of dark matter. Before discussing the results of direct and indirect searches, we have reviewed the present and future experiments on which they are based.

Among the most promising dark matter searches appears to be direct detection. The current situation is complicated by the claim of a positive detection by the DAMA experiment, which have been contradicted by several other experiments. It is unclear, but more and more improbable, whether it is possible to find a theoretical scenario that accommodates all the experimental findings. The much higher (several orders of magnitude) sensitivity of future experiments should be able to solve this controversy.

Indirect dark matter detection via annihilations in the Galactic Centerregion is also an exciting possibility, although the prospects for the observation of gamma-rays, neutrinos and synchrotron radiation from that direction strongly depend on astrophysical parameters, such as the profile of dark matter in the innermost regions, which unfortunately are poorly known. Nevertheless, the development of next-generation gamma-ray and neutrino telescopes will allow us to test many scenarios, especially if effects such as the adiabatic accretion onto the central black hole significantly enhance the dark matter density and corresponding annihilation signal. If the Galactic Centerturns out to contain less dark matter, observations of dwarf galaxies, external galaxies and local dark substructure may play an important role for indirect searches.

Indirect searches for dark matter through the observation of high energy neutrinos produced in dark matter annihilations in the Sun are also promising. These rates do not depend strongly on the dark matter halo distribution and are thus fairly unambiguous probes of particle dark matter models. Measurement of the positron and anti-proton spectra, which are soon to improve dramatically, can also provide an opportunity to observe products of dark matter annihilations in the galactic halo.

Collectively, the direct, indirect and collider searches for particle dark matter have incredible prospects for discovery in the coming years. We hope that this review can be a useful tool in guiding members of the scientific community closer to the goal of dark matter identification which has eluded us for so long.

8 Acknowledgements

We wish to thank G.Sigl for earlier collaboration and countless stimulating discussions. We thank K. Abazajian, J .Beacom, A. Birkedal-Hansen, B. Dobrescu, S. Hansen, I. Liubarsky, I. Lopes, E. Nezri, J. Orloff, I. Perez, G. Servant, C. Skordis, P. Salati, C. Spiering, F. Stoehr, T. Tait, J. Taylor and A. Zentner for illuminating comments and discussions. Special thanks to P. Salati for careful reading of an earlier version of the manuscript and T. Plehn and L. Wang for numerous useful comments. The work of GB was supported at an earlier stage by an “Allocation de Recherche”, PhD program Universite Paris 7 at the Institut d’Astrophysique de Paris, and is now supported by the DOE and the NASA grant NAG 5-10842 at Fermilab. DH is supported by the Leverhulme trust.

A Neutralino Mass Eigenstates

In the Minimal Supersymmetric Standard Model (MSSM), the neutral electroweak gauginos (B̃, W̃^3) and higgsinos (H̃^0_1 , H̃^0_2 ) have the same quantum numbers and, therefore, mix into four mass eigenstates called neutralinos. The neutralino mass matrix in the ~B-~W^3- ~H^0_1 - ~H^0_2 basis is given by

M_N =

M_1 0 −M_Z cos β sin θ_W M_Z sin β sin θ_W 0 M_2 M_Z cos β cos θ_W −M_Z sin β cos θ_W −M_Z cos β sin θ_W M_Z cos β cos θ_W 0 −μ M_Z sin β sin θ_W −M_Z sin β cos θ_W −μ 0 , (146) where M_1, M_2 and μ are the bino, wino and higgsino mass parameters, respectively, θ_W is the Weinberg angle and tan β is the ratio of the vacuum expectation values of the Higgs bosons. This matrix can be diagonalized by the matrix, N .

M^{diag}_{χ0} = N^†M_χ0 N. (147)

The masses of the four mass eigenstates are then given by [198, 58]

ϵ_1M_χ0_1 = −( 1 2 a − 1 6 C_2)^{1/2} + [ − 1 2 a − 1 3 C_2 +

C_3 (8a −^8_3 C_2)^{1/2} ]_{1/2} + 1 4 (M_1 + M_2) ,

(148)

ϵ_2M_χ0_2 = +( 1 2 a − 1 6 C_2)^{1/2} − [ − 1 2 a − 1 3 C_2 −

C_3 (8a −^8_3 C_2)^{1/2} ]_{1/2} + 1 4 (M_1 + M_2) ,

(149)

ϵ_3M_χ0_3 = −( 1 2 a − 1 6 C_2)^{1/2} − [ − 1 2 a − 1 3 C_2 +

C_3 (8a −^8_3 C_2)^{1/2} ]_{1/2} + 1 4 (M_1 + M_2) ,

(150)

ϵ_4M_χ0_4 = +( 1 2 a − 1 6 C_2)^{1/2} + [ − 1 2 a − 1 3 C_2 −

C_3 (8a −^8_3 C_2)^{1/2} ]_{1/2} + 1 4 (M_1 + M_2) ,

(151)

where ϵ_i is the sign of the ith eigenvalue of the neutralino mass matrix, and

C_2 = (M_1M_2 − M^2_Z − μ^2) − 3 8 (M_1 + M_2)^2 , (152)

C_3 = − 1 8 (M_1 + M_2)^3 + 1 2 (M_1 + M_2)(M_1M_2 − M^2_Z − μ^2) + (M_1 + M_2)μ^2

+(M_1 cos^2 θ_W + M_2 sin^2 θ_W )M^2_Z + μM^2_Z sin 2β , (153) C_4 = −(M_1 cos^2 θ_W + M_2 sin^2 θ_W )M^2_Z μ sin 2β − M_1M_2μ^2 + 1 4 (M_1 + M_2)[(M_1 + M_2)μ^2 + (M_1 cos^2 θ_W + M_2 sin^2 θ_W )M^2_Z + μM^2_Z sin 2β] + 1 16 (M_1M_2 − M^2_Z − μ^2)(M_1 + M_2)^2 − 3 256 (M_1 + M_2)^4 , (154) a = 1 2^{1/3} Re [ −S + i(D/27)^{1/2} ]_{1/3} , (155)

D = −4U^3 − 27S^2 , U = − 1 3 C^2_2 − 4C_4, S = −C^2_3 − 2 27 C^3_2 + 8 3 C_2C_4 . (156)

The four masses above are not generally in the order M_χ0_1 < M_χ0_2 < M_χ0_3 < M_χ0_4 , although it is conventional to relabel the states, from lightest to heaviest.

The mixing matrix, N , is then given by [198, 58] N_{i2} N_{i1} = − 1 tan θ_W

M_1 − ϵ_iM_χ0_i M_2 − ϵ_iM_χ0_i

, (157) N_{i3} N_{i1} = −μ[M_2 − ϵ_iM_χ0_i ][M_1 − ϵ_iM_χ0_i ] − M^2_Z sin β cos β[(M_1 − M_2) cos^2 θ_W + M_2 − ϵ_iM_χ0_i ] M_Z [M_2 − ϵ_iM_χ0_i ] sin θ_W [−μ cos β + ϵ_iM_χ0_i sin β] , (158) N_{i4} N_{i1} = −ϵ_iM_χ0_i [M_2 − ϵ_iM_χ0_i ][M_1 − ϵ_iM_χ0_i ] − M^2_Z cos^2 β[(M_1 − M_2) cos^2 θ_W + M_2 − ϵ_iM_χ0_i ] M_Z [M_2 − ϵ_iM_χ0_i ] sin θ_W [−μ cos β + ϵ_iM_χ0_i sin β] , (159) and N_{i1} = [ 1 + ( N_{i2} N_{i1} )_2 + ( N_{i3} N_{i1} )_2 + ( N_{i4} N_{i1} )_2]−1/2 . (160)

The lighest neutralino (χ^0_1) is a mixture of gauginos and higgsinos:

χ^0_1 = N_{11}B̃ + N_{12}W̃^3 + N_{13}H̃^0_1 + N_{14}H̃^0_2 . (161)

The gaugino fraction of χ^0_1 is defined as

f_G = N^2_{11} + N^2_{12} (162)

and its higgisino fraction as

f_H = N^2_{13} + N^2_{14}. (163)

Figure 38: Tree level diagrams for neutralino annihilation into fermion pairs. From Ref. [305].

B Neutralino Annihilation Cross Sections in the Low Velocity Limit

In this appendix, we give the amplitudes and cross sections for the most important neutralino annihilation channels in the low velocity limit (the first term in the expansion σv = a + bv^2 + ...). This is sufficient for indirect detection but generally insufficient for relic density calculations in which velocity dependent contributions are important. For a more complete list, with all S and P-wave tree level annihilation amplitudes, see Refs. [187, 305, 379, 101].

B.1 Annihilation Into Fermions

Neutralinos can annihilate to fermion pairs by three tree level diagrams [187, 204, 262, 263]. These processes consist of s-channel exchange of pseudoscalar Higgs and Z^0-bosons and t-channel exchange of sfermions (see Fig. 38).

The amplitude for pseudoscalar Higgs exchange is given by

A_A = 4 √ 2 g T_{A 11} h_{Aff} 1 4 − (m_A/m_χ)^2 + i Γ_Am_A/m^2_χ

. (164)

Here, m_A is the pseudoscalar Higgs mass and Γ_A is the pseudoscalar Higgs width. T_{A 11} is the A^0-neutralino-neutralino coupling and is given by

T_{A 11} = − sin βQ^{′′}_{1,1} + cos βS^{′′}_{1,1}, (165)

where Q^{′′}_{1,1} = N_{3,1}(N_{2,1} − tan θ_W N_{1,1}) and S^{′′}_{1,1} = N_{4,1}(N_{2,1} − tan θ_W N_{1,1}). N is the matrix which diagonalizes the neutralino mass matrix in the ~B-~W^3- ~H0_1 - ~H0_2 basis, M^{diag}_{χ0} = N †M_{χ0} N (see Appendix A). θ_W is the Weinberg angle and tan β is the ratio of the Higgs vacuum expectation values. h_{Aff} is the A^0-fermion-fermion Yukawa coupling. For up-type fermions, this is given by h_{Aff} = − gm_f cot β 2m_W ± . (166)

For down-type fermions, it is h_{Aff} = − gm_f tan β 2m_W ± . (167)

The amplitude for neutralino annihilation via sfermion exchange to a pair of fermions, f_if̄_i, is given by

A_{f̃} = √ 2 6∑ j=1 1 P_j ( [ (X^′_{ij1})^2 + (W^′_{ij1})^2 ] m_{f̃i} m_χ + 2X^′_{ij1}W^′_{ij1} ) , (168)

where P_j = 1 + (m_{f̃j} /m_χ)^2 − (m_{fi} /m_χ)^2 and the sum is over the six sfermion states which couple to the final state fermion. The fermion-sfermion-neutralino couplings, X^′_{ij1} and W^′_{ij1}, are given by

X^′_{ij1} = X_1(Π_LΘ_f )_{i,j} + Z_{i,k,1}(Π_RΘ_f )_{k,j} (169) and W^′_{ij1} = Y_1(Π_RΘ_f )_{i,j} + Z_{i,k,1}(Π_LΘ_f )_{k,j}, (170)

where

X_1 = −g √ 2 [ T_3(f_i)N^∗_{2,1} − tan θ_W ( T_3(f_i) − e(f_i) ) N^∗_{1,1} ], (171) and Y_1 = g √ 2 tan θ_W e(f_i)N^∗_{1,1}. (172)

For final state up-type quarks, Z_{i,j,1} = − g √ 2 m_W ± sin β

Θ_{i,j} N^∗_{4,1}. (173)

For final state down-type quarks, Z_{i,j,1} = − g √ 2 m_W ± cos β

Θ_{i,j} N^∗_{3,1}. (174)

And for final state leptons, Z_{i,j,1} = − g √ 2 m_W ± cos β

Θ_{i,j} N^∗_{3,1}. (175)

Here, T_3(f_i) and e(f_i) are the weak hypercharge and electric charge of the final state fermion. N , again, is the matrix which diagonalizes the neutralino mass matrix. Θ_f ’s are the appropriate 6 x 6 sfermion mass matrices and Π_{L,R} are left and right projection operators:

Π_L =

1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0

, (176)

Π_R =

0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1

. (177)

Lastly, the amplitude for neutralino annihilation to fermions via Z exchange is given by

A_Z = 2 √ 2 g^2 cos^2 θ_W

O^{′′ L}_{1,1} T_3(f_i) m_{fi} m_χ m^2_Z

, (178)

where T_3(f_i) is the weak hypercharge of the fermion. The coupling O^{′′ L}_{1,1} is given by^1_2 (−N_{3,1}N^∗_{3,1} + N_{4,1}N^∗_{4,1}).

