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Direct WIMP searches

• Fifty shades of dark

• The forbidden fruit

• Confusion of the mind

• Treason and murder

• That which does not kill us makes us stronger



Fifty shades of dark



37.6±0.2 pJ/m3  
ordinary matter

1 to 4 pJ/m3 neutrinos

201±2 pJ/m3  
cold dark matter

535±7 pJ/m3 
dark energy

0.04175±0.00004 pJ/m3 photons

Planck (2015)  
TT,TE,EE+lowP+lensing+ext

matter p≪ρ
radiation p=ρ/3  
vacuum p=-ρ

1 pJ = 10-12 J
ρcrit=1.68829 h2 pJ/m3

The observed energy 
content of the Universe

Evidence for cold dark matter

Cold Dark 
Matter
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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,

E = 1
2
mṘ2 − GNMm

R
− !

6
mR2, (35)

(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.

Evidence for cold dark matter
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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,

E = 1
2
mṘ2 − GNMm

R
− !

6
mR2, (35)

(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.

Galaxies spin faster or are hotter than 
gravity of visible mass can support 
(rotation curves, velocity dispersion)

Evidence for cold dark matter
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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,

E = 1
2
mṘ2 − GNMm

R
− !

6
mR2, (35)

(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.

Galaxy clusters are mostly invisible mass  
(motion of galaxies, gas density and 
temperature, gravitational lensing)

Fritz Zwicky

Evidence for cold dark matter
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Figure 4. Observed HI rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image (NED image from STScI Digitized Sky Survey,
http://nedwww.ipac.caltech.edu. The NASA/IPAC Extragalactic Database (NED) is operated by
the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National
Aeronautics and Space Administration). The dashed curve shows the estimated contribution to the
rotation curve from the luminous stellar disc [74]. There is also a smaller contribution from gas
(not shown).

7.1. Changing the law of gravity?

It has turned out to be very difficult to modify gravity on the various length scales where
the dark matter problem resides, but phenomenological attempts have been made to at least
explain flat galaxy rotation curves by introducing violations of Newton’s laws (and of general
relativity) [75]. Until a satisfactory alternative theory to general relativity has been found it is
difficult to further comment on this option. Besides the remarkable success of the ‘standard’
theory in accounting for perihelion motion, redshifts, gravitational lensing and binary pulsar
dynamics, the overall consistency of the standard cosmology it provides the basis for, also on
the largest scales, is remarkable. An example is the concordance of the mass estimates of galaxy
clusters based on galaxy velocity dispersions, gravitational lensing, microwave background
distorsions and x-ray emission from hot intracluster gas. At present, there does not seem to
exist a plausible alternative theory that can match this impressive list of successes.

In principle, there are modifications to Newtonian gravity if there exists a non-zero
cosmological constant, since the energy equation for a test particle of mass m at a distance R

from a homogeneous sphere of mass M gets an additional term proportional to !,

E = 1
2
mṘ2 − GNMm

R
− !

6
mR2, (35)

(see [6]) showing the attractive nature of the extra force for ! < 0. However, this additional
term is some four orders of magnitude too small to have measurable effects in galactic systems,
given the current observational estimates of !. In addition, the observationally favoured value
of ! is positive and thus causes repulsion instead of attraction.

An invisible mass makes the Cosmic 
Microwave Background fluctuations grow 
into galaxies (CMB and matter power 
spectra, or correlation functions)

Planck

Evidence for cold dark matter



disappears too quickly

couples to the plasma

is hot dark matter

is the particle of light

No known particle can be cold dark matter!

Is dark matter an elementary particle?

H
Higgs boson



The simplest and most elegant idea
The Magnificent WIMP  

(Weakly Interacting Massive Particle)

• One naturally obtains 
the right cosmic 
density of  WIMPs 
 
   Thermal production in  
    hot primordial plasma.

• One can experimentally test the WIMP hypothesis

The same physical processes that produce  
the right density of  WIMPs make their detection possible

37.6±0.1 pJ/m3 ordinary matter
1 to 4 pJ/m3 neutrinos

201±2  
pJ/m3  
cold dark 
matter

535±7pJ/m3  
dark energy

0.04175±0.00004 pJ/m3 photons

Lee, Weinberg;  Vysotski, Dolgov, Zeldovich 1977

* wimp = a weak and cowardly person
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Indirect detection

Cosmic density

Børge Kile Gjelsten, University of Oslo 44 IDM, Aug 2008

Colliders

The power 
of the WIMP
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The forbidden fruit



3 kpc

8.3 kpc

Rotation curve (Clemens 1985)

Image by R. Powell using DSS data

Sun

Our galaxy is inside a halo of dark matter particles
1 kpc = 2.06×1011 AU

Galactic dark matter



Dark
matter
particle

crystal  
(or gas
 or liquid)

Low-background underground detector

CRESST

Dark matter particles that arrive on Earth 
scatter off nuclei in a detector

The principle of direct detection

Goodman, 
Witten 
1985



Direct dark matter searches

Soudan
SuperCDMS

CoGeNT

Homestake
LUX
LZ

SNOLab
DEAP/CLEAN

PICASSO
COUPP

SuperCDMS
PICO

Boulby
ZEPLIN
DRIFT

Modane
EDELWEISS

Canfranc
ArDM

ROSEBUD
ANAIS

Gran Sasso
XENON
CRESST
DAMA

DarkSIDE
WARP

Jinping
PANDA-X

TEXONO-CDEX

Yang Yang
KIMS

South Pole
DM-ICE• LZ (7 ton LXe, Homestake)

• EURECA, DARWIN, ......

Kamioka
XMASS

NEWAGE



Direct dark matter searches
Platonic ideal: a simple binary indicator that only registers 
dark-matter-induced nuclear recoils and nothing else

Amole et al (PICO) 2/27/2015

single-bubble events in 
a C3F8 bubble chamber

Not dark
 matte

r
Wrong time distribution



Background discrimination

From Sanglard 2005

Directional 
discrimination

Finding the dark matter particles is a fight against background



Direct WIMP searches
First publication of an underground experimental search for 
WIMP cold dark matter (Ahlen et al 1987)

Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

Dark Matter Underground Searches - Silver Jubilee in 2012
•First publication on an underground experimental search for cold dark matter (Ahlen et al. 
1987. PLB 195, 603-608).

 http://www.pnnl.gov/physics/darkmattersymp.stm

Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

•1986 operating a 0.8 kg Ge ionization 
detector at Homestake Mine, SD (adjacent 
to Ray Davis’s operating Solar Neutrino 
Experiment) 

33 kg-days

1 cts/keVee/kg/day

Sensitivity ~100 Events / kg / day

0.8 kg Ge ionization detector at Homestake Mine, SD



Gaitskell 2009
Dark Matter, Sept 2007 Rick Gaitskell, Brown University, DOE

DM Direct Search Progress Over Time (2009)

    ~1 event kg-1 day-1       

   ~1 event 1 tonne-1 yr-1      

13

(Gross Masses kg)

ZEPLIN III.1

ZEPLIN III.2

LUX-ZEP 3000kg

LZ 20t

CDMS Soudan 2008

LUX 350kg

XENON 100kg
SuperCDMS

               25 kgXMASS 800kg

WARP 140kg

SuperCDMS
             125 kg

XENON 1000kg

σ=10-48

       



Direct dark matter searches
Background (electron recoil)

D
av

id
 M

al
lin

g, 
U

w
e 

O
be

rla
ck

Dark Matter Searches Rick Gaitskell, Brown University, LUX / DOE

Reduction in Backgrounds

•Electron Recoil Events

9

LUX-ZEPLIN (Xe 5.6 Tonne Fid.)!
pp solar dominates 

Thanks to David Malling, Brown, for preparing slide



Expected event rate is small

Enectali Figueroa-Feliciano / Astroparticle Physics / June 2014

Mass = 20 GeV

σN,SI = 10-45 cm2

Channel Number

Measured

Banana Spectrum

Hoeling et al Am.J.Phys. 1999, 67, 440. 

Expected

WIMP Spectrum

The Interaction Rate is Extremely Low!

40K

Expected 
WIMP spectrum

~1 event/kg/year

10 zeptobarn

(nuclear recoils)



Enectali Figueroa-Feliciano / Astroparticle Physics / June 2014

Mass = 20 GeV

σN,SI = 10-45 cm2

Channel Number

Measured

Banana Spectrum

Hoeling et al Am.J.Phys. 1999, 67, 440. 

Expected

WIMP Spectrum

The Interaction Rate is Extremely Low!

40K

Enectali Figueroa-Feliciano / Astroparticle Physics / June 2014

Mass = 20 GeV

σN,SI = 10-45 cm2

Channel Number

Measured

Banana Spectrum

Hoeling et al Am.J.Phys. 1999, 67, 440. 

Expected

WIMP Spectrum

The Interaction Rate is Extremely Low!

40K

Expected 
WIMP spectrum

Measured 
banana spectrum

~1 event/kg/year

10 zeptobarn

~100 events/kg/second
(nuclear recoils) (electron recoils)

Expected event rate is small



Enectali Figueroa-Feliciano / Astroparticle Physics / June 2014

Mass = 20 GeV

σN,SI = 10-45 cm2

Channel Number

Measured

Banana Spectrum

Hoeling et al Am.J.Phys. 1999, 67, 440. 

Expected

WIMP Spectrum

The Interaction Rate is Extremely Low!

40K

Enectali Figueroa-Feliciano / Astroparticle Physics / June 2014

Mass = 20 GeV

σN,SI = 10-45 cm2

Channel Number

Measured

Banana Spectrum

Hoeling et al Am.J.Phys. 1999, 67, 440. 

Expected

WIMP Spectrum

The Interaction Rate is Extremely Low!

40K

Expected 
WIMP spectrum

Measured 
banana spectrum

~1 event/kg/year

10 zeptobarn

~100 events/kg/second
(nuclear recoils) (electron recoils)

“NO BANANAS IN THE LAB” 
(Feliciano-Figueroa)

Expected event rate is small



Confusion of the mind



experimental residuals of the single-hit scintillation events rate vs time and energy  
DAMA/NaI + DAMA/LIBRA-phase1  Total exposure: 487526 kg×day = 1.33 ton×yr 

2-5 keV!

2-6 keV!

A=(0.0179±0.0020) cpd/kg/keV 
χ2/dof = 87.1/86   9.0 σ C.L. 

2-4 keV!

The data favor the presence of a modulated behavior with proper features at 9.2σ C.L. 

A=(0.0135±0.0015) cpd/kg/keV 
χ2/dof = 68.2/86   9.0 σ C.L. 

A=(0.0110±0.0012) cpd/kg/keV 
χ2/dof = 70.4/86   9.2 σ C.L. 

Absence of modulation? No 
χ2/dof=169/87 ⇒ P(A=0) = 3.7×10-7 

Absence of modulation? No 
χ2/dof=154/87 ⇒ P(A=0) = 1.3×10-5 

Acos[ω(t-t0)] ;  
continuous lines: t0 = 152.5 d,  T = 1.00 y  

Absence of modulation? No 
χ2/dof=152/87 ⇒ P(A=0) = 2.2×10-5 

Model Independent DM Annual Modulation Result 

Bernabei et al  (DAMA) 1997-15

9.2σ detection

Drukier, 
Freese, 
Spergel 
1986

4

FIG. 4: Time evolution of the rate in several energy regions.
The last bin spans eight days. A dotted line denotes the
best-fit modulation found. A solid line indicates nominal pre-
dictions (see text). These lines overlap for the bottom panels.

the muon flux at SUL varies seasonally by ±2%, and
radon levels by a factor ∼4 [24]. Muon-coincident events
constitute a few percent of the low-energy spectrum [1],
limiting a muon-induced modulated amplitude to <<1%
[6]. Rejection of veto-coincident events does not alter the
observed modulation. Radon displacement via pressur-
ized LN boil-off gas is continuously maintained at 2 l/min
within an aluminum shell encasing the lead shielding [25].
A radon-induced modulation would be expected to affect
a much broader spectral region than observed [26].
The CDMS collaboration has recently claimed [7] to

exclude a light-WIMP interpretation of CoGeNT and
DAMA/LIBRA observations. In view of the compatibil-
ity of a mχ∼7 GeV/c2, σSI ∼ 10−4pb WIMP with both
CoGeNT (Fig. 1) and CDMS [16], a search for an annual
modulation in CDMS data seems in order. Observations
from XENON10 [18] and XENON100 [8] have been used
to generate a similar rejection of light-WIMP scenarios.
The assumptions in [8, 18] are examined in [17], where
no presently compelling case for this exclusion is found.
In conclusion, presently available CoGeNT data favor

the presence of an annual modulation in the low-energy
spectral rate, for events taking place in the bulk of the
detector only. While its origin is presently unknown,

the spectral and temporal information are prima facie
congruent when the WIMP hypothesis is examined: in
particular, the WIMP mass region most favored by the
spectral analysis (Fig. 2) generates predictions for the
modulated amplitude in good agreement with observa-
tions, modulo the dependence of this assertion on the
choice of astrophysical parameters [21–23].
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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.

