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timing that are transformed so that the WIMP accep-

tance regions of all detectors coincide.

After unblinding, extensive checks of the three candi-

date events revealed no data quality or analysis issues

that would invalidate them as WIMP candidates. The

signal-to-noise on the ionization channel for the three

events (ordered in increasing recoil energy) was measured

to be 6.7σ, 4.9σ, and 5.1σ, while the charge threshold

had been set at 4.5σ from the noise. A study on pos-

sible leakage into the signal band due to
206

Pb recoils

from
210

Po decays found the expected leakage to be neg-

ligible with an upper limit of < 0.08 events at the 90%

confidence level. The energy distribution of the
206

Pb

background was constructed using events in which a co-

incident α was detected in a detector adjacent to one

of the 8 Si detectors used in this analysis. Further-

more, as in the Ge analysis, we developed a Bayesian

estimate of the rate of misidentified surface events based

upon the performance of the phonon timing cut mea-

sured using events near the WIMP-search signal region

[22]. Classical confidence intervals provided similar esti-

mates [23]. Multiple-scatter events below the electron-

recoil ionization-yield region from both
133

Ba calibration

andWIMP-search data were used as inputs to this model.

The final model predicts an updated surface-event leak-

age estimate of 0.41+0.20
−0.08(stat.)

+0.28
−0.24(syst.) misidentified

surface events in the eight Si detectors.

This result constrains the available parameter space

of WIMP dark matter models. We compute upper lim-

its on the WIMP-nucleon scattering cross section using

Yellin’s optimum interval method [24]. We assume a

WIMP mass density of 0.3 GeV/c2/cm3
, a most probable

WIMP velocity with respect to the galaxy of 220 km/s,

a mean circular velocity of Earth with respect to the

galactic center of 232 km/s, a galactic escape velocity of

544 km/s [25], and the Helm form factor [26]. Fig. 4

shows the derived upper limits on the spin-independent

WIMP-nucleon scattering cross section at the 90% con-

fidence level (C.L.) from this analysis and a selection of

other recent results. The present data set an upper limit

of 2.4× 10
−41

cm
2
for a WIMP of mass 10 GeV/c2. We

are completing the calibration of the nuclear recoil energy

scale using the Si-neutron elastic scattering resonant fea-

ture in the
252

Cf exposures. This study indicates that our

reconstructed energy may be 10% lower than the true re-

coil energy, which would weaken the upper limit slightly.

Below 20 GeV/c2 the change is well approximated by

shifting the limits parallel to the mass axis by ∼ 7%. In

addition, neutron calibration multiple scattering effects
improve the response to WIMPs by shifting the upper

limit down parallel to the cross-section axis by ∼ 5%.

A model of our known backgrounds, including both

energy and expected rate distributions, was constructed

for each detector and experimental run for each of the

three backgrounds considered: surface electron recoils,

neutron backgrounds, and
206

Pb recoils. Simulations of

our background model yield a 5.4% probability of a sta-

tistical fluctuation producing three or more events in our

FIG. 4. Experimental upper limits (90% confidence level) for

the WIMP-nucleon spin-independent cross section as a func-

tion of WIMP mass. We show the limit obtained from the ex-

posure analyzed in this work alone (black dots), and combined

with the CDMS II Si data set reported in [22] (blue solid line).
Also shown are limits from the CDMS II Ge standard [11] and

low-threshold [27] analysis (dark and light dashed red), EDEL-

WEISS low-threshold [28] (orange diamonds), XENON10 S2-

only [29] (light dash-dotted green), and XENON100 [30] (dark
dash-dotted green). The filled regions identify possible signal

regions associated with data from CoGeNT [31] (magenta,
90% C.L., as interpreted by Kelso et al. including the effect
of a residual surface event contamination described in [32]),

DAMA/LIBRA [16, 33] (yellow, 99.7% C.L.), and CRESST

[18] (brown, 95.45% C.L.) experiments. 68% and 90% C.L.

contours for a possible signal from these data are shown in

blue and cyan, respectively. The asterisk shows the maxi-

mum likelihood point at (8.6 GeV/c
2
, 1.9× 10

−41
cm

2
).

signal region.

This model of our known backgrounds was used to in-

vestigate the data in the context of a WIMP+background

hypothesis. We performed a profile likelihood analysis in

which the background rates were treated as nuisance pa-

rameters and the WIMP mass and cross section were

the parameters of interest. The highest likelihood is

found for a WIMP mass of 8.6 GeV/c
2
and a WIMP-

nucleon cross section of 1.9×10
−41

cm
2
. The goodness-

of-fit test of this WIMP+background hypothesis results

in a p-value of 68%, while the background-only hypoth-

esis fits the data with a p-value of 4.5%. A profile like-

lihood ratio test including the event energies finds that

the data favor the WIMP+background hypothesis over

our background-only hypothesis with a p-value of 0.19%.

