arXiv:hep-ph/0409104 v1 9 Sep 2004

Searching for Dark Matter with Future Cosmic Positron Experiments

Dan Hooper and Joseph Silk Astrophysics Department, University of Oxford, OX1 3RH Oxford, UK (September 9, 2004)

Dark matter particles annihilating in the Galactic halo can provide a flux of positrons potentially observable in upcoming experiments, such as PAMELA and AMS-02. We discuss the spectral features which may be associated with dark matter annihilation in the positron spectrum and assess the prospects for observing such features in future experiments. Although we focus on some specific dark matter candidates, neutralinos and Kaluza-Klein states, we carry out our study in a model independent fashion. We also revisit the positron spectrum observed by HEAT.

95.35.+d, 95.85.Ry, 11.30.Pb

I. INTRODUCTION

The existence of dark matter has been confirmed by a wide array of experimental tests including observations of galactic clusters and large scale structure [1], supernovae [2] and the Cosmic Microwave Background (CMB) anisotropies [3,4]. WMAP has measured the density of cold dark matter to be Ω_{CDM}h^2 = 0.113^{+0.016}_{−0.018} [4] at the 2σ confidence level.

For a variety of reasons, it is often thought that dark matter may be made up of weakly interacting, TeV-scale particles [5]. If this is the case, there are a variety of experimental approaches which may be capable of observing them directly or indirectly. The most straight forward approach is to observe dark matter particles directly as they scatter off of a detector [6]. Such particles could also be produced and observed in colliders such as the Tevatron or the Large Hadron Collider (LHC) [7]. Alternatively, dark matter particles which annihilate in our Galaxy’s halo or in gravitational wells such as the Galactic Center or the Sun may produce potentially observable fluxes of gamma-rays [8], neutrinos [9], anti-protons [10,11], anti-deuterons [11,12] or positrons [11,13–17].

The HEAT (High-Energy Antimatter Telescope) experiment, in three flights taking place in 1994, 1995 and 2000, observed a flux of cosmic positrons in excess of the predicted rate, peaking around 10 GeV [18–20]. Although the source of these positrons is not known, it has been suggested in numerous publications that this signal could be the product of dark matter annihilations [13–17].

Although HEAT provided the most accurate measurement of the cosmic positron spectrum at the time, these flights had their limitations. Due to the rapidly falling flux, HEAT was able to measure the spectrum of positrons only up to approximately 30 GeV, and with rather large error bars down to 15 GeV, or so. Fortunately, other experiments, such as PAMELA and AMS- 02, are planned to improve considerably on these measurements.

PAMELA (Payload for Antimatter-Matter Exploration and Light-nuclei Astrophysics) is a satellite borne experiment designed to study the matter-antimatter asymmetry of the universe with very precise cosmic ray measurements. PAMELA’s primary objectives include the measurement of the cosmic positron spectrum up to 270 GeV [21], well beyond the range studied by HEAT. This improvement is made possible by PAMELA’s large acceptance (20.5 cm^2 sr [22]) and long exposure time (3 years). PAMELA is scheduled for launch in 2005.

AMS-02 (Alpha Magnetic Spectrometer) is an experiment designed to be deployed on the International Space Station (ISS) for a three year mission sometime around the end of the decade, perhaps 2008. AMS-02’s acceptance of about 450 cm^2 sr is considerably larger than PAMELA’s. This, along with superior energy resolution and electron and anti-proton rejection, makes AMS- 02 the premiere experiment for measuring the cosmic positron spectrum.

The precision measurements of the cosmic positron spectrum to be provided by PAMELA and AMS-02 will be of critical importance to efforts to identify signatures of dark matter in this channel. Although the overall flux of positrons is important, without detailed spectral information it will be difficult to distinguish the products of dark matter annihilation from other possible astrophysical positron sources. Possible sources of cosmic positrons include their production via hadronic cosmic ray interactions with giant molecular clouds or electronpositron pair creation via electromagnetic interactions in nearby pulsars. Alternatively, radioactive nuclei ejected in supernova blasts could potentially produce high energy positrons [20].

In this article, we discuss the spectral characteristics of cosmic positrons associated with the annihilation of dark matter particles in the Galactic halo and assess the prospects for their detection by PAMELA and AMS-02. The remainder of this article is organized as follows. In section II, we discuss the spectrum of positrons produced in particle dark matter annihilations and discuss the effects of propagation on this spectrum. In section III, we show the positron spectra which result for several dark matter annihilation channels. In section IV, we discuss possible variations to these results from our choice of diffusion parameters and dark matter halo profile. In sections V and VI, we describe the positron production of two specific dark matter candidates: neutralinos in models of supersymmetry and stable Kaluza-Klein states in models of Universal Extra Dimensions (UED). In section VII, we discuss our results in the context of the measurements made by the HEAT experiment. In sections VIII and IX, we discuss the prospects for the detection of dark matter annihilation in the future experiments PAMELA and AMS-02. In section X, we compare this technique to other dark matter detection methods. Our concluding remarks are contained in section XI.

II. POSITRON PRODUCTION AND PROPAGATION

Positrons can be produced in the annihilations of dark matter particles through many channels. Annihilations which yield gauge bosons, for example, yield positrons as these gauge bosons decay, peaking at an energy near ∼ m_X /2. In addition to the decays Z → e^+e^− and W^+ → e^+ν, positrons can be produced in gauge boson decays to muons, Z → μ^+μ^− → e^+νν̄e^−νν̄ or W^+ → μ^+ν → e^+νν̄ν. Gauge bosons which decay to tau pairs can produce positrons directly in their decays, through their decays to muons, or hadronically through the decay of charged pions. Of course, gauge bosons may also decay to hadrons which also produce positrons via charged pions.

Dark matter annihilations to bottom quark pairs are common, especially in the case of bino-like, neutralino dark matter. These b quarks decay, producing charged leptons without the feature seen in gauge boson decays near ∼ m_X /2. Well below this energy, the positron spectrum from b decays is similar to that for gauge boson decays.

Dark matter annihilations to top quarks always produce a pair of bottom quarks and W^± bosons, which can each generate positrons as described above. As would be expected, annihilations directly to charged leptons are capable of producing a harder spectrum of positrons than the other modes one could consider. In figure 1, we compare the positron spectrum from particle annihilations via several channels. Annihilations to gauge bosons or heavy quarks each produce a much softer spectrum than the τ^+τ^− or μ^+μ^− channels. Although it is not shown, annihilations directly to e^+e^− would be represented simply by a delta function at an energy equal to the WIMP mass. For the results shown in figure 1, and throughout this paper, the spectrum from each annihilation channel, including cascading, is calculated using PYTHIA [23], as it is implemented in the DarkSusy package [24].

FIG. 1. The positron spectrum from dark matter annihilations prior to propagation for several annihilation channels. Dotted and dashed lines represent the positron spectrum, per annihilation, for annihilations to bb̄ and gauge boson pairs, respectively. The dot-dashed and solid lines represent annihilations to τ^+ τ^− and μ^+μ^−, respectively, which produce considerably harder spectra. The spectrum for annihilations to e^+e^− is not shown, but is simply a delta function at the energy equal to the WIMP mass. For all cases shown, a WIMP mass of 300 GeV was used. This figure originally appeared in Ref. [17].

The spectra shown in figure 1 are not those observed at Earth, however. As positrons travel through the Galactic halo, they move under the influence of the tangled interstellar magnetic fields and lose energy via inverse Compton and synchrotron processes. We can take these processes into account by solving the diffusion-loss equation: ∂ ∂t dn_e+ dE_e+ = ⃗▽ · [ K(E_e+ , ⃗x) ⃗▽ dn_e+ dE_e+ ]

+ ∂ ∂E_e+ [ b(E_e+ , ⃗x) dn_e+ dE_e+ ] + Q(E_e+ , ⃗x), (1)

where dn_e+ /dE_e+ is the number density of positrons per unit energy, K(E_e+ , ⃗x) is the diffusion constant, b(E_e+ , ⃗x) is the rate of energy loss and Q(E_e+ , ⃗x) is the source term.

We parameterize the diffusion constant [25] by

K(E_e+ ) = 3.3 × 10^{28} [ 3^{0.47} + E^{0.47}_e+ ] cm^2 s^{−1}, (2)

and the energy loss rate by

b(E_e+ ) = 10^{−16}E^2_e+ s^{−1}. (3)

b(E_e+ ) is the result of inverse Compton scattering on both starlight and the cosmic microwave background [26]. The diffusion parameters are constrained from analyzing stable nuclei in cosmic rays (primarily by fitting the boron to carbon ratio) [27].