Unexplained

......and unmodulated

3

FIG. 2. Ionization yield versus recoil energy in all detectors
included in this analysis for events passing all signal criteria
except (top) and including (bottom) the phonon timing crite-
rion. The curved black lines indicate the signal region (-1.8�
and +1.2� from the mean nuclear recoil yield) between 7 and
100 keV recoil energies, while the gray band shows the range
of charge thresholds. Electron recoils in the detector bulk
have yield near unity. The data are colored to indicate recoil
energy ranges (dark to light) of 7–20, 20–30, and 30–100 keV
to aid the interpretation of Fig. 3.

the exposure of this analysis is equivalent to 23.4 kg-days
over a recoil energy range of 7–100 keV for a WIMP of
mass 10 GeV/c2.

Neutrons from cosmogenic or radioactive processes
can produce nuclear recoils that are indistinguishable
from those from an incident WIMP. Simulations of the
rates and energy distributions of these processes using
GEANT4 [22] lead us to expect < 0.13 false candidate
events (90% confidence level) in the Si detectors from
neutrons in this exposure.

A greater source of background is the misidentifica-
tion of surface electron recoils, which may su↵er from re-
duced ionization yield and thus contribute events to the
WIMP-candidate region; these events are termed “leak-
age events”. Prior to looking at the WIMP-candidate
region (unblinding), the expected leakage was estimated
using the rate of single scatter events with yields con-
sistent with nuclear recoils from a previously unblinded
dataset [23] and the rejection performance of the timing
cut measured on low-yield multiple-scatter events from
133Ba calibration data. Two detectors used in this anal-
ysis were located at the end of detector stacks, so scatters
on their outer faces could not be tagged as multiple scat-
ters. The rate of surface events on the outer faces of these
two detectors were estimated using their single-scatter
rates from a previously unblinded dataset presented in
[23] and the multiples-singles ratio on the interior de-
tectors. The final pre-unblinding estimate for misidenti-
fied surface electron-recoil event leakage into the signal
band in the eight Si detectors was 0.47+0.28

�0.17(stat.) events.
This initial leakage estimate informed the decision to un-
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FIG. 3. Normalized ionization yield (standard deviations
from the nuclear recoil band centroid) versus normalized
phonon timing parameter (normalized such that the median
of the surface event calibration sample is at -1 and the cut
position is at 0) for events in all detectors from the WIMP-
search data set passing all other selection criteria. The black
box indicates the WIMP candidate selection region. The data
are colored to indicate recoil energy ranges (dark to light) of
7–20, 20–30, and 30–100 keV. The thin red curves on the bot-
tom and right axes are the histograms of the data, while the
thicker green curves are the histograms of nuclear recoils from
252Cf calibration data.

blind. After unblinding, we developed a Bayesian es-
timate 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
[23]. Multiple-scatter events below the electron-recoil
ionization-yield region from both 133Ba calibration and
the WIMP-search data were used as inputs to this model.
Because the WIMP-search sample is sparser compared
to the calibration data, the combined estimates are more
heavily weighted towards the calibration data leakage es-
timates. Additionally the leakage estimate is corrected
for the fact that the passage fraction of singles and mul-
tiples di↵ers by a factor of 1.7+0.8

�0.6, as measured on low-
yield events outside of the nuclear recoil band. The sys-
tematic uncertainty on the leakage estimate comes from
the uncertainty on this scale factor, the choice of prior in
the Bayesian analysis, and the method used to reweigh
the energy distribution of surface events from calibration
data to reflect the distribution in WIMP search data.
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 electron-recoil events in the eight Si detectors.
Classical confidence intervals provided similar estimates
[24].

After all WIMP-selection criteria were defined, the sig-
nal regions of the Si detectors were unblinded. Three
WIMP-candidate events were observed, with recoil en-
ergies of 8.2, 9.5, and 12.3 keV, on March 14, July 1,
and September 6 of 2008, respectively. Two events were
observed in Detector 3 of Tower 4, and the third was ob-
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FIG. 1. (color online) The rate of CDMS II nuclear-recoil
band events is shown for the 5.0–11.9 keVnr interval (dark
blue), after subtracting the best-fit unmodulated rate, �d,
for each detector. The horizontal bars represent the time
bin extents, the vertical bars show ±1� statistical uncertain-
ties (note that one CDMS II time bin is of extremely short
duration). The CoGeNT rates (assuming a nuclear-recoil en-
ergy scale) and maximum-likelihood modulation model in this
energy range (light orange) are shown for comparison. The
CDMS exposure starts in late 2007, while the CoGeNT expo-
sure starts in late 2009.

rates in this energy range with amplitudes greater than
0.06 [keV

nr

kg day]�1 are excluded at the 99% C.L.
For comparison, a similar analysis was carried out us-

ing the publicly available CoGeNT data [19]. Our analy-
sis of CoGeNT data is consistent with previously pub-
lished analyses [6, 7, 14]. Figure 3 shows the modu-
lated spectrum of both CDMS II and CoGeNT, assum-
ing the phase (106 days) which best fits the CoGeNT
data over the full CoGeNT energy range. Compatibil-
ity between the annual modulation signal of CoGeNT
and the absence of a significant signal in CDMS is de-
termined by a likelihood-ratio test, which involves cal-
culating � ⌘ L

0

/L
1

, where L
0

is the combined max-
imum likelihood of the CoGeNT and CDMS data as-
suming both arise from the same simultaneous best-fit
values of M and �, while L

1

is the product of the maxi-
mum likelihoods when the best-fit values are determined
for each dataset individually. The probability distribu-
tion function of �2 ln� was mapped using simulation,
and agreed with the �2 distribution with two degrees
of freedom, as expected in the asymptotic limit of large
statistics and away from physical boundaries. The simu-
lation found only 82 of the 5⇥103 trials had a likelihood
ratio more extreme than was observed for the two ex-
periments, confirming the asymptotic limit computation
which indicated 98.3% C.L. incompatibility between the
annual-modulation signals of CoGeNT and CDMS for the
5.0–11.9 keV

nr

interval.
We extend this analysis by applying the same method

to CDMS II single-scatter and multiple-scatter events
without applying the ionization-based nuclear-recoil cut.
These samples are both dominated by electron recoils.
Figure 4 shows the confidence intervals for the allowed
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FIG. 2. (color online) Allowed regions for annual modulation
of CoGeNT (light orange) and the CDMS II nuclear-recoil
sample (dark blue), for the 5.0–11.9 keVnr interval. In this
and the following polar plot, a phase of 0 corresponds to Jan-
uary 1st, the phase of a modulation signal predicted by generic
halo models (152.5 days) is highlighted by a dashed line, and
68% (thickest), 95%, and 99% (thinnest) C.L. contours are
shown.
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FIG. 3. (color online) Amplitude of modulation vs. energy,
showing maximum-likelihood fits for both CoGeNT (light or-
ange circles, 68% confidence interval shown with vertical line)
and CDMS nuclear-recoil singles (dark blue rectangles, 68%
confidence interval given by rectangle height). The phase that
best fits CoGeNT over all energies (106 days) was chosen for
this representation. The upper horizontal scale shows the
electron-recoil-equivalent energy scale for CoGeNT events.
The 5–11.9 keVnr energy range over which this analysis over-
laps with the low-energy channel of CoGeNT has been divided
into 3 (CDMS) and 6 (CoGeNT) equal-sized bins.
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Is a nuclear recoil detectable?

Probability of detecting an event with energy (or number of 
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G(E,ER)A common model for                   is a Gaussian with mean value

and standard deviation equal to the energy resolution  
(but there are exceptions, e.g., the XENON experiments)

E = QER
Quenching factor
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FIG. 3: A compilation of all quenching factor (QF) mea-
surements on germanium, with calculations from the TRIM
software [6] as well as by the Lindhard model [7] under two
parametrizations (k=0.20 and 0.15) overlaid.

of 10−39 cm2 throughout in this Section) at mχ = 5 GeV
would increase (become less constraining) from 0.81 to
0.88.

B. Quenching Factor

A compilation of all quenching factor (QF) measure-
ments on germanium is given in Figure 3. Overlaid are
calculations from the TRIM software [6] as well as by the
Lindhard model [7] under two parametrizations (k=0.20
and 0.157). Both schemes have been adopted in various
CDM experiments. It can be seen that the TRIM re-
sults explain well the QF measurements at both low and
high energy. Accordingly, we chose to use this scheme in
our analysis. The QF values are less than those evaluated
with the Lindhard (k=0.20) model, and hence would give
rise to more conservative results.

If Lindhard (k=0.20) would be used, the QF at 1 keV
recoil energy will be increased from 0.20 to 0.21. The
QF uncertainty estimations of 0.006 in Ref. [2] can ac-
count for this deviation. This alternative choice will
only have minor effects on the exclusion limits, decreas-
ing it (becoming more constraining) from 0.81 to 0.80 at

mχ = 5 GeV

C. Constructing Exclusion Plots

The unbinned “optimal interval method” as formu-
lated in Ref. [8] was adopted to derive the exclusion lim-
its. The unbinned formalism allows the use of all avail-
able information in the background spectra and was used
in other CDM experiments like CDMS and XENON. NO
background profile was assumed or subtracted, which is
also a conservative approach. The sensitivities at low mχ

under this scheme are driven by the absence of counts be-
tween 198 eV and 241 eV.

An alternative method would be to place the back-
ground events in different energy bins and follow the for-
malism of Ref. [9]. For instance, choosing 50-eV bins
for E>100 eV (thereby deliberately filling the hole at
200−250 eV), the σSI

χN limit at mχ = 5 GeV would in-
crease (become less constraining) from 0.81 to 1.20. This
reduction in sensitivities is expected since data binning
involves loss of information.

We conclude that our choices in these three aspects
of the experiment are justified. The sensitivities of the
physics results (exclusion upper limits) are dominated by
the statistical uncertainties of the background spectra.
The potential effects on them are minor if alternative
schemes would have be chosen instead.

∗ Corresponding Author: htwong@phys.sinica.edu.tw;
Tel:+886-2-2789-6789; FAX:+886-2-2788-9828.
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tion light (S1) and ionization electrons, the latter being
detected through the process of proportional scintilla-
tion (S2) in the gaseous xenon above the liquid. Both
S1 and S2 signals are registered by photomultiplier tubes
(PMTs), at the bottom of the LXe target for optimal
light collection, and placed above in the gas phase. The
interaction vertex is reconstructed in 3 dimensions, with
the (x, y)-position determined from the hit pattern of the
localized S2 signal on the top PMT array, and the z-
coordinate deduced from the drift time between the S1
and S2 signals. This allows to fiducialize the target vol-
ume to exploit the excellent self-shielding capabilities of
LXe. Due to their di↵erent ionization densities, ERs (�,
� background) and NRs (WIMP signal or neutron back-
ground) have a di↵erent S2/S1 ratio, which is used as
discrimination parameter.

The 242 PMTs used in XENON100 are 100-square
Hamamatsu R8520-AL PMTs with a quantum e�ciency
of ⇠30% at the Xe light wavelength of 178 nm, and low
intrinsic radioactivity [8]. The measured average energy
threshold of the LXe veto is ⇠ 100 keVee.

