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Direct detection: the basics	  
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Flux of DM"

Detector"

Target nucleus"



Direct detection: the basics	  
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Nucleus"

Scintillation 

Ionization 

Phonon/Heat 

DM"

Aim: Detect the nuclear recoil energy"



The differential event rate	  
•  The rate for spin-independent scattering:"

•  It depends on many parameters!"
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Properties of dark matter:"
Things we would like to know!"

DM mass"
DM-neutron "
cross section"
DM-neutron "
reduced mass"

From nuclear and particle physics:"
These are usually completely specified"

CT (A, Z) ⌘ (fp/fnZ + (A� Z))2
F 2(ER)

A, Z

Nuclear form factor"

Nucleon and proton number"
Ratio of DM coupling to "
protons to neutrons."
Usually take:" fp/fn = 1

fp, fn



Minimum DM speed for nucleus 
to recoil with energy"

The differential event rate	  
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From astrophysics:"
Determined after choosing your favourite halo model"

⇢� ⇠ 0.3 GeV cm�3

g(vmin, t) ⌘
Z 1

vmin

d3v
f(v)

v

f(v)

vmin =

s
mNER

2µN

ER

Local DM density:"

Velocity integral:"

Local DM velocity distribution:"



Canonical choice: SHM	  
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•  A simple choice capturing much of the physics"
•  (Truncated) Maxwell-Boltzmann velocity distribution"

v0

vesc

Local circular speed: Range 200-260 kms-1: Canonical value 220 kms-1 "
Local galactic escape speed: Range 450-650 kms-1: Canonical value 544 kms-1"

f(v) =

8
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Usual approach	  
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•  Specify everything except      and"
•  For each value of     , find the limit/best fit value for         

and produce a plot. eg:" 3
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FIG. 3: 90% confidence limits on elastic, spin-independent,
WIMP-nucleon cross-sections from data in [2], considering
all possible nuclear recoils within the acceptance region.
The green dashed-dotted, red dashed and light-blue dotted
lines result from considering WIMP interactions with oxy-
gen, calcium and tungsten individually, and the solid blue
line the total rate. The WIMP halo properties used are
⇢DM = 0.3GeV/cm3, vesc = 544 km/s, v0 = 220 km/s and
vsun = 232 km/s. Resolutions from Table I and quenching
factors from [13] were used to derive these limits.

With these pieces of information, the fraction of re-
coiling nuclei from each constituent of CaWO

4

that falls
within the acceptance region of [2] can be estimated, as
shown in Figure 2 for Zora/SOS23. With these fractions,
the interaction rate of WIMPs with oxygen and calcium
in the commissioning run acceptance region may now be
calculated. Here we follow a method analogous to that in
[2]. The elastic, spin-independent WIMP-nucleon inter-
action rates are calculated following [16], using the Helm
form factor parameterisation as suggested in [17]. The
total rate expected from all target nuclei is then:

dR
Tot

dE
= AW

dRW

dE
+ACa

dRCa

dE
+AO

dRO

dE
, (2)

for the fractions Ai of each species’ nuclear recoils that
may be seen in the acceptance region. This rate is con-
volved with the observed phonon energy resolution, �E,
as described in [17].

III. RESULTS

Three events are observed in [2], at 16.89 keV,
18.03 keV and 33.09 keV. The Maximum Gap method
[18] is used to calculate the resulting elastic, spin-
independent, WIMP-nucleon cross-section limits. The
results are shown in Figure 3. The extended 90% confi-
dence limit improves sensitivity to low mass WIMPs with
commissioning run data. Interactions with WIMPs heav-
ier than ⇠17GeV/c2 in the acceptance region are dom-
inated by tungsten recoils, and the cross-section limit is
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FIG. 4: The combined 90% confidence limit on the elastic,
spin-independent WIMP-nucleon cross-section from extend-
ing the analysis of commissioning run data to lower WIMP
masses (solid blue). For comparison, the favoured regions
from DAMA, derived from [3], CoGeNT [4] and CRESST-
II (2011) [5] are shown. Also shown are WIMP cross-
section limits from, CDMS II [6], CDMS II (low energy) [7],
XENON100 [8] and XENON10 (S2 only) [9].