In equations 2 and 3, we have dropped the dependence on location, treating these as constant within the diffusion zone. For the boundary conditions of the diffusion zone, we consider a slab of thickness 2L, where L is fit to observations to be 4 kpc [25,27]. Beyond the boundaries of our diffusion zone, we drop the positron density to zero (free escape boundary conditions).

Although the technique used here does not explicitly include the effects of re-acceleration, these effects are introduced though the energy dependence of the diffusion constant. The effect of re-acceleration is also not important at energies above a few GeV, where we are primarily interested.

In addition to the propagation effects described above, as positrons approach the solar system, their interaction with the solar wind and magnetosphere can become important. These effects, called solar modulation, can be roughly parameterized using the technique of Ref. [28]. Alternatively, if one assumes that the effects of solar modulation are charge sign independent, their impact can be removed by considering the ratio of positrons to positrons plus electrons at a given energy rather than the positron flux alone. This quantity, called the positron fraction, is often used in lieu of the positron flux to minimize the uncertainties associated with modelling the impact of solar modulation.

III. THE COSMIC POSITRON SPECTRUM FROM DARK MATTER ANNIHILATIONS

The positron spectra produced in dark matter annihilations, after taking into account the effects of propagation, are shown for various channels in figures 2-5. Many of the features described in the previous section can be identified here. In particular, the rapid decline in the spectrum at around m_X /2 can be seen in figure 3, corresponding to the energy at which direct production of positrons from gauge boson decays no longer contributes. In figure 4, an even more dramatic effect is seen at an energy equal to the WIMP mass, corresponding to the threshold for the direct production of e^+e^−.

In these figures, the effects of solar modulation are not included. As discussed in the previous section, we have chosen to avoid the uncertainties associated with this effect by studying the ratio of positrons to positrons plus electrons rather than the positron spectrum alone. In figures 6-9, the positron fraction is shown for the same annihilation channels. To calculate this quantity, the flux of primary and secondary electrons as well as secondary positrons must be known. We have used the primary and secondary fluxes found in Ref. [29]. Also, in figures 6-9, the positron data from the HEAT experiments is shown for comparison.

The magnitude, or normalization, of the positron fluxes shown in figures 2-9 are set by the annihilation rate of dark matter particles. In addition to scaling with the WIMP’s annihilation cross section and the square of the local dark matter density, the annihilation rate depends on the degree of inhomogeneity in the local dark matter distribution. This effect is described by a parameter called the boost factor, BF , which is defined by BF = ∫ ρ^2dV [ ∫ ρ dV ]^2 , (4)

where the integral is performed roughly over the volume which contributes substantially to the positron flux (a few kiloparsecs). If the dark matter were locally distributed completely evenly, the boost factor would be equal to one. Small scale clustering of dark matter, however, enhances this quantity to a value expected to be in the range of roughly 2 to 5. Values much larger than this require large local clumps of dark matter and are unlikely to be present [30].

IV. POSSIBLE VARIATIONS

The results shown in the previous section may be modified with the choice of propagation parameters and Galactic dark matter distribution. In this section, we describe the effect of modifying these choices on the positron spectrum.

The diffusion parameters which must be set in our formalism are the diffusion zone width, 2L, the energy loss rate, b, and the diffusion constant, K, including its energy dependence. The impact of varying these parameters is shown in figures 10-13.

The effect of modifying the diffusion zone width is shown in figure 10. The flux at high energies is less affected by the choice of L than at lower energies. This is because distant annihilations produce positrons which are substantially degraded in energy before they reach Earth. Thus nearby annihilations produce most of the positrons at the high end of the spectrum. As the width of the diffusion zone is reduced, fewer positrons reach Earth at lower energies.

Variations in the magnitude of the diffusion constant of Eq. 2 can also have an impact on the positron flux observed. As this quantity is increased, the lowest energy positrons are most dramatically effected. Positrons of higher energies are actually mildly enhanced as the diffusion constant is increased.

FIG. 2. The spectrum of positrons, including the effects of propagation, from dark matter annihilations to b quark pairs. WIMP masses of 50, 100, 300 and 600 GeV were considered. A dark matter distribution with BF = 5 (see section III), ρ(local) = 0.43 GeV/cm^3 and an annihilation cross section of σv = 10^{−25} cm^3 /s was used. The effects of solar modulation are not included.

FIG. 3. The spectrum of positrons, including the effects of propagation, from dark matter annihilations to ZZ and W^+ W^− pairs. WIMP masses of 100, 300 and 600 GeV were considered. Note the enhancement near mX /2 as compared to the case of annihilations to b quarks. A dark matter distribution with BF = 5 (see section III), ρ(local) = 0.43 GeV/cm^3 and an annihilation cross section of σv = 10^{−25} cm^3/s was used. The effects of solar modulation are not included.

FIG. 4. The spectrum of positrons, including the effects of propagation, from dark matter annihilations to e^+e^− pairs. WIMP masses of 50, 100, 300 and 600 GeV were considered. A dark matter distribution with BF = 5 (see section III), ρ(local) = 0.43 GeV/cm^3 and an annihilation cross section of σv = 10^{−26} cm^3 /s was used. The effects of solar modulation are not included.

FIG. 5. The spectrum of positrons, including the effects of propagation, from dark matter annihilations to τ^+ τ^− pairs. WIMP masses of 50, 100, 300 and 600 GeV were considered. A dark matter distribution with BF = 5 (see section III), ρ(local) = 0.43 GeV/cm^3 and an annihilation cross section of σv = 10^{−25} cm^3 /s was used. The effects of solar modulation are not included.

FIG. 6. The positron fraction in the cosmic ray spectrum from dark matter annihilations to b quark pairs. WIMP masses of 50, 100, 300 and 600 GeV were considered. A dark matter distribution with BF = 5 (see section III), ρ(local) = 0.43 GeV/cm^3 and an annihilation cross section of σv = 10^{−25} cm^3/s was used.

FIG. 7. The positron fraction in the cosmic ray spectrum from dark matter annihilations to ZZ and W^+ W^− pairs. WIMP masses of 100, 300 and 600 GeV were considered. A dark matter distribution with BF = 5 (see section III), ρ(local) = 0.43 GeV/cm^3 and an annihilation cross section of σv = 10^{−25} cm^3/s was used.

FIG. 8. The positron fraction in the cosmic ray spectrum from dark matter annihilations to e^+e^− pairs. WIMP masses of 50, 100, 300 and 600 GeV were considered. A dark matter distribution with BF = 5 (see section III), ρ(local) = 0.43 GeV/cm^3 and an annihilation cross section of σv = 10^{−26} cm^3 /s was used.

FIG. 9. The positron fraction in the cosmic ray spectrum from dark matter annihilations to τ^+ τ^− pairs. WIMP masses of 50, 100, 300 and 600 GeV were considered. A dark matter distribution with BF = 5 (see section III), ρ(local) = 0.43 GeV/cm^3 and an annihilation cross section of σv = 10^{−25} cm^3 /s was used.

Modifications of the positron energy loss rate (or equivalently the density of diffuse starlight and cosmic microwave background photons) is tied to changes in the diffusion constant. Inspection of Eq. 1 reveals that the resulting spectral shape (up to normalization) is invariant with respect to the quantity K(E_e+ , ⃗x)/b(E_e+ , ⃗x). The normalization of the positron flux, on the other hand, scales inversely with either the diffusion constant or the energy loss rate.

Finally, the choice of dark matter halo profile model considered can affect the positron flux observed. Thus far, our results have used an isothermal sphere dark matter profile, described by

ρ(r) = 0.43 GeV/cm^3

(2.8 kpc)^2 + (8.5 kpc)^2 (2.8 kpc)^2 + r^2

, (5)

where r is the distance from the Galactic Center. This profile exhibits a fairly flat behavior in the inner few kiloparsecs of the Galaxy. Alternatively, we may consider a dark matter distribution favored by N-body simulations, such as the Navarro-Frenk-White (NFW) [31] profile:

ρ(r) = 0.43 GeV/cm^3

(8.5/20) [1 + (8.5/20)]^2 (r/20 kpc) [1 + (r/20 kpc)]^2

, (6)

or the Moore et al. profile [32]:

ρ(r) = 0.43 GeV/cm^3

(8.5/28)^{1.5} [1 + (8.5/28)^{1.5}] (r/28 kpc)^{1.5} [1 + (r/28 kpc)^{1.5}] . (7) Unlike the isothermal sphere profile, the NFW and Moore et al. profiles have density cusps at the Galactic Center. Each of these profiles have been normalized to a local dark matter density of 0.43GeV/cm^3. The only locations which can deviate dramatically from this value are in the region near the Galactic Center. Sharply cusped profiles, the Moore et al. profile in particular, produce more positrons in the inner Galaxy and therefore more lower energy positrons are observed locally. This effect is shown in figure 13. The NFW and isothermal profiles produce very similar results, with fewer low energy positrons than the Moore et al. case. Shown for comparison is the result for a completely flat dark matter distribution, ρ(r) = constant = 0.43 GeV/cm^3.

