
 Probing dark matter dynamics via earthborn neutrinos at IceCube

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

JHEP05(2009)099

(http://iopscience.iop.org/1126-6708/2009/05/099)

Download details:

IP Address: 80.92.225.132

The article was downloaded on 03/04/2010 at 09:17

Please note that terms and conditions apply.

The Table of Contents and more related content is available

Home Search Collections Journals About Contact us My IOPscience

http://www.iop.org/Terms_&_Conditions
http://iopscience.iop.org/1126-6708/2009/05
http://iopscience.iop.org/1126-6708/2009/05/099/related
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J
H
E
P
0
5
(
2
0
0
9
)
0
9
9

Published by IOP Publishing for SISSA

Received: April 5, 2009

Accepted: May 12, 2009

Published: May 26, 2009

Probing dark matter dynamics via earthborn neutrinos

at IceCube

Cédric Delaunay,a Patrick J. Foxb and Gilad Pereza

aDepartment of Particle Physics, Weizmann Institute of Science,

Rehovot 76100, Israel
bTheoretical Physics Department, FNAL,

Batavia, IL 60510, U.S.A.

E-mail: cedric.delaunay@weizmann.ac.il, gilad.perez@weizmann.ac.il,

pjfox@fnal.gov
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rate is larger than at freeze-out, possibly due to a low-velocity enhancement. In this case

the rate of neutrino emission from the Earth, due to DM annihilation, may be greatly

enhanced while the rate from the Sun is unaltered. Neutrino telescopes may see these

earthborn neutrinos. Combining with the data from direct detection experiments will yield

valuable information about the DM sector.
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Approximately 20% of the matter-energy budget of the universe is due to Dark Matter

(DM). The favored candidate for the DM particle is a thermal relic with annihilation cross

section 〈σv〉 ≈ 3×10−26cm3s−1, a weakly interacting DM (WIMP). Many experiments are

underway to probe the DM, either directly through its interactions with Standard Model

(SM) particles or indirectly through its annihilations to SM particles. Recently several

indirect detection experiments have reported results which may be interpreted as due to

DM annihilations, although they could also have an astrophysical origin [1].

The ATIC experiment has reported an excess of electron-positron flux around 300 −
800GeV [2]. In addition PAMELA [3] is seeing an increase of the positron fraction around

energies of 10 − 80GeV and no corresponding excess in the antiproton fraction [4]. Taken

together these suggest that O(1TeV) DM, annihilating preferentially to leptons, is being

observed [5–7]. However, the annihilation cross section required to explain the excesses is

substantially larger than 3× 10−26cm3s−1 [8, 9]. The enhancement may be due to a boost

factor, a nearby clump of DM or a low-velocity Sommerfeld effect (see also [10, 11] for an

alternative explanation).

These results are exciting and surprising, not only are we possibly observing WIMP

DM but maybe also a non-trivial DM sector, whose dynamics seems to imply an epoch-

dependent annihilation cross section. Looking at the photon spectrum [12–16] and ad-

ditional cosmic ray (CR) experiments [17–19] will test this emerging paradigm [7] and

whether these excesses are actually due to DM. However, the photon and CR flux depends

on the DM halo profile and the propagation model. We demonstrate here that the same

DM sector dynamics may induce dramatic changes in the neutrino flux from the Earth

which give a very different probe of the same microscopic phenomena. For a possible signal

from galactic neutrinos see [20–22].

DM particles which accumulate in the Sun and Earth annihilate into SM particles,

among which neutrinos can escape and be detected [23–27]. The flux depends on the

capture and annihilation cross sections, unless the DM has already reached equilibrium

which leads to a maximal flux, exclusively controlled by the capture rate. The effects

which enhance the annihilation rate would, generically, not affect the capture rate. For

instance, an ultra light particle with sizable coupling to the nuclei is required to Sommerfeld

enhance the capture rate which is probably in conflict with various precision data. While

the capture rate remains unaltered, a larger annihilation cross section will shorten the

typical time for the DM to reach equilibrium. Our key observation is that since it is

very probable that the Earth has not yet reached equilibrium for a relic annihilation cross

section [28, 29], this effect would yield orders of magnitude enhancement in the neutrino

flux from the core of the Earth. Moreover this flux will also be correlated with the DM

direct search experiments [30, 31]. A combination of these data sets yields fairly clean

information about the microscopic nature of the DM sector dynamics.

