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Searches for (WIMP) dark matter	  
•  Indirect detection! •  Collider production! •  Direct detection!
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Direct detection	  

Flux of DM!

Detector!

Target nucleus!

 Christopher McCabe   IPPP - Durham University!



Direct detection	  

Nucleus!

DM!
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Direct detection	  

Scintillation 

Ionization 

DAMA/LIBRA!
KIMS!
XMASS!
DEAP/CLEAN!

CoGeNT!
MAJORANA!

CDMS!
EDELWEISS!

XENON!
ZEPLIN!
LUX!
PandaX!
DarkSide!

CRESST-II!

Phonon/Heat COUPP!
PICASSO!
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Roadmap for this talk	  

•  Summary of direct detection experimental results: !
focus on XENON10, XENON100 and CDMS-Si!

•  Compare CDMS-Si and XENON10/XENON100:!
1.  under the standard theoretical assumptions!
2.  beyond the standard theoretical assumptions!
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Latest results	  
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XENON100: 1207.5988 



Latest results: low mass region	  
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(DAMA) 

(CRESST-II) 

XENON100 

XENON10 

(CoGeNT) 

(DAMA) 

CDMS-Si 

CDMS-II: 1304.4279 

•  Focus on CDMS-Si, XENON10 and XENON100 in this talk!



CDMS-Si	  
•  140 kg-days (July 2007- Sept 

2008) with silicon detectors !
•  Previous CDMS results used 

germanium detectors!
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•  Three events passed all 
cuts (0.7 expected)!

•  DM + background 
hypothesis preferred 
over known-background 
only hypothesis at 
99.8% C.L.!

CDMS-II: 1304.4279 



XENON100	  
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•  S2/S1 discriminates 
between electronic !    
and nuclear recoils!

•  Two events passed all 
cuts in 225-day run     
(1.0 ± 0.2 expected)!

XENON100: PRL, 1207.5988 



XENON10 (S2-only)	  
•  XENON10 analysed 12-day run (from 2006) with S2-only:!
-  Pro: Energy threshold of S2 is significantly lower than S1!
-  Con: Lose electronic/nuclear recoil discrimination (23 events 

in the signal region)!

 Christopher McCabe   IPPP - Durham University!

XENON10: PRL, 1104.3088 



XENON10 (S2-only) limit	  
•  Published XENON10 limit 

in PRL paper:!

 Christopher McCabe   IPPP - Durham University!

•  Our analysis did not agree:!
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XENON10 (S2-only) limit	  
•  Published XENON10 limit 

in PRL paper!
•  Erratum with corrected 

limit agrees with our 
analysis:!
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•  Our analysis did not agree:!
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•  Small region of compatibility between CDMS-Si signal and 
XENON10 and XENON100 limits!

Summary of experimental results	  
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•  Rate for spin-independent scattering:!

where                                              , !

•                             : minimum DM speed for nucleus to recoil !
!with energy!

•  Standard theoretical assumptions:!
1.  ‘Standard Halo Model’!
2.  Short range interaction!
3.  Equal couplings to protons and neutrons!
4.  Elastic scattering!
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s
mNER
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Confronting experiment with theory	  
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•  Truncated Maxwell-Boltzmann velocity distribution (in 
Galactic frame):!

•  Canonical values are                     and!

•  Typical ranges are: !

Standard Halo Model	  
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Beyond the Standard Halo Model	  
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1.  Vary galactic parameters:!
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2.  Introduce a ‘debris flow’:!

•  Modifying astrophysical-parameters does not improve agreement!

Beyond the Standard Halo Model	  
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Lisanti, Spergel: 1105.4166 
Kuhlen, Lisanti, Spergel: 1202.0007 

Tidally stripped (from 
subhalos) component 
near the galactic centre!
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Mapping results to velocity integral	  
•  Scattering rate depends on 

the ‘velocity integral’!
•  Changes in astrophysical 

parameters enter here!

•  CDMS-Si, XENON10 and 
XENON100 probe same 
‘velocity integral’!

  Cannot improve agreement  
by varying astrophysical 
parameters!
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•  Standard assumption: DM scatters with a short range contact 
interaction – via a ‘heavy (                         ) mediator’!

•  Parameterise long-range interaction by:                                                            
(                    is the momentum transfer)!

•  Agreement does not improve:               for light DM!

Beyond short range interactions	  
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Beyond equal p and n couplings	  
•  Assumed equal couplings to protons and neutrons!

•  More generally:!