V. NEUTRALINO DARK MATTER

In many models of supersymmetry, the Lightest Supersymmetric Particle (LSP) is a neutralino [33], a mixture of the superpartners of the photon, Z and neutral Higgs bosons. In models of supersymmetry with conserved Rparity, the LSP is stable and a potentially viable dark matter candidate. In this section, we will discuss the signatures of neutralino annihilations in the cosmic positron spectrum.

The dominant annihilation channels of a neutralino depend on its composition. If the neutralino is mostly bino-like (the superpartner of the hypercharge gauge boson), it will annihilate largely to heavy fermions, i.e. bb̄, τ^+τ^− and, if kinematically allowed, tt̄. Annihilations to lighter fermions are rare as the low velocity neutralino annihilation cross section is chirality suppressed by a factor of m^2_f /m^2_{χ0} . Furthermore, the annihilation cross section to down-type fermions, such as bb̄, is enhanced in some diagrams by a factor of tan^2 β. In much of the supersymmetric parameter space, the LSP annihilates almost entirely to bb̄ with a small admixture of τ^−τ^+. If tan β is fairly small and the LSP mass is greater than the top mass, annihilations to tt̄ can also be important.

The lightest neutralino might not be mostly bino, however. Alternatively, it may be largely higgsino-like (superpartner of the neutral Higgs bosons). In this case, the LSP may annihilate primarily to gauge boson pairs. The low velocity annihilation cross sections for a pure higgsino are approximately given by: < σv >_W +_W − ≃ ( 1 − m^2_W m^2_{χ0}

) G_{2F} m_{4W} m_{2χ0}

π(2m^2_{χ0} − m^2_W )^2 (8) and < σv >_Z0_Z0 ≃ ( 1 − m^2_Z m^2_{χ0}

) G_{2F} m_{4Z} m_{2χ0}

2π(2m^2_{χ0} − m^2_Z )^2

. (9)

These cross sections can be quite large, reaching 3 × 10^{−25} cm^3/s at their maximum near m_χ0 = 110 GeV. A mixed higgsino-bino LSP might also annihilate mostly to gauge bosons, but with a smaller cross section.

As a third possibility, the lightest neutralino may also be a wino (the superpartner of the isospin gauge boson). Although wino-like LSPs are uncommon in most supersymmetry breaking scenarios, in the interesting case of Anomaly Mediated Supersymmetry Breaking (AMSB), the lightest neutralino is a nearly pure wino. This is because the ratios of the gaugino masses do not follow the common hierarchy (M_1 < M_2 < M_3), but rather are proportional to β-functions resulting in the ratios M_1 : M_2 : M_3 = 2.8 : 1 : 7.1. When this ratio of M_1 to M_2 is inserted into the neutralino mass matrix, some generic phenomenological features of this model emerge. In addition to the LSP being a neutral wino, a chargino only a few hundred MeV heavier than the LSP is present. This can lead to efficient coannihilations in the relic density calculation. Much like the higgsino case, wino-like neutralinos in AMSB annihilate primarily via gauge bosons channels [34].

FIG. 10. The effect of varying the diffusion zone width (2L) on the positron spectrum. Results for L = 2, 4 and 10 kpc are shown. In each case, WIMP annihilations are to b quark pairs and the WIMP’s mass is 300 GeV. Other parameters are the same as in the previous figures.

FIG. 11. The effect of varying the diffusion constant on the positron spectrum. From top to bottom on the left side of the figure, results are shown for a diffusion constant 0.25 (dotted), 0.5 (dashed), 1.0 (solid), 2.0 (dashed) and 4.0 (dotted) times the value shown in Eq. 2. In each case, WIMP annihilations are to b quark pairs and the WIMP’s mass is 300 GeV. Other parameters are the same as in the previous figures.

FIG. 12. The effect of varying the energy loss rate on the positron spectrum. From top to bottom on the right side of the figure, results are shown for a rate 0.25 (dotted), 0.5 (dashed), 1.0 (solid), 2.0 (dashed) and 4.0 (dotted) times the value shown in Eq. 3. In each case, WIMP annihilations are to b quark pairs and the WIMP’s mass is 300 GeV. Other parameters are the same as in the previous figures.

FIG. 13. The effect of varying the dark matter halo profile on the positron spectrum. From top to bottom on the left side of the figure, results are shown for a Moore et al. profile (dotted), an Navarro-Frenk-White profile (dashed), and isothermal sphere profile (solid) and a completely flat distribution (dot-dashed). In each case, WIMP annihilations are to b quark pairs and the WIMP’s mass is 300 GeV. Other parameters are the same as in the previous figures.

We now turn our attention to these various types of neutralino LSPs in the context of their annihilations producing positrons. The spectral shape of the positrons produced in the annihilation of neutralino LSPs is often dominated by either bb̄ or gauge boson channels. In the bino case, as we said before, annihilations are typically almost entirely to bb̄ with only a few percent admixture to τ^+τ^−. To see the effect of this admixture, we compare the positron spectrum from annihilations purely to bb̄ with the spectrum from annihilations 90% to bb̄ and 10% to τ^+τ^−. Below about E_e+ ∼ m_χ0 /10, the spectrum is not significantly effected by the tau component. At higher energies the tau channel becomes more important. For a 10% τ^+τ^− admixture, the flux at E_e+ ∼ m_χ0 /2 is roughly doubled over the pure bb̄ case. For an equal fraction of annihilations into bb̄ and tt̄, the result is similar. These spectra are shown in figure 14. We have already shown the positron spectra for annihilations to gauge boson pairs, which are expected for higgsino-like or wino-like neutralinos.

FIG. 14. The spectrum of positrons, including the effects of propagation, from bino-like neutralino annihilations. The solid line is for annihilations purely to bb̄. The dashed line is for annihilations to bb̄ with a 10% admixture to τ^+τ^−. The dotted line represents 50% to bb̄ and 50% to tt̄. For each case a 300 GeV neutralino was considered. A dark matter distribution with BF = 5 (see section III), ρ(local) = 0.43 GeV/cm^3 and an annihilation cross section of σv = 10^{−25} cm^3/s was used. The effects of solar modulation are not included.

Predicting the spectral shape of the positrons produced in dark matter annihilations is only useful if the flux is large enough to be observed over background. The most important quantity in determining this flux is the dark matter annihilation rate, which in turn depends on the low velocity WIMP annihilation cross section.

If the dark matter is made up thermal relics produced in the early universe, its density today can be calculated in a straight forward way. The result of this standard technique [5] is

Ω_{WIMP}h^2 ∼=

1.07 × 10^9 GeV^{−1} M_{Pl} x_F √ g_⋆ 1 (a + 3b/x_F )

, (10)

where M_{Pl} is the Plank mass, g_⋆ is the number of relativistic degrees of freedom assessable at freeze-out and a and b are the first and second terms in the expansion of the annihilation cross section: < σv >= a + bv^2 + O(v^4). x_F is the WIMP mass over the temperature at freeze-out, and is generally about 20 for a weakly interacting dark matter candidate. This expression neglects the possible role of coannihilations between the WIMP and other particles during freeze-out. Coannihilations may be important when the LSP is only slightly lighter than the Nextto-Lightest Supersymmetric Particle (NLSP). In such a case, the neutralino relic density can be depleted below the value of Eq. 10 and therefore a smaller annihilation cross section would be required to provide the measured relic abundance.

For a weakly interacting dark matter candidate, Eq. 10 numerically yields:

Ω_{WIMP}h^2 ∼

3 × 10^{−27} cm^3/s (a + 3b/20)

. (11)

Matching this to the cold dark matter density observed by WMAP, Ω_{WIMP}h^2 ≃ 0.1, we arrive at

a + 3b/20 ∼ 3 × 10^{−26} cm^3/s. (12)

The low velocity annihilation cross section, a, for neutralino LSPs with a thermal relic density in the range of 0.095 < Ω_χ0 h^2 < 0.129 (dark shading) and 0.06 < Ω_χ0 h^2 < 0.16 (light green shading) is shown in figures 15 and 16 for models with tan β equal to 5 and 50, respectively. In the high tan β case shown in figure 16, low velocity annihilations to bb̄ are highly efficient and, for neutralinos heavier than about 80 GeV, the low velocity cross section is often roughly the maximum value allowed by Eq. 12, < σv >∼ a ∼ 3 × 10^{−26} cm^3/s. For smaller values of tan β, the b-term in the velocity expansion of the annihilation cross section can be important, thus allowing a wide range of low velocity cross sections as shown in figure 15.

