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Some study known interactions 
between known particles!

!
Others study new particles 

interacting in known ways, or 
known  particles interacting in new 

ways!
!

Dark matter searches are all about 
looking for some unknown 

particle(s) interacting in some 
unknown way(s)

The Big Picture

+?
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Fig. 1. Rotation curve for the spiral galaxy NGC6503. The points are the measured circular rotation velocities as 
a function of distance from the center of the galaxy. The dashed and dotted curves are the contribution to the rotational 
velocity due to the observed disk and gas, respectively, and the dot-dash curve is the contribution from the dark halo. 
(From Ref. [36].) 

matter was all there was, the rotation curve would drop at larger radii. From the discrepancy 
between the observed rotation curve and the rotation curve due to the luminous disk and gas, we 
infer the existence of a dark halo. This galaxy is typical. Similarly, the rotation curve of NGC 3 198 
[30] implies Y > 30h To, or Qhalo > 0.017. The large discrepancy between this number and Qi,, is 
seen in many external galaxies and provides the most robust evidence for dark matter. 

Observations of tracers other than neutral hydrogen give similar results. For external galaxies, 
Zaritsky [37] used a sample of 69 small satellite galaxies around 45 spirals similar to the Milky 
Way to estimate the total mass for a “typical” spiral. He found that A4 z 101”lMo at 200 kpc from 
the center, implying Qspirais z O.O87h-1 out to this radius. It is interesting that even out to this 
rather large radius, there is no strong evidence that rotation speeds drop, so again there is no good 
upper limit to Qspirai. The number found by this satellite galaxy method is similar to the number 
found by the Local Group Timing and other methods (see, e.g., Refs. [29,30]). 

Clusters ofgalaxies: Moving to larger scales, the methods of determining Q become less secure, 
but give larger values. There is a great deal of new evidence on dark matter in clusters of galaxies, 
coming from gravitational lensing [38], from X-ray gas temperatures [39,40] and from the 
motions of cluster member galaxies. For example, consider the Coma cluster which contains 
roughly a thousand galaxies. White et al. [40] recently collated some of the data on the Coma 
cluster, reporting separate measurements of the amount of mass in stars, hot gas, and in total. 
Within a radius of 1.5Ki Mpc, they give 

M star = 1.0 + 0.2 x 1013h-1Ma, Mgas = 5.4 + 1 x 10’3h-5i2Mo, 

M total = (5.7 - 11) x 1014h-1MQ, (2.1) 

Rotation curve for the spiral galaxy NGC 6503	

K.G. Begeman, A.H. Broeils and R.H. Sanders, Mon. 
Not. R. Astron. Sot. 249 (1991) 523	


Motivations for dark matter

The rotation of stars in 
galaxies, and galaxies 
around each other indicate 
that there is a lot of missing 
mass



Motivations for dark matter

Composite lensing 
images like the 
Bullet Cluster here 
provide even more 
evidence

NASA Image



ESO

Dark matter in our part of the galaxy has to 
have a number of properties to fit astronomical 
and cosmological observations and models:!

!
✤ DM density is about 300 MeV/c2/cm3   !

✤ (~200 hydrogen atoms/pint)!
!

✤ The model is a large (larger than the galaxy) 
DM halo that we continuously pass through !

!
✤ DM should be ‘cold’ (non-relativistic)!

✤ If the DM were ‘hot’ (relativistic) then 
structure formation is difficult.  
Furthermore, the escape velocity of the 
galaxy is far below c (~550 km/s)!
!

✤ Average relative velocity of ~230 km/s



01

Three main ways 
to look for DM
✤ Accelerator searches:!

✤ Smash things together to make 
new things!

✤ Indirect searches:!

✤ Look for results of DM 
interacting in the cosmos; 
annihilation events!

✤ Direct searches:!

✤ Look for DM interacting in the  
lab 



Generic search plot
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The result of a 
search may be an 
exclusion region if 
nothing is found, or 
an allowed region in 
phase space if a 
positive signal is 
observed.!
!
Since we still do not 
know a lot about 
dark matter, the 
allowed phase space 
is large.



