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Outline

Motivations / Background

Dark Matter in CCD
DAMIC at Snolab

DAMIC-M



Motivations

Observations pointing to DM

- Astrophysical observations:
Galaxy rotation curves
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Motivations

Observations pointing to DM

- Astrophysical observations:
Galaxy rotation curves
Bullet Cluster
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Motivations

Observations pointing to DM

- Astrophysical observations:
Galaxy rotation curves
Bullet Cluster

- Cosmological
CMB spectrum
Big bang nucleosynthesis
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Motivations

Observations pointing to DM Current picture

In Universe:
~70% Dark Energy + 30% Matter
80% of matter is Dark !

- Astrophysical observations:
Galaxy rotation curves
Bullet Cluster

Supernova Cosmology Project
zuki, et al., Ap.J. (2011)
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Motivations

Observations pointing to DM Current picture

In Universe:
~70% Dark Energy + 30% Matter
80% of matter is Dark !

In our galaxy:

~0.3 GeV/c?
Cosmological . v, ~220km.s2

CMB spectrum
Big bang nucleosynthesis

Astrophysical observations:
Galaxy rotation curves
Bullet Cluster

* ANATOMY OF THE MILKY WAY




Standard-
model
neutrinos

Sterile
neutrinos

Neutrinos

Extra
dimensions

Dark matter Weak scale

Simplified
models

Other

Macroscopic Macros particles

Primordial .
black holes MaCHOs Superfluid

Bertone, Tait Nature (2018) 1810.1668



Standard- Sterile

model neutrinos
neutrinos

WIMPs
Weakly Interacting Massive Particle

- Natural supersymmetric candidate
- Experimentally reachable

- production mechanism: freezout

——
[ ——
black holes Sl

Bertone, Tait Nature (2018) 1810.1668




Detection methods

Dark Mater search stvategics
Divect Method

Indivect Method
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Direct searches

m, = 100GeV my = 130 GeV
—> <E > ~ 13keV

m, = 5GeV my = 28 GeV
—> <E > ~ 0.3keV

Superheated
liquids

Cryogenic
bolometers

'PHONONS / HEAT

Cryogenic bolometers
with charge readout

Scintillating cryogenic
e WIMPY\ bolometers

Germanium Scintillating
detectors crystals
CHARGE LIGHT
Directional Iéll?:ll_d r?;)s?elzet_i?nas Liquid noble-gas
detectors P detectors

projection chambers
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WIMP mass
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Direct searches

4+ Exposure
¥ Background
& Threshold (for small m,)
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Da rk M atte r i n CC D ? coherent elastic scattering

low energy threshold

(low mass WIMP)
band gap in Si= 1.2 eV

high granularity

3 D I n fO rma tl on Low-energy Electron

candidates

Thick CCDs
675um, high resistivity

50 pixels

a

5 10 15 20 25 30
Energy measured by pixel [keV]
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CCD operation basics: Clocking

channel channel

Three Phase CCD Clocking
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https://hamamatsu.magnet.fsu.edu/articles/threephase.html
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https://hamamatsu.magnet.fsu.edu/articles/threephase.html

CCD operation basics: Readout

-~ 0.06 .
‘E R pixel 1 R pixel 2
VRD S 00s(| * : ;
? 5
Reset FET VA : all \
|
P -Buried +—|| Sense FET |
Channel T T Amplifier reset | T T ||
Vv ¢ (introduces noise 001} | € > : .l
> ou charge |
, ) T LL-'.J %) J \ refercnee signal "\_ “‘f"-"*'f_t'l‘ igmal
0.00) N — R - S i
N substrate f Ia
-0.01 |'l /
C C
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(add signal charge) time (us)

1. Reset the sense node

Measure the reference level

Inject the charge on the sense node through the summing well

= L DN

Measure the signal level

—> You get a voltage proportional to the pixel charge content o



Noise

- 0.06 T T
"g R pixel 1 R pixel 2
=  0.0% . 9 . B
- Correlated noise: | |
Suppressed with Image processing 2 .4
| |
. . . Amplifier reset_ o \ T T |
- Readout: Dual Slope integration with  (ntroduces noise omi| = -
. . . ¥\ reference signal | \_™ eree el
integration time of 40us I I
. - -0. l' I'
—> noise ~ 1.6e - /ﬁ c
Summing Wéﬁ'oeff 20 40 50 80 100 120
(add signal charge) time (us)
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Calibration

10* 55rg

10° .