The points shown in figures 15 and 16 were calculated using a variation of the DarkSusy package [24], varying the parameters μ, M_1, M_2, M_3, A_t, A_b and the sfermion masses randomly up to 10,000 GeV, and with either sign when appropriate. The pseudoscalar Higgs mass was varied up to 1 TeV. Although the complete MSSM contains more than 100 free parameters, the results shown in figures 15 and 16 represent an illustrative sample of the possible models. Note that the sampling technique used in our monte carlo is somewhat limited for finding models with an LSP heavier than several hundred GeV. Such models certainly exist, although they are probably also quite fine tuned.

FIG. 15. The neutralino annihilation cross section in the low velocity limit for parameters within the MSSM which yield a thermal relic density in the range measured by WMAP (ΩCDMh^2 = 0.129−0.095, dark shading) or a somewhat larger range (ΩCDMh^2 = 0.16 − 0.06, light green shading). For all models shown, the ratio of Higgs expectation values, tan β, is set to 5.

FIG. 16. The neutralino annihilation cross section in the low velocity limit for parameters within the MSSM which yield a thermal relic density in the range measured by WMAP (ΩCDMh^2 = 0.129−0.095, dark shading) or a somewhat larger range (ΩCDMh^2 = 0.16 − 0.06, light green shading). For all models shown, the ratio of Higgs expectation values, tan β, is set to 50.

From the perspective of the calculation of the thermal relic density, higgsino or wino-like LSPs may appear disfavored, as their annihilation cross section is often too large to satisfy conditions such as those in Eq. 12. In fact, to provide the thermal relic density observed by WMAP a pure higgsino must have a mass of about 1 TeV. A purewino would need to be even more massive to provide the observed quantity of dark matter thermally.

Alternatively, neutralino LSPs may be produced by non-thermal mechanisms thereby evading the requirements of Eq. 12. In some scenarios, objects with small annihilation cross sections may freeze-out only to decay into LSPs at a later time. Long lived, but unstable states, such as gravitinos or Q-balls, would be examples of such intermediate states. In a non-thermal mechanism such as this, the LSP’s annihilation cross section can be considerably larger than in the standard thermal relic case [35].

For a more detailed discussion of neutralino dark matter in various supersymmtry breaking scenarios, see Ref. [36].

VI. KALUZA-KLEIN DARK MATTER

In models with extra spatial dimensions, Kaluza-Klein (KK) excitations of Standard Model particles may appear, and in some models may provide a viable dark matter candidate [37,38]. In particular, in models with Universal Extra Dimensions (UED), in which all of the fields of the Standard Model are free to propagate in the bulk, the Lightest Kaluza-Klein Particle (LKP) may be stable [39]. This is because the conservation of momentum in higher dimensional space is conserved, and therefore the KK number of a state is conserved. For a UED model to be phenomenologically viable, the extra compact dimensions must be modded out by an orbifold. Orbifolding leads to terms which violate KK number, but may leave a conserved quantity, called KK-parity, which ensures that the LKP is stable in much the same that R-parity stabilizes the LSP in supersymmetry.

At tree level, all of the first level KK modes have a mass corresponding to the compactifaction scale of the extra dimensions and their zero-mode mass: (m^(1)_i)^2 = (m^(0)_i)^2 + 1/R^2. Radiative corrections to the masses of the tree level spectrum break the (near) degeneracy of the first level KK states [40]. The lightest KK state is most naturally the level one excitation of the hypercharge gauge boson, B^(1). For the remainder of this article, we will refer to this state simply as the LKP or Kaluza-Klein Dark Matter (KKDM).

Although this LKP is similar to a bino-like neutralino in many phenomenological respects, its characteristics differ in significant ways. Perhaps most importantly for our purposes, the LKP is a boson and therefore its annihilations to fermions are not chirality suppressed. Thus, unlike neutralino dark matter, KKDM can annihilate directly to e^+e^−, μ^+μ^− and τ^+τ^−, which each yield a generous number of high energy positrons. The annihilation cross section of KKDM is nearly proportional to the hypercharge of the final state fermions to the fourth power, therefore its annihilations are primarily to charged leptons (approximately 20% per generation). The remaining annihilations are to up-type quarks (approximately 11% per generation), neutrinos (approximately 1.2% per generation), Higgs bosons (approximately 2.3%) and downtype quarks (approximately 0.7% per generation).

The total annihilation cross section of KKDM is < σv >= 95g^4_1 324πm^2_{LKP} ≃ 1.7 × 10^{−26} cm^3/s m^2_{LKP} (TeV)

. (13)

This annihilation cross section consists entirely of an aterm in the expansion < σv >= a + bv^2 + O(v^4), i.e. b = 0 and < σv >∼= a. Comparing this expression with Eq. 12, we find that the thermal relic density of KKDM matches the value observed by WMAP for a mass of about m_{LKP} ≈ 800 GeV, neglecting the effect of coannihilations [38]. Coannihilations can play an important role in the freeze-out of KKDM, however. It is somewhat expected that the loop-level radiative corrections to the KK spectrum should be much smaller than the tree-level contribution, thus there should be many KK states only slightly more massive than the LKP. Take, for example, one of the cases studied by Tait and Servant [38]. In this scenario, the first level KK excitations of e_R were nearly degenerate with the LKP. The e^{(1)}_R − e^{(1)}_R annihilation cross section is only slightly larger than the LKP-LKP annihilation cross section and the e^{(1)}_R -LKP coannihilation cross section is substantially smaller. Thus each species freeze-out quasi-independently and after freezeout, the remaining e^{(1)}_R ’s decay to LKPs thus enhancing the LKP relic density. This is in contrast to the coannihilation mechanism often considered for neutralinos, in which coannihilations between the LSP and other supersymmetric particles can be large and efficiently deplete the neutralino relic density.

Tait and Servant find that for three generations of e^{(1)}_R ’s, each 1% heavier that the LKP, a mass of m_{LKP} ∼= 550 − 650 GeV is needed to produce the observed density of LKP dark matter [38]. Furthermore, other coannihilation channels may certainly play an important role in determining the relic density of KKDM, plausibly lowering the mass of the LKP considerably. Regardless of the coannihilation channels available, the LKP mass is constrained by electroweak precision measurements to be heavier than about 300 GeV [41].

FIG. 17. The spectrum of positrons including the effects of propagation from Kaluza-Klein Dark Matter (KKDM) annihilations. Annihilations of KKDM produce equal fractions of τ^+ τ^−, μ^+μ^− and e^+e^− pairs (approximately 20% each) as well as up-type quarks (approximately 11% per generation), neutrinos (approximately 1.2% per generation), Higgs bosons (approximately 2.3%) and down-type quarks (approximately 0.7% per generation). Results for KKDM masses of 300 and 600 GeV are shown. A dark matter distribution with BF = 5 (see section III), ρ(local) = 0.43 GeV/cm^3 and an annihilation cross section of σv = 10^{−25} cm^3/s was used. The effects of solar modulation are not included.

FIG. 18. The positron fraction in the cosmic ray spectrum from Kaluza-Klein Dark Matter (KKDM) annihilations. KKDM masses of 300 and 600 GeV were considered. A dark matter distribution with BF = 5 (see section III), ρ(local) = 0.43 GeV/cm^3 and an annihilation cross section of σv = 10^{−25} cm^3 /s was used.

VII. THE HEAT RESULTS

The HEAT (High-Energy Antimatter Telescopes) experiment’s balloon flights in 1994-95 and 2000 have measured the cosmic positron spectrum between energies of approximately 1 to 30 GeV [18–20]. When this data is presented as a positron fraction, an interesting feature appears. The origin of this feature, a bump appearing at 7-10 GeV, is not understood. Although many efforts have been made to fit this feature with a contribution from annihilating dark matter, it has been shown to be very difficult to satisfactorily match the spectrum of the bump [15–17,42].

Far more statistically significant than the bumpfeature present in the HEAT data, however, is the overall excess of positrons above the background prediction at energies above about 7 GeV. This, in principle, can certainly be accommodated by a contribution to the positron spectrum from dark matter annihilations, although rather large cross sections or boost factors are required to do so.

To judge the degree that adding a dark matter component to the positron spectrum improves the fit to the HEAT data, we calculate the χ^2,

χ^2 =

∑ (N_{Obs} − N_{DM} − N_{BG})2

Δ_{NObs}

, (14)

where the sum is over energy bins (one for each HEAT error bar), N_{Obs} is the number of events observed in that bin, N_{DM} is the number of events predicted from the annihilating dark matter contribution, N_{BG} is the number of events predicted from the background contribution and Δ_{NObs} is the error associated with the measurement in each energy bin.

The χ^2 we find for the background-only curve is 47.2 over 12 degrees of freedom (error bars). This χ^2 of almost 4 per degree of freedom represents a very poor fit to the HEAT data. The overall quality of this fit can be dramatically improved by including a new component from dark matter annihilations.

