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Detecting asymmetric DM (mpm ~ GeV)

Elastic scattering of galactic DM

® Dark matter interacts once, coherently
with all nucleons in the nucleus

E NR

>
v = 300 km/s

Enr ~ 500 eV




We want to detect ionization energies down to ~ |eV

VVe need a low-energy
threshold Detector



Three Phase CCD Clocking

DAMIC (Dark matter in CCDs) ' |*usimemaiotme
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n-Type Buried Channel
p-Type Silicon
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Figure 1

o Charge shifted to output
5 \ > - 5 | readout gate by 3
potential . gates per pixel

Single low-

capacitance
readout node = _

* loW noise = low - DAMIC-M will use the‘thickest and
energy threshold A biggest CCDs ever made™:

Size =9.cm x 9.cm x 0.675 mm
Mass=20g/CCD (Likely diced into 4

) for better yield )
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This background is a CCD image
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Particle identification in CCD

. 100 pixels
& - '
o - Oy
electrons ﬁ . OX rays

N /

1.5 mm

t,

single point resolution ~ 7 um pixel size : 15 x 15 um? |
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Top of CCD

CCD pixels
15 um(x 675 dm

Dark Matter




} Cluster size vs. depth

tering
Muon Q) en
uo ~ top of CCD

Pixels to scale
15 x 675 um

O leaving bottom

Calibration of cluster size o vs. interaction depth

0 100 200 300 400 500 600
depth/um

Useful for removing surface events
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X-rays vs neutrons

Size of pixel clusters vs. Energy

Low E fluorescence X-rays from back Events from 2°°Cf source (uniform)
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1.2 1.4 1.6 1.8 2 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Reconstructed E / keV Reconstructed E / keV

X-rays ' Neutrons

bkg-like “DM-like”
(No dependence on depth)

Gluster sizé = Determings'\depth used to reject backgrounds
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Intrinsic 32Si rejected by tagging
32§ — 32P 32§ sequence (1. ~14 days)

32Gj - 32P candidate

e Search for
sequences of s

(xo,Yo) 5 . .
Decay — — et - starting in the same
point L B - 3280kev pixel of the CCD in

o different images

Ei = 114.5 keV
At = 35 days

*2Si = 140 + 30 uBg/kg

JINST 16 (2021) 06, P0O6019

« DAMIC unique spatial resolution and excellent duty cycle allows to reject
this background (also other (-3 sequences e.g. 210Pb)
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DAMIC @ SNOLAB
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DAMIC @ SNOLAB

In SNOLAB
6010m water
equivalent
depth :
suppresses
cosmics

Operated 7 CDs =40¢
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Background modeling

CCD bulk

CCD surface

External

Background model
*— Data, all CCDs

ee

Rate (keV'kg'd™1)

| * - -
10 12 14
Energy (kthe)

Background model (1-6 keVee)
—e— Data, all CCDs (1-6 keV..)
Background model (6-20 keVe.) I
=— Data, all CCDs (620 keV.)

0.6
LL_sigma.fVal

Counts per 0.025 pixel

0.6
o, (pixel)
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Results of background + signal fit

Expected background 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

events per bin: T I_
1.2 " |

Fit of cluster
SiZe VS:
energy

3.4°0 excess

00

IIlllllllllllllllllllllllllolllllllll

02 03 04 05 06 0.7 038
Energy (keV,)
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Signal excess energy.distribution

Nuclear recoil energy scale on top (calibrated to néutrons

Energy (keV_)
§)0.30 0.92 1.48 1.93 2.35 2.74 3.13 3.51
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Bulk excess

\
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‘a Unfolded spectrum

exponential with 67 eV decay ler

\
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o + 1 0 uncertainty
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Background-
subtracted data
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0.3 0.4 0.5 0.6 0.7 0.8
Energy (kevee)

lonization energy scale (calibrated to X-rays)
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Possible‘explanations of excess

Energy threshold effeet

Under-predicted background component
Unknown background component
./Due-to partial charge collection on surface

