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Nature of dark matter ?

From astrophysics and
searchs for new particles:

* no strong self-interaction
* no colour charge
* no electric charge

Stable or long lived

The cross-sections and
masses of candidates span
many orders of magnitude!

This talk: two classes of well
motivated candidates:
o WIMPs
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Direct detection of WIMPs

Search for elastic collisions of the WIMP with atomic nucleus in a

low background detector N7 number of target nuclei

pom DM density (gal. halo)
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Simplest galactic model: Maxwell-Boltzmann distribution for the WIMP in
the gal. rest frame, dispersion = 220 km.s*!, vesc = 544 km.s"'
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Germanium A=73
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Deposited energy from 0.1 to 100 keV (measured by ionization, phonon or
scintillation signals)
Lower threshold, larger sensitivity: spectrum rises exponentially towards low energy

Most evident for heavy target isotopes, more important for low mass WIMPS

Snowmass CF1 Arxiv 1310.8327



Backgrounds
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WIMP modulation

Dark Matter Wind
220 km/sec

>
Vp

>

Cygnus Galactic

December

Earth's orbit around the sun:

* the relative velocity between DM particles in galactic halo and
detectors varies over the year

* approximately sinusoidal modulation for the recoil rate of DM at
keV energies

* peaks in early June



Underground labs
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WIMP-nucleon cross section (cm2)

WIMP spin independent measurements
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DAMA/LIBRA modulation signal

2-4 keV
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DAMA Coll, Arxiv 1003.1028

Array of Nal (sodium iodide) crystals in 1995

Operating the current DAMA/LIBRA setup of 250 kg of Nal since 2003.
Observed an annual modulation in their data ( 90 significance) with a
phase consistent with that expected from galactic dark matter interactions.
If signal is interpreted as evidence of scattering of WIMP dark matter: strong
tension with results from many other searches.

No successful experimental or theoretical explanation for the annual
modulation signal.



Xenon100

XENON10
2005 - 2007 XENON100
15 cm 2008 -
25 kg 30 cm
> 8.8 x 10" cm? 161 kg

>2x10% cm?

XENONIT

2015 -

100 cm

3300 kg
~2 X 10% cm?

XENONNT
2018 -
130 cm
7000 kg

~2 X 10 cm?



Two-phase time projection chamber

* [nteractions in LXe: prompt
scintillation light (S1) and ionization
electrons

( = ) * Electrons drift in applied electric field
anode until liquid/gas interface
Gate Gric faracion o Extracted into the GXe by a much
i stronger field: generate secondary
a amplified scintilation signal (52)
| P * The time difference between S| and
‘ S2: height of the vertical event
position
£ osf- =
Cathode osE E
& Bottom PMT Array / °'2§: % Drifttime dit E
O;oi' 0 140 160 180 200 | 'Jzkého 'z‘ﬁ'—g

XENON100, Astrop. Part. 2011



Hamamatsu R8520 PMTs

Top of the TPC:

arranged in concentric
circles to improve the
reconstruction of the radial
event position

Bottom of the TPC:

arranged as closely as
possible in order to
achieve high light collection
(low threshold detector)

position reconstruction based on S2 hit pattern:
Ar < 3Imm, Az < 2mm

XENON100, Astrop. Part. 2011
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single scattering events,
225 live days, 2011/2012

powerful background
suppression

e fiducialization
* event multiplicity

black dots: events below
97.5% rejection cut

low background experiment: ~5 x 10-3 evts/kg/keV/day after veto cut

and before S2/S| discrimination

XENON100O, Astrop. Part. 2011



WIMP-nucleon cross section [cm?]
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Axial-Vector cross-section of , (cm?)

Rate (counts/PE/tonne/day)

Exclusion of Leptophilic Dark Matter Models

Mean electronic recoil energy (keV)
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Search interaction DM - electrons.
This interaction could reconcile DAMA
and null results from nuclear recoils

Electron recoil events selected around
expected peak of modulation (70 days
around Jun, 2nd.)

For 3 models of WIMP coupling to e
expected signal and exclusion curves
were calculated.

