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THE DARK MATTER PROBLEM

Compelling evidence for
dark matter on various
cosmological scales
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THE DARK MATTER PROBLEM

One model fits all the observations...

Dark Matter

...but raises some fundamental questions:
What is dark matter?
What is dark energy?

Dark Energy

Source: © European Space Agency / Planck
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AFTER >80 YEARS...

R-parity NMSSM

MSSM

Supersymmetry

* Non-baryonic
Height of acoustic peaks in the CMB
Power spectrum of density fluctuations
Primordial nucleosynthesis

* Cold (non-relativistic)
Structure formation L

* Interacts via gravity and (maybe)
some sub-weak scale force Sterile Neutrinos \‘
e STILL HERE! >

Stable (or extremely long-lived)

Little Higgs

QCD Axions

Axion-like Particles

Littlest Higgs
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SEARCH FOR DARK MATTER

Some dark matter candidate particles
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THE LANDSCAPE

Dark Sector Candidates, Anomalies, and Search Techniques
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THE LANDSCAPE
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WE LIVE IN A DARK MATTER HALO

Halo model: ‘
Velocity distribution | . ¥ o
Earth’s velocity around
the Sun
Sun’s velocity around the
center of the Galaxy
Local dark matter density

Sagitta,,

From Cosmology: Dark matter and dark energy
Robert Caldwell & Marc Kamionkowski

Nature 458, 587-589(2 April 2009)
doi:10.1038/458587a
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DARK MATTER DIRECT DETECTION

Basic idea
Dark matter is made of particles
which interact with Standard Model particles

Most common scenario Vesc
dR p

Dark matter particles scatter off nuclei: o —2 > ooF?%(E;) d%M

e elastically
e coherently: ~A?
* (spin-independent)

&

B
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DIFFERENTIAL INTERACTION RATE

J. Phys. G43 (2016) no.1, 013001

— Ar

Credit: ESO/L. Calcada
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SENSITIVITY

At large dark matter masses
sensitivity is dominated by
exposure

- target mass

At light dark matter masses
sensitivity is dominated by
performances

- energy threshold

22 July 2019

Cross section

J. Phys. G43 (2016) 1, 013001& arXiv:1509.08767

Reference
limit _ .
_— Signal contour

Smaller target
nucleus

Lower
energy
‘threshold

Increased
Exposure

WIMP Mass
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C ic detectors, Xe, Ar
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EXPERIMENTAL CHALLENGES

Dark matter recoil spectrum: CaWQ, target, ideal detector

10°
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10*
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— 10 GeV/c?
— 100 GeV/c?

— 1000 GeV/c?
/

Very rare

/current limit”
0(0.01) counts/tonne day

- Featureless spectrum

_— Small recoil energies
~ keV range

J 1 1 1 l 1 1 1 1 | —

40 50 60
Energy ER (keV)

* Xenonl1T: Phys. Rev. Lett. 121, 111302 (2018)
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MINIMISING BACKGROUND

e Underground site
e Purity of materials
* Material handling
* Shielding/vetoing
e Radon mitigation

e Event-by-event
discrimination

Water/plastic+scintillator

Low radioactivity materials
for detector hardware
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DIRECT DARK MATTER SEARCHES

An incomplete compilation

Inorganic scintillators:
DAMA/LIBRA ANAIS
Ry COSINE SABRE KIMS

Single phase noble

liquids:
- DEAP XMASS
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CALORIMETERS

D
heat bath = 10 mK 3
©
Heat link & 2
g
I—
<
Thermometer
|
Absorber —— Time
) AT = AE/C
Particle * /
interaction * Direct measurement of the full energy deposition

* Cryogenic temperatures
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CALORIMETERS

Pros:

e Total energy measurement
- Phonon signal (almost) not quenched

* Excellent energy resolution

- Detailed study of dark matter signal
- Detailed study of background sources

* Low threshold (sub-keV for nuclear recoils)

Cons:

* Small detectors (O(10 to few 100g))
- Small exposures

 Complex technology
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Heat: AT = E/C_,
> heat

ionization

Ionization: N, = E/¢ or ¢,

22 July 2019

SEMICONDUCTING CALORIMETERS ' eouwes ossercous cinain

Phonon + lonization
EDELWEISS, SuperCDMS

Low bias voltage (iZIP, FID):

