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DAMIC at SNOLAB.. searzhmg for“
7. low-mass WIMPs with:CCDs ‘"
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Metal-Oxide-Semiconductor
capacitor
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Why Dark Matter in CCDs ?

coherent elastic scattering

* Detection of point-like
energy deposits from

Shoies” | | 7 nuclear recoils induced by

WIMP interactions

(10 keV Si ion range 200 A)

/~__ pixel

nuclear
recoil

= -

1) High-resistivity (10" donors/cm3)  2) Fully-depleted over several
extremely pure silicon 100s um (typical CCDs few
tens of um)

‘ 3-phase
COSMIC RAYS AND OTHER NONSENSE IN ASTRONOMICAL CCD CCD structure
Riraly Poly gate
IMAGERS
electrodes
%
DON GROOM i
Lavwrenoe Berkelev Natnona! Lalortory - Buned
n—-— p channel
(10 kQ-cm)

fAccepted 23 July 2(K)3)

DAMIC enabled by Photo-
g sensitive $ T Z
Abstract, Cosmicroy muons make recognizable struight tracks in e ggw e D wi volume

thick sensitive reaions, Wandering trocks ("worms'), which we identify with multiply-scattered low- (200—-300 p.m)
. energy electrons, are readily recognized as different from the muon traeks, These appear 1o be
Float-zone Sl mostly recoils from Comptor-seattered  gamma rays, although worms are alvo produced directly
hy beta emitters in dewar windows and fiekd lenses. The gamma mys are mostly byproducts of *7K é g é g Bias

decay and the Uasd Th decay chains, Trace amounts of these elements are nearly always present
in concrete und other mutertals. The direct betis can be eliminated and the Compton recoils can be Transparent VOItage

reduced signiticantly by the judicious choice of materinds and shiclding, The covmic-ray muon e rear Wlndow
1= irveducible, Our conclusions are supported by tests af the Lawrence Berkeley National Laboratiory
low Jevel counting facilities in Berkeley and 180 m underground at Oroville, California



CCD : Clocks, Bias Copper frame
Wire bonds ‘ ’
2k x 4k | and Signal cable

3) Sizable mass First DAMIC CCDs from DECam!

a DAMIC CCD 6 cm x 6 cm, 16 Mpixel (15 pm x 15 um) has a record
thickness of 675 um and 5.9 g mass

* DAMIC100: 100 g detector (18 CCDs) at the SNOLAB
underground laboratory, Sudbury, Canada




4) Unprecedented low energy threshold

* Negligible dark current < 0.001 e/pixel/day (CCD cooled at 120 K).
Readout noise dominant contribution

exposure blank (taken after

exposure
; . ) e Slow readout

(=5 min / 8 Mpix image)
to achieve 0 = 2 e- noise

Distribution of pixel values in image

SNOLAB data

——— 30 ks exposure

— blank

* Very long exposures (8 hours!) to

minimize the n. of noise pixels ) 6.7 eY :
above the energy threshold o RMS noise!
Lower threshold, higher WIMP ™}
recoil rate (exponential), A [N T TIRT

small mass detector competitive Energy measured in pixel / eV,

0



a muon plercmg a 675 uym thick DAMIC CCD %"

1240
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1200

1%

5) Unique spatial resolution: 3D position reconstruction and particle 1D

6 keV front

The charge diffuses towards the
CCD pixels gates, producing a
“diffusion-limited” cluster

X-rays from
>Fe
- - n
6 keV back &
S ; 3
R

0.8
0.6F

0.4}

lllll

single muon track

300 400 500 600
depth/um

o = Z . fiducial volume definition and surface event rejection



50 pixels

v

X-ray! < .
n, WIMP? . 7
Diffusion
& limited
Front
L —— g
5 10 15 20 25 30

Energy measured by pixel / keV

“Worms” straggling
electrons

Straight tracks: minimum
lonizing particles

MeV charge blobs:
alphas

Diffusion-limited clusters:
low-energy X-rays,
nuclear recoils

CCD spatial resolution
provides a unique
handle to the
understanding of the
background