Considering first annihilations primarily to bb̄, we find that only rather heavy WIMPs (m >∼ 200 GeV) can accommodate the HEAT data. This can be seen from the 100 GeV WIMP curve shown in figure 19. For this curve, the flux at low energies consistently exceeds the HEAT measurements while it falls below the measurements above 10 GeV. We find that for the best-fit normalization (σv = 9 × 10^{−26} cm^3/s, BF = 5, ρ_{local}=0.43 GeV/cm^3) a χ^2 of 23.5, or almost 2 per degree of freedom, is obtained, representing a rather poor fit. For a 300 or 600 GeV WIMP annihilating to bb̄, however, we find a χ^2 of 13.6 and 9.7, respectively. In these cases, the normalization must be increased significantly, however. Using BF = 5 and ρ_{local}=0.43 GeV/cm^3, we must require σv = 2.5×10^{−25} cm^3/s and σv = 5.5×10^{−25} cm^3/s to achieve these good fits. These cross sections are each well above the value acceptable for a thermal relic (see Eq. 12).

FIG. 19. The positron fraction for dark matter annihilations to bb̄ for WIMP masses of 100, 300 and 600 GeV (bottom to top on the right side of the figure). In each case, the normalization of the dark matter contribution was chosen to maximize the quality of the fit to the HEAT data (shown as error bars). We find χ^2’s per degree of freedom of 23.5/12, 13.6/12 and 9.7/12 for 100, 300 and 600 GeV WIMPs, respectively. Considering a dark matter distribution with BF = 5 (see section III) and ρ(local)=0.43 GeV/cm^3 , annihilation cross sections of σv = 9 × 10^{−26} cm^3/s, 2.5 × 10^{−25} cm^3 /s and 5.5 × 10^{−25} cm^3 /s are needed for these fits for 100, 300 and 600 GeV WIMPs, respectively. The solid line is the background-only prediction.

It is worth noting that the situation shown in figure 19 can be improved if more favorable diffusion and halo parameters are used. For example, if we use a diffusion constant twice the size of our standard choice (shown in Eq. 2), we can improve the fit to the HEAT data substantially, consistent with WIMPs as light as 30-40 GeV. These results are shown in figure 20.

Next, considering annihilations primarily to gauge bosons, such as would be predicted for a higgsino or winolike neutralino, we find that a reasonable fit to the HEAT data can be achieved for a WIMP with any mass above the gauge boson pair production threshold (although the fit improves for a heavier WIMP). In this case, we do not require the large diffusion constant used in figure 20. These results are shown in figure 21.

FIG. 20. The same as in figure 19, except with a diffusion constant twice as large. WIMPs of mass 50, 100 and 300 GeV are shown (100, 300, 50 from top to bottom on the right). Here we find χ^2’s per degree of freedom of 7.5/12, 9.7/12 and 9.5/12 for 50, 100 and 300 GeV masses, respectively. Considering a dark matter distribution with BF = 5 (see section III) and ρ(local)=0.43 GeV/cm^3 , annihilation cross sections of σv = 6×10^{−26} cm^3/s, 1.5×10^{−25} cm^3/s and 4.5×10^{−25} cm^3 /s are needed for these fits for 50, 100 and 300 GeV WIMPs, respectively. The solid line is the background-only prediction.

FIG. 21. The positron fraction for dark matter annihilations to ZZ and W^+ W^− pairs for WIMP masses of 300, 600 and 100 GeV (bottom to top at 30 GeV). In each case, the normalization of the dark matter contribution was chosen to maximize the quality of the fit to the HEAT data (shown as error bars). We find χ^2’s per degree of freedom of 15.3/12, 11.4/12 and 8.8/12 for 100, 300 and 600 GeV WIMPs, respectively. Considering a dark matter distribution with BF = 5 (see section III) and ρ(local)=0.43 GeV/cm^3 , annihilation cross sections of σv = 1.4 × 10^{−25} cm^3 /s, 3.6 × 10^{−25} cm^3 /s and 7.6 × 10^{−25} cm^3 /s are needed for these fits for 100, 300 and 600 GeV WIMPs, respectively. The solid line is the background-only prediction.

FIG. 22. The positron fraction for Kaluza-Klein Dark Matter (KKDM) annihilations for WIMP masses of 300 and 600 GeV (top to bottom on the right side of the figure). In each case, the normalization of the dark matter contribution was chosen to maximize the quality of the fit to the HEAT data (shown as error bars). We find χ^2’s per degree of freedom of 10.4/12 and 9.2/12 for 300 and 600 GeV WIMPs, respectively. Considering a dark matter distribution with BF = 5 (see section III) and ρ(local)=0.43 GeV/cm^3 , annihilation cross sections of σv = 5×10^{−25} cm^3 /s and 1.2×10^{−24} cm^3 /s are needed for these fits for 300 and 600 GeV WIMPs, respectively. The solid line is the background-only prediction.

As with the case of annihilations to bb̄, the cross section needed for annihilations to gauge bosons to fit the HEAT data are quite large, 1-8 ×10^{−25} cm^3/s for the mass range we studied with a boost factor of 5 and a local dark matter density of 0.43 GeV/cm^3. Although a thermal relic cannot have such a large annihilation cross section, it is interesting to note that this is roughly the range predicted for a neutralino LSP in the Anomaly Mediated Supersymmetry Breaking (AMSB) scenario with a nonthermal production mechanism.

Lastly, we show the fit of the positron spectrum from KKDM annihilations to the HEAT results in figure 22. For both masses we consider (300 and 600 GeV), we find an excellent fit to the data [17]. Again, the annihilation cross sections needed are quite large.

VIII. SENSITIVITY OF PAMELA AND AMS-02

Given the difficulty of a thermal dark matter relic to produce the positron flux observed by HEAT and the uncertainties regarding the effects of solar modulation at GeV energies, it is certainly possible that HEAT has not revealed a signature of dark matter. To pursue this question further, future experiments will be required to measure the positron spectrum with greater precision and at higher energies. The PAMELA and AMS-02 experiments will have the ability to perform such measurements.

In this section, we will not assume a positron spectrum consistent with the measurements of HEAT, but rather attempt to determine at what dark matter annihilation rate (or cross section) such a signature could be identified in future experiments.

At a minimum, for an experiment to claim the observation of a signature of dark matter annihilation, the spectral data must be statistically distinct from the predicted background spectrum. To evaluate this, we can calculate the χ^2 of a given model for a set of data and compare it to the background only case.

To determine the χ^2 of a set of data over the expected background, we perform the following sum:

χ^2 =

∑ (N_{Obs} − N_{BG})2

N_{Obs}

, (15)

where the sum is over energy bins, N_{Obs} is the number of events observed in that bin and N_{BG} is the number of events predicted from the background contribution. Here we have assumed Gaussian errors. We have chosen to adopt energy bins of width Δ(log E) = 0.60 below 40 GeV and Δ(log E) = 0.66 above 40 GeV.

Just as we can convert the fluxes of figures 2-5 to positron fractions by using fluxes of background positrons and electrons, we can replace the fluxes (or numbers of events) used in Eq. 15 with ratios of positrons to positrons+electrons to reduce the effects of solar modulation in our results. Because there are substantially more electrons than positrons observed, we can assume that there are negligible errors associated with the electron flux.

For concreteness, we first consider the specific example of a 100 GeV WIMP annihilating to gauge bosons with a cross section of 10^{−25} cm^3/s, a boost factor of 5 and a local dark matter density of 0.43 GeV/cm^3. The positron fraction found for this scenario is shown in figure 23 along with the error bars after three years of observation by PAMELA (light-red) and AMS-02 (dark-blue). Following Eq. 14, the total χ^2 obtained for this flux is 1045.3 for PAMELA and 22,944 for AMS=02, both clearly distinguishable from the background.

If the annihilation rate is smaller, identifying such a feature will be more difficult. If we consider an annihilation rate ten times smaller than that used in figure 23, we find the results shown in figure 24. It is clear to the eye that the excess over background in this case is far less statistically significant. With three years of observation by PAMELA, the χ^2 obtained is only 15.1. AMS-02, however, still obtains a χ^2 of 1045.3.

FIG. 23. The positron fraction for dark matter annihilations to gauge bosons with an annihilation cross section of 10^{−25} cm^3 /s, a boost factor (see section III) of 5, a local dark matter density of 0.43 GeV/cm^3 and a WIMP mass of 100 GeV. The light-red and dark-blue error bars shown are those projected for the PAMELA and AMS-02 experiments, respectively; each after three years of observations. The solid line is the background-only prediction.

