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Naturalness of Dark Matter Mass scale

l. “Wimp miracle” scale : Mpm~ 100 GeV

e SUSY weak cross-sections provide DM density-relic Qpm

2. “Baryon-DM coincidence” scale : Mpm ~ 5 GeV
®. PpoM = 5\PB
* . Why is ppm similar to pg !
* FEach is set by independent processes
* pgis set by CP violating phase
* - ppm is set by ie, SUSY mass hierarchy of LSP

® Assume that at start of universe : Npm = Nm
Lepton-baryon asymmetry transferred to DM, :N, - Ny = Npm - Npm
® ., Ifppm =5 ps P 4

oA sk Asymmetric DM
— MDM =5 Mproton hep-ph/I111.0293

Or Intuitively :. same number of DM and M particles, but 5 times density

— DM is 5 times more massive than M
Ben Kilminster, SWAPS 2014



Experlmental hints of DM #
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Features of DM searches #

Hints of _ ’ 2 JEE | Xl{.\"(').\'ltl.(:l<3(.l!2')( .|
signal at % ERR ','l',
S + 2 6 expected
lower masses ; CMSSM
g prefers heavy
£ WIMPs ~200
2 GeV
> But ...
g increasingly
20 30 v4'0 0 00 2 ruled out b)’
T LHC & Xenon

Limited by exposure mass
(need bigger detector)

multi-kg-sized detectors
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Limited by energy threshold
(need lower energy detection)



Low mass (GeV) means low energy thresholds ...
lixperiment
CDMS-SUF
CDMS-1I

XENONIO
CRESST-]

Can we get a factor of 10-100 lower than this ?
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ThevDark Energy Camera (DECam)
. for.Dark Energy Suryey (DES) ;

% . I Blanco 4m Telescope
CCD - . Cerro Tololo, Chile
Readout [ -~

Optical ' ¢
Lenses

: " Images collected on
A & " ~60 CCDs ~600 Mpix

. / ?
Ben Kilminster, SWAPS 2014 Can we borrow a Iew CCDs !
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‘. Scientific CCDs 2 #

One readout gate - all pixels shifted via
phased potential wells and read out

Developed by LBNL :
Microsystems Lab for DECa

Pixel size: 15 um x 15 um
Number of pixels: 2000 x 4000
CCD Thickness: 250 um
CCD Mass: 1 gram

Operation Temp: 150 K
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Scientific CCDs for searching for DM //&
/

D
coherent elastic scattering @
. — GG
pixel

it luelectron

holes

nuclear
recoil
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New oppdrtunities with these CCDs

2. Low readout noise
® Detectors cooled to operate at -140 C

® | ow threshold energy for detecting recoils

RMS noise of 2 electrons, or 7.2 €V in
ionization energy !
® Could put threshold as low as 36 eVee

noise (e)

CCDs read out serially

Experiment | Target | Exposure (kg-d)
CDMS-SUF ¢

Noise decreases as
integration time increases

CDMS-II

XENONIO -
CRESSTT [ A0, | Tr | 06kv 1]

60 70
pixel time (usec)
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(This background is a CCD image)
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Particle identification in CCD

@

| . 100 pixels

® -
ﬁ - OX-rays
electrons O ~

150um

\muons/

3
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X-ray SFe (5.9 keV)

Compton
electrons
(worms) and
point like hits.

Point like hits
(diffusion limited)

Gammas YCo (1.33 & 1.77 MeV)
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» O Cosmics

0

Background reduction

— Above ground

350 ft underground
With lead brick shielding

From 2010

Event/Kg/day/keV

S0 100 150 200 250 30 350 400 350 500

E (keV)



Diffusion of charge #
e Size of hit depends on location within pixel

ie, muons

Vsub
moves
charge

~

entering
top of CCD

O leaving bottom

it
i
.

m

‘ diffusion limited hits

e Maximal (minimal) diffusion at bottom (top) of CCD
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Charge diffusion can define fiducial selection

#

/h

15 umx

Diffusion limited hits 15 um pixels__

6 keV front | 6 keV back

1 2 4 5 1 2 3 ]
Energy measured by pixel / keV Energy measured by pixel / keV
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Interactions'can be simulated #

® MCNPX simulation -> background model

Simulated Bs

Ben Kilminster, SWAPS 2014 |7
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Simulation of event depth

@

>)Fe (6 keV X-ray) front + back

Best-fit ©

0.6 0.7
Best-fit o

WL B

.
.