Summing these three contributions to the amplitude, we can calculate the cross section for this process: σv(χχ → f̄_if_i)_{v→0} = c_f β_f 128πm^2_χ |A_A(χχ → f̄_if_i)+A_{f̃} (χχ → f̄_if_i)+A_Z (χχ → f̄_if_i)|^2, (179) where β_f = √ 1 − m^2_f /m^2_χ. c_f is a color factor which is equal to three for quark final states and one otherwise.

We emphasize that all tree level (low velocity) neutralino annihilation diagrams to fermion pairs have amplitudes which are proportional to the final state fermion mass. For sfermion and Z^0 exhange, this is because the Z^0-fermionfermion and neutralino-fermion-fermion couplings preserve chirality. For psuedoscalar Higgs exchange, the amplitude introduces an explicit factor of the fermion mass in the Yukawa coupling. We also note that the Yukawa coupling which appears in the psuedoscalar Higgs exchange amplitude is proportional to tan β for down-type quarks and cot β for up-type quarks. The net result of these observations is that neutralino annihilation into fermions will be dominated by heavy final states, bb̄, τ^−τ^+ and, if kinematically allowed, tt̄. Furthermore, if tan β is large, bottom-type fermions may dominate over up-type fermions, even if less massive. For example, annihilations to bb̄ may dominate over tt̄, even for heavy neutralinos.

B.2 Annihilation Into Gauge Bosons

Generally, neutralinos can annihilate into gauge boson pairs via several processes (see Fig. 39) [187, 265, 384, 385]. In the low velocity limit, however, only tchannel processes via chargino or neutralino exchange are non-vanishing.

In the low velocity limit, the amplitude for neutralino annihilation to W^±- pairs is given by

A(χχ → W^+W^−)_{v→0} = 2 √ 2 β_W g^2 2∑ n=1 [ (O^L_{1,n})^2 + (O^R_{1,n})^2 ] 1 P_n , (180)

where β_W = √ 1 − m^2_W /m^2_χ and P_n = 1 + (m_χ±_n /m_χ)^2 − (m_W /m_χ)^2. The sum is over chargino states. O^L_{1,n} and O^R_{1,n} are the neutralino couplings to charginos given by^{−1√}_2 N_{4,1}V^∗_{2,n} + N_{2,1}V^∗_{1,n} and^{1√}_2 N^∗_{3,1}U_{2,n} + N^∗_{2,1}U_{1,n}, respectively, where N , again, is the matrix which diagonalizes the neutralino mass matrix. The V ’s and U ’s are components of the chargino mass matrix, in the basis

Figure 39: Tree level diagrams for neutralino annihilation into gauge boson pairs. From Ref. [305].

U = ( cos ϕ_− − sin ϕ_− sin ϕ_− cos ϕ_+ ) (181) and V = ( cos ϕ_+ − sin ϕ_+ sin ϕ_+ cos ϕ_− ) , (182)

where tan 2ϕ_− = 2 √ 2m_W (μ sin β + M_2 cos β) (M^2_2 − μ^2 + 2m^2_W cos 2β)

(183) and tan 2ϕ_+ = 2 √ 2m_W (μ cos β + M_2 sin β) (M^2_2 − μ^2 − 2m^2_W cos β)

. (184)

The amplitude for annihilations to Z^0-pairs is similar:

A(χχ → Z^0Z^0)_{v→0} = 4 √ 2 β_Z g^2 cos^2 θ_W 4∑ n=1 ( O^{′′ L}_{1,n} )_2 1 P_n . (185)

Here, β_Z = √ 1 − m^2_Z /m^2_χ, and P_n = 1 + (m_{χn} /m_χ)^2 − (m_Z /m_χ)^2. The sum is over neutralino states. The coupling O^{′′ L}_{1,n} is given by^1_2 (−N_{3,1}N^∗_{3,n} + N_{4,1}N^∗_{4,n}).

The low velocity annihilation cross section for this mode is then given by σv(χχ → GG)_{v→0} = 1 S_G β_G 128πm^2_χ |A(χχ → GG)|^2, (186) where G indicates which gauge boson is being considered. S_G is a statistical factor equal to one for W^+W^− and two for Z^0Z^0.

It is useful to note that pure-gaugino neutralinos have a no S-wave annihilation amplitude to gauge bosons. Pure-higgsinos or mixed higgsino-gauginos, however, can annihilate efficiently via these channels, even at low velocities.

Figure 40: Tree level diagrams for neutralino annihilation into a Z and a Higgs boson. From Ref. [305].

B.3 Annihilation Into Higgs Bosons

There are many tree level diagrams which contribute to neutralino annihilation into Higgs boson pairs or a Higgs boson and a gauge boson (see Figs. 40, 41 and 42)[187, 265, 384, 385, 309, 405, 361].

In the low velocity limit, the amplitude for neutralino annihilation to a Z^0 and a light neutral Higgs, h^0, is given by

A(χχ → Z^0h^0)_{v→0} = −2 √ 2 β_{Zh} m_χ m_Z g^2 cos θ_W [ −2 4∑ n=1 O^{′′L}_{1,n}T_{h 1,n} (187) × m_{χn} − m_χ m_χP_n + O^{′′L}_{1,1} m_χ sin(β − α)

m_Z cos θ_W − 2 cos(α − β)T_{A 1,1} 4 − m^2_A/m^2_χ + i Γ_Am_A/m^2_χ ] , where Γ_A is the pseudoscalar Higgs width and T_{h 1,n} is the h^0 − χ_0 − χ_n Yukawa coupling (see below). The couplings, O^{′′L}_{1,n}, is given by N_{3,1}(N_{2,n} − tan θ_W N_{1,n})/2+N_{3,n}(N_{2,1}−tan θ_W N_{1,1})/2 and P_n = 1+(m_{χn} /m_χ)^2−^1_2 (m_Z /m_χ)^2− 1 2 (m_h/m_χ)^2. tan β is the ratio of the Higgs vacuum expectation values and the mixing angle, α, is related to beta by

sin 2α = − sin 2β ( m^2_H + m^2_h m^2_H − m^2_h ) (188) and cos 2α = − cos 2β ( m^2_A − m^2_Z m^2_H − m^2_h ) . (189)

The three terms of Eq. 187 correspond to neutralino, Z^0 and A^0 exchange, from first to last.

The expression for neutralino annihilations to a Z^0 and a heavy Higgs boson, H^0, is the same, but with sin(β−α) and cos(α−β) exchanged, and the couplings and masses of h^0 replaced by the couplings and masses of H^0. These Yukawa couplings are given by

T_{h 1,n} = sin α Q^{′′}_{1,n} + cos α S^{′′}_{1,n} (190)

Figure 41: Tree level diagrams for neutralino annihilation into a W^± and a Higgs boson or a pair of Higgs bosons. From Ref. [305].

and T_{H 1,n} = − cos α Q^{′′}_{1,n} + sin α S^{′′}_{1,n}. (191) Here, S^{′′}_{1,n} = N_{4,1}(N_{2,n} − tan θ_W N_{1,n})/2 + N_{4,n}(N_{2,1} − tan θ_W N_{1,1})/2. Q^{′′}_{1,n} is defined above.

The amplitude for annihilations to a W^± and a charged Higgs boson is given by A(χχ → W^±H^∓)_{v→0} = 4 √ 2 β_{W H} g^2 [ − 1 2 2∑ n=1 m_χ m_W O^R_{1,n}Q^{′R}_{1,n} − O^L_{1,n}Q^{′L}_{1,n} P_n (192)

+ 1 2 2∑ n=1 m_χ+_n m_W O^R_{1,n}Q^{′L}_{1,n} − O^L_{1,n}Q^{′R}_{1,n} P_n − m_χ T_{A 11} m_W (4 − m^2_A/m^2_χ) ] ,

where P_n = 1 + (m_χ±_n /m_χ)^2 −^1_2 (m_H± /m_χ)^2 −^1_2 (m_W /m_χ)^2. O^R_{1,n} and O^L_{1,n} are couplings given earlier in this appendix. Q^{′L}_{n,m} and Q^{′R}_{n,m} are the charginoneutralino-charged Higgs couplings, given by

Q^{′ L}_{nm} = cos β [ N^∗_{4n}V^∗_{1m} + √ 1 2 (N^∗_{2n} + tan θ_W N^∗_{1n})V^∗_{2m} ] (193) and Q^{′ R}_{nm} = sin β [ N_{3n}U_{1m} − √ 1 2 (N_{2n} + tan θ_W N_{1n})U_{2m} ] , (194)

where each of the quantities used have been defined earlier in this appendix. The first and second terms of Eq. 192 correspond to chargino exchange. The third term corresponds to pseudoscalar Higgs exchange (there is no low velocity contribution from scalar Higgs exchange).

Finally, the low velocity amplitude for neutralino annihilation into one neutral Higgs boson and one pseudoscalar Higgs boson is given by

Figure 42: Tree level diagrams for neutralino annihilation into a neutral Higgs boson and a pseudoscalar Higgs boson. From Ref. [305].

A(χχ → h^0A^0)_{v→0} = √ 2 g^2 { −4 ∑_4 n=1 T_{h0n}T_{A0n} [_m χn m_χP_n − m^2_A−m^2_h m^2_χ ]

−2^{mZ}_{mχ}^{sin(α+β) cos 2β}

2 cos θ_W

T_{A 00} 4−m^2_A/m^2_χ − cos(α−β)O^{′′}_{L00} 2 cos^2 θ_W m^2_A−m^2_a m^2_Z } . (195)

Here, P_n = 1 + (m_{χn} /m_χ)^2 −^1_2 (m_A/m_χ)^2 −^1_2 (m_h/m_χ)^2. The other quantities have been defined earlier in this appendix. Again, the amplitude for the analogous process with a heavy rather than light Higgs boson in the final state is the same, but with sin(α + β) and cos(α − β) exchanged and the light Higgs couplings and masses replaced with those for the heavy Higgs boson.

In the low velocity limit, there is no amplitude for neutralino annihilations to H^+H^−, h^0h^0, H^0H^0, A^0A^0 or Z^0A^0.

The low velocity cross section for neutralino annihilation via any of these modes is σv(χχ → XY )_{v→0} = β_{XY} 128πm^2_χ |A(χχ → XY )_{v→0}|^2, (196) where X and Y are labels referring to the final state particles.

B.4 Annihilation Into Photons

Although there are no tree level processes for neutralino annihilation into photons, loop level processes to γγ and γZ^0 are very interesting, as they may provide a spectral line feature observable in indirect detection experiments.

In Fig. 43, all of the one-loop diagrams are shown for neutralino annihilation to a pair of photons. In Fig. 44, the corresponding diagrams to a photon and a Z^0 are shown. We do not include the corresponding amplitudes or cross sections here. For those results, see Ref. [74] and Ref. [453] for γγ and γZ^0 final states, respectively.

Figure 43: Diagrams contributing, at one loop level, to neutralino annihilation into two photons. From Ref. [74].

113

Figure 44: Diagrams contributing, at one loop level, to neutralino annihilation into a photon and a Z^0. From Ref. [453].

Figure 45: Tree level Feynman diagrams for neutralino-quark scalar (spin-independent) elastic scattering. From Ref. [305].

