Published by Institute of Physics Publishing for SISSA Received: May 26, 2005 Accepted: June 23, 2005 Published: July 19, 2005

Mixed Wino Dark Matter: consequences for direct, indirect and collider detection

Howard Baer, Azar Mustafayev, Eun-Kyung Park and Stefano Profumo Department of Physics, Florida State University Tallahassee FL 32306, U.S.A.

E-mail: baer@hep.fsu.edu, mazar@hep.fsu.edu,

epark@hep.fsu.edu,profumo@hep.fsu.edu

Abstract: In supersymmetric models with gravity-mediated SUSY breaking and gaugino mass unification, the predicted relic abundance of neutralinos usually exceeds the strict limits imposed by the WMAP collaboration. One way to obtain the correct relic abundance is to abandon gaugino mass universality and allow a mixed wino-bino lightest SUSY particle (LSP). The enhanced annihilation and scattering cross sections of mixed wino dark matter (MWDM) compared to bino dark matter lead to enhanced rates for direct dark matter detection, as well as for indirect detection at neutrino telescopes and for detection of dark matter annihilation products in the galactic halo. For collider experiments, MWDM leads to a reduced but significant mass gap between the lightest neutralinos so that ~Z_2 two-body decay modes are usually closed. This means that dilepton mass edges– the starting point for cascade decay reconstruction at the CERN LHC– should be accessible over almost all of parameter space. Measurement of the m_{~Z2} − m_{~Z1} mass gap at LHC plus various sparticle masses and cross sections as a function of beam polarization at the International Linear Collider (ILC) would pinpoint MWDM as the dominant component of dark matter in the universe.

Keywords: e+-e- Experiments, Supersymmetry Phenomenology, Supersymmetric Standard Model, Hadronic Colliders.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep072005046 /jhep072005046 .pdf

Contents

1. Introduction 1

2. Relic density and sparticle mass spectrum 4

3. Direct and indirect detection of mixed wino dark matter 9

4. Mixed wino dark matter at colliders 13 4.1 CERN LHC 15 4.2 Linear e^+e^− collider 18

5. Conclusions 21

1. Introduction

In supersymmetric models of particle physics, R-parity is often imposed to avoid too rapid proton decay which can be induced by superpotential terms which violate baryon and lepton number conservation. One of the byproducts of R-parity conservation is that the lightest supersymmetric particle is absolutely stable, making it a good candidate particle to make up the bulk of dark matter (DM) in the universe. In gravity-mediated SUSY breaking models, dark matter candidate particles include the lightest neutralino or the gravitino. Here we will focus on the lightest neutralino ~Z_1 [1]; recent results on TeV scale gravitino dark matter can be found in ref. [2]. The relic density of neutralinos in supersymmetric models can be straightforwardly calculated by solving the Boltzmann equation for the neutralino number density [3]. The central part of the calculation is to evaluate the thermally averaged neutralino annihilation and co-annihilation cross section times velocity. The computation requires evaluating many thousands of Feynman diagrams. Several computer codes are now publicly [4, 5] available which evaluate the neutralino relic density Ω_{~Z1} h^2.

The dark matter density of the universe has recently been inferred from the WMAP collaboration based on precision fits to anisotropies in the cosmic microwave background radiation [6]. The WMAP collaboration result for the relic density of cold dark matter (CDM) is that Ω_{CDM} h^2 = 0.113 ± 0.009 . (1.1)

This result imposes a tight constraint on supersymmetric models which contain a dark matter candidate [7].

Many analyses have been recently performed in the context of the paradigm minimal supergravity model [8] (mSUGRA), where the parameter space is given by m_0, m_{1/2}, A_0, tan β and sign(μ). The mSUGRA model assumes the minimal supersymmetric model

– 1 –

(MSSM) is valid between the mass scales Q = M_{GUT} and Q = M_{SUSY} . A common mass m_0 (m_{1/2}) ((A_0)) is assumed for all scalars (gauginos) ((trilinear soft breaking parameters)) at Q = M_{GUT} , while the bilinear soft term B is traded for tan β, the ratio of Higgs vevs, via the requirement of radiative electroweak symmetry breaking (REWSB). REWSB also determines the magnitude, but not the sign, of the superpotential Higgs mass term μ. Weak scale couplings and soft parameters can be computed via renormalization group (RG) evolution from Q = M_{GUT} to Q = M_{weak}. Once weak scale parameters are known, then sparticle masses and mixings may be computed, and the associated relic density of neutralinos can be determined.

In most of mSUGRA parameter space, the relic density Ω_{~Z1} h^2 turns out to be much larger than the WMAP value. Many analyses have found just several allowed regions of parameter space:

• The bulk region occurs at low values of m_0 and m_{1/2}[9]. In this region, neutralino annihilation is enhanced by t-channel exchange of relatively light sleptons. The bulk region, featured prominently in many early analyses of the relic density, has been squeezed from below by the LEP2 bound on the chargino mass m_{~W1} > 103.5 GeV, and from above by the tight bound from WMAP.

• The stau co-annihilation region at low m_0 for almost any m_{1/2} value where m_{τ̃1} ≃ m_{~Z1} , so that τ̃_1 − ~Z_1 and τ̃^+_1 τ̃^−_1 co-annihilation help to reduce the relic density [10].

• The hyperbolic branch/focus point (HB/FP) region at large m_0 ∼ several TeV, where μ becomes small, and neutralinos efficiently annihilate via their higgsino components [11]. This is the case of mixed higgsino dark matter (MHDM).

• The A-annihilation funnel occurs at large tan β values when 2m_{~Z1} ∼ m_A and neutralinos can efficiently annihilate through the broad A and H Higgs resonances [12].

In addition, a less prominent light Higgs h annihilation corridor occurs at low m_{1/2}[13] and a top squark co-annihilation region occurs at particular A_0 values when m_{t̃1} ≃ m_{~Z1} [14].

Many analyses have also been performed for gravity-mediated SUSY breaking models with non-universal soft terms. Non-universality of SSB scalar masses can 1. pull various scalar masses to low values so that “bulk” annihilation via t-channel exchange of light scalars can occur [15], or 2. they can bring in new near degeneracies of various sparticles with the ~Z_1 so that new co-annihilation regions open up [16 – 18], or they can 3. bring the value of m_A into accord with 2m_{~Z1} so that funnel annihilation can occur [19, 17], or 4. they can pull the value of μ down so that higgsino annihilation can occur [19, 20, 17]. It is worthwhile noting that all these general mechanisms for increasing the neutralino annihilation rate already occur in the mSUGRA model. Moreover, in all these cases the lightest neutralino is either bino-like, or a bino-higgsino mixture.

If non-universal gaugino masses are allowed, then a qualitatively new possibility arises that is not realized in the mSUGRA model: that of mixed wino dark matter (MWDM). In this case, if the SU(2) gaugino mass M_2 is sufficiently low compared to U(1)_Y gaugino mass M_1, then the ~Z_1 can become increasingly wino-like. The ~Z_1 − ~W_{1,2} − W coupling

– 2 – becomes large when ~Z_1 becomes wino-like, resulting in enhanced ~Z_1 ~Z_1 → W^+W^− annihilations. Moreover, coannihilations with the lightest chargino and with the next-to-lightest neutralino help to further suppress the LSP thermal relic abundance.

Non-universal gaugino masses can arise in supersymmetric models in a number of ways [21].

• In supergravity GUT models, the gauge kinetic function (GKF) f_{AB} must transform as the symmetric product of two adjoints. In minimal supergravity, the GKF transforms as a singlet. In SU(5) SUGRA-GUT models, it can also transform as a 24, 75 or 200 dimensional representation [22], while in SO(10) models it can transform as 1, 54, 210 and 770 dimensional representations [23, 24]. Each of these non-singlet cases leads to unique predictions for the ratios of GUT scale gaugino masses. Furthermore, if the GKF transforms as a linear combination of these higher dimensional representations, then essentially arbitrary gaugino masses are allowed.

• Non-universal gaugino masses are endemic to heterotic superstring models with orbifold compactification where SUSY breaking is dominated by the moduli fields [25].

• Additionally, in extra-dimensional SUSY GUT models where SUSY breaking is communicated from the SUSY breaking brane to the visible brane via gaugino mediation, various patterns of GUT scale gaugino masses can occur, including the case of completely independent gaugino masses [26].

In this report, we will adopt a phenomenological approach, and regard the three MSSM gaugino masses as independent parameters, with the constraint that the neutralino relic density should match the WMAP measured value.

Much previous work has been done on evaluating the relic density in models with gaugino mass non-universality. In AMSB models [27], the ~Z_1 is almost pure wino, so that Ω_{~Z1} h^2 as predicted by the Boltzmann equation is typically very low. Moroi and Randall [28] proposed moduli decay to wino-like neutralinos in the early universe to account for the dark matter density. Already in 1991, Griest and Roszkowski had shown that a wide range of relic density values could be obtained by abandoning gaugino mass universality [29]. Corsetti and Nath investigated dark matter relic density and detection rates in models with non-minimal SU(5) GKF and also in O-II string models [30]. Birkedal-Hanson and Nelson showed that a GUT scale ratio M_1/M_2 ∼ 1.5 would bring the relic density into accord with the measured CDM density via MWDM, and also presented direct detection rates [31]. Bertin, Nezri and Orloff showed variation of relic density and enhancement in direct and indirect DM detection rates as non-universal gaugino masses were varied [32]. Bottino et al. performed scans over independent weak scale parameters to show variation in indirect DM detection rates, and noted that neutralinos as low as 6 GeV are allowed [33]. Belanger et al. presented relic density plots in the m_0 vs.m_{1/2} plane for a variety of universal and non-universal gaugino mass scenarios, and showed that large swaths of parameter space open up when the SU(3) gaugino mass M_3 becomes small [34]. Mambrini and Munoz and also Cerdeno and Munoz showed direct and indirect detection rates for model with scalar and gaugino mass non-universality [35]. Auto et al.[16] used non-universal gaugino masses

– 3 – to reconcile the predicted relic density in models with Yukawa coupling unification with the WMAP result. Masiero, Profumo and Ullio exhibit the relic density and direct and indirect detection rates in split supersymmetry where M_1, M_2 and μ are taken as independent weak scale parameters with ultra-heavy squarks and sleptons [36].

