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Dark Matter WIMPs 101

NGC 6503 - Mass and energy in the Universe
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Astrophysical evidence for DM:
Galaxy rotation curve, lensing , CMB

2) WIMP “miracle”:
a Weakly Interacting Massive Particle

In thermal equilibrium with SM particles
In the early universe. To give the
observed DM density, interactions and
masses must be close to weak-scale

<o v>= 3x10%° cm3/s = 1 /(20 TeV)?
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3) Milky Way motion

June
WIMP Wind V|| -
R

December

5) Coherent elastic scattering
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Detection of /

nucleus recoil

WIMP escapes detector
(weakly interacting)

4) WIMP kinetic energy in the
Earth (detector) frame
Z2m vg = 30 keV
(m, =100 GeV )
Low energy interaction

with matter
~ 103 ¢
6 Silicon
10
) : WIMP-nucleon cross section: 1049 cm?2
1 WIMP mass: — 10 GeV/c?

— 100 GeV/c?

[countsdaykg/keV)
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Experimental challenges

e Massive target-detector
e Ultra-pure target (radioactive contaminants)
* Low energy threshold (tens of keV vs MeV in neutrino physics)

* Low background (deep underground; material screening and
selection)

Cryostat suport in the Veto Water tank Xenon 1 Cryostat



7) Nuclear recoil ionization efficiency (quenching factor)

electron Nucleus recoil
E Eq
e
o c Q. h
0&. det °® o .. . det
o ) o ()
[ N [ N

Take a nucleus and an electron of the same energy (Eg = E,).

In general, EY, < ES, (the nucleus dissipates its energy through

mechanisms other than ionization) “Lindhard theory”

X
®
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PRL 107, 131302 (2011)

For a given detector
(“electron”) energy threshold,
the nuclear recoll energy
threshold depends on the QF.
Essential to measure.

; APrLc & LA v ‘

| Plante 2011
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WIMP exclusion plot
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WIMP-nucleon cross section [cm?]

10—37

10—38 i
107}
107}
10741t
10742}
10—43 i

107%

1074t
10—46 i
10—47 i
10748}
10—49 i

10—50

Next generation WIMP frontier

- ~1071
o ©
%\‘\\ (2012) | 10—3
NS e ” o
A g A
N MPL -5
Kg mass — \\‘\\\\\ o COUPP 52&23?2‘ 10
low threshold \‘{N zEPL“““‘e =500 1107°
N \
- EL\NE\ ST onont®® @2 —10-7
| 786 ’\ TOX kzms\ _10_8
Neutrinos (w',
N .BB1~‘\ _10—9
eutrinos
‘ > Tons mass — Xenon {1071
'G\’ - 10_11
‘ COHER ‘ﬁerB Neutrinos 110712
\’“{nosphe"“’ o 110713
e s e e N 0—14
1 10 100 1000 1()!1

WIMP Mass [GeV/c?]

[pb]
T
H

P p
=
o
=
Q
Q
W
W
W
)
—
Q
= X X
OM
(D) 1
Se— b
: 1
= T——
QI_‘p_ P
§



Beyond the WIMP paradigm

X e “Dark QED” models

kinetically mixed hidden photon A’ eeA:L J EM

O =,ae?ap x kinematic terms

* Arich, unexplored DM phenomenology :

A massive or light, y (elastic) scalar, Dirac
fermion; (inelastic) scalar, Majorana fermion

* Nuclearrecoils ¢ Electron recoils:
the e~ (not y) sets the typical momentum transfer

m, = few GeV
Ve N> V, ~ 10—3 (outer shell electron)

Er= % m?
R 2 M, V, Gtyp = MyeVrel ~ am, ~ 4 keV
=~ 1 keVnr

(+ quenching factor) (does not depend on m_, can explore MeV DM masses!) g
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Charge-Coupled-Devices

Dark Energy Survey Camera

NA32 CERN 1984-86

250 um thick CCDs with

enhanced IR sensitivity
developed at LBNL

10



COSMIC RAYS AND OTHER NONSENSE IN ASTRONOMICAL CCD
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How a CCD works

ELECTROSTATIC POTENTIAL, lp(UOLTS}

Metal-Oxide-Semiconductor e ® 2 @ = 2 B 2 2 2 B
capacitor ' -

+V

Metal gate

Si oxide (insulator)
n-type Si (buried channel)

p-type Si

electron-hole pairs
— generated by a photon
or ionizing particle
(3.6 eV, / e-hole pair)