•  If               , get destructive interference!

•  Known mediators:!
!- Photon ! ! ! !- Z-boson ! ! ! !- Higgs!

•  DM mediated by new Z’ could give other values!
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d�

dER
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fn/fp = 0 fn/fp =
�1

1� 4 sin2 ✓W
⇡ �13.2 fn/fp ⇡ 1

fn/fp < 0

See Frandsen et al: 
1107.2118 & 1204.3839 



Beyond equal p and n couplings	  
•  Assumed equal couplings to protons and neutrons!

•  More generally:!

•  Xenon constraints can be significantly weaker!
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Beyond elastic scattering	  
•  For inelastic scattering, can 

up-scatter (                       ) 
or down-scatter (        ) to a 
different mass eigenstate!
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Summary	  
•  CDMS-Si detected 3 events: !

-  DM + background hypothesis preferred at ~ 3σ C.L.!
•  Strong constraints from XENON10 and XENON100!

•  Attempts to alleviate tension:!
-  Vary astrophysical parameters!
-  Short range interaction!
-  Distinct couplings to protons and neutrons!
-  Inelastic scattering:!

-  Up-scattering!
-  Down-scattering!
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Backup slides – CDMS-Si signal	  
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CDMS-Si background distribution	  
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Limits for fn/fp=-0.7	  

 Christopher McCabe   IPPP - Durham University!

Frandsen, Kahlhoefer, CM, Sarkar, 
Schmidt-Hoberg:1111.0292 
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Signal at XENON100?	  
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Hooper: 1306.1790 



Backup slides – other signals	  
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DAMA/LIBRA	  
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Bernabei et al:1002.1028 
Event rate over time:!

Modulation 
amplitude:!



CoGeNT (Ge) – unmodulated signal	  

‘Excess’:!
Dark matter?!
Background?!

Aalseth et al:1106.0650 
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CoGeNT – surface event cut	  

Cut events with large rise time!

Pre-cut!

Post-cut!

Aalseth et al:1106.0650 

Aalseth et al:1002.4703 
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CoGeNT – at TAUP (Sept. 2011)	  
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FIG. 1: In the upper-left frame, we show the raw spectrum of nuclear recoil candidate events as observed by CoGeNT, as
originally presented in Ref. [5]. In the other three frames, this spectrum has been corrected using three di↵erent estimates for
CoGeNT’s surface event correcton factor, as shown in Fig. 2. In each frame, a spectrum of events from dark matter is shown
(dashed line), along with this signal plus a flat background from Compton scattering (solid line).

0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

E HkeVeeL

Su
rf
ac

e
Ev

en
t
Co

rr
ec

ti
on

Fa
ct
or

FIG. 2: CoGeNT’s surface event rejection correction factor (the fraction of nuclear recoil candidate events that are not surface
events) as recently presented in Ref. [13]. The four curves shown (including the horizontal line) correspond to the correction
factors used to generate the corresponding spectra in Fig. 1.

factor. As mentioned previously, the upper-left frame of
Fig. 1 depicts the spectrum of events assuming a per-
fect surface event rejection e�ciency (100% of all surface
events are identified as such, at all energies). The other

three frames show the remaining spectrum of events after
applying the most mild (green), central (red), and most
stringent (blue) correction factor, as shown in Fig. 2, to
the raw spectrum. For each of these choices of the surface

Cut may not be efficient at low energies:!

Is there any excess left 
if we remove another 
70% of the events?!

 Christopher McCabe   IPPP - Durham University!



Surface events 
do not modulate!

CoGeNT – modulated signal	  

2.8 �

Modulation 
preferred !
at!

Aalseth et al:1106.0650 

Modulation 
below 3 keVee!
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CRESST-II (CaWO4)	  
G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search 15

M1 M2

e/�-events 8.00± 0.05 8.00± 0.05

↵-events 11.5+2.6
�2.3 11.2+2.5

�2.3

neutron events 7.5+6.3
�5.5 9.7+6.1

�5.1

Pb recoils 15.0+5.2
�5.1 18.7+4.9

�4.7

signal events 29.4+8.6
�7.7 24.2+8.1

�7.2

m� [GeV] 25.3 11.6

�WN [pb] 1.6 · 10�6 3.7 · 10�5

Table 4. Results of the maximum likelihood fit. Shown are
the expected total contributions from the backgrounds consid-
ered as well as from a possible WIMP signal, for the parameter
values of the two likelihood maxima. The small statistical er-
ror given for the e/�-background reflects the large number of
observed events in the e/�-band. The other errors correspond
to a 1� confidence interval as determined by MINOS (see Sec-
tion 5.1). The corresponding WIMP mass and interaction cross
section are listed for each of the two likelihood maxima.