The TPC is installed inside a vacuum insulated stain-
less steel cryostat which is surrounded by a passive shield
made of high purity copper, polyethylene, lead and water
in order to suppress external backgrounds. A constant
flow of high-purity nitrogen boil-o↵ gas keeps the 222Rn
level inside the shield < 1Bq/m3. A 200 W pulse tube
refrigerator, installed outside the shield structure, keeps
the detector at its operating temperature of �91�C, with
excellent stability over time (fluctuations <0.05%). To
bring calibration sources (60Co, 137Cs, 241AmBe) close
to the target, a copper tube penetrates the shield and
winds around the cryostat. XENON100 is installed un-
derground at the Italian Laboratori Nazionali del Gran
Sasso (LNGS) below an average 3600m water equivalent
rock overburden, which reduces the muon flux by a fac-
tor ⇠ 106.

At low energies, the event trigger is provided by the S2
signal. The summed signal of 84 central PMTs is shaped
and fed into a low-threshold discriminator. The trigger
e�ciency has been measured to be > 99% at 300 photo-
electrons (PE) in S2.

Three algorithms are used to reconstruct the (x, y) co-
ordinates of the events. They yield consistent results out
to a radius of 14.2 cm, with the active TPC radius be-
ing 15.3 cm. The (x, y) resolution was measured with
a collimated source and is <3 mm (1�). The algorithm
based on a Neural Network gives the most homogeneous
response and thus is used for event positioning, while
the information from the other algorithms is used for
consistency checks. The drift time measurement gives a
z-position resolution of 0.3mm (1�) and allows to dis-
tinguish two S2 interaction vertices if separated by more
than 3 mm in z. The positions are corrected for non-
uniformities of the drift field, as inferred from a finite-
element simulation and validated by data.

XENON100 uses continuous xenon purification
through a hot getter. The mean electron lifetime ⌧e is
indicative of the amount of charge lost to impurities [11].
It increased from 230µs to 380µs for the data reported
here, as measured weekly with 137Cs calibrations. A
linear fit to the ⌧e time evolution yields the z-correction
for the S2 signals with negligible systematic uncer-
tainty (< 2.5%). (x, y) variations of the S2 signal are
corrected using a map obtained with the 662 keVee line
from 137Cs.
The spatial dependence of the S1 signal due to the

non-uniform light collection is corrected for using a map
obtained with the 40 keVee line from neutrons scatter-
ing inelastically on 129Xe. It agrees within 3% with
maps inferred from data using the 662 keVee line and the
164 keVee line, from neutron-activated 131mXe. The light
yield Ly(122 keVee) = (2.20± 0.09)PE/keVee at the ap-
plied drift field of 530V/cm in the LXe is determined
by a fit to the light yields measured with all available
calibration lines [7].
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FIG. 1: All direct measurements of Le↵ [12, 13] described by a
Gaussian distribution to obtain the mean (solid line) and the
uncertainty band (shaded blue, 1� and 2�). Below 3 keVnr,
where no direct measurements exist, the trend is logarithmi-
cally extrapolated to Le↵ = 0 at 1 keVnr.

The NR energy Enr is inferred from the S1 signal us-
ing Enr=(S1/Ly)(1/Le↵)(See/Snr). The scintillation ef-
ficiency Le↵ of NRs relative to the one of 122 keVee �-
rays at zero field is taken as the parametrization shown
in Fig. 1, which is strongly supported by measurements
from the Columbia group [12] but includes all direct mea-
surements of this quantity [13]. Le↵ is logarithmically ex-
trapolated below the lowest measured energy of 3 keVnr.
The electric field scintillation quenching factors for ERs
See = 0.58 and NRs Snr = 0.95 are taken from [14].
From a comparison of the measured background rate

with Monte Carlo simulations of the XENON100 elec-
tromagnetic background [10], a natKr concentration of
(700 ± 100) ppt is inferred for the data reported here,
higher than in the 11 days data reported earlier [7].
The additional Kr was introduced by an air leak dur-
ing maintenance work on the gas re-circulation pump,
prior to the start of the data-taking period. This
results in an expected ER background of < 22 ⇥

Q = (Snr/See)Le↵
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Annual modulation

Drukier, Freese, Spergel 1986

⌘(vmin, t) = ⌘0(vmin) + ⌘1(vmin) cos(!t+ ')

dR

dE
= S0(E) + S1(E) cos(!t+ ')

Unmodulated signal Modulation amplitude



Astrophysics model: velocity distribution
Standard Halo Model

The spherical cow of 
direct WIMP searches
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Billard et al 2013, Snowmass 2013, LUX 2013, SuperCDMS 2014

LUX

Direct dark matter searches (2014)

SuperCDMS

CDMSlite
CRESST

Spin-independent
Excluded



Treason and murder



DAMA modulation

No systematics or side reaction able to 
account for the measured modulation 
amplitude and to satisfy all the 
peculiarities of the signature 
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Multiple hits events =  
Dark Matter particle “switched off” 

This result offers an additional strong support for the presence of DM particles in the 
galactic halo further excluding any side effect either from hardware or from software 
procedures or from background 

2-6 keV 

Comparison between single hit residual rate (red points) and multiple 
hit residual rate (green points); Clear modulation in the single hit events; 
No modulation in the residual rate of the multiple hit events  
A=-(0.0005±0.0004) cpd/kg/keV 

EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648 

Principal mode  
2.737×10-3 d-1 ≈ 1 y-1 

Model$Independent$Annual$Modulation$Result8
DAMA/NaI + DAMA/LIBRA-phase1   Total exposure: 487526 kg×day = 1.33 ton×yr 

The data favor the presence of a modulated behaviour with all the proper 
features for DM particles in the galactic halo at about 9.2σ C.L. 

                                                                                                                                                                                                                                                                                                                                                Acos[ω(t-t0)] 

The measured modulation amplitudes (A), period (T) 
and phase (t0) from the single-hit residual rate vs time 
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DAMA modulation

•  No modulation above 6 keV  
•  No modulation in the whole energy spectrum 
•  No modulation in the 2-6 keV multiple-hit 

events 

R(t) = S0 + Sm cos ω t − t0( )"# $%
hereT=2π/ω=1 yr and t0= 152.5 day 

No systematics or side processes able to 
quantitatively account for the measured modulation 
amplitude and to simultaneously satisfy the many 
peculiarities of the signature are available. 
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Model$Independent$Annual$Modulation$Result8

ΔE = 0.5 keV bins 

DAMA/NaI + DAMA/LIBRA-phase1   Total exposure: 487526 kg×day = 1.33 ton×yr 
EPJC 56(2008)333, EPJC 67(2010)39, EPJC 73(2013)2648 
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•  No modulation in the 2-6 keV multiple-hit 

events 

R(t) = S0 + Sm cos ω t − t0( )"# $%
hereT=2π/ω=1 yr and t0= 152.5 day 

No systematics or side processes able to 
quantitatively account for the measured modulation 
amplitude and to simultaneously satisfy the many 
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Model$Independent$Annual$Modulation$Result8

ΔE = 0.5 keV bins 

DAMA/NaI + DAMA/LIBRA-phase1   Total exposure: 487526 kg×day = 1.33 ton×yr 
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“Public?  
  What does it mean?”

Pierluigi Belli at IDM2014



Collar (CoGeNT) at TAUP 2013

CoGeNT made their data public

Annual modulation in 3.4 yr of CoGeNT

What is new?�
•  Detector recovered from 3 mo post-fire outage w/o 

significant changes in performance. It has been 
continuously taking data ever since. All data are usable 
(compare to 10%-40% in CDMS low-energy analyses). �

�

•  Large exposure allows optimal separation of bulk and 
surface events down to 0.5 keVee threshold. Rise-time 
behavior as predicted by simulations and calibrations 
(PRD 88 (2013) 012002). Smooth variation of fit 
parameters with energy. �

�

•  Paper under review, preprint to appear soon. Data to 
be released in energy, time-stamp, and rise-time 
format. A straightforward analysis indicates a 
persistent annual modulation exclusively at low energy 
and for bulk events. Best-fit phase consistent with 
DAMA/LIBRA (small offset may be meaningful). Similar 
best-fit parameters to 15 mo dataset, but with much 
better bulk/surface separation (~90% SA for~90% BR)�

�

�

Dotted: free T�
Solid: T= 365 d�
�
�
See also �
poster by M. Kos.�
�

Additional �
four months of �
unanalyzed 
data acquired�
(run is still 
ongoing)�
�

Annual modulation exclusively at low energy 
and for bulk events.

Best-fit phase consistent with DAMA/LIBRA

Unoptimized frequentist analysis yields 
~2.2σ preference over null hypothesis

Modulation amplitude is 4-7 times larger 
than in the standard halo model



CoGeNT decided to publish energy and time of their events

Independent groups reanalyzed the CoGeNT data

No significant modulation found

Conclusions 

� We perform an unbinned, maximum likelihood fit to 
the public CoGeNT data using extensive studies to 
separate bulk and surface events 

� We find a good fit to the data with our background 
model  
� The likelihood gets worse when including a WIMP component 

either as a standard halo or Sagittarius like stream 
� Still to come 

� Try to understand the different conclusions with the likelihood 
analysis performed by Collaboration – (Collar and Fields) 

� Look at more exotic signals (such as axion-like particles 
scattering from electrons) 

� Set upper limits on the cross section 
 

Pulse-shape discrimination of surface/bulk events

Conclusion
✦ An independent analysis of CoGeNT data, 

for a Dark Matter recoil signal.

✦ The large surface event background rises at 
low energy, like a light DM recoil signal.

✦ Uncertainties in this background make a 
statistically-significant claim of DM 
detection difficult.

✦ Marginalising over this uncertainty using 
cubic splines, we find less than one sigma 
evidence for Dark Matter.

✦ The CoGeNT region of interest results 
from a biased analysis, and has no 
statistical meaning.

CoGeNT made their data public

Davis, McCabe, Boehm 1405.0495

Bellis, Collar, Field, Kelso at IDM2014



CoGeNT decided to publish energy and time of their events

Independent groups reanalyzed the CoGeNT data

No significant modulation found

Davis, McCabe, Boehm 1405.0495

Conclusions 

� We perform an unbinned, maximum likelihood fit to 
the public CoGeNT data using extensive studies to 
separate bulk and surface events 

� We find a good fit to the data with our background 
model  
� The likelihood gets worse when including a WIMP component 

either as a standard halo or Sagittarius like stream 
� Still to come 

� Try to understand the different conclusions with the likelihood 
analysis performed by Collaboration – (Collar and Fields) 

� Look at more exotic signals (such as axion-like particles 
scattering from electrons) 

� Set upper limits on the cross section 
 

Bellis, Collar, Field, Kelso at IDM2014

Pulse-shape discrimination of surface/bulk events

Conclusion
✦ An independent analysis of CoGeNT data, 

for a Dark Matter recoil signal.

✦ The large surface event background rises at 
low energy, like a light DM recoil signal.

✦ Uncertainties in this background make a 
statistically-significant claim of DM 
detection difficult.

✦ Marginalising over this uncertainty using 
cubic splines, we find less than one sigma 
evidence for Dark Matter.

✦ The CoGeNT region of interest results 
from a biased analysis, and has no 
statistical meaning.

CoGeNT leader

CoGeNT made their data public
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Maximum Likelihood Signal Extraction Method Applied to 3.4 years of CoGeNT Data

C.E. Aalseth,1 P.S. Barbeau,2, ∗ J. Colaresi,3 J.I. Collar,2 J. Diaz Leon,4 J.E. Fast,1 N.E. Fields,2 T.W. Hossbach,1

A. Knecht,4, † M.S. Kos,1, ‡ M.G. Marino,4, § H.S. Miley,1 M.L. Miller,4, ¶ J.L. Orrell,1 and K.M. Yocum3

(CoGeNT Collaboration)
1Pacific Northwest Laboratory, Richland, WA 99352, USA

2Kavli Institute for Cosmological Physics and Enrico Fermi Institute, University of Chicago, Chicago, IL 60637, USA
3CANBERRA Industries, Meriden, CT 06450, USA

4Center for Experimental Nuclear Physics and Astrophysics and Department
of Physics, University of Washington, Seattle, WA 98195, USA

(Dated: January 27, 2014)

CoGeNT has taken data for over 3 years, with 1136 live days of data accumulated as of April
23, 2013. We report on the results of a maximum likelihood analysis to extract any possible dark
matter signal present in the collected data. The maximum likelihood signal extraction uses 2-
dimensional probability density functions (PDFs) to characterize the anticipated variations in dark
matter interaction rates for given observable nuclear recoil energies during differing periods of the
Earth’s annual orbit around the Sun. Cosmogenic and primordial radioactivity backgrounds are
characterized by their energy signatures and in some cases decay half-lives. A third parameterizing
variable – pulse rise-time – is added to the likelihood analysis to characterize slow rising pulses
described in prior analyses. The contribution to each event category is analyzed for various dark
matter signal hypotheses including a dark matter standard halo model and a case with free oscillation
parameters (i.e., amplitude, period, and phase). The best-fit dark matter signal is in close proximity
to previously reported results. When systematic uncertainties in the PDF models are included, the
significance of the extracted dark matter signal remains below the evidentiary (i.e., 3σ) level. These
results show the extracted signal is dependent on the choice of model PDFs, but is otherwise a
viable method for cases when the signal and background distributions are well known.