6) Stable and reliable detectors

Stability of Mn K line

Es.sz?— :60 é
AR SN T

§5.08 e g Energy scale stable to < 1%
" EW A A A

6000 6500
Image number

Stability of CCD noise

4500 5000 5500

§ 8
2 ”
- 7.8;—
"";‘%5 g Noise stable to 6% over 126
S 7.4 %, . E i
. _f%& i Ei‘ days.
: 7:_&% 1y ;
Gaéﬁgg 'i'?%ﬁ , i%
. 1. ; A:rji «  Duty cycle close to 100%
54 | (cf. superconducting detectors)
6.2
ﬂ; | l2&00| | 146001 l ,6050' l ISOBOI I iOéOd

Image number



DAMIC at SNOLAB

DAMIC R&D program in the J-Drift hall started in early 2013

CAB, FIUNA, Fermilab, LPNHE, SNOLAB, U Chicago, U Michigan, U Zirich, UFRJ, UNAM




DAMIC100 installation at SNOLAB

April 2016

10






vacuum and cryo lines,
electronics

8” lead
shielding

20" thick poly
shielding

12



Counts per 50 eV

Calibration data to X-ray lines

55Fe 60 keV —

LosiKe \

24|
'O Ka\ \ Am

l T Ca Ko(
AlKq _ !

10 0 1 2 3 4 5 6 7
/;’ Energy / keV Energy / keV

L Ra (o 28 keV) Calibration with electrons

Fluorescence X-rays from ’H source

**Fe source spectrum in Chicago chamber

| L

Reconstructed energy / kev
|

PR YT VY TR TR YUY Lo e by s o b v by o

’H f spectrum from front

5 500p
Q (=
o 3 iti 450
F Tritium . 3 %* / ndf 24.7 / 26 Al
S § 4001 Prob 0.5359
. - A 9.052 + 0.396
10’ Energy loss in $ 350 i 0.5213 ;0.0010
. =] =
gates and §i0,  Fawe 7 oo
10% = 250
- <2um/ 675 um 2ooE- O
- : o=21eV
10;—— H 1505—
- | | 100
i | | 50M
1 Il I =
= | Pigg g by | L L P T 1) ST o" | | | | | | | | |
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Energy / keV Energy / keV
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o
>
o
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Gamma-rays

ery large
ynamic range

Main bkg. In DM searches w
d

CCD exposed to °"Co source at U Chicago

Event rate / keV' ' K-t

1eolcElUOrescence 122 keV
120 _:_—
100{— photo-electric
- absorption
80—
so[ Compton
. 39.5 keV edges
so}—
3 / 47.5 keV
20| 136 keV
0 - ' ) ¢ ¢ 9 ¢ 14 -rig N (o A Vo e : : L———-Lt-s—'!
0 20 40 60 80 100 120 140

Enorgy / keV

Single-scatter Compton spectrum



Count Equivalent Units

Gamma-rays

first measurement down to 40 eV, ery large
revealing step features dynamic range
122 keV

photo-electric

absorption

1000
500 | | | | | | [} | | | | | | | |

0 0.2 04 06 08 1 12 14 16 18 2 22 24 26 28 3

Energy (keV,,)
-
= 136 keV
o = : | ’ § § 4 ' 3 ¥ 4 ] § ¥ . . s %
0 20 40 60 80 100 120 140

Enorgy / keV

Single-scatter Compton spectrum



Counts

DAMIC nuclear-recoil calibration

Previous measurements of nuclear recoil ionization efficiency in Si limited to >3 keV, !