C Elastic Scattering Processes

C.1 Scalar Interactions

Consider a WIMP with scalar interactions with quarks given by L_{scalar} = a_qχ̄χq̄q, (197) where a_q is the WIMP-quark coupling. Then the scattering cross section for the WIMP off of a proton or neutron is given by σ_{scalar} = ∫_{4m}2_{rv}2 0 dσ(v = 0) d|⃗v|^2 = 4m^2_r π f^2_{p,n}, (198)

where v is the relative velocity of the WIMP, m_r is the reduced mass of the nucleon (m_r ≃ m_{p,n} for WIMPs heavier than ∼ 10 GeV) and f_{p,n} is the WIMP coupling to protons or neutrons, given by f_{p,n} = ∑ q=u,d,s f^{(p,n)}_{T q} a_q m_{p,n} m_q + 2 27 f^{(p,n)}_{T G} ∑ q=c,b,t a_q m_{p,n} m_q , (199)

where f^{(p)}_{T u} = 0.020 ± 0.004, f^{(p)}_{T d} = 0.026 ± 0.005, f^{(p)}_{T s} = 0.118 ± 0.062, f^{(n)}_{T u} = 0.014 ± 0.003, f^{(n)}_{T d} = 0.036 ± 0.008 and f^{(n)}_{T s} = 0.118 ± 0.062 [200]. f^{(p,n)}_{T G} is related to these values by

f^{(p,n)}_{T G} = 1 − ∑ q=u,d,s f^{(p,n)}_{T q} . (200)

The term in Eq. 199 which includes f^{(p,n)}_{T G} results from the coupling of the WIMP to gluons in the target nuclei through a heavy quark loop. The couplings of squarks and Higgs bosons to heavy quarks leads to a loop level coupling of the WIMP to gluons [263, 57, 309]. Such diagrams are shown in Fig. 46.

To attain the scalar cross section for a WIMP scattering off of a target nucleus, one should sum over the protons and neutrons in the target: σ = 4m^2_r π ( Zf_p + (A − Z)f_n )_2

, (201)

Figure 46: Feynman diagrams for neutralino-gluon scalar (spin-independent) elastic scattering. Notice that no tree level processes exist. From Ref. [305].

where Z and A − Z are the numbers of protons and neutrons in the nucleus, respectively.

The above expression is valid only at zero momentum transfer between the WIMP and the nucleon. For finite momentum transfer, the differential cross section must be multiplied by a nuclear form factor. The appropriate factor, called the Woods-Saxon form factor, is given by [211]

F (Q) = ( 3j_1(qR_1) qR_1 )_2 exp[−(qs)^2], (202)

where j_1 is the first spherical bessel function and the momentum transferred is q = √ sm_N Q. R_1 is given by √ R^2 − 5s^2, where R and s are approximately equal to 1.2 fmA^{1/3} and 1 fm, respectively.

Although less accurate than the Woods-Saxon form factor, the following simple form factor is sometimes used in its place [16, 229]:

F (Q) = exp[−Q/2Q_0]. (203)

Here, Q is the energy tranferred from the WIMP to the target and Q_0 = 1.5/(m_N R^2_0) where R_0 = 10^{−13} cm [0.3 + 0.91(m_N/GeV)^{1/3}].

In the context of neutralino scattering, the value of a_q can be calculated from the parameters of the MSSM [236, 434, 189, 188]. Following Ref. [200], a_q is in this case given by:

a_q = − 1 2(m^2_{1i} − m^2_χ) Re [ (X_i) (Y_i)^∗ ] − 1 2(m^2_i − m^2_χ) Re [ (W_i) (V_i)^∗ ]

− gm_q 4m_W B [ Re (δ_1[gN_{12} − g^′N_{11}]) DC ( − 1 m^2_H + 1 m^2_h )

+ Re (δ_2[gN_{12} − g^′N_{11}]) ( D^2 m^2_H + C^2 m^2_h )] , (204)

where

X_i ≡ η^∗_{11} gm_q N^∗_{1,5−i} 2m_W B − η^∗_{12}e_ig^′N^∗_{11},

Y_i ≡ η^∗_{11} ( y_i 2 g^′N_{11} + gT_{3i}N_{12} ) + η^∗_{12} gm_q N_{1,5−i} 2m_W B , W_i ≡ η^∗_{21} gm_q N^∗_{1,5−i} 2m_W B − η^∗_{22}e_ig^′N^∗_{11},

V_i ≡ η^∗_{22} gm_q N_{1,5−i} 2m_W B + η^∗_{21} ( y_i 2 g^′N_{11}, +gT_{3i}N_{12} ) (205)

where y_i and T_{3i} denote hypercharge and isospin, and

δ_1 = N_{13}(N_{14}), δ_2 = N_{14}(−N_{13}), B = sin β(cos β), C = sin α(cos α), D = cos α(− sin α). (206)

Here, i = 1 for up-type and 2 for down-type quarks. α is the Higgs mixing angle. m_{1i}, m_{2i} denote elements of the appropriate 2 x 2 squark mass matrix. N_{1n} are elements of the matrix which diagonalizes the neutralino mass matrix in the ~B-~W^3- ~H^0_1 - ~H^0_2 basis (see Appendix A). η is the matrix which diagonalizes the appropriate squark mass matrices.

To crudely estimate what scale we expect for the scalar cross section between a neutralino and nucleon, we can carry out a back-of-the-envelope estimate. Considering a gaugino-like neutralino, we see that as δ_1 and δ_2 both vanish, so do most of the terms in Eq. 204. We are left with a neutralino-quark coupling of a_q ∼ A/m^2_{q̃} , where A is the product of the various order 1 couplings, mixing matrix parameters, etc. which contribute. For a typical case, A might be ∼ 10^{−3} or so, although it can vary a great deal. Inserting this coupling into Eqs. 198 and 199, we estimate a neutralino-nucleon scalar cross section of ∼ A^2m_p/m^4_{q̃} , which is roughly 10^{−9} picobarns, for TeV mass squarks. These results can vary dramatically, however, depending on the characteristics of the model being considered (see Figs. 22 and 23).

We can contrast this with the much larger neutralino annihilation cross sections. Considering again a gaugino-like neutralino, its amplitude for annihilations into bb̄ via psuedoscaler Higgs exchange (see Eq. 164) is roughly A_A ∼

Figure 47: Tree level Feynman diagrams for neutralino-quark axial-vector (spindependent) elastic scattering. From Ref. [305].

m_b tan β √ f_h/m_W ± where f_h is the higgsino fraction of the WIMP. The annihilation cross section (Eq. 179) is then roughly σ ∼ 3 m^2_b tan^2 βf_h /128πm^2_χm^2_{W ±} . For even a very small higgsino fraction, say 1%, and a 200 GeV neutralino, we find a cross section of ∼ 10^{−3} picobarns for small values of tan β and a few picobarns for tan β = 30.

C.2 Axial-Vector Interactions

Next, we consider a WIMP with axial-vector interactions with quarks given by

L_A = d_q χ̄γ^μγ_5χ q̄γ_μγ_5q, (207)

where d_q is the generic coupling.

For such a WIMP, the spin-dependent scattering cross section can be written as [247] dσ d|⃗v|^2 = 1 2πv^2 |T (v^2)|^2, (208)

where v, again, is the relative velocity of the WIMP, and T (v^2) is the scattering matrix element. This expression can be integrated over the Boltzman velocity distribution of halo WIMPs to arrive at an average elastic scattering cross section. At zero momentum, the matrix element, T (v^2), is given by

|T (0)|^2 =

4(J + 1) J |(d_uΔ^p_u+d_dΔ^p_d+d_sΔ^p_s) < S_p > +(d_uΔ^n_u+d_dΔ^n_d +d_sΔ^n_s ) < S_n > |^2, (209) where J is the nuclear spin and the Δ’s are the fraction of the nucleon spin carried by a given quark. Their values are measured to be Δ^p_u = Δ^n_d = 0.78 ± 0.02, Δ^p_d = Δ^n_u = −0.48 ± 0.02 and Δ^p_s = Δ^n_s = −0.15 ± 0.02. < S_p > and < S_n > are the expectation values of the total spin of protons and neutrons, respectively. Notice that for target nuclei with even numbers of protons and neutrons, there is zero total spin, and the cross section vanishes.

The values of < S_p > and < S_n > depend on the nucleus being considered. For^{73}Ge, the interacting shell model finds < S_p > and < S_n > to be 0.011 and 0.468, respectively. For^{28}Si, they are given by -0.0019 and 0.133. For^{27}A, they are 0.3430 and 0.269. And for^{39}K, they are -0.184 and 0.054 [351].

For non-zero momenta, a more complex form of equation 209 is needed. This equation is given by

|T (v^2)|^2 =

(J + 1) J |(d_uΔ^p_u + d_dΔ^p_d + d_sΔ^p_s + d_uΔ^n_u + d_dΔ^n_d + d_sΔ^n_s )

< S_p + S_n > F^0(v^2) + (d_uΔ^p_u + d_dΔ^p_d + d_sΔ^p_s − d_uΔ^n_u + d_dΔ^n_d + d_sΔ^n_s ) < S_p − S_n > F^1(v^2)|^2, (210)

where the F ’s are nuclear form factors given by

F^0(v^2) ≃ exp(−r^2_0v^2/h̄^2) (211) and F^1(v^2) ≃ exp(−r^2_1v^2/h̄^2 + icv/h̄), (212)

where r_0 and r_1 are parameters which depend on the nucleus being considered, with typical values of 1.3 − 2.1 fm^{−1}.

Again, within the context of neutralino scattering, the value of d_2 can be calculated from the parameters of the MSSM [254, 213, 262, 263, 202, 403]. Following Ref. [200], d_2 is in this case given by:

d_2 = 1 4(m^2_{1i} − m^2_χ) [ |Y_i|^2 + |X_i|^2 ] + 1 4(m^2_i − m^2_χ) [ |V_i|^2 + |W_i|^2 ]

− g^2 4m^2_Z cos^2 θ_W [ |N_{13}|^2 − |N_{14}|^2 ] T_{3i} 2 , (213)

where the quantities used are defined in Appendix C.1.

C.3 Vector Interactions

As a third case, consider a WIMP with vector interactions with quarks, given by L^q_{vec} = b_q χ̄γ_μχ q̄γ^μq. (214) Here, b_q is the WIMP-quark vector coupling. In this case, the contributions of each quark in the nucleus add coherently and large cross sections result for large nuclei. The WIMP-nucleus cross section in this case is straight forward [254] σ_{0 vec} = m^2_χm^2_N b^2_N 64π(m_χ + m_N )^2

, (215)

where b_N is simply b_N = 2Zb_p + (A − Z)b_n.

As an example of a WIMP with vector interactions, consider a Dirac neutrino. In this case, b_q = G_F (T^3_q − 2e_q sin^2 θ_W)/ √ 2, where G_F is the Fermi constant, T^3_q and e_q are the weak isospin and electric change of the quark q, respectively, and θ_W is the Weinberg angle. Summing over the quarks in a proton or neutron, we get b_p = G_F (1 − 4 sin^2 θ_W)/(2 √ 2) and b_n = −G_F /(2 √ 2). Since

4 sin^2 θ_W ∼= 1, the neutron-neutrino cross section is much larger than the analogous proton-neutrino interaction. The Dirac neutrino-neutron cross section is then given by σ_{ν,n} = G^2_F m^2_ν m^2_n/(512π(m_ν + m_n)^2). A cross section of this size has been ruled out by direct scattering experiments, except perhaps in the case of a very light WIMP. Similar calculations show that other similar particles, such as sneutrinos, are also excluded by this method [216].

Neutralinos, being Majorana fermions, do not have vector interactions with quarks.

References

[1] K. Abazajian, G. M. Fuller and M. Patel, Phys. Rev. D 64 (2001) 023501 [arXiv:astro-ph/0101524].

[2] G. Abbiendi et al. [OPAL Collaboration], Phys. Lett. B 551, 35 (2003). [3] G. Abbiendi et al. [OPAL Collaboration], Eur. Phys. J. C 14, 51 (2000). [4] B. Abbott et al. [D0 Collaboration], Phys. Rev. D 60, 031101 (1999). [5] B. Abbott et al. [D0 Collaboration], Phys. Rev. D 63, 091102 (2001). [6] F. Abe et al. [CDF Collaboration], Phys. Rev. D 56, 1357 (1997). [7] K. Abe et al. [Belle Collaboration], Talk at the 20th International Symposium on Lepton and Photon Interactions at High Energies (LK 01), Rome, Italy, (2001), [arXiv:hep-ex/0107065].

[8] F. Abe, et al. [CDF Collaboration], Phys. Rev. Lett. 84, 5716 (2000). [9] S. Abel et al. [SUGRA Working Group Collaboration], Report of the SUGRA working group for run II of the Tevatron, arXiv:hep-ph/0003154.

[10] J. Abdallah et al., [DELPHI Collaboration], Phys. Lett. B 552, 127 (2003). [11] M. Acciarri et al. [L3 Collaboration], Phys. Lett. B 471, 280 (1999). [12] I. Affleck and M. Dine, Nucl. Phys. B 249 (1985) 361.

