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Outline

• Direct detection of dark matter 

• The problem of astrophysical uncertainties 

• What goes wrong? 

• A method of controlling astrophysical uncertainties 

• Combining direct detection and neutrino telescopes
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Direct detection

Astrophysics Particle physics

2.1. DIRECT DETECTION FORMALISM 29

Figure 2.1: Spin-independent di↵erential event rates predicted for the
nuclear targets Xenon (solid blue), Germanium (dashed green) and
Argon (dot-dashed red) and for several WIMP masses m�, assuming
fp = fn. We assume a Standard Halo Model speed distribution, ⇢0 =
0.3 GeV cm�3 and a spin-independent cross section �p

SI = 10�45 cm2.
The Helm form factor [196] is assumed (see Sec. 2.3.1).
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Astrophysical uncertainties

Need to know: 

• DM density,      , controls overall normalisation of rate  

• Speed distribution,           , controls shape of recoil 
spectrum and is degenerate with DM mass        
 
A given nuclear recoil could be caused by a slow-moving, 
heavy DM particle, or a fast-moving, light particle.
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⇢0 ⇠ 0.2� 0.6GeV cm�3 Read (2014) [arXiv:1404.1938]



Bradley Kavanagh - ICAP@IAP 09/01/2015

                Uncertainties in       f1(v)

Typically assume Standard Halo Model (SHM) - a smooth, 
equilibrated halo with                  . However, there could be 
a contribution from a dark disk (DD), streams, tidal flows…

⇢(r) / r�2
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What could possibly go wrong?

Generate mock data for 3 future experiments (Xe, Ge, Ar) assuming a 
stream distribution function. Reconstruct                  assuming:(m�,�

SI
p )

(correct) stream distribution (incorrect) SHM distribution

Benchmark

Best fit
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Trying to fix the problem

f1(v) =
N�1X

k=0

akv
k = a0 + a1v + a2v

2 + ...

We want to be able to write down a general form for the 
speed distribution. Try:

But negative values cannot 
correspond to physical 
distribution functions…

Many other approaches have also 
been proposed: Strigari & Trotta, Fox 
et al., Frandsen et al., Peter, Feldstein 

& Kahlhoefer…
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Parametrising   f1(v)

We want to be able to write down a general form for 
the speed distribution which is everywhere positive.

Now we can fit not only                 but also the speed 
distribution parameters  

(m�,�
SI
p )

{ak}

f1(v) = v2 exp

 
N�1X

k=0

akv
k

!

Note: factor of     comes from volume element of the 
distribution function  
v2

d3v
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Result

Tested over a range of WIMP masses and 
distribution functions [arXiv:1312.1852]

Using incorrect 
assumption about   f1(v)

Using parametrisation 
for   f1(v)
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Cross section degeneracy

This is a problem for any 
astrophysics-independent method!
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Including IceCube data

IceCube is sensitive to neutrinos from WIMP annihilations 
in the Sun 

Solar capture occurs preferentially for low speed WIMPs - 
they have less energy to begin with

Combining IceCube and direct detection mock data 
should give us complementary information about WIMPs of 

all speeds 

Sun is mostly spin-1/2 Hydrogen - so also need to include 
spin-dependent interactions
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Complementarity

Direct detection only

Direct detection + IceCube

Consider a single benchmark:

annihilation to         , SHM+DD distribution⌫µ⌫̄µ
m� = 30GeV; �p

SI = 10�45 cm2; �p
SD = 2⇥ 10�40 cm2

Benchmark

Best fit
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Conclusions

• Poor astrophysical assumptions can lead to biased results for the WIMP 
mass and cross sections 

• Demonstrated a general parametrisation which allows us to fit the speed 
distribution, along with other parameters 

• Allows an unbiased measurement of the WIMP mass from future direct 
detection data 

• Lack of sensitivity to low speed WIMPs means cross section would remain 
unknown - a problem faced by any method which makes no assumptions 

• Introducing future IceCube data can break this degeneracy and allows us 
to pin down the WIMP mass and cross section - and even reconstruct           
itself!

f1(v)
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NewDark

Thank you
Questions?
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Mass reconstruction

Ideal experiments Realistic experiments

Non-zero backgrounds 
Finite energy resolution

Background-free 
Perfect energy resolution
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Reconstructing the speed distribution

SHM
SHM+DD

Best fit

True SHM+DD distribution

Direct detection only
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Reconstructing the speed distribution

SHM
SHM+DD

Best fit

True SHM+DD distribution

Direct detection + IceCube
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How many terms?
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`Shapes’ of the speed distribution
10

FIG. 3. Example shapes for the directionally-averaged veloc-
ity distribution f(v). These are labeled i-iv and are referred
to in the text of Sec. IV, V and VI to explain the di↵erent
regions of parameter space which can be fit to the data. For
comparison, the Standard Halo Model (SHM) and the SHM
with a dark disk (SHM+DD) are shown as dashed blue and
dot-dashed green lines respectively.

