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Liquid noble gas 

experiments

 previous talk by 

Teresa

Solid state experiments

nuclear recoils
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Outline

Searches for …

• nuclear recoils
(CRESST, EDELWEISS, SuperCDMS, DAMIC)

• electron recoils
(SENSEI, DANAE)

• annual modulations / signal in NaI(Tl)
(DAMA/LIBRA, ANAIS, COSINE, PICOLON, SABRE, COSINUS)
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CRESST
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• CaWO4@O(10mK) @ LNGS

• Discriminate nucl./e- recoil via dual readout of

phonon and scintillation

• Veto near-surface α-decays via fully active surrounding
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Discrimination between

• electron recoils,

i.e. dominant radioactive background

• nuclear recoils,

i.e. potential DM signal
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Optimized detector design
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Detector design optimized for low-mass dark matter:

• cuboid crystal with strongly reduced dimension: 20 × 20 × 10 mm3 and ≈ 24g
• goal: detection threshold of 𝟏𝟎𝟎 𝐞𝐕
• self-grown crystal with low total background of ≈ 3 keV−1kg−1d−1 in 1,40 keV
• veto against surface related background: fully scintillating housing + 

instrumented sticks (“iSticks”)

instrumented CaWO4 sticks

(with holding clamps and TES)

reflective and 

scintillating housing

light detector (with TES)

block-shaped target crystal

(with TES)
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Status of CRESST-III phase 1

• May 2016:

10 CRESST-III modules 

installed

• Oct 2016:

extensive g-calibration

• Since Nov 2016:

data taking (80% blinded,

20% training set)

• ~April 2017:

extensive n-calibration

• July 2017:

first results @TAUP2017
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First results from CRESST-III phase 1
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First results from CRESST-III phase 1
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Detector A high threshold analysis:

Analysis threshold: 100 eV

Data taking period: 2016-10-31/2017-07-05

Detector mass: 24 g

Total exposure: 2.39 kg d

10
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Detector A: physics data
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e-/g

O
W
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Detector A: energy spectrum

April 5, 2018

M-shell

2.6 keV

L-shell

11.3 keV

179Ta + e-


179Hf + ne (T1/2=1.8yr)

12
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Detector A: acceptance region
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50% O recoils below

99.5% W recoils above

13

100eV 40keV

[arXiv:1711.07692]
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Detector A: accepted events
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Detector A: accepted events
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Assume all accepted events are dark-matter caused

 Use Yellin‘s optimum interval method to set an exclusion limit

15
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Detector A: exclusion limit
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Detector A: exclusion limit
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‚Lise‘ (CRESST-II 2016)

Total exposure: 52.2 kg d

Threshold:…… 307.3 eV

‚Detector A‘ (CRESST-III 2017)

Total exposure: 2.39 kg d

Threshold:…… 100 eV

[arXiv:1711.07692]
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Detector A: exclusion limit
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Factor 10 improvement

at 500 MeV/c²

18
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Detector A: exclusion limit
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Experimental range

extended down to 350 MeV/c²

19
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Detector A: limitations
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Detector A:

2.39 kg d

TAUP 2017

CRESST-III phase 1:

projection for 50 kg d

arXiv:1503.08065 (2015)

20

[arXiv:1711.07692]
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Detector A: limitations
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Non-flat background

at threshold
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Detector A: limitations
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Non-flat background

at threshold

22

But that is not the end:

– 3 more detectors with threshold ≪ 100eV

– 3 times lower optimum threshold for detector A

 better understanding of backgrounds
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Dark photon limits

April 5, 2018

[Eur.Phys.J. C77(2017)299]

23

Peak search in the e-/γ band
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Above ground limit
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[Eur.Phys.J. C77(2017)637]

Target: Al2O3

Mass: 500 mg

Threshold: 19.7 eV

Also sensitive for SIMPs, e.g [J.H. Davis Phys.Rev.Lett. 119(2017)211302]

140MeV/c²
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EDELWEISS
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• Ge crystals@~18mK @ LSM

• Discriminate nucl./e- recoil via dual readout of

phonon and ionization, FID for fidualization

• EDELWEISS-III (2016): >3000kg.d with 24FIDs

• 8 FIDs with lowest threshold + background model

+ maximum likelihood analysis  low mass limit

Courtesy of B. Siebenborn / EDELWEISS (Slides from UCLA DM2018)

[Eur.Phys.J. C76(2016)548]

heat-only
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EDELWEISS
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Courtesy of J. Gascon / EDELWEISS (Slides from TAUP 2017)
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EDELWEISS-LT
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Courtesy of J. Gascon / EDELWEISS (Slides from TAUP 2017)

operation of 4x870g at 100V for 150 day in current LSM background
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EDELWEISS-DMB8
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Courtesy of J. Gascon / EDELWEISS (Slides from TAUP 2017)
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SuperCDMS
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• Si, Ge crystals with O(1kg) @ O(10mK) 

• iZIP: discriminate nucl./e- recoil via dual readout of

phonon and ionization, fidualization

• CDMSlite: Luke-Neganov boosted signal,

no discrimination power

• 2011-2015 @ Soudan,  moving to SNOLAB

Courtesy of B. Loer / SuperCDMS (Slides from UCLA DM2018)

CDMSlite [Phys.Rev.Lett. 116(2016)071301]
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SuperCDMS @ Soudan
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Ongoing analysis of Soudan data, e.g.

