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- DArk Matter In CCDs 
collaboration (since 2011) 

- Setup at SNOLAB underground 
laboratory (Lively, Ontario, CA) 

Why CCDs? 

- Extremely low noise and dark 
current ⇒ sensitivity to ~e– 

- 3D track reconstruction and event 
discrimination capability 

…for Dark Matter? 

- Record CCD thickness + several CCDs ⟹ massive target (~40 g) 

- Different DM search options: 
• WIMP-nucleus coherent scattering 
• Hidden sector light DM-e– interactions

a) Packaged DAMIC CCD 

b) Copper CCD housing 

c) In-vacuum setup 

d) Pb and polyethylene outer 
shielding
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DARK MATTER IN CCDS DAMIC

 CCDs as Dark Matter Detectors
The silicon bulk of the CCD is used as target to interact with dark matter candidates. From this interaction we expect 
charge carriers to form within the bulk and we collect and count the number of carriers in each pixel. It is a direct 
detection apparatus for dark matter.

Interaction with silicon produces free charge 

carries...

● drifted across fully-depleted region

● collected in 15 micron square pixels

● stored until a user-defined readout time 

after many hours

The method of read-out can be optimized to 
improve read-out noise at the cost of read-out time

 → very little loss of charge

 → exceptional position resolution

 → large exposures

Silicon band-gap: 1.2 eV  

mean energy for 1 e-h pair: 
3.8 eV

CCD pixel cross-sectional diagram 
7/21

MOS capacitors
DAMIC scientific-grade CCDs: 

- Developed at LBNL: polySi gate, buried 
channel structure 

- Fully depleted (40 V substrate) 

- High resistivity ~ 10 kΩ·cm  

- Much thicker than usual: 675 µm  

Performance: 

- Charge transfer inefficiency < 10-6 

- Readout noise ~1.6 e- (6 eV) 

- Dark current < 10-3 e–/pix/day 

Low mass WIMPs 
(<10 GeV) keV-scale 
nuclear recoil

Hidden-sector 
light DM (~MeV) 
electronic recoil 

Massive dark 
photon (~eV) 
electronic 
absorption 
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DAMIC

 DAMIC at SNOLAB
– Conventional 3-phase, triple polysilicon gate CCD, n-type substrate

– 7 CCDs in stable data taking since 2017 

15x16 microns square, and 675 microns thick (16 Mega pixels)

– 40 g target mass

– Extremely pure silicon ~1011 donors/cm-3, which leads to fully depleted 

operation at reasonably low values of the applied bias voltage, ~40V

– Operating temperature of ~140 K (to minimize dark current)

Performance
Very low noise and dark current, DAMIC reached the lowest DC ever 

measured in Silicon detectors

                  5x10-22 A/cm2, <0.001 e/pixel/day (at 140K)

Resolution of 2e- achieved at SNOLAB

Particle identification and background rejection

Pixel Charge Distribution

� = 5.9 eV 

  = 1.6 e-

DArk Matter In CCDs 
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4k pixels

IMAGE PROCESSING 
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Figure 9: a) Total event rate per extension. b) Spatial distribution of all clustered events.
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Figure 10: a) Overall energy spectrum below 15 k eVee. b) �x vs. energy for events below 15 k eVee.

Ext.n 1 2 3 4 6 11 12
Total 6.06±0.52 15.83±0.84 9.54±0.65 11.06±0.70 11.77±0.72 10.97±0.70 13.91±0.79

Fiducial 2.66±0.44 4.89±0.59 4.17±0.55 4.53±0.57 5.18±0.61 5.61±0.64 4.67±0.58

Table 7: Event rates for all extensions in the energy range 0.5–14.5 keVee. The fiducial rate is after applying
the selection 0.4 < �x < 0.8. All numbers in keV�1

ee kg�1 d�1.

Fig. 10 shows plots for clustered events at low energies, where their energies and �x were estimated from490

a Gaussian fit. The spectrum of these events in shown in Fig. 10a with the dominant spectral features are491

labeled. The Ne K line is from the electron capture of 22Na in the bulk of the CCD. 210Pb X-ray lines are492

from contamination on the CCD surfaces. Si and Cu K fluorescence lines are secondary radiation. Fig. 10b493

shows the �x vs. energy plots for the events. Two populations of events at large and small �x are evident,494

corresponding to front and back surface events respectively. The higher energy X ray lines (e.g., Cu K)495

penetrate into the bulk due to their relative large absorption length.496

Table 7 presents the spectral densities for the di↵erent extensions. We give both the total spectral density497

in the energy range 0.5–14.5 keVee and after the selection 0.4 < �x < 0.8 to select bulk events. The dashed498

lines in Fig. 10b delimit the fiducial region, which corresponds to 62% of the active mass of the CCD. Again,499

extension 1 has the lowest background, at the level of 2.5 keV�1
ee kg�1 d�1 in the fiducial region.500

11 Cluster search and event reconstruction501

This section is related to the cluster search and energy reconstruction. The code is very similar to the502

one developed for the paper 2016, with a 1D gaussian fit as described below. The code is available on svn503
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What information do we extract from 
our images ? 

- Pixel charge distribution   

- E-σ (depth) distribution of energy-
deposit clusters 

What do we do with it ? 

- Characterize our detector performance 

- Constrain radio-impurities content 
(coincidence analysis) 

- Build a tailored background model  
with the aid of simulations 

- Search for a dark matter excess! 

DAMIC CCDs

5 hrs on surface

5 hrs @ SNOLAB
(6 km water equivalent)
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DAMIC WIMP SEARCH DAMIC

How do we search for WIMPs? 