FIG. 24. The positron fraction for dark matter annihilations with a WIMP with the same characteristics as in figure 23, except with an annihilation cross section ten times smaller, 10^{−26} cm^3 /s. Again, the light-red and dark-blue error bars shown are those projected for the PAMELA and AMS-02 experiments, respectively; each after three years of observations. The solid line is the background-only prediction.

FIG. 25. The positron fraction for dark matter annihilations to bb̄ with an annihilation cross section of 10^{−25} cm^3/s, a boost factor (see section III) of 5, a local dark matter density of 0.43 GeV/cm^3 and a WIMP mass of 100 GeV. The light-red and dark-blue error bars shown are those projected for the PAMELA and AMS-02 experiments, respectively; each after three years of observations. The solid line is the background-only prediction.

FIG. 26. The positron fraction for dark matter annihilations with a WIMP with the same characteristics as in figure 25, except with an annihilation cross section ten times smaller, 10^{−26} cm^3 /s. Again, the light-red and dark-blue error bars shown are those projected for the PAMELA and AMS-02 experiments, respectively; each after three years of observations. The solid line is the background-only prediction.

FIG. 27. The positron fraction for dark matter annihilations to e^+ e^− with an annihilation cross section of 10^{−26} cm^3 /s, a boost factor (see section III) of 5, a local dark matter density of 0.43 GeV/cm^3 and a WIMP mass of 100 GeV. The light-red and dark-blue error bars shown are those projected for the PAMELA and AMS-02 experiments, respectively; each after three years of observations. The solid line is the background-only prediction.

FIG. 28. The positron fraction for dark matter annihilations with a WIMP with the same characteristics as in figure 27, except with an annihilation cross section ten times smaller, 10^{−27} cm^3 /s. Again, the light-red and dark-blue error bars shown are those projected for the PAMELA and AMS-02 experiments, respectively; each after three years of observations. The solid line is the background-only prediction.

The situation is somewhat less optimistic for dark matter particles which annihilate to b quarks. These results are shown in figures 25 and 26. Again, with the large cross section of 10^{−25} cm^3/s (assuming BF = 5, ρ = 0.43 GeV/cm^3 and a 100 GeV WIMP), there is a significant excess over the expected background (see figure 25). We calculate χ^2’s of 9439 and 430 for AMS-02 and PAMELA, respectively. For the smaller cross section of 10^{−26} cm^3/s, the excess becomes very small and the χ^2 falls to 5.4 and 118 at PAMELA and AMS-02 (see figure 26), impossible to resolve with PAMELA and a challenge for AMS-02.

The χ^2 of the deviation from the background prediction is not the only measure of an experiment’s ability to identify a contribution from dark matter annihilations. This becomes apparent when considering the case of dark matter which annihilates directly to positrons, i.e. e^+e^− pairs. The results for this case is shown in figures 27 for a cross section of 10^{−26} cm^3/s and in figure 28 with 10^{−27} cm^3/s. Corresponding to figure 27, we find χ^2’s of 17,529 and 799 for AMS-02 and PAMELA, respectively. For the smaller cross section of figure 28, we find χ^2’s of 334 and 15.2. Note that these χ^2’s are somewhat smaller than those corresponding to annihilations to gauge bosons (figures 23 and 24). Visually comparing these cases, it is obvious that the sudden discontinuity present in the e^+e^− case, but absent in the spectrum from annihilations to gauge bosons (or bb̄, etc.), provides a clear signature of a new positron contribution which could not be incorporated into a modified background model. Despite the somewhat smaller χ^2 values of the e^+e^− case, this spectrum has distinctive features which more than make up for this difference.

Lastly, our results for Kaluza-Klein Dark Matter (KKDM) are shown in figures 29 and 30. We calculate χ^2 values of 393 and 8626 for the annihilation rate shown in figure 29, for the PAMELA and AMS-02 experiments, respectively. For the smaller annihilation rate used in figure 30, we find χ^2’s of 5.9 and 129 for the two experiments. Note that in these two figures a mass of 300 GeV, corresponding to the minimum KKDM mass allowed by electroweak precision measurements, is used rather than the 100 GeV mass used in figures 23-28.

FIG. 29. The positron fraction for Kaluza-Klein Dark Matter (KKDM) annihilations. A WIMP mass of 300 GeV, the minimum mass allowed for KKDM by electroweak precision measurements, was used. The annihilation rate shown corresponds to a boost factor (see section III) of 5, a local dark matter density of 0.43 GeV/cm^3 and an annihilation cross section of 10^{−25} cm^3/s. The light-red and dark-blue error bars shown are those projected for the PAMELA and AMS-02 experiments, respectively; each after three years of observations. The solid line is the background-only prediction.

FIG. 30. The positron fraction for dark matter annihilations with a WIMP with the same characteristics as in figure 29, except with an annihilation rate ten times smaller. Again, the light-red and dark-blue error bars shown are those projected for the PAMELA and AMS-02 experiments, respectively; each after three years of observations. The solid line is the background-only prediction.

IX. REACH OF PAMELA AND AMS-02

To quantitatively assess the reach of PAMELA and AMS-02, we calculate the annihilation rate needed to be distinguished from the background at the 95% confidence level. The 95% confidence level corresponds to a χ^2 per degree of freedom of approximately 1.3. For our method of energy binning, this corresponds to a total χ^2 of about 30. Although this value can vary somewhat depending on the energy bins used and other assumptions, our over results are only slightly modified by these variations.

For a given WIMP mass and annihilation mode(s), we can find the dark matter annihilation rate that corresponds to the 95% confidence level sensitivity. The annihilation rate can be further separated into the low velocity annihilation cross section and the Boost Factor (BF) (see section III). Throughout this section, we assume a mean local dark matter of ρ = 0.43 GeV/cm^3. The annihilation rates which are observable in three years of observation by PAMELA or AMS-02 are shown in figures 31, 32 and 33.

For a bino-like, neutralino dark matter candidate, we see the range of annihilation cross sections which are assessable to PAMELA and AMS-02 in figure 31. With typical boost factors of a few, PAMELA may be capable of observing a bino-like neutralino with a cross section near the maximum allowed for a thermal relic (a few times 10^{−26} cm^3/s). The prospects for detection are particularly good for models with large values of tan β (see figures 15 and 16). For AMS-02, the sensitivity is considerably improved, reaching cross sections around 10^{−27} cm^3/s. We find very similar results if we consider a WIMP which annihilates 90% to bb̄ and 10% τ^+τ^− or 50% to bb̄ and 50% tt̄ (see section V).

For a higgsino or wino-like LSP, our results are shown in figure 32. Also shown in this figure are the predicted annihilation cross sections to gauge boson pairs for a pure higgsino and a pure wino within the Anomaly Mediated Supersymmetry Breaking (AMSB) scenario. Due to the nearly degenerate chargino present in the AMSB scenario, LSP annihilation cross sections to gauge bosons are very large, as can be seen in the figure. After three years, PAMELA will be able of testing the AMSB scenario with masses as large as 550 GeV and 1 TeV, for boost factors in the range of 1 to 5. AMS-02 will be sensitive to this scenario for masses up to 2-3 TeV. For a higgsino, PAMELA will be sensitive up to 230-380 GeV and while AMS-02 can probe as high as 400-650 GeV. If a mixed gaugino-higgsino is the LSP, results somewhere between those shown in figures 31 and 32 will apply.

FIG. 31. The ability of PAMELA and AMS-02 after three years of observation to detect positrons from dark matter annihilations into bb̄ at the 95% confidence level. Shown from top to bottom are the reach of PAMELA with a boost factor of 1 (dashed), PAMELA with a boost factor of 5 (solid) and AMS-02 with a boost factor of 5 (solid). Not shown is the reach of AMS-02 to dark matter with a boost factor of 1, which contour falls nearly on top of the PAMELA case for a boost factor of 5. Note that the maximum low velocity annihilation cross section for a thermal relic is approximately 3 × 10^{−26} cm^3 /s.

FIG. 32. As in figure 31, except for dark matter which annihilates into gauge bosons. Also shown as thick solid lines are the predicted annihilation cross sections for a pure higgsino-LSP (lower, blue) and a nearly pure wino-LSP in the AMSB scenario (upper, green). See section V for more details.

FIG. 33. As in figure 31, except for Kaluza-Klein Dark Matter (KKDM), annihilating in the modes described in section VI. Shown as a solid blue line is the annihilation cross section predicted for KKDM. PAMELA will be able to test for the presence of KKDM up to masses of 350-550 GeV, while AMS-02 will test up to masses of 550-1000 GeV.

Our results for Kaluza-Klein Dark Matter (KKDM) are shown in figure 33. We find that PAMELA will test this scenario for masses up to 350-550. AMS-02 will reach up to 1 TeV.