Neutrinos via DM annihilation. The competition between capture and annihilation

of the DM leads to a present day DM annihilation rate [32]

Γ =
1

2
AN2 =

C

2
tanh2

(

t⊕
√

CA
)

, (1)
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where t⊕ ≃ 4.5 × 109 yrs is the age of the Earth, A = 〈σv〉/Veff , Veff = 5.7 ×
1022cm3 (TeV/mχ)3/2 is the effective volume of the Earth core [28] and C is the cap-

ture rate. For the Earth the capture rate is dominated by the spin independent (SI) elastic

scattering (see [33] for the inelastic case) of the DM off various elements in the Earth [32],

C⊕ ≃ 1.7 × 105s−1 ρχ
0.3

(vχ
270)

3

(

TeV

mχ

)2
∑

i

fi

(

σNi
SI

10−6pb

)

, (2)

where the sum is over the elements O, Si, Mg, S, Fe and Ni, only 3% of the Earth mass

is neglected. The DM mass is denoted mχ, ρχ
0.3 and vχ

270 are the DM energy density and

velocity in the halo in units of 0.3 GeV/cm3 and 270 km/s respectively, while the factor

fi accounts for the mass fraction and distribution profile of the element i [32], whose cross

section with DM is denoted σNi
SI . Direct detection experiments probe the SI cross section

of DM scattering off protons, σp
SI. To better than 1%, protons and neutrons contribute

identically to the cross-section, such that σN
SI ≈ N4σp

SI (1 − 2mN/mχ) for any nucleus of

mass number N in the limit of mχ ≫ mN . Hence,

C⊕ ≃ 9.6 × 1011s−1 ρχ
0.3

(vχ
270)

3

(

TeV

mχ

)2( σp
SI

10−6pb

)

. (3)

The maximum rate of DM annihilation occurs after equilibrium is reached and is entirely de-

termined by the capture rate, Γeq = C/2. For times shorter than the equilibrium time teq =

1/
√

CA the abundance grows linearly with time and the annihilation rate is Γneq ∼ 1
2AC2t2.

With a typical thermal relic annihilation cross section, Ar ≃ 5.3 × 10−49s−1 (mχ/TeV)3/2,

the Earth is far from equilibrium (t⊕ ≪ teq) and not a good source of DM-neutrinos. How-

ever, if the observed electron/positron excesses are due to a low-velocity enhancement, R,

the annihilation cross section can be far larger than that of the early universe, A⊕ = RAr,

bringing the Earth towards equilibrium today. The maximal enhancement in the rate

is Γeq/Γneq ∼ (ArC⊕t2⊕)−1 which can be several orders of magnitude and is obtained for

R & (ArC⊕t2⊕)−1. The escape velocity at the center of the Earth is approximately 15 km s−1

whilst DM in the halo has a Maxwell-Boltzmann distribution with v0 = 270 km s−1. The

Sommerfeld enhancement grows as ∼ 1/v although this growth saturates at very low veloc-

ities [5], a further increase beyond v = 270 km s−1 may yield more non-trivial information

about the DM sector. Thus, the enhancement may in fact be even larger than that for DM

in the halo. It will be useful to define the critical capture rate for the Earth:

Cc
⊕ = 1/Art

2
⊕ ≃ 9.93 × 1013s−1

(

TeV

mχ

)3/2

, (4)

above which the Earth would already have reached equilibrium and boosting the annihila-

tion cross section will not result in an enhanced neutrino flux. Direct searches experiment

such as CDMSII put an upper bound [30] on the SI elastic scattering cross section of

3.5 × 10−7pb for mχ = 1TeV. Thus, C⊕ . 10−2Cc
⊕ and the Earth is probably still far

from equilibrium.

The capture rate (3) is derived assuming that the DM velocity distribution as

encountered by the Earth is Gaussian. It is possible that in the solar system it differs

– 3 –
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from Gaussian [29, 34], particularly at the low velocities necessary for capture in the

Earth and Sun. The DM abundance may also differ from the galactic halo density (see

e.g. [29, 34–36] and refs. therein). Both direct and indirect detection experiments probe

the same nuclear scattering cross section with different velocity sensitivity. Assuming

a Gaussian distribution allows observations from direct and indirect experiments to be

straightforwardly correlated. Furthermore, a future signal at direct detection experiments

would directly probe the velocity distribution (through differential energy information)

of the DM particles [31, 37, 38] at velocities of roughly 40 − 150 km s−1. Of particular

importance are the Xe based experiments which have the lowest threshold, down to

approximately three times the Earth escape velocity [38, 39].

Primary neutrinos. The muon flux at the surface of the Earth is given by:

dΦP
µ

dEµ
=

∫ ∞

Eµ

dEν
dΦν

dEν

[

dσp
ν(Eν , Eµ)

dEµ
ρp + (p → n)

]

× Rµ(Eµ) + (ν → ν̄) , (5)

with ρp,n the number density of protons and neutrons in the medium, 5/9NAcm−3 and

4/9NAcm−3 for ice, where NA ≃ 6 × 1023 is Avogadro’s number. dσp,n
ν /dEµ are the weak

scattering cross sections of neutrinos on nucleons dσp,n
ν

dEµ
=

2mpG2

F
π

(

ap,n
ν + bp,n

ν
E2

µ

E2
ν

)