%u 10
3 Sb-Be MCNP
275 em 10 simulation
«— BeO cap E
- «—BeO cylinder 10°E
I -‘ Activated ;
’ 0t 3 GeV WIMP
BeO base E
10?
1
Sb-Be “monochromatic” neutron source (24 keV) e s T et ST
Recoil energy / keV_
700 _"‘31200
7 y . Data - full BeO
— Beo target Neutron-on” with BeO (n+y}] % PR
600 2 1000 —— Best-fit with Monte Carlo spectrum
— a1 target “neutron-off’ with Al (only y) =
500 F K g 800
400 € Na| =
/ Si K CI‘ K(x £ 600 -
300 x x l g 400
200 l = 200
100 ate
o b g b e g bhg s by e bops pogdgap b gie g g b gl oy g
ok Ll 01 02 03 04 05 06 07 08 09 1
0 1 2 3 4 5 Measured ionization / keV

16

6 7‘ | 8
Energy / keV__ 60 evee



Nuclear-recoil ionization
efficiency in silicon

g 10 -
> - uchicago '*‘sb’Be -
~ z ———— Antonella (systematic) /
~ : o Antonella el
g Gerbier et al (1990) /4/

z = —— —— Lindhard, k=0.15 /‘/’
8 --------------- Lindhard, k=0.05 /.
“ 1 %
0 £ ~%
R £ s .
g I / o". ML :
oA = // i
/ ..o ..‘.'.v
10'1 :( v'.‘.v"'.”‘
- A 0.77 £ 0.10 keV: at 60 eVee
i g | | Y R DY
1

Recoil E%ergy / keVv_

deviation from Lindhard theory observed — crucial for low-mass WIMP
searches with silicon detectors



* Since 2013 background reduced by >10°
e =5 dru achieved before DAMIC100 installation (similar to competitors)

‘e 10° R
g E "'.0 -t ‘:0

: # J 2 % S
) 4 vy Do !
m 10 :
x -
b 107
]
X
~ 102
[}
)
§ 10

1 - AIN frame
- Si support
10} Pb shield upgrade
2
E ——— *Rn around vessel (simulation)
-2 4 4 1 | | | | ! | ! I 4 4 | Il | | | | | 1 1
- 5 10 15 20

* Material selection
and cleaning:
copper machining,
etching (surface
bkg)

Energy / keV

Background
tour-de-force

* Lead shielding to stop
environmental y rays

Spanish Jalleon
(Collar)

April 2016



DAMIC unique spatial resolution
E = 2.4 MeV E=06.8MeV

ster_id= 1345
504 .
N 1
500
498

496

494

5
4
4
3
3
2
2
1
1
5
C

492
490
488

1880
6050 6052 6054 6056 6058 6060 6062 6064 6066 ( %%4860506052 60546056 60586060606260646066

1 At=17.8d 2 At=5.5h 3
Three a at the same location!

60506052 60546056 605860606062 60646066

232 Th @ 2%
wor | o] s || Powerful method to measure U/Th bkg| Example
T 557 |in the bulk — ppt limits 2015 nvsT10 Poso14|  of o + P
ﬁ— .+_ ’Y 6.1 hr RUNID= 716, EXTID= 4, cluster_id= 421
214 MeV 2 Bragg 1910
28 Th o 24R, [0 20Rn x 216pq x 22 pyy peak™™
19y 542 MeV 1.7d 5,69 MeV 6 s 6.29 MeV 14Sms | 678 MeV 10.6hr sl
1 6_+’)/ 573 keV
X (36%) vm’ﬂv e
ﬁ_ + ¥ {64%) 605 MeV 3.1 min 1870}
) 21épg 2.25 MeV —~
SI — 22 :3 + 1860
BTh / 2'2PO 212p, o 208 py, 4.99 Mc\f7 | .
|To — A0 299 ns K78 MeV stahle azlao‘ 82‘90 8360 8310 33'20
Not seen—> **Ra’ V¥Rn 3

19



Cosmogenic 328Si

0.22 MeV 1.7 MeV * Must be demonstrated to be low for
BGj —= AP —— g any Dark Matter search in silicon
Tin=14d without electron rejection

32Gj - 32P candidate

e Search for sequences of 3s E = 1145 keV
starting in the same pixel of (xery0)
the CCD in different images Deca"—ﬁ

At = 35 days

—»

point

32§j = 807¢:"kg1d ! (95% CI)|[=100 kg day' corresponds to
2015 JINST 10 P08014 ~1 dru at low energy!

e Statistically limited, will be measured precisely by DAMIC100.