well modelled by considering interactions from tungsten
alone. At lower masses, calcium, then oxygen recoils be-
come dominant, such that below ⇠ 7GeV/c2, nearly all
WIMP-nucleon interactions in the acceptance region are
with oxygen nuclei. Considering all possible nuclear re-
coils then provides a significant strengthening of cross-
section limits at low masses compared to tungsten alone.
In Figure 4, a comparison of the combined limit is

made to the elastic WIMP interpretation of other ex-
periments [3–9]. The CoGeNT, CRESST-II (2011) and
DAMA results were already in tension with the results of
XENON100, XENON10 (S2 only), CDMS II, and CDMS
II (low energy). The extended CRESST-II commission-
ing run limits introduce further mild tension with DAMA
and CRESST-II (2011).
As the commissioning run and CRESST-II (2011) re-

sults are with the same target nuclei with similar en-
ergy thresholds, it is di�cult to reduce this mild tension
by choosing di↵erent astrophysical parameters or parti-
cle physics models. However, it should be noted that the
CRESST-II commissioning run and CRESST-II (2011)
run do not use the same acceptance region definitions.
In this work, we have used the acceptance region defined
in the original commissioning run analysis. While this
ensures that we have not introduced non-blind elements
into the analysis, this region has not been optimised for
light mass WIMP discovery. An additional di↵erence be-
tween runs is the design of clamps in direct contact with
the target crystals, which as noted in [5] introduced addi-
tional backgrounds into the CRESST-II (2011) data set.
Since the commissioning run live-time is much smaller
than in the CRESST-II (2011) run, repeating the com-
missioning run experimental conditions for a longer pe-

Brown, Henry, Kraus, CM:1109.2589 

Standard choices:"

SHM with"

fn/fp = 1

v0 = 220 km/s
vesc = 544 km/s

⇢� = 0.3 GeV cm�3

m� �n

m� �n



Usual approach: limitations	  
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•  Best fit regions almost match 
up and exclusion limits just 
exclude the best fit regions"

•  Can I be confident that things 
won’t change with different 
choices of astrophysical 
parameters?"

•  We could repeat with 
different parameters:"
" – But not all signal regions 
and limits change by the 
same amount."

•  Is there an alternative? "

3
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FIG. 3: 90% confidence limits on elastic, spin-independent,
WIMP-nucleon cross-sections from data in [2], considering
all possible nuclear recoils within the acceptance region.
The green dashed-dotted, red dashed and light-blue dotted
lines result from considering WIMP interactions with oxy-
gen, calcium and tungsten individually, and the solid blue
line the total rate. The WIMP halo properties used are
⇢DM = 0.3GeV/cm3, vesc = 544 km/s, v0 = 220 km/s and
vsun = 232 km/s. Resolutions from Table I and quenching
factors from [13] were used to derive these limits.

With these pieces of information, the fraction of re-
coiling nuclei from each constituent of CaWO

4

that falls
within the acceptance region of [2] can be estimated, as
shown in Figure 2 for Zora/SOS23. With these fractions,
the interaction rate of WIMPs with oxygen and calcium
in the commissioning run acceptance region may now be
calculated. Here we follow a method analogous to that in
[2]. The elastic, spin-independent WIMP-nucleon inter-
action rates are calculated following [16], using the Helm
form factor parameterisation as suggested in [17]. The
total rate expected from all target nuclei is then:
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for the fractions Ai of each species’ nuclear recoils that
may be seen in the acceptance region. This rate is con-
volved with the observed phonon energy resolution, �E,
as described in [17].

III. RESULTS

Three events are observed in [2], at 16.89 keV,
18.03 keV and 33.09 keV. The Maximum Gap method
[18] is used to calculate the resulting elastic, spin-
independent, WIMP-nucleon cross-section limits. The
results are shown in Figure 3. The extended 90% confi-
dence limit improves sensitivity to low mass WIMPs with
commissioning run data. Interactions with WIMPs heav-
ier than ⇠17GeV/c2 in the acceptance region are dom-
inated by tungsten recoils, and the cross-section limit is
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FIG. 4: The combined 90% confidence limit on the elastic,
spin-independent WIMP-nucleon cross-section from extend-
ing the analysis of commissioning run data to lower WIMP
masses (solid blue). For comparison, the favoured regions
from DAMA, derived from [3], CoGeNT [4] and CRESST-
II (2011) [5] are shown. Also shown are WIMP cross-
section limits from, CDMS II [6], CDMS II (low energy) [7],
XENON100 [8] and XENON10 (S2 only) [9].