102 ' Si Esc K, ’ Kp
T o A L, ™"
1 2 3 4 5 6 E [keV]

- jonisation in Si
- fluorescence line (down to 1keV)
- LED (40eV - 80 eV)
- Compton spectrum
- Linearity <5%

Compton:arXiv:1706.06053 Phys.Rev. D96 (2017) no.4, 042002
NR: IOP June 2017 Vol 12 P06014; Phys. Rev. D 94, 082007,

a) Cross-section of setup b) 124Sb-9Be source detail

,*~""~{3He counter
. s
\

Vacuum chamber 275 cm
<« BeO part C
<«—BeO part B
CCD I Activated
antimony
T rod
BeO part A
Table
10 NS ol
C —¥— Dougherty (1992) -é."
B —&— Gerbier et al. (1990) '.";
L — = Zecher et al. (1990) ,-_H
= ?4sp-*Be (2016) it
| Antonella (2017) ,V':I-‘
_ e Lindhard, k=0.15 P
: A
% 1E o
v} C o
0 B .-"" ,:}‘
[ B L +
10! —
B | ! L
1 10
E. [keV ]

+ Nuclear recoil:
-Quenching factor measured
in Si down to 60eV_,
- Deviation from Lindard model
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Radioactive background discrimination

Pb210 Candidate
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DAMIC at SNOLAB: 2012 - now

19



DAMIC at SNOLAB

surface
1 minute

Rate / keV'! kg™ day™

[
o

2km deep
8 hours

------- AlN support \

------- A1lN frame NOW 5 dru

Si support
Pb shield upgrade

_2 1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1
10 5 10 15 20 25

Energy / keVv

. . 2
- In a (active) mine 2km (6000m.w.e.) below surface (1p / m~/ 3 days)
https://www.youtube.com/watch?v=sZPLcv-ASwc

- Many improvements over the years in background mitigation
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DAMIC detector
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opper Kapton Lead block
odule signal cable — Kapton
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— 10:—
1x1 data L |]|:|
9_
IDM data set « open» = R LED data 8: E ;
Backgound simulation Temperature or Radon Issue C 25 :
Coincidences searches - § - - _ C - i
Wimps Analysis U '_'I 20
1 I 1 1 1 I 1 1 1 I 1 1 1 I ® 15 :_
6420 6440 6460 648 Ll =

="

S =

P IR SN NS SR T N N SN R SN S )
6456 6458 6460 6462 6464 6466 6468
position x

Jan Sept Jan Jan 20_1 9 .
2017 2018 Analysis steps
Data set Geant4 Simulation of the radioactive
1x100 binning (15 x1500um pixels) contaminations
Data set of 864x7 images (8h or 24h exposure) - Build a background model in a test region
Low radon && Low leakage current && quality cuts - Search for low energy deposition
(~50ev - 20keV)
~11 kg.day

(previous publication 0.6 kg.day:

Compare data / model in region of interest —>
arXiv:1607.07410 Phys. Rev. D 94, 082006 (2016))

Discovery (or limits...) 22



Background model

1 GEANT4 Simulation of
relevant decay chains in each
» piece of the detector

3 Background Model in ROI

Monte Carlo

Si fluoresence

, / preliminary...

Energy (keV)

2 2D fitin the plane Energy-Depth
at E > 6keV (constrained with assay

counts

counts

value)

rface) | * Other CCD cosmogenic
Surface 219Pb
y rays from copper

Dominant components:
— 11.8 dru total ’ 3H in CCD
(mostly su

Depth proxy
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Sensitivity to WIMP with 11kg.day

10-36 . WIMP Limits
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Light dark matter - DM-e scattering

Light dark matter (keV- GeV) appear in hidden sector scenarios

elastic scattering with e- or absorption of dark photon
—> Deposited energy large enough to directly ionise atom
(in crystal excite from valence to conduction band)

