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Results on Low-Mass WIMPs from a 11 kg d Target Exposure of DAMIC at SNOLAB
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• DArk Matter In CCDs collaboration (since 2011)

• Setup beneath 2 km of granite at SNOLAB (Canada)


                               (6 km water equivalent)


Charge-Coupled Devices


• Extremely low noise and dark current ⇒ sensitive to ~e–


• 3D track reconstruction and particle discrimination capability


…for Dark Matter?


• Record thickness + several CCDs ⇒ massive target (~40 g)

            675 µm                                     7 operational                       


• 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

DAMIC AT SNOLAB




CHARGE-COUPLED DEVICES

 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

DAMIC science-grade CCDs:


• PolySi gate, buried channel structure


• Fully depleted (40 V substrate)


• High resistivity ~ 10 kΩ·cm 


• Thickness: 675 µm 


Performance:


• Charge transfer inefficiency < 10-6


• Readout noise ~1.6 e– (6 eV)


• Dark current < 10-3 e–/pix/day 
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DAMIC BACKGROUNDS AT DAMIC

How we deal with backgrounds:


• Underground operation


• Material selection (assays)


• In situ shielding 


• Discrimination and quantification of 
contaminants ⇒ bkg model


Background contributions:


• ~ 55% in-CCD contaminants


• ~ 30% OFC Copper 


• ~ 15% from various detector materials 
(lead shielding, flex cables, etc.)

~ 11.8 dru

1 dru = 1 event ⋅ (keV ⋅ kg ⋅ d)−1
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DAMIC IN-CCD CONTAMINANTS

Main Surface Contaminants

Main Bulk Contaminants
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Eβ1 = 57 keV
Eβ2 = 376 keV
Δt = 1.4 d

210Bi + β1
210Pb →

210Po + β2
210Bi →

DAMIC
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DAMIC SPATIAL COINCIDENCE ANALYSIS

Main Surface Contaminants

Main Bulk Contaminants

D
eposition

Limits on radioactive contaminants:


• 210Pb:  < 160 μBq/kg


• 32Si:  140±30 μBq/kg


• 238U:  < 11 μBq/kg


• 232Th:  < 7.3 μBq/kg
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DAMIC

Background model construction:


• Decay and tracking across detector 
geometry with Geant4


• CCDs response simulation: charge 
generation, (partial) collection/
transport, pixelation, binning and 
readout noise


• Reconstruction to (E,σx) space


• Likelihood fit to data in WIMP-safe 
region (6-20 keV) ⟹ extrapolate in 
ROI (0-6 keV)

BACKGROUND MODELING


ROI Fit
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DAMIC  BACKGROUND SIMULATIONS

Decay and tracking across detector geometry with Geant4


• Livermore physics list: low-energy electromagnetic interactions


• Down to 10 eV for electrons, 100 eV for photons


• Optimized range cuts based on detector part


• Simulated up to 500M decays for over 1000 isotope-volume 
combinations


• Prominent decay chains and material-specific isotopes simulated


• 238U, 232Th and 40K chains


• Activation and naturally-occurring radioisotopes


➡ Interaction energy and position information 
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DAMIC DETECTOR RESPONSE SIMULATION

Detector response simulation


• Charge generated assuming   eVee


• Diffusion model calibrated on muon surface data


• Charge collection efficiency based on CCD secondary ion 
mass spectrometry (SIMS) measurements


• Consistent with FNAL calibration 


• Pixelation, saturation, noise addition and binning


⇒  Reconstruction into (E,σx) distribution

⟨Ee−h⟩ = 3.8

arXiv:2007.04201
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DAMIC BACKGROUND TEMPLATE FITTING

Construction of Background Templates 


• Group in templates according to 
common materials and decay 


• Construct number of expected events 
per bin, νij 


• Compare it to the data bin content, kij , 
in a two-dimensional likelihood analysis 


➡ Best-fit Cl’s characterize bkg model 

ln ℒ = ∑
i

∑
j

[kij ln(νij) − νij − ln(kij!)] −
Nassays

∑
n=0

(C0
n − Cn)2

2σ2
n

νijl =
Nmaterial

∑
m=0

nijm ×
AlMm(ϵdatatrun)

(ϵsimNm)
, νij =

Ntemplates

∑
l=0

Clνijl
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DAMIC BACKGROUND EXTRAPOLATION

Background model extrapolation below 6 keVee


• Separate extrapolation for CCD1 and CCDs 2-7


• Single (E,z) template construction using simulation 
output and best-fit coefficients Cl