PACS numbers: 85.30.-z, 95.35.+d

I. INTRODUCTION

The CoGeNT detector has operated stably for over
three years at the Soudan Underground Laboratory.
Prior publications [1–3] have analyzed data from the Co-
GeNT detector testing the collected data for any sig-
nature of dark matter interactions. Those prior re-
sults have shown a preference for an excess of events
above the expected background. If this excess is treated
as a dark matter signal, a best fit is found for a low
mass (∼10 GeV/c2) dark matter particle with large
(∼1042 cm2) interaction cross-section. These results are
based on analyzing the CoGeNT data for both the recoil
nuclear energy spectral signature [1] and separately the
expected temporal variation of the event rate with an an-
nual period and summer to winter phase [2]. In all cases
the statistical significance of these observations are just
beneath evidentiary (i.e., 3σ). While the significance of
the CoGeNT results (and other recent findings [5]) do not

∗ Present address: Department of Physics, Duke University,
Durham, NC 27708, USA

† Present address: Paul Scherrer Institut (PSI), Villigen PSI,
Switzerland

‡ Electronic address: marek.kos@pnnl.gov
§ Present address: Physics Department, Technische Universität
München, Munich, Germany

¶ Present address: Cloudant - West Coast, 209 1/2 1st Ave S,
Seattle, WA 98104

rise to the level of discovery, the possible detection of the
first non-Standard Model particle should not be blithely
ignored nor accepted without irrefutable evidence. Thus
a detailed analysis of the released 3.4 year CoGeNT data
set is pursued. The objective is to use models of the back-
grounds present in the CoGeNT data set – parameterized
by energy and time – to test for a possible dark matter
signal using a fully unbinned maximum likelihood signal
extraction method. The principle underlying this method
is generic and applicable in current and future dark mat-
ter searches, thus a focus on reporting the methodology
is presented in this article. Finally, this maximum likeli-
hood methodology provides a quantifiable way to test for
the effect of systematic uncertainties associated with un-
derstanding of the signal and background distributions.

Of particular interest in this analysis is addressing a
background having a similar energy spectral shape to
that expected from dark matter induced nuclear recoil
interactions (e.g., a falling exponential as a function of
increasing energy). This background is due to energy de-
positions in the high voltage contact surface layers of the
germanium crystal. The surface event pulses on average
have longer rise-time than bulk events [3, 9, 10]. In re-
cent published analysis, the fast and slow pulse rise-time
distributions were shown to be well approximated by log-
normal functions, a model qualitatively justified by the
impact of electronic signal noise on the determination of
individual pulse rise-times [3]. The separation between
fast and slow pulses is very good at higher energies, with

arXiv:1401.6234v1    24 Jan 2014
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Maximum Likelihood Signal Extraction Method Applied to 3.4 years of CoGeNT Data

C.E. Aalseth,1 P.S. Barbeau,2, ∗ J. Colaresi,3 J. Diaz Leon,4 J.E. Fast,1 T.W. Hossbach,1 A. Knecht,4, †

M.S. Kos,1, ‡ M.G. Marino,4, § H.S. Miley,1 M.L. Miller,4, ¶ J.L. Orrell,1 and K.M. Yocum3

1Pacific Northwest Laboratory, Richland, WA 99352, USA
2Kavli Institute for Cosmological Physics and Enrico Fermi Institute, University of Chicago, Chicago, IL 60637, USA

3CANBERRA Industries, Meriden, CT 06450, USA
4Center for Experimental Nuclear Physics and Astrophysics and Department

of Physics, University of Washington, Seattle, WA 98195, USA
(Dated: January 28, 2014)

CoGeNT has taken data for over 3 years, with 1136 live days of data accumulated as of April
23, 2013. We report on the results of a maximum likelihood analysis to extract any possible dark
matter signal present in the collected data. The maximum likelihood signal extraction uses 2-
dimensional probability density functions (PDFs) to characterize the anticipated variations in dark
matter interaction rates for given observable nuclear recoil energies during differing periods of the
Earth’s annual orbit around the Sun. Cosmogenic and primordial radioactivity backgrounds are
characterized by their energy signatures and in some cases decay half-lives. A third parameterizing
variable – pulse rise-time – is added to the likelihood analysis to characterize slow rising pulses
described in prior analyses. The contribution to each event category is analyzed for various dark
matter signal hypotheses including a dark matter standard halo model and a case with free oscillation
parameters (i.e., amplitude, period, and phase). The best-fit dark matter signal is in close proximity
to previously reported results. When systematic uncertainties in the PDF models are included, the
significance of the extracted dark matter signal remains below the evidentiary (i.e., 3σ) level. These
results show the extracted signal is dependent on the choice of model PDFs, but is otherwise a
viable method for cases when the signal and background distributions are well known.

PACS numbers: 85.30.-z, 95.35.+d

I. INTRODUCTION

The CoGeNT detector has operated stably for over
three years at the Soudan Underground Laboratory.
Prior publications [1–3] have analyzed data from the Co-
GeNT detector testing the collected data for any sig-
nature of dark matter interactions. Those prior re-
sults have shown a preference for an excess of events
above the expected background. If this excess is treated
as a dark matter signal, a best fit is found for a low
mass (∼10 GeV/c2) dark matter particle with large
(∼1042 cm2) interaction cross-section. These results are
based on analyzing the CoGeNT data for both the recoil
nuclear energy spectral signature [1] and separately the
expected temporal variation of the event rate with an an-
nual period and summer to winter phase [2]. In all cases
the statistical significance of these observations are just
beneath evidentiary (i.e., 3σ). While the significance of
the CoGeNT results (and other recent findings [5]) do not
rise to the level of discovery, the possible detection of the

∗ Present address: Department of Physics, Duke University,
Durham, NC 27708, USA

† Present address: Paul Scherrer Institut (PSI), Villigen PSI,
Switzerland

‡ Electronic address: marek.kos@pnnl.gov
§ Present address: Physics Department, Technische Universität
München, Munich, Germany

¶ Present address: Cloudant - West Coast, 209 1/2 1st Ave S,
Seattle, WA 98104

first non-Standard Model particle should not be blithely
ignored nor accepted without irrefutable evidence. Thus
a detailed analysis of the released 3.4 year CoGeNT data
set is pursued. The objective is to use models of the back-
grounds present in the CoGeNT data set – parameterized
by energy and time – to test for a possible dark matter
signal using a fully unbinned maximum likelihood signal
extraction method. The principle underlying this method
is generic and applicable in current and future dark mat-
ter searches, thus a focus on reporting the methodology
is presented in this article. Finally, this maximum likeli-
hood methodology provides a quantifiable way to test for
the effect of systematic uncertainties associated with un-
derstanding of the signal and background distributions.
Of particular interest in this analysis is addressing a

background having a similar energy spectral shape to
that expected from dark matter induced nuclear recoil
interactions (e.g., a falling exponential as a function of
increasing energy). This background is due to energy de-
positions in the high voltage contact surface layers of the
germanium crystal. The surface event pulses on average
have longer rise-time than bulk events [3, 9, 10]. In re-
cent published analysis, the fast and slow pulse rise-time
distributions were shown to be well approximated by log-
normal functions, a model qualitatively justified by the
impact of electronic signal noise on the determination of
individual pulse rise-times [3]. The separation between
fast and slow pulses is very good at higher energies, with
the separation becoming worse at lower energies as the
risetime distributions broaden. Figure 1 shows distribu-
tions of the log-normal functions fitted to the data in

arXiv:1401.6234v2    27 Jan 2014



News from CRESST

The CRESST-TUM40 upgrade rules out  
the CRESST low-mass WIMP solution

Strauss at 
IDM2014 

Results$from$29kgOdays$of$TUMO40$

28$

CRESST(sim.(
(2014)(

LUX(

XENON100(

DAMA(

SuperCDMS(

CDMSlite(

EDELWEISS(low(thr.(

CRESST((
(2011)(

CRESSTEcomm.((2009)(

CRESSTETUM40(
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News from CDMS II

Agnese et al (CDMS) 2014

CDMS II Ge rules out  
the CDMS II Si low-mass WIMP solution

CDMS II Si

CDMS II Ge  
upper limit



That which does not kill us 
makes us stronger



All particle physics models

Write down and analyze 
all possible WIMP-nucleus currents
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Traditionally, v2 dσ/dER = const × (nuclear form factor), with the 
same coupling to protons and neutrons (spin-independent case)

The recoil spectrum (scattering rate per unit target mass)

Recoil spectrum
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– put additional velocity or energy dependence in v2 dσ/dER

– set different couplings to neutrons and protons (“isospin-violating”)

In trying to explain the data, modify the cross section

The recoil spectrum (scattering rate per unit target mass)

Recoil spectrum
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Chart of the NuclidesZ

N

Z/N
=1 Z/N

=0.7

Ge

Na

Cs

Xe
I

Ca
Si

O

W

Nfn + Zfp ⇡ 0 fn/fp ⇡ �Z/Ncoupling for 

Why fn/fp =-0.7 
suppresses the 
coupling to Xe

Spin-independent couplings to protons stronger than to neutrons 
may allow modulation signals compatible with other null searches

Kurylov, Kamionkowski 2003; Giuliani 2005; Cotta et al 2009; Chang et al 2010; Kang et al 
2010; Feng et al 2011; Del Nobile et al 2011; .....

Isospin-violating (nonisoscalar) dark matter



nucleus DM
light mediator heavy mediator

“charge” “charge”

“charge” dipole

dipole dipole

See e.g.  Barger, Keung, Marfatia 2010; Fornengo, Panci, Regis 2011; An et al 2011

All terms may be multiplied by nuclear or DM form factors F(ER)

Energy and/or velocity dependent scattering cross sections

Particle physics model

1/M4

ER/M
41/ER

1/ER

E2
R/M

4
const + ER/v

2

v2 d�/dER



All particle physics models
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Table 1: The response dark-matter nuclear response functions, their leading order behavior,

and the response type. The notation ⌦ denotes a spherical tensor product, while ⇥ is the

conventional cross product.
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All short-distance operators classified

of particles of spin one or less (i.e. at most quadratic in either ~S or ~v). In any Lorentz-invariant

local quantum field theory, CP-violation is equivalent to T-violation, so let us first consider

operators that respect time reversal symmetry. These operators are

1, ~S
�

· ~S
N

, v2, i(~S
�

⇥ ~q) · ~v, i~v · (~S
N

⇥ ~q), (~S
�

· ~q)(~S
N

· ~q) (4)

~v? · ~S
�

, ~v? · ~S
N

, i~S
�

· (~S
N

⇥ ~q).

The operators in the first line of eq. (4) are parity conserving, while those of the second line

are parity violating. In addition, there are T-violating operators:

i~S
N

· ~q, i~S
�

· ~q, (5)

(i~S
N

· ~q)(~v? · ~S
�

), (i~S
�

· ~q)(~v? · ~S
N

).

In order to determine the interaction of DM particles with the nucleus, the above oper-

ators need to be inserted between nuclear states. Experimentally, the relevant question is

thus what sort of nuclear responses these operators illicit when DM couples to the nucleus.

We find that there are six basic responses corresponding to single-nucleon operators labeled

M
J ;p,n

, ⌃0
J ;p,n

, ⌃00
J ;p,n

, �
J ;p,n

, �̃0
J ;pn

, �00
J ;p,n

in our discussion of section 3. Five of these re-

sponses (M
J ;p,n

, ⌃0
J ;p,n

, ⌃00
J ;p,n

, �
J ;p,n

, �00
J ;p,n

) arise in CP conserving interactions (due to the

exchange of spin one or less), and we therefore primarily focus on this smaller set. Although a

certain CP-violating interaction can be viable (see section 6), finding a UV-model which will

result in the response �̃0
J ;pn

seems more challenging. In this paper we provide form factors in

detail for some commonly used elements, however, it is useful to have a heuristic description

for the responses. M is the standard spin-independent response. ⌃0, ⌃00 are the transverse
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strain all the interaction operators present in the e↵ective theory of the dark matter-nucleon
interaction.

