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Capture rate calculation
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II. WIMP CAPTURE AND NEUTRINOS

As there are many assumptions needed to calculate the neutrino flux from the scattering cross-section, we will
do this in two ways. First, we will focus on a ‘standard’ calculation, with reasonable assumptions usually made in
the literature. We will then go through some of these assumptions and perform a conservative calculation where we
instead change our assumptions to see how low fluxes we can reasonably get for given scattering cross-sections.

A. Standard calculation

The number of neutralinos in the Sun, N , is described by the differential equation

dN

dt
= CC − CAN2 − CEN, (1)

where the three constants describe capture (CC), annihilation (CA), and evaporation (CE). For the masses of interest
here, the evaporation is small and can be neglected [18]. Note that CC depends on the scattering cross-sections on
the elements in the Sun, whereas CA depends on the annihilation cross-section. The neutralino annihilation rate ΓA

is then

ΓA ≡
1

2
CAN2 =

1

2
CCtanh2(t/τ) (2)

τ ≡ 1/
√

CCCA, (3)

where the present rate is found for t = t! # 4.5 · 109 years. When t!/τ $ 1 annihilation and capture are in
equilibrium, dN

dt = 0, and

ΓA =
1

2
CC . (4)

Thus, in equilibrium, ΓA only depends on the capture rate CC , i.e. ΓA only depends on the scattering cross-sections,
and not on the annihilation cross-section. From ΓA it is then straightforward (but tedious) to calculate the resulting
muon flux at a neutrino telescope for a given WIMP annihilation channel.

For the capture (CC) and annihilation (CA) we follow the treatment in Ref. [19] as implemented in DarkSUSY [14].
In short, we have to integrate the WIMP scatterings over the volume of the Sun and the velocity of the WIMPs in
the galactic halo and will here review the most essential steps in this calculation.

For the velocity of the WIMPs, we will here assume that it follows a Maxwellian distribution,

f(u)

u
=

√

3

2π

nχ

vd · v!

(

exp

(

−
3(u − v!)2

2v2
d

)

− exp

(

−
3(u + v!)2

2v2
d

))

, (5)

where u is the velocity of the WIMP (outside the potential well of the Sun), v! = 220 km/s is the velocity of the
Sun relative to the halo, vd = 270 km/s is the WIMP velocity dispersion, and nχ is the WIMP number density. We
assume that the local WIMP density is 0.3 GeV/cm3. At a given interaction point in the Sun, the WIMP velocity is
given by w =

√
u2 + v2, where v is the escape velocity at that point.

The WIMP capture rate per unit shell volume from element i in the Sun is [19]

dCi

dV
=

∫ umax

0

du
f(u)

u
wΩv,i(w), (6)

where Ωv,i(w) is the capture probability per unit time for element i. In Eq. (6) we integrate up to the velocity
umax = 2v

√
µ/(µ − 1) at which the WIMPs scatter to the escape velocity v. Here µ ≡ mχ/mi, for the WIMP mass

mχ and the mass mi of element i.
For scattering on heavier elements than Hydrogen, we also need to take decoherence into account by introducing a

form factor suppression. Following standard lore, we assume a Helm-Gould exponential nuclear form factor [19] for
the momentum transfer q on element i

|Fi(q
2)|2 = exp(−∆E/E0

i ) ; ∆E =
q2

2mχ
(7)

Capture on element i in volume element

w�v,i / ��ini(r)P (w0 < vesc)[FF suppr.]

u

w =
p u

2 + v2esc

w0

~A2 ~A2{
~A4

• Tremendous enhancements for heavy 
elements in the Sun. The form factor 
diminishes it somewhat though by reducing 
the first A2.

• Low velocity WIMPs are easier to capture.

A=atomic number



Earth Capture
Why are low velocities needed?

• Capture can only occur when a WIMP scatters off a nucleus to a 
velocity less than the escape velocity
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DM diffusion in the solar system

• DM particles are affected by the Sun and the planets (gravitational diffusion) in the course 
of being captured.