, where

an,p
ν = 0.25, 0.15, bn,p

ν = 0.06, 0.04 and an,p
ν̄ = bp,n

ν , bn,p
ν̄ = ap,n

ν [40]. Rµ(Eµ), the muon

range, defines the distance traveled by a muon until its energy drops below the energy

threshold Eth of the detector, due to losses in the medium. Approximately, Rµ(Eµ) =
1
ρβ log

[

α+βEµ

α+βEth

]

, with ρ the density of the medium (≃ 1g cm−3 for ice), α ≃ 2.0 MeV cm2g−1

and β ≃ 4.2×10−6cm2g−1 for ice. For concreteness we focus here on IceCube [41], however

as discussed below even AMANDA [42] and Super-K [43] are capable of constraining the

annihilation signal. At IceCube, the energy threshold is about 50 GeV and for Eµ ∼TeV,

Rµ is a few kilometers, longer than the detector.1

Since the DM is almost at rest, the muon neutrino flux at the surface of the Earth

is monochromatic, dΦν/dEν = δ(Eν − mχ)Bν̄νΓ/4πR2
⊕ , with Bν̄ν the branching ratio of

DM annihilating to neutrino pair and R⊕ ≃ 6.4 × 103km, the Earth radius. The resulting

muon flux is:

dΦµ

dEµ
=

Bν̄νΓ

4πR2
⊕

[

dσp
ν(mχ, Eµ)

dEµ
ρp + (p → n)

]

× Rµ(Eµ)Θ(mχ − Eµ) + (ν → ν̄). (6)

Combining this with the effective area [44] of the detector Aeff (Eµ) gives the event rate

in the detector, i.e. dN/dEµ = Aeff(Eµ)dΦµ/dEµ. This is shown for DM masses of

500GeV and 1TeV in figure 1, along with the background rate (discussed below) from

atmospheric neutrinos.

Secondary neutrinos. Instead of direct production νµ may be produced from secondary

decays of the annihilation products, and we concentrate here on charged lepton final states.

Muons are stopped long before they decay [45] and are not a source of high energy neutrinos,

1The higher density rock bed below IceCube stops a significant number of muons [54]. However, the

production rate of muons is enhanced for the same reason and the effects cancel to leading order.

– 4 –
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Figure 1. Muon rates from primary neutrinos (red) and atmospheric backgrounds (black) at

IceCube. All plots show results for a 1 TeV (solid) and 500GeV (dashed) DM, corresponding

angular cuts have been placed on the background. The signal assumes the Earth has reached

equilibrium.

whereas taus lose very little energy and will produce prompt neutrinos. When the DM

annihilates preferentially to taus, which decay into neutrinos, the induced muon flux at

the Earth surface, taking into account interactions with the material in the Earth, can be

parametrized by the following analytic formula [46]:

dΦS
µ

dEµ
= Bτ̄ τΓ

p1mχ e−p7Eµ (1 − e−p5mχ)

1 + exp
[

Eµ−mχ(p6+p2 exp(−p3mχ))
p4mχ

] , (7)

where mχ is in GeV. Bτ̄ τ is the branching ratio of DM annihilating into taus and

pi ≈ (2 × 10−22/km2, 0.2, 5 × 10−3, 0.1, 6 × 10−3, 0.2, 10−3).

Backgrounds. The main source of background muon neutrinos comes from the shower

of cosmic-rays interacting with the atmosphere. The anisotropic induced muon flux is then

obtained from [40, 47]:

d2ΦB
µ

dEµd cos θz
=

∫ ∞

Eµ

dEν
d2Φν

dEνd cos θz
Rµ(Eµ)R(cos θz)×

[

dσp
ν(Eν , Eµ)

dEµ
ρp+(p → n)

]

+(ν → ν̄) ,

(8)

where θz is the zenith angle and the differential fluxes of muon neutrinos and antineutrinos

are estimated from tables found in [48]. The function R(cos θz) = 0.70 − 0.48 cos θz for

θz > 85◦ and 1 elsewhere, is the efficiency of IceCube for tracking up-going muons. The
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background can be substantially reduced by noting that the signal is collimated in a cone of

half-angle ∆θ = 1.8◦(TeV/Eν)1/2 about θz = 180◦, where Eν is the energy of the incoming

neutrino [32, 49]. For the Sun the background reduction is limited by the angular resolution

of IceCube, ∆θ = 0.5◦, which we take about θz ≃ 66◦. While the primary neutrino signal

is monochromatic, Eν = mχ, the spectrum of secondary νµ is concentrated at low energy

due to the slowdown of the DM annihilation products before they decay into neutrinos.

This may result from either energy loss interactions or multiplicity of the primary decay

products. Their typical energy is Eν ∼ Eth = 50 GeV, and ∆θ ≃ 8◦ which increases the

relevant background by an order of magnitude compared to the primary case. Hence, the

monochromatic neutrinos offer the best hope for a discovery at IceCube.