one event per module according to the choice of the ac-
ceptance region, with a negligible statistical uncertainty
due to the large number of events in the e/�-band. The
lead recoil and the ↵-background are similar to our simple
estimates given in Section 4. Both these backgrounds are
slightly larger than the contribution from neutron scatter-
ings. In the context of the latter, the fit assigns roughly
half of the coincident events to neutrons from a radioac-
tive source and to muon-induced neutrons, respectively.
This translates into about 10% of the single neutron back-
ground being muon-induced.

In both likelihood maxima the largest contribution is
assigned to a possible WIMP signal. The main di↵erence
between the two likelihood maxima concerns the best-fit
WIMP mass and the corresponding cross section, with
m� = 25.3GeV in case of M1 and m� = 11.6GeV for the
case M2. The possibility of two di↵erent solutions for the
WIMP mass can be understood as a consequence of the
di↵erent nuclei present in our target material. The given
shape of the observed energy spectrum can be explained
by two sets of WIMP parameters: in the case of M1, the
WIMPs are heavy enough to detectably scatter o↵ tung-
sten nuclei (cp. Fig. 1), about 69 % of the recoils are on
tungsten, ⇠ 25 % on calcium and ⇠ 7 % on oxygen, while
in M2, oxygen (52 %) and calcium recoils (48 %) constitute
the observed signal and lead to a similar spectral distri-
bution in terms of the recoil energy. The two possibilities
can, in principle, be discriminated by the light yield dis-
tribution of the signal events. However, at the low recoil
energies in question, there is considerable overlap between
the oxygen, calcium, and tungsten bands, so that we can
currently not completely resolve the ambiguity. This may,
however, change in a future run of the experiment.

Fig. 11 illustrates the fit result, showing an energy
spectrum of all accepted events together with the expected
contributions of backgrounds and WIMP signal. The solid
lines correspond to the likelihood maximum M1, while
the dashed lines belong to M2. The complicated shape
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Fig. 11. (Color online) Energy spectrum of the accepted
events from all detector modules, together with the expected
contributions from the considered backgrounds and a WIMP
signal, as inferred from the likelihood fit. The solid and dashed
lines correspond to the fit results M1 and M2, respectively.

of the expectations is the result of taking into account
the energy-dependent detector acceptances. In particular,
the di↵erent energy thresholds of the individual detector
modules lead to a steep increase of the expectations when
an additional module sets in.

We note that neither the expected ↵- or lead recoil
backgrounds nor a possible neutron background resemble
a WIMP signal in terms of the shape of their energy spec-
trum. Even if our analysis severely underestimated one
of these backgrounds, this could therefore hardly be the
explanation of the observed event excess.

On the other hand, the leakage of e/�-events rises
steeply towards low energies and one may be tempted to
consider a strongly underestimated e/�-background as the
source of the observation. However, in addition to the en-
ergy spectrum, also the distribution in the light yield pa-
rameter needs to be taken into account. Fig. 12 shows the
corresponding light yield spectrum of the accepted events,
together with the expectations from all considered sources.
Again, the shape of the expectations is the result of the
individual detector acceptances being considered. As ex-
pected, the contributions from the e/�- and also from the
↵-background quickly decrease towards lower light yields
and thus di↵er significantly from the expected distribution
of a WIMP signal.

In order to check the quality of the likelihood fit, we
calculate a p-value according to the procedure summarized
in Section 5.1. We divide the energy-light yield plane into
bins of 1 keV and 0.02, respectively, and include the accep-
tance region of each module as well as the alpha- and Pb
recoil reference regions in the calculation. The two likeli-
hood maxima are found to give very similar results, with
p-values of about 0.36 and 0.35, respectively. This not very
small value for p indicates an acceptable description by our
background-and-signal model.

Angloher et al :1109.0702 

Four main backgrounds!

G. Angloher et al.: Results from 730 kg days of the CRESST-II Dark Matter Search 9

account the more detailed information of the individual
event multiplicities in order to clarify the contributions of
the two types of neutron sources to the total background.
We will, however, see that the result is compatible with
the simple estimates of the limiting cases given here.

