
DAMIC
RECHERCHE DE MATIÈRE NOIRE À L’AIDE DE CCD ÉPAIS 
DARK MATTER IN CCD
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DAMIC: 
Mesure de la diffusion de WIMPS sur les 
noyaux de silicium 

Échelle de temps


DAMIC 100 g 2015/2017


DAMIC 1000 g  2017/2020 


Lieu


Chicago/Fermilab


SNOLAB (Sudbury, Canada)


Partenaires principaux


Université de Chicago 


Laboratoire de Fermilab
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Personnes impliquées LPNHE 

Physiciens


Antoine Letessier 
Selvon


Mariangela Settimo 
(tout juste partie :-(( )


Joao Da Rocha 
(thesard)


Romain Gaïor (post 
doc)
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Electronique


Phillipe Bailly


Marc Dhellot


Claire Juramy


Hervé Lebbolo


David Martin


Alain Vallereau

Mecanique


Phillipe Repain
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Status & Perspectives
P.R.D. 2016 (accepted) 

“Search for low-mass WIMPs in a 0.6 kg day exposure 
of the DAMIC experiment at SNOLAB”



Programme scientifique 

Utiliser des CCD comme des détecteurs de 
particules à bas bruit et très bas seuil


Permet d’explorer une région de l’espace des 
paramètres WIMP (et autre candidats) inexplorée 
(basses masses) 
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Principe de détection
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Lecture
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DM Motivation CCDs Particle detection Quenching DAMIC Near future Summary BACK UP

CCD: readout
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Set up experimental à SNOLAB
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Image des particules
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Performances des CCD
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>95% de l’image est utilisable

CCDs sur silice haute résistivité (~10-20 kΩ cm):

CCD épais (675um, techno du LBNL)

Faible fond radioactif (<5 to 30 d.r.u.)


Très faible courant d’obscurité (10-3 e- / pix / day à 120K).

Très peu de défauts dans le maillage du CCD

6.8 eV
RMS noise!



Operations des CCD pour les prises 
de données “DM search”

11

CCDs calibration damic@Snolab 2014 reanalysis 2015 campaign new results damic100 Summary BACK UP

CCD: readout - typical operation for DM searches

Clean the CCD

Wait 30000s (~8.3 hs)

Read - exposure with hits

Read - blank (0s exposure)

We take long exposures to 
minimize the number of readouts. 
The exposure is eventually 
limited by the dark current.

The blank images provide an 
excelent measurement of the 
background produced by readout 

{

14 / 34

J. Tiffenberg



12

CCDs calibration damic@Snolab 2014 reanalysis 2015 campaign new results damic100 Summary BACK UP

Data Analysis
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Data Analysis
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Analyse des CCD pour les prises de 
données “DM search”



Déroulements (sur 5 ans)
(Test de principe (fait) DAMIC 2012 / 2014 / 2016) 

DAMIC100 ~ en cours:


1ere installation en avril 2016

modifications en cours  (problemes mécaniques à la 1ere installation)

debut de prise de données très bientôt


DAMIC 1000 en projection, prise de données et 
analyse en principe d’ici à fin 2020

13



Projections DAMIC-1000 (2020)
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Projections DAMIC-1000 (2020)
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Contributions

Mariangela S fait partie des 3 principaux auteurs (avec A. Chavarria 
et J. Tiffenberg)


tests électroniques à Fermilab avec les électroniciens du LPNHE


participation à l’installation DAMIC 100 à SNOLAB


300kg de Plomb archéologique (provenance Modane et 
installé proche des CCD) 


une partie du cuivre electroformé (pour la boite des CCD) 


Installation sur site (chateau de plomb à 90% construit par le 
LPNHE !)
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Contributions futures 1
Design et production d’une électronique de lecture de CCD 
ultra bas bruit (cf David Martin juste après) 

lecture avec ASPIC et contrôle des tensions avec CABAC 
(expertise LSST)


design d’un cable flex pour le signal CCD (avec ASPIC integré)


optimisation de l’asic de lecture


développement d’un niveau de filtrage numérique


Valorisation auprès d’autres manips CCD

17



Contributions futures 2
Caractérisation du bruit de fond dans DAMIC100 et prévisions/
optimisation pour DAMIC1kg (thèse de Joao Da Rocha) 

but: produire un modele de bruit de fond dans DAMIC fiable et adaptable


difficultés:  b.d.f. deja très bas (difficulté pour les monte carlo)


contaminations chimiques trop basses pour être mesurées 
autrement


plan:


•comprendre les composantes dominantes (ex: impuretés chimiques)


•produire un modèle avec paramètres libres (concentrations des 
impuretés)


•contraindre les paramètres avec les données de DAMIC
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These proposée

Recherche de matière noire légère dans 
l’experience DAMIC 1000

19



Conclusions
Les développements techniques sont deja en cours:


design d’un nouveau flex terminé

definition des besoins pour la nouvelle électronique

mise en place d’un banc de test


DAMIC est un programme ambitieux, intéressant, bien défini. Nous pouvons y 
avoir un impact fort.