In this paper, we will adopt a model with GUT scale parameters including universal scalar masses, but with independent gaugino masses leading to MWDM. We will assume all gaugino masses to be of the same sign. The opposite sign situation leads to a distinct DM scenario and will be addressed soon [37]. We will adjust the gaugino masses such that ~Z_1 receives just enough of a wino component so that it makes up the entire CDM density as determined by WMAP without the need for late-decaying moduli fields. In fact, the wino component of the ~Z_1 is usually of order 0.1 − 0.2, so that the ~Z_1 is still mainly bino-like, but with a sufficiently large admixture of wino as to match the WMAP result on Ω_{CDM} h^2. In section 2, we present the parameter space for MWDM, and show how the assumption of MWDM influences the spectrum of sparticle masses. In section 3, we show rates for direct and indirect detection of MWDM. These rates are usually enhanced relative to mSUGRA due to the enhanced wino component of the ~Z_1. In section 4, we investigate consequences of MWDM for the CERN LHC and the international linear e^+e^− collider (ILC). The goal here is to devise a set of measurements that can differentiate MWDM from the usual case of bino-like DM or MHDM as expected in the mSUGRA model. For MWDM, the neutralino mass gap m_{~Z2} − m_{~Z1} is almost always less than M_Z , so that twobody decays of ~Z_2 are closed, and three body decays are dominant. The m_{~Z2} − m_{~Z1} mass gap is directly measurable at the CERN LHC via the well-known edge in the m(ℓ^+ℓ^− ) distribution. The correlation of the ~Z_2 − ~Z_1 mass gap against direct and indirect detection rates provides a distinction between the possible DM candidates. Measurements of the m_{~Z2} − m_{~Z1} mass gap at the LHC combined with measurements of chargino and neutralino masses and production cross sections as a function of beam polarization at the ILC would provide the ultimate determination of the presence of MWDM in the universe. In section 5, we present our conclusions.

2. Relic density and sparticle mass spectrum

Our goal is to explore SUGRA models with non-universal gaugino masses leading to MWDM with a neutralino relic density in accord with the WMAP result. To do so, we adopt the subprogram Isasugra, which is a part of the Isajet 7.72 event generator program [38]. Isasugra allows supersymmetric spectra generation using a variety of GUT scale non-universal soft SUSY breaking terms. The Isasugra spectrum is generated using 2-loop MSSM RGEs for coupling and soft SUSY breaking term evolution. An iterative approach is used to evaluate the supersymmetric spectrum. Electroweak symmetry is broken radiatively, so that the magnitude, but not the sign, of the superpotential μ parameter is determined. The RG-improved 1-loop effective potential is minimized at an optimized scale which accounts for leading 2-loop terms. Full 1-loop radiative corrections are incorporated for all sparticle masses. To evaluate the neutralino relic density, we adopt the IsaReD program [5], which is based on CompHEP to compute the several thousands of neutralino

– 4 –

Figure 1: A plot of a) relic density Ω_{CDM} h^2 and b) bino/wino component of the lightest neutralino as a function of M_1 for m_0 = 300 GeV, m_{1/2} = 300 GeV, A_0 = 0, tan β = 10, μ > 0 and m_t = 178 GeV.

annihilation and co-annihilation Feynman diagrams. Relativistic thermal averaging of the cross section times velocity is performed [39]. The parameter space we consider is given by

m_0, m_{1/2} , A_0 , tan β , sign(μ) , M_1 or M_2 , (2.1)

where we take either M_1 or M_2 to be free parameters, and in general not equal to m_{1/2}.

In figure 1, we show our first result. Here, we take m_0 = m_{1/2} = 300 GeV, with A_0 = 0, tan β = 10, μ > 0 with m_t = 178 GeV. We plot the neutralino relic density Ω_{~Z1} h^2 in frame a) versus variation in the U(1) gaugino mass M_1. At M_1 = 300 GeV, we are in the mSUGRA case, and Ω_{~Z1} h^2 = 1.3, so that the model would be excluded by WMAP. By decreasing M_1, the bino-like neutralino becomes lighter until two dips in the relic density occur. These correspond to the cases where 2m_{~Z1} ≃ m_h and M_Z as one moves towards decreasing M_1, i.e. one has either light Higgs h or Z resonance annihilation. As M_1 increases past its mSUGRA value, the ~Z_1 becomes increasing wino-like, and the relic density decreases. The W − ~W_{1,2} − ~Z_1 coupling is proportional to the SU(2)_L gaugino component of the neutralino, (and also to the Higgsino components), and so ~Z_1 ~Z_1 → W^+W^− annihilation becomes enhanced, and the relic density is lowered. In this case, the WMAP Ω_{~Z1} h^2 value is reached for M_1 = 490 GeV. For still higher M_1 values, Ω_{~Z1} h^2 drops precipitously, so that other non-neutralino dark matter candidates would have to exist to account for the dark matter density in the universe. In frame b), we show the bino/wino fraction R_{~B,~W} of the ~Z_1. Here, we adopt the notation of ref. [40], wherein the lightest neutralino is written in terms of its (four component Majorana) Higgsino and gaugino components as

~Z_1 = v^{(1)}_1 ψ_{h0u} + v^{(1)}_2 ψ_{h0d} + v^{(1)}_3 λ_3 + v^{(1)}_4 λ_0 , (2.2)

where R_{~W} = |v^{(1)}_3 | and R_{~B} = |v^{(1)}_4 |. While R_{~W} increases as M_1 increases, its value when Ω_{~Z1} h^2 reaches the WMAP value is still only ∼ 0.25, while R_{~B} ∼ 0.9. Thus, the ~Z_1 is still mainly bino-like, with just enough admixture of wino to give the correct relic density. This

– 5 –

Figure 2: A plot of a) relic density Ω_{CDM} h^2 and b) bino/wino component of the lightest neutralino as a function of M_2 for m_0 = 300 GeV, m_{1/2} = 300 GeV, A_0 = 0, tan β = 10, μ > 0 and m_t = 178 GeV.

corresponds to the case of MWDM. A similar plot is obtained by lowering M_2, rather than raising M_1, as shown in figure 2.

By raising or lowering the GUT scale gaugino masses in SUGRA models, the mass of the neutralinos will obviously change since M_1 and M_2 enter directly into the neutralino mass matrix. However, various other sparticle masses will also be affected by varying the gaugino masses, since these feed into the soft term evolution via the RGEs. In figure 3, we show the variation of the sparticle mass spectrum with respect to the GUT scale ratio M_1/m_{1/2} for the same parameters as in figure 1. When M_1/m_{1/2} = 1, there is a relatively large mass gap between ~Z_2 and ~Z_1: m_{~Z2} − m_{~Z1} = 106.7 GeV. As M_1 is increased until Ω_{~Z1} h^2 = 0.11, the mass gap shrinks to m_{~Z2} − m_{~Z1} = 31.9 GeV. The light chargino mass m_{~W1} remains essentially constant in this case, since M_2 remains fixed at 300 GeV. However, we notice that as M_1 increases, the ẽ_R, μ̃_R and τ̃_1 masses also increase, since M_1 feeds into their mass evolution via RGEs. As the coefficient appearing in front of M_1 in the RGEs is larger (and with the same sign) for the right handed sfermions than for the left handed ones, one expects, in general, a departure from the usual mSUGRA situation where the lightest sleptons are right-handed. As a matter of fact, whereas in mSUGRA m_{ẽL} >> m_{ẽR} , in the case of MWDM, instead, for the particular parameter space slice under consideration, we find that m_{ẽL} ∼ m_{ẽR} . As shown in the figure, the right-handed squark masses also increase with increasing M_1, although the relative effect is less dramatic than the case involving sleptons: the dominant driving term in the RGEs is, in this case, given by M_3 (absent in the case of sleptons), hence variations in the GUT value of M_1 produce milder effects.

In figure 4, we show a plot of sparticle masses for the same parameters as in figure 3, but versus M_2/m_{1/2}. In this case, as M_2 is decreased from its mSUGRA value of 300 GeV, the ~W_1 and ~Z_2 masses decrease until Ω_{~Z1} h2 reaches 0.11, where now m_{~Z2} − m_{~Z1} = 22.9 GeV. In this case, with decreasing M_2, the left- slepton and sneutrino masses also decrease, again leading to m_{ẽL} ∼ m_{ẽR} . The left-handed squark masses similarly decrease. Righthanded sfermion masses are, instead, not affected, with the net result that the mSUGRA

– 6 –

Figure 3: A plot of various sparticle masses vs. M_1/m_{1/2} for m_0 = 300 GeV, m_{1/2} = 300 GeV, A_0 = 0, tan β = 10 and μ > 0.

m_{ẽL} >> m_{ẽR} hierarchy is again altered.

The effect of varying gaugino masses on the allowed region of parameter space is illustrated in figure 5. Here, in frame a), we show the case of the mSUGRA model in the m_0 vs. m_{1/2} plane for A_0 = 0, tan β = 10 and μ > 0. The red shaded regions are disallowed by either a stau LSP (left side of plot) or lack of REWSB (lower edge of plot). The blue shaded region has a chargino with mass m_{~W1} < 103.5 GeV, thus violating bounds from LEP2. The dark green shaded region has 0.094 < Ω_{~Z1} h^2 < 0.129, in accord with the WMAP measurement. The light green shaded region has Ω_{~Z1} h^2 < 0.094, so that additional sources of dark matter would be needed. We see the stau co-annihilation region appearing along the left edge of the allowed parameter space, and the bulk region appearing at low m_0 and low m_{1/2}. The h annihilation corridor appears also at low m_{1/2} along the edge of the LEP2 excluded region. In frame b), we take M_1/m_{1/2} = 1.5, so that the ~Z_1 becomes more wino-like. In response, we see that a large new bulk region has appeared at low m_0 and

– 7 –

Figure 4: A plot of various sparticle masses vs. M_2/m_{1/2} for m_0 = 300 GeV, m_{1/2} = 300 GeV, A_0 = 0, tan β = 10 and μ > 0.

low m_{1/2}. In frame c), we increase M_1/m_{1/2} to 1.75. In this case, most of the m_0 vs. m_{1/2} plane is now allowed, although much of it has Ω_{~Z1} h^2 below the WMAP central value for the CDM relic density.