[13] T. Affolder, et al. [CDF Collaboration], Phys. Rev. Lett. 87, 231803 (2001). [14] K. Agashe and G. Servant, arXiv:hep-ph/0403143.

[15] AGASA Homepage, www.icrr.u-tokyo.ac.jp/as/as.html; HIRES Homepage, www2.keck.hawaii.edu:3636/realpublic/inst/hires/hires.html [16] S. P. Ahlen, F. T. Avignone, R. L. Brodzinski, A. K. Drukier, G. Gelmini and D. N. Spergel, Phys. Lett. B 195, 603 (1987).

[17] J. Ahrens [IceCube Collaboration], arXiv:astro-ph/0305196. [18] J. Ahrens et al. [The IceCube Collaboration], Nucl. Phys. Proc. Suppl. 118, 388 (2003) [arXiv:astro-ph/0209556].

[19] D. S. Akerib et al. [CDMS Collaboration], Phys. Rev. D 68 (2003) 082002 [arXiv:hep-ex/0306001].

[20] M. S. Alam et al. [CLEO Collaboration], Phys. Rev. Lett. 74, 2885 (1995). [21] I. F. M. Albuquerque and L. Baudis, Phys. Rev. Lett. 90 (2003) 221301 [Erratumibid. 91 (2003) 229903] [arXiv:astro-ph/0301188].

[22] I. F. M. Albuquerque, L. Hui and E. W. Kolb, Phys. Rev. D 64 (2001) 083504 [arXiv:hep-ph/0009017].

[23] B. C. Allanach et al. [Beyond the Standard Model Working Group Collaboration], “Les Houches ’Physics at TeV Colliders 2003’ Beyond the Standard Model Working Group: Summary report”, arXiv:hep-ph/0402295.

[24] B. C. Allanach, C. G. Lester, M. A. Parker and B. R. Webber, JHEP 0009, 004 (2000) [arXiv:hep-ph/0007009].

[25] R. Aloisio, P. Blasi and A. V. Olinto, arXiv:astro-ph/0402588. [26] L. Alvarez-Gaume, M. Claudson and M. B. Wise, Nucl. Phys. B 207, 96 (1982). [27] U. Amaldi, W. de Boer and H. Furstenau, Phys. Lett. B 260, 447 (1991). [28] M. Amenomori, et al., Proceedings of the GeV-TeV Gamma Ray Astrophysics Workshop, Snowbird, Utah, AIP Proc. Conf. 515, 459 (1999).

[29] K.R. Anantharamaiah, A. Pedlar, R.D. Ekers, W.M. Goss, Mon. Not. Roy. Astron. Soc., 249 (1991).

[30] E. Andres et al., Astropart. Phys. 13 (2000) [arXiv:astro-ph/9906203]. [31] E. Andres et al., Nature 410, 441 (2001). [32] K. Anikeev et al., arXiv:hep-ph/0201071.

[33] T. Appelquist, H. C. Cheng and B. A. Dobrescu, Phys. Rev. D 64 (2001) 035002 [arXiv:hep-ph/0012100].

[34] T. Appelquist and H. U. Yee, T. Appelquist and H. U. Yee, Phys. Rev. D 67, 055002 (2003) [arXiv:hep-ph/0211023].

[35] E. Aprile et al., Published in: Kashiwa 2001, Technique and application of xenon detectors 165-178, arXiv:astro-ph/0207670.

[36] N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Lett. B 513, 232 (2001) [arXiv:hep-ph/0105239].

[37] N. Arkani-Hamed, A. G. Cohen, T. Gregoire and J. G. Wacker, JHEP 0208, 020 (2002) [arXiv:hep-ph/0202089].

[38] N. Arkani-Hamed, A. G. Cohen, E. Katz and A. E. Nelson, JHEP 0207, 034 (2002) [arXiv:hep-ph/0206021].

[39] N. Arkani-Hamed, A. G. Cohen, E. Katz, A. E. Nelson, T. Gregoire and J. G. Wacker, JHEP 0208, 021 (2002) [arXiv:hep-ph/0206020].

[40] N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 429 (1998) 263 [arXiv:hep-ph/9803315].

[41] E. Aslanides et al. [ANTARES Collaboration], arXiv:astro-ph/9907432. [42] ATLAS TDR, report CERN/LHCC/99-15 (1999).

[43] B. Aubert et al. [BABAR Collaboration], Talk at the 31st International Conference on High Energy Physics (ICHEP 2002), Amsterdam, The Netherlands, (2002), [arXiv:hep-ex/0207074].

[44] M. Azzaro, F. Prada and C. M. Gutierrez, arXiv:astro-ph/0310487. [45] H. Baer, C. Balazs, A. Belyaev and J. O’Farrill, JCAP 0309, 007 (2003) [arXiv:hep-ph/0305191].

[46] H. Baer, C. Balazs, A. Belyaev, T. Krupovnickas and X. Tata, JHEP 0306, 054 (2003) [arXiv:hep-ph/0304303].

[47] K. G. Begeman, A. H. Broeils and R. H. Sanders, 1991, MNRAS, 249, 523. [48] Bahcall, J. N., Flynn, C., and Gould, A. 1992, ApJ, 389, 234. [49] N. Bahcall and X. Fan, Astrophys. J. 504 (1998) 1.

[50] J. N. Bahcall, M. Schmidt and R. M. Soneira, Astrophys. J. 265 (1983) 730. [51] D. Bailey, PhD thesis, unpublished.

[52] V. A. Balkanov et al. [BAIKAL Collaboration], Nucl. Phys. Proc. Suppl. 87, 405 (2000) [arXiv:astro-ph/0001145].

[53] E. A. Baltz, C. Briot, P. Salati, R. Taillet and J. Silk, Phys. Rev. D 61 (2000) 023514 [arXiv:astro-ph/9909112].

[54] E. A. Baltz and J. Edsjo, Phys. Rev. D 59 (1999) 023511 [arXiv:astroph/9808243].

[55] E. A. Baltz, J. Edsjo, K. Freese and P. Gondolo, Phys. Rev. D 65 (2002) 063511 [arXiv:astro-ph/0109318].

[56] R. Barate et al. [ALEPH Collaboration], Phys. Lett. B 499, 67 (2001) [57] R. Barbieri, M. Frigeni and G. F. Giudice, Nucl. Phys. B 313, 725 (1989). [58] V. Barger, M. S. Berger and P. Ohmann, Phys. Rev. D 49, 4908 (1994). [59] V. D. Barger, F. Halzen, D. Hooper and C. Kao, Phys. Rev. D 65, 075022 (2002). [60] S. W. Barwick et al. [HEAT Collaboration], Astrophys. J. 482, L191 (1997) [arXiv:astro-ph/9703192].

[61] M. Battaglia, A. De Roeck, J. Ellis, F. Gianotti, K. A. Olive and L. Pape, arXiv:hep-ph/0306219.

[62] R. Battiston, Frascati Physics Series 24, 261.

[63] U. Baur et al., in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed. N. Graf, eConf C010630, E4001 (2001) [arXiv:hep-ph/0201227].

[64] G. Belanger, Talk at the Workshop on Computer Particle Physics (CPP 2001):

Automatic Calculation for Future Colliders, Tokyo, Japan, (2001), [arXiv:hepph/0210350].

[65] P. Belli, R. Bernabei, A. Bottino, F. Donato, N. Fornengo, D. Prosperi and S. Scopel, Phys. Rev. D 61 (2000) 023512 [arXiv:hep-ph/9903501].

[66] G. W. Bennett et al. [Muon g-2 Collaboration], Phys. Rev. Lett. 89, 101804 (2002); [Erratum-ibid. 89 (2002) 129903] [arXiv:hep-ex/0208001].

[67] A. Benoit et al., Phys. Lett. B 545 (2002) 43 [arXiv:astro-ph/0206271]. [68] V. Berezinsky, A. Bottino, J. Ellis, N. Fornengo, G. Mignola and S. Scopel, Astropart. Phys. 5, 333 (1996) [hep-ph/9603342].

[69] J. F. Beacom and N. F. Bell, Phys. Rev. D 65 (2002) 113009 [arXiv:hepph/0204111].

[70] V. Berezinsky, A. Bottino and G. Mignola, Phys. Lett. B 325 (1994) 136 [arXiv:hep-ph/9402215].

[71] V. Berezinsky, A. Bottino and G. Mignola, Phys. Lett. B 391 (1997) 355 [arXiv:astro-ph/9610060].

[72] V. Berezinsky, V. Dokuchaev and Y. Eroshenko, Phys. Rev. D 68 (2003) 103003 [arXiv:astro-ph/0301551].

[73] V. Berezinsky, M. Kachelriess and A. Vilenkin, Phys. Rev. Lett. 79, 4302 (1997) [arXiv:astro-ph/9708217].

[74] L. Bergstrom and P. Ullio, Nucl. Phys. B 504, 27 (1997) [arXiv:hep-ph/9706232]. [75] L. Bergstrom, P. Ullio and J. H. Buckley, Astropart. Phys. 9 (1998) 137 [arXiv:astro-ph/9712318].

[76] L. Bergstrom, J. Edsjo and P. Ullio, Phys. Rev. D 58 (1998) 083507 [arXiv:astroph/9804050].

[77] L. Bergstrom, J. Edsjo and P. Gondolo, Phys. Rev. D 58 (1998) 103519 [arXiv:hep-ph/9806293].

[78] L. Bergstrom, J. Edsjo and P. Gondolo, Phys. Rev. D 55, 1765 (1997) [arXiv:hepph/9607237].

[79] L. Bergstrom, J. Edsjo and P. Ullio, arXiv:astro-ph/9902012. [80] L. Bergstrom, J. Edsjo and C. Gunnarsson, Phys. Rev. D 63 (2001) 083515 [arXiv:astro-ph/0012346].

[81] L. Bergstrom, Rept. Prog. Phys. 63 (2000) 793 [arXiv:hep-ph/0002126].

[82] L. Bergstrom, J. Edsjo and P. Ullio, Phys. Rev. Lett. 87 (2001) 251301 [arXiv:astro-ph/0105048].

[83] R. Bernabei et al., Talk at the 10th International Workshop on Neutrino Telescopes, Venice, Italy, (2003), [arXiv:astro-ph/0305542].

[84] V. Bertin, E. Nezri and J. Orloff, Eur. Phys. J. C 26 (2002) 111 [arXiv:hepph/0204135].

[85] V. Bertin, E. Nezri and J. Orloff, JHEP 0302, 046 (2003) [arXiv:hep-ph/0210034]. [86] G. Bertone, G. Sigl and J. Silk, Mon. Not. Roy. Astron. Soc. 326, 799 (2001) [arXiv:astro-ph/0101134].

[87] G. Bertone, G. Sigl and J. Silk, Mon. Not. Roy. Astron. Soc. 337 (2002) [arXiv:astro-ph/0203488].

[88] G. Bertone, G. Servant and G. Sigl, Phys. Rev. D 68 (2003) 044008 [arXiv:hepph/0211342].

[89] G. Bertone, E. Nezri, J. Orloff and J. Silk, arXiv:astro-ph/0403322. [90] G. Bertone, P. Binetruy, Y. Mambrini, E. Nezri, 2004 [91] E. Bertschinger, Astrophys. J. Suppl. 58 (1985) 39.

[92] C. L. Bhat, et al., Proceedings of the Workshop on VHE Gamma Ray Astronomy, Kruger Park, (1997).

[93] P. N. Bhat, et al., Proceedings of the 26th International Cosmic Ray Conference, Salt Lake City, 5, 191 (1999).

[94] P. Binetruy, Y. Mambrini and E. Nezri, arXiv:hep-ph/0312155. [95] P. Binetruy, A. Birkedal-Hansen, Y. Mambrini and B. D. Nelson, arXiv:hepph/0308047.

[96] P. Binetruy, Lecture course notes: “Supersymmetry: from concepts to searches”. [97] P. Binetruy, M. K. Gaillard and B. D. Nelson, Nucl. Phys. B 604 (2001) 32 [arXiv:hep-ph/0011081].

[98] P. Binetruy, G. Girardi and P. Salati, Nucl. Phys. B 237 (1984) 285. [99] J. J. Binney and N. W. Evans, arXiv:astro-ph/0108505.