• See Gould ’91, Lundberg & Edsjö ’04, Peter ’09 and Sivertsson & Edsjö ’12 for more details

© 2008 David Edsjö



Diffusion by planets, e.g. Jupiter

u

w
w’

• In Jupiter’s frame of reference: w=w’

• In the Sun’s frame of reference, w’≠w (since Jupiter is moving) 
and it could happen that w’<vesc, i.e. that the WIMP is now 
gravitationally bound to the solar system.
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Gould diffusion ’91



Velocity distributions

���������	
�
�
����
����

���������	
����	
����
������	������
�����	���
���������	
��	

������������
	���
���������	
��	

������	

�����
	���
�������	
��	

������	

�����
	���
��
	���	
��	

������	

�����
	���
���������
��������	
��	

������	

�����
	���
��
	�����
��������	
��	

������	

�����
	���

��
�
��
��
 
�
!
�
�"
#
$

%

#%&'

()#%&'

')#%&'

*)#%&'

+)#%&'

,�����
������ �!�$

% (%% *%% -%% .%% #%%%

���������	
�
�
����
����

���������	
����	
����
������	������
�����	���
���������	
��	

������������
	���
���������	
��	

������	

�����
	���
�������	
��	

������	

�����
	���
��
	���	
��	

������	

�����
	���
���������
��������	
��	

������	

�����
	���
��
	�����
��������	
��	

������	

�����
	���

��
�
��
�
��

��
 �
!
�

�
�
�"

#
$

%

#&'%()

*&'%()

)&'%()

+&'%()

'%(,

-�����
����� !���$

% #% *% )% +%



History of Earth capture
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Jupiter effects on solar capture

• Traditionally, if a WIMP scatters to below the escape velocity (at that 
point in the Sun), it is considered captured. 

• Peter & Tremaine showed that if the WIMP after its first scatter reaches 
out to Jupiter, Jupiter can disturb the orbit so that it no longer passes 
through the Sun and eventually gets thrown out of the solar system.

• They found that this reduces the solar capture rate, especially for heavy 
WIMPs



History of Sun capture
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New analytical treatment
(supported by numerical simulations)

• New insight:

WIMP scatterings in the Sun from the galactic halo 
approximately follows Liouville’s theorem, meaning 
that the phase space density of bound WIMPs in 
this population matches the density from the 
gravitationally diffused WIMPs

• Will affect both Earth and Sun capture rates

Sivertsson & Edsjö, arXiv: 1201:1895, PRD to appear



Densities from weak capture in the Sun
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Capture rates in the Earth
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The reduced curves indicate how much the densities at most can be reduced 
(for a Gaussian) due to weak capture sampling the whole velocity distribution 

and not only the low-velocity part as gravitational diffusion does.



History of Earth capture
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History of Sun capture
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Summary of diffusion

• Jupiter depletion (for the Sun) not 
important. The depleted WIMPs are refilled 
from the halo

• Solar depletion (for the Earth) not 
important. The depleted WIMPs are refilled 
from scatterings of halo WIMPs in the Sun.

• Simple approximations as if Sun/Earth in 
free space (à la Gould ’91) roughly OK.



IceTop: Air shower detector

             80 stations/2 tanks each 

              threshold ~ 300 TeV

InIce array:

80 Strings 

60 Optical Modules

17 m between Modules

125 m between Strings

1450 m

2450 m

DeepCore array:

6 additional strings 

60 Optical Modules

7/10 m between Modules

72 m between Strings

AMANDA
120m x 450 m

The IceCube Detector



29-Apr-2011 Olga Botner 

IceCube complete - Dec 18 2010 

Photo: P. Rejcek, NSF 
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IceCube collaboration 33 institutions worldwide w. ~250 scientists 



• Direct detection 
and the neutrino 
signal from the 
Earth are both 
sensitive to the 
spin-independent 
scattering cross 
section 

• Large correlation

Neutrino-induced muon fluxes from the Earth

Dark disk not included
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Complementarity between neutrino 
detectors and direct detection

• As neutralino 
capture in the Sun 
is very efficient for 
SD scattering, we 
can place a limit on 
the SD scattering 
cross section with 
neutrino 
telescopes