A) this is counteracted by the steep velocity integral at
low speeds, due to the presence of the dark disk.

Again, when we allow the speed distribution to vary,
the contours are significantly wider. In the case of the
binned speed distribution, the likelihood peaks at around
m� ⇡ 50 GeV, compared to the input value of 100 GeV.
A possible bias in the WIMP mass when using the binned
distribution has been noted previously [4, 31], although
in this case the e↵ect is relatively minor and the input
value lies within the 68% contours. When the polyno-
mial parametrisation is used, the best-fit point is closer
to the input parameter values. However, there is a
strong degeneracy between the mass and the cross sec-
tions, and consequently for both parameterisations the
displacement of the best-fit point away from the input
parameter values is much smaller than the uncertainties
on the parameters.

A significant di↵erence between the two parameterisa-
tions is that the contours for the polynomial parametri-
sation extend up to large values of �SI

p

and �

SD

p

(this is
most apparent in the lower-right panel of Fig. 4). This
is a manifestation of the degeneracy described in Sec. I.
Direct detection experiments do not probe the low-speed
WIMP population. Thus, a velocity integral which is
compatible with the input one in the region probed by the
experiments but sharply increasing towards low speeds
can still produce a good fit, provided that the cross sec-
tion is also increased to give the correct total number
of events. An example of such a distribution is shown
in Fig. 3, labeled ‘iii’. These rapidly varying distribu-
tions are more easily accommodated in the polynomial
parametrisation than in the binned one, which explains
why the contours do not extend to large cross sections in
that case (top row).

This region at large cross sections for the polynomial
parameterisation did not appear in the case of benchmark
A. This is because the parameter space describing the
shape of the speed distribution is very large and distri-
bution functions which rise rapidly at low v do not make
up a large fraction of the parameter space and, there-
fore, may not be well explored. In the case of benchmark
B (which has a dark disk component), the input f(v)
is already increasing towards low speeds. This means
that such rapidly rising distributions are better explored
and this degeneracy becomes clear. The degeneracy up
to high cross sections would become manifest for bench-
mark A if significantly more live points were used in the
parameter scan. Therefore, the boundaries of the con-
tours in Fig. 2 for benchmark A at large �

SI

p

and �

SD

p

should be considered as lower limits.

C. Benchmark C

Figure 5 shows the results for benchmark C, for which
the mass is reduced to 30 GeV, with cross sections of
�

SI

p

= 10�45 cm2 and �

SD

p

= 2 ⇥ 10�40 cm2 and a SHM
f(v). As for benchmarks A and B, using a fixed speed
distribution (black dashed) leads to closed contours and
tight constraints on the WIMP parameters and, with the
binned parametrisation (top row), there again appears to
be a slight bias towards lower WIMP masses, although
the contours are not significantly widened. Indeed, for
a binned f(v), the reconstruction works quite well and
all three quantities are determined with a good precision
(approximately one order of magnitude for the cross sec-
tions and a factor of 2 for the WIMP mass). However,
the results of the scan using the polynomial parametri-
sation (bottom row) are dramatically di↵erent. The 95%
confidence contours now extend up to m� ⇡ 100 GeV,
owing to the wide range of functional forms which can
be explored by this parametrisation. The degeneracy in
the cross sections up to large values is even more pro-
nounced than in the case of benchmark B. The lower in-
put WIMP mass of benchmark C means that the region
not covered by direct detection experiments extends up
to v ⇠ 200 km s�1, giving more freedom to the velocity
integral to increase at low v.

For the polynomial parametrisation, the contours ex-
tend down to arbitrarily small values of �SD

p

. As in the
case of the higher mass benchmarks, explaining the data
with only SI interactions requires a steeper velocity in-
tegral. For the low mass benchmarks, the fiducial spec-
trum is already relatively steep, requiring a velocity in-
tegral which is even steeper to give a good fit to the
data at higher values of m�. This is possible using the
rapidly-varying polynomial parametrisation but not us-
ing the binned parametrisation, allowing the low �

SD

p

re-
gion to enter the confidence contours only in the former
case.