The Two Classes of Direct 
Detection

Axions

axion
photon

photon

gaɣɣ

Look for interaction between 
axion and photons!
!
Allowed mass between !
"eV and meV

WIMPs

Look for interaction between 
WIMP and nucleus/nucleon!
!
Allowed mass between !
GeV and TeV 



Axion searchesADMX key hardware 1"
high-Q microwave cavity" Experiment insert"
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ADMX microwave cavity

Axion searches typically use the 
Primakoff effect to look for conversion 
of energy between axions and photons 
in the detector.  !
!
In the case of ADMX, this is an RF 
cavity in a large magnetic field.!
!
Other searches include the ‘laser 
through a wall’ technique.
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ADMX Upgrade 



WIMP searches
There is a wide range 
of technologies used in 
the search for dark 
matter.
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CDMS, Ge / Si!
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Solid state 
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WIMP searches
There is a wide range 
of technologies used in 
the search for dark 
matter.

Liquid scintillation 
detectors 

LUX,  LXe TPC  2012MiniCLEAN,  LAr/LNe  2014



WIMP searches
There is a wide range 
of technologies used in 
the search for dark 
matter.

COUPP60

• Collected >3000 kg-days of dark matter search data between 9 
and 25 keV threshold

• Good live fraction > 80% (including >95% over the last month)

• No darkening
22

COUPP60, CF3I / C3F8 
Bubble Chamber  2013

DRIFT IIe 
Test-Bed for DRIFT III

DRIFT IId

• Vessel with reduced outgassing and leaks
• New robust, low radon MWPC cage and cathode engineered for 2 x 2m
• New simpler gas control system with multiple new gases
• Test of gas recirculation and radon scrubbing
• Addition of minority carrier gives pre-signals to allow full 3D fiducialisation
• New electronics allows all wire readout at reduced cost 

DRIFT IIe incorporates tests of all major components needed for DRIFT III

DRIFT IIe + DRIFT IId to operate together -> 2 m3

Progress as follows.....
Friday, February 28, 14

DRIFT II, CS2 
Directional gas TPC 2012 

And more!



CHAPTER 2. DIRECT DETECTION OF DARK MATTER 47

Threshold energy (keVr)
20 40 60 80 100 120 140

C
ts

/1
00

 k
g/

yr

-110

1

10

Xenon
Argon
Neon
Germanium

2 cm-45 = 100σ

 = 100 GeVχm

Figure 2.8: Integral rates above threshold for Ar, Xe, Ne and Ge as a function of energy threshold
for σ0 = 10−45 cm2 and the standard assumptions.

2.2 Backgrounds to direct detection

A standard radiation detector like a Geiger counter on a bench in a lab will go off about 100 times

per second, or a billion times per year. From Fig. 2.8, the total event rate is about 10 events per

100 kg per year, assuming σ0 = 10−45 cm2. To detect dark matter, an experiment must be able

to completely knock down the background while remaining sensitive to the handful of potential

dark matter events that might occur per year. These backgrounds come from a variety of sources,

including:

• Cosmic rays

• Detector surroundings

• Detector materials

• Radioactive impurities

• The target itself

Each form of radioactivity (α particles, β particles, γ rays, fission fragments, neutrons) produces

a distinct background that can provide different problems for different detectors. One simple

As the kinetic energy is so low, the energy transferred to 
the target in a WIMP - nucleus collision is also small.!
!
Need large, quiet detectors with low energy threshold.

The target itself 
matters a great 
deal, and this is 
for the simplest 
coherent 
scattering model.



In addition to the spin independent 
coherent elastic scattering model, there are!
✤ spin dependent models (unpaired 

nucleons matter)!
✤ inelastic scattering models (different 

dependence on target mass)!
✤ many, many others…

There are many ways of dealing with 
backgrounds!
✤ Particle identification!
✤ Annular modulation!
✤ Daily modulation!
✤ Position reconstruction !
✤ Energy reconstruction!
✤ ….

CLEAN Detection of Dark Matter  LAB 12-597 
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This higher surface activity is acceptable because fiducialization in the larger, CLEAN detector is much 
more effective than in MiniCLEAN.  As shown in Fig. 2.3, the position resolution for surface events 
using charge alone is the same in both detectors, but the planned fiducial-volume cut removes a much 
largest distance to wall in CLEAN than in the MiniCLEAN (55 cm vs. 14.5 cm). More importantly, in the 
larger detector timing is much more effective at removing events that are misreconstructed due to 
incomplete light collection near the interaction. As the right hand panel of Fig. 3.3 shows, reconstruction 
of simulated surface events using both time and charge information allows strong rejection of events in 
the “flat tail” of Fig. 3.3, resulting in a negligible expected leakage of background surface events beyond 
100 mm from the detector wall. 