• The limits are very 
competitive 
compared to direct 
searches

IceCube, arXiv:1112.1840
Wikström & Edsjö, arXiv:0903.2986,
see also Serpico & Bertone, arXiv:1006.3268, where 
relative uncertainties are studied (~factor of two)
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FIG. 6. Left: 90% confidence level upper limits on the spin–dependent neutralino–proton cross section, �SD
�p , as a function of

neutralino mass. The results from the analyses presented in this paper are shown as the black dots joined with lines to guide the
eye (solid and dashed for the W+W� and the bb̄ annihilation channels respectively). The shaded area represents the allowed
MSSM parameter space taking into account current accelerator, cosmological and direct dark matter search constrains. The red
curve shows the expected sensitivity of the completed IceCube detector. Results from Super–K [42], KIMS [43] and COUPP [44]
are also shown for comparison. Right: 90% confidence level upper limits on the spin–independent neutralino–proton cross
section, �SI

�p, as a function of neutralino mass. The results from the analyses presented in this paper are shown as the black
dots joined with lines to guide the eye (solid and dashed for the W+W� and the bb̄ annihilation channels respectively). The
shaded area represents the allowed MSSM parameter space taking into account current accelerator, cosmological and direct
dark matter search constrains. The red curve shows the expected sensitivity of the completed IceCube detector. Results from
CDMS [36] and Xenon [37] are also shown for comparison.

SUSY parameter space is being developed by the collab-
oration with data obtained with the 79–string detector.

Given that the Sun is essentially a proton target and
that the muon flux at the detector can be related to the
capture rate of neutralinos in the Sun, the IceCube lim-
its on the spin–dependent neutralino–proton cross section
are currently well below the reach of direct search exper-
iments, proving that neutrino telescopes are competitive
in this aspect. For the spin–independent limits, however,
direct dark matter search experiments can be competitive
due to the choice of target. Indeed, the latest results from
the XENON100 collaboration [37], using 100 days of live-
time, have already produced stronger spin independent
limits than those we present in this paper, as shown in
the right plot of figure 6. However there is some comple-
mentarity between direct and indirect searches for dark
matter given the astrophysical assumptions inherent to
the calculations. Both methods are sensitive to opposite
extremes of the velocity distribution of dark matter par-
ticles in the Galaxy (low–velocity particles are captured
more e�ciently in the Sun, high–velocity particles leave
clearer signals in direct detection experiments), as well
as presenting di↵erent sensitivity to the structure of the
dark matter halo (a local void or clump can deplete or
enhance the possibilities for direct detection).

The data set used in Analysis B covered the time un-
til the decommissioning of the AMANDA–II detector
in 2009. The denser configuration of the AMANDA–II
strings was of key importance on increasing the sensitiv-
ity to low neutralino masses, while the sparsely spaced

IceCube strings alone would have yielded a worse result.
In order to supplant the role of AMANDA–II as a low–
energy array, the IceCube collaboration has deployed the
DeepCore array [45] in the clear South Pole ice, in the
middle of the IceCube layout. DeepCore lies about 500 m
deeper than AMANDA–II and its placement in the cen-
ter of IceCube means that three layers of IceCube strings
can be used as a veto to reject down–going atmospheric
muons. The deployment of DeepCore was finalized in
December 2010 and it is currently taking data embedded
in the IceCube data acquisition system. DeepCore is ex-
pected to lower the energy threshold of IceCube to the
O(10 GeV) region, and therefore be an important asset
in future dark matter searches with IceCube.
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Tevatron limits

• SD scattering probes WIMP-proton(neutron) coupling. This 
is the same coupling that appears in p-p-colliders, for WIMP 
production. The experimental signature is a monojet, arising 
from initial state radiation
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Figure 3: Left panel: the constraints on the spin-dependent DM-proton scattering cross section for
the up, down and strange (bottom to top solid lines) axial-vector operators. The projected Tevatron
constraints for the up-type and vector coupling operator are shown in the dot-dashed line. Relevant
experimental bounds are also shown. Right panel: the same as the left panel but for the constraints
on the spin-indepedent DM-neutron scattering cross section.

because the scattering is not coherent over the whole nucleus, while there is no relative suppresion

between the two at high energies. Of the operators under consideration, spin dependent scattering is

caused by the axial vector operator O3. For a complete list of all operators, see [21].