Earth & Sun detection. The reach of IceCube is shown in figure 2 for both primary

and secondary neutrinos from the Earth.2 We apply energy cuts for primary (secondary)

signals of 250GeV < Eµ < mχ (Eth < Eµ < 500GeV).3 The capture rate for the Earth

is plagued by large uncertainties and we use the estimate eq. (3). The latter assumes a

Gaussian DM velocity distribution and may overestimate the capture rate by about an order

of magnitude [29]. From these plots it is clear that DM that does not annihilate directly

to neutrinos has very little hope of discovery at IceCube, even with a large Sommerfeld

enhancement, and we concentrate on the primary neutrino case. The maximum neutrino

flux is given by the red line and is well into the 5σ discovery region for most of the range

that can be probed by direct detection. However, since t⊕ ≪ teq the expected rate is

denoted by the black line. Enhancements of >∼ 100 are necessary for the ATIC/PAMELA

results and may, depending on the details of the resonance structure [5, 50], be considerably

larger for DM in the Earth. As shown in figure 2, we find that an order few (104) boost

factor is required to get an observed signal for σp
SI ×BR of order 2× 10−7pb (2× 10−9pb).

Thus, by 2013 we will have probed most of the region where neutrinos from the Earth could

be discovered. If direct detection experiments make an observation then we may have a

correlated discovery in IceCube.

In the Sun’s core the capture rate is dominated by the spin dependent (SD) elastic

scattering of DM off hydrogen nuclei [32]:

C⊙ ≃ 3.57 × 1018s−1 ρχ
0.3

(vχ
270)

3

(

TeV

mχ

)2( σp
SD

10−6pb

)

, (9)

and4 Cc
⊙ ≃ 3.23 × 1017s−1 (TeV/mχ)3/2 . We emphasize again that there are significant

astrophysics uncertainties on the DM density and its velocity distributions [49], and thus

the actual capture rate (we use the value from [32] for concreteness; see also [51]). Further-

more, the SD scattering cross section of DM on proton is less constrained experimentally,

2Above ∼ 300 GeV Rµ exceeds the detector size, L, then Eµ can only be extracted if the initial vertex is

contained within IceCube [55]. The probablity for a contained vertex is ∼ L/(Rµ + L). We have evaluated

the resulting suppression for mχ = 500 (1000) GeV and find a reduction of the total event number of

∼ 0.5 (0.4) which only slightly reduces the significance shown in figure 2.
3In the relevant parameter range the neutrino oscillations can be safely neglected.
4We use Veff = 1.8 × 1026cm3 (TeV/mχ)3/2 for the effective volume of the core of the Sun [28].
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Figure 2. Statistical significance of a primary (top) and secondary (bottom) neutrino signals above

the atmospheric background. BR denotes Bν̄ν (primary) or Bτ̄τ (secondary). Upper curves (red)

are equilibrium fluxes while lower ones (black) are naive fluxes for a 1TeV (solid) and 500GeV

(dashed) DM. The blue dot corresponds to the critical capture rate, Cc
⊕, see eq. (4). The vertical

lines show the present and future upper bounds on σp

SI
from direct detection. The horizontal lines

show the discovery reach of IceCube.

the present bound being σp
SD . 0.8pb (for mχ ∼ 1TeV) from KIMS [52]. Thus, in this case,

a future signal from the Sun, only from IceCube, would be harder to cleanly interpret. It

is expected, generically, that the SD cross section is 3 − 4 order of magnitude larger than

the SI one. Thus, taking the above capture rates at face value we see that Cc
⊙ ≪ C⊙ for

– 7 –
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Figure 3. Statistical significance for primary neutrinos from the Sun as a function of SD scattering

off protons. Since the capture rate in the Sun is more efficient than in the Earth it is most likely

in equilibrium.

wide range of reasonable DM models. Consequently, it is likely that the Sun is now in

equilibrium and its neutrino flux is already maximal, leaving no room for an enhancement

of the annihilation rate, see figure 3.

Present experiments. AMANDA and Super-K place the strongest bounds on annihi-

lation in the Earth. However, to the best of our knowledge, the analyses have only been

done under the assumption of a neutralino WIMP, never model independently [42, 43]. In

such scenarios neutrinos are only produced through secondary decays with a spectrum very

different from our signal. As such we can not determine the efficiency of the experiments

to detect primary neutrinos, to do so would require the collaborations to repeat their

analyses. As an approximation we assume similar efficiency for primary and secondary

neutrinos (probably an underestimate) and show in figure 4 the integrated upward-going

muon flux for several choices of SI scattering cross section. We find AMANDA/Super-K

cannot constrain secondary production but can potentially place strong constraints on the

primary production. Hence, it is likely that current data rule out some of the presently

viable parameter space and already limit the allowed enhancement.