 
Fig.3.2: (Left) Fprompt vs. energy (at 6 pe/keVee) for 6×107 39Ar decays and hundreds of 100 GeV WIMP 
recoil events, using the full RAT Monte Carlo simulation. The rectangular brown signal box has a 50% 
acceptance for 100 GeV WIMPS above 12.5 keVee, but results in a leakage in CLEAN of 8200 39Ar 
decays/year. The cut contour indicated in black has 30% integral WIMP acceptance for a leakage of < 1 
39Ar event/year. (Right) Illustration of the ratio of Gaussian fit to the Fprompt distribution for 39Ar, used to 
extrapolate into the WIMP region (Fprompt >0.68) for the CLEAN detector. The 39Ar spike to be deployed 
in MiniCLEAN will provide a sample of more than 1010 39Ar decays to test our model and extrapolation. 
 

 
Fig.3.3: Left: simulated leakage fraction of alpha backgrounds in MiniCLEAN after PSD cuts and 
isotropy cuts vs. fiducial distance-to-wall (mm) (red curve).  At a distance-to-wall>14 cm, <1 alpha 
background/year survives in MiniCLEAN.  The inset shows the reconstructed radial distribution of events 
and the MiniCLEAN fiducial-volume cut (red vertical line). Right: Delta log-likelihood scans for a 
surface event in the mis-reconstructed flat tail of the figure on the left using charge only (red +), time 
only (green x), and both charge and time (blue stars). Adding time information moves the minimum log-
likelihood (hence reconstructed vertex) from x=200 mm to well outside the fiducial volume. The use of 
timing for removing mis-reconstructed events will be far more effective in CLEAN, resulting in the 
leakage projection shown in the blue dashed line in the left panel.  



There is currently a significant amount of experimental 
tension, which shows up in the low mass region.!
!
In particular the DAMA/LIBRA experiment (NaI) has a 
strong annular modulation signal that is mostly 
excluded by CDMS (Ge) and LUX/XENON (LXe)

Are we seeing dark matter? 

DAMA 
NaI(Tl) 

CoGeNT Ge 

CDMS II 
Si 

4 



Snowmass 2013, arXiv:1310.8327v2
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Figure 26. A compilation of WIMP-nucleon spin-independent cross section limits (solid curves), hints
for WIMP signals (shaded closed contours) and projections (dot and dot-dashed curves) for US-led direct
detection experiments that are expected to operate over the next decade. Also shown is an approximate
band where coherent scattering of 8B solar neutrinos, atmospheric neutrinos and di↵use supernova neutrinos
with nuclei will begin to limit the sensitivity of direct detection experiments to WIMPs. Finally, a suite of
theoretical model predictions is indicated by the shaded regions, with model references included.

We believe that any proposed new direct detection experiment must demonstrate that it meets at least one
of the following two criteria:

• Provide at least an order of magnitude improvement in cross section sensitivity for some range of
WIMP masses and interaction types.

• Demonstrate the capability to confirm or deny an indication of a WIMP signal from another experiment.

The US has a clear leadership role in the field of direct dark matter detection experiments, with most
major collaborations having major involvement of US groups. In order to maintain this leadership role, and
to reduce the risk inherent in pushing novel technologies to their limits, a variety of US-led direct search

Community Planning Study: Snowmass 2013
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for CLEAN [11] and XMASS [12] which do not require E-
fields to drift the electron-hole pairs, whereas dual-phase 
TPC’s lie somewhere in between.  LAr has the advantage 
that nuclear recoils have a larger ratio of fast: slow 
scintillation components, giving electron recoil rejection 
via pulse shape discrimination, without the complication of 
charge readout. 

Neutrinoless double beta decay experiments require 
excellent energy resolution and large mass, and have 
traditionally done gamma spectroscopy with high purity 
germanium detectors.  As dark matter detectors, they rely 
on statistical subtraction of their (very well characterized) 
background in the energy region below 50 keV.  Larger 
segmented arrays [13] (e.g. Majorana, GERDA, GEDEON) 
will use coincidence and active LAr shields to reduce 
Compton background and also reject more neutrons based 
on multiple scatters.   Arrays of NaI counters have a similar 
approach [14], although they also have some pulse shape 
discrimination to reduce the number of electron recoils in 
their sample.  

