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Thermal relics - 
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2 The model independent result

Several analyses on the model-independent investigation of the DM annual
modulation signature have been performed in [7] as previously done in ref.
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Figure 1: Experimental model-independent residual rate of the single-hit scintil-
lation events, measured by DAMA/LIBRA-1,2,3,4,5,6 in the (2 – 6) keV energy
interval as a function of the time [6, 7]. The zero of the time scale is January 1st

of the first year of data taking of the former DAMA/NaI experiment. The experi-
mental points present the errors as vertical bars and the associated time bin width
as horizontal bars. The superimposed curve is the cosinusoidal function behavior
A cosω(t− t0) with a period T = 2π

ω
= 1 yr, with a phase t0 = 152.5 day (June 2nd)

and with modulation amplitude, A, equal to the central value obtained by best fit
over the whole data including also the exposure previously collected by the former
DAMA/NaI experiment. The dashed vertical lines correspond to the maximum
expected for the DM signal (June 2nd), while the dotted vertical lines correspond
to the minimum. See refs. [6, 7] and refs. therein.

[6] and refs. therein. In particular, Fig. 1 shows the time behaviour of
the experimental residual rates for single-hit events in the (2–6) keV energy
interval; as known, here and hereafter keV means keV electron equivalent.
The hypothesis of absence of modulation in the data can be discarded [6,
7]. Moreover, when the period and the phase parameters as well as the
modulation amplitude are kept free fitting the experimental residuals of
Fig. 1 with the formula: Acosω(t - t0), values well compatible with the
expectations for a signal in the DM annual modulation signature are found
[6, 7]. In particular, the phase – whose better determination is obtained by
using a maximum likelihood analysis [6, 7] – is consistent with about June
2nd within 2σ. For completeness, we note that a slight energy dependence
of the phase could be expected in case of possible contributions of non-
thermalized DM components to the galactic halo, such as e.g. the SagDEG
stream [8] and the caustics [9].

The data have also been investigated by a Fourier analysis, obtaining a
clear peak corresponding to a period of 1 year; the same analysis in other
energy region shows instead only aliasing peaks [6, 7].

DAMA

CoGeNT CRESST 

Has WIMP dark matter been detected ?

Bernabei et al 2010

Aalseth et al 2011 Angloher et al 2011



Outline-

• Direct detection experiments favor a light WIMP mχ ≈ 10 GeV

• Indirect detection experiments can check this !

• The CMB anisotropies have been measured to high accuracy.
   CMB theory is linear and well understood.

• We will use combined data from WMAP, SPT, BICEP, and QUaD.
   Watch out for Planck!



WIMPs annihilate to standard model particles.

• Energy is released by particle annihilation.

• Some of this energy is absorbed by gas. 
   The gas is heated and ionized.

Pierpaoli, PRL 2004
Chen, Kamionkowski, PRD 2004
Mapelli, Ferrara, Pierpaoli, MNRAS 2006
Chuzhoy, ApJ 2008
Natarajan, Schwarz, PRD 2008



WIMPs annihilate to standard model particles.



WIMPs annihilate to standard model particles.

Padmanabhan, Finkbeiner, PRD 2005
Slatyer, Padmanabhan, Finkbeiner, PRD 2009
Natarajan, Schwarz PRD 2009, PRD 2010
Galli, Iocco, Bertone, Melchiorri PRD 2009, PRD 2011
Hütsi, Chluba, Hektor, Raidal, A&A 2011
Natarajan, arXiv 2012

TT EE



The data set-
TT:  l < 750  WMAP 7yr  
     750 < l < 1500  SPT (2011)

TE:  l < 750  WMAP 7yr
  
EE:  l < 350  BICEP
     350 < l < 750  QUaD

Larson et al. (WMAP) ApJS 2011
Keisler et al. (SPT) ApJ 2011
Chiang et al. (BICEP) ApJ 2010
Pryke et al. (QUaD) 2009

TT

TE EE



CMB parameter estimation - 
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• Single step reionization at z = 10.5
• No running of the spectral index.
• Dark energy density constant with time.

CMB Boltzmann code CLASS J. Lesgourgues 2011
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χ2	 =	 92.5 / 96 d.o.f.