It should be apparent now that any point in the m_0 vs. m_{1/2} plane can become WMAP allowed by either increasing M_1 or decreasing M_2 to a suitable degree as to obtain MWDM. To illustrate this, we plot in figure 6 the ratio r_1 ≡ M_1/m_{1/2} in frame a) or r_2 = M_2/m_{1/2} in frame b) needed to achieve a relic density in accord with the WMAP central value. We see in frame a) that r_1 increases as one moves from lower-left to upper-right, reflecting the greater wino component of ~Z_1 that is needed to overcome the increasing Ω_{~Z1} h^2 which is expected in the mSUGRA model. We also see on the left side of the plot that r_1 ≤ 1 is allowed, since then Ω_{~Z1} h^2 ≤ 0.11 already in the mSUGRA case. The structure at high m_{1/2} and m_0 ∼ 400 − 500 GeV results because increasing M_1 increases m_{~Z1} until 2m_{~Z1} ∼ m_A and the A-funnel begins to come into effect (even though tan β is small).

– 8 –

Figure 5: WMAP allowed regions in the m_0 vs. m_{1/2} plane for tan β = 10, A_0 = 0, μ > 0 and a) M_1/m_{1/2} = 1, b) M_1/m_{1/2} = 1.5 and c) M_1/m_{1/2} = 1.75.

Figure 6: Contours of a) r_1 and b) r_2 in the m_0 vs. m_{1/2} plane for tan β = 10, A_0 = 0, μ > 0. Each point has Ω_{~Z1} h^2 = 0.11.

3. Direct and indirect detection of mixed wino dark matter

In this section, we turn to consequences of MWDM for direct and indirect detection of neutralino dark matter [41, 42]. We adopt the DarkSUSY code [43], interfaced to Isajet, for the computation of the various rates, and resort to the Adiabatically Contracted N03

– 9 –

Halo model [44] for the dark matter distribution in the Milky Way^1. We evaluate the following neutralino DM detection rates:

• Direct neutralino detection via underground cryogenic detectors [48]. Here, we compute the spin independent neutralino-proton scattering cross section, and compare it to expected sensitivities [49] for Stage 2 detectors (CDMS2 [50], Edelweiss2 [51], CRESST2 [52], ZEPLIN2 [53]) and for Stage 3, ton-size detectors (XENON [54], Genius [55], ZEPLIN4 [56] and WARP [57]). We take here as benchmark experimental reaches of Stage 2 and Stage 3 detectors the projected sensitivities of, respectively, CDMS2 and XENON 1-ton at the corresponding neutralino mass.

• Indirect detection of neutralinos via neutralino annihilation to neutrinos in the core of the Sun [58]. Here, we present rates for detection of ν_μ → μ conversions at Antares [59] or IceCube [60]. The reference experimental sensitivity we use is that of IceCube, with a muon energy threshold of 25 GeV, corresponding to a flux of about 40 muons per km^2 per year.

• Indirect detection of neutralinos via neutralino annihilations in the galactic center leading to gamma rays [61], as searched for by EGRET [62], and in the future by GLAST [63]. We evaluate the integrated continuum γ ray flux above a E_γ = 1 GeV threshold, and assume a GLAST sensitivity of 1.0×10^{−10} cm^{−2} s^{−1} .

• Indirect detection of neutralinos via neutralino annihilations in the galactic halo leading to cosmic antiparticles, including positrons [64] (HEAT [65], Pamela [66] and AMS-02 [67]), antiprotons [68] (BESS [69], Pamela, AMS-02) and anti-deuterons (D̄s) (BESS [70], AMS-02, GAPS [71]). For positrons and antiprotons we evaluate the averaged differential antiparticles flux in a projected energy bin centered at a kinetic energy of 20 GeV, where we expect an optimal statistics and signal-to-background ratio at space-borne antiparticles detectors [47, 72]. We use as benchmark experimental sensitivity that of the Pamela experiment after three years of data-taking. Finally, the average differential antideuteron flux has been computed in the 0.1 < E¯_D < 0.4 GeV range, and compared to the estimated GAPS sensitivity [71].

In figure 7, we show various direct and indirect DM detection rates for m_0 = m_{1/2} = 300 Gev, with A_0 = 0, tan β = 10 and μ > 0, while M_1 is allowed to vary. The M_1 value corresponding to the mSUGRA model is denoted by a dot-dashed vertical line, while the one where Ω_{~Z1} h^2 = 0.11 by a dashed vertical line denoted WMAP.

In frame a), we plot the spin-independent neutralino-proton scattering cross section. Both the squark-mediated and Higgs mediated neutralino-proton scattering amplitudes are enhanced by more than one order of magnitude due to the increasing wino nature of the ~Z_1. The reason for the enhancement is traced back to the structure of the neutralino-quark-squark and neutralino-neutralino-Higgs couplings, where the wino fraction is weighed by the SU(2) coupling, while the bino fraction by the (smaller) U(1) coupling.

1For a comparison of the implications of different halo model choices for indirect DM detection rates, see e.g. refs. [45 – 47, 17].

– 10 –

Figure 7: Rates for direct and indirect detection of neutralino dark matter vs. M_1 for m_0 = m_{1/2} = 300 GeV, with tan β = 10, A_0 = 0, μ > 0. Frames c) -f ) show the ratio of indirect detection rates compared to the mSUGRA model. In this plot, we adopt the N03 distribution for halo dark matter.

In frame b), we show the flux of muons from neutralino pair annihilations in the core of the Sun. While the muon flux is below the reach of IceCube in the mSUGRA case, it has climbed into the observable region when the ~Z_1 has become sufficiently wino-like as to fulfill the WMAP measured DM relic density.

In frames c), d), e) and f ) we show the flux of photons, positrons, antiprotons and antideuterons, respectively. The results here are plotted as ratios of fluxes normalized to the mSUGRA point, in order to give results that are approximately halo-model independent. (We do show the above described expected experimental reach lines as obtained by using the Adiabatically Contracted N03 Halo model [44].) All rates are enhanced, with respect to the mSUGRA case, by 2 to 3 orders of magnitude, due to the increasing cross section for ~Z_1 ~Z_1 → W^+W^− annihilation in the galactic halo. In particular, antimatter fluxes are always below future sensitivities for the mSUGRA setup, while they all rise to a detectable level when the WMAP point is reached.

In figure 8, we show the same direct and indirect DM detection rates as in figure 7, except this time versus M_2 instead of M_1. In this case, the various rates are all increasing

– 11 –

Figure 8: Rates for direct and indirect detection of neutralino dark matter vs. M_2 for m_0 = m_{1/2} = 300 GeV, with tan β = 10, A_0 = 0, μ > 0. Frames c) -f ) show the ratio of indirect detection rates compared to the mSUGRA model. In this plot, we adopt the N03 distribution for halo dark matter.

as M_2 decreases, entering the region of MWDM. Indirect detection rates again feature enhancements as large as 2 orders of magnitude with respect to the mSUGRA scenario, when the WMAP relic abundance is reached. The abrupt decrease in the rates below M_2 ∼ 100 GeV is due, instead, to the m_{~Z1} < m_W threshold.

In figure 9, we show regions of the m_0 vs. m_{1/2} plane for A_0 = 0, tan β = 10 and μ > 0 which are accessible to various direct and indirect DM search experiments. The visibility criteria we adopt here follow the same approach outlined in ref. [17]. The gray shaded regions in the plots are already excluded, at 95% C.L., by a χ^2 analysis of the computed signal plus background p̄ flux compared to the available antiprotons data (for details see [47]). Observable rates for γ detection by GLAST occur throughout all three planes, due to the high DM density assumed at the galactic core in the N03 halo model. In frame a), we show the case of the mSUGRA model. Only small regions at low m_0 and low m_{1/2} are accessible to D̄ searches by GAPS and p̄ searches by Pamela. A tiny region is also accessible to CDMS2, and a much larger region is accessible to Stage 3 direct detection experiments such as XENON. In frame b), we increase M_1(M_{GUT} ) at every point

– 12 – in the plane as in figure 6 until Ω_{~Z1} h^2 = 0.11. The corresponding neutralino masses are therefore accordingly increased with respect to the mSUGRA case. Nevertheless, we see that the regions accessible to direct and indirect DM detection have vastly increased. The D̄ search by GAPS can cover m_{1/2} ≲ 400 − 500 GeV. The e + and p̄ searches by Pamela can see to m_{1/2} ∼ 250 GeV and 350 GeV, respectively. In addition, a region has opened up which is accessible to IceCube searches for dark matter annihilation in the core of the Sun. The Stage 3 dark matter detectors can see most of the m_0 vs. m_{1/2} plane, with the exception of the region at large m_{1/2} and low m_0 where a much lower wino component of the ~Z_1 is required to bring the relic density into line with the WMAP measurement (here, early universe ~Z_1 ~Z_1 annihilations are already somewhat enhanced by the proximity of the A-pole and the stau co-annihilation region). In frame c), we show again the m_0 vs. m_{1/2} plane, but this time we have reduced M_2 until the Ω_{~Z1} h^2 = 0.11 value is reached. Again, many of the direct and indirect detection regions are expanded compared to the mSUGRA case. We remark that, although in this last case the neutralino mass is lower than in the case shown in frame b), direct detection and neutrino fluxes are somewhat less favored. This depends on the relative higgsino fraction, which critically enters in the neutralinoproton scattering cross section as well as in the neutralino capture rate in the Sun: raising M_1 shifts the gaugino masses closer to μ, hence increasing the higgsino fraction and the resulting neutralino cross sections off matter.

4. Mixed wino dark matter at colliders

An important question is whether collider experiments would be able to distinguish the case of MWDM from other forms of neutralino DM such as bino-DM or MHDM as occur in the mSUGRA model. We have seen from the plots of sparticle mass spectra that the squark and gluino masses vary only slightly with changing M_1 or M_2. However, the chargino and neutralino masses change quite a bit, and in fact rather small mass gaps m_{~W1} − m_{~Z1} and m_{~Z2} − m_{~Z1} are in general expected in the case of MWDM as compared with the case from models containing gaugino mass unification.

In figure 10, we show contours of the mass gap m_{~Z2} − m_{~Z1} in the m_0 vs. m_{1/2} plane for A_0 = 0, tan β = 10 and μ > 0 for a) the mSUGRA model, b) the case of MWDM where M_1 is raised at every point until Ω_{~Z1} h^2 → 0.11 and c) the case of MWDM where M_2 is lowered until Ω_{~Z1} h^2 → 0.11. In the case of the mSUGRA model, most of the parameter space has m_{~Z2} − m_{~Z1} > 90 GeV, which means that ~Z_2 → ~Z_1Z^0 decay is allowed. When this decay is allowed, its branching fraction is always large, unless it competes with other two-body decays such as ~Z_2 → ~Z_1h or ~Z_2 → f̄f̃ or f ¯f̃ (where f is a SM fermion). In the case of MWDM in frames b) and c), we see that (aside from the left-most portion of frame b), which is not a region of MWDM), the mass gap is much smaller, so that two-body decays of ~Z_2 and ~W_1 are closed and three-body decays are dominant.