[100] A. Birkedal-Hansen, D. Hooper, G. Kribs and J. G. Wacker, in preparation. [101] A. Birkedal-Hansen and E. h. Jeong, JHEP 0302, 047 (2003) [arXiv:hepph/0210041].

[102] A. Birkedal, K. Matchev and M. Perelstein, arXiv:hep-ph/0403004. [103] A. Birkedal-Hansen and B. D. Nelson, Phys. Rev. D 64, 015008 (2001) [arXiv:hep-ph/0102075].

[104] A. Birkedal-Hansen and B. D. Nelson, gaugino Phys. Rev. D 67, 095006 (2003) [arXiv:hep-ph/0211071].

[105] A. Birkedal-Hansen and J. G. Wacker, arXiv:hep-ph/0306161. [106] M. Birkel and S. Sarkar, Astropart. Phys. 9, 297 (1998) [arXiv:hep-ph/9804285]. [107] F. Blanc et al. [ANTARES Collaboration], Presented by L. Thompson on behalf of the ANTARES Collaboration, to appear in the proceedings of 28th International Cosmic Ray Conferences (ICRC 2003), Tsukuba, Japan, 31 Jul - 7 Aug 2003.

[108] P. Blasi, R. Dick and E. W. Kolb, Astropart. Phys. 18, 57 (2002) [arXiv:astroph/0105232].

[109] P. Blasi, A. V. Olinto and C. Tyler, Astropart. Phys. 18, 649 (2003) [arXiv:astroph/0202049].

[110] I. Blokland, A. Czarnecki and K. Melnikov, Phys. Rev. Lett. 88, 071803 (2002). [111] J. Bijnens, E. Pallante and J. Prades, Nucl. Phys. B626 (2002) 410. [112] C. Boehm, T. A. Ensslin and J. Silk, arXiv:astro-ph/0208458. [113] C. Boehm and P. Fayet, arXiv:hep-ph/0305261. [114] C. Boehm, P. Fayet and J. Silk, arXiv:hep-ph/0311143.

[115] C. Boehm, D. Hooper, J. Silk and M. Casse, Phys. Rev. Lett. 92, 101301 (2004) [arXiv:astro-ph/0309686].

[116] M. Boezio et al. [WiZard/CAPRICE Collaboration], Astrophys. J. 561, 787 (2001) [arXiv:astro-ph/0103513].

[117] J. R. Bond, G. Efstathiou and J. Silk, Phys. Rev. Lett. 45 (1980) 1980. [118] J. R. Bond and A. S. Szalay, Astrophys. J. 274 (1983) 443. [119] S. A. Bonometto, F. Gabbiani and A. Masiero, Phys. Rev. D 49, 3918 (1994) [arXiv:hep-ph/9305237].

[120] A. Bottino, F. Donato, N. Fornengo and P. Salati, Phys. Rev. D 58, 123503 (1998).

[121] A. Bottino, F. Donato, N. Fornengo and S. Scopel, Phys. Rev. D 68, 043506 (2003) [arXiv:hep-ph/0304080].

[122] A. Bottino, G. Fiorentini, N. Fornengo, B. Ricci, S. Scopel and F. L. Villante, Phys. Rev. D 66 (2002) 053005 [arXiv:hep-ph/0206211].

[123] A. Bouquet, P. Salati, J. Silk, 1989 Phis. Rev. D, 40 (1989) 3168 [124] H. N. Brown et al. [Muon g-2 Collaboration], Phys. Rev. Lett., 86 (2001) 2227. [125] R. Brown, in Galactic and Extragalactic Radio Astronomy, eds.: G. L. Verschuur and K. I. Kellermann (Springer, New York, 1974), p. 1.

[126] W. Buchmuller, K. Hamaguchi and M. Ratz, Phys. Lett. B 574, 156 (2003) [arXiv:hep-ph/0307181].

[127] A. J. Buras, A. Czarnecki, M. Misiak and J. Urban, Nucl. Phys. B 631, 219 (2002) [arXiv:hep-ph/0203135].

[128] A. J. Buras, A. Poschenrieder, M. Spranger and A. Weiler, eConf C0304052, WG302 (2003) [arXiv:hep-ph/0307202].

[129] C. Calcaneo-Roldan and B. Moore, Phys. Rev. D 62 (2000) 123005 [arXiv:astroph/0010056].

[130] R. R. Caldwell and J. P. Ostriker, Astrophys. J. 251 (1981) 61. [131] H. V. Cane, Mon. Not. Roy. Astron. Soc. 189 (1979) 189. [132] M. Carena, D. Garcia, U. Nierste and C. E. M. Wagner, Phys. Lett. B 499, 141 (2001) [arXiv:hep-ph/0010003].

[133] R. G. Carlberg et al., Astrophys. J. 516 (1999) 552. [134] M. F. Cawley, et al., Exp. Ast. 1, 185 (1990).

[135] J. A. R. Cembranos, A. Dobado and A. L. Maroto, Phys. Rev. Lett. 90, 241301 (2003) [arXiv:hep-ph/0302041].

[136] A. Cesarini, F. Fucito, A. Lionetto, A. Morselli and P. Ullio, arXiv:astroph/0305075.

[137] P. M. Chadwick, et al., Proceedings of the Workshop on VHE Gamma Ray Astronomy, Snowbird, (1999).

[138] P. Chardonnet, G. Mignola, P. Salati and R. Taillet, Phys. Lett. B 384 (1996) 161 [arXiv:astro-ph/9606174].

[139] Z. Chacko, M. A. Luty, A. E. Nelson and E. Ponton, JHEP 0001, 003 (2000) [arXiv:hep-ph/9911323].

[140] H. C. Cheng and I. Low, JHEP 0309, 051 (2003) [arXiv:hep-ph/0308199]. [141] H. C. Cheng, K. T. Matchev and M. Schmaltz, Phys. Rev. D 66 (2002) 056006 [arXiv:hep-ph/0205314].

[142] H. C. Cheng, K. T. Matchev and M. Schmaltz, Phys. Rev. D 66, 036005 (2002) [arXiv:hep-ph/0204342].

[143] H. C. Cheng, J. L. Feng and K. T. Matchev, Phys. Rev. Lett. 89, 211301 (2002) [arXiv:hep-ph/0207125].

[144] K. M. Cheung and G. Landsberg, Phys. Rev. D 65, 076003 (2002) [arXiv:hepph/0110346].

[145] K. Choi, K. Hwang, H. B. Kim and T. Lee, Phys. Lett. B 467, 211 (1999) [arXiv:hep-ph/9902291].

[146] D. J. H. Chung, L. L. Everett, G. L. Kane, S. F. King, J. Lykken and L. T. Wang, arXiv:hep-ph/0312378.

[147] D. J. Chung, E. W. Kolb and A. Riotto, Phys. Rev. D 59 (1999) 023501 [arXiv:hep-ph/9802238].

[148] CMS TP, report CERN/LHCC/94-38 (1994).

[149] A. Coc, E. Vangioni-Flam, P. Descouvemont, A. Adahchour and C. Angulo, Astrophys. J. 600, 544 (2004) [arXiv:astro-ph/0309480].

[150] P. D. Collins, A. D. Martin and E. J. Squires, “Particle Physics And Cosmology,” New York, USA, Wiley (1989).

[151] F. Combes, arXiv:astro-ph/0404210.

[152] C. R. Contaldi, H. Hoekstra and A. Lewis, Phys. Rev. Lett. 90 (2003) 221303 [arXiv:astro-ph/0302435].

[153] C. J. Copi and L. M. Krauss, Phys. Rev. D 67 (2003) 103507 [arXiv:astroph/0208010].

[154] C. Coriano, A. E. Faraggi and M. Plumacher, Nucl. Phys. B 614, 233 (2001) [arXiv:hep-ph/0107053].

[155] S. Coutu et al. [HEAT-pbar Collaboration], Proceedings of the 27th International Cosmic Ray Conference (2001).

[156] S. Coutu et al., Astropart. Phys. 11, 429 (1999), [arXiv:astro-ph/9902162]. [157] L. Covi, J. E. Kim and L. Roszkowski, Phys. Rev. Lett. 82, 4180 (1999) [arXiv:hep-ph/9905212].

[158] L. Covi, H. B. Kim, J. E. Kim and L. Roszkowski, JHEP 0105, 033 (2001) [arXiv:hep-ph/0101009].

[159] L. Covi, L. Roszkowski, R. R. de Austri and M. Small, arXiv:hep-ph/0402240. [160] P. Crotty, Phys. Rev. D 66, 063504 (2002) [arXiv:hep-ph/0205116]. [161] C. Csaki, J. Hubisz, G. D. Kribs, P. Meade and J. Terning, Phys. Rev. D 67, 115002 (2003) [arXiv:hep-ph/0211124].

[162] R. H. Cyburt, J. R. Ellis, B. D. Fields and K. A. Olive, Phys. Rev. D 67, 103521 (2003) [arXiv:astro-ph/0211258].

[163] N. Dalal and C. R. Keeton, arXiv:astro-ph/0312072. [164] A. Daum, et al., Astropart. Phys. 8, 1 (1997).

[165] R. Dave, D. N. Spergel, P. J. Steinhardt and B. D. Wandelt, Astrophys. J. 547, 574 (2001) [arXiv:astro-ph/0006218].

[166] M. Davier, S. Eidelman, A. Hocker and Z. Zhang, Eur. Phys. J. C 27, 497 (2003) [arXiv:hep-ph/0208177].

[167] R.D. Davies, D. Walsh and R.S. Booth , Mon. Not. Roy. Astron. Soc. , 177 (1976) 319 [168] S. Dawson, E. Eichten and C. Quigg, Phys. Rev. D 31, 1581 (1985). [169] V. Debattista and J. A. Sellwood, Astrophys. J. 493, L5 (1998) [arXiv:astroph/9710039].

[170] V. P. Debattista and J. A. Sellwood, Astrophys. J. 543, 704 (2000), [arXiv:astroph/0006275].

[171] W. J. de Blok, S. S. McGaugh, A. Bosma and V. C. Rubin, arXiv:astroph/0103102.

[172] H. I. DeJager, et al., South African of J. Phys., 9 107 (1986). [173] M. de Naurois, Proceedings of the 26th International Cosmic Ray Conference, Salt Lake City, 5, 211 (1999).

[174] A. De Rujula, S. L. Glashow and U. Sarid, Nucl. Phys. B 333, 173 (1990). [175] S. Dimopoulos and H. Georgi, Nucl. Phys. B 193, 150 (1981). [176] S. Dimopoulos, G. F. Giudice and A. Pomarol, Phys. Lett. B 389, 37 (1996) [arXiv:hep-ph/9607225].

[177] S. Dimopoulos, S. Raby and F. Wilczek, Phys. Lett. B 112, 133 (1982). [178] M. Dine and W. Fischler, Phys. Lett. B 110, 227 (1982).

[179] M. Dine and A. E. Nelson, Phys. Rev. D 48, 1277 (1993) [arXiv:hep-ph/9303230]. [180] M. Dine, A. E. Nelson and Y. Shirman, Phys. Rev. D 51, 1362 (1995) [arXiv:hepph/9408384].

[181] M. Dine, A. E. Nelson, Y. Nir and Y. Shirman, Phys. Rev. D 53, 2658 (1996) [arXiv:hep-ph/9507378].

[182] A. Djouadi et al. [MSSM Working Group Collaboration], Talk at Groupement de Recherche-Supersymetrie, Montpellier, France, (1998) [arXiv:hep-ph/9901246].

[183] S. Dodelson and L. M. Widrow, Phys. Rev. Lett. 72 (1994) 17 [arXiv:hepph/9303287].

[184] F. Donato, N. Fornengo, D. Maurin, P. Salati and R. Taillet, arXiv:astroph/0306207.

[185] F. Donato, D. Maurin, P. Salati, R. Taillet, A. Barrau and G. Boudoul, Astrophys. J. 563, 172 (2001).

[186] M. Drees and S. P. Martin, Report of Subgroup 2 of the DPF Working Group on Electroweak Symmetry Breaking and Beyond the Standard Model, [arXiv:hepph/9504324].

[187] M. Drees and M. M. Nojiri, Phys. Rev. D 47, 376 (1993) [arXiv:hep-ph/9207234].