(SNOHIAHNINO IS W H1d3d

A CCD is an array of MOS capacitors

0L



Serial register

Floating diffusion

Reset transistor

n* ac ground

1
Source follower transistor
1
! \
1

Polysilicon shield

“horizontal clocks” (faster)

Output
p. . Charge motion serial register
amplifier
0
S S
-_I' Q "6
¢ O E ......
i 5 2 ]
' L 5
i T c
1' o O
' >
tIine;__\'
Vertical cloe Iines\;\é 3
WD24 . € 10..0kV; x450_100um

CCD in action



CCD pixel 10.400 il

charge readout _

REF v D

\'}
Summing Transfer Rese
Well | Ite ! Outpu

es—1l—1  JFET]

..... . Video Out.
° T Load
Resistor ,/,/ l l l ' ’
i time

Reset pulse
(inject noise charge)

Correlated Double Sampling (CDS)

(signal — pedestal) cancels the
reset noise (and also other | |
correlated noise) oedestal signal
Performed analogically in standard B o

CCD readouts

Summing well pulse
(inject pixel charge)



Why Dark Matter in CCDs ?

CCD
coherent elastic scattering
(]
pixel
‘<,,7,,)

lll electron
>nu_c(ls3e}l holes z

>

1) High-resistivity (10" donors/cm?3)
extremely pure silicon

Float-zone Si

Detection of point-like
energy deposits from
nuclear recoils induced by
WIMP interactions

(10 keV Si ion range 200 A)

2) Fully-depleted over several
100s um (typical CCDs few

tens of um)
3-phase

CCD structure

Poly gate
electrodes

—
<~—Buried

n—— p channel
(10 kQ-cm)
Photo-
sensitive
g volume g I <
(200-300 um)

/ o Bias
Transparent voltage
rear window

15



CCD : Clocks, Bias Copper frame
Wire bonds , ,
Zk x 4k and Signal cable

3) Sizable mass First DAMIC CCDs from DECam!

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

DAMIC100 currently taking data at the SNOLAB underground laboratory
16




4) Unprecedented low energy threshold

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

blank (taken after
exposure)

exposure

 Areadout noise of =2 e-is
achieved by slow CCD readout
(= 10 min / 16 Mpix image).
3.6 eV to produce 1 e-hole pair

1.2 eV band gap

—— Image
—— Blank
Gaussian fit

mean = -0.003x 0.001
o= 1.827 + 0.001

10*

10’

* Very long exposures (8 hours!) to
minimize the n. of noise pixels
above the energy threshold

10°

Entries per bin

SNOLAB data

10

Lower threshold. higher WIMP .
recoil rate (exponential). N PR N S
small mass detector competitive Pixel Value [e]

IIIIIII| IIIIIIII| IIIIIIII| IIIIII|T| IIIIIIII| IIIIIIII| I
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5) Unique spatial resolution: 3D position reconstruction and particle 1D

_X X,
o ‘o

The charge diffuses towards the CCI

pixels gates, producing a “diffusion-
limited” cluster

6 keV front

X-rays from

>Fe
- _
6 keV back -
':' . -
=

LA R L B

single muon track

| | | |

rrrrr|]rrrrJrrrr 1 7

a muon piercing a 675 ym thick DAMIC CCD g |
S 14f

.E 16153 E -
~ 1610} \\\ 1.28°
1605} ... 2 W s
1600} . TN 0.8
1595 .. W C
“*-\‘\:‘:‘\\ 06

1590 e .
1585 0-4:—
15807380 “Ta00 Ta20 Taa0 “Ta60 i 0

x / pix

1 l 1
100

200 300 400 500

o = Z : fiducial volume definition and surface event rejection

600
depth/um
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X-ray? \j .
n, WIMP’ 7
Diffusion
“ limited
Q
X
Q.
o
LN
| Front
Iy | (N
5 10 I5 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

19



SNOLAB

Sudbury, Canada
Nickel-Copper active mine

in the cage, dropping at 50 km/h

2 km underground

BBC documentary, Dancing in the
Dark: the end of Physics

Creighton Mine #9

out for a nice walk...




WMW%MWM Inferno, Canto Ill, Dante



entering the lab

nice dress!