well modelled by considering interactions from tungsten
alone. At lower masses, calcium, then oxygen recoils be-
come dominant, such that below ⇠ 7GeV/c2, nearly all
WIMP-nucleon interactions in the acceptance region are
with oxygen nuclei. Considering all possible nuclear re-
coils then provides a significant strengthening of cross-
section limits at low masses compared to tungsten alone.
In Figure 4, a comparison of the combined limit is

made to the elastic WIMP interpretation of other ex-
periments [3–9]. The CoGeNT, CRESST-II (2011) and
DAMA results were already in tension with the results of
XENON100, XENON10 (S2 only), CDMS II, and CDMS
II (low energy). The extended CRESST-II commission-
ing run limits introduce further mild tension with DAMA
and CRESST-II (2011).
As the commissioning run and CRESST-II (2011) re-

sults are with the same target nuclei with similar en-
ergy thresholds, it is di�cult to reduce this mild tension
by choosing di↵erent astrophysical parameters or parti-
cle physics models. However, it should be noted that the
CRESST-II commissioning run and CRESST-II (2011)
run do not use the same acceptance region definitions.
In this work, we have used the acceptance region defined
in the original commissioning run analysis. While this
ensures that we have not introduced non-blind elements
into the analysis, this region has not been optimised for
light mass WIMP discovery. An additional di↵erence be-
tween runs is the design of clamps in direct contact with
the target crystals, which as noted in [5] introduced addi-
tional backgrounds into the CRESST-II (2011) data set.
Since the commissioning run live-time is much smaller
than in the CRESST-II (2011) run, repeating the com-
missioning run experimental conditions for a longer pe-

Brown, Henry, Kraus, CM:1109.2589 



Usual approach: limitations	  

Christopher McCabe   IPPP - Durham University   7"

•  Best fit regions almost match 
up and exclusion limits just 
exclude the best fit regions"

•  Can I be confident that things 
won’t change with different 
choices of astrophysical 
parameters?"

•  We could repeat with 
different parameters:"
" – But not all signal regions 
and limits change by the 
same amount."

•  Is there an alternative? "

Hooper, Kelso:1106.1066 



A different approach	  
•  New methods: Rewrite the rate equation in terms of             ."

"" "" "" "" ""

"" "" "" "" "(Recall                     )"

•  This allows us to"
1.  Map the experimental signal from one experiment to 

another without making any assumptions on astrophysical 
parameters"

2.  Infer the form of            from the data – learn about halo 
properties"

3.  Set halo-independent exclusion bounds on positive signals"
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vmin =

s
mNER

2µN

vmin

Fox, Liu, Weiner: 
arXiv:1011.1915 
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Z vhigh
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· 2CTµ2
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Mapping CoGeNT onto DAMA	  

•  Rate:"

•  DAMA measure a modulation in an energy range which we can map 
to      . space:"
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‘DAMA and CoGeNT 
without astrophysical 
uncertainties’ 
CM:1107.0741 

R = C̃�

Z v
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v
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Mapping CoGeNT onto DAMA	  

•  Rate:"

•  DAMA measure a modulation in an energy range which we can map 
to      . space:"

•  CoGeNT probe the same        space in the energy range:"

Christopher McCabe   IPPP - Durham University   9"

‘DAMA and CoGeNT 
without astrophysical 
uncertainties’ 
CM:1107.0741 
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Mapping CoGeNT onto DAMA	  

•  Rate:"

•  DAMA measure a modulation in an energy range which we can map 
to      . space:"

•  CoGeNT probe the same        space in the energy range:"

•  By construction, all astrophysical parameters will cancel from the 
ratio:"

•  From the observed rate at CoGeNT, we can calculate the expected 
rate at DAMA and compare with the rate DAMA actually observe -
they should be the same!"
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‘DAMA and CoGeNT 
without astrophysical 
uncertainties’ 
CM:1107.0741 
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Mapping CoGeNT onto DAMA	  
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Fit to modulation 
amplitude and 
peak day in 2-6 
keV DAMA data"

