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Naturalness of Dark Matter Mass scale

1. “Wimp miracle” scale :   MDM ~ 100 GeV!
• SUSY weak cross-sections provide DM density relic ΩDM

Or Intuitively :  same number of DM and M particles,  but 5 times density !
➞ DM is 5 times more massive than M

2. “Baryon-DM coincidence” scale :  MDM ~ 5 GeV!
• ρDM ≈ 5 ρB!

• Why is ρDM similar to ρB ?!
• Each is set by independent processes !

• ρB is set by CP violating phase!
• ρDM is set by ie, SUSY mass hierarchy of LSP!

!
• Assume that at start of universe : NDM = NM!
• Lepton-baryon asymmetry transferred to DM  : Nℓ - Nℓ = NDM - NDM!

• If ρDM ≈ 5 ρB!
➞  MDM = 5 * Mproton

Asymmetric DM 
hep-ph/1111.0293 
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Experimental hints of DM … 

• … but Xenon100, LUX exclude
3
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Features of DM searches

Limited by exposure mass!
(need bigger detector)!

multi-kg-sized detectors

Limited by energy threshold!
(need lower energy detection)

CMSSM!
prefers heavy 
WIMPs ~200 

GeV!
But ... 

increasingly 
ruled out by 

LHC & Xenon

Hints of 
signal at 

lower masses
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Low mass (GeV) means low energy thresholds … 

σ = 2e

Can we get a factor of 10-100 lower than this ?
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Optical  
Lenses

 The Dark Energy Camera (DECam) !
for Dark Energy Survey (DES)

Blanco 4m Telescope 
Cerro Tololo, ChileCCD 

Readout

Images collected on  
~60 CCDs ~600 Mpix 

Can we borrow a few CCDs ? 
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Scientific CCDs
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One readout gate - all pixels shifted via 
phased potential wells and read out



Ben Kilminster,  SWAPS 2014

Scientific CCDs for searching for DM
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New opportunities with these CCDs
2. Low readout noise!

• Detectors cooled to operate at -140 C!
• Low threshold energy for detecting recoils
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σ = 2e

RMS noise of 2 electrons, or 7.2 eV in 
ionization energy ! !

• Could put threshold as low as 36 eVee

Noise decreases as  
integration time increases

CCDs read out serially
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(This background is a CCD image)



Ben Kilminster,  SWAPS 2014



Ben Kilminster,  SWAPS 2014

Particle identification in CCD
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X-ray 55Fe (5.9 keV)

Gammas 60Co (1.33 & 1.77 MeV) 

Point like hits 
(diffusion limited)

Compton 
electrons 

(worms) and 
point like hits.



Background reduction

Above ground

350 ft underground

With lead brick shielding

Cosmics

From 2010
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Diffusion of charge
• Size of hit depends on location within pixel
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• Maximal (minimal) diffusion at bottom (top) of CCD

ie, muons

entering  
top of CCD

leaving bottom

Vsub 
moves 
charge
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Charge diffusion can define fiducial selection
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Interactions can be simulated
• MCNPX simulation -> background model
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Simulation of event depth

18



Ben Kilminster,  SWAPS 2014

X-rays vs neutrons
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Neutrons 
“DM-like”

X-rays 
bkg-like

• Maximal diffusion ~ 7µm (0.5 pixel) RMS
• Can be used to reject surface events



Calibrations
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Noise measurement

• Allows lowest energy threshold of current dark 
matter experiments ~ 50 eV  (32 eV recently)
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Energy calibration
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• X-rays and fluorescence X-rays
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Calibrations with X-rays
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Nuclear recoils from DM are different

Fraction of observed energy :  
“Quenching factor” depends on 

Mass Number ... 

... but also on recoil energy : 

Note lack of data below 4 KeV
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1 KeV range nuclear recoils
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Getting to lower energies

• Irradiate CCD with protons (2E10 @ 230 MeV) 
• Activates 7Be and 22Na  uniformly in CCD 
• These decay by electron capture 
• Nominally emits  54 eVee & 849 eVee 

photons 
• But small energy shift due to nuclear recoil 

• Precisely measure photons 
• Shift tells you nuclear recoil calibration 
• Momentum conservation !