The paper is organized as follows. In Sec. 2 we briefly review the non-relativistic e↵ective
theory of the dark matter direct detection proposed in Ref. [30]. Sec. 3 describes the statistical
methods used in our analysis, whereas the datasets to which they are applied are introduced
in Sec. 4. Secs. 5 and 6 are devoted to the presentation of the results, and Sec. 7 contains
our conclusions. Appendix A describes the dependence of our results on the astrophysical
assumptions, whereas Appendix B contains a list of the dark matter response functions
relevant for this paper.

2 E↵ective theory of the dark matter-nucleon interaction

In this section we review the basic concepts and equations defining the e↵ective theory of the
dark matter-nucleon interaction. For a more detailed introduction to this subject we refer
the reader to the original literature [30–33].

From the point of view of relativistic quantum field theory, e↵ective dark matter-nucleon
interactions can be constructed from Lorentz-invariant combinations of dark matter and
nucleonic bilinear operators. In the dark matter-nucleon non-relativistic e↵ective theory the
interactions are restricted by Galilean invariance, energy and momentum conservation, and
hermiticity [30]. These requirements allow to construct a generating set of five non-relativistic
operators for the algebra of �-nucleon e↵ective interaction operators (here � denotes the dark
matter particle): the identity 1�1N , the momentum transfer1 ~q, the �-nucleon transverse
relative velocity operator ~v?�N (with matrix element equal to ~v�N � ~q/2µN , where ~v�N is the
initial �-nucleon relative velocity and µN is the �-nucleon reduced mass), and the dark matter
and nucleon spin operators ~

S�1N and 1�~SN , respectively. The most general e↵ective theory
at the dark matter-nucleon level involves products of the five generating operators. In this
paper, we restrict ourselves to the exchange of a heavy spin-0 or spin-1 particle, and following
Ref. [30], we limit ourselves to the 10 operators listed in Tab. 1. The additional operator
O2 = (v?�N )2 cannot be a leading-order operator in e↵ective theories, and the remaining
operators O16 = �O10O5, O13 = O10O8, O15 = �O11O3 and O14 = O11O7 are di�cult to
generate in explicit particle models. For spin-0 dark matter particles, the spin operator ~

S� is
identically zero. For spin-1/2 particles it is equal to ~�/2, where �i, i = 1, 2, 3, are the Pauli
sigma matrices acting on the �-spinor. For spin-1 dark matter particles the components of
~

S� are spin-1 representations of the angular momentum generators acting on the �-vector.
The most general e↵ective Hamiltonian describing the dark matter interaction with a

point-like nucleon is then given by the following linear combination of operators

H =
X

i

�
c

0
i + c

1
i ⌧3

�
Oi . (2.1)

Here ⌧3 is the third isospin Pauli matrix. The coupling constants c⌧i (⌧ = 0, 1) have dimension
(mass)�2, and are analogous to the Fermi constant GF .2 The constants c

0
i correspond to

isoscalar dark matter-nucleon interactions, whereas the constants c

1
i describe the isovector

1Our definition of momentum transfer ~q is the common one in dark matter direct detection studies, namely
~q = ~p� � ~p 0

�, where ~p� and ~p 0
� are the initial and final dark matter momenta. Ref. [30] defines ~q with opposite

sign. This explains the minus signs in the ~q-dependent operators in Tab. 1 and in the expression for ~v?�N .
2We define the c⌧i constants following Ref. [32]. Other definitions exist in the literature. For example,

Ref. [34] has c⌧1 = 4m�mNc⌧1 .
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O1 = 1�1N O7 = ~

SN · ~v?�N
O3 = �i
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SN ·
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?
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⌘
O8 = ~

S� · ~v?�N
O4 = ~

S� · ~SN O9 = �i
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S� ·
⇣
~

SN ⇥ ~q
mN

⌘

O5 = �i
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S� ·
⇣

~q
mN

⇥ ~v

?
�N

⌘
O10 = �i

~

SN · ~q
mN

O6 =
⇣
~

S� · ~q
mN

⌘⇣
~

SN · ~q
mN

⌘
O11 = �i

~

S� · ~q
mN

Table 1. List of the 10 non-relativistic operators defining the e↵ective theory of the dark matter-
nucleon interaction studied in this paper. The operators Oi are the same as in Ref. [32].

interactions. Equivalently, cpi = (c0i + c

1
i )/2 and c

n
i = (c0i � c

1
i )/2 are the coupling constants

for protons and neutrons, respectively. In this paper we restrict our analysis to isoscalar
interactions (often but improperly called “isospin-conserving” interactions), i.e., we set c1i = 0
(see Ref. [38] for an analysis of isovector couplings). The interaction Hamiltonian used
to calculate the cross section for dark matter scattering on nucleons bound in a detector
nucleus is obtained from Eq. (2.1) by replacing the point-like charge and spin operators
with the corresponding extended nuclear charge and spin-current densities, as for instance
in Eq. 27 of Ref. [32]. In this case the relative �-nucleon transverse velocity operator ~v?�N is

conveniently rewritten as ~v?�N = ~v

?
�T � ~v

?
NT [30], where the first term ~v

?
�T is the �-nucleus

transverse velocity operator (with matrix element equal to ~v�T � ~q/2µT , where ~v�T is the
initial �-nucleus relative velocity and µT is the �-nucleus reduced mass), and the second term
~v

?
NT is the transverse relative velocity of the nucleon N with respect to the nucleus center of
mass [30]. To simplify the notation and connect it to the usual notation in analyses of dark
matter experiments, we write ~v without index for the relative �-nucleus velocity ~v�T .

The di↵erential cross section for dark matter scattering on a target nucleus of mass mT

is given by

d�

dER
=

mT

2⇡v2

"
1

2j� + 1

1

2jN + 1

X

spins

|MNR|2
#

(2.2)

where |MNR|2 denotes the square modulus of the non-relativistic scattering amplitude MNR

(related to the usual invariant amplitude M by M = 4m2
TMNR), and j� and jN are the

dark matter and nucleus spins, respectively. When averaged over initial spins and summed
over final spins, |MNR|2 gives a quantity Ptot proportional to the total transition probability,
which can be expressed as a combination of nuclear and dark matter response functions. In
the most general case it takes the following form

Ptot(v
2
, q
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Data used:
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where |MNR|2 denotes the square modulus of the non-relativistic scattering amplitude MNR

(related to the usual invariant amplitude M by M = 4m2
TMNR), and j� and jN are the
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Notice that

v

?2
�T = v

2 � q

2

4µ2
T

. (2.4)

For completeness, we list the dark matter response functions R⌧⌧ 0
M , R⌧⌧ 0

⌃00 , R⌧⌧ 0
⌃0 , R⌧⌧ 0

�00 , R⌧⌧ 0
�00M ,

R

⌧⌧ 0
�̃0 , R

⌧⌧ 0
� and R

⌧⌧ 0
�⌃0 in Appendix B. The nuclear response functions W

⌧⌧ 0
M , W

⌧⌧ 0
⌃00 , W

⌧⌧ 0
⌃0 ,

W

⌧⌧ 0
�00 , W

⌧⌧ 0
�00M , W

⌧⌧ 0
�̃0 , W

⌧⌧ 0
� and W

⌧⌧ 0
�⌃0 can be evaluated for di↵erent target materials and

isotopes using the Mathematica package of Ref. [32], or the approximate expressions provided
in the appendix of Ref. [30], where the functions F ⌧⌧ 0

IJ = 4⇡W ⌧⌧ 0
IJ /(2jN +1). The definition of

these nuclear response functions is given in Eq. (41) of Ref. [32]. In our calculations we have
rewritten the Mathematica package of Ref. [32] in FORTRAN, and used our own routines to
calculate di↵erential cross sections and scattering rates. In Eq. (2.3), y = (qb/2)2, where b is
the oscillator parameter in the independent-particle harmonic oscillator model [32].

The di↵erential rate of scattering events per unit time and per unit detector mass is
obtained as

dR
dER

=
X

T

dRT

dER
⌘

X

T

⇠T
⇢�

2⇡m�

⌧
1

v

Ptot(v
2
, q

2)

�
(2.5)

where ⇠T is the mass fraction of the nucleus T in the target material, ⇢� is the local dark
matter density, and m� is the dark matter mass. The angle brackets in Eq. (2.5) denote an
average over the local dark matter velocity distribution, f , in the galactic rest frame boosted
to the detector frame, namely

⌧
1

v

Ptot(v
2
, q

2)

�
=

Z

v>vmin(q)

f(~v + ~ve(t))

v

Ptot(v
2
, q

2) d3v, (2.6)

where ~ve(t) is the time-dependent Earth velocity in the galactic rest frame, and vmin(q) =
q/2µT is the minimum velocity required for a dark matter particle to transfer a momentum q

to the target nucleus. In our calculations we consider two choices of f : a Maxwell-Boltzmann
distribution f(~v+ ~ve(t)) / exp(�|~v+ ~ve(t)|2/v20) truncated at the local escape velocity vesc ,
and the anisotropic velocity distribution proposed in Ref. [39].

3 Statistical framework

In this section we introduce the statistical methods used to extract limits on the strength of
the dark matter-nucleon e↵ective interactions from present dark matter direct detection data.
We present both a Bayesian approach [27, 40–51] and a frequentist approach. This allows a
comprehensive analysis of the multidimensional parameter space studied in this paper. See
Ref. [52] for an introduction to Bayesian and frequentist statistical methods.

In the Bayesian analysis, our e↵orts are concentrated on reconstructing the posterior
probability density function (PDF) of the model parameters, P(⇥|d). The posterior PDF
depends on the n datasets d = (d1, . . . , dn) considered in the analysis and on an array of m

– 5 –
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Figure 1. Analysis of the LUX data. Top-left panel: 2D posterior PDF and associated 99% credible
region (CR) in the m�–c01 plane, obtained by fitting the LUX data varying m� and c

0
1 only (in this

analysis the remaining couplings have been set to zero). Below the 99% CR contour, the marginal
posterior PDF increases and it reaches a plateau of approximately constant probability. Top-central
panel: 2D marginal posterior PDF and 99% credible regions in the m�–c01 plane, obtained by fitting
the LUX data varying m� and all the e↵ective couplings simultaneously. Because of volume e↵ects
(see text around Eqs. (3.3) and (5.3)) the marginal posterior PDF is now peaked at low masses and
the 99% CR splits into two islands, one at low masses and the other at high masses. Bottom-left panel:
2D profile likelihood in the m�–c01 plane, extracted from the LUX data varying m� and c

0
1 only. Below

the 95% Confidence Level (CL) contour, the profile likelihood increases, it reaches a region of maxima,
and then it decreases assuming a constant value corresponding to µS(m�, c,⌘) = 0. Bottom-central
panel: 2D profile likelihood in the m�–c01 plane, obtained from an analysis of the LUX data in which
we vary m� and all the e↵ective couplings simultaneously. Importantly, the 2D profile likelihood
surface does not split into disconnected regions, since it is una↵ected by volume e↵ects. In addition,
when varying more than one parameter, configurations with relatively low likelihood corresponding
to µS(c, ⌘) = 0 occur at low masses only (lighter band near the left margin of the bottom-central
panel). Top-right panel: 1D posterior PDFs obtained marginalizing over the coupling constants, and
1D profile likelihoods associated with the four cases discussed in the other panels of this figure.