5 An actual DM:signal (WIMP or, other)

AW -

Ben Kilminster, LP2023 19




New WIMP results. from
PAMIC@SNOLAB,




Skipper<CCD .energy resolution : 0.07

® Reduce noise by

VN by repeatedly
reading out pixels

1/sqrt(N)
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2
Charge [e-]

Skipper CCD allows identification of
single electrons of produced ionization!

|
o
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Upgraded DAMIC experlment

Two 6k x 4k'skipper CCDs
*.Same bkg contributions
e/.Same-bkgrate™ 12 dru

- 10x lower readout hoise & resolution
e Science Run March 2022 - Jan 2023

e 4.8.kg*d-exposure, 3.1 kg*d after selection

- Upgrade provides twice

0.00 0.02 0.04 0.06 0.08 0.10

Energy (ke signal efficiency due fo
— DAMIC at SNOLAB iIncreased ‘acceptance at

—— DAMIC at SNOLAB Upgrade
B 1.7 counts / kg / day |OW energy

B 3.0 counts/ kg / day
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2021 vs.2023 experlments

2021 2023
Onoise. ~ Y\6 'e-/per readout Onoise ~ 0.2 e- per readout
100 pixels
grouped “WIM
betfore readout sigha
Energy cluster i
Tradeof:
®mproved
signal/noise
® Poor y-pasition
15 x 1500 um? resolution 15 157um?

Ben Kilminster, LP2023 23




DATA SELECTIONS

Likelihood clustering: ...and efficiently reject noise accidentals down to 23 eV,,

L 75 exp(—y) 1 — (9 —k)*
log L(N, 1,3, A, 0.q) = ZZ(ZI (J : /QﬂazeXp( (qZJJZ )>)>

i+0.5  pj+0.5
%i= M+ N / Gaus(z, y| s, iy, 02,04 )dzdy ; Noise + Ionization
j—0.5

1—0.5
ALL — _1 ( ) discriminates low-energy events from noise
f— Og
L, ) accidentals

Bulk fiducialization: we also reject CCD surface events, the largest source
of systematic uncertainty

2= Frontside

W — 20

O,y (pPixels)

We apply a fiducial selection of bulk

events, using the diffusion model:

0.6F - 16
0zy(2,E) = \/—AIn(1 — b2)(a + BE) ‘

o,y : cluster spread z : depth E : energy

(R A 5 (YT R "
150 200 250 300 350 400

Model validated in 2 (o) a o)

the lab



BKG MODEL VALIDATION
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Figure 3.9: The bulk (after o, cuts) background rate above 0.5 keV,, for a bulk exposure of

~ 3 kg days.



Energy vs. depth
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Energy spectrum

Best fit'cross+section Energy (keVe)
for spin-independent Likelihood Fit
: _ __ b=687x85
WIMP scattering: 2289 30 eV
Mpm =2.5GeV @ Ty A e ony pothesis
3E-40 cm?

T
"o
()
>
)
(e
e
n
et}
a
]
O
O

However, this.signal
Interpretation Is
excluded by other
experiments 0! _ _ N
(Darkside-50 1, Energy (keVeo)
CDMSlite 2)

Possibilities : quenching-facter calibration,
alternate WIMP models ?

1 arXiv:2207.11966
2 arXiv:18@8.09098

27




Consistency with previous result

—— DAMIC at SNOLAB 2021
—— DAMIC at SNOLAB 2023, Skipper Upgrade

N
(=)
(@)

9
)
>
Z
W
>
&5
~
)
=
3]
>
©
&
]
A
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Total Interaction Rate (Counts / kg / day)

28




Possible‘explanations of excess

._Energy threshold effect
>, Under-predicted background component
Y. Due to, partial charge collection

4. Unknown background componernt
5.-An actual DM.signal (WIMP or_other)

Ben Kilminster, LP2023 29




Summary
¢ DAMIC@SNOLAB results
® Previous WIMP search excess 3.40.excess
® New, improved WIMP search with ‘1 0*1owei ‘noisg,
| 0*better energy resolution'—.5.40 excess

® Future
o DAMIC-M is'a new experiment at Modane (LSM)

Same technology as DAMIC@SNOLAB upgrade

Lower background .rates

200 skipper CCDs

To be deployed in 2024

Already have some results based on a prototype setup

® PRL arXiv:2302.02372 sets world’s best limits on.sub-
GeV DM models

Ben Kilminster, LP2023 30




BACKUPS

Backgrounds




Partial’charge collection region

Partial Charge Model and Uncertainty

lowE betas
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Problem with Partial Charge Collection
(PCC) model?