[Phys.Rev.Lett. 120(2018)061802]

Courtesy of B. Loer / SuperCDMS (Slides from UCLA DM2018)

• Majority of SuperCDMS dataset

• 2 calendar years, ~1700 kg.days
• Few keV threshold

• BDT background discriminant

• Observed 1 event, 0.33 expected
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SuperCDMS @SNOLAB
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Courtesy of B. Loer / SuperCDMS (Slides from UCLA DM2018)
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SuperCDMS
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Courtesy of B. Loer / SuperCDMS (Slides from UCLA DM2018)
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SuperCDMS
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Courtesy of B. Loer / SuperCDMS (Slides from UCLA DM2018)

For dark photon search

 see talk by Belina von Krosigk

this afternoon
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DAMIC
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• @ SNOLAB

• 16Mpix CCD, 675µm thick, 6g Si @ 140K

• 7x CCDs stable data taking

• Background reduced by factor of 3-4 to ~5dru

• Threshold as low as 50eVee (=600eVnr)

• 7.6 kg.d background data

• So far, 4.6 kg.d for DM search

Courtesy of A.E. Chavarria / DAMIC (Slides from UCLA DM2018)
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DAMIC
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Courtesy of M. Settimo / DAMIC (Slides from 53rd Rencontres des Moriond)

Projected sensitivity
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DAMIC-M
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• Next stage @ LSM: 1kg Si

• Skipper readout for sub-eV noise

Courtesy of M. Settimo / DAMIC (Slides from 53rd Rencontres des Moriond)

• 6k x 6k x 1mm CCD, 20g

• Further reduced background

Projected sensitivity
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Electron Recoils
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SENSEI
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• @ Fermi National Accelerator Laboratory (FNAL)

• CCD 724px × 1248px × 200µm, active mass 71mg @ ~130K

• Skipper readout (multiple readouts): 𝜎 ∝ 1/√𝑁
• dark current is limiting factor

• 0e- peak: readout noise of 0.068 e- rms/px

• Currently: FNAL underground (~100m)

• Surface run: 19mg.d

Courtesy of T.-T. Yu / SENSEI (Slides from UCLA DM2018) / Phys.Rev.Lett. 119(2017)131802, arXiv:1706.00028
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SENSEI
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Courtesy of T.-T. Yu / SENSEI

heavy dark photon ultralight dark photonelectric dipole moment

Results surface run
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SENSEI
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Ultimate goal: 100g Si

Projected sensitivity

Courtesy of T.-T. Yu / SENSEI (Slides from UCLA DM2018)

heavy dark photon ultralight dark photon
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DANAE
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• Proof-of-principle @ HEPHY, MPG HLL München

• Si DEPFET matrix with multiple readout (DEPFET-RNDR)

• Prototype with 64px x 64px x 450µm

• Fast framerate potential to run it with µ-veto

• Single electron separation with 5σ possible

•  Vacuum and cooling test (@200K) done in March 2018

• Next: readout implementation and tests of the matrix

• Goal for DM search: 1kpx x 1kpx x 1mm, 3.2g/device

Courtesy of H. Shi / DANAE
[Eur.Phys.J. C77(2017)905]

@room temperature

Setup at MPG HLL
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Search for 

annual modulations / signal in NaI(Tl)
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DAMA/LIBRA

• @ LNGS

• Scintillating NaI(Tl) crystals

• DAMA/NaI: 100kg NaI(Tl)

 0.29 ton.yr

• Cosinusoidal signal compatible 

with T=1yr, t0=June 2nd

• DAMA/LIBRA-phase 1:

250kg NaI(Tl), new DAQ, 

improved purification, 

 1.04 ton.yr

• DAMA/LIBRA-phase 2:

new PMTs with higher Q.E.,

trigger threshold

down to 1keV

43April 5, 2018

Courtesy of V. Caracciolo / DAMA (Slides from UCLA DM2018)
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Courtesy of R. Bernabei / DAMA (Slides from CSLNGS March 26, 2018)
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Courtesy of R. Bernabei / DAMA (Slides from CSLNGS March 26, 2018)
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Courtesy of R. Bernabei / DAMA (Slides from CSLNGS March 26, 2018)
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Courtesy of R. Bernabei / DAMA (Slides from CSLNGS March 26, 2018)
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Courtesy of R. Bernabei / DAMA (Slides from CSLNGS March 26, 2018)
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Courtesy of R. Bernabei / DAMA (Slides from CSLNGS March 26, 2018)
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 As DAMA pointed out, we need a model independent test of the observation.