CDMSlite, COUPP, SIMPLE and PICASSO data.3 To extract these contours we analyze
each dataset independently and sample the posterior PDF by varying m� and one of c0i at
a time, in addition to the relevant nuisance parameters. We have verified that the limits
obtained in this way in the planes m� vs c01 and m� vs c04, match very well standard results
usually presented in the planes m� vs �SI

n and m� vs �SD
n . In addition, from Figs. 2 and 3 one

3To keep the figures simple, we do not include XENON10, XENON100, CDMS-Ge, and CDMS-LT.
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Table 1. List of the 10 non-relativistic operators defining the e↵ective theory of the dark matter-
nucleon interaction studied in this paper. The operators Oi are the same as in Ref. [32].

interactions. Equivalently, cpi = (c0i + c

1
i )/2 and c

n
i = (c0i � c

1
i )/2 are the coupling constants

for protons and neutrons, respectively. In this paper we restrict our analysis to isoscalar
interactions (often but improperly called “isospin-conserving” interactions), i.e., we set c1i = 0
(see Ref. [38] for an analysis of isovector couplings). The interaction Hamiltonian used
to calculate the cross section for dark matter scattering on nucleons bound in a detector
nucleus is obtained from Eq. (2.1) by replacing the point-like charge and spin operators
with the corresponding extended nuclear charge and spin-current densities, as for instance
in Eq. 27 of Ref. [32]. In this case the relative �-nucleon transverse velocity operator ~v?�N is

conveniently rewritten as ~v?�N = ~v

?
�T � ~v

?
NT [30], where the first term ~v

?
�T is the �-nucleus

transverse velocity operator (with matrix element equal to ~v�T � ~q/2µT , where ~v�T is the
initial �-nucleus relative velocity and µT is the �-nucleus reduced mass), and the second term
~v

?
NT is the transverse relative velocity of the nucleon N with respect to the nucleus center of
mass [30]. To simplify the notation and connect it to the usual notation in analyses of dark
matter experiments, we write ~v without index for the relative �-nucleus velocity ~v�T .

The di↵erential cross section for dark matter scattering on a target nucleus of mass mT

is given by
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where |MNR|2 denotes the square modulus of the non-relativistic scattering amplitude MNR

(related to the usual invariant amplitude M by M = 4m2
TMNR), and j� and jN are the

dark matter and nucleus spins, respectively. When averaged over initial spins and summed
over final spins, |MNR|2 gives a quantity Ptot proportional to the total transition probability,
which can be expressed as a combination of nuclear and dark matter response functions. In
the most general case it takes the following form
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Figure 5. 2D profile likelihood in the 45 planes spanned by all the independent pairs of e↵ective
couplings considered in this work. For illustrative purposes we have introduced in this figure the new
variables xi ⌘ c

0
im

2
v, with i = 1, 3, . . . , 11. These 2D profile likelihoods have been extracted from an

analysis in which all the datasets with null results were fit simultaneously varying all the e↵ective
couplings and the dark matter mass (together with the nuisance parameters). This figure clearly
shows the absence of strong correlations between the di↵erent e↵ective couplings, except between
c

0
1–c

0
3 and c

0
4–c

0
6 (see text and Figs. 4 and 6).

We exploit the Multinest program to explore the multidimensional parameter space of
the dark matter-nucleon e↵ective theory by simultaneously varying the 11 model parameters
and the 4 additional nuisance parameters listed in Tab. 2. Our analysis is based on about 3
million likelihood evaluations.

Fig. 5 shows the 2D profile likelihoods in the planes c

0
i vs c

0
j (with i, j = 1, 3, . . . , 11

and i 6= j), obtained by profiling out all parameters but c0i and c

0
j . There are 45 independent
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Table 1. List of the 10 non-relativistic operators defining the e↵ective theory of the dark matter-
nucleon interaction studied in this paper. The operators Oi are the same as in Ref. [32].
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1
i )/2 and c
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1
i )/2 are the coupling constants

for protons and neutrons, respectively. In this paper we restrict our analysis to isoscalar
interactions (often but improperly called “isospin-conserving” interactions), i.e., we set c1i = 0
(see Ref. [38] for an analysis of isovector couplings). The interaction Hamiltonian used
to calculate the cross section for dark matter scattering on nucleons bound in a detector
nucleus is obtained from Eq. (2.1) by replacing the point-like charge and spin operators
with the corresponding extended nuclear charge and spin-current densities, as for instance
in Eq. 27 of Ref. [32]. In this case the relative �-nucleon transverse velocity operator ~v?�N is

conveniently rewritten as ~v?�N = ~v

?
�T � ~v

?
NT [30], where the first term ~v
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transverse velocity operator (with matrix element equal to ~v�T � ~q/2µT , where ~v�T is the
initial �-nucleus relative velocity and µT is the �-nucleus reduced mass), and the second term
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NT is the transverse relative velocity of the nucleon N with respect to the nucleus center of
mass [30]. To simplify the notation and connect it to the usual notation in analyses of dark
matter experiments, we write ~v without index for the relative �-nucleus velocity ~v�T .

The di↵erential cross section for dark matter scattering on a target nucleus of mass mT

is given by
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where |MNR|2 denotes the square modulus of the non-relativistic scattering amplitude MNR

(related to the usual invariant amplitude M by M = 4m2
TMNR), and j� and jN are the

dark matter and nucleus spins, respectively. When averaged over initial spins and summed
over final spins, |MNR|2 gives a quantity Ptot proportional to the total transition probability,
which can be expressed as a combination of nuclear and dark matter response functions. In
the most general case it takes the following form
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Figure 4. 95% CL profile-likelihood upper limits on the coupling constants c0i (i = 1, 3, . . . , 11) that
can in principle exhibit correlations, for the LUX experiment and a dark matter particle massm� = 10
TeV. There is negligible correlation between c

0
4 and c

0
5 and between c

0
8 and c

0
9, positive correlation

between c

0
1 and c

0
3, and negative correlation between c

0
4 and c

0
6.

for a given experiment at a given m� and ⌘ are ellipses in the c0i –c
0
j plane. These ellipses can

be obtained without random sampling in parameter space by writing

aii(c
0
i )

2 + 2aijc
0
i c

0
j + ajj(c

0
j )

2 = µSconst, (5.4)

where µSconst is the desired value of µS (e.g., its upper limit) and the coe�cients aii, aij ,
and ajj are obtained using Eqs. (2.3), (2.5), (4.1), (4.2), and (B.1). The relative size of these
coe�cients, and thus the shape of the ellipses, is essentially fixed by the nuclear structure
functions W . The correlation coe�cient rij for the pair of variables c0i and c

0
j follows as

rij = � aijp
aiiajj

. (5.5)

Fig. 4 shows the ellipses (5.4) for LUX at m� = 10 TeV, with µSconst corresponding to the
LUX upper limit. We see that out of the four possible cases, two exhibit negligible correlations
(with r45 = �0.027 and r89 = 0.054), one has positive correlation (c01 and c

0
3 with r13 = 0.90)

and one has negative correlation (c04 and c

0
6 with r46 = �0.64). These correlations survive

when all experiments are included in the profile likelihood analysis, as seen next.
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Figure 5. 2D profile likelihood in the 45 planes spanned by all the independent pairs of e↵ective
couplings considered in this work. For illustrative purposes we have introduced in this figure the new
variables xi ⌘ c

0
im

2
v, with i = 1, 3, . . . , 11. These 2D profile likelihoods have been extracted from an

analysis in which all the datasets with null results were fit simultaneously varying all the e↵ective
couplings and the dark matter mass (together with the nuisance parameters). This figure clearly
shows the absence of strong correlations between the di↵erent e↵ective couplings, except between
c

0
1–c

0
3 and c

0
4–c

0
6 (see text and Figs. 4 and 6).

We exploit the Multinest program to explore the multidimensional parameter space of
the dark matter-nucleon e↵ective theory by simultaneously varying the 11 model parameters
and the 4 additional nuisance parameters listed in Tab. 2. Our analysis is based on about 3
million likelihood evaluations.

Fig. 5 shows the 2D profile likelihoods in the planes c

0
i vs c

0
j (with i, j = 1, 3, . . . , 11

and i 6= j), obtained by profiling out all parameters but c0i and c

0
j . There are 45 independent
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Table 1. List of the 10 non-relativistic operators defining the e↵ective theory of the dark matter-
nucleon interaction studied in this paper. The operators Oi are the same as in Ref. [32].
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for protons and neutrons, respectively. In this paper we restrict our analysis to isoscalar
interactions (often but improperly called “isospin-conserving” interactions), i.e., we set c1i = 0
(see Ref. [38] for an analysis of isovector couplings). The interaction Hamiltonian used
to calculate the cross section for dark matter scattering on nucleons bound in a detector
nucleus is obtained from Eq. (2.1) by replacing the point-like charge and spin operators
with the corresponding extended nuclear charge and spin-current densities, as for instance
in Eq. 27 of Ref. [32]. In this case the relative �-nucleon transverse velocity operator ~v?�N is

conveniently rewritten as ~v?�N = ~v

?
�T � ~v

?
NT [30], where the first term ~v

?
�T is the �-nucleus

transverse velocity operator (with matrix element equal to ~v�T � ~q/2µT , where ~v�T is the
initial �-nucleus relative velocity and µT is the �-nucleus reduced mass), and the second term
~v

?
NT is the transverse relative velocity of the nucleon N with respect to the nucleus center of
mass [30]. To simplify the notation and connect it to the usual notation in analyses of dark
matter experiments, we write ~v without index for the relative �-nucleus velocity ~v�T .

The di↵erential cross section for dark matter scattering on a target nucleus of mass mT

is given by

d�

dER
=
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2⇡v2

"
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(2.2)

where |MNR|2 denotes the square modulus of the non-relativistic scattering amplitude MNR

(related to the usual invariant amplitude M by M = 4m2
TMNR), and j� and jN are the

dark matter and nucleus spins, respectively. When averaged over initial spins and summed
over final spins, |MNR|2 gives a quantity Ptot proportional to the total transition probability,
which can be expressed as a combination of nuclear and dark matter response functions. In
the most general case it takes the following form
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Figure 4. 95% CL profile-likelihood upper limits on the coupling constants c0i (i = 1, 3, . . . , 11) that
can in principle exhibit correlations, for the LUX experiment and a dark matter particle massm� = 10
TeV. There is negligible correlation between c

0
4 and c

0
5 and between c

0
8 and c

0
9, positive correlation

between c

0
1 and c

0
3, and negative correlation between c

0
4 and c

0
6.

for a given experiment at a given m� and ⌘ are ellipses in the c0i –c
0
j plane. These ellipses can

be obtained without random sampling in parameter space by writing

aii(c
0
i )

2 + 2aijc
0
i c

0
j + ajj(c

0
j )

2 = µSconst, (5.4)

where µSconst is the desired value of µS (e.g., its upper limit) and the coe�cients aii, aij ,
and ajj are obtained using Eqs. (2.3), (2.5), (4.1), (4.2), and (B.1). The relative size of these
coe�cients, and thus the shape of the ellipses, is essentially fixed by the nuclear structure
functions W . The correlation coe�cient rij for the pair of variables c0i and c

0
j follows as

rij = � aijp
aiiajj

. (5.5)

Fig. 4 shows the ellipses (5.4) for LUX at m� = 10 TeV, with µSconst corresponding to the
LUX upper limit. We see that out of the four possible cases, two exhibit negligible correlations
(with r45 = �0.027 and r89 = 0.054), one has positive correlation (c01 and c

0
3 with r13 = 0.90)

and one has negative correlation (c04 and c

0
6 with r46 = �0.64). These correlations survive

when all experiments are included in the profile likelihood analysis, as seen next.
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Figure 6. Color scale: 2D profile likelihood in the c

0
1–c

0
3 plane from a global analysis of all datasets

with null results (enlargement of the top-left panel in Fig. 5). Black line: log-log graph of the ellipse
in Fig. 4, representing the 95% CL upper limit from LUX at m� = 10 TeV. The positive correlation
between c

0
1 vs c03 is embodied in the feature that protrudes at the corner of the dark region following

the black line.

pairs of the 10 coupling constants c

0
i , leading to the 45 panels in Fig. 5. In spite of the

repetitiveness of these plots, this figure contains a very important result: as shown by the
absence of preferred directions in the 2D profile likelihoods, there are no evident correlations
induced by the data between most pairs of the 10 couplings c0i (except for c

0
1–c

0
3 and c

0
4–c

0
6), as

expected from the semi-analytic considerations at the beginning of this section. Using the 2D
marginal posterior PDFs in place of the profile likelihoods leads to an identical conclusion.
The correlation between c

0
1 and c

0
3 is evidenced by the small “spur” protruding from the

corner of the dark region in the top-left panel in Fig. 5, which is enlarged in Fig. 6 . To
wit, the black line in Fig. 6 is the graph of an ellipse in a log-log plane, namely the LUX
upper-limit ellipse in Fig. 4 (top-left). The boundary of the dark region follows the black line
in Fig. 6, and is itself an ellipse in the c

0
1–c

0
3 plane. The correlation between c

0
4 and c

0
6 is not

visible in Fig. 5 because the Multinest analysis is restricted to positive values of the c

0
i . It is

comforting that the semi-analytic considerations at the beginning of this section and the full
Multinest analysis give the same correlation pattern for the c

0
i ’s.