Snolab 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
23




DAMIC @ SNOLAB

module

Kapton
signal cable

Lead Iock

Kapton
signal cable

Cu vacuum
vessel

Poly-
ethylene




10°

1 Mn K;=>[| Mn
10 |- €= Noise

3 Mn K Cr Ka
oL SiKa escape lines

10

Counts per 50 eV

**re source spectrum in Chicago chamber

Ka
v

\; d

"\

' ' A ' ' " " l ' A
4 5 6 7
Energy / keV

Ksg

k(E) / k(5.9 keV,)

Linearity demonstrated for signals <10 e-
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1.04
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1
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—eo— X-rays
—e— Optical photons

10
lonization signal [keV_]

Response to electrons

H p spectrum from front

Hee Tritium
10°f Energy loss in gates
and SiO,
10° L
<2um/67% um
10;— le—
- I I
B | |
g T | 1|
0 2 4 6 8 10 12 14 16 18 20

Energy / keV

Counts per 10 eV

500
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0

3
Fluorescence X-rays from "H source
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Gamma-rays

Event rate / keV ' h-!

;z?sm T
. T; 2000 T .
Single-scatter 2 L Si K-shell
Compton spectrum 2 oo}
“ || Si L-shell
°’Co source -
’ a h h | Erl1:argy ‘[;eposlit’;d (k;a:/) N
1o Eluorescence 122 keV
120—
e photo-electric
- absorption
80—
soff- Compton
- 39.5 keV edges
1)
- / 47.5 keV
20f— 136 keV
: L 1 l 1 1
o0 20 40 60 80 100 120 140

Energy / keV



Nuclear recoil calibration

a) Cross-section of setup b) 124Sb-YBe source detail
.+~ "\ 3He counter

Vacuum chamber

275 em 24 keV neutrons

<«— BeO cap

<«— BeO cylinder fro m 9 B e (Y’ n )

umvam reaction
ant;gl(;my

BeO base

CCD

o 10°E
2
% 4
9 = Sb-Be MCNP
- simulation
1035—
10° 3 GeV WIMP
10;—
1
= PR I S T W AU R W T N SN SO S HN N SNNFUNN ST N NN PN UNNTUN BN\ S N
0.5 1 1.5 2 2.5 3 3.5

Recoil energy / keV_

E.=0.2 E, (Lindhard)




Nuclear recoil :
spectrum N

* “Neutron-on” with BeO (n+y) 400
“neutron-off” with Al (only v) 300

Clear signal from neutron- 200
Induced nuclear recoils

100

)-I

Energy / keV__

31200 Data - full BeO bkg-subtracted

Best-fit with Monte Carlo spectrum

—
-
o=
(=

* Nuclear recoll ionization
efficiency from adjusting
MC E, to E, spectrum

 single recoil spectrum

* systematic uncertainties
are small, dominated by
9% uncertainty on total

o] predicted rate

Il I 1 L1 Ll 1 1 1 1 ] L2 L.
/0.1 0.2 03 04 0.5 0.6 0.7 0.8 09 1
60 eV, Measured ionization / keV

800

8
IIII]III‘II[

400

Recoil signal counts / (10 eV

o

S
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Nuclear-recoil ionization
efficiency in silicon

10 AT
- ¥ Dougherty (1992) .9-"
~ —4&— Gerbier et al. (1990) '_-;
— —&— Zecher et al. (1990) ;.‘
- 24gh-"Be (2016) - “
" - Antonella (2017) ’.":..
—_ -+ Lindhard, k=0.15 R
L)
o - :
% 1F :"3'
L™ . POt .
[S—— - ','
s F 2 PRD94 082007
63] = < i
Calibration down
gl ‘.." "“’
10 - to 60 eVee.
i 1 1 L 1 ] l 1 1 1 1 1 1 1 L l 1

10
E. [keV_]

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



Background, background, background

e Lead shielding to stop
environmental vy rays

Inner 2" shielding made of ancient
lead to avoid bremmstrahlung vys
from 210Pb (3-decay (22 yrs half-life)

Spanish galleon
(Chicago\

3-phase
CCD structure
Poly gate
electrodes
)/

~—Buried
n—— p channel
(10 kQ-cm)
Photo-
sensitive
volume g T z
(200-300 um)

Material selection and
cleaning: copper
machining, “secret” recipe =
etching (surface bkg) I;:,“sg:az'xﬁ 050 e

Radioactive!