Comparing a Back and Bulk Component

Model of PCC on
backside with
systematic
uncertainties

)
—~
0
"
-
A
L]
©

Generic Bulk Decay, a = 0.067 keV__

Generic Back Decay, a = 0.180 keviiz

Cannot explain
excess

0.6 0.7
Energy [kevee]

33
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Achieving a factor of 10 reduction Iin
noise threshold

Goal is to achieve an energy threshold for
detecting DM signals as low as ~1 eV

Ben Kilminster, LP2023



DAMIC:M Collaboration

X,
S
DAMIC-M Collaboration & %

O —
: LPNHE
CP3Origins Parls

it/ Zurich™

L
) *‘ Juba
’f( uc ¥
AR University of
LABORATOIRE
DE L'ACCELERATEUR
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What'’s.coming soon.? 202:|-2022

o DAMIC@SNOLAB

® Upgrading to use skipper CCDs and probe excess
® Expect to observe |5 events of excess with 6 months
of data taking

e |BC

® First stage of DAMIC-M
® 5X lower background
® - Test of pre-production skipper CCDs

Ben Kilminster, LP2023 36




The next generation.: DAMIC-M
e DAMIC:M

® Factor/of. O improvemernit in energy threshold and
resolution

® 500 grams (10 times bigger)*

® Redesigned to achieve 50 times-reduction in

background 5 dru = 0. dru
e Mitigation technhiques mentioned previously

®  Moving from SNOLAB.to Modane (LSM) in/ France -

2 hours from Geneva
® -Approved, funded, prototyping underway

® Sensitive to’nuclear recoils, electron
recoils,y absorption from A’

Ben Kilminster, LP2023 37




DAMIC 2020 limits

——— DAMIC (this result)

+1 o expectation

-~ -~ DAMIC (2016)

---- CDMS Si

—— CDMSlite

— CRESST-IIIT ——— PICO-60
DarkSide-50 ——— XENONIT

Qbserved limit is, of Gourse, worse than expected .

Ben Kilminster, LP2023 38




Cluster size projection
for 50.< £ <250 eV
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Exeess is spread.out—=not just one part of CGD
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Nuclear recoil calibrations

Ionization efficiency in silicon

g 10 - -~
% - UChicago '*‘sb’Be g
4 — -~ Antonella (systematic) /
~ | ——— Antonella /‘/ .
B Gerbier et al (1990)
§‘ - —— —— Lindhard, k=0.15 /‘/‘ AﬂtOﬂe||a . 170200873
- S (— Lindhard, k=0.05 % U.Chicago : 1608.00957
a 1F rah
) - ~ % .
s F 7% o
g - - :
[ Py B Cover entire DAMIC
0 o
S —l— WIMP search ROI

/ "'— ...“_. o
107 = T
T‘"‘.-. 1 1 1 ‘ 1 1 1 1 1 1 1 1 1

1 Recoil %%ergy / kev_

- Two independent experiments using different techniques
- Greatly improved statistical uncertainties at low energies
- Both find departure from Lindhard calculation

- lonization energy yield lower than expected



‘Related publications

o, DAMIC @ SNOLAB -
2023, submitted 2306.01.717 : confrmatlon of excéss '
2020, PRL 2007.15622 : excess in WIMP search observed
2021, PRD2110.}3133 : description of backgrounds

2020, JINST, 201 1.12922 : ‘'measure of radiocactivity in CCD
2049, PRL 1907.12628 : DM-e scattering /'hidden DM
2017 ,PRL7T611.030656 :. First eV-mass-scalel DM search
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https://arxiv.org/abs/2306.01717
http://www.apple.com
https://arxiv.org/abs/2110.13133
https://arxiv.org/abs/2011.12922
https://arxiv.org/abs/1907.12628
https://arxiv.org/abs/1611.03066

MAIN BACKGROUNDS: COMPTON *<=="

UNIVERSITY of WASHINGTON

b 4000
F@ Si K-shell
53500 [ /11 kil
(@] ﬂ! | d)e
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(TSR e | 11
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CCDs have unique spatial resolution

Three a at the same pixel location!