When the decays ~Z_2 → ℓ̃ℓ̄, ¯ℓ̃ℓ → ~Z_1ℓℓ̄ or ~Z_2 → ~Z_1ℓℓ̄ are open (ℓ = e or μ), then prospects are good for measuring the ~Z_2 − ~Z_1 mass gap at the CERN LHC and possibly at the Fermilab Tevatron. If ~Z_2’s are produced at large rates either directly or via gluino or squark cascade decays [73], it should be possible to identify opposite sign/ same flavor

– 13 –

Figure 9: Regions of visibility for direct and indirect dark matter searches in the m_0 vs. m_{1/2} plane for tan β = 10, A_0 = 0, μ > 0. The upper frame a) shows the mSUGRA model, while frame b) corresponds to the MWDM model with non-universal M_1 and frame c) with non-universal M_2. In this plot, we adopt the Adiabatically Contracted N03 Halo Model for the galactic dark matter distribution. For this halo model, detection of γs by GLAST should occur over all three planes.

dilepton pairs, to reconstruct their invariant mass, and extract the upper edge of the invariant mass distribution [74]. In figure 11, we show the branching fraction BF ( ~Z_2 → ~Z_1e+e− ) versus M_1 (left-side) or versus M_2 (right-side) for a variety of choices of m_0, m_{1/2} and tan β. The mSUGRA model value is denoted by the dot-dashed vertical line, while the M_{1,2} value at which Ω_{~Z1} h^2 → 0.11 is indicated by the dotted vertical line. As one moves to higher M_1 (or lower M_2) values, in most cases the leptonic three-body decays of ~Z_2 become enhanced, usually because as M_1 grows (M_2 decreases), the two-body decay modes become kinematically closed, and only three-body decays are allowed. Thus, while the mSUGRA model yields large rates for ~Z_2 → ~Z_1e^+e^− only when m_{1/2}^<∼ 220 GeV, this decay mode is almost always open in the case of MWDM. The only exception occurs when

– 14 –

Figure 10: Contours of m_{~Z2} − m_{~Z1} mass gap in the m_0 vs. m_{1/2} plane for tan β = 10, A_0 = 0, μ > 0 and a) mSUGRA model, b) M_1 > m_{1/2} MWDM and c) M_2 < m_{1/2} MWDM.

the stau co-annihilation or the A-funnel act to lower the relic density, so that a large M_1 or small M_2 is not needed to obtain the correct relic density; this, however, is not the case of MWDM.

4.1 CERN LHC

If the R-parity conserving MSSM is a good description of nature at the weak scale, then multi-jet plus multi-lepton plus E̸_T events should occur at large rates at the CERN LHC, provided that m_{g̃}^<∼ 2 − 3 TeV. The LHC reach for SUSY in the mSUGRA model has been calculated in ref. [75]. The mSUGRA reach results should also apply qualitatively to the MWDM case, since the values of m_{g̃} and m_{q̃} change little in going from mSUGRA to

– 15 –

Figure 11: The branching fraction for ~Z_2 → ~Z_1e^+e^− decay is plotted vs. M_1 (left-side) or M_2 (right-side) for various points in the MWDM model parameter space. The M_{1,2} value from mSUGRA is denoted by the dot-dashed lines, while the M_{1,2} value which gives Ω_{~Z1} h^2 = 0.11 is indicated by dotted lines.

MWDM, and the reach plots mainly depend on these masses.

For SUSY searches at the CERN LHC, Hinchliffe et al. have pointed out [76] that an approximate value of m_{q̃} or m_{g̃} can be gained by extracting the maximum in the M_{eff} distribution, where M_{eff} =E̸_T + E_T (jet 1) + E_T (jet 2) + E_T (jet 3) + E_T (jet 4). This statement holds true in models with MWDM, as well as in models with gaugino mass unification, so that the approximate mass scale of strongly interacting sparticles will be known soon after a supersymmetry signal has been established.

In mSUGRA, a dilepton mass edge should be visible in SUSY signal events only if m_{1/2}^<∼ 250 GeV or if ~Z_2 → ℓ̃ℓ̄, ¯ℓ̃ℓ decays are allowed. In the case of MWDM, the dilepton mass edge should be visible over almost all parameter space. We illustrate the situation for four case studies listed in table 1. The first case, labeled mSUGRA, has m_0 = m_{1/2} = 300 GeV, with A_0 = 0, tan β = 10 and μ > 0. In this case, g̃g̃, g̃q̃ and q̃q̃ production occurs with a combined cross section of about 12 pb, while the total SUSY cross section

– 16 – parameter mSUGRA MWDM1 MWDM2 MHDM M_1 300 490 300 300 M_2 300 300 187 300 μ 409.2 410.1 417.8 166.1 m_{g̃} 732.9 732.8 733.0 854.6 m_{ũL} 720.9 721.1 706.9 3467.2 m_{t̃1} 523.4 526.0 533.2 2075.8 m_{b̃1} 650.0 648.9 640.2 2847.0 m_{ẽL} 364.7 371.7 330.0 3449.7 m_{ẽR} 322.8 353.7 322.7 3449.4 m_{~W2} 432.9 433.8 435.9 288.9 m_{~W1} 223.9 224.0 138.3 146.6 m_{~Z4} 433.7 435.7 436.2 296.9 m_{~Z3} 414.8 415.6 424.1 179.0 m_{~Z2} 223.7 225.4 138.8 159.2 m_{~Z1} 117.0 193.5 115.9 101.5 m_A 538.6 544.1 523.6 3409.9 m_H+ 548.0 553.5 533.1 3433.3 m_h 115.7 115.8 115.3 118.9 Ω_{~Z1} h^2 1.3 0.11 0.11 0.13 BF (b → sγ) 3.2 × 10^{−4} 3.2 × 10^{−4} 3.3 × 10^{−4} 3.4 × 10^{−4} Δa_μ 12.1 × 10^{−10} 11.8 × 10^{−10} 15.9 × 10^{−10} 3.9 × 10^{−11} σ_{sc}( ~Z_1p) 2.6 × 10^{−8} pb 2.2 × 10^{−7} pb 7.1 × 10^{−8} pb 1.8 × 10^{−8} pb

Table 1: Masses and parameters in GeV units for mSUGRA, MWDM and MHDM models. In the first three cases, m_0 = m_{1/2} = 300 GeV, A_0 = 0, tan β = 10 and m_t = 178 GeV. The case of MHDM has the same parameters, except m_0 = 3451.8 GeV, with m_t = 175 GeV.

is around 13.4 pb (the additional 1.4 pb comes mainly from -ino pair production and -inosquark or -ino-gluino associated production). The case of MWDM1, with M_1 = 490 GeV, has similar rates of sparticle pair production. The case of MWDM2, with lighter chargino and neutralino masses, has a total production cross section of 19.2 pb, wherein strongly interacting sparticles are pair produced at similar rates as in mSUGRA or MWDM1, but -ino pairs are produced at a much larger rate ∼ 6.1 pb. We also show a case of MHDM from the HB/FP region of the mSUGRA model as an alternative low ~Z_2 − ~Z_1 mass gap model to compare against MWDM scenarios.

We have generated 50K LHC SUSY events for each of these cases using Isajet 7.72, and passed them through a toy detector simulation. The toy detector is divided into calorimeter cells of size Δη × Δϕ = 0.05 × 0.05 extending out to |η| < 5, with no transverse shower spreading. We invoke EM smearing with 3%/ √ E+.5%, hadronic smearing with 80%/ √ E+ 3% out to |η| = 2.6, and forward calorimeter hadronic smearing with 100%/ √ E + 5%. Jets are clustered using a UA1 type algorithm with cone size R = � Δη^2 + Δϕ^2 = 0.7, with E_{jet}(min) = 25 GeV. Leptons (ℓ = e or μ) with E_ℓ > 10 GeV are classified as isolated if

– 17 –

E_T (cone) < 5 GeV in a cone of R = 0.3 about the lepton’s direction. Since gluino and squark masses of the three case studies are similar to those of LHC point 5 of the study of Hinchliffe et al.

citefrank, we adopt the same overall signal selection cuts which gave rise to only a small background contamination of mostly signal events: E̸_T > max(100 GeV, 0.2M_{eff} ), at least four jets with E_T > 50 GeV, where the hardest jet has E_T > 100 GeV, transverse sphericity S_T > 0.2 and M_{eff} > 800 GeV.

In these events, we require at least two isolated leptons, and then plot the invariant mass of all same flavor/opposite sign dileptons. The results are shown in figure 12. In the case of the mSUGRA model, frame a), there is a sharp peak at m(ℓ^+ℓ^− ) ∼ M_Z , which comes from ~Z_2 → ~Z_1Z^0 decays where ~Z_2 is produced in the gluino and squark cascade decays. In the case of MWDM1 in frame b), we again see a Z^0 peak, although here the Z^0s arise from ~Z_3, ~Z_4 and ~W_2 decays. We also see the continuum distribution in m(ℓ^+ℓ^− ) < m_{~Z2} − m_{~Z1} = 31.9 GeV. The cross section plotted here is ∼ 0.05 pb, which would correspond to 5K events in 100 fb^{−1} of integrated luminosity (the sample shown in the figure contains just 406 events). In frame c)– with a cross section of ∼ 0.05 pb (but just 267 actual entries)– we see again the Z^0 peak, but also we see again the m(ℓ^+ℓ^− ) < m_{~Z2} − m_{~Z1} = 22.9 GeV continuum. In both these MWDM cases, the m_{~Z2} − m_{~Z1} mass edge should be easily measurable. It should also be obvious that it is inconsistent with models based on gaugino mass unification, in that the projected ratios M_1 : M_2 : M_3 will not be in the order 1 :∼ 2 :∼ 7 as in mSUGRA. Although the ~Z_2 − ~Z_1 mass edge will be directly measurable, the absolute neutralino and chargino masses will be difficult if not impossible to extract at the LHC.

In frame d), we show the spectrum from MHDM in the HB/FP region of the mSUGRA model. In this case, a ~Z_2 − ~Z_1 mass edge at 57.7 GeV should be visible. It will be accompanied by other continuum contributions, since in the case of MHDM with a small μ parameter, the ~Z_3, ~Z_4 and ~W_2 should all be relatively light as well.

