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Contents II
● Liquid Noble Elements
● Bubble Chamber
● Crystal detectors
● Electron Scattering
● Axion Detection

– In DD experiments
– Axion Haloscope
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Liquid Noble Gas detectors
● Currently and in the foreseeable future leading the field for classical WIMPs, >10GeV 

Single phase Dual phase
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S2: Proportional scintillation after e- drift and extraction into gas 
Dual Phase Xenon TPC – AGAIN...
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Dual Phase TPC Distributions
● Prompt scintillation photons give first signal (S1)
● Ionized e- drift up to the anode and amplified, giving S2
● Time difference gives Z position
● S2 Hit pattern on top gives XY position
● Ratio S2/S1 indicates type of interaction

ER
NR
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LUX – Forerunner Summer 2016

1807.07113
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LZ- LUX+Zeplin

● To start 2020 @SURF
● Use of n-veto, 7-ton TPC, 5 year run
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PandaX-II – Just behind
● Combining all runs, 54 ton X day
● Reduced Kr background, plus under-fluctuation
● Future plans for PandaX-4T and PandaX-III (2ν0β)

1708.06917
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PandaX-4T: Not wasting time

1806.02229
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The XENON Collaboration at LNGS
LNGS
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XENON10 XENON100 XENON1T XENONnT

Timeline of the Xenon Program
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Keeping XENON1T alive and well
Water Cerenkov Muon Veto

TPC
PMTsBottom

PMTsTop
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Keeping XENON1T alive and well
Purification Cryogenics

ReStoX(Recovery/Storage)Distillation
Cryostat

DAQ, HV, Control
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Light collection: S1
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Charge – S2 Energy estimate
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S1+S2 Energy reconstruction
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Backgrounds
● Nuclear Recoils

– From U, Th (radiogenic)
– From cosmic radiation
– Total <1 for full exposure

● Electron Recoil
– From internal sources (mostly Rn, Kr)
– From radioactivity of materials
– With discrimination o(1) for full exposure

JCAP04(2016)027
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Fiducialization

Removes high rate of events from detector materials

1.3 tonne
volume
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Particle Discrimination
Electronic recoils (ER) and nuclear recoils (NR) give different amounts of scintillation and ionization
Scintillation/Ionization ratio gives particle discrimination
Calibrations to determine ER and NR bands

(Electronic Recoil)

(Nuclear Recoil)
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Spin-independent WIMP search results
278 day live time, 1.3 tonne volume:    1 tonne yr exposure
Background and WIMP distributions are fed into a 4D profile-likelihood fit 
Small points show background-like events, larger points show larger WIMP likelihood Pie chart color shows the likelihood that each event comes from each source distribution
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Spin-independent WIMP search results

Full likelihood analysis shows no excess over expected background
Events near the surface can be removed using a more stringent fiducial cut Pie chart color shows the likelihood that each event comes from each source distribution
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Spin-independent WIMP Search results
Most stringent limit on WIMP-Nucleon cross-section at all masses above 6 GeVNo excess greater than 2σ over full mass range
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Spin-dependent WIMP Search

Limits on WIMP interactions with 129Xe and 131Xe
Event selection same as SI WIMP search
Constrain new region in WIMP mass-mediator mass space using a restricted model for comparison with LHC results 

Neutron-only Proton-only Comparison with LHC limits
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WIMP-pion cross-section limits
WIMPs could also interact with pions exchanged in the nucleus

In the case that WIMP-nucleon cross-section is suppressed, can set limit on WIMP-pion interactions
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Double Electron Capture in 124Xe

1 kg 124Xe per tonne of liquid Xe
Never-before measured process 
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Double Electron Capture in 124Xe

Half-life of (1.8 ± 0.6) x 1022 years, longest directly measured half-life to date
Modeled nearby background 125I from activation from neutron calibration
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Double Electron Capture in 124Xe

Half-life of (1.8 ± 0.6) x 1022 years, longest directly measured half-life to date
Modeled nearby background 125I from activation from neutron calibration



R. Budnik, ISAPP 2019

MINIMAL UPGRADEXENON1T infrastructure and sub-systems originally designed for a larger LXe TPC

FIDUCIAL XE TARGET BACKGROUND FAST TURNAROUNDFiducial mass: ~4 tTarget LXe mass: 5.9 tTotal LXe mass: 8 t
Identified strategies to reduce 222Rn backgorund by a factor ~10

Installation starts in 2018Commissioning in 2019

NEW TPCLarger inner cryostat476 PMTs
LXe PURIFICATION Rn DISTILLATION NEUTRON VETOFaster cleaning of large LXe volume (5000 SLPM)

Online removal of 222Rn emanated inside the detector
Tagging and in-situ measurement of neutron-induced background – Gd Sulphate in water

XENONnT – Swift upgrade
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DARWIN – The ultimate LXe exp?
● Can we reach the ν floor?