[EC
low

, EC
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] =
µ2

CmD
N

µ2

DmC
N

[ED
low

, ED
high

]

Expected modulation amplitude and 
peak day at DAMA, determined from a 
fit to the CoGeNT data in the energy 
range:"
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Fit to modulation 
amplitude and 
peak day in 2-6 
keV DAMA data"

Expected modulation amplitude and 
peak day at DAMA, determined from a 
fit to the CoGeNT data in the energy 
range:"

The CoGeNT un-
modulated rate 
mapped onto DAMA. 
Amplitudes near this 
line require a large 
modulation fraction"

SHM predicts ~10% 
modulation fraction"

CoGeNT peak day 
~35 days earlier 
than DAMA but 
consistent at 90%"

SHM predicts 
modulation peaks 
on day 152"

[EC
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] =
µ2
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Mapping CoGeNT onto DAMA	  
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What did we learn?"
•  Reasonable agreement between the signals from both experiments"
•  The SHM will not give a good fit to both experiments – need to boost 

the modulation fraction and possibly move the peak day"
It is clear that the CoGeNT region will shrink dramatically with more data"



Inferring 	  
•  If we measure            , we can infer"

•  Example: use spectra measured by CoGeNT and CRESST-II    "
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g̃(vmin)
‘Resolving astrophysical uncertainties 
in dark matter direct detection’ 
Frandsen, Kahlhoefer, CM, Sarkar, 
Schmidt-Hoberg:1111.0292 

g̃(vmin) =
2µ2

n�

CT (A, Z)F 2(ER)
dR

dER

����
measured

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.

dR/dER g̃(vmin) ⌘ ⇢��n

m�
· g(vmin)

Angloher et al :1109.0702 Aalseth et al:1106.0650 



Inferring 	  
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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.
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Figure 5. Measurements of the velocity integral g(vmin) compared to the predictions of the SHM and
the Modified Halo Model. In both cases, we have assumed �n = 10�40 cm2 and ⇢ = 0.3GeV/cm3.
The Modified Halo Model provides a consistent description of the data from CoGeNT and CRESST-II
for a DM particle with m� = 9 GeV.

velocity dispersion dominates at low energies and the radial component with high dispersion
dominates at high energies. We shall refer to this new velocity integral as the Modified Halo
Model (MHM).

We show the corresponding best-fit regions and exclusion limits in the m� – �n plane
in Figure 6. As desired, the CoGeNT and CRESST-II region3 now overlap at m� ⇠ 9 GeV.
The common parameter region is, nevertheless, clearly excluded by XENON and CDMS, an
observation which we could equally well have made from Figure 3.

5 Measurements and constraints for modulation amplitudes

We have seen that for all the cases considered, there is strong tension between the exclusion
limits from null results and the event rate observed by CoGeNT and CRESST-II. This seems
to suggest that at least some of the events seen by CoGeNT and CRESST-II may not be
due to DM scattering but a new source of background [24]. We will therefore now consider a
more specific signature of DM interactions, namely the annual modulation of the signal due
to the motion of the Earth relative to the galactic rest frame. This will help to identify the
DM signal if the background is not time-dependent.

In fact, two experiments have observed an annual modulation of their signal, namely
DAMA [13] and CoGeNT [14]. By considering the modulation in vmin space, it was observed
[25] that the two modulation signals are (marginally) compatible with each other, independent
of astrophysics. Now we wish to include these annual modulations into our analysis of
g(vmin) to determine whether these signals are compatible with the null results from other
experiments. We first discuss these constraints without making any assumptions about the
modulation fraction and then discuss how the modulation fraction can itself be reasonably
constrained in order to obtain stronger experimental bounds.

3For CRESST-II we show the 1� best-fit region using the publicly available data as stated in Appendix D.
Note that this corresponds roughly to the 2� region published by the CRESST collaboration [15].
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Figure 3. Measurements and exclusion bounds of the velocity integral g̃(vmin) for di↵erent DM
masses m�. The DM interaction is spin-independent and elastic with fn/fp = 1. Values of g̃(vmin)
above the lines are excluded with at least 90% confidence. The data points for CRESST-II have been
obtained using two di↵erent methods, as described in Appendix A. It is not possible to find any model
for the DM halo that provides a consistent description of all experiments.