4.2 Linear e^+e^− collider At a √ s = 500 GeV ILC, the new physics reactions for the four case studies shown in table 1 would include Zh, ~W^+_1 ~W^−_1 , ~Z_1 ~Z_2 and ~Z_2 ~Z_2 production. It was shown in ref. [77] that, in the case of a small ~W_1− ~Z_1 mass gap, chargino pair production events could still be identified above SM backgrounds. The chargino and neutralino masses can be inferred from the resultant dijet distribution in ~W^+_1 ~W^−_1 → (ℓ̄ν_ℓ ~Z_1)+(qq̄ ~Z_1) events [78, 79, 77]. Alternatively, the chargino mass may be extracted from threshold cross section measurements when the CM energy of the accelerator is tuned to operate just above e^+e^− → ~W^+_1 ~W^−_1 threshold. These measurements should allow the absolute mass scale of the sparticles to be pinned down, and will complement the ~Z_2 − ~Z_1 mass gap measurement from the CERN LHC. The combination of m_{~Z2} , m_{~W1} , m_{~Z1} and m_{~Z2} − m_{~Z1} measurements will point to whether or not gaugino mass unification is realized in nature.

In addition, the ~W^+_1 ~W^−_1 , ~Z_1 ~Z_2 and ~Z_2 ~Z_2 production cross sections can all be measured as a function of beam polarization at the ILC. In the mSUGRA model, since ~W_1 and ~Z_2 are mainly wino-like, they will be produced at high rates for left-polarized electron beams,

– 18 –

Figure 12: Distribution of same flavor/opposite sign dileptons from SUSY events at the CERN LHC from a) mSUGRA, b) MWDM1, c) MWDM2 and d) MHDM cases as in table 1.

but at low rates for right-polarized beams [79]. The ~Z_1 ~Z_2 production cross section also has a significant rise to it as beam polarization parameter P_L(e^− ) is increased from -1 to +1. These cross sections are plotted in frame a) of figure 13. In frame b), we show the same cross sections, except this time for the case of MWDM1. The ~W_1 is still mainly wino-like, and so has a steeply rising cross section as P_L(e^− ) is increased. However, in this case ~Z_1 and ~Z_2 both have non-negligible bino components, which enhances their couplings to right-polarized electrons. Thus, σ(e^+e^− → ~Z_1 ~Z_2) in the case of MWDM is a falling distribution vs. P_L(e^− ). This is in fact borne out in frame b), and would be a strong signal for MWDM! In frame c), we plot the corresponding cross sections for the case of MWDM2. Again, ~Z_1 ~Z_2 has a (slightly) falling cross section versus P_L(e^− ), indicating once again the presence of MWDM. In frame d), we show the corresponding cross sections for the case of MHDM. In this case, numerous other reactions such as ~W^+_1 ~W^−_2 , ~Z_1 ~Z_3 and ~Z_2 ~Z_3 should likely be kinematically accessible, and their presence will help serve to distinguish MHDM from MWDM.

While a combination of mass measurements at LHC and ILC would help to pin down the properties of MWDM, it is worth considering whether the case of MWDM can be confused with the case of MHDM, such as occurs in the HB/FP region of the mSUGRA

– 19 –

Figure 13: Plot of cross section for e^+e^− → ~W^+_1 ~W^−_1 , ~Z_1 ~Z_2 and ~Z_2 ~Z_2 versus electron beam polarization P_L(e^− ) for a √ s = 500 GeV ILC for a) mSUGRA, b) MWDM1, c) MWDM2 and d) MHDM with parameters as in table 1.

model, or in models with non-universal Higgs masses [19, 17]. To answer this, we plot in figure 14 the ~Z_2 − ~Z_1 mas gap versus m_{~W1} for MWDM scenarios which yield Ω_{~Z1} h^2 = 0.11, against mSUGRA models in the HB/FP region which also give Ω_{~Z1} h^2 = 0.11. We see that the MWDM points can span the entire range of m_{~W1} values shown, but that their ~Z_2 − ~Z_1 mass gap is generally of order 15-40 GeV. Models with higher mass gaps are usually due to an overlap of MWDM with stau co-annihilation or A-funnel annihilation. The general trend for m_{~Z2} − m_{~Z1} in the MWDM scenario is dictated by the interplay of wino coannihilations and of the growing wino component, both functions of the mass gap, which suppress Ω_{~Z1} h^2 to the required level. In contrast, the ~Z_2 − ~Z_1 mass gap associated with MHDM in the HB/FP region is generally or order 40-80 GeV, at least until very large values of m_{~W1}^>∼ 600 GeV are generated. The largest mass gaps appear beyond the top quark mass threshold, whose effect is greatly enhanced, with respect to the MWDM case, due to Z and Higgs s-channel exchanges. At larger neutralino masses, the ~Z_2 − ~Z_1 mass gap for MHDM shrinks to lower values, since a larger and larger higgsino fraction and stronger neutralino/chargino coannihilations are needed to fulfill the WMAP bound. Eventually, a pure higgsino LSP (with m_{~Z2} − m_{~Z1} of the orders of few GeV) is needed to give Ω_{~Z1} h^2 = 0.11, at m_{~Z1} ∼ 1 TeV. For m_{~W1} ∼ 600 − 800 GeV, the MWDM and MHDM ~Z_2 − ~Z_1 mass gaps overlap. In the large mass case, however, the two scenarios could still be differentiated by the remaining sparticle mass spectrum (e.g. ~Z_3 would be light in the

– 20 –

Figure 14: Correlation between m_{~Z2} − m_{~Z1} and m_{~W1} in models with MWDM and MHDM in the HB/FP region.

case of MHDM and heavy in the case of MWDM) and by the dependences of cross sections on electron beam polarization (if an energetic enough e^+e^− collider is built!).

5. Conclusions

In this paper, we have considered the phenomenological consequences of mixed wino dark matter. MWDM occurs in models with gaugino mass non-universality. MWDM may be obtained by modifying the paradigm mSUGRA model by either increasing the GUT scale value of M_1 or by decreasing M_2 until a sufficiently wino-like LSP is obtained as to fulfill the WMAP measured value of Ω_{CDM} h^2 ∼ 0.11. If DM in nature is indeed composed of MWDM, then a number of consequences occur. In the sparticle mass spectrum, the ~Z_2 − ~Z_1 and ~W_1 − ~Z_1 mass gaps are expected to be reduced compared to what is expected in models with gaugino mass unification and a large μ parameter. Also, left- and right- sleptons are expected to be more nearly mass degenerate.

If MWDM comprises the dark matter of the universe, then both direct and indirect dark matter detection rates are expected to be enhanced compared to expectations from the mSUGRA model. However, to really pinpoint the existence of a partially wino-like ~Z_1, collider experiments will be needed. The CERN LHC should be able to measure approximately the value of m_{g̃}, and in MWDM scenarios, also the ~Z_2 − ~Z_1 mass gap from the dilepton spectrum from ~Z_2 → ℓℓ̄ ~Z_1 decay. These measurements should be enough to establish whether gaugino mass unification holds. Ultimately, a linear e^+e^− collider, the ILC, operating above ~W^+_1 ~W^−_1 and ~Z_1 ~Z_2 thresholds will be needed. The ILC should be

– 21 – able to measure the absolute ~W_1, ~Z_1 and ~Z_2 masses. The dependence of the associated production cross sections on the electron beam polarization will point conclusively to the existence of MWDM.

Acknowledgments

We thank J. O’Farrill and X. Tata for conversations. This research was supported in part by the U.S. Department of Energy under contract number DE-FG02-97ER41022.

References

[1] H. Goldberg, Constraint on the photino mass from cosmology, Phys. Rev. Lett. 50 (1419) 1983;

J. Ellis, J. Hagelin, D. Nanopoulos and M. Srednicki, Search for supersymmetry at the pp collider, Phys. Lett. B 127 (1983) 233;

J. Ellis, J. Hagelin, D. Nanopoulos, K. Olive and M. Srednicki, Supersymmetric Relics from the Big Bang, Nucl. Phys. B 238 (1984) 453.

[2] Some recent papers include J.L. Feng, S. Su and F. Takayama, Supergravity with a gravitino LSP, Phys. Rev. D 70 (2004) 075019 [hep-ph/0404231];

J.R. Ellis, K.A. Olive, Y. Santoso and V.C. Spanos, Gravitino dark matter in the CMSSM, Phys. Lett. B 588 (2004) 7 [hep-ph/0312262].

[3] For recent reviews, see e.g. C. Jungman, M. Kamionkowski and K. Griest, Supersymmetric dark matter, Phys. Rept. 267 (195) 1996 hep-ph/9506380;

A. Lahanas, N. Mavromatos and D. Nanopoulos, WMAPing the Universe: supersymmetry, dark matter, dark energy, proton decay and collider physics. Int. J. Mod. Phys. D 12 (2003) 1529 hep-ph/0308251;

M. Drees, Supersymmetric dark matter 2004, hep-ph/0410113; K.A. Olive, Tasi lectures on astroparticle physics, astro-ph/0503065.

[4] P. Gondolo, J. Edsjö, P. Ullio, L. Bergström, M. Schelke and E.A. Baltz, DarkSUSY:

Computing supersymmetric dark matter properties numerically, JCAP 0407 (2004) 008; G. Belanger, F. Boudjema, A. Pukhov and A. Semenov, Micromegas: version 1.3,

hep-ph/0405253.

[5] H. Baer, C. Balazs and A. Belyaev, Neutralino relic density in minimal supergravity with co-annihilations, JHEP 0203 (042) 2002 hep-ph/0202076.

[6] WMAP collaboration, D.N. Spergel et al., First year Wilkinson microwave anisotropy probe WMAP observations: determination of cosmological parameters, Astrophys. J. Suppl. 148 (2003) 175 [astro-ph/0302209];

C.L. Bennett et al., First year Wilkinson microwave anisotropy probe (WMAP) observations: preliminary maps and basic results, Astrophys. J. Suppl. 148 (2003) 1 [astro-ph/0302207].

[7] J.R. Ellis, K.A. Olive, Y. Santoso and V.C. Spanos, Supersymmetric dark matter in light of WMAP, Phys. Lett. B 565 (2003) 176 [hep-ph/0303043];

H. Baer and C. Balazs, Yukawa coupling unification in supersymmetric models, JCAP 0305 (2003) 006 [hep-ph/0303114];

U. Chattopadhyay, A. Corsetti and P. Nath, Wmap constraints, SUSY dark matter and implications for the direct detection of SUSY, Phys. Rev. D 68 (2003) 035005 [hep-ph/0303201];

– 22 –

A.B. Lahanas and D.V. Nanopoulos, Wmaping out supersymmetric dark matter and phenomenology, Phys. Lett. B 568 (2003) 55 [hep-ph/0303130].