[188] M. Drees and M. Nojiri, Phys. Rev. D 48, 3483 (1993) [arXiv:hep-ph/9307208]. [189] M. Drees and M. M. Nojiri, Phys. Rev. D 47, 4226 (1993) [arXiv:hepph/9210272].

[190] M. Drees, M. M. Nojiri, D. P. Roy and Y. Yamada, Phys. Rev. D 56, 276 (1997) [Erratum-ibid. D 64, 039901 (2001)] [arXiv:hep-ph/9701219].

[191] A. Drukier and L. Stodolsky, Phys. Rev. D 30, 2295 (1984). [192] G. Duda, G. Gelmini, P. Gondolo, J. Edsjo and J. Silk, Phys. Rev. D 67 (2003) 023505 [arXiv:hep-ph/0209266].

[193] J. Edsjo and P. Gondolo, Phys. Rev. D 56 (1997) 1879 [arXiv:hep-ph/9704361]. [194] J. Edsjo, Ph. D Thesis, arXiv:hep-ph/9704384.

[195] J. Edsjo, Nucl. Phys. Proc. Suppl. 43, 265 (1995) [arXiv:hep-ph/9504205]. [196] J. Edsjo, arXiv:astro-ph/0211354.

[197] J. Edsjo, M. Schelke, P. Ullio and P. Gondolo, JCAP 0304 (2003) 001 [arXiv:hepph/0301106].

[198] M. M. El Kheishen, A. A. Aboshousha and A. A. Shafik, Phys. Rev. D 45 (1992) 4345.

[199] J. R. Ellis, Phys. Scripta T85 (2000) 221 [arXiv:astro-ph/9812211]. [200] J. R. Ellis, A. Ferstl and K. A. Olive, Phys. Lett. B 481, (2000) 304, [arXiv:hepph/0001005].

[201] J. Ellis and R. A. Flores, Phys. Lett. B 212 (1988) 375. [202] J. R. Ellis and R. A. Flores, Phys. Lett. B 263, 259 (1991). [203] J. R. Ellis, G. B. Gelmini, J. L. Lopez, D. V. Nanopoulos and S. Sarkar, Nucl.

Phys. B 373, 399 (1992).

[204] J. R. Ellis, J. S. Hagelin, D. V. Nanopoulos, K. A. Olive and M. Srednicki, Nucl.

Phys. B 238, 453 (1984).

[205] J. R. Ellis, J. E. Kim and D. V. Nanopoulos, Phys. Lett. B 145, 181 (1984). [206] J. R. Ellis, J. L. Lopez and D. V. Nanopoulos, Phys. Lett. B 247, 257 (1990). [207] J. R. Ellis, D. V. Nanopoulos and S. Sarkar, Nucl. Phys. B 259, 175 (1985). [208] J. R. Ellis, K. A. Olive, Y. Santoso and V. C. Spanos, Phys. Lett. B 565 (2003) 176 [arXiv:hep-ph/0303043].

[209] J. R. Ellis, K. A. Olive, Y. Santoso and V. Spanos, arXiv:hep-ph/0312262. [210] J. Ellis, S. Kelley and D.V. Nanopoulos, Phys. Lett., 260 (1991) 131 [211] J. Engel, Phys. Lett. B, 264 (1991) 114.

[212] J. Engel, S. Pittel, E. Ormand and P. Vogel, Phys. Lett. B, 275 (1992) 119. [213] J. Engel, S. Pittel and P. Vogel, Int. J. Mod. Phys. E 1, 1 (1992). [214] N. W. Evans, F. Ferrer and S. Sarkar, arXiv:astro-ph/0311145. [215] A. C. Fabian and S. W. Allen, Proceedings of the 21st Texas Symposium on Relativistic Astrophysics (Texas in Tuscany), Florence, Italy, 2002 [arXiv:astroph/0304020].

[216] T. Falk, K. A. Olive and M. Srednicki, Phys. Lett. B 339, 248 (1994) [arXiv:hepph/9409270].

[217] A. Falvard et al., Astropart. Phys. 20, 467 (2004) [arXiv:astro-ph/0210184]. [218] G. R. Farrar and P. Fayet, Phys. Lett. B 76, 575 (1978).

[219] J. L. Feng, K. T. Matchev and T. Moroi, Phys. Rev. Lett. 84, 2322 (2000) [arXiv:hep-ph/9908309].

[220] J. L. Feng, K. T. Matchev and T. Moroi, Phys. Rev. D 61, 075005 (2000) [arXiv:hep-ph/9909334].

[221] J. L. Feng, K. T. Matchev and F. Wilczek, Phys. Lett. B 482, 388 (2000) [arXiv:hep-ph/0004043].

[222] J. L. Feng, K. T. Matchev and F. Wilczek, Phys. Rev. D 63, 045024 (2001). [223] J. L. Feng, A. Rajaraman and F. Takayama, Phys. Rev. D 68, 063504 (2003) [arXiv:hep-ph/0306024].

[224] J. L. Feng, A. Rajaraman and F. Takayama, Phys. Rev. Lett. 91 (2003) 011302 [arXiv:hep-ph/0302215].

[225] B. D. Fields and S. Sarkar, Phys. Rev. D 66, 010001 (2002). [226] C.P. Fong and B.R. Webber, Nucl. Phys. B355 (1991) 54. [227] R. Foot, Phys. Rev. D 69, 036001 (2004) [arXiv:hep-ph/0308254]. [228] K. Freese, Phys. Lett. B 167, 295 (1986).

[229] K. Freese, J. A. Frieman and A. Gould, Phys. Rev. D 37, 3388 (1988). [230] K. Freese, P. Gondolo and H. J. Newberg, arXiv:astro-ph/0309279. [231] T. Fukushige, A. Kawai and J. Makino, arXiv:astro-ph/0306203. [232] T. K. Gaisser, F. Halzen and T. Stanev, Phys. Rept. 258, 173 (1995) [Erratumibid. 271, 355 (1996)] [arXiv:hep-ph/9410384].

[233] T. K. Gaisser, G. Steigman and S. Tilav, Phys. Rev. D 34, 2206 (1986). [234] W. Galbraith, J. V. Jelley, Nature, 171, 349 (1953).

[235] R. Gandhi, C. Quigg, M. H. Reno and I. Sarcevic, Astropart. Phys. 5 (1996) 81 [arXiv:hep-ph/9512364].

[236] G. B. Gelmini, P. Gondolo and E. Roulet, Nucl. Phys. B 351, 623 (1991). [237] T. Gherghetta, G. F. Giudice and A. Riotto, Phys. Lett. B 446, 28 (1999) [arXiv:hep-ph/9808401].

[238] T. Gherghetta, G. F. Giudice and J. D. Wells, Nucl. Phys. B 559, 27 (1999) [arXiv:hep-ph/9904378].

[239] A. M. Ghez, S. Salim, S. D. Hornstein, A. Tanner, M. Morris, E. E. Becklin and G. Duchene, arXiv:astro-ph/0306130.

[240] A. M. Ghez, B. L. Klein, M. Morris and E. E. Becklin, Astrophys. J. 509 (1998) 678 [arXiv:astro-ph/9807210.]

[241] K. Giesel, J. H. Jureit and E. Reya, Astropart. Phys. 20, 335 (2003) [arXiv:astroph/0303252].

[242] G. Gilmore and R. F. G. Wyse, arXiv:astro-ph/0104242.

[243] G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, JHEP 9812, 027 (1998) [arXiv:hep-ph/9810442].

[244] H. Goldberg, Phys. Rev. Lett. 50, 1419 (1983). [245] I. Goldman and S. Nussinov, Phys. Rev. D 40 (1989) 3221.

[246] P. Gondolo, et al., as found at http://dendera.berkeley.edu/plotter/entryform.html. [247] P. Gondolo, Talk at the XXXI Rencontres de Moriond, “Dark Matter in Cosmology, Quantum Measurements, Experimental Gravitation”, Les Arcs, France, (1996), [arXiv:hep-ph/9605290].

[248] P. Gondolo and G. Gelmini, Nucl. Phys. B 360 (1991) 145. [249] P. Gondolo and J. Silk, Phys. Rev. Lett. 83 (1999) 1719 [arXiv:astroph/9906391].

[250] P. Gondolo, Phys. Lett. B 494 (2000) 181 [arXiv:hep-ph/0002226]. [251] P. Gondolo, J. Edsjo, P. Ullio, L. Bergstrom, M. Schelke and E. A. Baltz, Publically released at Dark Matter 2004, Marina del Ray, CA, USA.

[252] P. Gondolo, J. Edsjo, P. Ullio, L. Bergstrom, M. Schelke and E. A. Baltz, arXiv:astro-ph/0211238.

[253] M. C. Gonzalez-Garcia and Y. Nir, Rev. Mod. Phys. 75 (2003) 345 [arXiv:hepph/0202058].

[254] M. W. Goodman and E. Witten, Phys. Rev. D 31, 3059 (1985). [255] P. Goret, et al., Proceedings of the 25th International Cosmic Ray Conference, Durban, 3, 173 (1997).

[256] T. Goto and M. Yamaguchi, Phys. Lett. B 276, 103 (1992). [257] A. Gould, Astrophys. J. 388, 338 (1991).

[258] A. Gould, Astrophys. J. 321, 571 (1987).

[259] A. M. Green, Phys. Rev. D 68 (2003) 023004 [arXiv:astro-ph/0304446]. [260] K. Greisen, Phys. Rev. Lett. 16 (1966) 748.

[261] P. K. Grieder [DUMAND Collaboration], Nucl. Phys. Proc. Suppl. 43 (1995) 145.

[262] K. Griest, Phys. Rev. Lett. 61, 666 (1988).

[263] K. Griest, Phys. Rev. D 38, 2357 (1988) [Erratum-ibid. D 39, 3802 (1989)]. [264] K. Griest and M. Kamionkowski, Phys. Rev. Lett. 64 (1990) 615. [265] K. Griest, M. Kamionkowski and M. S. Turner, Phys. Rev. D 41, 3565 (1990). [266] K. Griest and D. Seckel, Phys. Rev. D 43 (1991) 3191.

[267] K. Griest and D. Seckel, Nucl. Phys. B 283, 681 (1987) [Erratum-ibid. B 296, 1034 (1988)].

[268] D. E. Groom et al. [Particle Data Group Collaboration], Eur. Phys. J. C 15 (2000) 1, pp 152.

[269] R. Haag, J. T. Lopuszanski and M. Sohnius, Nucl. Phys. B 88, 257 (1975). [270] K. Hagiwara, A. D. Martin, D. Nomura and T. Teubner, arXiv:hep-ph/0209187. [271] F. Halzen and D. Hooper, Rept. Prog. Phys. 65, 1025 (2002) [arXiv:astroph/0204527].

[272] F. Halzen, T. Stelzer and M. Kamionkowski, Phys. Rev. D 45, 4439 (1992). [273] S. Hannestad, JCAP 0305 (2003) 004 [arXiv:astro-ph/0303076]. [274] S. H. Hansen and Z. Haiman, Astrophys. J. 600 (2004) 26 [arXiv:astroph/0305126].

[275] S. H. Hansen, S. Pastor and D. V. Semikoz, Astrophys. J. 573 (2002) L69 [arXiv:astro-ph/0205295].

[276] T. Hara, et al., Nucl.Inst. Meth. A. 332, 300 (1993). [277] M. Hayakawa and T. Kinoshita, arXiv:hep-ph/0112102. [278] E. Hayashi et al., arXiv:astro-ph/0310576.

[279] N. Hayashida et al. [AGASA Collaboration], J. Phys. G 21 (1995) 1101. [280] A. Heister et al. [ALEPH Collaboration], Phys. Lett. B 526, 206 (2002). [281] A. Heister et al. [ALEPH Collaboration], Phys. Lett. B 543, 1 (2002). [282] A. Heister et al. [ALEPH Collaboration], Phys. Lett. B 544, 16 (2002). [283] C. T. Hill, Nucl. Phys. B 224 (1983) 469.

[284] I. Hinchliffe, F. E. Paige, M. D. Shapiro, J. Soderqvist and W. Yao, Phys. Rev.

D 55, 5520 (1997) [arXiv:hep-ph/9610544]. [285] H. M. Hodges, Phys. Rev. D 47, 456 (1993).

[286] H. Hoekstra, H. Yee and M. Gladders, New Astron. Rev. 46, 767 (2002) [arXiv:astro-ph/0205205].