Background tour-de-force

Since 2013 background reduced by >103
e = 5 dru achieved before DAMIC100 installation (similar to competitors)

s f In the last year:
y R - Seven interventions at
» D T ey SNOLAB.
T - Nitrogen purge
2 F installation (Radon).
2 E 1 - Improvements in
g 10L treatment of copper
?......-...........‘.;\Il;us:;;:;; ................. SurfaCGS_
- p— A frame - Suppression of
107} ;_ 5'212: shield upgrade . . baCkground frOm
; Rn around vessel (simulation) thermal neutron
10 e s 2625 captures in copper.
Energy / k¥ Mitigation of
e Background rate may be smaller in background from

DAMIC100: new CCD box and packages, condensation e.g. 3H.
roman lead



DAMIC background characterization
E=6.8 MeV

RUNID= 490, EXTID= 6, cluster_id= 1345

60506052 6054 6056 6058 6060 6062 6064 6066

At=17.8d

[ZI

1

1

C 488 (

6050605260546056 60586060606260646066
2 At=5.5h

Three a at the same location!

2Th x 228 Ra
uer | ey | siv | | Powerful method to measure U/Th bkg
s 2.5 |in the bulk — ppt limits 2015 JiNST 10 P0g014
B 4y | 6ibe
2 14 MeV 2 Bragg
228y, ¥ 224pa ¥ 20Rn ¥ 216p, ¥ 212py pea k
19yr SA2 MeV 37d S.69 MeV S6s 6.29 MeV 145 ms 6.78 MeV 10.6hr
1 ﬁ_ + ¥ 573 kev
¥ (36%) . 208
6— + y64%) 605 MeV 3.1 min
216 ,
Si _ 228Th P02|2 2.25 MeV 5;+ ~
PO 2|2P0 v W8 b 4.99 MeV
ITO - % 299 ns B.78 MeV stahle
Not seen — *Ra’ V?*Rn 3

RUNID= 716, EXTI

E=8.8 MeV

RUNID= 491, EXTID= 6, cluster

_id= 1388

4%%48605060526054605660586060606260646066 (

3

Example
of a +J

D= 4,

cluster_id= 421

1 i BRI B | -

8280

8290 8300 8310 8320

32



Dark Matter search with R&D data

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

e 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

a-3 events

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

1x1

AL—_
5 : 7 :

<
Enorgy eV

S5Fe source:
improved energy
resolution



Events per 100 eV

Dark Matter search with R&D data

2
Measure E and o, for 1.8 e1x1 #1x100 - Surface (sim) - — All data
y - candidates
every cluster event. 1o . e ar 8
1.4, o f.: .:o.l
IRTPY Y RSP S R S P T
: - ¢ ° e ©
n.:: E‘. 1:_ 2° L4 ® e
a o8 o
o 0.6 [ . ... o o gec
0.4 -9 o4 "o ° %
(e T . '".'"'5"".".'"0"'.' """""""" v
0.2? ... L] .‘ o ® ® o0 o g &»° ?..
() ) A S SR ) YA SN AV SRl Kt of S e ST
0 1 2 3 4 5

Observed spectrum in fiducial region

3

s

A -

s

1: —

0 ! | )
0 1 2 3 4 5 6 7

E [keVee]

Spectrum consistent with Compton
scattered electrons in fiducial region:

No WIMP signal




Exclusion limit
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WIMP-nucleon cross-section

This work
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Hidden photon DM search

readout noise + A

leakage currenf + = : H{ o Data only readout
Hidden Photon\\s& ﬁ }#}HH}###} { « Overscan P noise in the

overscan rows

A

NOTE: 1x100 =
binning

Row number

— Nl N
AbSOfptiOﬂ i 104; eakage curren :
of hidden- , LI _i Wklilli%e noise t 1
75 um ,
phOtin g ¥ ?: Ionizationg 108 L ° Data :
mdaat[er f : __HP: my=10eV
. - % I 1‘\:103 g_ldil 1
21[ialdcn Photonl_o E 102 3 ____HP: my =25eV
my b ; r=10% g 'd!
£ ol
= i
hidden photon absorption would = |
produce my/ 3.6 eV charge 10°|
carriers in silicon:

sgn n . -1 7 | , | | [ \‘\. :_
H_P S-enS.ItIVIty in the charge Y50 00 50 0 50 100 150 200
distribution p [ADU]



Hidden photon limit

Kk Kinetic mixing parameter
o p— —
SR

© - =

[

3
—
(V)

10~

10—15 i

10—16

10°

Lowest leakage current ever achieved in a Si detector
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DAMIC now

« Already achieved radioactive background (5 dru) and a low
threshold (=10 e-) performance.