Courtesy of R. Bernabei / DAMA (Slides from CSLNGS March 26, 2018)
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ANAIS
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• @ Canfranc (LSC, 2450mwe)

• 3x3 matrix of 12.5kg NaI(Tl) = 112.5kg

• ANAIS-112 DM run started on August 3, 2017

• Triggering down to 1keVee

• 5  years data taking needed for a 3σ result

90% probability of detecting

an annual modulation signal at

90% C.L.

Courtesy of M.L. Sarsa / ANAIS (Slides from UCLA DM2018)

[arXiv:1704.06861]
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COSINE-100
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• COSINE100 = DM-Ice + KIMS

• @ YangYang Laboratory (Y2L)

• 8x NaI(Tl) crystals = 106kg

• COSINE-100 running since Sep. 2016

• Background: 2-4 x DAMA avg.

• R&D for higher purity for COSINE-200

Courtesy of R. Maruyama / COSINE-100 (Slides from UCLA DM2018)

[Eur.Phys.J. C78(2018)107; arXiv:1710.05299]
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SABRE
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Courtesy of B. Suerfu / SABRE (Slides from UCLA DM2018)

• North and South twin experiments with NaI(Tl)

rule out potential seasonal effects

• Proof-of-principle @LNGS:

liquid scintillator vessel, shielding, detector enclosure

• 2015: 2kg crystal with 9ppb 40K, goal: 5kg crystal

• Expect data taking in 2018

• SABRE in the south (Australia): 50kg NaI(Tl):

• @ Stawell Underground Physics Lab (3000mwe)

• Start vessel tests in 2018, lab ready in early 2019
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PICOLON
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Courtesy of Y. Takemoto / PICOLON (Slides from TAUP2017)

• Project @ Kamioka Underground 

Observatory

• Ø4” crystals of purified NaI(Tl):

U/Th ~ DAMA; 40K, 210Pb > DAMA

• Feb. 2018: 5” x Ø5” crystals of ~5kg NaI(Tl);

>230 kg.d background data under evaluation

• Goal: test DAMA with 3x3 array of Ø5” 

crystals, ~53kg NaI(Tl)

• Future: KamLAN-PICO: 247kg NaI(Tl) inside 

KamLAND
Ø5”Ø4”
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COSINUS
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Courtesy of F. Reindl / COSINUS (Slides from TAUP2017)

40mm

I-recoils

β/γ

Carrier events

Na-recoils

Calibration data
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Signal simulation
[Eur.Phys.J. C76(2016)441]

DAMA-like: 10GeV/c², 2 ⋅ 10−4pb [Savage et al.]

• Proof-of-principle @ LNGS

• Successfully run: 66g NaI @ O(10)mK

• Discriminate between nucl. and e- recoil

• Next: quenching factor measurements;

crystals from Astrograde-powder (~4ppb 40K); test NaI(Tl)

• COSINUS-1π: O(100 kg.d) to see DAMA-like nuclear

recoils signal
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Summary

• Solid state experiment are multi-purpose tools: sensitive to dark 
photons, SIMPs (at surface), CNNS (in the future), …

• DM-nucleon scattering: solid state experiments are exploring the 
parameter space well below 1 GeV/c² (CRESST down to 
350MeV/c²) or plan to do so in the near future (EDELWEISS, 
SuperCDMS, DAMIC).

• DM-electron scattering: extend sensitivity down to sub MeV-scale 
(SENSEI).

• DAMA/LIBRA-phase 2 increased the significance of the observed 
annual modulation to 12.9σ. Several experiments are taking data 
(ANAIS, COSINE-100) or plan to do so to test the DAMA/LIBRA 
result in a model-independent way. 
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The CRESST experiment

April 5, 2018

Max-Planck-Institut für Physik

Located in Italy,

under the Gran Sasso mountain,

at the LNGS @ ~3600mwe

µ‘s ~3 ⋅ 10−8 s−1cm−2

𝛾‘s ~7 ⋅ 10−1 s−1cm−2

n‘s ~4 ⋅ 10−6 s−1cm−2

58

n shield:

45cm PE

+ inner PE
Active µ veto

γ shield:

20cm Pb

14cm Cu against

background from Pb

Cryostat
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Detector A: neutron calibration
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e-/g

O
W
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Detector A: energy spectrum