Simulation in DAMIC detector

Indefinite momentum and band structure —> need specific treatment
see arxiv:1509.01598 (Essig et al)

DM flux parameters

crystal form factor

dR ~ dq
- X O¢ / _2 n(m)o q, Ee)’FDM(Q)IQ‘fC(Q7 Ee)’2
dFE. q
Fpy = (ame)/q™ {n = 0,1,2}
reference X section ‘ ir

depends on interaction
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https://arxiv.org/pdf/1509.01598.pdf

Number of Pixels

DAMIC

DM-electron limits: arXiv:1907.12628

10° ¢ ‘ ‘
i o CCD1
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103 1 .  DM-e: Te=1x107% cm? |
L Ty = 10 MeV ¢ 2 ]
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100} N F
\\
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- Selection of images with the lowest leakage current (1-3 e- / mm2 / day)
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' _DAMIC at SNOLAB
— -protoSENSEI at MINOS;
—---XENONT10 ]

10V
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Fit the pixel distribution with electronics, leakage current, signal components

extract limit on o, (for various interaction assomptions)

—> Lowering the threshold to ~ 1 e- would change the game...

102
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https://arxiv.org/abs/1907.12628

Toward the next steps
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Toward the next steps

Snolab
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FONDS NATIOHALSUISSE

FONDO NAZIONALE SVIZZE

DAMIC-M in a nutshell

Shielding: Poly and lead
(innermost ancient lead)

Cryostat with - Snolab —> Modane

CCD tower

- mass: 40g —> 1kg

more + larger CCDs

- Background: 5 —> 0.1 d.r.u

Very thorough component choice,
gained experience

70 = . Threshold: 10e- —> 1e-
Use of skipper CCD, integrated
electronics

29
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Scientific reach

WIMP nuclear recoil search

CDMS-II Si
(2013)

W
||||||||||||||

DarkSide-50

pAMIC G012

W
||||||||||

DAMIC-M (1 kg y) Xenon (2018
experiments
| L L L L T |
| 10

m,, [GeV]

10—17 -

Hidden photon search

10713}
10—14 _
10—15:_

10—16__

DAMIC-M (1 kgy)

10 1020 108

my' [€V]

10t
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Scientific reach

Heavy mediator

Light dark matter - electron scattering Light mediator

1030 g——pre
103'F
10 32

10-37 1033 XENONI10
10—34;
10738 10—35;
T o 510
~ « 10737}
> 10-40 © 1078,
10 3%
104! 10 40f
el pAMICM(key 1o} ¥
| Fom=1 10—43E| covd vl vl el el
10— “i0 02 103 70 12 108 10 105 105 107
m, [MeV] my [MeV]
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L aboratoire Souterrain de Modane

FSra— Frejus Tunnel

France

ITALY ' FRANCE

Main hall Fréjus road tunnel
B —
;’/L‘-\-“- o

- '.“".'L_(T_
L 77

DAMIC-M (1) ' - 1:.'. ﬂ

— S ../, J
N / =g 1‘\ Nt _l l Reixe
f N \ — ' v _-

\
1r~an & hell

Sanvices
elecinc ty, veniation
air cond tiening
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The precious ingot... |
Travel to Canada . - =

Ghin-etsu

Transport Shielding for DAMIC-M

n g I a nd 2015/10/18 progress

I |
erl Vo I
4 2
-:¥
hER oyame -, . v
- 10 R Y .
\.v‘ £ 5
’ L ‘l " A
I T -
~ e - ~
- b WAL ..; % Tk
S o °
, s
N

_ - S I The whole history of the CCD is controlled
Now waiting Cosmic ray and Radon are the ennemies !

