DAMIC : Dark Matter in
0 04 » I

Recent developments towards low
threshold

Ben: Kilminster
U.Zurich

\/
//DAMIC

Munich Low mass dark matte/
conference
December 1, 2015

(




(2

W

Introduction

Ben Kilminster, Munich 2015 2
OGS



Detector .

CCD
coherent elastic scattering
/ pixel “x

Charged particles

produce ionization
in CCD bulk.
E

3.62 eV for
\ / e-h pair.
X
—> Charge
Charge drifted up and held at gates. collected by
YI each pixel on
T - CCD plane is
(O' > read out.
Xy

X, ~2 e RMS read-out noise.
O-xy



Not

triggered

horizontal register

sens node [

3x3 pixels CCD

P, P

Vampliﬁer

P35

P

P,

P3

P

P>

P3

dois

dois
[ouueyd

|]auueyd

CCD readout

i

i

r

state



A
/4

Sintific CCDs 5

" | One readout gate - all-pixels shifted via

«©> phased potential wells and read out
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Pixel size: 15 um x 15 um
Number of pixels: 2000 x 4000
CCD Thickness: 250 um (now up to
CCD Mass: 1 gram

Operation Temp: 150 K Sl S st 70aani!
pixel time (usec)
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Particle response
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(T his background is a CCD image)
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Particle identification in CCD #
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DAMIC first run
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DAMIC 2011

NuMI Tunnel Project

~ 100 meters
deep




DAMIC 2011

CCD Inside a
cold Cu box

Lead Bucket

Cylindrical
Cu Dewar




Results from 2011 Run

Assumes Lindhard quenching factor
for conservative limits

http://dmtools.brown.edu/
Gaitskell Mandic,Filippini
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Results from First Run

Direct Search for Low Mass Dark Matter Particles with CCDs

J. Barreto!, H. Cease?, H.T. Diehl?, J. Estrada?, B. Flaugher?, N. Harrison? J.
Jones?, B. Kilminster?, J. Molina®, J. Smith 2 , T. Schwarz* and A. Sonnenschein?
" Universidade Federal do Rio de Janeiro (UFRJ),

Rio de Janeiro, Brazil
2Fermi National Accelerator Laboratory,

Batavia, Illinois, USA
% Facultad de Ingenieria,

Universidad Nacional de Asuncion (FIUNA), Asuncion, Paraguay
“ University of California at Davis, USA.

(Dated: August 17, 2011)

A direct dark matter search is performed using fully-depleted high-resistivity CCD detectors. Due
to their low electronic readout noise (RMS~7 eV) these devices operate with a very low detection
threshold of 40 eV, making the search for dark matter particles with low masses (~ 5 GeV) pos-
sible. The results of an engineering run performed in a shallow underground site are presented,
demonstrating the potential of this technology in the low mass region.

PACS numbers: 93.35.4+d, 95.55.Aqg
I. INTRODUCTION

There have been several direct-detection experiments
searching for dark matter (DM) performed in recent
years, and several more in development.[1]. Most of these
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Calibrations :

determine ionization
efficiency for low energy
nuclear-recoils

\ / Stronger

zszlpaebr to ’ \/ _~" collaboration
/\mﬁ —p. Measure
/ // limiting

Improve detector \ impurities in
materials & silicon itself

shielding
radiopurity

Noise 2e- —-0.2 e-
50 threshold — 4 eV

More massive
CCDs




DAMIC Collaboration
(DArk Matter In CCDs)

International collaboration: 8 institutions from 6 countries

Argentina:  Centro Atdmico Bariloche

Brazil: Universidade Federal do Rio de Janeiro
Canada: SNOLAB
Mexico: Universidad Nacional Auténoma de México

Paraguay:  Universidad Nacional de Asuncidn
Switzerland:  Universitat Zarich (UZH)
United States: Fermilab, U. Chicago, U. Michigan
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CCD Performance

CCDs are manufactured with very high resistivity silicon:
Low radioactive backgrounds.
Low dark current (0.01 e/ pix / day).
Very few (if any) defects in the silicon lattice.

Distribution of pixel values in image
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>95% of the image
good quality.
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Counts per 50 eV
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. Diffusion of charge - - %
® Slze of hlt depends on location W|th|n plxel

ie, muons

_ T
entering

top of CCD
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‘® Maximal (minimal) diffusion at bottom (top) of CCD
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Depth reconstruction

front back
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Interactions'can be simulated

® MCNPX simulation-> background model

Uses diffusion

. | model
determined from
P , muon, tracks

Simulated Bs

Ben Kilminster, Munich 2015 22
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R&D: background reduction
Full AIN Frame AIN Si Support

DAMIC spectrum

------- AlN support
------- AlN frame

Si support
Pb shield upgrade
**’pn around vessel (simulation)

