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• NTD: Neutron Transmutation Doped 
germanium/silicon thermistor
Thin wafer of germanium or silicon doped using a thermal neutron 
flux, up to a concentration corresponding to the  law:R(T)

AuAu Ge/Si

• TES: Transition Edge Sensor
Superconducting (SC) thin film operated in between the 
superconducting and the normal conducting phase

low Tc SC 
(TES)

3.2. Transition Edge Sensor (TES) 49

Figure 3.1. – Typical transition curve of a TES tungsten film. An operation of the thermometer in
its transition from the normalconducting to the superconducting state allows the detection of tiny
excursions in temperature DT by measuring the change in resistance DR of the TES.

3.2. Transition Edge Sensor (TES)

As mentioned in section 2.3, in CRESST transition edge sensors (TES) are used as
thermometers to read out the large dielectric absorbers. A transition curve of such a
sensor can be seen in figure 3.1. The steepness of the transition curve of the TES allows
the detection of small temperature changes DT (O(µK)) caused by particle interactions
in the absorber by measuring the change in resistance DR.

In the case of a conventional CRESST detector, the TES is made out of a thin tungsten
film (200 nm) which is evaporated onto the surface of the absorber crystal and extends
over an area of (6 x 8) mm2. In addition, a TES is equipped with contact pads made out
of aluminum. The connection between the contact pads of the sensor and the detector
holder is made using aluminum bond wires having a diameter of 25 µm (see figure 3.2).
Also the thermal link consisting of a gold wire bond (diameter of 25 µm) is visible.
This thermal link is bonded onto a long and thin gold structure which extends across
the tungsten film. It allows the sensor after a particle interaction in the absorber to relax
back to equilibrium.

In order to stabilize the TES at its operating point, a heater is used. It consists of a
gold stitch bond which is bonded to the same gold structure on the TES as also used for
the thermal link. In this way a stabilization of the TES in an operating point within a
few µK is practicable.

The TES is fabricated using thin film technology and photo-lithography. A tungsten
film evaporated onto the surface of the crystal is etched to the desired shape. Pattern
of gold and aluminum structures is carried out by two subsequent lift-off processes.

TEMPERATURE SENSORS

5
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2 EDELWEISS FID detectors

Detectors used in the EDELWEISS-III experiment, called FID, are made of ultrapure germanium
cylindrical crystals with a height of 4 cm, a diameter of 7 cm and a mass of 820–890 g.1 These
detectors are instrumented to perform a double heat-and-ionization measurement of signals arising
from particle interactions. The double read-out is used to discriminate background-induced electron
recoils (ER) from potential WIMP-induced nuclear recoils (NR) on an event-by-event basis.

Heat signals are measured with two Neutron Transmutation Doped (NTD) Ge sensors [16] glued
on the center of the top and bottom surfaces of the crystal thanks to a veil of Araldit glue. Their
working principle and characteristics are given in section 5.1. NTD of two di�erent productions
are used with geometries of 4 ⇥ 4 ⇥ 0.45 mm3 and 3 ⇥ 5 ⇥ 1 mm3 respectively. Charge signals are
measured with a set of evaporated electrodes.

The dual heat-ionisation measurement allows to discriminate ER vs NR events when charge
collection is complete, as described in section 7. In addition, to reject interactions taking place
close to the crystal surfaces, a special concentric-electrode scheme, based on the co-planar grid
technique for event localization [17], has been first developed and tested in the EDELWEISS-
II experiment with an array of ten 400-g ID detectors [14, 18]. These are heat-and-ionization
cryogenic detectors equipped with interleaved electrodes on flat surfaces for the rejection of near-
surface events. The same concentric-electrode scheme has been improved for FID detectors, as
shown in figure 2: 200 nm thick Al electrodes are evaporated on the whole Ge crystal, both flat and
side surfaces, in the form of annular concentric rings 150 µm wide with a 2 mm pitch. A surface
passivation treatment, with a 60 to 80 nm amorphous layer of hydrogenated Ge is deposited only
under the electrodes, the surface between electrodes being left unprocessed. To reduce possible
residual leakage current, a preventive post-processing XeF2 pulsed dry etching of the detector is
applied [19].

Figure 2. Images of an 800-g FID detector with concentric ring electrodes covering the entire crystal surface
and one of the two NTD sensors glued onto the top surface. On the right photo, the bolometer is surrounded
by its copper casing and held by Teflon clamps.

1Crystals are from CANBERRA Industries, see http://www.canberra.com/products/, or Baltic Scientific Instruments
(BSI), see http://bsi.lv/en/. No specific cleaning has to be carried out on the crystals produced by these two companies.

– 5 –

arXiv:1706.01070v1

 

6

TEMPERATURE SENSORS

https://doi.org/10.48550/arXiv.1706.01070
https://indico.cern.ch/event/922783/contributions/4892778/attachments/2481439/4259864/Strandhagen_CRESST_Overview_IDM.pdf


Vanessa ZEMASeptember 7 | RICAP 2022

Thermal bath
Absorber

Thermometer

Thermal bath

• TES: Transition Edge Sensor

EDELWEISS

CRESST 
COSINUS 
EDELWEISS  
SuperCDMS 
TESSERACT

• NTD: Neutron Transmutation Doped 
germanium/silicon thermistor

2 EDELWEISS FID detectors

Detectors used in the EDELWEISS-III experiment, called FID, are made of ultrapure germanium
cylindrical crystals with a height of 4 cm, a diameter of 7 cm and a mass of 820–890 g.1 These
detectors are instrumented to perform a double heat-and-ionization measurement of signals arising
from particle interactions. The double read-out is used to discriminate background-induced electron
recoils (ER) from potential WIMP-induced nuclear recoils (NR) on an event-by-event basis.