[8] A.H. Chamseddine, R. Arnowitt and P. Nath, Locally supersymmetric grand unification, Phys. Rev. Lett. 49 (1982) 970;

R. Barbieri, S. Ferrara and C.A. Savoy, Gauge models with spontaneously broken local supersymmetry, Phys. Lett. B 119 (1982) 343;

N. Ohta, Grand Unified Theories Based on Local Supersymmetry, Prog. Theor. Phys. 70 (1983) 542;

L.J. Hall, J. Lykken and S. Weinberg, Supergravity as the messenger of supersymmetry breaking, Phys. Rev. D 27 (1983) 2359;

for reviews, see P. Nath, Twenty years of SUGRA, hep-ph/0307123.

[9] See e.g. H. Baer and M. Brhlik, Cosmological relic density from minimal supergravity with implications for collider physics, Phys. Rev. D 53 (1996) 597 [hep-ph/9508321].

[10] J.R. Ellis, T. Falk and K.A. Olive, Neutralino stau coannihilation and the cosmological upper limit on the mass of the lightest supersymmetric particle, Phys. Lett. B 444 (1998) 367 [hep-ph/9810360];

J. Ellis, T. Falk, K. Olive and M. Srednicki, Calculations of neutralino-Stau coannihilation channels and the cosmologically relevant region of MSSM parameter space, Astropart. Phys. 13 (2000) 181 [hep-ph/9905481];

M.E. Gomez, G. Lazarides and C. Pallis, Yukawa unification, b → sγ and bino stau coannihilation, Phys. Lett. B 487 (2000) 313 [hep-ph/0004028];

R. Arnowitt, B. Dutta and Y. Santoso, Coannihilation effects in supergravity and D-brane models, Nucl. Phys. B 606 (2001) 59 [hep-ph/0102181]; see also ref. [5].

[11] K. L. Chan, U. Chattopadhyay and P. Nath, Naturalness, weak scale supersymmetry and the prospect for the observation of supersymmetry at the tevatron and at the LHC, Phys. Rev. D 58 (1998) 096004 [hep-ph/9710473];

J.L. Feng, K.T. Matchev and T. Moroi, Multi-tev scalars are natural in minimal supergravity, Phys. Rev. Lett. 84 (2000) 2322 [hep-ph/9908309];

see also H. Baer, C.-h. Chen, F. Paige and X. Tata, Signals for minimal supergravity at the cern large hadron collider: multi - jet plus missing energy channel, Phys. Rev. D 52 (1995) 2746 [hep-ph/9503271];

H. Baer, C.-h. Chen, M. Drees, F. Paige and X. Tata, Probing minimal supergravity at the cern LHC for large tan β, Phys. Rev. D 59 (1999) 055014 [hep-ph/9809223].

[12] M. Drees and M.M. Nojiri, The neutralino relic density in minimal N = 1 supergravity, Phys.

Rev. D 47 (1993) 376 [hep-ph/9207234];

H. Baer and M. Brhlik, Neutralino dark matter in minimal supergravity: direct detection vs. collider searches, Phys. Rev. D 57 (1998) 567 [hep-ph/9706509];

H. Baer et al., Yukawa unified supersymmetric SO(10) model: cosmology, rare decays and collider searches, Phys. Rev. D 63 (2001) 015007 [hep-ph/0005027];

J.R. Ellis, T. Falk, G. Ganis, K.A. Olive and M. Srednicki, The CMSSM parameter space at large tan β, Phys. Lett. B 510 (2001) 236 [hep-ph/0102098];

L. Roszkowski, R. Ruiz de Austri and T. Nihei, New Cosmological and Experimental Constraints on the CMSSM, JHEP 0108 (024) 2001 [hep-ph/0106334]; A.B. Lahanas and V.C. Spanos, Implications of the pseudo-scalar Higgs boson in determining the neutralino dark matter, Eur. Phys. J. C 23 (2002) 185 [hep-ph/0106345].

– 23 –

[13] P. Nath and R. Arnowitt, Predictions in SU(5) supergravity grand unification with proton stability and relic density constraints, Phys. Rev. Lett. 70 (1993) 3696 [hep-ph/9302318]; H. Baer and M. Brhlik, ref. [9];

A. Djouadi, M. Drees and J.-L. Kneur, Neutralino dark matter in mSUGRA: reopening the light Higgs pole window, [hep-ph/0504090].

[14] C. Böhm, A. Djouadi and M. Drees, Light scalar top quarks and supersymmetric dark matter, Phys. Rev. D 62 (2000) 035012;

J.R. Ellis, K.A. Olive and Y. Santoso, Calculations of neutralino-stop coannihilation in the CMSSM, Astropart. Phys. 18 (2003) 395 [hep-ph/0112113]; J. Edsjö, et al., Accurate relic densities with neutralino, chargino and sfermion coannihilations in MSUGRA, JCAP 04 (2003) 001 [hep-ph/0301106].

[15] H. Baer, A. Belyaev, T. Krupovnickas and A. Mustafayev, SUSY normal scalar mass hierarchy reconciles (g − 2)_μ , b → sγ and relic density, JHEP 06 (2004) 044 [hep-ph/0403214].

[16] D. Auto, H. Baer, A. Belyaev and T. Krupovnickas, Reconciling neutralino relic density with yukawa unified supersymmetric models, JHEP 10 (2004) 066 [hep-ph/0407165].

[17] H. Baer, A. Mustafayev, S. Profumo, A. Belyaev and X. Tata, Neutralino cold dark matter in a one parameter extension of the minimal supergravity model, Phys. Rev. D 71 (2005) 095008 [hep-ph/0412059].

[18] S. Profumo, Neutralino dark matter, b - tau yukawa unification and non- universal sfermion masses, Phys. Rev. D 68 (2003) 015006 [hep-ph/0304071].

[19] J.R. Ellis, K.A. Olive and Y. Santoso, The MSSM parameter space with non-universal Higgs masses, Phys. Lett. B 539 (2002) 107 [hep-ph/0204192];

J.R. Ellis, T. Falk, K.A. Olive and Y. Santoso, Exploration of the MSSM with non-universal Higgs masses, Nucl. Phys. B 652 (2003) 259 [hep-ph/0210205].

[20] M. Drees, Supersymmetric dark matter 2004, hep-ph/0410113.

[21] H. Baer, M.A. Diaz, P. Quintana and X. Tata, Impact of physical principles at very high energy scales on the superparticle mass spectrum, JHEP 04 (2000) 016 [hep-ph/0002245].

[22] J. Amundson et al., Report of the supersymmetry theory subgroup, ECONF C960625 (1996) SUP106 [hep-ph/9609374];

G. Anderson, H. Baer, C.-h. Chen and X. Tata, The reach of Fermilab Tevatron upgrades for SU(5) supergravity models with non-universal gaugino masses, Phys. Rev. D 61 (2000) 095005 [hep-ph/9903370].

[23] N. Chamoun, C.-S. Huang, C. Liu and X.-H. Wu, Non-universal gaugino masses in supersymmetric SO(10), Nucl. Phys. B 624 (2002) 81 [hep-ph/0110332].

[24] U. Chattopadhyay, A. Corsetti and P. Nath, Supersymmetric dark matter and Yukawa unification, Phys. Rev. D 66 (2002) 035003 [hep-ph/0201001].

[25] A. Brignole, L.E. Ibáñez and C. Muñoz, Towards a theory of soft terms for the supersymmetric standard model, Nucl. Phys. B 422 (1994) 125 [hep-ph/9308271]; A. Brignole, L.E. Ibáñez, C. Muñoz and C. Scheich, Some issues in soft SUSY breaking terms from dilaton/moduli sectors, Z. Physik C 74 (1997) 157 [hep-ph/9508258].

– 24 –

[26] R. Dermisek and A. Mafi, So(10) grand unification in five dimensions: proton decay and the mu problem, Phys. Rev. D 65 (2002) 055002 [hep-ph/0108139];

H. Baer et al., Viable models with non-universal gaugino mediated supersymmetry breaking, JHEP 05 (2002) 061 [hep-ph/0204108].

[27] L. Randall and R. Sundrum, Out of this world supersymmetry breaking, Nucl. Phys. B 557 (1999) 79 [hep-th/9810155];

G. Giudice, M. Luty, H. Murayama and R. Rattazzi, Gaugino mass without singlets, JHEP 9812 (1998) 27 [hep-th/9810442].

[28] T. Moroi and L. Randall, Wino cold dark matter from anomaly-mediated SUSY breaking, Nucl. Phys. B 570 (2000) 455 [hep-ph/9906527].

[29] K. Griest and L. Roszkowski, Effect of relaxing grand unification assumptions on neutralinos in the minimal supersymmetric model, Phys. Rev. D 46 (1992) 3309.

[30] A. Corsetti and P. Nath, Gaugino mass nonuniversality and dark matter in SUGRA, strings and D-brane models, Phys. Rev. D 64 (2001) 125010 [hep-ph/0003186].

[31] A. Birkedal-Hansen and B.D. Nelson, The role of Wino content in neutralino dark matter, Phys. Rev. D 64 (2001) 015008 [hep-ph/0102075].

[32] V. Bertin, E. Nezri and J. Orloff, Neutralino dark matter beyond CMSSM universality, JHEP 02 (2003) 046 [hep-ph/0210034].

[33] A. Bottino, F. Donato, N. Fornengo and S. Scopel, Indirect signals from light neutralinos in supersymmetric models without gaugino mass unification, Phys. Rev. D 70 (2004) 015005 [hep-ph/0401186].

[34] G. Belanger, F. Boudjema, A. Cottrant, A. Pukhov and A. Semenov, Wmap constraints on sugra models with non-universal gaugino masses and prospects for direct detection, Nucl. Phys. B 706 (2005) 411 [hep-ph/0407218].

[35] D.G. Cerdeno and C. Muñoz, Neutralino dark matter in supergravity theories with non-universal scalar and gaugino masses, JHEP 10 (2004) 015 [hep-ph/0405057]; Y. Mambrini and C. Muñoz, A comparison between direct and indirect dark matter search, JCAP 10 (2004) 003 [hep-ph/0407352];

see also S. Baek, D.G. Cerdeno, Y.G. Kim, P. Ko and C. Muñoz, Direct detection of neutralino dark matter in supergravity, hep-ph/0505019.