Corresponds to E=5.4 MeV E =6.8 MeV E = 8.8 MeV

RUNID= 491, EXTID= 6, cluster _id= 1388

uuuuu = 490, EXTID= 6, cluster_id= 1345

decay chain of
Thorium

2 o 28R, : . ,‘ wd
o PP 488 e 006 6058 6060605 £0675066 ' agg
il I W At=17.8d At=55h
mm 46 keV
ﬁ_ —+- ¥ 6.1 hr
214 MeV 2
28 e 24p. o 220Rn (o 216p, [o" 212 py,
19yr SA42 MeV 3.7d S.69 MeV S6s 6.29 MeV 145 ms 6.78 MeV 10.6hr

,3_ + ¥ /573 kv

X (36%) 2081y

1

5— + l(,‘r,"’] 605 MeV 3.1 min
2.25 MeV 148; :_\,7
o e T arXiv:1506.02562
3 2015 JINST 10 P08014
Si 28Ty - TO T .
— 212pg, We set in situ limits on contamination:
ITO— e op 238U < 5 kg-| d-| = 4 Ppt
_ a n
Not seen 232Th < 15 kg! d-! =43 ppt
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e 2010-201 I : DAMIC first run at Fermilab
® Best DM limits-for WIMPs below 4 GeV

® 2015- now : DAMIC @ SNOLAB
® Hidden photon DM search

® 2017 : ‘First eV-scale results
DAM I C ® 2019 : Result reported.today
. ® WIMP search
experlment ® 2016 : First result

. ®. 2020 : Low-energy excess observed
generatlons ® 2023 : Today: low-energy excess
confirmed'with skipper' CCD

o< 2023 : DAMIC-M/@Modane.
® Single e-h pair resolution. (achieved)
® Test of prototype /CCDs in 2021 (LBC)

Ben Kilminster, LP2023 44




LOW-ENERGY CLUSTERS  *=—"

UNIVERSITY of WASHINGTON

Likelihood clustering: find low-energy clusters by computing likelihood of ionization
event inside moving window...

Runid: 6, ImagelD: 131, Amplifer: 2L, centerx: 957.00, centery: 2138.00, qfit: 14.95, ALL: -76.69, 0yy: 0.58
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() DATA SELECTIONS e

Nuclear Physics and Astrophysics

UNIVERSITY of WASHINGTON

Likelihood clustering: ...and efficiently reject noise accidentals
down to 23 eV,

g 5 ex i) 1 —(g;5 — k)?
log L(N, [i, &, X, 0,|q) = ZZ(ZI (’Y b ,/2770,?exp (%)>)

T

1+0.5 a

j+0.5 - . .
yi= M+ N / Gaus(, Y| s, 11y, 00> 0y)dzdy + NOise + Ionizatis
; j—0.5 ’

1—0.5

£, discriminates low-energy events from noise
ALL = —log

L. ) accidentals
‘CQ : global likelihood under hypothesis of ionization
L, : local likelihood under noise-only hypothesis

y (pixels)

Pixel Value (e-)
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Naturalness of Dark Matter Mass scale

Standard WIMP
. “WIMP miracle” scale: Mpm ~ 100 GeV

Coincidence that SUSY weak cross-sections provide DM density relic

Qpm

Light WIMP

2. “Baryon-DM coincidence” scale : Mpm ~ 5 GeV

® pPpM=>5PB
* g is set by CP violating phase
*  pPpm is set by mass of dark matter

® |f we consider the two related :
— Asymmetric DM
— Mpm=5* Mproton hep-ph/1 111.0293
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Reducing backgrounds for DAMIC-M- .
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Improvement in" 2023 experiment