Heat signals are measured with two Neutron Transmutation Doped (NTD) Ge sensors [16] glued
on the center of the top and bottom surfaces of the crystal thanks to a veil of Araldit glue. Their
working principle and characteristics are given in section 5.1. NTD of two di�erent productions
are used with geometries of 4 ⇥ 4 ⇥ 0.45 mm3 and 3 ⇥ 5 ⇥ 1 mm3 respectively. Charge signals are
measured with a set of evaporated electrodes.

The dual heat-ionisation measurement allows to discriminate ER vs NR events when charge
collection is complete, as described in section 7. In addition, to reject interactions taking place
close to the crystal surfaces, a special concentric-electrode scheme, based on the co-planar grid
technique for event localization [17], has been first developed and tested in the EDELWEISS-
II experiment with an array of ten 400-g ID detectors [14, 18]. These are heat-and-ionization
cryogenic detectors equipped with interleaved electrodes on flat surfaces for the rejection of near-
surface events. The same concentric-electrode scheme has been improved for FID detectors, as
shown in figure 2: 200 nm thick Al electrodes are evaporated on the whole Ge crystal, both flat and
side surfaces, in the form of annular concentric rings 150 µm wide with a 2 mm pitch. A surface
passivation treatment, with a 60 to 80 nm amorphous layer of hydrogenated Ge is deposited only
under the electrodes, the surface between electrodes being left unprocessed. To reduce possible
residual leakage current, a preventive post-processing XeF2 pulsed dry etching of the detector is
applied [19].

Figure 2. Images of an 800-g FID detector with concentric ring electrodes covering the entire crystal surface
and one of the two NTD sensors glued onto the top surface. On the right photo, the bolometer is surrounded
by its copper casing and held by Teflon clamps.

1Crystals are from CANBERRA Industries, see http://www.canberra.com/products/, or Baltic Scientific Instruments
(BSI), see http://bsi.lv/en/. No specific cleaning has to be carried out on the crystals produced by these two companies.

– 5 –

arXiv:1706.01070v1

 

6

TEMPERATURE SENSORS

https://doi.org/10.48550/arXiv.1706.01070
https://indico.cern.ch/event/922783/contributions/4892778/attachments/2481439/4259864/Strandhagen_CRESST_Overview_IDM.pdf


Vanessa ZEMASeptember 7 | RICAP 2022

Thermal bath
Absorber

Thermometer

Thermal bath

• TES: Transition Edge Sensor

EDELWEISS

• NTD: Neutron Transmutation Doped 
germanium/silicon thermistor

2 EDELWEISS FID detectors

Detectors used in the EDELWEISS-III experiment, called FID, are made of ultrapure germanium
cylindrical crystals with a height of 4 cm, a diameter of 7 cm and a mass of 820–890 g.1 These
detectors are instrumented to perform a double heat-and-ionization measurement of signals arising
from particle interactions. The double read-out is used to discriminate background-induced electron
recoils (ER) from potential WIMP-induced nuclear recoils (NR) on an event-by-event basis.

Heat signals are measured with two Neutron Transmutation Doped (NTD) Ge sensors [16] glued
on the center of the top and bottom surfaces of the crystal thanks to a veil of Araldit glue. Their
working principle and characteristics are given in section 5.1. NTD of two di�erent productions
are used with geometries of 4 ⇥ 4 ⇥ 0.45 mm3 and 3 ⇥ 5 ⇥ 1 mm3 respectively. Charge signals are
measured with a set of evaporated electrodes.

The dual heat-ionisation measurement allows to discriminate ER vs NR events when charge
collection is complete, as described in section 7. In addition, to reject interactions taking place
close to the crystal surfaces, a special concentric-electrode scheme, based on the co-planar grid
technique for event localization [17], has been first developed and tested in the EDELWEISS-
II experiment with an array of ten 400-g ID detectors [14, 18]. These are heat-and-ionization
cryogenic detectors equipped with interleaved electrodes on flat surfaces for the rejection of near-
surface events. The same concentric-electrode scheme has been improved for FID detectors, as
shown in figure 2: 200 nm thick Al electrodes are evaporated on the whole Ge crystal, both flat and
side surfaces, in the form of annular concentric rings 150 µm wide with a 2 mm pitch. A surface
passivation treatment, with a 60 to 80 nm amorphous layer of hydrogenated Ge is deposited only
under the electrodes, the surface between electrodes being left unprocessed. To reduce possible
residual leakage current, a preventive post-processing XeF2 pulsed dry etching of the detector is
applied [19].

Figure 2. Images of an 800-g FID detector with concentric ring electrodes covering the entire crystal surface
and one of the two NTD sensors glued onto the top surface. On the right photo, the bolometer is surrounded
by its copper casing and held by Teflon clamps.

1Crystals are from CANBERRA Industries, see http://www.canberra.com/products/, or Baltic Scientific Instruments
(BSI), see http://bsi.lv/en/. No specific cleaning has to be carried out on the crystals produced by these two companies.

– 5 –

arXiv:1706.01070v1

6

TEMPERATURE SENSORS

1 H-shaped W/Al-TES

C. STRANDHAGEN | IDM 2022

CRESST 
COSINUS 
EDELWEISS  
SuperCDMS 
TESSERACT

https://doi.org/10.48550/arXiv.1706.01070
https://indico.cern.ch/event/922783/contributions/4892778/attachments/2481439/4259864/Strandhagen_CRESST_Overview_IDM.pdf


Vanessa ZEMASeptember 7 | RICAP 2022

Thermal bath
Absorber

Thermometer

Thermal bath

• TES: Transition Edge Sensor

EDELWEISS

• NTD: Neutron Transmutation Doped 
germanium/silicon thermistor

2 EDELWEISS FID detectors

Detectors used in the EDELWEISS-III experiment, called FID, are made of ultrapure germanium
cylindrical crystals with a height of 4 cm, a diameter of 7 cm and a mass of 820–890 g.1 These
detectors are instrumented to perform a double heat-and-ionization measurement of signals arising
from particle interactions. The double read-out is used to discriminate background-induced electron
recoils (ER) from potential WIMP-induced nuclear recoils (NR) on an event-by-event basis.