An interesting and important result is summarized in Fig. 7, which shows the 2D
marginal PDFs and the 2D profile likelihoods from our global analysis of the direct detection
data in Sec. 4 (except DAMA and CoGeNT). In this figure we can recognize all the e↵ects
discussed in detail in the case of the LUX experiment in Fig. 1: the 2D marginal posterior
PDFs peak at low masses because of volume e↵ects, whereas the 2D profile likelihoods are
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Astrophysics-independent approach

Compare experiments without assuming a 
local WIMP density or velocity distribution



3 kpc

8.3 kpc

Rotation curve (Clemens 1985)

Image by R. Powell using DSS data

Sun

Our galaxy is inside a halo of dark matter particles
1 kpc = 2.06×1011 AU
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Astrophysics model: local density

Read at IDM 2014

Measurement | Historic measures

Read 2014
Tuesday, June 24, 2014

Conclusions

• The latest constraints on the local dark matter density give:

• Comparing these with the rotation curve implies a near-spherical MW 
halo at ~8kpc, little dark disc, and a quiescent merger history. 

• We have searched for stars accreted along with the dark disc, finding 
none so far; this supports the “quiescent MW” scenario.

• Gaia will move us into the realm of truly precise measurements of the 
Local Dark Matter Density.

�dm = 0.33+0.26
�0.075 GeV cm�3 �dm = 0.25± 0.09GeV cm�3

[volume complete; G12*;R14] [SDSS; Z13]

Garbari et al. 2012; Zhang et al. 2013; Read 2014; Ruchti, Read et al. 2014, submitted
Tuesday, June 24, 2014



Astrophysics model: velocity distribution

Cosmological N-Body 
simulations including 
baryons are challenging

We know very little about 
the dark matter velocity 
distribution near the Sun 

Phase-space structure in the local dark matter distribution 3

for all six halos with about 200 million particles within R200. Fur-
ther details of the halos and their characteristics can be found in
Springel et al. (2008).

In the following analysis we will often compare the six level-2
resolution halos, Aq-A-2 to Aq-F-2. To facilitate this comparison,
we scale the halos in mass and radius by the constant required to
give each a maximum circular velocity of Vmax = 208.49 km/s,
the value for Aq-A-2. We will also sometimes refer to a coordi-
nate system that is aligned with the principal axes of the inner halo,
and which labels particles by an ellipsoidal radius rell defined as
the semi-major axis length of the ellipsoidal equidensity surface on
which the particle sits. We determine the orientation and shape of
these ellipsoids as follows. For each halo we begin by diagonal-
ising the moment of inertia tensor of the dark matter within the
spherical shell 6 kpc < r < 12 kpc (after scaling to a com-
mon Vmax). This gives us a first estimate of the orientation and
shape of the best fitting ellipsoid. We then reselect particles with
6 kpc < rell < 12 kpc, recalculate the moment of inertia tensor
and repeat until convergence. The resulting ellipsoids have minor-
to-major axis ratios which vary from 0.39 for Aq-B-2 to 0.59 for
Aq-D-2. The radius restriction reflects our desire to probe the dark
matter distribution near the Sun.

3 SPATIAL DISTRIBUTIONS

The density of DM particles at the Earth determines the flux of
DM particles passing through laboratory detectors. It is important,
therefore, to determine not only the mean value of the DM density
8 kpc from the Galactic Centre, but also the fluctuations around this
mean which may result from small-scale structure.

We estimate the local DM distribution at each point in our
simulations using an SPH smoothing kernel adapted to the 64
nearest neighbours. We then fit a power law to the resulting dis-
tribution of ln ρ against ln rell over the ellipsoidal radius range
6 kpc < rell < 12 kpc. This defines a smooth model density
field ρmodel(rell). We then construct a density probability distribu-
tion function (DPDF) as the histogram of ρ/ρmodel for all particles
in 6 kpc < rell < 12 kpc, where each is weighted by ρ−1 so that
the resulting distribution refers to random points within our ellip-
soidal shell rather than to random mass elements. We normalise the
resulting DPDFs to have unit integral. They then provide a prob-
ability distribution for the local dark matter density at a random
point in units of that predicted by the best fitting smooth ellipsoidal
model.

In Fig. 1 we show the DPDFs measured in this way for all
resimulations of Aq-A (top panel) and for all level-2 halos after
scaling to a common Vmax (bottom panel). Two distinct compo-
nents are evident in both plots. One is smoothly and log-normally
distributed around ρ = ρmodel, the other is a power-law tail to high
densities which contains less than 10−4 of all points. The power-
law tail is not present in the lower resolution halos (Aq-A-3, Aq-
A-4, Aq-A-5) because they are unable to resolve subhalos in these
inner regions. However, Aq-A-2 and Aq-A-1 give quite similar re-
sults, suggesting that resolution level 2 is sufficient to get a reason-
able estimate of the overall level of the tail. A comparison of the six
level 2 simulations then demonstrates that this tail has similar shape
in different halos, but a normalisation which can vary by a factor
of several. In none of our halos does the fraction of the distribu-
tion in this tail rise above 5× 10−5. Furthermore, the arguments of
Springel et al (2008) suggest that the total mass fraction in the in-
ner halo (and thus also the total volume fraction) in subhalos below
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Figure 2. Top four panels: Velocity distributions in a 2 kpc box at the Solar
Circle for halo Aq-A-1. v1, v2 and v3 are the velocity components parallel
to the major, intermediate and minor axes of the velocity ellipsoid; v is the
modulus of the velocity vector. Red lines show the histograms measured
directly from the simulation, while black dashed lines show a multivari-
ate Gaussian model fit to the individual component distributions. Residuals
from this model are shown in the upper part of each panel. The major axis
velocity distribution is clearly platykurtic, whereas the other two distribu-
tions are leptokurtic. All three are very smooth, showing no evidence for
spikes due to individual streams. In contrast, the distribution of the velocity
modulus, shown in the upper left panel, shows broad bumps and dips with
amplitudes of up to ten percent of the distribution maximum. Lower panel:
Velocity modulus distributions for all 2 kpc boxes centred between 7 and
9 kpc from the centre of Aq-A-1. At each velocity a thick red line gives the
median of all the measured distributions, while a dashed black line gives
the median of all the fitted multivariate Gaussians. The dark and light blue
contours enclose 68% and 95% of all the measured distributions at each ve-
locity. The bumps seen in the distribution for a single box are clearly present
with similar amplitude in all boxes, and so also in the median curve. The
bin size is 5 km/s in all plots.

NO BARYONS!!!!

Maxwellian

Vogelsberger et al 2009

Median
68% 95%

Read et al 2009

A dark matter disc 3

Simulation (Ωm,ΩΛ,σ8, h) (Ndm, N∗, Ngas)/106 min(Mdm,M∗,Mgas)/105 M⊙ ϵdm,∗,gas/kpc M<300kpc
dm

/1012 M⊙

MW1 (0.3, 0.7, 0.9, 0.7) (2.8, 3.1, 1.5) (7.6, 0.2, 0.3) 0.3 1.1
H204 (0.24, 0.76, 0.77, 0.73) (4, 3.3, 1.7) (10.1, 0.41, 0.58) 0.35 0.8
H258 (0.24, 0.76, 0.77, 0.73) (3.5, 2.2, 1.4) (10.1, 0.35, 0.58) 0.35 0.75
H258dark (0.24, 0.76, 0.77, 0.73) (3.5,−,−) (12.25,−,−) 0.35 0.9

Table 1. Simulation labels and parameters. From left to right the columns show the simulation label, the cosmological parameters used,
the number of dark, star and gas particles at redshift z = 0, the minimum dark matter, star and gas particle masses at z = 0, the dark
matter, star and gas force softenings (these are always equal), and the dark matter mass within 300 kpc at z = 0. H258dark was set up
with the same initial conditions as H258, but run with only dark matter particles, and at slightly lower mass resolution.

(a) MW1 (b) H204 (c) H258/H258dark

Figure 1. (a-c) The distribution of rotational velocities at the solar neighbourhood (7 < R < 8 kpc; |z| < 2.1 kpc) for three simulated
Milky Way mass galaxies MW1, H204 and H258. The lines show the dark matter (black) and stars (red). The dark matter distribution
for H258dark, simulated with dark matter alone, is overplotted on (c) (black dotted).

decay in angle θ to the host galaxies’ disc as a function of
redshift z.

The mass and rotation speed of the dark disc increase in
the simulations with more late mergers. MW1 has no signif-
icant mergers after redshift z = 2 and has a less significant
dark disc, with rotation lag with respect to the stars (red
lines in Figure 1) of ∼ 150 km/s, and dark disc to halo den-
sity ratio of ρDDISC/ρHALO = 0.23 (obtained from the dou-
ble Gaussian fit). H204 and H258 both have extreme dark
discs with ρDDISC/ρHALO > 1 and rotation lag with respect
to the stars of <

∼ 60 km/s; they both have massive mergers
at redshift z < 1.

Figure 2(i-j) demonstrates that disc plane dragging is
responsible for the formation of the dark disc. In MW1, the
green satellite is dragged towards the disc plane, the ma-
genta and cyan satellites start out close to the disc plane,
and the blue satellite merges at high inclination angle. Fig-
ure 2(a) shows the contribution to the dark disc owing to
each of these satellites. The magenta satellite contributes
the most, being both low-inclination and massive, then the
green. The cyan satellite is of too low mass to contribute sig-
nificantly, while the blue satellite contributes little rotating
material because of its high inclination. These results con-
firm our expectations from isolated disc-satellite merger sim-
ulations (Read et al. 2008). Similar results can be seen for
the four most massive mergers in H204. Although initially
on high inclination orbits, the magenta and cyan satellites
complete enough peri-centre passages to be dragged down
into the disc plane and contribute significantly to the dark

disc; the blue and green satellites also contribute in equal
measure, though somewhat less than the magenta and cyan
satellites owing to their higher final inclinations. H258 ap-
pears to present a similar picture. The green satellite is a
near ∼1:1 merger that starts out near the disc plane and
contributes nearly all of the dark disc. However, mergers
of this mass ratio define the post-merger plane of the disc.
They will lead to highly rotating, albeit hot, dark matter
discs, whatever their initial inclination. Yet there is no dark
disc in H258dark that has the same ∼1:1 merger, but no
baryonic material. This suggests that a second mechanism,
extra to disc-plane dragging, is important for the formation
of dark discs. We discuss this below in §3.2.

It is interesting that in all three galaxies, none of
the four most massive satellites contribute significant ret-
rograde material. We will investigate this further in fu-
ture work, but note here that retrograde mergers are
suppressed both because of reduced dynamical friction
(Quinn & Goodman 1986; Read et al. 2008), and reduced
tidal forces (Read et al. 2006b).

3.2 Maintaining the dark disc: the importance of

halo shape

Figure 3(e-h) shows projected density contours for the to-
tal dark matter (black) and the dark matter accreted from
the four most massive satellites (black dotted), in MW1,
H204, H258, and H258dark. All of the simulations that in-
clude the baryons produce near-spherical, slightly oblate,

DM
Stars
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Small 
dark 
disk
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FIG. 3. Small gray dots are all veto-anticoincident single-
scatter events within the ionization-partition fiducial volume
that pass the data-quality selection criteria. Large encircled
shapes are the 11 candidate events. Overlapping shaded re-
gions (from light to dark) are the 95% confidence contours ex-
pected for 5, 7, 10 and 15 GeV/c2 WIMPs, after application
of all selection criteria. The three highest-energy events occur
on detector T5Z3, which has a shorted ionization guard. The
band of events above the expected signal contours corresponds
to bulk electron recoils, including the 1.3 keV activation line
at a total phonon energy of ⇠3 keV. High-radius events near
the detector sidewalls form the wide band of events with near-
zero ionization energy. For illustrative purposes, an approxi-
mate nuclear-recoil energy scale is provided.

a WIMP-nucleon scattering interpretation of the excess
reported by CoGeNT, which also uses a germanium tar-
get. Similar tension exists with WIMP interpretations
of several other experiments, including CDMS II (Si),
assuming spin-independent interactions and a standard
halo model. New regions of WIMP-nucleon scattering
for WIMP masses below 6 GeV/c2 are excluded.