An independent aspect of the neutron background con-
cerns the corresponding recoil energy spectrum. Within
our narrow accepted energy range, the energy spectra
induced by the two types of neutron events are found
to be very similar, according to the calibration data
discussed above. The spectrum can be parametrized by
a simple exponential dNn/dE / exp (�E/Edec). We
determine the parameter Edec from a fit to the spec-
trum obtained in the AmBe neutron calibration run. In
the energy range between 12 keV to 40 keV we obtain
Edec = (23.54± 0.92) keV.

This similarity in the spectra induced by neutrons from
the two quite di↵erent sources (in agreement with Monte
Carlo results [5]) indicates how the Pb/Cu shielding sur-
rounding the detectors will moderate an incoming neu-
tron flux regardless of its origin. The primary spectrum of
the neutrons is washed out by inelastic scatterings in the
shielding. This finding supports our use of the results of
the neutron calibration to estimate the e↵ects of a gen-
eral neutron background. The only exception to this ar-
gument might be a neutron-producing contamination in
close vicinity of the detectors. In this case, we would ex-
pect a recoil spectrum reaching to much higher energies
and fewer singles for a given number of coincidences. In
this case, the application of our above calibration results
would lead to a conservative neutron background estimate.

4.4 Lead Recoil Background

To illustrate the lead recoil background from 210Po decay,
Fig. 8 displays the data set of a di↵erent detector mod-
ule as in Fig. 6. Compared to Fig. 6, a more prominent
population of 206Pb recoils below the tungsten band is
visible, with a rather long tail extending down to the ac-
ceptance region. Since the lead band and the acceptance
region overlap considerably, a leakage of some 206Pb events
into the acceptance region cannot be excluded.

For an estimate of this background, we follow a sim-
ilar strategy as for the ↵-background. We define a refer-
ence region for each detector module which contains pre-
dominantly 206Pb recoils, and model the spectral energy
density dNPb/dE in this region. This model is then ex-
trapolated into the energy range of the acceptance region.

As a reference region, we choose the lead recoil band
at energies above the acceptance region, where a possible
WIMP signal cannot contribute. In some detector modules
with wider bands, the lead band still overlaps with the
oxygen band around the lower edge of this energy range.
In this case, we additionally restrict the reference region
to the lower part of the lead band without overlap with
the oxygen band in order to be independent of possible
neutron-induced events on oxygen. The event distribution
of the Pb recoils peaks at the full lead recoil energy of
103 keV and the upper boundary of the reference region

Fig. 8. (Color online) The data of detector module Ch51,
shown in the light yield vs. recoil energy plane. Again, the
shaded areas indicate the bands, where alpha (yellow), oxygen
(violet), and tungsten (gray) recoil events are expected. Ad-
ditionally highlighted are the acceptance region (orange), the
region where lead recoils with energies between 40 and 90 keV
are expected (green), and the events observed in these regions.
The highlighted lead recoil region (green) serves as a reference
region for estimating the 206Pb recoil background.

module nPb
ref

Ch05 17

Ch20 6

Ch29 14

Ch33 6

Ch43 12

Ch45 15

Ch47 7

Ch51 12

total 89

Table 3. Observed counts nPb
ref in the lead reference regions of

the detector modules.

is set at 90 keV so that it covers the low energy tail. An
example of the resulting reference region is highlighted
in green in Fig. 8. Table 3 summarizes the counts n

Pb
ref

observed in the reference region of each detector module.
Fig. 9 presents the energy spectrum of the events found

in the 206Pb reference regions of all detector modules, but
includes also lead recoils with higher energies to illustrate
the peak at the full nominal recoil energy of 103 keV. In
the energy range of the reference region (below 90 keV),
the tail of the distribution can be modeled by an expo-
nential decay on top of a constant contribution:

dNPb

dE
(E) = APb ·

"
CPb + exp

 
E � 90 keV

E

Pb
decay

!#
. (1)

For a first rough estimate of the recoil background,
we simply fit such a function to the spectrum of Fig. 9.

Pb!

alpha and neutrons!

gamma!

Events from 1 module (of 8):!
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•  CRESST-II simulations (black 
line) indicate that the spectrum 
should be flat at low recoil 
energies!

•  Simulations by Kuzniak et al. 
find that it rises!

!…is there any excess left to 
explain?!

CRESST-II: Pb recoils	  

Kuzniak, Boulay, Pollmann:1203.1576 
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(DAMA) 

(CRESST-II) 

XENON100 

XENON10 

(CoGeNT) 

(DAMA) 

CDMS-Si 

•  No known model to bring all experiments into agreement!

Consistency of all experiments?	  
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