Heat signals are measured with two Neutron Transmutation Doped (NTD) Ge sensors [16] glued
on the center of the top and bottom surfaces of the crystal thanks to a veil of Araldit glue. Their
working principle and characteristics are given in section 5.1. NTD of two di�erent productions
are used with geometries of 4 ⇥ 4 ⇥ 0.45 mm3 and 3 ⇥ 5 ⇥ 1 mm3 respectively. Charge signals are
measured with a set of evaporated electrodes.

The dual heat-ionisation measurement allows to discriminate ER vs NR events when charge
collection is complete, as described in section 7. In addition, to reject interactions taking place
close to the crystal surfaces, a special concentric-electrode scheme, based on the co-planar grid
technique for event localization [17], has been first developed and tested in the EDELWEISS-
II experiment with an array of ten 400-g ID detectors [14, 18]. These are heat-and-ionization
cryogenic detectors equipped with interleaved electrodes on flat surfaces for the rejection of near-
surface events. The same concentric-electrode scheme has been improved for FID detectors, as
shown in figure 2: 200 nm thick Al electrodes are evaporated on the whole Ge crystal, both flat and
side surfaces, in the form of annular concentric rings 150 µm wide with a 2 mm pitch. A surface
passivation treatment, with a 60 to 80 nm amorphous layer of hydrogenated Ge is deposited only
under the electrodes, the surface between electrodes being left unprocessed. To reduce possible
residual leakage current, a preventive post-processing XeF2 pulsed dry etching of the detector is
applied [19].

Figure 2. Images of an 800-g FID detector with concentric ring electrodes covering the entire crystal surface
and one of the two NTD sensors glued onto the top surface. On the right photo, the bolometer is surrounded
by its copper casing and held by Teflon clamps.

1Crystals are from CANBERRA Industries, see http://www.canberra.com/products/, or Baltic Scientific Instruments
(BSI), see http://bsi.lv/en/. No specific cleaning has to be carried out on the crystals produced by these two companies.

– 5 –

arXiv:1706.01070v1

 

6

1 H-shaped W/Al-TES

TEMPERATURE SENSORS

CRESST 
COSINUS 
EDELWEISS  
SuperCDMS 
TESSERACT

https://doi.org/10.48550/arXiv.1706.01070
https://indico.cern.ch/event/922783/contributions/4892778/attachments/2481439/4259864/Strandhagen_CRESST_Overview_IDM.pdf


Vanessa ZEMASeptember 7 | RICAP 2022

Thermal bath
Absorber

Thermometer

Thermal bath

• TES: Transition Edge Sensor

EDELWEISS

CRESST 
COSINUS 
EDELWEISS  
SuperCDMS 
TESSERACT

• NTD: Neutron Transmutation Doped 
germanium/silicon thermistor

TEMPERATURE SENSORS

2 EDELWEISS FID detectors

Detectors used in the EDELWEISS-III experiment, called FID, are made of ultrapure germanium
cylindrical crystals with a height of 4 cm, a diameter of 7 cm and a mass of 820–890 g.1 These
detectors are instrumented to perform a double heat-and-ionization measurement of signals arising
from particle interactions. The double read-out is used to discriminate background-induced electron
recoils (ER) from potential WIMP-induced nuclear recoils (NR) on an event-by-event basis.

Heat signals are measured with two Neutron Transmutation Doped (NTD) Ge sensors [16] glued
on the center of the top and bottom surfaces of the crystal thanks to a veil of Araldit glue. Their
working principle and characteristics are given in section 5.1. NTD of two di�erent productions
are used with geometries of 4 ⇥ 4 ⇥ 0.45 mm3 and 3 ⇥ 5 ⇥ 1 mm3 respectively. Charge signals are
measured with a set of evaporated electrodes.

The dual heat-ionisation measurement allows to discriminate ER vs NR events when charge
collection is complete, as described in section 7. In addition, to reject interactions taking place
close to the crystal surfaces, a special concentric-electrode scheme, based on the co-planar grid
technique for event localization [17], has been first developed and tested in the EDELWEISS-
II experiment with an array of ten 400-g ID detectors [14, 18]. These are heat-and-ionization
cryogenic detectors equipped with interleaved electrodes on flat surfaces for the rejection of near-
surface events. The same concentric-electrode scheme has been improved for FID detectors, as
shown in figure 2: 200 nm thick Al electrodes are evaporated on the whole Ge crystal, both flat and
side surfaces, in the form of annular concentric rings 150 µm wide with a 2 mm pitch. A surface
passivation treatment, with a 60 to 80 nm amorphous layer of hydrogenated Ge is deposited only
under the electrodes, the surface between electrodes being left unprocessed. To reduce possible
residual leakage current, a preventive post-processing XeF2 pulsed dry etching of the detector is
applied [19].

Figure 2. Images of an 800-g FID detector with concentric ring electrodes covering the entire crystal surface
and one of the two NTD sensors glued onto the top surface. On the right photo, the bolometer is surrounded
by its copper casing and held by Teflon clamps.

1Crystals are from CANBERRA Industries, see http://www.canberra.com/products/, or Baltic Scientific Instruments
(BSI), see http://bsi.lv/en/. No specific cleaning has to be carried out on the crystals produced by these two companies.