Les développements techniques envisagés mettent en valeur l’expertise du 
LPNHE et en sont un prolongement naturel. 


La collaboration de petite taille nous a accueilli avec beaucoup de générosité 
et nous avons déjà contribué à l’analyse et aux publications.


Nous avons l’expertise en électronique pour contribuer de manière importante 
dans le futur
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BACKUP
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DAMIC-background evolution
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2015 campaign: tracking backgrounds

In production mode

Converged on package design and materials

10 detectors tested and ready for deployment

Will commission during April 2015

13 / 34



11 

    
•  100 g detector  - 18 CCD 4k x 4k 675 µm 
•   Detectors designed by LBL and 

fabricated by DALSA 
•  Electronique discrète Alain/Alex 

Térieur du cryostat basée sur système 
MonSoon 
•  Jfet +AOP au froid 
•  Chaîne DSI discrète A=16, RC=660ns 
•  ADC 18 bit 

DAMIC 100 

2015  06  30 Ressources AUGER / DAMIC                          H.Lebbolo 
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Step0 :   fin 2015 
Tester les performances d’Aspic (readout lsst) dans les conditions 

DAMIC 
Commencer la réflexion sur un asic et un mode de lecture dédiés 
Step 1 :  2016 
Tester la compatibilité de CABAC 
Carte avec CABAC et ADCs de lecture 
Réflexion sur un(2) asics dédié(s) au contrôle des CCD 
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DAMIC-100
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Limit
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DAMIC – Aspic test bench 

13 

cryostat 

CCD 

Aspic* 

Analogue board 
 
 
 

(lsst aspic adc 
test board) 

FPGA 
Evaluation 

Board 

DAQ Ethernet 
*first step : standard lsst Aspic 
  second step : dedicated DAMIC asic 

New cable 

2015  06  30 Ressources AUGER / DAMIC                          H.Lebbolo 
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New Kapton 

•  Coupling capacitor 
•  ASPIC 
•  Power supply +3.3V and +5V, decoupling 

capacitors, biases and ref 
•  Differential output 
•  Programmation serial bus (ss, ck, miso, mosi) 
•  LVDS timing signals (clamp, reset, 

ramp_down, ramp_up) 2015  06  30 Ressources AUGER / DAMIC                          H.Lebbolo 14 
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Alexis A. Aguilar-Arévalo                                            CIPANP 2015                                             May 22, 2015                                                     Vail, Colorado
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DAMIC Collaboration

International collaboration: 8 institutions from 6 countries

Argentina: Centro Atómico Bariloche
Brazil: Universidade Federal do Rio de Janeiro
Canada: SNOLAB
Mexico: Universidad Nacional Autónoma de México
Paraguay: Universidad Nacional de Asunción
Switzerland: Universität Zürich (UZH)
United States: Fermilab, U. Chicago, U. Michigan

( D A r k    M a t t e r    I n   C C D s )
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Calibration
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Nuclear recoil calibration
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Ionization efficiency in silicon

Be9Sb124UChicago 

Antonella (systematic)

Antonella

Gerbier et al (1990)

Lindhard, k=0.15

Lindhard, k=0.05

Discrepancy with Lindhard model below 5 keVee
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Nuclear recoil calibration program

Am/Be source

Photo-neutron source at

U. of Chicago

0.7 - 2 keV NR

Neutron scattering (beam)

Neutron beam at U. of

Notre Dame

2 - 20 keV NR
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Nuclear recoil calibration program

Am/Be source

Photo-neutron source at

U. of Chicago

0.7 - 2 keV NR

Neutron scattering (beam)

Neutron beam at U. of

Notre Dame

2 - 20 keV NR
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Calibration
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FIG. 9. Energy spectrum of the final candidates. The red line
shows the best fit model with parameters s

tot

= 0, b
1x1

= 31
and b

1x100

= 23.

fit to the data with all parameters free. The statistic q is
positive by construction and values closer to zero indicate
that the restricted fit has a likelihood similar to the un-
constrained (free) case. On the other hand, large values
reflect that the restricted case is unlikely. To quantify
how likely is a particular value of q, the corresponding
PDF is required. To compute this distribution we used
a fully Frequentist approach and obtained it by perform-
ing the estimation of q outlined above for a large number
of Monte Carlo samples generated from the background-
only model (s

tot

=0).
We performed the discovery test on the joint data

set assuming the standard halo parameters: galac-
tic escape velocity of 544m s�1, most probable galac-
tic WIMP velocity of 220m s�1, mean orbital ve-
locity of Earth with respect to the galactic cen-
ter of 232m s�1 and local dark matter density of
0.3GeV c

�2 cm�3. We found the recorded events to be
compatible with the background-only hypothesis with
a p-value of 0.8 (FIG. 9). The result corresponds
to a dominant background from Compton scattering
of 15±3 keV�1

ee

kg�1 d�1 (21±4 keV�1

ee

kg�1 d�1) in the
1⇥1 (1⇥100) data set.