[287] G. P. Holder and J. E. Carlstrom, arXiv:astro-ph/9904220. [288] E. Holmberg, ApJ, 94 (1941) 385.

[289] D. Hooper and B. Dingus, [arXiv:astro-ph/0212509] [290] D. Hooper and B. Dingus, Talk given at the 34th COSPAR Scientific Assembly:

The 2nd World Space Congress, Houston, Texas, 10-19 Oct 2002, arXiv:astroph/0212509.

[291] D. Hooper, F. Ferrer, C. Boehm, J. Silk, J. Paul, N. W. Evans and M. Casse, arXiv:astro-ph/0311150.

[292] D. Hooper and G. D. Kribs, Phys. Rev. D 67, 055003 (2003) [arXiv:hepph/0208261].

[293] D. Hooper and G. D. Kribs, In preparation.

[294] D. Hooper, I. Perez, J. Silk, F. Ferrer and S. Sarkar, arXiv:astro-ph/0404205. [295] D. Hooper and T. Plehn, Phys. Lett. B 562, 18 (2003) [arXiv:hep-ph/0212226]. [296] D. Hooper, J. E. Taylor and J. Silk, Phys. Rev. D, in press, arXiv:hepph/0312076.

[297] D. Hooper and L. T. Wang, Phys. Rev. D 69, 035001 (2004) [arXiv:hepph/0309036].

[298] D. Hooper and L. T. Wang, arXiv:hep-ph/0402220.

[299] W. Hu and S. Dodelson, Ann. Rev. Astron. Astrophys. 40, 171 (2002) [arXiv:astro-ph/0110414].

[300] W. Hu, N. Sugiyama and J. Silk, Nature 386, 37 (1997) [arXiv:astroph/9604166].

[301] A. Y. Ignatiev and R. R. Volkas, Phys. Rev. D 68, 023518 (2003) [arXiv:hepph/0304260].

[302] F. Jegerlehner (unpublished, as reported in M. Krawczyk, Acta Phys. Polon.

B33 (2002) 2621 [arXiv:hep-ph/0208076].

[303] M. Joyce and M. E. Shaposhnikov, Phys. Rev. Lett. 79 (1997) 1193 [arXiv:astroph/9703005].

[304] G. Jungman and M. Kamionkowski, Phys. Rev. D 51 (1995) 328 [arXiv:hepph/9407351].

[305] G. Jungman, M. Kamionkowski and K. Griest, Phys. Rept. 267 (1996) 195 [arXiv:hep-ph/9506380].

[306] F. D. Kahn and L. Woltjer, 1959, ApJ, 130, 705. [307] K. Kainulainen and K. A. Olive, arXiv:hep-ph/0206163.

[308] T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin (Math.

Phys. ) 1921 (1921) 966. English translation available at http://www.slac.stanford.edu/spires/find/hep/www?r=hupd-8401 [309] M. Kamionkowski, Phys. Rev. D 44, 3021 (1991). [310] M. Kamionkowski and M. S. Turner, Phys. Rev. D 43, 1774 (1991). [311] T. Kamon [CDF Collaboration], arXiv:hep-ex/0301019.

[312] G. L. Kane, J. Lykken, S. Mrenna, B. D. Nelson, L. T. Wang and T. T. Wang, Phys. Rev. D 67 (2003) 045008 [arXiv:hep-ph/0209061].

[313] G. L. Kane, C. F. Kolda, L. Roszkowski and J. D. Wells, Phys. Rev. D 49 (1994) 6173 [arXiv:hep-ph/9312272].

[314] G. L. Kane, L. T. Wang and T. T. Wang, Phys. Lett. B 536, 263 (2002). [315] G. L. Kane, L. T. Wang and J. D. Wells, Phys. Rev. D 65, 057701 (2002). [316] D. E. Kaplan, G. D. Kribs and M. Schmaltz, Phys. Rev. D 62, 035010 (2000) [arXiv:hep-ph/9911293];

[317] A. Kashlinsky, Phys. Rep. 307 (1998) 67.

[318] U. F. Katz [The ANTARES Collaboration], Proceedings of International Europhysics Conference on High-Energy Physics, Aachen, Germany, (2003) [arXiv:astro-ph/0310736].

[319] H. V. Klapdor-Kleingrothaus, Talk at the International Workshop on Low Energy Solar Neutrinos, Tokyo, Japan, (2000) [arXiv:hep-ph/0104028].

[320] A. Klypin, H. Zhao and R. S. Somerville, arXiv:astro-ph/0110390. [321] J. Knapp, D. Heck, S. J. Sciutto, M. T. Dova and M. Risse, Astropart. Phys.

19 (2003) 77 [arXiv:astro-ph/0206414].

[322] M. Knecht and A. Nyffeler, Phys. Rev. Lett. D65 (2002) 073034. [323] M. Knecht, A. Nyffeler, M. Perrottet and E. De Rafael, Phys. Rev. Lett. 88, 071802 (2002).

[324] E. W. Kolb and R. Slansky, Phys. Lett. B 135 (1984) 378. [325] E. W. Kolb, D. J. Chung and A. Riotto, Proceedings of the 2nd International Conference on Dark Matter in Astro and Particle Physics (DARK98), Heidelberg, Germany, (1998) [arXiv:hep-ph/9810361].

[326] E. W. Kolb and M. S. Turner, “The Early Universe”.

[327] L. V. Koopmans and T. Treu, Astrophys. J. 583 (2003) 606 [arXiv:astroph/0205281].

[328] J. Kormendy and L. C. Ho, arXiv:astro-ph/0003268. [329] K. Kosack [the VERITAS Collaboration], arXiv:astro-ph/0403422. [330] S. M. Koushiappas, A. R. Zentner and T. P. Walker, Phys. Rev. D 69, 043501 (2004) [arXiv:astro-ph/0309464].

[331] L. M. Krauss, M. Srednicki and F. Wilczek, Phys. Rev. D 33, 2079 (1986). [332] A. V. Kravtsov, A. A. Klypin, J. S. Bullock, J. R. Primack, Astrophys.J., 502, 48 (1998)[arXiv:astro-ph/9708176] [333] S. Kretzer, Phys. Rev. D 62, 054001 (2000) [arXiv:hep-ph/0003177]. FORTRAN routines avaiable at: www.pv.infn.it/∼radici/FFdatabase/parametrizations.html [334] A. Kurylov and M. Kamionkowski, Phys. Rev. D 69, 063503 (2004) [arXiv:hepph/0307185].

[335] A. Kusenko, V. Kuzmin, M. E. Shaposhnikov and P. G. Tinyakov, Phys. Rev.

Lett. 80, 3185 (1998) [arXiv:hep-ph/9712212].

[336] A. Kusenko and M. E. Shaposhnikov, Phys. Lett. B 418, 46 (1998) [arXiv:hepph/9709492].

[337] T.N. La Rosa, N.E. Kassim, T.J. Lazio and S.D. Hyman, Astron. Journ. 119 (2000) 207.

[338] J. G. Learned and K. Mannheim, Ann. Rev. Nucl. Part. Sci. 50, 679 (2000). [339] S. Lee, Phys. Rev. D 58 (1998) 043004 [arXiv:astro-ph/9604098]. [340] B. W. Lee and S. Weinberg, Phys. Rev. Lett. 39, 165 (1977). [341] LEP Higgs Working Group (standard model Higgs), OPAL, ALEPH, DELPHI and L3 Collaborations, arXiv:hep-ex/0107029.

[342] LEP Higgs Working Group (MSSM Higgs), arXiv:hep-ex/0107030. [343] A. D. Lewis, D. A. Buote and J. T. Stocke, Astrophys. J. 586 (2003) 135 [arXiv:astro-ph/0209205].

[344] L. Lista [BABAR Collaboration], Proceedings of the International Conference on Flavor Physics (ICFT), Zhang-Jia-Jie City, Hunan, China, (2001) [arXiv:hepex/0110010].

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

[346] Lopes, Ilidio, private communication.

[347] I. P. Lopes, G. Bertone and J. Silk, Mon. Not. Roy. Astron. Soc. 337 (2002) 1179 [arXiv:astro-ph/0205066].

[348] I. P. Lopes, J. Silk and S. H. Hansen, Mon. Not. Roy. Astron. Soc. 331, 361 (2002) [arXiv:astro-ph/0111530].

[349] J. Lundberg and J. Edsjo, arXiv:astro-ph/0401113. [350] D. Majumdar, J. Phys. G 28, 2747 (2002) [arXiv:hep-ph/0209278]. [351] G. K. Mallot, Int. J. Mod. Phys. A, 1581, 521 (2000).

[352] M. Maltoni, T. Schwetz, M. A. Tortola and J. W. Valle, Phys. Rev. D 68, 113010 (2003) [arXiv:hep-ph/0309130].

[353] T. Maeno et al. [BESS Collaboration], Astropart. Phys. 16, 121 (2001) [arXiv:astro-ph/0010381].

[354] G. Marchesini et al, Comp. Phys. Comm. 67 (1992) 465. [355] S. P. Martin, arXiv:hep-ph/9709356.

[356] M. Mateo, Ann. Rev. Astron. Astrophys. 36, 435 (1998) [arXiv:astroph/9810070].

[357] D. Maurin, F. Donato, R. Taillet and P. Salati, Astrophys. J. 555, 585 (2001) [arXiv:astro-ph/0101231].

[358] D. Maurin, R. Taillet and F. Donato, Astron. Astrophys. 394, 1039 (2002) [arXiv:astro-ph/0206286].

[359] D. Maurin, R. Taillet, F. Donato, P. Salati, A. Barrau and G. Boudoul, arXiv:astro-ph/0212111.

[360] H.A. Mayer-Haesselwander et al., A&A 335, 161 (1998) [361] J. McDonald, K. A. Olive and M. Srednicki, Phys. Lett. B 283, 80 (1992). [362] F. Melia, Astrophys. J. 387 (1992) L25. [363] D. Merritt, Center,” arXiv:astro-ph/0311594.

[364] D. Merritt, M. Milosavljevic, L. Verde and R. Jimenez, Phys. Rev. Lett., 88, (2002), 191301 [arXiv:astro-ph/0201376.]

[365] R. B. Metcalf, L. A. Moustakas, A. J. Bunker and I. R. Parry, arXiv:astroph/0309738.

[366] R. N. Mohapatra, S. Nussinov and V. L. Teplitz, Phys. Rev. D 66, 063002 (2002) [arXiv:hep-ph/0111381].

[367] B. Moore, T. Quinn, F. Governato, J. Stadel and G. Lake, Mon. Not. Roy.

Astron. Soc. 310 (1999) 1147 [arXiv:astro-ph/9903164].

[368] T. Moroi, H. Murayama and M. Yamaguchi, Phys. Lett. B 303, 289 (1993). [369] A. Morselli, A. Lionetto, A. Cesarini, F. Fucito and P. Ullio [GLAST Collaboration], Nucl. Phys. Proc. Suppl. 113 (2002) 213 [arXiv:astro-ph/0211327].

[370] I. V. Moskalenko and A. W. Strong, Astrophys. J. 493 (1998) 694 [arXiv:astroph/9710124].

[371] L. A. Moustakas and R. B. Metcalf, Mon. Not. Roy. Astron. Soc. 339, 607 (2003) [arXiv:astro-ph/0206176].

[372] H. Murayama, G. Raffelt, C. Hagmann, K. van Bibber, and L. J. Rosenberg, Eur. Phys. J. C3 (1998) 264.

[373] D. V. Nanopoulos, K. A. Olive and M. Srednicki, Phys. Lett. B 127, 30 (1983). [374] C. R. Nappi and B. A. Ovrut, Phys. Lett. B 113, 175 (1982). [375] R. Narayan, R. Mahadevan, J. E. Grindlay, R. G. Popham and C. Gammie, Astrophys. J. 492 (1998) 554.

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

[377] J. F. Navarro, arXiv:astro-ph/0110680. [378] J. F. Navarro et al., arXiv:astro-ph/0311231.

[379] T. Nihei, L. Roszkowski and R. Ruiz de Austri, JHEP 0203, 031 (2002) [arXiv:hep-ph/0202009].

[380] S. I. Nikolsky and V. G. Sinitsyna, Proceedings of the Workshop on VHE Gamma Ray Astronony, Crimea, (1989).