• Event sampling: ~200k events per CCD


• Detector response application


• Blank-image cluster paste


• Reconstruction to (E,σx) distribution by means of 
DAMIC likelihood clustering
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DAMIC LOW ENERGY ANALYSIS


ln ℒ(s, ϵ, ⃗b , ⃗c ) =
2

∑
k {− (γks + bk + ck) +

Nk

∑
i

[sγk fs(Ei, σxi
|ϵ) + bk fbk

(Ei, σxi
) + ck fc(Ei, σxi

)] +
(bk − b′￼k)2

2σ2
bk

}
● CCD 1 ◦ CCD 2-7

Profile likelihood ratio test on joint dataset.  Extended likelihood function:
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DAMIC LOW ENERGY ANALYSIS


● CCD 1 ◦ CCD 2-7

– global minimum
– bkg component

Fit result
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Most Plausible Interpretations of the Excess


• Missing front component in bkg model


• Unaccounted detector front-side effect
14

DAMIC NEAR-THRESHOLD EXCESS


ε = 67 ± 37 eVee

17.1 ± 7.6 events
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Expected background 
events per bin:

0.40.350.30.250.20.150.10.050

17.1 ± 7.6 events

3.7σ

● CCD 1 ◦ CCD 2-7
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DAMIC SYSTEMATIC CHECKS

Systematic Checks


• Fit above 200 eVee consistent with null hypothesis


• Fit to CCD1 and CCD2-7 data sets separately 
consistent with joint analysis


• PCC systematic cannot account for the excess 


• Front-surface events alone cannot account for the 
excess


• Local vs Global significance tests: excess is by far the 
most significant feature in data


• Serial register events excluded as possible source of 
excess (0.01% of overall exposure)


• Parallel Markov Chain MC analysis

Backside PCC events

Bulk excess
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DAMIC WIMP SEARCH LIMITS  
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DAMIC at SNOLAB:


• WIMP Search paper published on PRL: Phys. Rev. Lett. 125, 
241803


• Spatial coincidence analysis paper published on JINST: JINST 16 
(2021) 06, P06019


• Paper detailing background model construction submitted to 
PRD


• Upcoming setup upgrade to investigate excess: two DAMIC-M 
6k×4k and four SENSEI 1k×6k skipper CCDs


DAMIC at Modane:


• Kg-scale skipper CCD detector striving for 0.1 dru background 
rates


• See contribution by Claudia De Dominicis:                                          
Search for light Dark Matter with DAMIC-M

DAMIC
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SUMMARY & FUTURE PLANS
DAMIC

arXiv:1706.00028

arXiv:2001.01476

arXiv:2007.15622

arXiv:2011.12922

arXiv:2110.13133
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SUMMARY & FUTURE PLANS
DAMIC

arXiv:1706.00028

arXiv:2001.01476

arXiv:2007.15622

arXiv:2011.12922

arXiv:2110.13133

LBC: 
DAMIC-M 
prototype 



Thanks for your attention. It was a pleasure to tell you about us!



DAMIC SENSOR BACKSIDE ANALYSIS
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DAMIC

 ––– fine beam width


- - - coarse beam width



DAMIC

Donor concentration profile on the backside causes partial charge collection 

fpcc(E[keVee]; αpcc) = Npcce
− E

αpcc

Incorporate it as systematic via back 
exponential in log-likelihood fit
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DAMIC

largest uncertainty in our response model

BACKSIDE ANALYSIS: PARTIAL CHARGE COLLECTION 




MAIN CONTAMINANTS
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MAIN CONTAMINANTS II
DAMIC
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MAIN CONTAMINANTS III
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MAIN CONTAMINANTS IV
DAMIC
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NEUTRONS IN DAMIC


NVIB
n0 recoils < 1    over WS exposure

Neutrons produced in inner components

Geant4

Sources of neutrons for DAMIC:

➤ Cavern. Polyethylene and Pb attenuate flux: 0.5 cm-2 d-1   ➡︎   < 10-3 cm-2 d-1   ➡︎���<   1 d-1


➤ Production in Polyethylene and Pb:   <   1 d-1


➤ Production in inner detector components: VIB dominates with ~ 30 d-1

(332.5 days)

Neutrons nuclear recoils minor contribution to bkg model
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BACKGROUND CONTROLS
DAMIC

Lessons from DAMIC at SNOLAB:


- 55% in-CCD contaminants


- 3H from CCD activation + Surface 210Pb from Rn deposition ☞ Improved storage/transportation protocols


- Intrinsic 32Si traces ☞ Rejection of radioactive chains through spatial coincidence


- 30% OFHC Copper


- Cu activation and bulk 210Pb contamination ☞ Use electroformed Cu with minimized activation time


- 15% mixed material contribution (lead shielding, flex cables, etc.)


- About 2 dru


- Design, material selection and fiducial cuts can all help: prototype low background chamber (LBC) will 
pave the way to achieve DAMIC-M desired low backgrounds
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DAMIC HIDDEN-SECTOR SEARCH


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.)


- 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).
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