Simulation
front + back

150 200 250
Interaction z / um
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X-rays ' Neutrons
bkg-like “DM-like”

® Maximal diffusion ~ 7pum (0.5 pixel) RMS
® Can be used to reject surface events

Ben Kilminster, SWAPS 2014 _ 19




Calibrations



Noise measurement #

Single pixel charge distribution

—
2

- Gaussian fit:
2.5 electrons RMS

Counts [A.U.]
—
<

=
o
w

40 60 80 100 120 140 160
Charge [number of electrons]

) VI o, N
Noise

Charge released by
distribution

lonizing radiation

® Allows lowest energy threshold of current dark

matter experiments ~ 50 eV (32 eV recently)
Ben Kilminster, SWAPS 2014
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Energy calibration >

e X-rays and fluorescence X-rays

vacuum chamber vacuum chamber
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63 eV RMS at 5.9 keV

Esc K,

Esc K

l ) |
x|‘|J||| 1 ot dld i WW

Callbration data to X-ray lines Energy resolution from X-ray lines

241am

e

Var(E) / keV2

~ 30eV noise

Reconstructed energy / keV

10
Energy / keV Energy / keV
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Nuclear recoils from DM are different

Quenc
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Fraction of observed energy : ... but also on recoil energy :
“Quenching factor” depends on

Mass Number ...

Note lack of data below 4 KeV



1 KeV range nuclear recoils #

Fast neutrons elastic scattering

Neutron detector

(plastic scintillator)

: i Silic ,
E =23 MeV silicon target
, Lithium target (detector)

> 8 . proton
E_in [100,600] keV - I .

neurron

|

Scintillator Bar

Energy producing onization vs Nucikear Recod Energy

Dona: B 1 - 44 09
Outa: B 2 - 22 0ng

)
A
N x

— s A TEST BEAM

PRELIMINARY

Collimator Silicon Detector
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Getting to lower energies

@

® Irradiate CCD with protons (2E10 @ 230 MeV)
e Activates 'Be and *’Na uniformly in CCD
®.These decay by electron capture

® Nominally emits 54 eVee & 849 eVee

photons

® But small energy shift due to nuclear recoil
® Precisely measure photons

o Shift tells you nuclear recoil calibration

® Momentum conservation!

Ben Kilminster, SWAPS 2014 26




CCD spectrum 60 days afver 10" proteas en’ exposere

- 1 week of data, BC = 40 a /pia/h 7B EC
|J 1 weok of data, B = & o /pix e

e -

wook '

Lise from B W
- Podastial, BC = 43 » /pin)n
Podestal, I = & o /pin/h

55 eV shifted to 65 eV for Q ~ 10%

Event rate / oV’ g

So ™) 50 50 90
Enerqgy / eV

CCD spectrus after 10" protons cm ' exposure

S 22Na EC

Lise from “Sa B¢

wook '

Fagyeical backgrousd

870 eV shifted to 884 eV for Q ~ 10%

Event rate / oV g!
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lonization efficiency for nuclear rec#

e Challenge is to provide dependable calibration
down to 50 eV energy threshold

Results for ionization efficiency in low E regime

Prediction, k=0.15, Z =z, (Lindhard) ..J"
: o.“
Ge, compiled (Jones) A

a
- Si (Dougherty) o : /
Y

e lin: 22
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DAMIC experiment



DAMIC 2011

NuMI Tunnel Project

~ 100 meters
deep

30




DAMIC 2011

CCD Inside a
cold Cu box

N

Lead Bucket

Cylindrical
Cu Dewar
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Results from 2011 Run

® Wimp density
- 0.3 GeV/cm

o Vearth - 244 km/S

® Vescape - 650 kM/S

Assumes Lindhard quenching factor
for conservative limits
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Upgrading DAMIC #