[381] P. L. Nolan, W. F. Tompkins, I. A. Grenier, P. F. Michelson, Astrophys.

J. 597, 615 (2003) [arXiv:astro-ph/0307188].

[382] H. Ohanian and R. Ruffini, “Gravitation And Space-Time,”, New York, USA, Norton (1994).

[383] K. A. Olive, TASI lectures on dark matter, arXiv:astro-ph/0301505. [384] K. A. Olive and M. Srednicki, Phys. Lett. B 230, 78 (1989). [385] K. A. Olive and M. Srednicki, Nucl. Phys. B 355, 208 (1991). [386] R. A. Ong, arXiv:astro-ph/0304336.

[387] R. A. Ong, Proceedings of the GeV-TeV Gamma Ray Astrophysics Workshop, Snowbird, Utah, (1999) AIP Proc. Conf. 515, 401.

[388] S. Orito et al. [BESS Collaboration], Phys. Rev. Lett. 84, 1078 (2000) [arXiv:astro-ph/9906426].

[389] H. Pagels and J. R. Primack, Phys. Rev. Lett. 48, 223 (1982). [390] For particle physics prospects of PAMELA, see:

http://www.cerncourier.com/main/article/42/8/17 [391] P. J. E. Peebles, Gen. Rel. Grav. 3 (1972), 63.

[392] P. J. E. Peebles, Science 224 (1984) 1385.

[393] D. Petry [the MAGIC Telescope Collaboration], Astron. Astrophys. Suppl. Ser.

138 (1999) 601 [arXiv:astro-ph/9904178].

[394] C. Picciotto and M. Pospelov, arXiv:hep-ph/0402178.

[395] P. Picozza and A. Morselli, J. Phys. G 29, 903 (2003) [arXiv:astro-ph/0211286]. [396] L. Pieri and E. Branchini, arXiv:astro-ph/0307209.

[397] T. Plehn, et al., Prospino program available at:

http://pheno.physics.wisc.edu/∼plehn/prospino/prospino.html [398] G. Polesello and D. R. Tovey, arXiv:hep-ph/0403047.

[399] F. Prada, A. Klypin, J. Flix, M. Martinez and E. Simonneau, arXiv:astroph/0401512.

[400] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 3370 [arXiv:hepph/9905221].

[401] L. Randall and R. Sundrum, Nucl. Phys. B 557, 79 (1999) [arXiv:hepth/9810155].

[402] D. Reed et al., arXiv:astro-ph/0312544. [403] T. Ressell, et al., Phys. Rev. D. 48 (1993) 5519. [404] G. Rhee, A. Klypin and O. Valenzuela, arXiv:astro-ph/0311020. [405] L. Roszkowski, Phys. Lett. B 262, 59 (1991). [406] P. Roy, ICNAPP 1994:0225-237, [arXiv:hep-ph/9501209]. [407] S. Rudaz and F. W. Stecker, Astrophys. J. 325, 16 (1988). [408] S. Rudaz and F. W. Stecker, Astrophys. J. 368, 406 (1991). [409] G.B. Rybicki., A.P. Lightman , Radiative Processes in Astrophysics, 1979, John Wiley & Sons.

[410] H. F. Sadrozinski, Nucl. Instrum. Meth. A 466 (2001) 292. [411] N. Sakai and T. Yanagida, Nucl. Phys. B 197, 533 (1982). [412] P. Salati, Phys. Lett. B 571 (2003) 121 [arXiv:astro-ph/0207396]. [413] A. Salucci, P.Borriello, MNRAS,323,285 (2001). [414] P. Salucci and A. Borriello, arXiv:astro-ph/0203457.

[415] D. J. Sand, T. Treu and R. S. Ellis, Astrophys. J. 574 (2002) L129 [arXiv:astroph/0207048].

[416] T. Sanuki, Int. J. Mod. Phys. A 17, 1635 (2002).

[417] S. Sarkar, Talk given at COSMO 99: 3rd International Conference on Particle Physics and the Early Universe, Trieste, Italy, (1999) [arXiv:hep-ph/0005256].

[418] S. Sarkar, Proc. Indian Natl. Sci. Acad. 70A, 163 (2004) [arXiv:hepph/0302175].

[419] S. Sarkar and R. Toldra, Nucl. Phys. B 621, 495 (2002) [arXiv:hep-ph/0108098]. [420] R. Schoedel, R. Genzel, T. Ott, A. Eckart, N. Mouawad and T. Alexander, Astrophys. J. 596, 1015 (2003) [arXiv:astro-ph/0306214].

[421] G. Servant and T. M. Tait, Nucl. Phys. B 650 (2003) 391 [arXiv:hepph/0206071].

[422] G. Servant and T. M. Tait, New J. Phys. 4, 99 (2002) [arXiv:hep-ph/0209262]. [423] X. D. Shi and G. M. Fuller, Phys. Rev. Lett. 82 (1999) 2832 [arXiv:astroph/9810076].

[424] G. Shiu and L. T. Wang, arXiv:hep-ph/0311228. [425] V. F. Shvartsman, 1971, Soviet Astronomy, 15, 377.

[426] G. Sigl, S. Lee, P. Bhattacharjee and S. Yoshida, Phys. Rev. D 59, 043504 (1999) [arXiv:hep-ph/9809242].

[427] J. Silk, K. Olive and M. Srednicki, Phys. Rev. Lett. 55, 257 (1985). [428] P. Sikivie, Nucl. Phys. Proc. Suppl. 87 (2000) 41 [arXiv:hep-ph/0002154]. [429] P. Sikivie, Phys. Rev. D 60 (1999) 063501 [arXiv:astro-ph/9902210]. [430] T. Sjöstrand, Comp. Phys. Comm. 82 (1994) 74.

[431] A. Slyz, T. Kranz and H. W. Rix, Mon. Not. Roy. Astron. Soc. 346, 1162 (2003) [arXiv:astro-ph/0309597].

[432] D. N. Spergel et al., Astrophys. J. Suppl. 148, 175 (2003) [arXiv:astroph/0302209].

[433] D. N. Spergel and P. J. Steinhardt, Phys. Rev. Lett. 84, 3760 (2000) [arXiv:astroph/9909386].

[434] M. Srednicki and R. Watkins, Phys. Lett. B 225, 140 (1989). [435] G. D. Starkman, A. Gould, R. Esmailzadeh and S. Dimopoulos, Phys. Rev. D 41 (1990) 3594.

[436] F. W. Stecker, Phys. Lett. B 201, 529 (1988).

[437] F. W. Stecker, S. Rudaz and T. F. Walsh, Phys. Rev. Lett. 55, 2622 (1985). [438] F. Stoehr, S. D. White, V. Springel, G. Tormen and N. Yoshida, Mon. Not. Roy.

Astron. Soc. 345, 1313 (2003) [arXiv:astro-ph/0307026].

[439] A. W. Strong, I. V. Moskalenko and O. Reimer, Astrophys. J. 537 (2000) 763 [Erratum-ibid. 541 (2000) 1109] [arXiv:astro-ph/9811296].

[440] A. Tasitsiomi and A. V. Olinto, Phys. Rev. D 66 (2002) 083006 [arXiv:astroph/0206040].

[441] A. Tasitsiomi, J. Gaskins and A. V. Olinto, arXiv:astro-ph/0307375. [442] J. E. Taylor and J. Silk, Mon. Not. Roy. Astron. Soc. 339 (2003) 505 [arXiv:astroph/0207299].

[443] J.Taylor and J.Navarro, ApJ, 563:483-488, 2001. [444] M. Tegmark et al. [SDSS Collaboration], arXiv:astro-ph/0310723. [445] Home page of Max Tegmark: http://www.hep.upenn.edu/∼max/main.html [446] K. Tsuchiya et al. [CANGAROO-II Collaboration], arXiv:astro-ph/0403592. [447] M. S. Turner, Phys. Rev. D 33, 889 (1986).

[448] M. S. Turner and F. Wilczek, Phys. Rev. D, 42, 1001 (1990). [449] C. Tyler, Phys. Rev. D 66 (2002) 023509 [arXiv:astro-ph/0203242]. [450] A. J. Tylka, Phys. Rev. Lett., 63, 840 (1989).

[451] J.A. Tyson, G.P. Kochanski and I.P. Dell’Antonio, Astrophys. J. Lett. 498 (1998) 107.

[452] P. Ullio, JHEP 0106, 053 (2001) [arXiv:hep-ph/0105052].

[453] P. Ullio and L. Bergstrom, Phys. Rev. D 57, 1962 (1998) [arXiv:hepph/9707333].

[454] P. Ullio, H. Zhao and M. Kamionkowski, Phys. Rev. D 64 (2001) 043504 [arXiv:astro-ph/0101481].

[455] P. Ullio, L. Bergstrom, J. Edsjo and C. Lacey, Phys. Rev. D 66 (2002) 123502 [arXiv:astro-ph/0207125].

[456] F. C. van den Bosch and R. A. Swaters, arXiv:astro-ph/0006048. [457] B. M. Vladimirsky, et al., Proceedings of the Workshop on VHE Gamma Ray Astronomy, Crimea, (1989).

[458] H. J. Volk, Talk at the 27th International Cosmic Ray Conference (ICRC), Hamburg, Germany, (2001) [arXiv:astro-ph/0202421].

[459] S. S. Vogt, M. Mateo, E. W. Olszewski and M. J. Keane, Astron. Journal, 109 (1995) 151.

[460] B. R. Webber, Lectures given at NATO Advanced Study Institute on Particle Production Spanning MeV and TeV Energies, Nijmegen, Netherlands, (1999) [arXiv:hep-ph/9912399].

[461] W. R. Webber, M. A. Lee and M. Gupta, Astrophys. J.390 (1992) 96. [462] T. C. Weekes, et al., Astrophys. J.342 (1998) 379.

[463] T. C. Weekes, arXiv:astro-ph/0010431.

[464] G. Weiglein (editor), Report of the LHC/LC study group, 2004. [465] S. Weinberg, 1995, The Quantum Theory of Fields Vol 1: Foundations, Cambridge University Press.

[466] S. Weinberg, Phys. Rev. Lett. 48, 1303 (1982). [467] S. Weinberg, Phys. Rev. D 26, 287 (1982).

[468] C. Weinheimer, Proceedings of 10th International Workshop on Neutrino Telescopes, Venice, Italy, 2003 [arXiv:hep-ex/0306057].

[469] J. Wess and J. Bagger, “Supersymmetry And Supergravity”, Princeton, USA:

Univ. Pr. (1992).

[470] J. Wess and B. Zumino, Nucl. Phys. B 70, 39 (1974). [471] R. Wischnewski [the AMANDA Collaboration], arXiv:astro-ph/0204268. [472] R. F. G. Wyse, arXiv:astro-ph/0012270.

[473] T. Yamamoto et al., Proceedings of the 26th International Cosmic Ray Conference, Salt Lake City, 5, 275 (1999).

[474] J. Yinlin, et al., Proceedings of the 21st International Cosmic Ray Conference, Adelaide, 4, 220 (1990).

[475] G. B. Yodh, Space. Sci. Rev. 75, 199 (1996).

[476] N. Yoshida, A. Sokasian, L. Hernquist and V. Springel, Astrophys. J. 591 (2003) L1 [arXiv:astro-ph/0303622].

[477] M. Yu, Khlopov and A. D. Linde, Phys. Lett. B 138 (1984) 265. [478] G. T. Zatsepin and V. A. Kuzmin, Pis’ma Zh. Eksp. Teor. Fiz. 4 (1966) 114 [JETP. Lett. 4 (1966) 78].

[479] D. Zaritsky, R. Smith, C. Frenk and S. D. M. White, Astroph. Journal, 478 (1997) 39.

[480] H. Ziaeepour, Astropart. Phys. 16, 101 (2001) [arXiv:astro-ph/0001137]. [481] J. A. Zweerink, et al., Proceedings of the 26th International Cosmic Ray Conference, Salt Lake City, bf 5, 223 (1999).

[482] F. Zwicky, 1933, Helv. Phys. Acta 6, 110. [483] http://hegra1.mppmu.mpg.de/MAGICWeb/ [484] http://icrhp9.icrr.u-tokyo.ac.jp/index.html [485] http://www.mpi-hd.mpg.de/hfm/HESS/HESS.html [486] http://veritas.sao.arizona.edu/index.html