DAMIC unique spatial resolution and excellent duty cycle allows to
reject this background (also other B-B sequences e.g. ?'19Pb) 20




Dark Matter search with R&D data

* R&D focused on background reduction and CCD operation.

* We also took a small amount of data to be used for a first limit.
Background = 30 dru (now 5 dru!). Exposure = 0.6 kg day.

Goal: develop search tools and demonstrate CCD science potential

* Part of exposure (0.23 kg day) taken with hardware binning

charge of several pixels
can be added together
before moving it to the
readout node

some loss of spatial
resolution but improved
signal to noise (same
readout noise but more
charge in a binned pixel)

1x10

SHgy ey

S5Fe source:
improved energy
resolution



Dark Matter search with R&D data

* Fita 2D gaussian model + background N, (E) x Gaus(z, v, fiz, fty, 0(2))
in a sliding 7x7 pixels window. _ Yl 1
umber o mean of energy Lateral spread

Calculate the corresponding LL and  ionized electrons b
subtract the LL of background only

model == ALL 260 eV
ALL=-60
ALL distribution for E<250 eVee
10°E : ,
- ntforn ALSLEIBILION (ALMIALON) * Simulations used to evaluate
10" —— blank exposures the selection efficiency
- —— 30 ks exposures . v _
0 <0.01 events -
from readout : § o.of
10° noise ; F
ok 0.6 —— 1x100
E - — 1x1
E i 0.4__
N skt o s I g ~
-100 -% -80 -70 =60 -50 -40 -30 -20 -10 0 T
ALL 0 2_
B i,

Energy / keV



Event rate / kev* kgt 4!

Energy spectrum

0-1 kev__ 1-7 kev
60 601
— Compton scatter
50| s0H- = Data
a0 40HH
30[- 30t} 1 | ‘[
20/ 16 dru 2o} ﬂ' L ]-I ,] _rrl M HI
s e e o ) ) | ) O (1] i - ,
- / - |-J
10_* / 10_
= -
0-..( ..... Lescy v lsss ITENT W I FXUCETS ATRrTearal BRrareeyl [T o £y o” Pl Y IS o A O - 2 I S X T | = = M
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1 3 5 7

Energy / keV

Unbinned likelihood fit to 1x1 and 1x100 data done independently,

combined in a single exclusion limit.

Null (background-only) hypothesis consistent with both data sets.

ng



10°*

WIMP-nucleon cross-section / pb
[
o

Exclusion limit
WIMP 90% exclusion limits

'CDMSLite (2015) 70 kg-d

SUPERCDMS (2014 )

RESST (2015)% ™,

52 kg-d NN e
; 2 kg
L 2016) ©-°

1 1 1 1 L

WIMP Mass / GeV ¢?
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DAMIC100 first “light”
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WIMP 90% exclusion limits
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Conclusions and outlook

* DAMIC has successfully completed its R&D phase demonstrating
the potential of CCDs as DM detectors:

stable, low noise, low background operation of large size,
thick fully depleted CCDs at SNOLAB

unique spatial granularity to study backgrounds with
unprecedented precision

nuclear-recoil ionization efficiency measured down to 60 eV,
threshold

low mass WIMP sensitivity with R&D data

* DAMIC100 installation and commissioning has started,
100 g detector ready for science data taking by the end of 2016.
DAMIC100 will be a major player in the field in the next few years.

A
~

> ’
DAMIC

* Future: a 1kg CCD detector {