Conclusions. Combining the information on the neutrino flux and the direct detection

cross section yields a fairly robust measurement of the annihilation boost factor. The

significance of the signal is greatly improved in cases where the annihilation channels

involve primary neutrinos. A detailed study of a possible signal from primary and

secondary Sun-born neutrinos may help to determine the primary branching ratio. In this

case, lack of a related earthborn signal would indicate that a low velocity enhancement
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Figure 4. Comparison of AMANDA and Super-K bounds on secondary upward-going muon in-

tegrated flux with our secondary and primary signals. Estimated for high (low) SI cross section,

σp
SI

× BR = 2 × 10−7 (1 × 10−8) pb.

of the annihilation cross section is not the explanation for the ATIC/PAMELA excess.

Instead, one would look for an astrophysics explanation. Note that such leptophilic

DM [53] particles might have suppressed hadronic cross sections in typical models which

could reduce the capture rate. In the ideal case where enough events are observed at

IceCube a differential energy information could be extracted which may yield further

insight into the DM sector, such as its mass and decay branching ratios.

Acknowledgments

We thank I. Albuquerque, D. Hooper, T. Kashti, Y. Nir, G. Shaughnessy, T. Volansky, E.

Waxman and I. Yavin for discussions. Fermilab is operated by Fermi Research Alliance,

LLC, under Contract DE-AC02-07CH11359 with the US DOE.

References

[1] D. Hooper, P. Blasi and P.D. Serpico, Pulsars as the sources of high energy cosmic ray

positrons, JCAP 01 (2009) 025 [arXiv:0810.1527] [SPIRES].

[2] J. Chang et al., An excess of cosmic ray electrons at energies of 300.800 GeV,

Nature 456 (2008) 362 [SPIRES].

[3] PAMELA collaboration, O. Adriani et al., An anomalous positron abundance in cosmic rays

with energies 1.5.100 GeV, Nature 458 (2009) 607 [arXiv:0810.4995] [SPIRES].

[4] O. Adriani et al., A new measurement of the antiproton-to-proton flux ratio up to 100 GeV

in the cosmic radiation, Phys. Rev. Lett. 102 (2009) 051101 [arXiv:0810.4994] [SPIRES].

– 9 –

http://dx.doi.org/10.1088/1475-7516/2009/01/025
http://arxiv.org/abs/0810.1527
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.1527
http://dx.doi.org/10.1038/nature07477
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NATUA,456,362
http://dx.doi.org/10.1038/nature07942
http://arxiv.org/abs/0810.4995
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.4995
http://dx.doi.org/10.1103/PhysRevLett.102.051101
http://arxiv.org/abs/0810.4994
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,102,051101


J
H
E
P
0
5
(
2
0
0
9
)
0
9
9

[5] M. Cirelli, A. Strumia and M. Tamburini, Cosmology and astrophysics of minimal dark

matter, Nucl. Phys. B 787 (2007) 152 [arXiv:0706.4071] [SPIRES].

[6] M. Cirelli, M. Kadastik, M. Raidal and A. Strumia, Model-independent implications of the

e±, p̄ cosmic ray spectra on properties of dark matter, Nucl. Phys. B 813 (2009) 1

[arXiv:0809.2409] [SPIRES].

[7] N. Arkani-Hamed, D.P. Finkbeiner, T.R. Slatyer and N. Weiner, A theory of dark matter,

Phys. Rev. D 79 (2009) 015014 [arXiv:0810.0713] [SPIRES].

[8] M. Cirelli and A. Strumia, Minimal dark matter predictions and the PAMELA positron

excess, arXiv:0808.3867 [SPIRES].

[9] I. Cholis, L. Goodenough, D. Hooper, M. Simet and N. Weiner, High energy positrons from

annihilating dark matter, arXiv:0809.1683 [SPIRES].

[10] D. Feldman, Z. Liu and P. Nath PAMELA positron excess as a signal from the hidden sector,

Phys. Rev. D 79 (2009) 063509 [arXiv:0810.5762] [SPIRES].

[11] M. Ibe, H. Murayama and T.T. Yanagida, Breit-Wigner enhancement of dark matter

annihilation, arXiv:0812.0072 [SPIRES].

[12] H.E.S.S. collaboration, F. Aharonian et al., The energy spectrum of cosmic-ray electrons at

TeV energies, Phys. Rev. Lett. 101 (2008) 261104 [arXiv:0811.3894] [SPIRES].

[13] H.E.S.S. collaboration, J.A. Hinton, The status of the HESS project,

New Astron. Rev. 48 (2004) 331 [astro-ph/0403052] [SPIRES].

[14] W. de Boer, C. Sander, V. Zhukov, A.V. Gladyshev and D.I. Kazakov, EGRET excess of

diffuse galactic gamma rays as tracer of dark matter, Astron. Astrophys. 444 (2005) 51

[astro-ph/0508617] [SPIRES].