DAMA signal excluded as being
induced by WIMPS interacting with
e according to

* Axial vector coupling 4.4 O

* Mirror DM at 3.6 ¢

® Luminous DM at 4.6 O

XENON100, Science, 2015



"Anomalies"

DAMA/LIBRA: 9.20 excess in 2-6 keV, 1.33 ton-yr Nal data set, with
modulation

COGENT: excess in 0.5-3 keVee in 145 kg-day data set with Ge
detector

SuperCDMS: CDMS Si reported excess, SuperCDMS Ge excludes it
in 577 kg-day, 1.6 keVr threshold run

This analysis strongly disfavors a WIMP-nucleon scattering
interpretation of the excess reported by CoGeNT, which also uses a
germanium target.

CRESST-lI: excess reported in phase-1, phase-2 excludes it 29.4 kg-day,
0.6 keV threshold run



DArk matter Wimp search with Noble liquids

DARWIN

Ultimate, multi-ton (~50 tons!) dark matter detector at
LNGS.

Primary goal: to probe the spin-independent WIMP-nucleon
cross section down to the 10™*° cm? region for ~50 GeV

WIMPs.

Explore the experimentally accessible parameter space,

finally limited by irreducible neutrino backgrounds.

WIMPs discovered DARWVIN:

» measure WIMP-induced nuclear recoil spectra with high-
statistics

» constrain the mass and the scattering cross section

First real-time detection of solar pp-neutrinos (high stats)

Search for the neutrinoless double beta decay (neutrino is

its own anti-particle?)

» !36Xe has a natural abundance of 8.9% in xenon.

99.98% discrimination, 30% NR acceptance,

LY = 8 pe/keV at 122 keV

 WIN
\ DA[\

arXiv:1506.08309



DAMIC - Dark Matter In CCDs

DAMIC: bulk silicon of scientific—-grade CDDs as targets
% Low readout noise of CCDs
% Relatively low mass of the silicon nucleus

CCDS are ideal instruments for the identification of nuclear recoils
from WIMPs < 10 Gev/c?

Damic Collab., Phys Letters, 2012




CCDs as WIMP detectors
y

coherent elastic scattering CCD
/" pixel ="

The scattering of a DM
T particle with a S| nucleus
Z

leads to ionization

Charge carriers are
drifted along z direction

A and collected at CCD
7z gates
Charge diffuses as it
X travels
o) We fit to the radial spread of the

cluster to estimate its position in z
within the CCD bulk

Chavarria, Tiffenberg for Damic Collab., Phys. Procedia, 2014 o



CCD performance

10°
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6.7 eV
RMS noise!

10*
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102
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Ll 11

o) 50 100
Energy measured in pixel / ev__

150

200

Readout noise:
~2 e (3.6 eV e-h)

CCDs: very high

resistivity silicon

e Low radioactive

packg.

e Low dark current
(0.1 e~ /pix/ day)

e Very few (if any)
defects in silicon
lattice

Histogram of all the pixel values in an image after the median pixel
value over many images has been subtracted.

Blank exposure: zero-length exposures read out right after every data
exposure, with true readout noise patterns but no physical tracks.
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Particles detected (at ground level)

A
X-ray? < .
n, VIMP!? - 7
Diffusion
v c limited
),
X
‘ol
Back
’ O(.
Front
\ 4
R | e
5 10 15 20 25

Energy measured by pixel / keV

Low energy electrons and
nuclear recoils: diffusion
limited clusters

(their spatial extension is
dominated by charge diffusion)

Higher energy electrons
(Compton, P decay):
extended tracks

o particles in the bulk
or from the back: large
round structures

cosSmiC muons:
orientation of the track
is evident

23



Reconstructed energy / keV

o N

Calibration and energy resolution

Calibration data to X-ray lines

241
Am

10
Energy / keV

Energy resolution

llumination from backside,
many pixels

Readout noise leads to a limiting
resolution of 30 eVee.

Var(E) / keV?