The SuperCDMS collaboration gratefully acknowl-
edges the contributions of numerous engineers and tech-
nicians. In addition, we gratefully acknowledge assis-
tance from the sta↵ of the Soudan Underground Lab-
oratory and the Minnesota Department of Natural Re-
sources. The iZIP detectors were fabricated in the Stan-
ford Nanofabrication Facility, which is a member of the
National Nanofabrication Infrastructure Network. This
work is supported in part by the National Science Foun-
dation, by the United States Department of Energy, by
NSERC Canada, and by MultiDark (Spanish MINECO).
Fermilab is operated by the Fermi Research Alliance,
LLC under Contract No. De-AC02-07CH11359. SLAC is
operated under Contract No. DE-AC02-76SF00515 with
the United States Department of Energy.

FIG. 4. The 90% confidence upper limit (solid black) based on
all observed events is shown with 95% C.L. systematic uncer-
tainty band (gray). The pre-unblinding expected sensitivity
in the absence of a signal is shown as 68% (dark green) and
95% (light green) C.L. bands. The disagreement between the
limit and sensitivity at high WIMP mass is due to the events
in T5Z3. Closed contours shown are CDMS II Si [3] (dotted
blue, 90% C.L.), CoGeNT [4] (yellow, 90% C.L.), CRESST-II
[5] (dashed pink, 95% C.L.), and DAMA/LIBRA [34] (dash-
dotted tan, 90% C.L.). 90% C.L. exclusion limits shown are
CDMS II Ge [22] (dotted dark red), CDMS II Ge low-threshold
[17] (dashed-dotted red), CDMSlite [20] (solid dark red), LUX
[35] (solid green), XENON10 S2-only [19, 36] (dashed dark
green), and EDELWEISS low-threshold [18] (dashed orange).
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Figure 14: Astrophysics independent comparison of CoGeNT and DAMA modulation amplitudes.

4.3.2 Summary of Halo-Independent Comparisons

A direct comparison of the modulated amplitude allows us to make interesting comparisons

between di↵erent experiments. The most direct, to CDMS-Ge, shows that the modulation is

compatible with CDMS, but only if the modulation is nearly 100%. As a consequence, the

modulation should be easily apparent in the CDMS data.

Ultimately, while there is a rough agreement between the size of the CoGeNT modulation

and the DAMA modulation, the energy range over which the modulation is spread seems

in conflict with previous interpretations [35] invoking a high Q
Na

, without disregarding a

modulation in an energy range which is statistically as significant as in the lower energy

range.

Indeed, as expected, the presence of modulation in the high energy range brings about

the greatest tensions overall. The absence of a signal at CDMS-Si requires the signal to be

highly modulated, while XENON100 should have seen a signal unless L
eff

is significantly

smaller than the measurements of [50].

Such comparisons are only in the context of SI scattering proportional to A2. Invoking

interference between protons and neutrons to alleviate XENON100 constraints would exacer-

bate tensions with CDMS-Si, and likely cannot address these questions. Other models, such

as SD couplings or iDM would fall outside this analysis, however.

Clearly, if the modulation in the high energy regime persists, any interpretation in terms

of spin-independent elastic scattering will be challenging.

5. Conclusions

The search for dark matter is a central element of modern astrophysics, modern cosmology

and particle physics. The discovery of particle dark matter is of such importance that any

claim must be corroborated by another experiment, and within a single experiment, before

it can be believed. The presence of modulation of events in the CoGeNT experiment makes
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Figure 7. Measured values of �g̃(vmin) from DAMA and CoGeNT compared to the exclusion limits
from other experiments. For the upper panels, no assumptions on the modulation fraction have
been made, for the lower panels, we assume that the modulation fraction is bounded by the red
line in the right panel of Figure 8. Even for weak assumptions on the modulation fraction, there
is significant tension between the di↵erent experiments, most notably it is impossible to find a DM
velocity distribution that describes the observed modulations and evades the bound from XENON100.

constrain �g̃(vmin). We consider therefore whether it is reasonable to make stronger assump-
tions about the modulation fraction and thus obtain more stringent experimental bounds.

5.1 Constraining the modulation fraction

We will now discuss what can be reasonably assumed about the modulation fraction given
known models of the galactic halo, and how it can be constrained once the velocity integral
has been measured. The predicted modulation fraction for various halo models are shown in
the left panel of Figure 8. We observe that for most values of vmin it is significantly below
100%. Note that a modulation fraction of 100% implies that no signal is observed at t0+0.5
yr, which is possible only if vmin > vesc + vE(t0 + 0.5 yr).
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FIG. 7: A comparison of measurements and constraints of the astrophysical observable g(v) [see

relevant expressions in (1),(2),(8)] for m
�

= 10 GeV: CoGeNT (blue), CDMS-Si (red, solid),

CDMS-Ge (green, dot-dashed), XENON10 - MIN L
eff

(purple, dashed), and XENON10 - MED

L
eff

(gray, dotted). CoGeNT values assume the events arise from elastically scattering dark

matter, while for other experiments, regions above and to the right of the lines are excluded at

90% confidence. The jagged features of the CDMS-Ge curve arise from the presence of the two

detected events.

how one quantifies a constraint. However, one can exploit the fact that g is a monotonically

decreasing function, so for our constraints, we simply assume that g(v) is constant below

v, and assume a Poisson limit on the integral of (8) from the experimental threshold to v.

However, other techniques could also be used, see the Appendix for more details.

This approach with a g � v plot has numerous advantages over the traditional m
�

� �

plots. It makes manifest what the relationships between the di↵erent experiments are in

terms of what v
min

-space is probed, and shows (for a given mass) whether tensions exist.

Moreover, the quantity g(v) is extremely tightly linked to the data, with only a rescaling

by form factor as in (8). Thus, unlike m
�

� � plots, which have a tremendous amount of

processing in them, this provides a direct comparison of experimental results on the same
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Original idea referred to the recoil 
spectrum dR/dER, which is not 
accessible to experiments because 
of energy-dependent efficiencies and 
energy resolution, and the fact that 
often only part of the recoil energy 
is actually measured.



Astrophysics-independent approach

Recoil energyMeasured energy Effective energy 
response function

dR

dE
=

Z 1

0
G(E,ER)

dR

dER
dER

Use quantities accessible to experiments, i.e., include the effective 
energy response function. Gondolo Gelmini 2012



Astrophysics-independent approach

Change variables:

Minimum WIMP speed  
to impart recoil energy ER

Astrophysics factor, same for all  
direct detection experiments

And integrate over measured energy intervals:

vmin =

s
mTER

2µ2
T

����� ⌘̃(vmin) = �ref
⇢�
m�

Z 1

vmin

f(v)

v
d3v

Constant reference cross section

R[E1,E2] =

Z E2

E1

dE
dR

dE

Use quantities accessible to experiments, i.e., include the effective 
energy response function. Gondolo Gelmini 2012



R =

Z 1

0
dvR(v) ⌘̃(v)

Astrophysics-independent approach

Response function

• Every experiment is sensitive to a “window in velocity space” 
given by the response function.

R[E1,E2](v) =

Z E2

E1

dE
@

@v

Z 2µ2
T v2/mT

0
dER G(E,ER)

v2

�refmT

d�

dER

Measured rate Rescaled astrophysics factor

• The measured rate is a “weighted average” of the astrophysical factor.

Use quantities accessible to experiments, i.e., include the effective 
energy response function. Gondolo Gelmini 2012



Astrophysics-independent approach

Del Nobile, Gelmini, Gondolo, Huh 2013
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Figure 1: Response functions v�r
min

R
[E0

1

,E0
2

]

(v
min

) with arbitrary normalization
for several detected energy intervals and detectors for SI interactions (gray
dashed line) and for MDM.

XENON10. We take the data from Ref. [6] and use only S2 without
S1/S2 discrimination. The exposure is 1.2 kg ⇥ 12.5 days. We con-
sider the 32 events within the 1.4 keV–10 keV acceptance box in the
Phys. Rev. Lett. article (not the arXiv preprint, which had an S2 window
cut). We take a conservative acceptance of 0.94. For the energy resolution,
we convert the quoted energies into number of electrons ne = EQy(E), with
Qy(E) as in Eq. 1 of [6] with k = 0.11, and use the Poisson fluctuation
formula in Eq. (15) of [66].

In Fig. 1 we illustrate the e↵ect of various choices of r on the response
function v�r

min

R
[E0

1

,E0
2

]

(v
min

) for MDM for several energy bins and experiments:
the first energy bin of DAMA/LIBRA [1], 2 to 2.5 keVee, the 7 to 9 keV
CoGeNT-II used for the Si data [5] and the first, 0.43 to 1.11 keVee, and
last, 2.49 to 3.18 keVee, of CoGeNT [2, 3]. We also include RSI

[E0
1

,E0
2

]

(v
min

)

for the standard SI interaction (gray dashed line) for a comparison. The
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Astrophysics-independent approach

Measure or bound astrophysics factor in velocity interval [v1,v2]

⌘̃[v1,v2] =
Rmeasured

[E1,E2]R1
0 R[E1,E2](vmin) dvmin

⌘̃(v) <
Rupper limit

[E1,E2]R v
0 R[E1,E2](vmin) dvmin

Use quantities accessible to experiments, i.e., include the effective 
energy response function. Gondolo Gelmini 2012



Spin-independent isoscalar interactions

Still depends on 
particle model

Halo modifications 
alone cannot save 
the SI signal regions 
from the Xe and Ge 
bounds
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approach
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In the next episodes..... Revenge

DAMA/LIBRA$phase2$?$running8

Mean value:  
 7.5%(0.6% RMS) 
 6.7%(0.5% RMS)  

Previous PMTs:  5.5-7.5 ph.e./keV 
New PMTs:  up to 10 ph.e./keV  

Quantum$Efficiency$features8
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•  To study the nature of  the particles and features of  
related astrophysical, nuclear and particle physics 
aspects, and to investigate second order effects 

•  Special data taking for other rare processes 

σ/E @ 59.5 keV for each detector with new PMTs 
with higher quantum efficiency (blu points) and 
with previous PMT EMI-Electron Tube (red points). 
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Current Status and Future Goals

Spin-independent sensitivity

Measurement 
of coherent 
� scattering

  XENON100  

XENON1T

XENONnT

 Darwin 

SuperCDMS, XENON1T, XENONnT, Darwin, ........

In the next episodes..... Giant detectors



In the next episodes..... All interactions

•Velocity- and momentum-dependent operators

WIMP-nucleus effective theory

•Analyze all WIMP-nucleus currents in the spirit of the 
1960’s analysis of weak currents (Haxton)

•Expected developments
- long-distance operators
- improved nuclear physics
- improved comparison to data
- astrophysics-independent analysis



In the next episodes..... WIMP astronomy

•Directional direct detection
- measure direction of nuclear recoil

• Several R&D efforts
- DRIFT
- Dark Matter TPC
- NEWAGE
- MIMAC
- D3
- Emulsion Dark Matter Search
- Columnar recombination

Only ~10 events needed to confirm extraterrestrial signal
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In the next episodes..... WIMP astronomy

Aberration of WIMPs

Bradley 1725

Aberration
Parallax

May

May

December

20 arcsec

10 degrees

Photon arrival 
direction

WIMP arrival 
direction

Bozorgnia, Gelmini, Gondolo 2012

γ Draconis



Synopsis
• Fifty shades of dark

- WIMPs are testable candidates for cold dark matter  

• The forbidden fruit
- WIMP interaction rates in direct searches are very small.
- No bananas in the lab.  

• Confusion of the mind
- Some experiments claim WIMP detection while others exclude it.  

• Treason and murder
- Analysis of CoGeNT’s public data disagrees with official result.

- Improved CRESST-II data reject previous CRESST excess.  

• That which does not kill us makes us stronger
- Move to consider all possible WIMP-nucleus currents.

- Do not assume any specific dark halo model.