109 As = 2.24        ns = 0.97         h = 0.69
      Ωmh2  = 0.1395    Ωbh2 = 0.0225
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FIG. 4: The likelihood function and WIMP mass exclusion. (a) shows the normalized likelihood as
a function of 109As marginalized over other cosmological parameters, for different WIMP masses.
As the WIMP mass is increased, the likelihood function peaks for larger values of As. (b) shows
the likelihood marginalized over As, as a function of 1/mχ. WIMP masses below 7.6 GeV are
excluded at the 95% level for the bb̄ channel.

likelihood by integrating over variables:

L(a) =
�
dbL(a, b). (8)

Fig. 4(a) shows the normalized likelihood function for h = 0.69 and marginalized over other
cosmological parameters, as a function of 109As. Shown are likelihood curves for different
WIMP masses. Small WIMP masses result in a significant damping of the power spectrum,
and hence require a larger As to compensate, resulting in curves peaking at larger values
of As. The area under each likelihood curve is a measure of how well that model fits the
data. Fig. 4(b) shows the likelihood function marginalized over {As, ns, h,Ωbh2,Ωmh2},
as a function of 1/mχ. At the 95% confidence level, we are able to exclude a WIMP
mass mχ < 7.6 GeV for the specific channel χχ → bb̄, assuming a thermal annihilation
cross section and s-wave annihilation, and assuming no prior knowledge of cosmological
parameters. WIMP exclusion limits for other annihilation channels may also be obtained
from the above result, since ξ ∝ fem/mχ (see Eq. (4)). Thus, for the χχ → τ± channel,
we have fem = 0.65, which excludes WIMP masses mχ < 6.7 GeV. For the extreme case of
fem ≈ 1 obtained for χχ → e±, we exclude WIMP masses mχ < 10.3 GeV. We note that
ignoring the EE data resulted in slightly stronger bounds on the WIMP mass, and emphasize
that one must include all the available data when computing dark matter constraints.

We have seen in the previous section that WIMP annihilation leads to a damping in the
small scale TT and TE power spectra, requiring a larger value of As to compensate for
the damping. Since As ∝ σ2

8 for fixed Ωmh2, Ωbh2, and ns, this implies a proportionally
large value of σ8, where σ8 is the RMS matter fluctuation averaged over a scale of 8 Mpc/h.
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Why Planck will do better:  
Measuring the EE power spectrum - 

The overall amplitude As is nearly degenerate with mχ (and with τ )
The degeneracy can be overcome with CMB polarization.
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angle (small l) EE power spectrum provides valuable information that is complementary to

the information obtained from the TT power spectrum.
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FIG. 9: (a) shows the large angle EE power spectrum for mχ = ∞ (solid, red), as well as the

cases with dark matter annihilation (dotted green and blue). Also shown is the first data point

from the binned BICEP data release. (b) shows the result of 105 Monte Carlo simulations for

multipoles 20 ≤ l ≤ 50, assuming a ΛCDM model with no dark matter annihilation. The error

bars are set to n× cosmic variance. The two vertical lines indicate the median value of χ2
dm for

the mχ = 10 GeV model, for n = 4 and n = 3. Only 4.4 (0.25)% of the simulations (with no dark

matter annihilation) result in a χ2 larger than the median value of χ2
dm, for n = 4 (3).

Fig. 9 shows the EE power spectrum plotted for multipoles 20 ≤ l ≤ 50 for the standard

ΛCDM model, as well as models which include dark matter annihilation for mχ = 10 GeV

and mχ = 1 GeV. Also shown is the first data point from the BICEP results (The WMAP

experiment provides unbinned power spectra for 20 ≤ l ≤ 50, but the data is prohibitively

noisy). We have not included data for l < 20 since the power spectrum on those scales is

significantly affected by standard reionization by luminous sources. For l > 100, the power

spectrum is damped for the dark matter models, similar to the damping seen in the TT and

TE power spectra. The current data is insufficient for the large angle EE power spectrum

to be a useful probe of dark matter annihilation. We therefore perform a number of Monte

Carlo simulations to quantify the importance of the large angle polarization power spectrum.

We perform 105 Monte Carlo simulations to predict the outcome of a real experiment.

We restrict our discussion to light dark matter particles of mass mχ ∼ 10 GeV which are

motivated by the results of direct detection experiments. We also assume that the correct

theory is the standard ΛCDM model without WIMP dark matter annihilation, and test the

ability of future experiments to constrain dark matter with mχ ∼ 10 GeV. The assumed

true parameters are determined by the cosmological model that provides the best fit to the

TT power spectrum data, and are given by {h = 0.69, ns = 0.97, 109As = 2.245,Ωbh2 =

0.0225,Ωmh2 = 0.140}. One-step reionization at z∗ = 10.5 is assumed. For each value of l,
the simulated EE power spectrum CEE

l is a Gaussian distributed random number with a
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4 x cosmic variance

3 x cosmic variance
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0
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As (σ8) is fixed by the TT power spectrum.
Thus, the mχ As degeneracy is broken by EE + TT.