1073

Reconstructed x true energy

K« fluorescence lines from
Kapton target and other
materials in the CCD setup

>>Fe and 241Am X-rays by the
radioactive sources

Linearity from 0.3 to 60 keVee

Energy resolution from X-ray lines

.
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.
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.
.
.
.
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30eV noise

10
Energy / keV
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DAMIC at SNOLAB

Si support

Kapton
signal cable

Lead block

Bt S SRR

Kapton
signal cable

\ * with cCDs B2
™ /‘

‘ L Polyethylene

Cu vacuum e
vessel - - -
o
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B - B coincidences

% Ultimate sensitivity of the experiment: rate of the radioactive
background that mimics the nuclear recoil signal from the WIMPs

% The measurement of the intrinsic contamination of the detector
is fundamental

% For silicon-based experiments the cosmogenic isotope 32Sj is
particularly relevant, its decay spectrum extends to the lowest
energies and may become an irreducible background

B : B~
210Pb y 21OB1 y 21OPO
04 keV 1.2 MeV

T1/2 = 5d Sequence of Bs starting
in the same pixel of the
CCD in different images

32q; 5 ;32 B , 32Q
227 keV 1.7 MeV
7'1/2 — 14d

Damic Collab., JINST,2015 .



B - P coincidences

We have performed a search for 32Si and 41°Pb in 57 days of data

32Sj - 32P candidate from data:

Ei = 114.5 keV
At = 35 days

(Xos Yo) *

T '!|

- E, = 328.0 keV
B

% Efficiency and acidental pairs: detailed Monte Carlo simulations

% 32Si decay rate was estimated to be SOJ_F(%O kg~ 'd! (95% CL)

% Similar procedure: upper limit on the 210Pb decay rate

33kg 'd™' (95% CL)

27



Number of pixels / area of bound box

 particles

10 12 14 16
Energy / MeV

o-B discrimination based
on shape of track.

Limits on contamination:

238y < 5 kgt d! = 4 ppt
232Th < 15 kg1 d-1 = 43 ppt

Damic Collab., JINST, 2015

>
E L
M O
o B 0 ©° . . ¢
L u e ™ ° _
Q [ ] //
= — —_— - -
2 —
10° ___—
- —
B o0 O Plasma (675 um)
Oﬂé@ ° Plasma (500 um)
o o 2g® O Bloomed (675 um)
B ° .O?‘ ® Bloomed (500 um)
% oy [ ] '/ ®
0] ® [{) ® o
- ° (34
10 )
- ® o
e ©
B °
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0] 2 4 6 8 10 12 14 16
Energy / MeV

bOX' hack or bulk)  (front

28



Dark Matter search analysis

Ne(E) x Gaus(x, Y, fla, Hy, 0(2))

A\ _J/ J = _J
Y ~" YT
Number of position of lateral
ionized e- energy deposition spread

% Fit 2D Gaussian in a moving 7x7 pixel window (baseline + peak)
% Get LL of of best fit

% Compare to fit to constant pixel values (null hypothesis)

% Calculate ALL = LLgr — LLconst-pix

% Good candidates: large negative values of ALL

29



Dark Matter search analysis

Fit to data with WIMP model

1x1 data
Best-fit to data

w >
IIIIII|IIII|IIII|IIII|I
|
|
l
|
—
l

|

|
HH

0 1 2 3 4 5 6 7 8 9 10
Energy / keV__

,

—
I
I—I

Dark Matter signal model;

Lindhard ionization efficiency: k=0.15
vo = 220 km 51 VEarth = 232 km 51
Vesc = 544 km s p = 0.3 GeV c?cm3

Data used:

36 days with 3 CCDs

e 2 x500pum (2.2 g),

e 1 XxXx675um (2.9 g)

7/ more days with 675 pm

Total exposure: ~0.3 kg.d

Best fit:
mwimp = 26 = 46 GeV/c?
owmvp = (7 = 16) x 104 pb

Cbkg = 67 = 13 dru
min(-logL) = -396.5

Null hypothesis
Cokg = 74 £ 5 dru
min(-logL)= -396.1

30
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Dark Matter search analysis

CRESST (2014)

CDMS Lite (2013)
DAMIC (2014)

------- DAMIC (2012)
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Towards DAMIC100

DAMIC100: 100g of active Si in low-noise package inside
existent installation at SNOLAB