[15] MAGIC collaboration, D. Elsaesser and K. Mannheim, MAGIC and the search for

signatures of supersymmetric dark matter, New Astron. Rev. 49 (2005) 297

[astro-ph/0409563] [SPIRES].

[16] GLAST LAT collaboration, C. Cecchi, GLAST: the gamma ray large area space telescope,

J. Phys. Conf. Ser. 120 (2008) 062017 [SPIRES].

[17] WiZard/CAPRICE collaboration, M. Boezio et al., The cosmic-ray anti-proton flux

between 3 and 49 GeV, Astrophys. J. 561 (2001) 787 [astro-ph/0103513] [SPIRES].

[18] HEAT collaboration, S.W. Barwick et al., Measurements of the cosmic-ray positron fraction

from 1 to 50 GeV, Astrophys. J. 482 (1997) L191 [astro-ph/9703192] [SPIRES].

[19] AMS-01 collaboration, M. Aguilar et al., Cosmic-ray positron fraction measurement from 1

to 30 GeV with AMS-01, Phys. Lett. B 646 (2007) 145 [astro-ph/0703154] [SPIRES].

[20] H. Yuksel, S. Horiuchi, J.F. Beacom and S. Ando, Neutrino constraints on the dark matter

total annihilation cross section, Phys. Rev. D 76 (2007) 123506 [arXiv:0707.0196]

[SPIRES].

[21] J. Liu, P.-f. Yin and S.-h. Zhu, Prospects for detecting neutrino signals from

annihilating/decaying dark matter to account for the PAMELA and ATIC results,

arXiv:0812.0964 [SPIRES].

[22] J. Hisano, M. Kawasaki, K. Kohri and K. Nakayama, Neutrino signals from

annihilating/decaying dark matter in the light of recent measurements of cosmic ray

electron/positron fluxes, arXiv:0812.0219 [SPIRES].

– 10 –

http://dx.doi.org/10.1016/j.nuclphysb.2007.07.023
http://arxiv.org/abs/0706.4071
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0706.4071
http://dx.doi.org/10.1016/j.nuclphysb.2008.11.031
http://arxiv.org/abs/0809.2409
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0809.2409
http://dx.doi.org/10.1103/PhysRevD.79.015014
http://arxiv.org/abs/0810.0713
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.0713
http://arxiv.org/abs/0808.3867
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0808.3867
http://arxiv.org/abs/0809.1683
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0809.1683
http://dx.doi.org/10.1103/PhysRevD.79.063509
http://arxiv.org/abs/0810.5762
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D79,063509
http://arxiv.org/abs/0812.0072
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0812.0072
http://dx.doi.org/10.1103/PhysRevLett.101.261104
http://arxiv.org/abs/0811.3894
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0811.3894
http://dx.doi.org/10.1016/j.newar.2003.12.004
http://arxiv.org/abs/astro-ph/0403052
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ASTRE,48,331
http://dx.doi.org/10.1051/0004-6361:20053726
http://arxiv.org/abs/astro-ph/0508617
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=ASTRO-PH/0508617
http://dx.doi.org/10.1016/j.newar.2005.01.019
http://arxiv.org/abs/astro-ph/0409563
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ASTRE,49,297
http://dx.doi.org/10.1088/1742-6596/120/6/062017
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=00462,120,062017
http://dx.doi.org/10.1086/323366
http://arxiv.org/abs/astro-ph/0103513
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=ASTRO-PH/0103513
http://arxiv.org/abs/astro-ph/9703192
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=ASTRO-PH/9703192
http://dx.doi.org/10.1016/j.physletb.2007.01.024
http://arxiv.org/abs/astro-ph/0703154
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B646,145
http://dx.doi.org/10.1103/PhysRevD.76.123506
http://arxiv.org/abs/0707.0196
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D76,123506
http://arxiv.org/abs/0812.0964
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0812.0964
http://arxiv.org/abs/0812.0219
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0812.0219


J
H
E
P
0
5
(
2
0
0
9
)
0
9
9

[23] W.H. Press and D.N. Spergel, Capture by the Sun of a galactic population of weakly

interacting, massive particles, Astrophys. J. 296 (1985) 679 [SPIRES].

[24] J. Silk, K.A. Olive and M. Srednicki, The photino, the Sun and high-energy neutrinos,

Phys. Rev. Lett. 55 (1985) 257 [SPIRES].

[25] T.K. Gaisser, G. Steigman and S. Tilav, Limits on cold dark matter candidates from deep

underground detectors, Phys. Rev. D 34 (1986) 2206 [SPIRES].

[26] K. Freese, Can scalar neutrinos or massive Dirac neutrinos be the missing mass?,

Phys. Lett. B 167 (1986) 295 [SPIRES].

[27] L.M. Krauss, M. Srednicki and F. Wilczek, Solar system constraints and signatures for dark

matter candidates, Phys. Rev. D 33 (1986) 2079 [SPIRES].