[36] A. Masiero, S. Profumo and P. Ullio, Neutralino dark matter detection in split supersymmetry scenarios, Nucl. Phys. B 712 (2005) 86 [hep-ph/0412058].

[37] H. Baer, A. Mustafayev, E. Park, S. Profumo and X. Tata, in preparation.

[38] F.E. Paige, S.D. Protopescu, H. Baer and X. Tata, ISAJET v7.69: a Monte Carlo event generator for pp, p̄p and e^+e^− reactions, hep-ph/0312045.

[39] P. Gondolo and G. Gelmini, Cosmic abundances of stable particles: improved analysis, Nucl.

Phys. B 360 (1991) 145;

J. Edsjö and P. Gondolo, Neutralino relic density including coannihilations, Phys. Rev. D 56 (1997) 1879 [hep-ph/9704361].

[40] H. Baer and X. Tata, Weak scale supersymmetry: from superfields to scattering events, Cambridge University Press, Cambridge 2006.

– 25 –

[41] For a review, see e.g. G. Eigen, R. Gaitskell, G.D. Kribs and K.T. Matchev, Indirect investigations of supersymmetry, eConf C010630 (2001) P342 [hep-ph/0112312]; see also D. Hooper and L.-T. Wang, Direct and indirect detection of neutralino dark matter in selected supersymmetry breaking scenarios, Phys. Rev. D 69 (2004) 035001 [hep-ph/0309036];

W.de Boer, M. Herold, C. Sander and V. Zhukov, Indirect evidence for the supersymmetric nature of dark matter from the combined data on galactic positrons, antiprotons and gamma rays, hep-ph/0309029.

[42] J.L. Feng, K.T. Matchev and F. Wilczek, Neutralino dark matter in focus point supersymmetry, Phys. Lett. B 482 (2000) 388 [hep-ph/0004043].

[43] P. Gondolo et al., Darksusy: a numerical package for supersymmetric dark matter calculations, astro-ph/0211238.

[44] J.F. Navarro et al., The inner structure of lambdacdm halos III: universality and asymptotic slopes, Mon. Not. Roy. Astron. Soc. 349 (2004) 1039 [astro-ph/0311231]; G.R. Blumenthal, S.M. Faber, R. Flores and J.R. Primack, Contraction of dark matter galactic halos due to baryonic infall, Astrophys. J. 301 (1986) 27; For the halo parameter choices see also ref. [47].

[45] H. Baer and J. O’Farrill, Probing neutralino resonance annihilation via the indirect detection of dark matter JCAP 04 (2004) 005 [hep-ph/0312350].

[46] H. Baer and J. O’Farrill, Probing neutralino resonance annihilation via indirect detection of dark matter, JCAP 04 (2004) 005 [hep-ph/0312350].

[47] S. Profumo and P. Ullio, The role of antimatter searches in the hunt for supersymmetric dark matter, JCAP 07 (2004) 006 [hep-ph/0406018].

[48] For a recent analysis, see H. Baer, C. Balazs, A. Belyaev and J.O’Farrill, Direct detection of dark matter in supersymmetric models, JCAP 0309 (2003) 007 [hep-ph/0305191]; a subset of earlier work includes M.W. Goodman and E. Witten, Detectability of certain dark-matter candidates, Phys. Rev. D 31 (1985) 3059;

K. Griest, Calculations of rates for direct detection of neutralino dark matter, Phys. Rev. Lett. 61 (1988) 666;

M. Drees and M.M. Nojiri, New contributions to coherent neutralino - nucleus scattering, Phys. Rev. D 47 (1993) 4226 [hep-ph/9210272];

V.A. Bednyakov, H.V. Klapdor-Kleingrothaus and S. Kovalenko, On SUSY dark matter detection with spinless nuclei, Phys. Rev. D 50 (1994) 7128 [hep-ph/9401262]; P. Nath and R. Arnowitt, Event rates in dark matter detectors for neutralinos including constraints from the b → sγ decay, Phys. Rev. Lett. 74 (1995) 4592 [hep-ph/9409301]; L. Bergström and P. Gondolo, Limits on direct detection of neutralino dark matter from b → sγ decays, Astropart. Phys. 5 (1996) 263 [hep-ph/9510252];

H. Baer and M. Brhlik, Neutralino dark matter in minimal supergravity: direct detection vs. collider searches, Phys. Rev. D 57 (1998) 567 [hep-ph/9706509];

J.R. Ellis, A. Ferstl and K.A. Olive, Re-evaluation of the elastic scattering of supersymmetric dark matter, Phys. Lett. B 481 (2000) 304 [hep-ph/0001005];

E. Accomando, R. Arnowitt, B. Dutta and Y. Santoso, Neutralino proton cross sections in supergravity models, Nucl. Phys. B 585 (2000) 124 [hep-ph/0001019]; A. Bottino, F. Donato, N. Fornengo and S. Scopel, Probing the supersymmetric parameter space by Wimp direct detection, Phys. Rev. D 63 (2001) 125003 [hep-ph/0010203];

– 26 –

M.E. Gomez and J.D. Vergados, Cold dark matter detection in SUSY models at large tan β, Phys. Lett. B 512 (2001) 252 [hep-ph/0012020];

A.B. Lahanas, D.V. Nanopoulos and V.C. Spanos, Dark matter direct searches and the anomalous magnetic moment of muon, Phys. Lett. B 518 (2001) 94 [hep-ph/0107151]; A. Corsetti and P. Nath, Gaugino mass nonuniversality and dark matter in SUGRA, strings and D brane models, Phys. Rev. D 64 (2001) 115009 [hep-ph/0003186]; S. Bergmann and G. Perez, Constraining models of new physics in light of recent experimental results on A_ψ K_s, Phys. Rev. D 64 (2001) 115009 [hep-ph/0103299]; E.A. Baltz and P. Gondolo, Implications of muon anomalous magnetic moment for supersymmetric dark matter, Phys. Rev. Lett. 86 (2001) 5004 [hep-ph/0102147]; M. Drees, Y.G. Kim, T. Kobayashi and M.M. Nojiri, Direct detection of neutralino dark matter and the anomalous dipole moment of the muon, Phys. Rev. D 63 (2001) 115009 [hep-ph/0011359];

see also J. Feng, K. Matchev and F. Wilczek, ref. [42];

J.R. Ellis, A. Ferstl, K.A. Olive and Y. Santoso, Direct detection of dark matter in the MSSM with non- universal Higgs masses, Phys. Rev. D 67 (2003) 123502 [hep-ph/0302032]; J.R. Ellis, K.A. Olive, Y. Santoso and V.C. Spanos, High-energy constraints on the direct detection of MSSM neutralinos, Phys. Rev. D 69 (2004) 015005 [hep-ph/0308075]; see C. Muñoz, Dark matter detection in the light of recent experimental results, Int. J. Mod. Phys. A 19 (2004) 3093 [hep-ph/0309346] for a recent review.

[49] See H. Baer, C. Balazs, A. Belyaev and J. O’Farrill, ref. [48].

[50] CDMS collaboration, D.S. Akerib et al., First results from the cryogenic dark matter search in the soudan underground lab, Phys. Rev. Lett. 93 (2004) 211301 [astro-ph/0405033].

[51] A. Benoit et al., Improved exclusion limits from the Edelweiss Wimp search, Phys. Lett. B 545 (2002) 43 [astro-ph/0206271].

[52] CRESST collaboration, M. Bravin et al., The CRESST Dark Matter Search, Astrophys. J.

12 (1999) 107 [hepex9904005].

[53] Zeplin-1 collaboration, N. Spooner et al., ZEPLIN I: the UKDM single phase xenon experiment at boulby, in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001), ed. N. Graf, Conf C010630 (2001) 601.

[54] Xenon collaboration, Y. Suzuki, Low energy solar neutrino detection by using liquid xenon,

hep-ph/0008296.

[55] H.V. Klapdor-Kleingrothaus, A. Dietz and I.V. Krivosheina, Search for cold and hot dark matter with the Heidelberg- Moscow experiment, hdms, genius and genius-tf, Nucl. Phys. 124 (Proc. Suppl.) (2003) 209.

[56] D.B. Cline et al., Status of zeplin ii and zeplin iv study, Nucl. Phys. 124 (Proc. Suppl.)

(2003) 229.

[57] See talk by C. Rubbia at 6th UCLA Symposium on Sources and detection of dark matter and dark energy in the Universe, Marina del Ray, CA, February (2004).

[58] J. Silk, K.A. Olive and M. Srednicki, The photino, the sun and high-energy neutrinos, Phys.

Rev. Lett. 55 (1985) 257;

K. Freese, Can scalar neutrinos or massive dirac neutrinos be the missing mass?, Phys. Lett. B 167 (1986) 295;

– 27 –

L.M. Krauss, M. Srednicki and F. Wilczek, Solar system constraints and signatures for dark matter candidates, Phys. Rev. D 33 (1986) 2079;

V. Berezinsky, A. Bottino, J. R. Ellis, N. Fornengo, G. Mignola and S. Scopel, Searching for relic neutralinos using neutrino telescopes Astropart. Phys. 5 (1996) 333 [hep-ph/9603342]; L. Bergström, J. Edsjö and P. Gondolo, Indirect neutralino detection rates in neutrino telescopes, Phys. Rev. D 55 (1997) 1765 [hep-ph/9607237];

A. Bottino, F. Donato, N. Fornengo and S. Scopel, Combining the data of annual modulation effect in WIMP direct detection with measurements of WIMP indirect searches, Astropart. Phys. 10 (1999) 203 [hep-ph/9809239];

A. Corsetti and P. Nath, Out-going muon flux from neutralino annihilation in the sun and the earth in supergravity unification, Int. J. Mod. Phys. A 15 (2000) 905 [hep-ph/9904497]; V.D. Barger, F. Halzen, D. Hooper and C. Kao, Indirect search for neutralino dark matter with high energy neutrinos, Phys. Rev. D 65 (2002) 075022 [hep-ph/0105182]; V. Bertin, E. Nezri and J. Orloff, Neutrino indirect detection of neutralino dark matter in the CMSSM, Eur. Phys. J. C 26 (2002) 111 [hep-ph/0204135].

[59] ANTARES collaboration, E. Carmona, Status report of the antares neutrino telescope, Nucl.

Phys. 95 (Proc. Suppl.) (2001) 161.