Again, in order to compute the DM scattering cross section off a nucleon, N = p, n, we will need

〈N |O3|N〉, leading to

ONq
3 = ∆N

q

(

N̄γµγ5N
)

(χ̄γµγ5χ)

Λ2
,

with [18]

∆p
u = ∆n

d = 0.842 ± 0.012 ,

∆p
d = ∆n

u = −0.427 ± 0.013 ,

∆p
s = ∆n

s = −0.085 ± 0.018 . (8)

The total cross section is then

σNq
3 =

3µ2

π Λ4
(∆N

q )2 . (9)

The Tevatron limits on spin dependent dark matter scattering for the various operators are shown in

Figure 3 along with limits from XENON10 [4], COUPP [22], PICASSO [23] and ZEPLIN III [24]. For

the DM-proton spin-dependent scattering cross section (left panel) we have found that the Tevatron

limits are stronger than any other direct detection experiments for all three operators. For the DM-

8

Bai, Fox & Harnik, arXiv:1005.3797.
See also Goodman et al, arXiv:1005.1286
Fox et al, arXiv:1109.4398
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FIG. 6. Left: 90% confidence level upper limits on the spin–dependent neutralino–proton cross section, �SD
�p , as a function of

neutralino mass. The results from the analyses presented in this paper are shown as the black dots joined with lines to guide the
eye (solid and dashed for the W+W� and the bb̄ annihilation channels respectively). The shaded area represents the allowed
MSSM parameter space taking into account current accelerator, cosmological and direct dark matter search constrains. The red
curve shows the expected sensitivity of the completed IceCube detector. Results from Super–K [42], KIMS [43] and COUPP [44]
are also shown for comparison. Right: 90% confidence level upper limits on the spin–independent neutralino–proton cross
section, �SI

�p, as a function of neutralino mass. The results from the analyses presented in this paper are shown as the black
dots joined with lines to guide the eye (solid and dashed for the W+W� and the bb̄ annihilation channels respectively). The
shaded area represents the allowed MSSM parameter space taking into account current accelerator, cosmological and direct
dark matter search constrains. The red curve shows the expected sensitivity of the completed IceCube detector. Results from
CDMS [36] and Xenon [37] are also shown for comparison.

SUSY parameter space is being developed by the collab-
oration with data obtained with the 79–string detector.

Given that the Sun is essentially a proton target and
that the muon flux at the detector can be related to the
capture rate of neutralinos in the Sun, the IceCube lim-
its on the spin–dependent neutralino–proton cross section
are currently well below the reach of direct search exper-
iments, proving that neutrino telescopes are competitive
in this aspect. For the spin–independent limits, however,
direct dark matter search experiments can be competitive
due to the choice of target. Indeed, the latest results from
the XENON100 collaboration [37], using 100 days of live-
time, have already produced stronger spin independent
limits than those we present in this paper, as shown in
the right plot of figure 6. However there is some comple-
mentarity between direct and indirect searches for dark
matter given the astrophysical assumptions inherent to
the calculations. Both methods are sensitive to opposite
extremes of the velocity distribution of dark matter par-
ticles in the Galaxy (low–velocity particles are captured
more e�ciently in the Sun, high–velocity particles leave
clearer signals in direct detection experiments), as well
as presenting di↵erent sensitivity to the structure of the
dark matter halo (a local void or clump can deplete or
enhance the possibilities for direct detection).

The data set used in Analysis B covered the time un-
til the decommissioning of the AMANDA–II detector
in 2009. The denser configuration of the AMANDA–II
strings was of key importance on increasing the sensitiv-
ity to low neutralino masses, while the sparsely spaced

IceCube strings alone would have yielded a worse result.
In order to supplant the role of AMANDA–II as a low–
energy array, the IceCube collaboration has deployed the
DeepCore array [45] in the clear South Pole ice, in the
middle of the IceCube layout. DeepCore lies about 500 m
deeper than AMANDA–II and its placement in the cen-
ter of IceCube means that three layers of IceCube strings
can be used as a veto to reject down–going atmospheric
muons. The deployment of DeepCore was finalized in
December 2010 and it is currently taking data embedded
in the IceCube data acquisition system. DeepCore is ex-
pected to lower the energy threshold of IceCube to the
O(10 GeV) region, and therefore be an important asset
in future dark matter searches with IceCube.
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Effects of dark disk