– 5 –

arXiv:1706.01070v1

6

1 H-shaped W/Al-TES

arXiv:2203.03993

10'eV'with'high'impedence'NbSi'TES'sensor'

14'

NbSi209'@'LSM'

330'nV/keV'on'A,'658'nV/keV'on'B'
Phonon:'σA=183'eV,'σB=125'eV'
Combined:''
σ=113eV'or'5eVee'@'66V'

100mm'thick,'20mm'diameter'
spiral'NbSi'sensor'
Lithography'
On'a'200'g'HPDGe'crystal'(48'x'
20'mm)'

NbSi'TES:'alterna?ve'sensor'for'the'heat'channel'
NbxSi1Dx:'amorphous'compound'
x>'13%'"'superconductor'
Directly'done'by'lithography'on'the'crystal'or'on'
sapphire/germanium'chip'
High'impedence'–'compa?ble'with'standard'JFET'
Goal:'10'eV'RMS'

1 spiral-shaped  
NbSi/Al-TES

https://arxiv.org/abs/2203.03993
https://doi.org/10.48550/arXiv.2203.03993


Vanessa ZEMASeptember 7 | RICAP 2022

Thermal bath
Absorber

Thermometer

Thermal bath

• TES: Transition Edge Sensor

EDELWEISS

CRESST 
COSINUS 
EDELWEISS  
SuperCDMS 
TESSERACT

• NTD: Neutron Transmutation Doped 
germanium/silicon thermistor

TEMPERATURE SENSORS

2 EDELWEISS FID detectors

Detectors used in the EDELWEISS-III experiment, called FID, are made of ultrapure germanium
cylindrical crystals with a height of 4 cm, a diameter of 7 cm and a mass of 820–890 g.1 These
detectors are instrumented to perform a double heat-and-ionization measurement of signals arising
from particle interactions. The double read-out is used to discriminate background-induced electron
recoils (ER) from potential WIMP-induced nuclear recoils (NR) on an event-by-event basis.

Heat signals are measured with two Neutron Transmutation Doped (NTD) Ge sensors [16] glued
on the center of the top and bottom surfaces of the crystal thanks to a veil of Araldit glue. Their
working principle and characteristics are given in section 5.1. NTD of two di�erent productions
are used with geometries of 4 ⇥ 4 ⇥ 0.45 mm3 and 3 ⇥ 5 ⇥ 1 mm3 respectively. Charge signals are
measured with a set of evaporated electrodes.

The dual heat-ionisation measurement allows to discriminate ER vs NR events when charge
collection is complete, as described in section 7. In addition, to reject interactions taking place
close to the crystal surfaces, a special concentric-electrode scheme, based on the co-planar grid
technique for event localization [17], has been first developed and tested in the EDELWEISS-
II experiment with an array of ten 400-g ID detectors [14, 18]. These are heat-and-ionization
cryogenic detectors equipped with interleaved electrodes on flat surfaces for the rejection of near-
surface events. The same concentric-electrode scheme has been improved for FID detectors, as
shown in figure 2: 200 nm thick Al electrodes are evaporated on the whole Ge crystal, both flat and
side surfaces, in the form of annular concentric rings 150 µm wide with a 2 mm pitch. A surface
passivation treatment, with a 60 to 80 nm amorphous layer of hydrogenated Ge is deposited only
under the electrodes, the surface between electrodes being left unprocessed. To reduce possible
residual leakage current, a preventive post-processing XeF2 pulsed dry etching of the detector is
applied [19].

Figure 2. Images of an 800-g FID detector with concentric ring electrodes covering the entire crystal surface
and one of the two NTD sensors glued onto the top surface. On the right photo, the bolometer is surrounded
by its copper casing and held by Teflon clamps.

1Crystals are from CANBERRA Industries, see http://www.canberra.com/products/, or Baltic Scientific Instruments
(BSI), see http://bsi.lv/en/. No specific cleaning has to be carried out on the crystals produced by these two companies.

– 5 –

arXiv:1706.01070v1

6

1 H-shaped W/Al-TES

arXiv:2203.03993

10'eV'with'high'impedence'NbSi'TES'sensor'

14'

NbSi209'@'LSM'

330'nV/keV'on'A,'658'nV/keV'on'B'
Phonon:'σA=183'eV,'σB=125'eV'
Combined:''
σ=113eV'or'5eVee'@'66V'

100mm'thick,'20mm'diameter'
spiral'NbSi'sensor'
Lithography'
On'a'200'g'HPDGe'crystal'(48'x'
20'mm)'

NbSi'TES:'alterna?ve'sensor'for'the'heat'channel'
NbxSi1Dx:'amorphous'compound'
x>'13%'"'superconductor'
Directly'done'by'lithography'on'the'crystal'or'on'
sapphire/germanium'chip'
High'impedence'–'compa?ble'with'standard'JFET'
Goal:'10'eV'RMS'

1 spiral-shaped  
NbSi/Al-TES

10'eV'with'high'impedence'NbSi'TES'sensor'

14'

NbSi209'@'LSM'

330'nV/keV'on'A,'658'nV/keV'on'B'
Phonon:'σA=183'eV,'σB=125'eV'
Combined:''
σ=113eV'or'5eVee'@'66V'

100mm'thick,'20mm'diameter'
spiral'NbSi'sensor'
Lithography'
On'a'200'g'HPDGe'crystal'(48'x'
20'mm)'

NbSi'TES:'alterna?ve'sensor'for'the'heat'channel'
NbxSi1Dx:'amorphous'compound'
x>'13%'"'superconductor'
Directly'done'by'lithography'on'the'crystal'or'on'
sapphire/germanium'chip'
High'impedence'–'compa?ble'with'standard'JFET'
Goal:'10'eV'RMS'

20 mm

https://arxiv.org/abs/2203.03993
https://doi.org/10.48550/arXiv.2203.03993


Vanessa ZEMASeptember 7 | RICAP 2022

Thermal bath
Absorber

Thermometer

Thermal bath

• TES: Transition Edge Sensor

EDELWEISS

• NTD: Neutron Transmutation Doped 
germanium/silicon thermistor

2 EDELWEISS FID detectors

Detectors used in the EDELWEISS-III experiment, called FID, are made of ultrapure germanium
cylindrical crystals with a height of 4 cm, a diameter of 7 cm and a mass of 820–890 g.1 These
detectors are instrumented to perform a double heat-and-ionization measurement of signals arising
from particle interactions. The double read-out is used to discriminate background-induced electron
recoils (ER) from potential WIMP-induced nuclear recoils (NR) on an event-by-event basis.