26
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55 eV shifted to 65 eV  for Q ~ 10%

870 eV shifted to 884 eV  for Q ~ 10%
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Ionization efficiency for nuclear recoils
• Challenge is to provide dependable calibration 

down to 50 eV energy threshold 
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DAMIC experiment



DAMIC 2011
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~ 100 meters 
deep



DAMIC 2011

CCD Inside a  
cold Cu box 

Cylindrical  
Cu Dewar 

Lead Bucket
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Results from 2011 Run

DAMIC CRESST 2001

CoGent

DAMA/LIBRA 
Excess

CoGent

Xenon 100

• Wimp density            
➜ 0.3 GeV/cm 

• Vearth = 244 km/s 

• Vescape = 650 km/s 

32

Assumes Lindhard quenching factor 
for conservative limits
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Upgrading DAMIC
• LBNL CCD group has produced thicker, fully depleted high 

resistivity CCDs (650 µm)     
• DAMIC 2011 used 250 µm  (normal CCD ~ 25 µm) 
• Can now reach 100 g of detector mass

33

And going lower 
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Improved shielding … 

• DAMIC prototype in operation at SNOlab
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First DAMIC data @ Snolab
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Simulation of backgrounds

38

Contamination of Uranium 238 decay chain in CCD frame 

Red is simulation

New frame design solves this background …  
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DAMIC 100 - begins in ~3 months 
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Collaboration :  
Fermilab!

U. Chicago!
U. Zürich!

U. Michigan!
UNAM!
FIUNA!
CAB
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Simulation of DAMIC 100

41
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Sensitivity
• Projected DAMIC 100 with 1 year of data

42

• Will test much of low mass interesting region

2011 DAMIC limit 107 g-days 

with 0.04 keV energy threshold

Phys.Lett. B711 (2012) 264-269 
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Future

43

Factor of 10 reduction 
in noise proven!
     Exp Astron (2012) 34:43–64

0.2 e- noise !
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Summary
• Low mass dark matter 

• Experimental hints ? 
• Theoretically motivated 
• But low energy threshold difficult  

!

• CCDs 
• Achieves very low energy threshold 

• Can do factor of ten better 
• Requires strong calibration effort & bkg 

understanding 
!

• DAMIC 100 begins this summer 
• Will provide strong constraints for low 

mass dark matter in ~ 1 year

44
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An event
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BACKUPS
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EC capture
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Thermal neutron calibration

52
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Where there may be signals
• Now large collection of low mass dark matter signals (or 

underestimated  backgrounds) 
• Though mostly excluded by Xenon10 & Xenono100

53

• Low mass dark matter  ( ~ < 10 GeV) search region interesting 
• Key is detection of low energy nuclear recoils
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250 μm thick fully depleted!
produces a higher efficiency in the 
near-IR

DECam @ 173K

40 um CCD

Soldering iron IR 
imaging with DECam 
CCD. 20 seconds 
exposure with a 
narrow (10nm) filter 
centered at 810nm.!
(picture by K.Kuk)

Thickness was to get IR sensitivity
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Ongoing R & D
• Neutron energy response at low energy 
• Electron Capture from irradiated silicon 

(calibration at ~ 100 eV) : could be done at 
PSI 

• Lower energy calibrations still needed 
• Improved readout - multiple sampling (skipper) 

of CCD data can yield sub-eV noise 
• CCD limitation is long exposure time : 1000s of 

seconds - no timing to reject triggerable 
backgrounds 
• Other types of silicon detectors with fast 

readout and low background noise can be 
investigated

56



Ben Kilminster,  SWAPS 2014

Conclusions
• CCDs are a viable particle detector for low 

mass dark matter 
• Can provide useful constraints on an 

exciting mass range for dark matter 
• Relatively cheap (DAMIC 100 ~ 400 kCHF)  

• Detector R&D advancing with thick, high 
resistivity, low noise scientific CCDs 

• U. Zürich is playing a leading role in this 
experiment 
• Building a CCD lab for testing and 

calibrations

57



DAMIC 2011!
BACKUPS
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DAMIC 2011

60



DAMIC 2011
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Energy Spectrum

All Hits

Selected Hits
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Region from 0.05 keVee to 2.0 keVee  
used for search 



Xenon 100
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Results from First Run

Phys. Lett. B
 711 (2012) 264-269



• Using a mono-energetic beam of neutrons to 
calibrate quenching factor to very low energies

64

Ramping Up!
Calibrating to Lower Energy

n
Scatterer

CCD
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2. “Baryon-DM coincidence” scale :  
• Why is the DM abundance so close to matter 

? 
ρDM ~ 5·ρM 

• What if dark matter is more baryon-like ? 
• Assume NDM ~ Nbaryon in early universe 

MDM ~ 5 GeV

Naturalness of Dark Matter Mass scale

1. “Wimp miracle” scale :   
• Why do SUSY cross-sections provide correct relic DM 

density ? 

MDM ~ 100 GeV 

Asymmetric DM hep-ph/1111.0293
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