We proceeded to set a 90% confidence level upper limit
on the WIMP-nucleon elastic scattering cross-section,
�̃

��n

. To compute the upper limit we followed an ana-
log approach where, for each value of M , we performed
a scan on s to find a s̃ such that the test based on the
corresponding q(s̃),

q(s̃) = �log

"
Max{L

restricted

(
�!
b |�!E ,M, s

tot

= s̃)}
Max{L

free

(s
tot

,

�!
b |�!E ,M)}

#
,

rejected the hypothesis s
tot

�s̃ with the desired 90% C.L.
Note that for each of the scanned points we generated
the corresponding q(s) distribution from Monte Carlo.

The limit on the WIMP cross-section �̃

��n

was com-
puted from s̃, the total exposure of the experiment, E ,
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FIG. 10. Upper limit (90% C.L.) on the WIMP cross-section
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derived from this analysis (red line). The expected
sensitivity ±1� is shown by the red band. For comparison,
we also include 90% C.L. exclusion limits from other experi-
ments [3, 16] and the 90% C.L. contours corresponding to the
potential WIMP signals of the CDMS-II Si [3] and DAMA [17]
experiments.

and the normalization constant C (Eq. (3)) as

�̃

��n

= C

s̃

E .

The 90% exclusion limit obtained from our data is
shown by the red line in FIG. 10. The wide red
band presents the expected sensitivity of our experi-
ment, generated from the distribution of outcomes of
90% C.L. exclusion limits from a large set of Monte Carlo
background-only samples. The good agreement between
the expected and achieved sensitivity confirms the con-
sistency between the likelihood construction and experi-
mental data.
Several sources of systematic uncertainty were investi-

gated. The Fano factor, which is unknown for low energy
nuclear recoils, was varied from 0.13, as for ionizing parti-
cles, up to unity. Exclusion limits were generated chang-
ing the nuclear recoil ionization e�ciency within its un-
certainty [14]. The detection e�ciency curves for the sig-
nal and the background (FIG. 8) were varied within their
respective uncertainties, including those associated to the
background composition (Sec. VII). All these changes
had a negligible impact on the exclusion limit for WIMP
masses >3GeV c

�2. At lower masses the nuclear recoil
ionization e�ciency becomes relevant, its uncertainty re-
sulting, for example, in a change by a factor of ±1.5 in
the excluded cross-section at 2GeV c

�2.

IX. CONCLUSION

We have presented results of a dark matter search per-
formed with a 0.6 kg d exposure of the DAMIC experi-
ment at the SNOLAB underground laboratory. The sili-

Candidate spectrum
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FIG. 8. Final detection e�ciency of events as a function of re-
constructed energy (E) for the 1⇥1 (black) and 1⇥100 (red)
data sets after cluster selection outlined in Sec. VI and in
Sec. VII. Solid lines present the acceptance of the WIMP
signal while dashed lines present the detection e�ciency of
background events considering both bulk and surface contri-
butions.

approximately constant in energy intervals the size of the
WIMP search region.

FIG. 8 shows the final detection e�ciency after fiducial
selection for signal (i.e. WIMP-induced) and background
events assuming the initial composition given above. The
turn-on of the e�ciency curves near threshold is due to
the selection criteria to reject white noise (Sec. VI). At
high energies the signal detection e�ciency is almost con-
stant at ⇠75% and the background detection e�ciency is
dominated by the contribution of Compton events. The
small increase of the background detection e�ciency im-
mediately above threshold is due to leakage of surface
background events.

VIII. LIKELIHOOD ANALYSIS OF THE
SPECTRUM

After event selection, 31 (23) final candidates remained
in the fiducial region with energies <7 keV

ee

in the
1⇥1 (1⇥100) data set. Each reconstructed candidate is
characterized by its measured electron-equivalent energy,
E

i

. We used this observable to define an extended Like-
lihood function for the signal+background model:

L
s+b

(s, b,M |�!E ) = e

�(s+b) ⇥
NY

i=1

[sf
s

(E
i

|M) + bf

b

(E
i

)] ,

where s and b are the expected number of signal and
background events in the fiducial region, f

s

(E|M) and
f

b

(E) are the probability density functions (PDFs) for
the signal and background, and N is the number of se-
lected events in the data set.