Heat signals are measured with two Neutron Transmutation Doped (NTD) Ge sensors [16] glued
on the center of the top and bottom surfaces of the crystal thanks to a veil of Araldit glue. Their
working principle and characteristics are given in section 5.1. NTD of two di�erent productions
are used with geometries of 4 ⇥ 4 ⇥ 0.45 mm3 and 3 ⇥ 5 ⇥ 1 mm3 respectively. Charge signals are
measured with a set of evaporated electrodes.

The dual heat-ionisation measurement allows to discriminate ER vs NR events when charge
collection is complete, as described in section 7. In addition, to reject interactions taking place
close to the crystal surfaces, a special concentric-electrode scheme, based on the co-planar grid
technique for event localization [17], has been first developed and tested in the EDELWEISS-
II experiment with an array of ten 400-g ID detectors [14, 18]. These are heat-and-ionization
cryogenic detectors equipped with interleaved electrodes on flat surfaces for the rejection of near-
surface events. The same concentric-electrode scheme has been improved for FID detectors, as
shown in figure 2: 200 nm thick Al electrodes are evaporated on the whole Ge crystal, both flat and
side surfaces, in the form of annular concentric rings 150 µm wide with a 2 mm pitch. A surface
passivation treatment, with a 60 to 80 nm amorphous layer of hydrogenated Ge is deposited only
under the electrodes, the surface between electrodes being left unprocessed. To reduce possible
residual leakage current, a preventive post-processing XeF2 pulsed dry etching of the detector is
applied [19].

Figure 2. Images of an 800-g FID detector with concentric ring electrodes covering the entire crystal surface
and one of the two NTD sensors glued onto the top surface. On the right photo, the bolometer is surrounded
by its copper casing and held by Teflon clamps.

1Crystals are from CANBERRA Industries, see http://www.canberra.com/products/, or Baltic Scientific Instruments
(BSI), see http://bsi.lv/en/. No specific cleaning has to be carried out on the crystals produced by these two companies.
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shown in figure 2: 200 nm thick Al electrodes are evaporated on the whole Ge crystal, both flat and
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passivation treatment, with a 60 to 80 nm amorphous layer of hydrogenated Ge is deposited only
under the electrodes, the surface between electrodes being left unprocessed. To reduce possible
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applied [19].
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by its copper casing and held by Teflon clamps.
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Light energy
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e-/γ

W
O

R. Strauss. et al (CRESST)  Eur. Phys. J. C (2014) 74: 2957.

the Pb shielding for several hours. Figure 11 shows the ionization yield Q(Er ) versus the recoil
energy Er for AmBe neutron calibration data. The source emits neutrons with energies up to
11 MeV, inducing nuclear recoils with Q(Er ) values gaussian-distributed around a smooth function
Q(Er ) = 0.16E

0.18
r consistent with the expectations from the Lindhard theory [47] including e�ects

due to multiple scatterings [48].

Figure 11. Ionization yield versus recoil energy for a large statistics (> 3 ⇥ 104) of events from a neutron
calibration using an AmBe source. The two red (blue) solid lines delimit the 90% C.L. nuclear (electron)
recoil band. Purple dashed lines correspond to inelastic scattering of neutrons on the first (13.28 keV) or the
third (68.75 keV) excited state of 73Ge.

The AmBe source also emits high energy �-rays of 4.4 MeV which lose energy via Compton
scattering, leading to the population of events distributed around < Q(Er ) >= 1. Events between

– 26 –

JINST 12 (2017) 08, P08010

Ionization Yield =
Charge energy
Phonon energy

https://link.springer.com/article/10.1140/epjc/s10052-014-2957-5
https://arxiv.org/pdf/1706.01070.pdf
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Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the standard
parameters for an isothermal WIMP halo: ⇢0 = 0.3GeV/cm

3, v0 = 220 km/ s, vesc = 544 km/ s. Results
labelled "M" were obtained assuming the Migdal effect [131]. Results labelled "Surf" are from experiments
not operated underground. The ⌫-floor shown here for a Ge target is a discovery limit defined as the cross
section �d at which a given experiment has a 90% probability to detect a WIMP with a scattering cross sec-
tion � > �d at �3 sigma. It is computed using the assumptions and the methodology described in [151, 153],
however, it has been extended to very low DM mass range by assuming an unrealistic 1meV threshold below
0.8GeV/c

2. Shown are results from CDEX [155], CDMSLite [156], COSINE-100 [157], CRESST [158, 159],
DAMA/LIBRA [160] (contours from [161]), DAMIC [162], DarkSide-50 [163, 164], DEAP-3600 [144], EDEL-
WEISS [165,166], LUX [167,168], NEWS-G [169], PandaX-II [170], SuperCDMS [171], XENON100 [172] and
XENON1T [41, 173–175].

Bubble chambers filled with targets containing 19F have the highest sensitivity to spin-dependent
WIMP-proton couplings. The best limit to date is from PICO-60 using a 52 kg C3F8 target [176]. At
lower WIMP mass, between 2GeV/c

2 and 4GeV/c
2, the best constraints come from PICASSO (3.0 kg

of C4F10 [177]). CRESST used crystals containing lithium to probe spin-dependent DM-proton interac-
tions down to DM mass of ⇠800MeV/c

2 [178]. The strongest constraints on spin-dependent WIMP-
neutron scattering above ⇠3GeV/c

2 are placed by the LXe TPCs with the most sensitive result to-date
coming from XENON1T [41,179]. The results from the cryogenic bolometers (Super)CDMS [180,181]
and CRESST give the strongest constraints below ⇠3GeV/c

2. CDMSLite [182] uses the Neganov-
Trofimov-Luke effect to constrain spin-dependent WIMP-proton/neutron interactions down to m� =

1.5GeV/c
2 and CRESST-III [159] exploits the presence of the isotope 17O in the CaWO4 target to

constrain spin-dependent WIMP-neutron interactions for DM particle’s mass as low as 160MeV/c
2.