A l s ' A s l ' s s s l s s s l

5 10 15 20 25
Energy / keV

23



@

Silicon radioimpurity
325i, 238”, 232Th
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Number of pixels / area of bound box
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DAMIC unique spatial resolution
E=6.8 MeV

E=5.4 MeV
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Limits on contamination:

E=28.8 MeV

RUNID= 491, EXTID= 6, cluster_id= 1388

4%%48605060526054605660586060806260646066

3

Bragg

4
peak o,

1880

1870

232 Th ¥ 228 Ra
14 Gyr 401 MeV S8yr 238U < 5 kg_| d_| — 4 PPt
8+ 1 oa-l —
w e B2Th < 15 kg d"' = 43 ppt
B~ +y | st 2015 JINST 10 P08014
214 MeV
228 (6% 224Ry (o 2200gp (o 216p, (o 212 py,
19yr 542 MeV 37d 5.69 MeV 56 6.29 MeV 145 ms 6.78 MeV 10.6hr
1 ﬁ_ + Y573 kev
& (36%) 2087
ﬂ— + 7 (645 605 MeV 3.1 min
. 2|6P 2.25 MeV .
Sl . 228Th ozlz 2.25 MeV ﬁ + ’7
Po 212p, o W py | 499 MeV
ITO— 299 ns 878 MeV " stable
220Rn

24
Not seen —  “'Ra

3

1890

1860/

a +P

Example of

RUNID= 716, EXTID= 4, cluster_id= 421

1910] o8

|-

T YT T Y i
8280 8290 8300 8310 8320

[

26



Cosmogenic 32Sj

022 MeV | 7 MeV e Must be demonstrated tq bg .Iow for
2 —— 32p —— 32§ any Dark Matter search in silicon
Tin=14d without electron rejection

32Gj - 32P candidate

» Search for sequences of 3s o145 kv
starting in the same pixel of o At = 35 days -
the CCD in different images Decay—):Eyo >

E2 = 328.0 keV

point

32§j = 807¢ kg 1d™! (95% CI)|[~ 100 kg-' day' corresponds to
=1 dru at low energy!

2015 JINST 10 P08014

e Statistically limited, will be measured precisely by DAMIC100.

DAMIC unique spatial resolution and excellent duty cycle allows to reject
this background (also other - sequences e.g. 2'9Pb)
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Low energy quenching factor
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Quenching factor

iy EXISTING MEASURMENTS
® Existing data

points only go
down to 4 KeV

® Line shows
Lindhard theory
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experiments Gerbier et al (1990)
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Silicon recoil energy (keV)
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Low energy neutron
calibrations

@

® DAMIC collaborators have done two
experiments to test Lindhard theorem
below 4 KeV down to threshold

® Antonella::Neutron scattering
experiment

® Photoneutron calibration

Ben Kilminster, Munich 2015 30
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Broad neutron spectrum
E in [50, 600] keV Scattered neutron
Silicon target detector
Lithium target (detector)

proton
1

neutron

H

m (A+1) ’
~|l+r = — o fofli
2(At)2 { cos 0 \m] At = neutron total Time-of-flight

9 -
~ | 5 {.\ +sin @ — cos ()\ A2 — Hi“:%
+ )_

Program:

1. Measure neutron energy by time-of-flight (1)

2. Detect a scattered neutrons in a neutron detector

3. Measure charge produced by ionization E\g
4. Calculate the nuclear recoil energy with kinematics (2)

ionization

(dE/dx), .. = 26 keV/um

Target thickness = 18 um ——» Maximize the neutron yield
Ben Kilminster, Munich 2015
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Antonella results

lonization efficiency vs Nuclear Recoil energy
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This Work

Systematic uncertainty
Gerbier et al. (1990)
Sattler (1965)

Lindhard calculation (1963)
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Photoneutron calibration

24 keV neutrons
from
’Be(Y,n) reaction

Chamber

lead
Needed to stop Ys

Stainless Steel

Simulated recoil spectrum in CCD

111111111

124Gb-Be

3.2 keV,
end-point

11111111111111111111111




Observed spectrum

Data spectrum
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Counts per 10" *!Sb decays per 10 eV

120

100

80

60

40

20

Source configuration

Full Be

InnerAl

CCD data spectra

l—T—H—‘llllllI

gy vl
-t

FullBe
InnerBe
+ InnerAl
+ Poly
+++ InnerAlumina
H t
4 [
++
+++++Tt+¢iif*i¢*+i;1%;$ 4+
e T et it
P B .ols. L

Ionization enez:gy / kevu.

