashi and T. T. Yanagida, arXiv:0811.0477 [hep-ph]; K. Hamaguchi, E. Nakamura, S. Shirai and T. T. Yanagida, arXiv:0811.0737 [hep-ph]; A. Ibarra and D. Tran, arXiv:0811.1555 [hep-ph]; C. R. Chen, F. Takahashi and T. T. Yanagida, arXiv:0811.3357 [astro-ph]; X. J. Bi, P. H. Gu, T. Li and X. Zhang, arXiv:0901.0176 [hepph].

[16] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P. W. Graham, R. Harnik and S. Rajendran, arXiv:0812.2075 [hep-ph].

[17] H. Baer, F. E. Paige, S. D. Protopopescu and X. Tata, arXiv:hepph/0001086.

[18] F. W. Stecker, Astrophys. Space Sci. 6, 377 (1970). [19] I. V. Moskalenko and A. W. Strong, Astrophys. J. 493, 694 (1998) [arXiv:astro-ph/9710124].

[20] T. Delahaye, F. Donato, N. Fornengo, J. Lavalle, R. Lineros, P. Salati and R. Taillet, arXiv:0809.5268 [astro-ph].

[21] A. A. Abdo et al., Astrophys. J. 664, L91 (2007) [arXiv:0705.0707 [astro-ph]].

[22] J. F. Navarro, C. S. Frenk and S. D. M. White, Astrophys. J.

462, 563 (1996) [arXiv:astro-ph/9508025].

[23] T. Delahaye, R. Lineros, F. Donato, N. Fornengo and P. Salati, Phys. Rev. D 77, 063527 (2008) [arXiv:0712.2312 [astro-ph]].

[24] A. Ibarra and D. Tran, JCAP 0807, 002 (2008) [arXiv:0804.4596 [astro-ph]].

[25] J. F. Beacom, N. F. Bell and G. D. Mack, Phys. Rev. Lett. 99, 231301 (2007) [arXiv:astro-ph/0608090].

[26] H. Yuksel, S. Horiuchi, J. F. Beacom and S. Ando, Phys. Rev.

D 76, 123506 (2007) [arXiv:0707.0196 [astro-ph]]. [27] J. Hisano, M. Kawasaki, K. Kohri and K. Nakayama, arXiv:0812.0219 [hep-ph].

[28] J. Liu, P. f. Yin and S. h. Zhu, arXiv:0812.0964 [astro-ph]. [29] H. Yuksel, J. F. Beacom and C. R. Watson, Phys. Rev. Lett. 101, 121301 (2008) [arXiv:0706.4084 [astro-ph]].

[30] S. Desai et al. [Super-Kamiokande Collaboration], Phys. Rev.

D 70, 083523 (2004) [Erratum-ibid. D 70, 109901 (2004)] [arXiv:hep-ex/0404025].

[31] K. Daum et al. [Frejus Collaboration.], Z. Phys. C 66, 417 (1995).

[32] A. Achterberg et al. [IceCube Collaboration], Phys. Rev.

D 76, 042008 (2007) [Erratum-ibid. D 77, 089904 (2008)] [arXiv:0705.1315 [astro-ph]].

[33] A. Achterberg et al. [IceCube Collaboration], arXiv:astroph/0509330.

[34] Y. Ashie et al. [Super-Kamiokande Collaboration], Phys. Rev.

D 71, 112005 (2005) [arXiv:hep-ex/0501064].

[35] T. K. Gaisser and M. Honda, Ann. Rev. Nucl. Part. Sci. 52, 153 (2002) [arXiv:hep-ph/0203272].

[36] G. D. Mack, T. D. Jacques, J. F. Beacom, N. F. Bell and H. Yuksel, Phys. Rev. D 78, 063542 (2008) [arXiv:0803.0157 [astroph]].

[37] H. Yuksel and M. D. Kistler, Phys. Rev. D 78, 023502 (2008) [arXiv:0711.2906 [astro-ph]].

[38] N. F. Bell and T. D. Jacques, arXiv:0811.0821 [astro-ph]. [39] I. Cholis, G. Dobler, D. P. Finkbeiner, L. Goodenough and N. Weiner, arXiv:0811.3641 [astro-ph]; G. Bertone, M. Cirelli, A. Strumia and M. Taoso, arXiv:0811.3744 [astroph]; L. Bergstrom, G. Bertone, T. Bringmann, J. Edsjo and M. Taoso, arXiv:0812.3895 [astro-ph]; J. Zhang, X. J. Bi, J. Liu, S. M. Liu, P. f. Yin, Q. Yuan and S. H. Zhu, arXiv:0812.0522 [astro-ph].

[40] J. Hisano, H. Murayama, and T. Yanagida, Nucl. Phys. B402

(1993) 46. Y. Yamada, Z. Phys. C60 (1993) 83; J. L. Chkareuli and I. G. Gogoladze, Phys. Rev. D 58, 055011 (1998).

[41] D. M. Pierce, J. A. Bagger, K. T. Matchev, and R.-j. Zhang, Nucl. Phys. B491 (1997) 3.

[42] L. E. Ibanez and G. G. Ross, Phys. Lett. B110 (1982) 215;

K. Inoue, A. Kakuto, H. Komatsu and S. Takeshita, Prog. Theor. Phys. 68, 927 (1982) [Erratum-ibid. 70, 330 (1983)]; L. E. Ibanez, Phys. Lett. B118 (1982) 73; J. R. Ellis, D. V. Nanopoulos, and K. Tamvakis, Phys. Lett. B121 (1983) 123; L. Alvarez-Gaume, J. Polchinski, and M. B. Wise, Nucl. Phys. B221 (1983) 495.

[43] W. M. Yao et. al., Review of particle physics, J. Phys. G33 (2006) 1.

[44] Tevatron Electroweak Working Group and CDF Collaboration and D0 Collaboration, arXiv:0803.1683 [hep-ex].

[45] H. Baer, C. Balazs, and A. Belyaev, JHEP 03 (2002) 042;

H. Baer, C. Balazs, J. Ferrandis, and X. Tata Phys. Rev. D64 (2001) 035004.

[46] S. Schael et al. Eur. Phys. J. C 47, 547 (2006). [47] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 100, 101802 (2008).

[48] E. Barberio et al. [Heavy Flavor Averaging Group (HFAG) Collaboration], arXiv:0704.3575 [hep-ex].

[49] G. W. Bennett et al. [Muon G-2 Collaboration], Phys. Rev. D 73, 072003 (2006).

[50] D. S. Akerib et al. [CDMS Collaboration], Phys. Rev. Lett.

96, 011302 (2006). Z. Ahmed et al. [CDMS Collaboration], arXiv:0802.3530 [astro-ph].

[51] J. Angle et al. [XENON Collaboration], Phys. Rev. Lett. 100, 021303 (2008).

[52] I. Gogoladze, R. Khalid, N. Okada and Q. Shafi, arXiv:0811.1187 [hep-ph]; S. Profumo, Phys. Rev. D 68, 015006 (2003); B. Ananthanarayan and P. N. Pandita, Int. J. Mod. Phys. A 22, 3229 (2007).