[28] A. Gould, Resonant enhancements in WIMP capture by the Earth,

Astrophys. J. 321 (1987) 571 [SPIRES].

[29] J. Lundberg and J. Edsjo, WIMP diffusion in the solar system including solar depletion and

its effect on Earth capture rates, Phys. Rev. D 69 (2004) 123505 [astro-ph/0401113]

[SPIRES].

[30] CDMS collaboration, Z. Ahmed et al., Search for weakly interacting massive particles with

the first five-tower data from the cryogenic dark matter search at the Soudan Underground

Laboratory, Phys. Rev. Lett. 102 (2009) 011301 [arXiv:0802.3530] [SPIRES].

[31] XENON collaboration, J. Angle et al., First results from the XENON10 dark matter

experiment at the Gran Sasso National Laboratory, Phys. Rev. Lett. 100 (2008) 021303

[arXiv:0706.0039] [SPIRES].

[32] G. Jungman, M. Kamionkowski and K. Griest, Supersymmetric dark matter,

Phys. Rept. 267 (1996) 195 [hep-ph/9506380] [SPIRES].

[33] D. Tucker-Smith and N. Weiner, Inelastic dark matter, Phys. Rev. D 64 (2001) 043502

[hep-ph/0101138] [SPIRES].

[34] A.H.G. Peter and S. Tremaine, Dynamics of WIMPs in the solar system and implications for

detection, arXiv:0806.2133 [SPIRES].

[35] T. Damour and L.M. Krauss, A new WIMP population in the solar system and new signals

for dark-matter detectors, Phys. Rev. D 59 (1999) 063509 [astro-ph/9807099] [SPIRES].

[36] M. Vogelsberger et al., Phase-space structure in the local dark matter distribution and its

signature in direct detection experiments, arXiv:0812.0362 [SPIRES].

[37] CDMS-II collaboration, P.L. Brink et al., Beyond the CDMS-II dark matter search:

superCDMS, astro-ph/0503583 [SPIRES].

[38] E. Aprile et al., XENON: a 1-tonne liquid xenon experiment for a sensitive dark matter

search, astro-ph/0207670 [SPIRES].

[39] http://lux.brown.edu/index.html (2008).

[40] V. Barger, W.-Y. Keung, G. Shaughnessy and A. Tregre, High energy neutrinos from

neutralino annihilations in the Sun, Phys. Rev. D 76 (2007) 095008 [arXiv:0708.1325]

[SPIRES].

[41] IceCube collaboration, A. Achterberg et al., First year performance of the IceCube neutrino

telescope, Astropart. Phys. 26 (2006) 155 [astro-ph/0604450] [SPIRES].

– 11 –

http://dx.doi.org/10.1086/163485
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ASJOA,296,679
http://dx.doi.org/10.1103/PhysRevLett.55.257
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,55,257
http://dx.doi.org/10.1103/PhysRevD.34.2206
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D34,2206
http://dx.doi.org/10.1016/0370-2693(86)90349-7
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B167,295
http://dx.doi.org/10.1103/PhysRevD.33.2079
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D33,2079
http://dx.doi.org/10.1086/165653
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ASJOA,321,571
http://dx.doi.org/10.1103/PhysRevD.69.123505
http://arxiv.org/abs/astro-ph/0401113
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=ASTRO-PH/0401113
http://dx.doi.org/10.1103/PhysRevLett.102.011301
http://arxiv.org/abs/0802.3530
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0802.3530
http://dx.doi.org/10.1103/PhysRevLett.100.021303
http://arxiv.org/abs/0706.0039
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0706.0039
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://arxiv.org/abs/hep-ph/9506380
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9506380
http://dx.doi.org/10.1103/PhysRevD.64.043502
http://arxiv.org/abs/hep-ph/0101138
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0101138
http://arxiv.org/abs/0806.2133
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0806.2133
http://dx.doi.org/10.1103/PhysRevD.59.063509
http://arxiv.org/abs/astro-ph/9807099
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=ASTRO-PH/9807099
http://arxiv.org/abs/0812.0362
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0812.0362
http://arxiv.org/abs/astro-ph/0503583
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=ASTRO-PH/0503583
http://arxiv.org/abs/astro-ph/0207670
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=ASTRO-PH/0207670
http://lux.brown.edu/index.html
http://dx.doi.org/10.1103/PhysRevD.76.095008
http://arxiv.org/abs/0708.1325
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0708.1325
http://dx.doi.org/10.1016/j.astropartphys.2006.06.007
http://arxiv.org/abs/astro-ph/0604450
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=APHYE,26,155


J
H
E
P
0
5
(
2
0
0
9
)
0
9
9

[42] IceCube collaboration, D. Hubert and A. Davour, Search for neutralino dark matter with

the AMANDA neutrino telescope, prepared for 30th International Cosmic Ray Conference

(ICRC 2007), Merida, Yucatan, Mexico, July 3–11 2007, in arXiv:0711.0353, pg. 131–134

[SPIRES].