X. COMPARISONS TO OTHER DETECTION METHODS

In this section, we will briefly compare the prospects for observing particle dark matter with cosmic positrons to dark matter detection using other techniques.

The prospects for direct detection experiments [6], which look for the effects of WIMPs elastically scattering off of an detector, are difficult to compare to those of cosmic positron experiments. This is because direct detection experiments largely depend on the elastic scattering cross section of a WIMP with the target material, whereas the success of positron experiments depends on the WIMP’s annihilation cross section (at low velocities). These two cross sections are not directly determined by each other, and are very difficult to compare in any general way.

The prospects for dark matter detection with neutrino telescopes (by observing neutrinos produced in the annihilations of WIMPs trapped in the Sun or Earth) [9] are also difficult to compare to positron experiments. Again, these experiments largely depend on the elastic scattering cross section of a WIMP with nucleons rather than a WIMP’s annihilation rate.

Searches for gamma-rays produced in WIMP annihilations [8] is the method of indirect detection which has been studied in the greatest detail. The prospects for this method depend strongly on the distribution of dark matter in our Galaxy, particularly in the Galactic Center. If a high density of dark matter (a cusp or a spike) is present in the Galactic Center, it has been shown that future gamma-ray experiments such as GLAST or HESS would likely be able to detect the annihilation signal. Very recently, however, HESS has announced the detection of a bright gamma-ray source at the Galactic Center which may interfere with the future detection of gammarays produced in dark matter annihilations [43]. This HESS source has a spectrum consistent with a power law extending at least to several TeV. Although it has been shown that this, in principle, could be the product of dark matter annihilation, it would require an exceedingly heavy WIMP (above 12 TeV), which is probably less likely than the presence of a astrophysical source at this location. With such a source coincident with the dark matter annihilation region at the Galactic Center, the continuum component of the dark matter gamma-ray flux will be difficult to identify, leaving only the much more faint line emission to be observed in future gammaray experiments.

In addition to positrons, other anti-matter species can be used to search for evidence of dark matter annihilations. In particular, observations of cosmic anti-protons [10,11] and anti-deuterons [11,12] may be capable of revealing signatures of particle dark matter. Measurements of the cosmic anti-proton spectrum have excellent prospects for dark matter detection, although they depend critically on unknown parameters of the Galactic halo, so are difficult to assess with much confidence. In particular, the width and extent of the galactic diffusion zone can dramatically alter the rates and spectra predicted for anti-protons. Positrons, on the other hand, lose energy much more rapidly and therefore sample only the surrounding few kpc of the dark matter halo, thus making the diffusion zone boundary conditions less important. Anti-deuteron studies certainly look promising, although less attention has been given to these than to other detection channels thus far.

XI. CONCLUSIONS

Future measurements of the cosmic positron spectrum represent one of the most promising methods for detecting particle dark matter. The PAMELA and AMS-02 experiments each represent major steps forward in the precision measurement of the cosmic positron spectrum, for the first time measuring up to hundreds of GeV. If dark matter consists of weakly interacting particles present in our Galactic halo, it is fairly likely that these experiments will be sensitive to it.

If the dark matter is a supersymmetric neutralino, the prospects for its detection by PAMELA and AMS-02 depend on its composition. If it is a nearly pure higgsino (superpartner of the neutral Higgs bosons), PAMELA will be sensitive to masses up to 230 to 380 GeV, after three years of observation, depending on the degree of local inhomogeneities in the dark matter distribution. AMS-02 will be sensitive up to 400 to 650 GeV for a higgsino LSP. If the LSP is bino-like, as is the case in much of the parameter space of the Minimal Supersymmetric Standard Model (MSSM), the prospects for these experiments depend strongly on the WIMP’s annihilation cross section (at low velocities). PAMELA will be sensitive to cross sections up to the order of a few times 10^{−26} cm^3/s while AMS-02 can improve on this by a factor of about four. Supersymmetric models with large values of tan β are particularly likely to fall near or above this range. Thirdly, if supersymmetry comes in the form of Anomaly Mediated Supersymetry Breaking (AMSB), the wino LSP will be quite observable by both PAMELA and AMS-02, probing such models up to multi-TeV masses.

If the dark matter consists of Kaluza-Klein excitations of Standard Model fields (the excitation of the hypercharge gauge boson, in particular), their annihilations should produce an observable positron flux to AMS-02, and possibly to PAMELA. PAMELA will be sensitive to KKDM masses up to 350 to 550 GeV, depending on the degree of local inhomogeneities in the dark matter distribution. AMS-02 will be sensitive up to 600 GeV to 1 TeV.

The prospects for the detection of WIMPs from their positron signatures with PAMELA and AMS-02 are quite encouraging. We look forward to the deployment of these experiments in the coming years.

Acknowledgments: We would like to thank Graham Kribs, Mirko Boezio and Piero Ullio for helpful comments and discussions. DH is supported by the Leverhulme Trust.

[1] K. Abazajian et al. [SDSS Collaboration], arXiv:astroph/0305492; K.G. Begeman, A.H. Broeils, R.H. Sanders, Mon. Not. R. Astr. Soc. 249, 523 (1991); M. Davis, G. Efstathiou, C. S. Frenk and S. D. White, Astrophys. J. 292, 371 (1985).

[2] S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517, 565 (1999) [astroph/9812133].

[3] P. de Bernardis et al., Nature 404, 955 (2000) [astroph/0004404]; S. Hanany et al., Astrophys. J. 545, L5 (2000) [arXiv:astro-ph/0005123]; A. Balbi et al., Astrophys. J. 545, L1 (2000) [Erratum-ibid. 558, L145 (2001)]; C. B. Netterfield et al. [Boomerang Collaboration], Astrophys. J. 571, 604 (2002).

[4] C. L. Bennett et al., arXiv:astro-ph/0302207. [5] For a recent review, see G. Bertone, D. Hooper and J. Silk, Phys. Rept., in press, arXiv:hep-ph/0404175.

[6] A. Drukier and L. Stodolsky, Phys. Rev. D 30, 2295

(1984); M. W. Goodman and E. Witten, Phys. Rev. D 31, 3059 (1985); A. Bottino, V. de Alfaro, N. Fornengo, S. Mignola and S. Scopel, Astropart. Phys. 2, 77 (1994); H. Baer and M. Brhlik, Phys. Rev. D 57, 567 (1998); G. Servant and T. M. P. Tait, New J. Phys. 4, 99 (2002) [arXiv:hep-ph/0209262].

[7] R. Barate et al. [ALEPH Collaboration], Phys. Lett. B 499, 67 (2001); G. Abbiendi et al. [OPAL Collaboration], Eur. Phys. J. C 14, 51 (2000); M. Acciarri et al. [L3 Collaboration], Phys. Lett. B 471, 280 (1999); A. Heister et al. [ALEPH Collaboration], Phys. Lett. B 526, 206 (2002); D. Acosta et al. [CDF Collaboration], Phys. Rev. D 65, 091102 (2002); F. Abe et al. [CDF Collaboration], Phys. Rev. D 56, 1357 (1997); B. Abbott et al. [D0 Collaboration], Phys. Rev. D 60, 031101 (1999); B. Abbott et al. [D0 Collaboration], Phys. Rev. D 63, 091102 (2001); S. Abel et al. [SUGRA Working Group Collaboration], hep-ph/0003154; A. Birkedal, K. Matchev and M. Perelstein, arXiv:hep-ph/0403004.

[8] F W. Stecker and A. J. Tylka, Astrophys. J. 343, 169 (1989); F. W. Stecker, Phys. Lett. B 201, 529 (1988); L. Bergstrom, J. Edsjo and P. Ullio, Phys. Rev. Lett. 87, 251301 (2001); H. U. Bengtsson, P. Salati and J. Silk, Nucl. Phys. B 346, 129 (1990); V. Berezinsky, A. Bottino and G. Mignola, Phys. Lett. B 325, 136 (1994) [arXiv:hep-ph/9402215]; D. Hooper and B. L. Dingus, arXiv:astro-ph/0210617; L. Bergstrom, P. Ullio and J. H. Buckley, Astropart. Phys. 9, 137 (1998); G. Bertone, G. Servant and G. Sigl, Phys. Rev. D 68, 044008 (2003) [arXiv:hep-ph/0211342].

[9] J. Silk, K. Olive and M. Srednicki, Phys. Rev. Lett.

55, 257 (1985); J. S. Hagelin, K. W. Ng, K. A. Olive, Phys. Lett. B 180, 375 (1986); K. Freese, Phys. Lett. B 167, 295 (1986); L. M. Krauss, M. Srednicki and F. Wilczek, Phys. Rev. D 33, 2079 (1986); T. K. Gaisser, G. Steigman and S. Tilav, Phys. Rev. D 34, 2206 (1986); V. D. Barger, F. Halzen, D. Hooper and C. Kao, Phys. Rev. D 65, 075022 (2002); D. Hooper and G. D. Kribs, Phys. Rev. D 67, 055003 (2003) [arXiv:hep-ph/0208261]; L. Bergstrom, J. Edsjo and P. Gondolo, Phys. Rev. D 58, 103519 (1998).