@ LBNL CCD group has produced thicker, fully depleted high
resistivity CCDs (650 pm)
e DAMIC 2011 used 250 um (normal CCD ~ 25 um)
® Can now reach 100 g of detector mass

Ben Kilminster, SWAPS 2014 33




Improved shielding ...

o
///V

® DAMIC prototype in operation at SNOIlab

2 km of rock

Polyethylene

Ben Kilminster, SWAPS 2014 _ 34




DAMIC: at SNOLAB (2013)
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Vacuum
Cryocooler
DAQ
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N Pixels vs E for low threshold data

O vs E for frame CCDs

Back

Best-fit ©
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Simulation of backgrounds b

Contamination of Uranium 238 decay chain in CCD frame

« Foll AN
Ml bump Frame ALN

(~MeV B) Sisulation

e foew Bq kg' of U
simulated in AIN

]

Differeatial rate / eV ' g* &'
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.
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e
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21 20 0756 100 130 200 230 300 330 400 450
Energy / keV Energy / keV

Red is simulation

New frame design solves this background ..:
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DAMIC 100 - begins in ~3 months

Ben Kilminster, SWAPS 2014

Collaboration :
Fermilab

U. Chicago
U. Zurich
U. Michigan
UNAM
FIUNA
CAB

39




DAMIC100 | Under construction now

100 g of Silicon active mass
18 CCDs

*55¢0

*6cmx6cm

* 650 um thick

Fits in existing Dewar and Shield

Background
Current: 100 events/(kg day keV, )

. few events/(kg day keV,)

- Lead upgrade:

low Pb-210 + ancient
- CCD package

high resistivity silicon

Ben Kilminster, SWAPS 2014
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Sensitivity
® Projected DAMIC 100 with 1 year of data
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2011 DAMIC limit 107 g-days
with 0.04 keV energy threshold

Phys.Lett. B711 (2012) 264-269

11

10°
WIMP Mass [GeV/c®]

® Will test much of low mass interesting region
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Future
Lowering the noise: Skipper CCD

@ Main difference: the CCD allows multiple sampling of the
same pixel without corrupting the charge packet.

@ The final pixel value is the average of the samples
Pixel value = XN (pixel sample),

10, :

Factor of 10 reduction

in noise proven
Exp Astron (2012) 34:43-64

noise [e]
o

10 33 100 1000 N [samples]
210pys 0.7ms 2.1ms 21ms read time [s]

0.2 e- noise !
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Summary -
e Low mass. dark matter Y/

® Experimental hints ?
® Theoretically motivated
® But low energy threshold difficult

( JN od o » [3

® Achieves very low energy threshold
® Can do factor of ten better

® Requires strong calibration effort & bkg
understanding

e DAMIC 100 begins this summer

® Will provide strong constraints for low
mass dark matter in ~ 1 year
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An event

@
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In-situ neutron
background estimate

10

B
/ \ Polyethylene  (n,x)

CéD & deposits E in CCD

Slides into Cu
box at SNOLAB

Test performed at . 7E
FNAL this summer Nucl.Instrum.Meth. A665 (2011) 90-93
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CCD activation at a
proton beam

[sotope | Half-life |Si(p,x) | Activation 'EC prob.| E, .\1'[\ lox| Er [éE]

days mb |Bqg™'(10'° p em™*)"! keV | e 'V ('\" eV |eV
"Be | 53.12 | 3.2 | 0.103 ["1.000 (4776|557 |57 +0 |10
“*Na 950.3 15.8 0.029 0.097 | 1275 | ’*7) 28 160 + 40|14 |

| 7N\
Activation Y-raymay i chell

of a be used )
line near

fraction of t? threshold
a Bq precisely

Long lived
EC isotopes

For 230 MeV ("Be and measure Shift in line

p beam 22Na) activation due to A
recoil
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Event reconstruction

*Mn Ka: 5.9 keV

/_1_\

escape X-ray Si fluorescence
4.2 keV 1.7 keV E [kev] Pair of events closer than 75 um

- S| flourescence

“Fe escape lines

1

“'Mn K,

|
ﬁ
| ilnnbdiliaal)
I 1572 28 335 4 &
E

counts [A.U.]