[43] Super-Kamiokande collaboration, S. Desai et al., Search for dark matter WIMPs using

upward through-going muons in Super-Kamiokande, Phys. Rev. D 70 (2004) 083523

[Erratum ibid. D 70 (2004) 109901] [hep-ex/0404025] [SPIRES].

[44] M.C. Gonzalez-Garcia, F. Halzen and M. Maltoni, Physics reach of high-energy and

high-statistics IceCube atmospheric neutrino data, Phys. Rev. D 71 (2005) 093010

[hep-ph/0502223] [SPIRES].

[45] S. Ritz and D. Seckel, Detailed neutrino spectra from cold dark matter annihilations in the

Sun, Nucl. Phys. B 304 (1988) 877 [SPIRES].

[46] J. Edsjo, Neutrino-induced muon fluxes from neutralino annihilations in the Sun and in the

Earth, Nucl. Phys. Proc. Suppl. 43 (1995) 265 [hep-ph/9504205] [SPIRES].

[47] V.D. Barger, W.-Y. Keung and G. Shaughnessy, Monochromatic neutrino signals from dark

matter annihilation, Phys. Lett. B 664 (2008) 190 [arXiv:0709.3301] [SPIRES].

[48] M. Honda, T. Kajita, K. Kasahara, S. Midorikawa and T. Sanuki, Calculation of

atmospheric neutrino flux using the interaction model calibrated with atmospheric muon

data, Phys. Rev. D 75 (2007) 043006 [astro-ph/0611418] [SPIRES].

[49] M. Cirelli et al., Spectra of neutrinos from dark matter annihilations,

Nucl. Phys. B 727 (2005) 99 [Erratum ibid. B 790 (2008) 338] [hep-ph/0506298] [SPIRES].

[50] J.D. March-Russell and S.M. West, WIMPonium and boost factors for indirect dark matter

detection, arXiv:0812.0559 [SPIRES].

[51] J. Liu, P.-f. Yin and S.-h. Zhu, Neutrino signals from solar neutralino annihilations in

anomaly mediated supersymmetry breaking model, Phys. Rev. D 77 (2008) 115014

[arXiv:0803.2164] [SPIRES].

[52] KIMS collaboration, H.S. Lee. et al., Limits on WIMP-nucleon cross section with CsI(Tl)

crystal detectors, Phys. Rev. Lett. 99 (2007) 091301 [arXiv:0704.0423] [SPIRES].

[53] P.J. Fox and E. Poppitz, Leptophilic dark matter, arXiv:0811.0399 [SPIRES].

[54] S.I. Dutta, M.H. Reno, I. Sarcevic and D. Seckel, Propagation of muons and taus at high

energies, Phys. Rev. D 63 (2001) 094020 [hep-ph/0012350] [SPIRES].

[55] J.F. Beacom, N.F. Bell, D. Hooper, S. Pakvasa and T.J. Weiler, Measuring flavor ratios of

high-energy astrophysical neutrinos, Phys. Rev. D 68 (2003) 093005 [Erratum ibid. D 72

(2005) 019901] [hep-ph/0307025] [SPIRES].

– 12 –

http://arxiv.org/abs/0711.0353
http://www.slac.stanford.edu/spires/find/hep/www?irn=7535821
http://dx.doi.org/10.1103/PhysRevD.70.083523
http://arxiv.org/abs/hep-ex/0404025
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-EX/0404025
http://dx.doi.org/10.1103/PhysRevD.71.093010
http://arxiv.org/abs/hep-ph/0502223
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0502223
http://dx.doi.org/10.1016/0550-3213(88)90660-8
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B304,877
http://dx.doi.org/10.1016/0920-5632(95)00487-T
http://arxiv.org/abs/hep-ph/9504205
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9504205
http://dx.doi.org/10.1016/j.physletb.2008.05.021
http://arxiv.org/abs/0709.3301
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0709.3301
http://dx.doi.org/10.1103/PhysRevD.75.043006
http://arxiv.org/abs/astro-ph/0611418
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=ASTRO-PH/0611418
http://dx.doi.org/10.1016/j.nuclphysb.2005.08.017
http://arxiv.org/abs/hep-ph/0506298
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0506298
http://arxiv.org/abs/0812.0559
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0812.0559
http://dx.doi.org/10.1103/PhysRevD.77.115014
http://arxiv.org/abs/0803.2164
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0803.2164
http://dx.doi.org/10.1103/PhysRevLett.99.091301
http://arxiv.org/abs/0704.0423
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0704.0423
http://arxiv.org/abs/0811.0399
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0811.0399
http://dx.doi.org/10.1103/PhysRevD.63.094020
http://arxiv.org/abs/hep-ph/0012350
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0012350
http://dx.doi.org/10.1103/PhysRevD.68.093005
http://arxiv.org/abs/hep-ph/0307025
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0307025