- Background model construction – ab initio Monte Carlo: 

• Decay of 23 isotopes and tracking simulated across 65 detector volumes 
with Geant4 

• CCDs response simulation: charge generation and transport, pixelation and 
readout noise  

• Clustering 

• Binned likelihood fit in WIMP-safe region (6-20 keV) ⟹ extrapolate in ROI 
(0-6 keV) 

- Bulk excess search: joint extended-likelihood fit  

- WIMP-nucleus cross section constraint 

DAMIC WIMP searches 

- 0.6 kg d search in 2016 to demonstrate potential to explore low-   
mass WIMP range (<10 GeV/c2) 

- 10.9 kg d search in the last 2 years: submitted to PRL (2020) 
[arXiv:2007.15622]  

-

0 0.2 0.4 0.6 0.8 1 1.2
 (pixel)xm

0

10

20

30

40

50

60

70

80

90

100

C
ou

nt
s p

er
 0

.0
25

 p
ix

el

2 4 6 8 10 12 14 16 18 20
)eeEnergy (keV

0

5

10

15

20

25

30

35

40

)
-1

 d
-1

 k
g

-1
R

at
e 

(k
eV

a)

b)

CCD bulk
CCD surface
External
Background model
Data, all CCDs

Background model (1–6 keVee)

Background model (6–20 keVee)
Data, all CCDs (1–6 keVee)

Data, all CCDs (6–20 keVee)

ee

1 10)-2m   (GeV c
43<10

42<10

41<10

40<10

39<10

38<10

37<10

)2
 (c

m
-n

r
m

χ

DAMIC (this result)

±1 σ expectation

DAMIC (2016)

CDMS Si

CDMSlite
CRESST-III

DarkSide-50
PICO-60



6

DAMIC HIDDEN-SECTOR SEARCH DAMIC

90% C.L. upper limits on the DM-electron free scattering cross section 
90% C.L. upper limits on the hidden-photon 

DM kinetic mixing parameter κ 

How do we search for hidden-sector candidates? 

- Characterize relevant noise: electronic noise and dark current 

- Estimate expected hidden-sector particle(s) signal 

- Include detector effects (diffusion, pixelation, etc.) 

- Likelihood analysis 

‣ Bulk excess search 

‣ Limits in (σe m𝜒) space (σe → 𝜅 for hidden photons)
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FIG. 3. 90 % C.L upper limits on the DM-electron free scattering cross section �̄e as a function of DM mass m� for FDM / q�n

(n = 0, 1, 2) obtained by DAMIC at SNOLAB (solid line). Current best limits from protoSENSEI at MINOS (dotted line)
[18, 19], CDMS-HVeV surface run (dashed line) [20], and an analysis of the XENON10 data (dashed-dotted line) [21] are also
shown for comparison.

FIG. 4. 90% C.L. constraints upper limits on the hidden-
photon DM kinetic mixing parameter  as a function of the
hidden-photon mass mV . Current best direct-detection lim-
its from protoSENSEI at MINOS [18], an analysis of the
XENON10 data [22], a dish antenna [23], and astrophysical
solar limits [22, 24] are also shown for comparison.

photon mass mV are shown in Fig. 4.
In summary, we have established the best direct-

detection limits on dark matter-electron scattering in the
mass range of 0.6 MeV c�2 to 6 MeV c�2 by exploiting
the excellent charge resolution and extremely low leak-

age current of DAMIC CCDs. We also place the best
direct-detection constraints on hidden-photon dark mat-
ter in the mass range 1.2–9 eV c�2. Further improve-
ments with the SNOLAB apparatus will be explored by
cooling the CCDs to 100 K and improving the light tight-
ness of the cryostat, which may sensibly reduce the leak-
age current. Improvements of several orders of magni-
tude are expected with DAMIC-M, a kg-size detector
with sub-electron resolution to be installed at the Labo-
ratoire Souterrain de Modane in France [27].
We thank Rouven Essig, Tien-Tien Yu, and Tomer

Volansky for assistance with the theoretical background
of DM-e� scattering, and Chris Kouvaris for pointing
to limit calculations for the overburden. We thank SNO-
LAB and its sta↵ for support through underground space,
logistical and technical services. SNOLAB operations are
supported by the Canada Foundation for Innovation and
the Province of Ontario Ministry of Research and In-
novation, with underground access provided by Vale at
the Creighton mine site. We acknowledge the financial
support from the following agencies and organizations:
Kavli Institute for Cosmological Physics at The Univer-
sity of Chicago through an endowment from the Kavli
Foundation; National Science Foundation through Grant
No. NSF PHY-1806974; Mexico’s Consejo Nacional de
Ciencia y Tecnoloǵıa (Grant No. 240666) and Dirección
General de Asuntos del Personal Académico - Universi-
dad Nacional Autónoma de México (Programa de Apoyo
a Proyectos de Investigación e Innovación Tecnológica
Grant No. IN108917).

[1] E. W. Kolb and M. S. Turner, Front. Phys. 69, 1 (1990).
[2] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.

121, 111302 (2018); D. S. Akerib et al. (LUX Collabo-
ration), Phys. Rev. Lett. 118, 021303 (2017); P. Agnes
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CONTRIBUTIONS 
• DAMIC latest WIMP search: 

➡ Geant4 simulation of setup contaminants to build background 
model 

➡ Demonstrate negligibility of neutron radiation as mimic of 
WIMP signal 

➡ Markov-chain MC likelihood analysis  

• R&D efforts for DAMIC-M (see talk by G. Papadopoulos - NP 1.0): 

➡ Automated chain to optimize setup parameters 

➡ Test setup development

DAMIC



Glad to tell you about us!
Michelangelo Traina