« Stack of 16 Mpixel CCDs: DAMIC100 in current SNOLAB
vacuum vessel and shielding.

 Installation took place in January, results with = 10 kg day of data
expected in 2017.

* Ongoing R&D for thicker, larger-area CCDs for a lower-noise,
lower-background kg-size detector.

DAMIC-1K

* A Kg-size experiment with 0.1 dru background and < 2e- threshold

* To lead the exploration of WIMPs and dark sector candidates in the
low-mass DM parameter space 38
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DAMIC-1K and WIMPs
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DAMIC-1K and dark sector

DM-e Scattenng via Ultra-llght Hidden Photon
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DAMIC-1K and dark sector

All Experiments (Kinetic Mixing + Elastically Coupled DM)
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DAMIC-1K and dark sector
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DAMIC-1K technical challenges

e Akg-size DAMIC can be built with the existing technology

Silicon wafer

6k x 6k pixels, 1 mm thick
=209/ CCD

~ 50 CCDs / 1 Kg

* Background

from a few dru to a fraction of dru.
external bkg.: improved design, materials
(e.g. electroformed copper), strict

procedures (silicon storage underground,
radon, surface contamination)

internal bkg.: cosmogenic 32Si (in the
amosphere) and tritium (in the silicon)

DALSA has confirmed
the feasibility
fabrication of these
larger and thicker

CCDs

- DAMIC-1K vess at PNNL



DAMIC-1K background

« Cosmogenic 32Si rate has been measured by DAMIC to be
80/kg/day and will be accurately measured by DAMIC100

32Si - 3?P candidate
Ei = 114.5 keV

At = 35 days
(Xor o)

Decay — o : .
. [ L]
point =; =g
- E2 = 328.0 keV

= 1 dru (dominant bkg. in SuperCDMS); rejected in DAMIC-1K by
spatial correlations

H B spectrum from front

« Cosmogenic tritium expected to
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. ; spectrum
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A measurement of its rate may be
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DAMIC-1K sub-e' noise

 Readout noise g
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DAMIC-1K sub-e  noise

o Skipper readout
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RG 1L
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Potential applications and ongoing R&D

 Nuclear forensics the analysis of nuclear materials recovered from either the
capture of unused materials, or from the radioactive debris
following a nuclear explosion, to identify of the sources of the
materials and the industrial processes used to obtain them.

Our CCDs can provide:

- fast identification of hot particles in swipes

(for subsequent analysis)

- non-destructive analysis through 160 Th and
gamma, beta and alpha 1o Pa X-rays
spectroscopy E /| /

8°;_ | 231Th Y

- ldentification of a single nuclide o /

5 10 15 20 25 30 35
Energy / keV
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e Soft Error Rate (SER) Errors in computer chips (memory & logic) that
‘ ’ do not cause permanent damage

—
——

Induced by passage of energetic ionizing
radiation through the sensitive volume of chips

Plastic Package

J

Solder B C4 ~ \ . . L .
rsnraes— | —m.snsnalers Can be a major reliability problem in servers,
— L./ ~ laptops, smart phones, pacemakers,

\ Chip Wiring Insulation BEOL e I e Ct ro n iCS

ContactSt\Lfi-s | ’/'
“Longey 2 d Alpha particles from chip packaging (ceramic,
mmmm' < </ underfill, interconnects, contamination)

More and more important with scaling of technology (shrinking dimensions)

4

Reliable measurements of ultra-low alpha emissivity required

We have measured emissivity of many materials (e.g. copper, silicon,

ancient lead, kapton, epoxy, etc.) down to 0.2 a / (khr cm?) with

properties unique to our CCDs: capability to locate the origin of the
emission; alpha identification even with degraded energy; detection of
beta and gamma in addition to alpha particles
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Conclusions

* In the last two years DAMIC has established the CCD technology as
a competitive technique for the search of low-mass Dark Matter
particles

 DAMIC-1K, a kg-size CCD detector with low background and sub-
electron noise, will explore a new large parameter space, scrutinizing
the WIMPs paradigm, as well as dark sector candidates with
sensitivity comparable to accelerator searches

 The DAMIC-1K detector is an incremental step of proven
technologies (larger size CCD, sub-electron noise). It will work as

specified.

 DAMIC-1K possible locations: SNOLAB (Canada),
Modane (France), SURF (USA), Gran Sasso Laboratory (ltaly)

 The CCD technology developed for DAMIC has wider applications:
coherent neutrino scattering, nuclear forensics, soft errors
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