Boulby
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Detector design

CCD + frame + flex CCD tower

electro formed
copper at PNNL

ks
ko

CROC
readout chip

CROC pocket

Design in fast progress
CCD packaging improved for shorter CR exposition

Choice of the cable (Kapton vs Coaxial) still under

review
34



Skipper CCD

Floating gate amplitier

3D view g
Channel
V4
// Drain
Blas Z___
Electrode Floating
Gate

 fonfiogengingteplepieglbagy fend !

o>
MOS
|

Source

Channe!
Si02 @

[ cCcD
Channel
P+ Channel Stop

—————

P-8i

Source| S | Droin
]

Comparison with regular CCD

Reqular CCD
signal

pixel charge pedestal [
measurement

high frequency "
noise | |

low frequenc | | o TRy
'q . P / Ry
noise Nt g

Skipper CCD

Ut Juur ot

Replace floating diffusion
amplifier with floating gate
(Wen 1974)

Allows a non destructive
charge reading

Kills white and 1/f noise

Successfully operated in
2017
(Tieffenberg et al 2017)

Now also operated by
DAMIC-M teams !l
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Skipper CCD charge resolution

1 Non Destructive Charge Measurement

W
o
o

Count [/0.2 ADU]
N
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Zeroed Pixel Value [ADU]
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Skipper CCD charge resolution

W
o
o

N
o)
o

Count [/0.2 ADU]

200
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25 Non Destructive Charge Measurement
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Skipper CCD charge resolution

100 Non Destructive Charge Measurement
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o
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Skipper CCD charge resolution

Count [/0.2 ADU]
(0)) ~
o o
o o
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o
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Skipper CCD charge resolution

800 Non Destructive Charge Measurement

|

N
o
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Skipper CCD charge resolution

0¢]
o
o

unt[/0.2 ADU]
(@))
o
o

31400
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10° o~ 3.8 e-

Single electron resolution
obtained for a wide range of
integration times (T = 2 - 20 us)
allowing optimization with respect
to electronics noise

1/sqrt(N)

10

o= 0.07 e-

2000

‘ 10—1 | IIIIIII| | IIIIIII| | IIIIIII| | 1
1 10 10° 10°
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1600
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DAMIC-M electronics

PPN
) o

Current e
- physical
- not easi

ectronics is commercial is:
y big

y customisable

- ~ 20k per CCD...
(I let you multiply by 50)

LPNHE (Paris) has experience in the
CCD electronics

- ASPIC chip in LSST

- CABAC chip (designed for LSST but
didn’t make it to the final detector)

- CCD testing
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DAMIC-M electronics

Clocking:
Charge transfer

Amplifier sequence timing
CABAC chip

44



DAMIC-M electronics

Clocking:
Charge transfer

Amplifier sequence timing
CABAC chip

Readout:
Amplification
Dual slope integration
CROC chip
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DAMIC-M electronics

Clocking:
Charge transfer

Amplifier sequence timing
CABAC chip

Readout:
Amplification
Dual slope integration
CROC chip

ADC

Sample each charge meas.

(16bits 1TMS/s)
or

Oversample each charge
meas. (18bits 15MS/s)
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DAMIC-M electronics

N\
N

Clocking:
Charge transfer

Amplifier sequence timing
CABAC chip

Readout:
Amplification
Dual slope integration
CROC chip

ADC
Sample each charge meas.
(16bits TMS/s)
or

Oversample each charge
meas. (18bits 15MS/s)

Mother board: ODILE

47



DAMIC-M electronics

Dewar

o

CCD L il

JW4207

ASPIC Chip 3CABAC board

A first version of the integrated electronics has operated successfully !!!
...it was with previously developed elements (readout chip and ADC)

New version will be operating in 2 months gurai
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DAMIC-M electronics

Odile (Mother Board CROC ACABAC

4CABAC PLAN CABLAGE SOUDURES
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Very exciting phase where things come together ! Lot of work ahead !

- New version of the CROC, Fast ADC will also come next year 10




DAMIC-M timeline
R & D / optimisation

> Construction Installation

>

2020 2021 2022 2023 '

e A low-background chamber (background
level = dru) is in preparation

* Main objectives:

- characterization of DAMIC-M CCDs in

low-bkg environment: dark current; 34Si
rate; 2'%Pb surface bkg; CCD packaging

first science results with a few CCDs
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Conclusions

« CCD are innovative DM detector

- DAMIC at Snolab ends its science data taking and will release result soon:
background studies / WIMP search

« DAMIC-M:

Major milestone: Ingot production, single electron resolution on large
CCD

Many Progresses in: detector design, electronics, low background

in 2020: Clean room installation in LSM, CCD pre-production, installation
of a test low background chamber
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