n
LI

pixel size x [pixel]
15 pm x 15 um
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EC capture >

10.2. Activated EC isotopes in the CCD

In September, 2013 we irradiated a DAMIC CCD with a flux of 2x10'" 230 McV protons/cm® at the
Warrenville proton beam facility. The instrumental performance is as expected from previous radiation
tolerance measurements [16]. The aim of this irradiation was to produce uniformly distributed 'Be and
“Na within the CCD bulk. These isotopes decay by electron-capture (EC) and, as the vs and y-rays escape

the CCD, the only energy deposited is that from the refilling of the K-shell vacancy, leading to mono-
energetic deposits of nominally 54 ¢V, and 849¢V,.. A small energy shift due to the energy deposited by
the recotling nuclecus following v and y-ray emission 1s also expected. Furthermore, the total activation of
these isotopes can be measured precisely from the emitted y-rays with a Ge detector. These lines will allow
us to further characterize the detector for sub-keV,,. energy deposits in the bulk, and to demonstrate the
detection efficiency of the CCD for low energy events near our threshold.

Ben Kilminster, SWAPS 2014 _ 51
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Thermal neutron calibration

10.3. Nuclear recoil energy calibration with a thermal neutron source

We are pursuing the calibration of the ionization efficiency of nuclear recoils in Si at ~1 keV,, crucial in
understanding the energy spectrum of a potential WIMP signal in DAMIC100. The strategy is to expose a
St detector to a flux of thermal neutrons and rely on the reaction [17):

ASi+n— "'Si+ys (1)

where the **'Si nucleus recoils from the y-ray emission due to momentum conservation. If only one
y-ray is emitted, or the lifetime of nuclear states in the y-ray cascade is much greater than the stopping time
of the recoils, then the total nuclear energy deposit is mono-energetic. Considenng the maximum y-ray

energy of ~10 MeV, these recoil lines have energies <2 keV,. If a Si detector is exposed to a thermal neutron
beam, and the coinciding y-rays from the interaction are detected in a secondary detector, then the nuclear
recoils can be cffectively tagged by a time coincidence. As the recoil energy is known from the kinematics
of the reaction, the nuclear recoil ionization efficiency can be measured.

As good time resolution is required to observe the coincidence, a CCD cannot be used for this calibration.
We have already attempted this measurement by exposing a LAAPD [18] to a thermal neutron beam in the
LENS facility at Indiana University and in a research reactor at Ohio State University, with negative results
in both cases. The instrumental integrity of the LAAPD could not withstand the large neutron flux and
associated backgrounds. We plan to attempt this measurement in the near future with a Si-Li detector.
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Where there may be signals <«

® Now large collection of low mass dark matter signals (or ///
underestimated backgrounds)
® Though mostly excluded by Xenon10 & Xenono100

WIMP-nucleon cross section [pb
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® . Low mass dark matter ( ~ <10 GeV) search region interesting
® Key is detection of low energy nuclear recoils
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Ramping Up!

Better Background Predictions

ln-"m mmumm d n.ut Plasma effect in Silicon Charge Coupled Devices (CCDs)
Layer of Boron-10 on polyeth

Poly slows down neutrons - E
(2 protons & 2 neutrons)

Alphas have a distinct sig



Thickness was to get IR sensitivity

0
300 400 500 600 700 800 900 1000 1100
Anm)

250 pm thick fully depleted
produces ahigher efficiency in the
near-|R

200 300 400 500 600 700 800 900 1000 1100

e ¢

slnm)

Soldering iron IR
imaging with DECam
CCD. 20 seconds
exposure with a

* narrow (10nm):filter

centered at 81 0nm.
(picture by K.Kuk)
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Ongoing R& D

® Neutron energy response at low energy
® Electron Capture from irradiated silicon
(calibration at ~ 100 eV) : could be done at
PSI
® Lower energy calibrations still needed
® Improved readout - multiple sampling (skipper)
of CCD data can yield sub-eV noise
® CCD limitation is long exposure time : 1000s of
seconds - no timing to'reject triggerable
backgrounds
® Other types of silicon detectors with fast
readout and low background noise can be
investigated