[60] The IceCube collaboration, J. Ahrens et al., Icecube: the next generation neutrino telescope at the south pole, Nucl. Phys. 118 (Proc. Suppl.) (2003) 388 [astro-ph/0209556]; F. Halzen, High-energy neutrino astronomy: from amanda to icecube, astro-ph/0311004; F. Halzen and D. Hooper, Icecube-plus: an ultra-high energy neutrino telescope, JCAP 01 (2004) 002 [astro-ph/0310152].

[61] F.W. Stecker, Gamma-ray constraints on dark matter reconsidered, Phys. Lett. B 201 (1988) 529;

F.W. Stecker and A.J. Tylka, Spectra, fluxes and observability of gamma-rays from dark matter annihilation in the galaxy, Astrophys. J. 343 (1989) 169;

S. Rudaz and F.W. Stecker, On the observability of the gamma-ray line flux from dark matter annihilation, Astrophys. J. 368 (1991) 406;

M. Urban et al., Searching for TeV dark matter by atmospheric Cherenkov techniques, Phys. Lett. B 293 (1992) 149 [hep-ph/9208255];

V.S. Berezinsky, A.V. Gurevich and K.P. Zybin, Distribution of dark matter in the galaxy and the lower limits for the masses of supersymmetric particles, Phys. Lett. B 294 (1992) 221; V. Berezinsky, A. Bottino and G. Mignola, High-energy gamma radiation from the galactic center due to neutralino annihilation, Phys. Lett. B 325 (1994) 136 [hep-ph/9402215]; L. Bergström, P. Ullio and J.H. Buckley, Observability of gamma rays from dark matter neutralino annihilations in the Milky Way Halo, Astropart. Phys. 9 (1998) 137[astro-ph/9712318];

L. Bergström, J. Edsjö and P. Ullio, Possible indications of a clumpy dark matter halo, Phys. Rev. D 58 (1998) 083507 [astro-ph/9804050];

J. Buckley et al., Gamma-ray summary report, astro-ph/0201160;

P. Ullio, L. Bergström, J. Edsjö and C.G. Lacey, Cosmological dark matter annihilations into gamma-rays: a closer look, Phys. Rev. D 66 (2002) 123502 [astro-ph/0207125].

[62] EGRET collaboration, H.A. Mayer-Hasselwander et al., High-energy gamma ray emission from the galactic center, MPE 440 1998.

[63] GLAST collaboration, A. Morselli, A. Lionetto, A. Cesarini, F. Fucito and P. Ullio, Search for dark matter with glast, Nucl. Phys. 113 (Proc. Suppl.) (2002) 213 [astro-ph/0211327].

– 28 –

[64] S. Rudaz and F.W. Stecker, Cosmic ray anti-protons, positrons and gamma-rays from halo dark matter annihilation, Astrophys. J. 325 (1988) 16;

A.J. Tylka, Cosmic ray positrons from annihilation of weakly interacting massive particles in the galaxy, Phys. Rev. Lett. 63 (1989) 840;

M.S. Turner and F. Wilczek, Positron line radiation from halo Wimp annihilations as a dark matter signature, Phys. Rev. D 42 (1990) 1001;

M. Kamionkowski and M.S. Turner, A distinctive positron feature from heavy Wimp annihilations in the galactic halo, Phys. Rev. D 43 (1991) 1774;

I.V. Moskalenko and A.W. Strong, Positrons from particle dark-matter annihilation in the galactic halo: propagation green’s functions, Phys. Rev. D 60 (1999) 063003 [astro-ph/9905283];

E.A. Baltz and J. Edsjö, Positron propagation and fluxes from neutralino annihilation in the halo, Phys. Rev. D 59 (1999) 023511 [astro-ph/9808243];

G.L. Kane, L.-T. Wang and J.D. Wells, Supersymmetry and the positron excess in cosmic rays, Phys. Rev. D 65 (2002) 057701 [hep-ph/0108138];

E.A. Baltz, J. Edsjö, K. Freese and P. Gondolo, The cosmic ray positron excess and neutralino dark matter, Phys. Rev. D 65 (2002) 063511 [astro-ph/0109318]; G.L. Kane, L.-T. Wang and T.T. Wang, Supersymmetry and the cosmic ray positron excess, Phys. Lett. B 536 (2002) 263 [hep-ph/0202156];

D. Hooper, J.E. Taylor and J. Silk, Can supersymmetry naturally explain the positron excess?, Phys. Rev. D 69 (2004) 103509 [hep-ph/0312076].

[65] M.A. DuVernois et al., Cosmic ray electrons and positrons from 1 GeV to 100 GeV:

measurements with heat and their interpretation, Astrophys. J. 559 (2001) 296.

[66] PAMELA collaboration, M. Pearce, The status of the Pamela experiment, Nucl. Phys. 113 (Proc. Suppl.) (2002) 314.

[67] AMS collaboration, J. Casaus, The ams experiment: a magnetic spectrometer in space, Nucl.

Phys. 114 (Proc. Suppl.) (2003) 259.

[68] F.W. Stecker, S. Rudaz and T.F. Walsh, Galactic anti-protons from photinos, Phys. Rev.

Lett. 55 (1985) 2622;

F. Stecker and A. J. Tylka, Spectra, fluxes and observability of gamma-rays from dark matter annihilation in the galaxy, Astrophys. J. 343 (1989) 169;

P. Chardonnet, G. Mignola, P. Salati and R. Taillet, Galactic diffusion and the antiproton signal of supersymmetric dark matter, Phys. Lett. B 384 (1996) 161 [astro-ph/9606174]; A. Bottino, F. Donato, N. Fornengo and P. Salati, Which fraction of the measured cosmic ray antiprotons might be due to neutralino annihilation in the galactic halo?, Phys. Rev. D 58 (1998) 123503 [astro-ph/9804137];

L. Bergström, J. Edsjö and P. Ullio, Cosmic antiprotons as a probe for supersymmetric dark matter?, astro-ph/9902012.

[69] BESS collaboration, S. Orito et al., Precision measurement of cosmic-ray antiproton spectrum, Phys. Rev. Lett. 84 (2000) 1078 [astro-ph/9906426].

[70] H. Fuke et al., Search for cosmic-ray antideuterons, astro-ph/0504361.

[71] K. Mori et al., A novel antimatter detector based on x-ray deexcitation of exotic atoms, Astrophys. J. 566 (2002) 604 [astro-ph/0109463].

[72] S. Profumo and C.E. Yaguna, A statistical analysis of supersymmetric dark matter in the MSSM after wmap, Phys. Rev. D 70 (2004) 095004 [hep-ph/0407036].

– 29 –

[73] H. Baer, J.R. Ellis, G.B. Gelmini, D.V. Nanopoulos and X. Tata, Squark decays into gauginos at the pp̄ collider, Phys. Lett. B 161 (1985) 175;

G. Gamberini, Heavy gluino and squark decays at pp̄ collider, Z. Physik C 30 (1986) 605; H. Baer, V.D. Barger, D. Karatas and X. Tata, Detecting gluinos at hadron supercolliders, Phys. Rev. D 36 (1987) 96;

H. Baer, X. Tata and J. Woodside, Multi - lepton signals from supersymmetry at hadron super colliders, Phys. Rev. D 45 (1992) 142.

[74] H. Baer, K. Hagiwara and X. Tata, Gauginos as a signal for supersymmetry at pp̄ colliders, Phys. Rev. D 35 (1987) 1598;

H. Baer, D.D. Karatas and X. Tata, Gluino and squark production in association with gauginos at hadron supercolliders, Phys. Rev. D 42 (1990) 2259;

H. Baer, C. Kao and X. Tata, Aspects of chargino - neutralino production at the Tevatron collider, Phys. Rev. D 48 (1993) 5175 [hep-ph/9307347];

H. Baer, C.-h. Chen, F. Paige and X. Tata, Trileptons from chargino - neutralino production at the cern large hadron collider, Phys. Rev. D 50 (1994) 4508 [hep-ph/9404212]; see also ref. [76].

[75] H. Baer, C. Balazs, A. Belyaev, T. Krupovnickas and X. Tata, Updated reach of the cern LHC and constraints from relic density, b → sγ and A_mu in the mSUGRA model, JHEP 06 (2003) 054 [hep-ph/0304303];

H. Baer, C.-h. Chen, M. Drees, F. Paige and X. Tata, Probing minimal supergravity at the cern LHC for large tan β, Phys. Rev. D 59 (1999) 055014 [hep-ph/9809223]; S. Abdullin and F. Charles, Search for SUSY in (leptons +) Jets + E^m_t iss final states, Nucl. Phys. B 547 (1999) 60 [hep-ph/9811402];

CMS collaboration, S. Abdullin et al., Discovery potential for supersymmetry in cms, J. Phys. G 28 (2002) 469 [hep-ph/9806366];

B.C. Allanach, J.P.J. Hetherington, M.A. Parker and B.R. Webber, Naturalness reach of the large hadron collider in minimal supergravity, JHEP 08 (2000) 017 [hep-ph/0005186].

[76] I. Hinchliffe, F.E. Paige, M.D. Shapiro, J. Soderqvist and W. Yao, Precision SUSY measurements at LHC, Phys. Rev. D 55 (1997) 5520 [hep-ph/9610544]; H. Bachacou, I. Hinchliffe and F.E. Paige, Measurements of masses in SUGRA models at LHC, Phys. Rev. D 62 (2000) 015009 [hep-ph/9907518];

ATLAS Collaboration, ATLAS detector and physics performance technical design report:Heavy quarks and leptons, CERN/LHCC 99-14/15 (1999).

[77] H. Baer, A. Belyaev, T. Krupovnickas and X. Tata, Linear collider capabilities for supersymmetry in dark matter allowed regions of the mSUGRA model, JHEP 02 (2004) 007 [hep-ph/0311351];

H. Baer, T. Krupovnickas and X. Tata, Two photon background and the reach of a linear collider for supersymmetry in wmap favored coannihilation regions, JHEP 06 (2004) 061 [hep-ph/0405058].

[78] T. Tsukamoto, K. Fujii, H. Murayama, M. Yamaguchi and Y. Okada, Precision study of supersymmetry at future linear e^+e^− colliders, Phys. Rev. D 3153 (1995) 3153.

[79] H. Baer, R. Munroe and X. Tata, Supersymmetry studies at future linear e^+e^− colliders, Phys. Rev. D 54 (1996) 6735 [hep-ph/9606325].

– 30 –