Cluster Energy (eVee)
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10°

10

10

X-ray
calibration
of CCDs

.| <= Noise Y

3;_ Sl K(x

Mn K,=> Mn

Cr K4

\

Mn K
escape lines

'\

0 1 2 3 4 5 6 7

Energy / keV

E resolution 53 eV at 5.9 keV

Ben Kilminster, Feb.5,2021, UCL HEP Seminar

53

vacuum chamber vacuum chamber

shield

*Fe

¢J\/\/\/\/\/\/\/\i
Fluorescence Kapton
fromc&0 C&O

ccp

C(;D
55Fe

wwie

Calibration data to X-ray lines

Reconstructed energy / keV

C Kq (0.28 keV)

Linear response,
good resolution

Energy / keV
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We can calibrate with various sources

X-ray 55Fe (5.9 keV)

.. Point like hits
| (diffusion limited)

Gammas 90C0 (1.33 & 1.77 MeV)

L\, 2 3 2 }' ".’v ’ . ' }
) o el
tFJ) Sy fod Ry i
S 2o ';1\ : \)A\’z}
Compton o \»cf L
electrons Lo e
\ B3 o ’ “
(worms) and N r' "{Z,‘* A %“ 4 v
point-like hits. e
l { i e R b
L, 3 ! )5 )
:.j L [\ Wik ' PJ 4 \\
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Detecting DM in a CCD

conduction

/ pixel
>% hole

electron

valence band

& >

Minimum energy ~ 1 eV to move charge from
valence to conduction band

Ben Kilminster, Feb.5,2021, UCL HEP Seminar 55



Scientific CCDs

Readout

Images’collected on
~60 CCDs ~600 Mpix

Optical
Lenses

250 um CCD
CCDs originally.created for DES

(DECam) by LBNL

Thick to be sensitive to infrared
= massive-!

900 1000 1100
AMnm)

Ben Kilminster, LP2023
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2007 : Prospects‘for SUSY dark matter

[ Baltz Gondolo 2004
[ JRoszkowski et al. 2007 95% CL
| [__]Roszkowski et al. 2007 68% CL
7| vmr=m CDMS II 1T+2T Ge Reanalysis
XENON10 2007
o | e CDNMIS II 2008 Ge
' MS II Ge combined

SUSY: favared region

WIMP mass [GeV/cZ]

Mass of WIMP-dark matter

Ben Kilminster, LP2023 58




| ) L I

CDMSiite MSSMp19

(Run 2)

. 2007 959% CL
. 2007 68% CL.
Ge Reanalysi

7Be

Neutrinos

Neutrinos

= %
X(:t\()‘lﬂ’\z :
- Ben o ’_ -
-
\Z. — "
. \A/‘,nnl

| L . | Il bbbl

10 10°
m., (GeV)

SUSY is aumoving target
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Simulation of-backgrounds

Backgrounds/grouped :
o External : deteCtor materials

* In-CCD bulk : | hemt
e On CCD surfaces " |

8 10 12 14 16
Energy (keVee)

Some energy regions
Model. : B excluded in fits due to poor
modeling

¢ GEANT simulation compared to data

e 2D model ? energy vs. cluster size
Cluster size constrains depth

A priori uses fast clustering algorithm - not perfect
Ben Kilminster, LP2023 61




Using log-likelihood clustering

No single pixel, 1-6 keV

Clustering used
INn‘analysis

Good agreement - at low-Ox
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Partial’charge collection region

Partial Charge Model and Uncertainty

Collection Efficiency

Nominal Model

Uncertainty
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Energy projection

summed over all oy

global fit
dashed = background component

null hypothesis

Counts (25 eV )"

| - l Ll 1 1 111 1 11111 1
0.7 0.8 0.9 1
Energy (kevee)

Does not appear to. be energy-threshold eftect
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Efficiency

A. AGUILAR-AREVALO et al. PHYSICAL REVIEW D 94, 082006 (2016)

4+ 57Co data spectrum 8 . f f ——— Signal (1x1)

-~ Uniform event simulation ] 4 - Signal (1x100)

— Parametrized detection . ] ------- Background (1x1)
efficiency ! Background (1x100)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
E [keV ]

e Efficiency model validated wijth data
e Reading out 100 pixels improves detection
efficiency (by reducing noise)

arxiv:1607.07410 6
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Cluster finding