Exploiting the Migdal effect again significantly enhances the sensitivity of LXe TPCs to low-mass DM
with XENON1T providing the most stringent exclusion limits for both, spin-dependent WIMP-proton
and WIMP-neutron couplings between 80MeV/c

2
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2, respect-
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serving zero events, leading to a data-driven constraint
of 0.0+0.2 applied to the search. This rate agrees with
simulations based on detector material radioassay [62].

Finally, the expected distribution of accidentals is de-
termined by generating composite single-scatter event
waveforms from isolated S1 and S2 pulses and applying
the WIMP analysis selections. The selection e�ciency
is then applied to UDT single-scatter-like events to con-
strain the accidentals rate.

FIG. 5. The 90% confidence limit (black line) for the spin-
independent WIMP cross section vs. WIMP mass. The
green and yellow bands are the 1� and 2� sensitivity bands.
The dotted line shows the median of the sensitivity projec-
tion. Also shown are the PandaX-4T [26], XENON1T [25],
LUX [28], and DEAP-3600 [74] limits.

Statistical inference of WIMP scattering cross section
and mass is performed with an extended unbinned pro-
file likelihood statistic in the log10S2c-S1c observable
space, with a two-sided construction of the 90% confi-
dence bounds [54]. Background and signal component
shapes are modeled in the observable space using the
geant4-based package baccarat [75, 76] and a custom
simulation of the LZ detector response using the tuned
nest model. The background component uncertainties
are included as constraint terms in a combined fit of the
background model to the data, the result of which is also
shown in Table I.

Above the smallest tested WIMP mass of 9GeV/c2,
the best-fit number of WIMP events is zero, and the data
are thus consistent with the background-only hypothesis.
Figure 5 shows the 90% confidence level upper limit on
the spin-independent WIMP-nucleon cross section �SI as
a function of mass. The minimum of the limit curve is at
m� = 30GeV/c2 with a limit of �SI = 5.9⇥ 10�48 cm2.
For WIMP masses between 19GeV/c2 and 26GeV/c2,
background fluctuations produce a limit which is below
a critical discovery power threshold, ⇡crit = 0.32, and
for these masses the reported limit is set to the limit
equivalent to ⇡crit [54]. The background model and data

FIG. 6. Reconstructed energy spectrum of the best fit model.
Data points are shown in black. The blue line shows total
summed background. The darker blue band shows the model
uncertainty and the lighter blue band the combined model and
statistical uncertainty. Background components are shown in
colors as given in the legend. Background components from
8B solar neutrinos and accidentals are included in the fit but
are too small to be visible in the plot.

as a function of reconstructed energy are shown in Fig. 6,
and the data agree with the background-only model with
a p-value of 0.96. LZ also reports the most sensitive
limit on spin-dependent neutron scattering, detailed in
the Appendix. A data release for this result is in the
Supplemental Materials [77].
The LZ experiment has achieved the highest sensitivity

to spin-independent WIMP-nucleon scattering for masses
greater than 9GeV/c2 due to the successful operation
of an integrated detector system containing the largest
dual-phase xenon TPC to date. LZ is continuing opera-
tions at SURF and will undertake further detector and
analysis optimization to search for a broad range of rare-
event physics searches, including WIMPs, neutrinoless
double-beta decay, solar neutrinos, and solar axions [78–
80] over an estimated 1000 day exposure.
The research supporting this work took place in part

at SURF in Lead, South Dakota. Funding for this work
is supported by the U.S. Department of Energy, O�ce of
Science, O�ce of High Energy Physics under Contract
Numbers DE-AC02-05CH11231, DE-SC0020216, DE-
SC0012704, DE-SC0010010, DE-AC02-07CH11359,
DE-SC0012161, DE-SC0015910, DE-SC0014223,
DE-SC0010813, DE-SC0009999, DE-NA0003180,
DE-SC0011702, DE-SC0010072, DE-SC0015708, DE-
SC0006605, DE-SC0008475, DE-SC0019193, DE-
FG02-10ER46709, UW PRJ82AJ, DE-SC0013542,
DE-AC02-76SF00515, DE-SC0018982, DE-SC0019066,
DE-SC0015535, DE-SC0019319, DE-AC52-07NA27344,
& DOE-SC0012447. This research was also sup-
ported by U.S. National Science Foundation (NSF);
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serving zero events, leading to a data-driven constraint
of 0.0+0.2 applied to the search. This rate agrees with
simulations based on detector material radioassay [62].

Finally, the expected distribution of accidentals is de-
termined by generating composite single-scatter event
waveforms from isolated S1 and S2 pulses and applying
the WIMP analysis selections. The selection e�ciency
is then applied to UDT single-scatter-like events to con-
strain the accidentals rate.

FIG. 5. The 90% confidence limit (black line) for the spin-
independent WIMP cross section vs. WIMP mass. The
green and yellow bands are the 1� and 2� sensitivity bands.
The dotted line shows the median of the sensitivity projec-
tion. Also shown are the PandaX-4T [26], XENON1T [25],
LUX [28], and DEAP-3600 [74] limits.

Statistical inference of WIMP scattering cross section
and mass is performed with an extended unbinned pro-
file likelihood statistic in the log10S2c-S1c observable
space, with a two-sided construction of the 90% confi-
dence bounds [54]. Background and signal component
shapes are modeled in the observable space using the
geant4-based package baccarat [75, 76] and a custom
simulation of the LZ detector response using the tuned
nest model. The background component uncertainties
are included as constraint terms in a combined fit of the
background model to the data, the result of which is also
shown in Table I.