• It has been suggested (Read et al, ’08) that 
as massive satellites fall into the Milky Way, 
their dark matter preferentially ends up in a 
dark disk, co-rotating with the stars

• If so, these dark matter particles move 
slowly with respect to the solar system, and 
are easier to capture (both by the Sun and 
by the solar system via gravitational 
diffusion) than regular halo dark matter



Dark disk model
• Model the dark disk as a Gaussian (like for the 

smooth component)

• with σ being the velocity dispersion and vlag 
being difference between the Sun’s and the dark 
disk’s rotational velocity

• Simple model: σ = vlag = 50 km/s, ρDD=ρsmooth
(as in Bruch et al, arXiv:0902.4001)
(cf. σ = 156 km/s and vlag=220 km/s for the smooth 
halo)

f(u) =
1

(2⇡�2)3/2
e�(u+vlag)

2/2�2



Dark disk velocity distributions
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Effects on solar fluxes
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Figure 1: Muon flux Φµ for Eµ > 1GeV at the Earth’s surface as a function of Mχ from neutrinos originating in the Sun, for the SHM (left panel) and the dark disc
(right panel). The dark disc boosts the muon flux by an order of magnitude for ρd/ρh = 1. Current experimental constraints on the muon flux from the Sun from
Super-Kamiokande [25], AMANDA-II [26, 31] and IceCube22 [27] along with the expected sensitivity of IceCube80 are over-plotted on the left panel. The closed
contours show – 95% (red/dashed) and 68% (green/solid) – of the probability density of CMSSM models consistent with both astrophysical and collider constraints,
and assuming flat priors. The colour-bar gives the relative probability density (see §4 for details).
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Figure 2: The phase space density at low velocities for the SHM (left panel) and the dark disc (right panel). The black/solid curve is the summed distribution of
bound (red/dotted) and unbound (orange/dash-dotted) particles from the Solar system simulations, used in the calculation of the capture rates. The blue/dashed line
shows the distribution of the free space Gaussian approximation. Note the vertical scales of the two plots differ by two orders of magnitude.

5.3. Sensitivity to the population bound to the Solar system
There is a spread in predicted bound WIMP distributions.

Although the following studies predicted the boundWIMP dis-
tribution for the SHM, the results generalise to arbitrary dark
matter distributions. On the high end, Gould [33] argued that
the low speed WIMP distribution resulting from gravitational
capture of WIMPs by the planets should be approximately the
free space Gaussian distribution function of Eq. (1). This ar-
gument was based on treating WIMP-planet encounters as lo-
cal, with the cumulative changes to WIMP speed treated in the
random walk approximation. Also using the local approxima-
tion, Lundberg and Edsjö [34] found a smaller low speedWIMP

distribution if they treated the Sun as being infinitely optically
thick to WIMPs. Damour and Krauss [35] considered a pop-
ulation of long-lived WIMPs captured in the Solar system by
elastic scattering in the Sun, but neglected subsequent scatters
of those WIMPs with solar nuclei. Bergström et al. [36] found
that this population could boost the annihilation rate of WIMPs
in the Earth by a factor of ∼ 100 for 60 GeV < Mχ < 130 GeV.

More recently, Peter [37, 38] has simulated ∼ 1010 WIMPs
bound to the Solar system by either gravitational capture or
elastic scattering in the Sun. Orbits were integrated in a toy
Solar system consisting of the Sun and Jupiter. WIMP trajecto-
ries were followed using a modified symplectic integration al-
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Bruch et al, arXiv:0902.4001