Ben Kilminster, SWAPS 2014 56
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Conclusions

® CCDs are a viable particle detector for low
mass dark matter
® Can provide useful constraints on an
exciting mass range for dark matter
® Relatively cheap (DAMIC 100 ~ 400 kCHF)
® Detector R&D advancing with thick, high
resistivity, low noise scientific CCDs
® U. Zurich is playing a leading role in this
experiment
® Building a CCD lab for testmg and
calibrations
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(a) Spectrum afier 1y of DAMICI00 (b) Exclusion plot after | y of DAMICI00

Fig. 12. a) Simulated spectrum of DAMICI00, consikdering a WIMP with the mass and interaction cross-section of the best-fit
to the CDMS-Si signal (M, »8.6 GeV/: * and Tyx» 1L.9%10 Hem®) [4], standard halo parameters (o, #0.3 GeV/i ‘lem”, vau220 m/s.
ve=232 mys, v =544 m/s) and a 0.1 kg-y exposure. For this illustration, the sonzation efficiency of nuclear recoils is assumed to be
0.2 and energy independent. Thus, the expected limiting background of 0.5 evenis(keV .-kg-d) comresponds to 0.1 events/(keV ,-kg-d).
The exponential increase at low energies, starting below S keV, (~1keV, ), 1s evident, b) Under these assumptions we present a 90%
exclusion plot for spin-independent interactions by performing a v test on simulated spectra with the flat background spectrum and the
simulated WIMP signal for different values of M, and o,x. DAMICTO0 will place the best limits on spin-independent WIMP-nucleon
clastic scattering for M, <6 GeV/c*
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DAMIC 2011

Al-83 Cryocooler
| ‘e Vacuum
Sl

- A8 B cold Finger

6 Inch Lead cast
in copper container

8 Pack CCD picture frames (-160C)
we will have to design a low
background package and cable

Cu shield

Lead shield
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Energy Spectrum

Region from 0.05 keVee|to 2.0 keVee
used for search

events/20 eV

events/150 eV

14 1.6 18 2
energy (keVee)

energy (keVee)




Results from First Run

Direct Search for Low Mass Dark Matter Particles with CCDs

J. Barreto!, H. Cease?, H.T. Dichl?, J. Estrada’, B. Flaugher?, N. Harrison? J

Jones?, B. Kilminster?, J. Molina®. J. Smith ¢ |, T. Schwarz* and A. Sonnenschein?
{ nape -.n].;.,’; [";‘.'." i ﬂ'." .II.H- d 'H' dilar f‘f' ll“ :".
R de Janewo, BHraxd
“Ferma Natiomal Accelerutor Labors
Halavig, o USA

Facull MOLMICTIG

Dated: Augsst 17, 2

direct dark matter search is performed using fully-depleted high-resistivity CCD
their low cloctronic readout poise (RMS~T V) these devices operate with & ver
areshold aof 40 eV, making the scarch lor dark matter partic
LN

he resalts of an enginvering run performed in a shallow

potential of s technolofgy in Lhe J0W mass roy

INTRODUCTION 1|.; !"ll I wery .'.."\ Y’i"iih A TNLASS
of thick, fully-depleted CCDs

than conventional CCDx

[ here have been several direct-detection experimnents . .
. p . gy . Dark Matter i:
searching for dark matter (DM) performed in recent 3
' ' v ' XJ v‘ bl M)
yvears, and several more in de Vel OpInent. ] Most of thes
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Ramping Up!

Calibrating to Lower Energy

® Using a mono-energetic beam of neutrons to
calibrate quenching factor to very low energies

Energy (keVee)

64




Naturalness of Dark Matter Mass sc#

1. “Wimp miracle” scale :

® Why do SUSY cross-sections provide correct relic DM
density ?

MDM ~ 100 GeV

2. “Baryon-DM coincidence” scale :
e Why is the DM abundance so close to matter
2
Pom ~ O*Pm
e What if dark matter is more baryon-like ?
¢ Assume Npm ~ Nparyon In early universe
Mpm ~' 5 GeV Asymmetric DM hep-ph/ 111 1.0293
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