% We have 24, 16 Mpix CCD's (675 pm, 5.9 g each)
% Dec 2014: installation of the final DAMIC100 Cu box
e new box fits 18 CCD in current vessel
e Installed three 8 Mpix CCD's (675 pm) to study backgrounds
% Feb 2015: Added N2 box to remove radon. Cu vessel etching.
% Mar/Apr/May 2015: +1 CCD (tot 4), modifications to internal CCD
array to study backgrounds.
% July 2015: first 16 Mpix DAMIC sensor packaged and tested

|

s l ¥
- i -
. | — 5 -
- ﬁg » . 2 \ 1]

' J— ! el y
New CCD box sl - A 8 Mpix CC
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DAMIC100 sensitiviy

WIMP 90% exclusion limits

1 pb = 107°° cm?

' SUPERCDMS (2014)

. I 14
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Axions

Another promising hypothetical particle to solve the dark matter problem

Peccei and Quinn - solution to the strong CP problem in QCD

Postulated global U(1)pg symmetry spontaneously broken below energy scale f,

Axion mass and decay constant Ja related to the pion: TI'l, fa ~ 1N fﬂ-

107°GeV
e

All couplings to the axion are inversely proportional to fa Ja~yy =

More precisely: mg ~ 0.6eV

Oég7

T foq

fa unprescribed in theory, g. dimensionless model-dependent parameter

f a close to eletroweak symmetry breaking soon excluded

More general axion=like particle (ALP) models mass and decay constant
are independent K. Olive et al, 2014 (PDG)



Two classes of models

KSVZ (Kim-Shifman-Vainshtein-Zakharov) i v il

a
"hadronic” class of models
DFSZ (Dine-Fischler-Srednicki-Zhitnitskii) g
more generic GUT inspired class of model cemmanaas
axion
g ~ 0.360

The axion has a model-dependent coupling
to two photons, through a triangle

diagram.
2 3
T _ Jaryy™Ma
T 64n

Decay life-time greater than age
my ) 5  of universe, unless m,z 20 eV

11 x 10 2441 (—
> eV



The Axion Dark Matter eXperiment

P= g2y~ B3 VCmin(Qs, Qu)
a
- 8y : Pa Mg Bn \?
=4x10 26W(—) 0 .
0.97) 0.5x1024gcm3 27(GHz) * (—&ST) 0223 & min(Qr, Qa),

Pa local axion density, Bo strenth of static magnetic field, V cavity volume, C
mode-dependent cavity factor, min(Qy, Q.) smaller of either the cavity or axion
quality factors.

The axion signal quality factor is Q. = 10°, the ratio of their energy to energy
spread

Signal power is expected to be very weak.

Cavity and amplifiers cooled to very low temperature to minimize
thermal noise



The microwave cavity technique

Pierre Sikivie (1983) proposed an elegant experiment to detect dark matter axions
utilizing a resonant microwave cavity immersed in a strong magnetic field.

Through the Primakoff interaction, axions could resonantly convert to a
monochromatic microwave signal and be detected in a sensitive radio receiver

when the cavity was tuned to the frequency corresponding to the axion’s mass:
1
hv = E, = myc? <1 +§,B§)
AE/E ~ 107"
4' > AE/E ~ 1076
= muc* (1 + 0(107%))

Amplifier
<« >
Sanana % > Ba = Uq/C is the ve ocity
| Frequency i . .
Maxion (energy) of the axion in the galactic
gravitational potentia

Mg = bueV AL = 1077

Y AE/E ~ 1075 (~ 1.2kHz)

Cavity



The Axion Dark Matter eXperiment
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Exclusion plot for axion like particles
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The ADMX-Gen2 science prospects

ADMX Achieved and Projected Sensitivity

Cavity Frequency (GHz)
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Ssummary

% Intense experimental efforts in direct detection of dark matter.

% In spite of observed "anomalies"” that could be interpreted as
WIMPs, no convincing evidence of direct detection

% Direct detection searches are progressing: lower cross
sections, lower and higher mass

% New particle candidates (axions, etc..)
% New technologies expanding the physics reach

% Experiments running now or under construction: improve
sensitivity reach by 1 or 2 orders of magnitude in next years

% Planned experiments to reach the neutrino bound within one
decade
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WIMP-Nucleon Cross Section [cm 2]

XENON100 spin independent limit
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