Phonon and charge sensors on both sides

* Particle identification via ratio of
ionization to primary phonon

* Fiducialization
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SEMICONDUCTING CALORIMETERS ' eouwes ossercous cinain

Phonon + lonization

EDELWEISS, SuperCDMS High bias voltage:

Charge mediated phonon amplification
(Neganov-Trofimov-Luke Effect)
Heat: AT = E/C_, * Gainin threshold
—— e Dilution of background from electron
recoil events
* Reduced discrimination

Flactric Fid foc ¥V = 70VandVy =0V
- [

| Readout S1 phonons I| TV
| ‘\‘_":'M\.‘
. — BRI i

Electron propagation ‘

= ||||H

0 o)

ionization | T

— Luke phonons

Fostio

Ionization: N, = E/¢ or ¢,

. . N ‘ LA
Primary recoil phonon AR

— Hole propagation 1] | L WIS |
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SEMICONDUCTING CALORIMETERS  suwesmssiscons oo

Phonon + lonization
EDELWEISS, SuperCDMS

New SuperCDMS
SNOLAB Detectors

iZIP detector

TES phonon channels optimized differently for

the two techniques, both in channel

arrangement and in patterning on the surfaces
Fast but technologically complicated HV detector

100mm diameter, 33mm thick
Ge 1400g per detector
Si 600g per detector

22 July 2019 Low temperature dark matter detectors 21



SEMICONDUCTING CALORIMETERS  suwesmssiscons oo

Phonon + lonization
EDELWEISS, SuperCDMS EDELWEISS high-voltage R&D program

EDELWEISS-III FID

NTD phonon channels on each surface
Slow but technologically simple

70mm diameter, 40mm thick

Ge 870g per detector

2 GeNTD heat sensors

electrodes:

,/ concentric Al rings
: ,’/ (2mm spacing)

} covering all faces

Operated at
T=18 mK
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SCINTILLATING CALORIMETERS

Phonon + Light
CRESST

* Target crystals operated as cryogenic
calorimeters (~15mK)

* Separate cryogenic light detector to detect
the scintillation light signal

CRESST: Scintillating
crystals as target

a= T \m
‘ﬂ CaWO0 4 sticks with
holding clamps (with TES)

Cawo0, target crystal
(with TES)

-
-

Reflecting and
I I i scintillating housing

«— 1 Light detector
(with TES)

Light Yield

)

«

S W

i ) | | , ‘ |

0 40 50 100 0
Energy (keV)
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SCINTILLATING CALORIMETERS

Phonon + Light
CRESST

CRESST-III .

Layout optimized for low-mass dark matter
TES phonon sensor on target crystal
TES phonon sensor on light detector absorber

Thermal link
0{100pW/K @10mK)

Bias I-

Absorber crystal (20%x20x10)mm? e -
CaWo, 24g .
Light detector absorber (20x20x0,4)mm?3

Silicon-on-Sapphire "

Nuclear recoil threshold of 30.1 eV
Resolution at zero energy o = 4.5eV WEIIOE Wi 2Inime W Anms UECDAmmS
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SEMICONDUCTORS vs. SCINTILLATORS

R T, i ="

Pros: Pros:
o Ultrapure material . Total energy measurement at low threshold
« Identification of surface events o Large choice of material
Fiducialization - Multi element target
Cons: o No surface effects (in selected materials)
« Limited choice of materials Cons:
« In high-voltage require model to derive energy o Independent cryogenic light detector to detect
scale of nuclear recoils the scintillation light signal

— Increase number of channels
« No fiducialization
« Non-commercial materials
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THE LANDSCAPE

Dark Sector Candidates, Anomalies, and Search Techniques
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Material courtesy

AXION HALOSCOPES

Basic idea
Dark Matter Axions convert to photons in a magnetic

field through the inverse Primakoff effect

Resonating cavities
The conversion rate is enhanced if the photon’s
frequency corresponds to a cavity’s resonant frequency

Primakoff Conversion

P x gaw Pa BO VCQ
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AXION HALOSCOPES e e

Dark: Maxwell-Bolt: Lineshape, Light: N-Body Linesh: .
arl xwell-Boltzmann Lineshape, Lig| ody Lineshape Axion Mass (peV)
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THE LANDSCAPE

Dark Sector Candidates, Anomalies, and Search Techniques

Status
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THE LANDSCAPE

Dark Sector Candidates, Anomalies, and Search Techniques

Goal
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Low temperature dark matter
detectors have a unique potential
to explore the unknown!




