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Outline
• Lecture 1:

• The dark matter problem

• WIMP and WIMP-like DM 

detection

• Lecture 2:

• WIMP detection technologies

• Current and future limits


• Lecture 3: 

• More 1-10 GeV DM detection 

technologies

• To the Neutrino Floor, and beyond!


• Lecture 4: 

• The SuperCDMS Experiment

• meV - 1GeV direct detection


• Lecture 5:

• Indirect sterile neutrino detection
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Last Time: Separating Signal from Background…
•By Detector Response 
• Obtain particle identification from the physics of the 

detector response to different types of particle 
interactions.


•By Astrophysical Modulation 
• Annual Modulation in the WIMP recoil spectrum. Earth’s 

velocity through the galactic halo is max in June, min in 
December (DAMA/LIBRA).


• Daily modulation of the incident WIMP direction. Measure 
the direction of the short track produced by nuclear recoil. 
(DM-TPC)


• Can be Event-by-Event or Statistical

!67



Enectali Figueroa-Feliciano \ ICTP-SAFIR \ July 2018

Last time: Particle ID Through Detector Response

!68
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Annual Modulation

!69

A dark-matter-induced modulation will have extrema in June and December 
(whether it’s max or min depends on target and threshold)

Earth’s motion about the Sun produces small changes in velocity relative 
to the dark halo 

If you see a signal, 
check for an annual 

modulation

If you have irreducible 
backgrounds, use  the 
modulation to pick out 

a signal

OR

➔ Modulates expected rate of dark matter interactions detected on Earth
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Annual Modulation

!70
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Modulation Signal
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Diurnal Modulation (a.k.a. Directional Detection)
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The mean recoil 
direction rotates over 

one sidereal day

α

v0

WIMP WIMP

Nuclear 
recoil

The distribution of the angle α 
between the solar motion and 

recoil directions: peaks at 
α=180o

WIMPs
WIMPs

Low pressure TPC’s 
preserve dE/dx 

profile such that 
“head to tail” 

measurement can 
be made
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Summary of Nuclear Recoil Direct Detection Requirements
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1:  Large Exposure (Mass x Time)

2:  Low Energy Threshold

3:  Low Backgrounds

4:  Discrimination between Signal and Backgrounds

��� ��� ��� μ�� ��� �� ��� ��� ��� ��� ���
���� ������ ����
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WIMP Direct Detection Technologies, 
Experiments, and Current Results

!74
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DAMA/LIBRA: a Model-Independent Signal

!75

arXiv:1805.10486

DAMA/NaI and successor DAMA/LIBRA operate large arrays of NaI detectors.  Their 
combined data yield a 12.9σ modulation consistent with dark matter.  It has never been 
verified by another experiment, yet no one has a really good alternative explanation.
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Non-dark matter explanations for the modulation

!76

Modulation Amplitude in Signal is ~ 1x10-2 cpd/kg/keV
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Checking DAMA with NaI Detectors

!77

Note: Annual Modulation is also being looked for with other detector technologies!
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The COSINE-100 Experiment @ Yangyang

!78



Enectali Figueroa-Feliciano \ ICTP-SAFIR \ July 2018

The SABRE Experiment @ LNGS & Stawell
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The ANAIS Experiment @ Canfranc
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DM-ICE 17

!81
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DAMA/LIBRA: Dark Matter or Not?

!82

This question will be answered in a year or two!
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Asymmetric DM 
T. Lin + 

1111.0293

The Model-Dependent Playing Field

!83
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Asymmetric DM 
T. Lin + 

1111.0293

Current Limits
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How Far Can We Push?