[10] J. Silk and M. Srednicki, Phys. Rev. Lett. 53, 624 (1984);

F. W. Stecker, S. Rudaz and T. F. Walsh, Phys. Rev. Letters 55, 2622 (1985); S. Rudaz and F. W. Stecker, Astrophys. J. 325, 16 (1988); L. Bergstrom, J. Edsjo and P. Ullio, arXiv:astro-ph/9906034; A. Bottino, F. Donato, N. Fornengo and P. Salati, Phys. Rev. D 58, 123503 (1998); F. Donato, N. Fornengo, D. Maurin, P. Salati and R. Taillet, arXiv:astro-ph/0306207.

[11] S. Profumo and P. Ullio, JCAP 0407, 006 (2004) [arXiv:hep-ph/0406018].

[12] J. Edsjo, M. Schelke and P. Ullio, arXiv:astroph/0405414.

[13] M. Kamionkowski and M. S. Turner, Phys. Rev. D 43, 1774 (1991); E. A. Baltz, J. Edsjo, K. Freese and P. Gondolo, arXiv:astro-ph/0211239; M. S. Turner and F. Wilczek, Phys. Rev. D, 42, 1001 (1990); A. J. Tylka, Phys. Rev. Lett., 63, 840 (1989); G. L. Kane, L. T. Wang and T. T. Wang, Phys. Lett. B 536, 263 (2002); J. L. Feng, K. T. Matchev and F. Wilczek, Phys. Rev. D 63, 045024 (2001); W. de Boer, C. Sander, M. Horn and

D. Kazakov, Nucl. Phys. Proc. Suppl. 113, 221 (2002) [arXiv:astro-ph/0207557].

[14] E. A. Baltz, J. Edsjo, K. Freese and P. Gondolo, Phys.

Rev. D 65, 063511 (2002).

[15] G. L. Kane, L. T. Wang and J. D. Wells, Phys. Rev. D 65, 057701 (2002);

[16] E. A. Baltz and J. Edsjo, Phys. Rev. D 59 (1999) 023511 [arXiv:astro-ph/9808243].

[17] D. Hooper and G. D. Kribs, arXiv:hep-ph/0406026. [18] S. W. Barwick et al. [HEAT Collaboration], Astrophys.

J. 482, L191 (1997) [arXiv:astro-ph/9703192]. [19] S. Coutu et al. [HEAT-pbar Collaboration], “Positron Measurements With the HEAT-pbar Instrument”, in Proceedings of 27th ICRC (2001).

[20] S. Coutu et al., Astropart. Phys. 11, 429 (1999), [arXiv:astro-ph/9902162]; S. Schanne, M. Casse, B. Cordier and J. Paul, Proc. of the 5th INTEGRAL Workshop: The INTEGRAL Universe, Munich, Germany (2004), arXiv:astro-ph/0404492.

[21] M. Circella [PAMELA Collaboration], Nucl. Instrum.

Meth. A 518, 153 (2004); P. Spillantini, Nucl. Instrum. Meth. B 214, 116 (2004).

[22] P. Picozza and A. Morselli, J. Phys. G 29, 903 (2003) [arXiv:astro-ph/0211286].

[23] T. Sjostrand, P. Eden, C. Friberg, L. Lonnblad, G. Miu, S. Mrenna and E. Norrbin, Comput. Phys. Commun. 135, 238 (2001) [arXiv:hep-ph/0010017].

[24] P. Gondolo, J. Edsjo, L. Bergstrom, P. Ullio and E. A. Baltz, arXiv:astroph/0012234; http://www.physto.se∼edsjo/darksusy/.

[25] W. R. Webber, M. A. Lee and M. Gupta, Astrophys.

J.390 (1992) 96; I. V. Moskalenko, A. W. Strong, S. G. Mashnik and J. F. Ormes, Astrophys. J. 586, 1050 (2003) [arXiv:astro-ph/0210480]; I. V. Moskalenko and A. W. Strong, Phys. Rev. D 60, 063003 (1999) [arXiv:astro-ph/9905283].

[26] M. S. Longair, High Energy Astrophysics, Cambridge University Press, New York, 1994.

[27] D. Maurin, F. Donato, R. Taillet and P. Salati, Astrophys. J. 555, 585 (2001) [arXiv:astro-ph/0101231]; D. Maurin, R. Taillet and F. Donato, Astron. Astrophys. 394, 1039 (2002) [arXiv:astro-ph/0206286].

[28] L. J. Gleeson and and W. I. Axford, Astrophys. J. 149, L115 (1967).

[29] I. V. Moskalenko and A. W. Strong, Astrophys. J. 493, 694 (1998).

[30] D. Hooper, J. E. Taylor and J. Silk, Phys. Rev. D, in press, arXiv:hep-ph/0312076.

[31] J. F. Navarro, C. S. Frenk and S. D. M. White, Astrophys. J. 462, 563 (1996) [arXiv:astro-ph/9508025].

[32] B. Moore, T. Quinn, F. Governato, J. Stadel and G. Lake, Mon. Not. Roy. Astron. Soc. 310, 1147 (1999) [arXiv:astro-ph/9903164].

[33] H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983); J. Ellis, J. S. Hagelin, D. V. Nanopoulos, K. Olive and M. Srednicki, Nucl. Phys. B 238, 453 (1984).

[34] T. Gherghetta, G. F. Giudice and J. D. Wells, Nucl.

Phys. B 559, 27 (1999) [arXiv:hep-ph/9904378]; D. Majumdar, J. Phys. G 28, 2747 (2002) [arXiv:hepph/0209278]; P. Ullio, JHEP 0106, 053 (2001) [arXiv:hep-ph/0105052].

[35] R. Jeannerot, X. Zhang and R. H. Brandenberger, JHEP 9912, 003 (1999) [arXiv:hep-ph/9901357]; R. Kallosh, L. Kofman, A. D. Linde and A. Van Proeyen, Phys. Rev. D 61, 103503 (2000) [arXiv:hep-th/9907124]; G. F. Giudice, I. Tkachev and A. Riotto, JHEP 9908, 009 (1999) [arXiv:hep-ph/9907510]; G. F. Giudice, A. Riotto and I. Tkachev, JHEP 9911, 036 (1999) [arXiv:hepph/9911302]; T. Moroi and L. Randall, Nucl. Phys. B 570, 455 (2000) [arXiv:hep-ph/9906527]; M. Fujii and K. Hamaguchi, Phys. Lett. B 525, 143 (2002) [arXiv:hepph/0110072]; M. Fujii and K. Hamaguchi, arXiv:hepph/0205044; M. Fujii and M. Ibe, arXiv:hep-ph/0308118.

[36] D. Hooper and L. T. Wang, Phys. Rev. D 69, 035001 (2004) [arXiv:hep-ph/0309036].

[37] E. W. Kolb and R. Slansky, Phys. Lett. B 135, 378 (1984); K. R. Dienes, E. Dudas and T. Gherghetta, Nucl. Phys. B 537, 47 (1999) [arXiv:hep-ph/9806292]; H. C. Cheng, J. L. Feng and K. T. Matchev, Phys. Rev. Lett. 89, 211301 (2002) [arXiv:hep-ph/0207125].

[38] G. Servant and T. M. P. Tait, Nucl. Phys. B 650, 391 (2003) [arXiv:hep-ph/0206071].

[39] I. Antoniadis, Phys. Lett. B 246, 377 (1990); I. Antoniadis, K. Benakli and M. Quirós, Phys. Lett. B 331, 313 (1994) [arXiv:hep-ph/9403290]; H. C. Cheng, K. T. Matchev and M. Schmaltz, Phys. Rev. D 66, 056006 (2002) [arXiv:hep-ph/0205314].

[40] H. C. Cheng, K. T. Matchev and M. Schmaltz, Phys.

Rev. D 66, 036005 (2002) [arXiv:hep-ph/0204342]. [41] T. Appelquist, H. C. Cheng and B. A. Dobrescu, Phys. Rev. D 64, 035002 (2001) [arXiv:hep-ph/0012100]; T. Appelquist and H. U. Yee, Phys. Rev. D 67, 055002 (2003) [arXiv:hep-ph/0211023].

[42] D. Eichler and I. Maor, Astropart. Phys. 21, 195 (2004). [43] D. Horns, Talk given at the International Symposium on High Energy Gamma-Ray Astronomy, Heidelberg, Germany, July 26-30, 2004.