April 5, 2018

Average background [1,40]keV: ~3.5 kg-1 keV-1 d-1

 same as in TUM40

60

[arXiv:1711.07692]
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Results of CRESST-II phase 2

April 5, 2018
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[Eur.Phys.J. C76(2016)25]

• TUM40: successfully

reduced intrinsic

background

• Ongoing modelling

of em. background

with Geant4
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CRESST-III: detectors
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Optimum filter
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Pulse-height evaluation

with optimum filter:

The Gatti-Manfredi filter maximize the 

ratio between the amplitude of the 

treated pulse and the noise RMS

pulse template

baseline

Resolution typically improved by factor 2 to 3

63
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Threshold

April 5, 2018

Amplitude distribution of a typical empty base line pulse trace

• New DAQ in CRESST-III:

continuous sampling of pulse traces

• Set threshold based on noise 

distribution after optimum filter

Analytical description of 

amplitude distribution

2
2

.6
 e

V

2
6

.1
 e

V
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Detector A: selections & efficiencies

Remove pulses where a correct 
determination of the amplitude is not 
guaranteed. Designed on non blind 
data (20% of physics data randomly 
selected) not included in the final 
exposure

• Data quality
events which cannot properly be 
analyzed

• Pulse shape
e.g. events in iSticks, pileup

• Coincidences
here: only with muon veto and 
iSticks

April 5, 2018

73.6% @ threshold

65
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Holder-related backgrounds

• Target is held by CaWO4

sticks

• Event in stick: surface 

background, relaxation, …

• Signal in instrumented stick 

(iStick)

• Degraded signal in target

April 5, 2018

TES

66
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Holder-related backgrounds

• Target is held by CaWO4

sticks

• Event in stick: surface 

background, relaxation, …

• Signal in instrumented stick 

(iStick)

• Degraded signal in target

iStick/target is a powerful

tool to reject holder-related

backgrounds

April 5, 2018

iStick

target

light

67
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‘TUM40’ radiopurity

April 5, 2018

• CaWO4 crystal production at TU Munich

• TUM40: radiopurity improved by factor 2-10

Commercial crystal

TUM40

227Ac 210Pb179Ta L1(EC)

~3.5 counts/kg.d keV

on average

Dedicated furnance

@TU Munich

[Cryst. Eng. Comm. 015(2013)2301]

[JCAP 5(2014)18]

68
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Going beyond ‘TUM40’ radiopurity

• Cleaning procedure e.g. by re-

crystallization, chemical purification of raw 

materials 

• Recently: First steps in chemical 

purification of CaCO3 powder.
work by H.H. Trinh Thi, A. Münster, A. Erb

• Measured contamination decreased by …

• factor 2-7 for Th

• factor 15-35 for U

April 5, 2018

10mm

69
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CRESST/nu-cleus

70April 5, 2018

[J.H. Davis Phys.Rev.Lett. 119(2017)211302, arXiv:1708.01484]
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EDELWEISS
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Courtesy of J. Gascon / EDELWEISS (Slides from TAUP 2017)
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EDELWEISS
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Courtesy of J. Gascon / EDELWEISS (Slides from TAUP 2017)
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EDELWEISS
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Courtesy of B. Siebenborn / EDELWEISS (Slides from UCLA DM2018)
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EDELWEISS
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Courtesy of B. Siebenborn / EDELWEISS (Slides from UCLA DM2018)
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EDELWEISS
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Courtesy of B. Siebenborn / EDELWEISS (Slides from UCLA DM2018)
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SuperCDMS
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Courtesy of B. Loer / SuperCDMS (Slides from UCLA DM2018)
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SuperCDMS
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Courtesy of B. Loer / SuperCDMS (Slides from UCLA DM2018)
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SENSEI

78April 5, 2018

Courtesy of T.-T. Yu / SENSEI (Slides from UCLA DM2018)
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DAMA/LIBRA
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Courtesy of R. Bernabei / DAMA (Slides from CSLNGS March 26, 2018)
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DAMA/LIBRA
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Courtesy of R. Bernabei / DAMA (Slides from CSLNGS March 26, 2018)
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DAMA/LIBRA
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Courtesy of R. Bernabei / DAMA (Slides from CSLNGS March 26, 2018)
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DAMA/LIBRA
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Courtesy of R. Bernabei / DAMA (Slides from CSLNGS March 26, 2018)



Direct detection: new results from 

solid state experiments

DAMA/LIBRA

83April 5, 2018

Courtesy of R. Bernabei / DAMA (Slides from CSLNGS March 26, 2018)
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COSINUS
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Courtesy of F. Reindl / COSINUS (Slides from TAUP DM2017)
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COSINUS
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Courtesy of F. Reindl / COSINUS (Slides from TAUP DM2017)