Fluxes from the Sun can be enhanced by
up to one order of magnitude

Without dark disk With dark disk



Effects on Earth fluxes

Bruch et al, arXiv:0902.4001

Fluxes from the Earth can be enhanced by
up to three orders of magnitude
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Figure 3: Muon flux Φµ for Eµ > 1GeV at the Earth’s surface as a function of Mχ from neutrinos originating in the Earth. The top row is calculated with the free
space Gaussian approximation of the velocity distribution, while for the bottom row the velocity distribution from the Solar system simulations is used. The sharp
decrease in the muon flux at high WIMP masses in the bottom row is caused by the kinematic cut-off of the capture rate (see text). Compared to flux from the
SHM (left panels) the flux from the dark disc (right panels) is boosted by two to three orders of magnitude for ρd/ρh = 1, depending on the specific model. Current
experimental constraints on the muon flux from the Earth from Super-Kamiokande [25] and AMANDA-II [26, 31] along with the expected sensitivity of IceCube80
are compared to the flux expected from the SHM. The closed contours show – 95% (red/dashed) and 68% (green/solid) – of the probability density of CMSSM
models consistent with both astrophysical and collider constraints, and assuming flat priors. The colour-bar gives the relative probability density (see §4 for details).
Note the vertical scales of the two bottom plots differ by two orders of magnitude as compared with the top plots.

gorithm, allowing for the possibility of further elastic scattering
in the Sun. The orbits were integrated until the WIMPs were
ejected or scattered onto orbits that no longer intersected the
Earth. The phase space density distribution of bound WIMPs
as a function of speed relative to the Earth is shown in Fig. 2 for
both the SHM and the dark disc. Also shown in Fig. 2 are the
phase space density distributions of only the Galactic WIMPs
(unbound to the Solar system) and the free space Gaussian ap-
proximation (denoted as “Free space” on relevant figures).

The bound velocity distribution is significantly smaller than
predicted by Gould [33] and Damour and Krauss [35], and sim-
ilar to that found by Lundberg and Edsjö [34]. While part of
the difference is due to elastic scattering in the Sun (especially
for the Damour and Krauss population), part of the difference

is due to simulating orbits in a toy Solar system. The cut-off in
the velocity distribution at u ∼ 9 km/s owes to the phase space
below being inaccessible to WIMPs in the toy Solar system due
to the conservation of the Jacobi integral of motion; interaction
with the inner planets is required to populate lower speeds. This
cut-off in speed translates to a cut-off in muon flux above a par-
ticular WIMP mass. Solving Eq. (3) for Mχ, and setting mi to
the mass of 56Fe (the dominant atomic species in the core of the
Earth), we find that the muon flux is exactly zero for Mχ > 700
GeV. The impact of the WIMPs bound to the Solar system on
the WIMP annihilation rate in the Earth depends crucially on
how effective the inner planets are at populating the phase space
below u = 9 km/s.

Given the uncertainty in the low speed WIMP distribution,
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Dark disk comments
• Could give dramatic enhancements for neutrino 

rates from the Sun (x10) and the Earth (x1000).

• However, these enhancements depend crucially 
on the unknown properties of the dark disk

• Direct detection rates are not affected as much, 
as the dark disk gives low recoil energies, buried 
in the background

• Halo stars constrain the density of the disk and 
it seems that the density cannot be too high. 
(Pestaña & Eckhart, arXiv:1009.0925, Bidin et al, arXiv:1011.1289, Sanchez-Salcedo et 
al, 1103.4356, Bidin et al, arXiv:1204.3924)



Uncertainties with respect to
direct detection

Input Direct 
detection

Neutrinos 
from Sun

Neutrinos 
from Earth

Velocity 
distribution, f(u)

“All” velocities, for 
low-masses, high-

velocity tail
Low velocities

Very low 
velocities, some 
solar diffusion 

effects

Form factor

Velocities ~200 
km/s => low 
momentum 

transfer

Velocities ~1500 
km/s =>

high momentum 
transfer

Velocities ~200 
km/s => low 
momentum 

transfer

Local density Sensitive to it now
Sensitive to 

average over last 
~108 years

Sensitive to 
average over last 

~109 years



Summary

• WIMP diffusion gets simpler when weak 
capture in the Sun is included. Free space 
approximation is quite good

• Neutrino searches (especially from the 
Sun) are competitive with direct detection 
searches

• A dark disk can enhance the neutrino 
signals tremendously (x10 for Sun, x1000 
for Earth). Existence still uncertain though.