Above the smallest tested WIMP mass of 9GeV/c2,
the best-fit number of WIMP events is zero, and the data
are thus consistent with the background-only hypothesis.
Figure 5 shows the 90% confidence level upper limit on
the spin-independent WIMP-nucleon cross section �SI as
a function of mass. The minimum of the limit curve is at
m� = 30GeV/c2 with a limit of �SI = 5.9⇥ 10�48 cm2.
For WIMP masses between 19GeV/c2 and 26GeV/c2,
background fluctuations produce a limit which is below
a critical discovery power threshold, ⇡crit = 0.32, and
for these masses the reported limit is set to the limit
equivalent to ⇡crit [54]. The background model and data

FIG. 6. Reconstructed energy spectrum of the best fit model.
Data points are shown in black. The blue line shows total
summed background. The darker blue band shows the model
uncertainty and the lighter blue band the combined model and
statistical uncertainty. Background components are shown in
colors as given in the legend. Background components from
8B solar neutrinos and accidentals are included in the fit but
are too small to be visible in the plot.

as a function of reconstructed energy are shown in Fig. 6,
and the data agree with the background-only model with
a p-value of 0.96. LZ also reports the most sensitive
limit on spin-dependent neutron scattering, detailed in
the Appendix. A data release for this result is in the
Supplemental Materials [77].
The LZ experiment has achieved the highest sensitivity

to spin-independent WIMP-nucleon scattering for masses
greater than 9GeV/c2 due to the successful operation
of an integrated detector system containing the largest
dual-phase xenon TPC to date. LZ is continuing opera-
tions at SURF and will undertake further detector and
analysis optimization to search for a broad range of rare-
event physics searches, including WIMPs, neutrinoless
double-beta decay, solar neutrinos, and solar axions [78–
80] over an estimated 1000 day exposure.
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FIG. 3. The 90% C.L. limits on the spin-independent DM-
nucleon cross section as a function of DM mass for this
work (solid red line), compared to results from other experi-
ments [45–51]. For above-ground experiments with overbur-
den calculations, the previously ruled out parameter space
is shown as the gray shaded region, and the new parameter
space ruled out from this search is shown as the red shaded
region. For the Collar 2018 surface result, which uses a liquid
scintillator cell operated at 1◦ C, an overburden calculation
would be useful for comparison to the upper edges of the
various contours for the surface searches. We note that the
systematic error in the baseline energy resolution changes the
result within the error of the limit’s line width, thus we only
include the result from the 3.86 eV calibration.

the detector, the shielding from the atmosphere, and the
shielding from the Earth. Both limit-setting methods as-
sume that the full measured event rate could be due to a
DM signal and set the limits at the 90% confidence level
(C.L.).

The results of the dark matter search are shown in
Fig. 3, compared to other pertinent DM searches in the
same parameter space [45–51]. For DM masses between
93 and 140MeV/c2, these results provide the most strin-
gent limits for nuclear-recoil DM signals using a cryo-
genic detector. For DM masses between 220MeV/c2 and
1.35GeV/c2, they are the most stringent limits achieved
in an above-ground facility. For these low DM masses,
the large cross sections approach the level at which the
Born approximation used in the standard DM signal
model begins to fail [52]. However, in the absence of
a generally accepted alternative model and to be com-
parable to other experiments (all of which also use the
Born approximation in this regime), we decided to keep
it in our signal model as well.

To estimate the systematic error in the limit contour,
we compared the results obtained by calculating the sig-
nal model using eight different sets of pulse simulations.
The variation in the limit was found to be on the order of
10% for DM masses below 200MeV/c2 for the lower edge
and below 100MeV/c2 for the upper edge. Above these
DM masses, the variation in each edge decreased to less
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FIG. 4. The event spectrum for the DM search data below
40 eV in reconstructed energy. The data have been normalized
to events per gram per day per eV and have been corrected
for the signal efficiency of the data-quality cuts, but not the
confidence ellipse and trigger time cuts. The colored dashed
lines represent the calculated event rates for selected DM cross
sections and masses from the 90% C.L. OI limit for a single
pulse simulation, where the optimum intervals in recoil energy
are below 40 eV. Sensitivity to DM masses below 400MeV/c2

corresponds to recoil energies below 40 eV, with the lowest
masses requiring energy sensitivity down to about 15 eV.

than 1%. The O(10%) variation observed at the smallest
DM masses is attributed to a greater uncertainty in the
trigger efficiency for sub-threshold events, as opposed to
events that are reconstructed with energies above thresh-
old. In the limit shown in Fig. 3, we have taken the me-
dian of the limits calculated for the eight simulations at
each DM mass. The 10% variation is not plotted, as it
would not be visible in the figure.
In Fig. 4, we show the data spectrum for reconstructed

energies below 40 eV and DM signal curves for various
DM masses for a single pulse simulation, where the cross
sections from the OI limit are used. The approximate
location of the optimum interval is apparent for each dark
matter mass.
In this search, we see an excess of events for recoil ener-

gies below about 100 eV, emerging above the roughly flat
rate from Compton scattering of the gamma-ray back-
ground. This excess of events could be from an unknown
external background or due to detector effects such as
crystal cracking [53]. As other experiments have observed
excess events in searches for low-mass nuclear-recoiling
DM [45–47, 54], understanding this background is of piv-
otal importance. Future studies will be devoted to this,
and we are actively investigating this excess by operat-
ing this detector in an environment with substantially
reduced cosmogenic backgrounds.
Conclusion.—Using a detector with σE = 3.86 ±

0.04 (stat.)+0.19
−0.00 (syst.) eV baseline energy resolution op-

erated in an above-ground facility with an exposure of
9.9 g d, we probe parameter space for spin-independent
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FIG. 5. Light yield versus energy of events in the dark matter dataset,
after selection criteria are applied (see section IV 4). The blue band
indicates the 90 % upper and lower boundaries of the b /g-band, red
and green the same for oxygen and tungsten, respectively. The yel-
low area denotes the acceptance region reaching from the mean of the
oxygen band (red dashed line) down to the 99.5 % lower boundary of
the tungsten band. Events in the acceptance region are highlighted in
red. The position of the bands is extracted from the neutron calibra-
tion data as shown in figure 3.