Though this result favors a WIMP interpretation over

the known-background-only hypothesis, we do not be-

lieve this result rises to the level of a discovery.

Exciting results from experiments



Low mass DM can be tested with the CMB

• CMB is well understood (linear physics)
   and very well measured by WMAP + Planck + ACT/SPT.

• DM annihilation is most important at high redshifts z > 100
   Thus halos are not very important. 
   No astrophysical backgrounds to worry about.
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χχ −→ bb̄ e±, pp̄, dd̄, γγ, νν̄

1

χχ −→ bb̄ e±, pp̄, dd̄, γγ, νν̄

DM annihilation to standard model particles

• e±  :  inverse Compton scatter with the CMB very quickly
        --> Boost CMB to higher energies.
         Medium energy photons photoionize the gas.

• p±  inverse Compton scatter slowly.

• γ    Delbruck scatter with the CMB.
        Ionize and Compton scatter with neutral atoms.

A.N. & Schwarz 2009, 2010; Cirelli & Panci 2009; Belikov & Hooper 2009;
Slatyer, Padmanabhan, & Finkbeiner 2009;  Furlanetto & Stoever 2010
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τ =
�

dt c ne(z) σT

DM annihilation to standard model particles



TT damped on small scales
EE boosted on large scales

no DM

with DM

no DM

with DM

A.N. 2012,  A.N. et al. in preparation.



Cl ∝ As (k/kpivot)
ns e−τ
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1

Damping of the TT spectrum is 
scale dependent due to causality

Red: no DM
Blue: with DM

Too much power 
on scales l < 100.Looks good

on scales l > 300.

BUT

Let’s increase As
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but increase As



Cl ∝ As (k/kpivot)
ns e−τ

�σav� < 8× 10−26 cm3/s for mχ = 100 GeV

1

Damping of the TT spectrum is 
scale dependent due to causality

300 600 1000 2500 2600

Red: no DM
Blue: with DM

Looks good
on scales l < 1000.

Too much power
on scales l > 2500.

BUT

Let’s increase ns

Let’s keep As fixed,
but increase ns



CMB Data & Variables

Cosmological:

Particle:

h, τ, ns, As,Ωbh2,Ωch2
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1
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Nuisance:  A_tSZ, A_kSZ, A_PS(100), A_PS(143), 
             A_PS(217), A_CIB(143), A_CIB(217)  [ PLANCK ]
             
             + A_SZ,  A_CIB_cl, A_CIB_ps  [SPT]

Data: PLANCK (for TT)
+ WMAP (for TT, EE and TE)
+  SPT (high ell TT)
+  ACT (high ell TT)
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Bounds on the WIMP mass:

Planck + WMAP + SPT + ACT m > 19.7 GeV

Planck + WMAP + SPT m > 23.0 GeV
Planck + WMAP + ACT m > 17.4 GeV

Preliminary results.
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                    without DM                   with DM 
100 x ombh2:    2.25 \pm 0.021               2.25 \pm  0.022
omch2:            0.116 \pm 0.0018             0.116 \pm 0.0019
H0:                69.6 \pm 0.87                 69.8 \pm 0.89            
10^9 As:           2.19 \pm 0.048               2.21 \pm 0.056
ns:                 0.961 \pm 0.006              0.966 \pm 0.007
\tau:              0.090 \pm 0.01               0.089 \pm 0.01

Planck + WMAP + SPT + ACT no DM

with DM



With simulated Planck Polarization data:

10 GeV

LCDM

m > 65 GeV at 95% CL !

82 uK sqrt(s); 30 months, 7 arcminutes.



Conclusions

•  WIMPs are well motivated dark matter candidates.
    Low mass WIMPS are favored by direct detection expts.

•  The CMB is a very clean probe of low mass WIMP dark matter.
    Current limits from Planck + WMAP + SPT + ACT
    disfavor WIMP mass < 20 GeV if f_{abs} = 1.0 and c/s = 1 pb.c

•  Low mass WIMPs annihilate at early times z > 100.
    The energy released is absorbed by gas
     --> The gas is ionized and heated.

•  Polarization data from Planck can constrain WIMP masses as large 
as 65 GeV for f_abs = 1.0 and c/s  = 1 pb.c !