Log likelihood algorithm scans across CCD
— Fits position; energy, RMS size of cluster

E=130eVe.

y = 25 pixel
px=27717.1 pixel
ox = 0.35 pixel
ALL =-116

Example of_cluster

=

2
X
(=7
St
L)
=%
K
N’
w
1)
)
b
<
=
@)

|
wn T |

2772 2773 2774 2775 2776 2777 2778 2779 2780 2781
X (pixel)

Size.of cluster ox— Determinés depth of interaction, z

02=—Aln|1 — bz

A, b : from cosmic ray tracks
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BACKUPS

DAMIC-M




DAMIC-M
® R&D and/prototyping ongoing

Shielding: Poly and lead
(innermost ancient lead)

Cryostat with _
CCD tower

g

IR shield

Electro-formed copper at PNNL
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DAMIC-M CCDs

design by S. Holland (LBNL), fabricated by Teledyne/DALSA

DAMIC-M prototype skipper
CCDs

Three CCDs per wafer to
test different skipper
readout amplifier design.

675 Um thick

DAMIC-M production skipper CCD design
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Recent progress-with DAMIC-M CCDs

1) Silicon-crystal produced -
(Benmark) L0

2) Wafers cut (U.K.) (@

3) Wafers shipped
across ocean

4) Wafers-stored
(Canada)

Total equivalent surface exposure
14.3 days !
Cosmogenic activation minimized |
Ben Kilminster, LP2023




s

Py

Progress packaging
different size CCDs-*
- ’ » ,:‘ )\ e/

g Bep KiIf'hinstér, LP2023‘ .




DAMIC-M reach

\ WIMP nuclear recoil search ‘

I

CDMS-II Si
(2013)

DarkSide-50
DAMIC-M (1 kg y) (2018)

T IIIIIII| T |\||I|I| T ||||Hl| T ||I||||| T |||IIII| T IIIII|T] T JIIIIIII T TTITMLZT TTTI

DAMIC-M reach for nuclear
recoils of WIMP

Ben Kilminster, LP2023

DAMIC-M (1 kgy)

102 103 10*
my' [eV]

As a function-of kinetic
mixing parameter (A’ with.y)
assuming A’ constitutes all

dark matter




DAMIC<M reach

DM-electron cress-sections
(heavy mediator'>> keV)

\--_'

DAMIC-M (1 kg y)

Ben Kilminster, LP2023

(light mediator <<.keV

L B L T L L AL B AR

XENONI10

102 10° 10* 10° 10° 10’
m, [MeV]

Weakly:coupled y does not.reach
thermal equilibrium, and “freezes iR’
Qrange are theqfetical predjctions 73




Now:" First'phase of DAMIC-M
Low Background Chamber

=

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

* Main objectives:

- characterization of DAMIC-M
CCDs in low-bkg
environment: dark current;
32Si rate; 210Pb surface bkg;
CCD packaging

- first science results with a
few CCDs

Installation in 2021

Ben Kilminster, LP2023



Timeline

SNOLAB
oF = . ! Goals: test ex¢gss with i,
i Same background, better
: gnergy resolution, lower
energy threshold

oA JREDY —
Prototyping | CCD: ‘testlng _
- | N . Assembly
L i Goals: test pre-prodlction o2 Datal
e .00 CCDs,operaie CCD |
g experiment,in Modane Wi
lower background - vy

L2018 0029 ;L 2022 5023 2024
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e -20}0-2011 ~DAMIC first run at Fermilab
® .4 grams of detector mass

® 2e- noise - —"Energy threshold 35 eV
® Best DM limits for WIMPs below 4 GeV

e 2015-now’ DAMIC @ SNOLAB
® . 40 grams

DAM I C ® “Background 5 events / keV / kg'/ day

. ® Hidden photon DM search
eXPe riment ® 2017 :. First eV-scale results

® 2019 : Result reported today

generations - ¢ WIMPsearch

® 2016: First result
® 2020 : New result today

e 2023 ; DAMIC @ Modane” (LSM)

500 grams

0.2e- noise — Energy threshold 3 eV
Background 0.1 events / keV / kg / day
Test of prototype CCDs in 2021 (LBC)
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