0.4 0.6

Inner Be

38

r

Counts per 10*° '?’sb decays per eV

Poly

MCNP simulated spectra

Outer Be inner ALO3

FullBe
InnerBe

InnerAl
Poly
InnerAlumina

II]I[IIIII

2.5 E
Recoil energy / keV

[= =]
v
[y
[y
v
N



Results

Ionization efficiency for nuclear recoils in Si
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Two DAMIC calibrations

Ionization efficiency in silicon

g 10 - -~
% - UChicago '?*‘sb’Be o
-~ - ~—— Antonella (systematic) /
™~ B -~ Antonella e
; B Gerbier et al (1990) //‘

z [~ e~ = Lindhard, k=0.15 D
8 | Lindhard, k=0.05 /. -~
=) 1E 5
o - ~ %
ol N ~
- = ~  t
4 | -7 4
g ] Pl Covered entire DAMIC
a Pralyry b WIMP search ROI
107! =~
1 [N 1 1 1 1 L1 1 1

Recoil %%ergy / keVv_
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DAMIC 2014: R&D data

DAMIC 90% exclusion limit

Fit to data with WIMP model a 1
6— —— 1x1 data : CRESST (2014)
- —— Best-fit to data .3 CDMS Lite (2013)
3 107! DAMIC (2014)
? ------- DAMIC (2012)
- - 0
0
2
Iﬂ k'\ H $
o
o
. P I N N e T PO
)
| H_‘f HH H “107E 0.3kgd
=
' | | P s 1. 11 nAann -
5 6 1 8 9 10 =
Energy / keV 10-¢ : L AN |
1 =8 WIMP mass / GeV c!70

Best fit mass: 26 + 46 GeV/c lonization efficiency: Lindhard
Best fit xs: (7 £ 16) x 10 pb k=015 ’

B;S.t fit c: 67"?' 3'3 6"; ” vo = 220 km s°
inimum =i - . VE o 232 km s.|

Vesc = 544 km s-!

.74+
Null hypothesis c: 74 £ 5 dru 0 =03 GeV c2 cm™

Minimum -lI: -396.1 2
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DAMIC100

100 g detector, 18 CCD 4k x 4k 675 ym

Minimal changes in SNOLAB setup: Cu

box, CCD support and cable
expected bkg =1 event keV-' kg-! day-’

Detectors designed by Lawrence Berkeley -

Lab and fabricated by DALSA, all in hand,
packaging started, high yield
In the first half of 2015, installation of CCD é
box and background improvements:

- installation of N, purge for radon

- etching of vacuum vessel to remove
surface bkg

- several CCDs (2k x 4k) 675 ym
packaged and installed to study bkg

I3
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Dark Matter in CCDs at SNOLAB

vacuum and cryo
lines,electronics

‘ in-vacuum

, electronics

il

Kapton
cable

Cu box

20" thic Cu vessel

shielding

Intense R&D program started in 2013 with the goal of a 100 g detector 43



Si support

1” Spanish
“Salleon lead

DAMIC setup at SNOLAB

S\ o &S
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¥ ‘ o\
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DAMIC100 recent progress

First 4k x 4k CCD with final packaging installed few weeks ago

“sa;r;\gvich’-’ A

aalm— —
Southern &

i & i |
- /F ([ -

Special setup to validate bkg
before full scale installation
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WIMP-nucleon cross-section / pb
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Beyond DAMIC 100
Strategy for DAMIC 1kg

* Scaling mass

Silicon wafer

6k x 6K pixels, 1 mm thick

~20 g/ CCD

~ 50 CCDs / 1 Kg

One batch of 24 wafers production for DAMIC100

Three batches sufficient for DAMIC 1kg Cost does
not scale
with mass

O(50) CCDs ok even with existing design of electronics

(e.g. DECam 62 CCDs)

Ben Kilminster, Munich 2015




0.1°e- noise

* Readout noise = 1/10 e~ with skipper CCDs

R&D at Fermilab

demonstrated

0.2 e" noise
http://arxiv.org/abs/1106.1839

Special design of the readout node, with a floating gate output
that allows for multiple readouts of the charge in each pixel

* Pixel charge is measured N times, with integration time short
to keep 1/f noise negligible

* Noise improves by 1/sqrt(N)
Technology known since long time — the challenge is in the
implementation on a large number of CCDs

Ben Kilminster, Munich 2015



DAMIC 1 kg
Potential of a 1 kg Si detector

b
ta

DAMIC100
DAMIC-1kg
DAMIC-1kg Skipper
SuperCDMS-Ge
SuperCDMSHV-Si

XENON-1T

Neutrino Coherent Scattering

| IIIlIII | | IIIIII|

1 10 10’

WIMP Mass / GeV c¢
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Conclusions >

e DAMIC 100 has made good progress
e DAMIC 2014 result improves upon 2011
® CCD performance .understood
e Intrinsic Si’*? background determined
® Quenching factor
® Two separate measurements
® Nuclear recoil ionization: efficiency
understood down.to energy threshold
® - Show consistent discrepancy with Lindhard
e DAMIC:1kg could get close to neutrino floor
around 1 GeV

Ben Kilminster, Munich 2015 50