The PDF for the expected WIMP spectrum, f
s

(E|M),
depends on the WIMP mass M , the standard halo pa-

rameters and the detector response (ionization e�ciency,
detection e�ciency and energy resolution):

f

s

(E|M) = C(�
0

)✏
det

(E)

Z
dR(E

nr

,M,�

��n

= �

0

)

dE
nr

⇥
����
dE

nr

dE
ee

����Gaus(E � E

ee

,�

res

) dE
ee

, (3)

where dR(E
nr

,M,�

��n

=�

0

)/ dE
nr

is the predicted
WIMP energy spectrum for a reference WIMP-nucleon
cross-section �

0

, and C(�
0

) is a normalization constant
such that the integral of f

s

in the search region is nor-
malized to one. The nuclear recoil ionization e�ciency,
E

nr

(E
ee

), was used to convert the WIMP energy spec-
trum, which is a function of the the nuclear recoil energy,
E

nr

, to the ionization produced by the nuclear recoil, E
ee

(Sec. IVA). To account for the finite energy resolution of
the detector, we computed the convolution between the
E

ee

spectrum and a Gaussian distribution with variance
�

2

res

as modeled in Sec. VI. As a last step, the spectrum
was multiplied by the detector e�ciency for the signal,
✏

det

(E) as computed in Sec. VII (solid lines in FIG. 8).
The PDF for the background, f

b

(E), is also normalized
to one and its shape is given by a flat Compton scattering
energy spectrum multiplied by the background e�ciency
(dashed lines in FIG. 8).

To account for performance di↵erences between the
1⇥1 and 1⇥100 data sets, we defined a joint likelihood
function:

L
joint

(s
tot

,

�!
b ,M |�!E ) =

2Y

k=1

L
k

(↵
k

(M)s
tot

, b

k

,M |�!E ),

where the index k runs over the two di↵erent data sets
and L

k

is the corresponding likelihood function. Note
that the functional forms of f

s

and f

b

depend on the data
set as the e�ciencies di↵er between data sets (FIG. 8).
The total number of expected signal events, s

tot

, relates
to the expected number of events on the k-th dataset
through the multiplicative factor, ↵

k

, that depends on
the relative size of the exposure and the signal spectrum
from a WIMP of mass M .

To quantify the statistical significance of a discovery
or to compute an upper limit on the WIMP interaction
rate we performed a hypothesis test based on the profile
likelihood ratio statistic q. This test compares the good-
ness of fit of two models, one of which, L

restricted

, is a
special case of the other, L

free

.
For this discovery test the q statistic can be written as

q = �ln

"
Max{L

restricted

(
�!
b |�!E , s

tot

= 0)}
Max{L

free

(s
tot

,

�!
b ,M |�!E )}

#
,

where the numerator Max{L
restricted

} is the maximum
value of the likelihood function obtained from a restricted
fit with constraints b

1⇥1 (1⇥100)

>0 and s

tot

=0, i.e. the
null (background-only) hypothesis. The denominator
corresponds to the global maximum obtained from the

Detection Efficiency



Projections DAMIC-1000 (2020)

DAMIC-100

DAMIC-1000



34

Status & Perspectives 
P.R.D. 2016 “Search for low-mass WIMPs in a 0.6 kg 
day exposure of the DAMIC experiment at 
SNOLAB”



CCD Clock controler 

Upper Rail 
DAC 

Current  
DAC 

Current  
DAC 

Lower Rail 
DAC 

Amp 

Amp 

Lvds  
Clock 
trigger 

Clock 
Out 

Exposure 
Readout 

2*10 bit DAC for clock upper and lower rails 
2*8 bit DAC for rising & trailing edges current 
Individual exposure mode to limit power 
2 Multiplexers for monitoring and fine timing tuning 
Techno AMS CMOS 0.35µ or 0.18µ HV 

Mux Clock 
monitor0 

Mux Clock 
monitor1 
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CCD OD / Biases 

DAC Amp 

OD / 
Bias 

enable 

Mux 
Bias & 
current  
monitor 10 bit DAC for Bias / OD level 

Amplifier with HZ capability 
Readout & Exposure levels 
Multiplexer for monitoring purpose 
Possibility to implement CCD protections 
Possibility to monitor output current 
 
AMS CMOS 0.35µ or 0.18µ HV 

2015  06  30 Ressources AUGER / DAMIC                          H.Lebbolo 17 

Exposure 
register 

Readout 
register 

RO/Exp 

Current 
Measure 
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Readout FE chip proposal 

Capacitive coupling with programmable shunt  ) 
Deactivable current sink     ) inside the chip 
Programmable gain by capacitors ratio + gain 1 
Clamp (DC restore) & Reset + individual channel deactivation 
Programmable time constant by selected resistors  ) 
Integrators with reset     )  DSI mode 
DSI bypassing = Transparent mode : clamp & sample capability 
ADC buffer with 8V output capability 
AMS CMOS 0.35µ  5V   ( HV for current sink and coupling capacitor) 
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