Figure 2.  Recent spin-independent limits from dark matter searches, 
sorted by technology.  These limits are for 60 GeV WIMPs using the 
standard dark-matter halo and nuclear physics WIMP model.  The dark 
symbols (inlcuding grey-scale to distinguish between experiments) 
represent published limits and the clear symbols represent the expected 
reach for proposed experiments as projected by the experiments 
themselves.  The DAMA annual modulation , interpreted as a standard 
WIMP signal, is represented by stars.  The dark lines connect the CDMS 
published results at SUF and Soudan, as well as the projected SuperCDMS 
at SNOLab, clearly showing how depth limits the sensitivity reach, when 
neutron background needs to be statistically subtracted.  The dotted line 
represents an aggressive timeline for noble liquids, assuming that they 
surmount problems with ionization drift at high E-field and can operate at 
low enough  energy thresholds.  A similar plot and a multitude of 
references can be found in a review of dark matter direct detection [25] 

A timeline of dark matter spin-independent cross section 
limits, sorted by technology, is shown in figure 2.  The field 
was dominated in the early 90’s by high-purity germanium 
detectors, such IGEX, UKDM, and Heidelberg-Moscow 
(H/M) [15].  DAMA [16] entered the scene in 1996 with 
the best limit, using NaI crystals.  After longer exposure, 
they found an annual modulation signal compatible to that 
expected from WIMPs (shown as stars) [17].  In the couple 
years following, neutrons could be found in the CDMS [18] 
sample due to insufficient overburden (SUF = shallow site 
at Stanford).  Edelweiss [19] (deep enough at Frejus) was 
limited by poor electron to nuclear recoil discrimination. 
Statistical subtraction of backgrounds made it impossible to 
convincingly challenge the DAMA signal, though gradual 
progress was made by Edelweiss and CRESST [20], a 
cryogenic technique using sapphire instead of germanium. 
However, when CDMS moved to the deeper Soudan site 
and Edelwiess improved their detectors, event-by-event 
discrimination allowed them to demonstrate that the 
DAMA modulation could not be caused by WIMP scalar 
interactions in standard galactic halos [21].  Noble liquid 
detectors, ZEPLIN I [22] and WARP [23] have recently 
published results which also confirm this. 

Future limits, as anticipated by the collaborations 
themselves are shown using clear symbols. How fast an 
experiment can approach a new limit depends on their 
exposure (mass x time), which itself depends on funding 
and the ease by which the chosen technology can be scaled 
to larger masses. This is the great advantage of noble 
liquids and superheated droplet technology and explains 
why the dotted line connecting the WARP and XENON 
[24] projections is so steep, but there are still problems to 
be worked out before taking these projections at face value.  
Dual-phase LXe experiments have not yet demonstrated 
sufficient ionization drift in the high field regime (>kV/cm) 
and struggles with low light yield, whereas LAr has to 
worry about removing long-lived radioactive isotopes.  
However, the inherent risetime difference between fast and 
slow scintillation components in LAr may allow WARP 
and simpler, non dual-phase LAr experiments, such as 
DEAP and CLEAN, to overtake the LXe TPC.   

The sub-Kelvin cryogenic experiments’ projections are 
more reliable, since the technology is well-established and 
only minor improvements are envisioned. CDMS becomes 
SuperCDMS and moves to SNOLab in 2009, with results 
several years later, while CRESST and Edelweiss join 
forces to become Eureca, with a hybrid detector combining 
the best of both technologies.  The solid line connecting the 
CDMS limits demonstrates the way in which sensitivity 
limits scale linearly with mass x time (assuming a constant 
rate of detector production and no unexpected delays in 
commissioning) while the experiment remains background-
free.  Once statistical subtraction of a background is 
required, the limits go as the square root of exposure.  For 
CDMS, this has been due to the appearance of neutrons in 
the nuclear recoil band at shallow sites and which may 

Current and predicted 
sensitivities as of 2001!
!
Some experiment have 
gone a bit slower than 
expected, and xenon 
overtook germanium, 
but it’s not bad

Cushman, 2001



XENON10

XENON100

XENON1T
XENON1T Upgrade

DM Direct Detection Sensitivity: progress 
over time driven by LXeTPC experiments

Aprile, 2014

Due to their inherent scalability, the liquid nobles 
are an easier choice for larger targets!
!
Xenon in particular has been heavily invested in



Conclusion

✤ In the last 10 years we have certainly made great strides in 
DM sensitivities and detector technologies!

✤ However, it is difficult to say we are much closer to 
resolving the DM problem!

✤ Xenon based detectors are the fastest growing, but are still 
in tension with DAMA/LIBRA and others!

✤ If a positive signal is seen in a xenon detector, it will have 
to be confirmed with another target material