– Would require O(50t) Xe
– Backgrounds at unprecedented levels
– Technology stretching to the end: HV, purity, calibration, stability…
– Probably means cooperation between long-time competitors
– PandaX might surprise (again)!SI WIMP-n

1606:07001
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DarkSide50 and 20k: Argon!
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Single phase - DEAP3600
● 3.6t of LAr
● Low  radioactivity underground Ar
● Great discrimination, LY, purity
● Has great potential at high masses
● Future prospects for >100t global experiment (with DS, ArDM, CLEAN) 
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DEAP new results
● Unexpected background of 210Po in the “neck” caused reduced acceptance 
● Eventual limits not world leading
● Largest exposure ≠ Highest sensitivity!
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XMASS in a nutshell
● Single phase Xe detector
● Precise and beautiful technology
● However, without the PSD of Ar proved to be “slower” than competing technologies
● Decommissioned
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PICO – Bubble chambers back in the biz
● Using bubble nucleation plus acoustic (to reject α’s)
● PICO60 best in SD proton cross sectionSD proton cross section
● PICO500 under construction 
● Fight with n-background, water background
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The “Low Mass Frontier”
● Name of the game – Lower threshold, control backgrounds
● Main competitors: Crystals with all channels

– BUT – maybe LXe has a say with Migdal or Bremmstrahlung?
● Ongoing R&D efforts for low noise, low T, low background, low threshold 
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BUT – new ideas for interpretation may bring LXe here as well!
● Bremmstrahlung

● Migdal effect JHEP03(2018)194

PRL 118, 031803 (2017) LUX 2018/9
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And… Giving up on S1 for low threshold
● Both Xe and Ar TPCs can go “S2-Only”
● Much lower threshold, both NR and ER
● Larger backgrounds – reduced fiducialization, no discrimination
● Can (mostly) only set limits and not discover
● Here, DS-50 as the latest example 
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Semiconductor Calorimeters
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SuperCDMS
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● Ge and Si crystals at 10s of mK – using TES for phonons, plus ionization
● The old-time leader, re-invented to lead in the low mass range
● Will start data taking 2020 @SNOLAB

HV may come at the expense of backgrounds and discrimination
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CDMSLite – Aggressively lowering the threshold
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CRESST III – Scintillating Calorimeter
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CRESST III demonstrating record thresholds
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CRESST III demonstrating record thresholds
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CRESST III results

+Upgrade for 2020!
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DAMA/LIBRA – Still unanswered?
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Can someone finally solve the DAMA/LIBRA conundrum?
● Can we resolve a two decade old puzzle of disagreement with so many experiments?

– SABRE
– ANAIS
– DM-ICE
– PICOLON
– COSINE-100
– COSINUS

● Efforts should yield an answer is a few years...
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DAMA/LIBRA Yay or Nay around the world
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COSINE-100 First results – caution!
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DAMIC
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DAMIC
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DAMIC results
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DAMIC-M @ Modane – the future
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Things we did not cover
● Effective Field Theories (EFT) interpretation
● “Paleo” detectors
● Single channel Ge, Si detectors
● R&D for future LDM experiments
● Up-scattering of LDM in the Sun/halo/Crs
● Indirect searches through neutrinos
● “double scatter” DM
● And more... 
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Axions – Solar/ALPs with DD
● Axion or Galactic Axion-Like-Particles (ALPs) can be searched for in the ER data of DM experiments
● The search is for absorption through the “axio-electric” effect
● Limited range, coping with keV scale signals 

Solar spectrumafter LXe smearingCompton+Brem
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ALP search with DD experiments 
● ALPs move non-relativistically, hence the energy comes from the absorption of the rest mass – searches are for keV range of masses
● Cross sections change significantly, following the photoeletric effect 
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  Axions as cold dark matterDensity
Velocity dispersion
Effective temperature

Axion Search Techniques
● the cavity haloscope
● the axion helioscope
● shining light through wall
● axion mediated long-range forces 
● NMR methods
● LC circuit    
● atomic transitions

(Taken from Sikivie, Daw)
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Axion dark matter is detectable
a

X

A/D FFT

Sikivie '83
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Dispersion of axion energies

Cavity quality



R. Budnik, ISAPP 2019



R. Budnik, ISAPP 2019

Resonant Cavity Detectors
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The ADMX experiment
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ADMX G2 projected ensitivity
Better AmplifiersLower Noise...
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Quick Recap
● We went over concepts of DD for DM
● We have seen a pretty large list of projects, hopefully not confusing to a blurry level
● We even gave a few minutes to Axion Dark Matter Haloscopes
● Take home message:

– Dark Matter is out there, but out where?
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