!85
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To Neutrinos, and Beyond!
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Noble Liquid Detectors
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Phonons 
10 meV/ph

100% energy

Ionization  
~ 10 eV/e

20% energy

Scintillation  
~ 1 keV/γ

few % energy
ArDM

DarkSide
LUX / LZ 

WArP
XENON1T

ZEPLIN II, III 
Xe, Ar, Ne

CLEAN
DEAP

ZEPLIN I
XMASS

Xe, Ar, Ne
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Noble Liquid Time Projection Chambers
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bottom 
PMT array

top 
PMT array

gas xenon

liquid xenon

+

-cathode

anode

S1 S2

e- e-
e-

drift time

hν
hν

Slide curtsey of Rafael Lang

• Obtain vertex position from 
S2 hit pattern and drift time 


• Ratio of S2/S1 provides 
nuclear/electron recoil 
discrimination
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Noble Liquid Time Projection Chambers
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S1 S2drift time

• Obtain vertex position from 
S2 hit pattern and drift time 


• Ratio of S2/S1 provides 
nuclear/electron recoil 
discrimination
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Signal Production in Noble Liquids

• Electron Recoils and 
Nuclear Recoils are 
Separated in Log(S2/S1) vs 
S1 plane


• Look for WIMPs below the 
mean of the nuclear recoil 
distribution (the red line in 
the plot)

!90
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Noble Liquid Time Projection Chambers

!91

NOT TO SCALE!

ArDM XENON1T LUX DarkSide-50
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XENON1T: Current World-leading Limit > 6 GeV

!92

Laboratori Nazionali del Gran Sasso
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XENON1T: Current World-leading Limit > 6 GeV
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XENONnT
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Darwin Large Xe Experiment Concept

!95



Enectali Figueroa-Feliciano \ ICTP-SAFIR \ July 2018

LUX-ZEPLIN (LZ)

!96

• LZ: Funded G2 Experiment 

• 50 x LUX fiducial volume 

• 10 Ton Xenon, 7 Ton Active, 
5.6 Ton fiducial 

• Begin taking data in 2019
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The DarkSide Program: Liquid Argon TPC
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DarkSide-50
Global Argon Dark Matter Collaboration
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Dual Phase Liquid Argon TPC
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Dual Phase Liquid Argon TPC
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Single-phase Noble Liquid Detectors

!100

XMASS DEAP3600
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Noble Liquids Will Cover the High Mass Region!
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Background
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And are also looking for light DM as well!
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Cryogenic Crystal Detectors: Low Mass DM
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Phonons 
10 meV/ph

100% energy

Ionization  
~ 10 eV/e

20% energy

Scintillation  
~ 1 keV/γ

few % energy

CRESST
ROSEBUD

CaWO4, BGO
ZnWO4,  Al2O3 ...

CDMS
EDELWEISS

Ge, Si

CRESST I
CUORE

TeO2, Al2O3, LiF 
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Thermometer

Cryogenic Crystal Detectors

!104

Refrigerator  
10–40 mK

Absorber

Weak Thermal Link

Time

Te
m

pe
ra

tu
re

The height of the pulse 
is proportional to the 

energy deposited

The Phonon Channel
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Microcalorimeters 102: Transition-Edge Sensros

• Refrigerator temperature has to be close 
to absolute zero


• Thermometer is a Superconducting 
Transition-Edge Sensor (TES)


• Readout is done with Superconducting 
Quantum Interference Devices (SQUIDs)
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SuperCDMS SNOLAB

!106

Funded G2 Experiment 
Data Taking in 2020 

25 kg Ge (18 x 1.4 kg) 
  3.6 kg Si (6 x 0.6 kg) 

4” Diameter 
3.3 cm Thick

2 charge + 2 charge 
6 phonon + 6 phonon

4.6 kg Ge (19 x 240 g) 
1.2 kg Si (11 x 106g) 

3” Diameter 
1 cm Thick

2 charge + 4 phonon

CDMS II
9.0 kg Ge (15 x 600g) 

3” Diameter 
2.5 cm Thick

2 charge + 2 charge 
4 phonon + 4 phonon

SuperCDMS Soudan SuperCDMS SNOLAB
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SuperCDMS SNOLAB @ the Ladder Lab
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EDELWEISS
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CRESST
• CRESST: phonon + light


• Scintillating CaWO4 crystals as target


• Separate cryogenic light detector to detect 
scintillation light signal


• New small 24g detectors optimized for light DM


• 4.5 eV sigma Baseline Resolution

!109
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CRESST New Results

!110
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The Low Mass Region Is an Exciting Place To Look for DM!
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End of Lecture 2
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