WMAP: EE error ≈ 50 x cosmic variance at l = 40. 
Planck: Instrument noise ≈ cosmic variance at l = 20. 
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Why Planck will do better:  
Measuring the EE power spectrum - 

143P Polarization sensitive channel:
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Ωχ = (nχ/s)0 s0 mχ / ρcrit

Ωχh
2 = 0.106

mean value given by the assumed theory, and a variance δCEE
l equal to n × cosmic variance

(assuming full sky coverage):

δCEE
l

CEE
l

= n×
�

2

2l + 1
. (21)

We fit each Monte Carlo simulated data set from l = 20 to l = 50 with the assumed

correct theory. In each case, we compute the value of χ2
(with 31 degrees of freedom). Fig.

9(b) shows the number of Monte Carlo simulations that result in a given value of χ2
within

a bin of size ∆χ2
= 1, along with the best fit χ2

distribution. We then fit each Monte

Carlo simulation with the model that includes dark matter annihilation for mχ = 10 GeV,

assuming error bars of 4, and 3 × cosmic variance. The two solid lines show the median

value of χ2
, over 10

5
simulations. For n = 4, only 4.4% of the Monte Carlo simulations

result in a value of χ2
exceeding the median value of χ2

dm = 45.6 obtained for the mχ=10

GeV scenario. For n = 3, only 0.25% of the simulations result in a χ2
exceeding the median

χ2
dm = 57.6. We therefore expect that a dark matter mass mχ ∼ 10 GeV may be excluded at

the 95.6% (99.7%) confidence level provided the error bars are smaller than 4 (3) × cosmic

variance. For comparison, the current WMAP unbinned EE data has an error bar ∼ 47×
cosmic variance at l = 40.

It is important to note that the fit cannot be improved by varying As, the parameter most

degenerate with the effect of dark matter annihilation. This is because the value of As is fixed

independently by the TT power spectrum data. For the case of the standard theory without

dark matter annihilation (mχ ∼ ∞), the fit to the TT power spectrum data yields χ2
min =

46.8/48 d.o.f. for 10
9As = 2.245, with the other parameters set to the values mentioned

earlier. When the particle mass is reduced to mχ = 10 GeV with the value of As fixed, one
obtains χ2

= 254/48 d.o.f. which is conclusively ruled out by the data. However, the value

of As is not fixed, and increasing 10
9As to 2.370 reduces the value of χ2

to 50.8/48 d.o.f.,

which while still disfavored by the data, is not excluded at high significance. Increasing the

value of As to better fit the TT data would worsen the fit to the EE data since a damping

in the small angle TT power spectrum is accompanied by a boost in the large angle EE
power spectrum. With the new value of As, the median χ2

for the n = 4 (3) cases increases

from 45.6 (57.6) to 51.3 (67.8) with 31 d.o.f.

Let us now consider the Planck experiment. The error bar at multipole l is given by

[72, 73]:

δCEE
l

CEE
l

=

�
2

2l + 1

1

f 1/2
sky

�

1 +
(fskyw)−1

CEE
l

el(l+1)σ2
b

�

. (22)

w−1
= σ2

pix θ
2
fwhm is the inverse weight per solid angle. σpix is the pixel noise, θfwhm is the

beam full width at half maximum, fsky is the fraction of sky covered, and σb = θfwhm/
√
8 ln 2.

The number of pixels ≈ 4π/θ2fwhm. The inverse weight per solid angle is then given by

w−1
= 4π(∆T )2/(t×nbol), where ∆T is the noise equivalent temperature per bolometer, t is

the observation time, and nbol is the number of bolometers for the given frequency channel.

For the 143 GHz polarization sensitive channel of Planck (143P), ∆T = 82 µK
√
s, nbol =

8, and θfwhm = 7
�
[74], giving us w−1

= 2.7(1.1) × 10
−4µK2

for t = 15 months (3 years).

Assuming fsky ≈ 0.65 [75], we find that the Planck mission can exclude mχ = 10 GeV with

EE power spectrum data from 20 < l < 50 at <∼ 2σ with 15 months observation time and

at > 3σ significance with 3 years observation time. The combined TT + TE +EE data set

from Planck will provide even better constraints.
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WIMP mass > 10 GeV at > 3    with 2 year obs. with Planckσ



Conclusions-

• The CMB is a good probe of low mass WIMPs. 
   We analyzed data from the WMAP, SPT, BICEP, and QUaD expts.

• Data from CMB observations requires mχ > 7.6 GeV (95% C.L.)
   for the simplest WIMP models. 

   

• The degeneracy between As and e-2τis broken by polarization. 
   Accurate measurements of the EE polarization for l > 20 will place
   strong constraints on DM properties.