4.1 A consistent description of CoGeNT and CRESST-II

Even though we cannot find a halo model that provides a consistent description of all ex-
periments, it is seen from Figure 3 that CRESST-II and CoGeNT probe g̃(vmin) at di↵erent
ranges of vmin. Therefore it should be possible to choose g̃(vmin) such that we obtain a con-
sistent description for these two experiments. This choice must be di↵erent from the SHM
for which the best-fit DM regions of CRESST-II and CoGeNT do not overlap [15, 23].

Of course, we cannot vary g̃(vmin) arbitrarily — in the end, the velocity integral must
arise from a reasonable self-consistent model of the DM halo. Therefore we look at the range
of predictions for g̃(vmin) from all reasonable models of the galactic halo in Figure 4. First
we note that g̃(vmin) can change considerably even in the context of the SHM, if we vary
v0 and vesc within their observational bounds (see the left panel of Figure 4). Moreover
the SHM may not accurately describe the DM halo; indeed many alternative models and

– 7 –

g̃(vmin)

g̃(vmin)

10�27

10�26

10�25

10�24

10�23

200 400 600 800 1000

g̃
(
v
m

in
)
⇥ d
a
y
�
1
⇤

vmin

⇥
km s�1

⇤

m
�

= 6 GeV

XENON100
XENON10-S2

XENON10
CDMS Ge

CDMS Si SUF
CDMS Ge low

SIMPLE
CRESST-II

CoGeNT
CRESST-II (1)
CRESST-II (2)

10�27

10�26

10�25

10�24

10�23

200 400 600 800 1000

g̃
(
v
m

in
)
⇥ d
a
y
�
1
⇤

vmin

⇥
km s�1

⇤

m
�

= 9 GeV

10�27

10�26

10�25

10�24

10�23

200 400 600 800 1000

g̃
(
v
m

in
)
⇥ d
a
y
�
1
⇤

vmin

⇥
km s�1

⇤

m
�

= 12 GeV

10�27

10�26

10�25

10�24

10�23

200 400 600 800 1000

g̃
(
v
m

in
)
⇥ d
a
y
�
1
⇤

vmin

⇥
km s�1

⇤

m
�

= 15 GeV

Figure 3. Measurements and exclusion bounds of the velocity integral g̃(vmin) for di↵erent DM
masses m�. The DM interaction is spin-independent and elastic with fn/fp = 1. Values of g̃(vmin)
above the lines are excluded with at least 90% confidence. The data points for CRESST-II have been
obtained using two di↵erent methods, as described in Appendix A. It is not possible to find any model
for the DM halo that provides a consistent description of all experiments.

4.1 A consistent description of CoGeNT and CRESST-II

Even though we cannot find a halo model that provides a consistent description of all ex-
periments, it is seen from Figure 3 that CRESST-II and CoGeNT probe g̃(vmin) at di↵erent
ranges of vmin. Therefore it should be possible to choose g̃(vmin) such that we obtain a con-
sistent description for these two experiments. This choice must be di↵erent from the SHM
for which the best-fit DM regions of CRESST-II and CoGeNT do not overlap [15, 23].

Of course, we cannot vary g̃(vmin) arbitrarily — in the end, the velocity integral must
arise from a reasonable self-consistent model of the DM halo. Therefore we look at the range
of predictions for g̃(vmin) from all reasonable models of the galactic halo in Figure 4. First
we note that g̃(vmin) can change considerably even in the context of the SHM, if we vary
v0 and vesc within their observational bounds (see the left panel of Figure 4). Moreover
the SHM may not accurately describe the DM halo; indeed many alternative models and
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Conclusions	  
•  Discussed the usual method of analyzing direct detection 

experiments and its limitations"

•  Introduced complementary approaches for analyzing 
experimental data that"
-  factorize out astrophysical parameters"
-  highlight the modifications required to bring results into 

agreement"
-  allow a conservative exclusion bound to be set that any 

realistic halo model must satisfy"

•  Using all methods together allows us to build a deeper 
understanding of experimental results and what they tell us 
about the properties of dark matter"
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