1. Light Yield

Figure 5 shows the dark matter data after all the cuts de-
scribed before in the light yield versus energy plane. In accor-
dance with figure 3, the blue, red and green bands correspond
to b /g-events and nuclear recoils off oxygen and tungsten, re-
spectively. The red dashed line depicts the mean of the oxygen
band, which also marks the upper boundary of the acceptance
region, shaded in yellow. The lower bound of the acceptance
region is the 99.5 % lower boundary of the tungsten band,
its energy span is from the threshold of 30.1 eV to 16.0 keV.
Events in the acceptance region (highlighted in red) are treated
as potential dark matter candidate events. We restrict the en-
ergy range to 16 keV for this analysis since for higher energies
the energy reconstruction cannot be based on the optimum fil-
ter method due to saturation effects. This choice, however,
hardly affects the sensitivity for the low dark matter particle
masses of interest. The choice for the acceptance region was
fixed a-priori before unblinding the data. We do not include
the full oxygen recoil band in the acceptance region because
the gain in expected signal is too small to compensate for the
increased background leakage from the b /g-band.

2. Energy Spectrum

The corresponding energy spectrum is shown in figure
6 with events in the acceptance region highlighted in red.
In both figures 5 and 6, event populations at 2.6 keV and
⇠11 keV are visible. These originate from cosmogenic activa-

FIG. 6. Energy spectrum of the dark matter dataset with lines visible
at 2.6 keV and 11.27 keV originating from cosmogenic activation of
182W [11]. Gray: all events, red: events in the acceptance region (see
figure 5).

tion of the detector material and subsequent electron capture
decays:

182W + p ! 179Ta+a, 179Ta EC�! 179Hf+ g.

The latter decay has a half-life of 665 days, which implies
a decreasing rate over the course of the measurement after ini-
tial exposure of the detector material. The energies of the lines
correspond to the L1 and M1 shell binding energies of 179Hf
with literature values of EM1 =2.60 keV and EL1 =11.27 keV,
respectively [14]. As already mentioned in section IV 1, the
clearly identifiable 11.27 keV line was used to fine-adjust the
energy scale, and therefore to give an accurate energy infor-
mation in the relevant low-energy regime. These features were
already observed in CRESST-II [11, 15]. Additionally, a pop-
ulation of events at ⇠540 eV is visible, which hints at EC
decays from the N1 shell of 179Hf with a literature value of
EN1 =538 eV [14].

Below 200 eV, an excess of events above the flat back-
ground is visible, which appears to be exponential in shape.
Due to decreasing discrimination at low energies, it cannot be
determined whether this rise is caused by nuclear recoils or
b /g events (see figure 5). It should be emphasized that noise
triggers are not an explanation for this excess, as it extends too
far above the threshold of 30.1 eV. According to the definition
of the trigger condition in section III 1, the expected number of
noise triggers for the full dataset would be around 3.6. We ob-
serve an excess of events at lowest energies in all CRESST-III
detector modules with thresholds below 100 eV; the shape of
this excess varies for different modules, which argues against
a single common origin of this effect. No clustering in time of
events from the excess populations is observed.

SciPost Physics Submission

Figure 10: Energy spectra acquired during SuperCDMS-HVeV Run1 (R1) and Run2 (R2).
An additional point is added above each electron-hole pair peak to highlight the event
rate contained in a 3� window around the peak (corresponding to the counts in the
peak). Each point has a 3� uncertainty on the number of counts. The black curve
represents a DM-electron scattering model with DM form factor FDM/ 1/q2 and a DM
mass of 1 GeV/c2 for an impact ionization of 2% and for a charge trapping of 11%. The
uncertainty considers the trapping varying in the range 0 - 15%. (Figure and caption
from [50]).

low as the ones measured with HVeV [53]. In this paper, the total phonon energy measured in the
HVeV devices is converted into electron equivalent energy depositions (see Fig. 20) using Eq. 2
which is thus only to be considered a first order approximation.

The energy spectra observed in HVeV Run1 and Run2 are shown in Fig. 10. Periods of unstable
environmental conditions (high voltage, temperature) were removed or corrected for and various
event-based selection criteria were applied to the data to identify single pulses induced by particle
interactions inside the target material. The energy and start time of all pulses were reconstructed
using an optimal filter (OF) algorithm [51,54] and a 650 nm (635 nm) laser was used to calibrate
the Run1 (Run2) data. Both final spectra feature the quantized nature of the initial signal, where
the first (second, third, ...) peak refers to one (two, three, ...) electron-hole pair created. The
fill-in between the peaks is largely due to impact ionization and charge trapping [51].

A current hypothesis suggests that a large fraction of the events observed in the spectra shown
in Fig. 10 is due to luminescence induced in material in the direct vicinity of the target material.
The SuperCDMS collaboration is testing this hypothesis.

2.1.6 SuperCDMS - CPD

Section editor: Samuel Watkins (samwatkins@berkeley.edu)

This section describes the Cryogenic PhotoDetector (CPD) used and the data acquired during
the SuperCDMS-CPD DM search [13,55].

Detector concept and setup The substrate of the detector is a 10.6 g Si wafer of 1 mm thickness
and 45.6 cm2 surface area. On one side of the wafer, a single uniformly-distributed channel of
QETs was deposited, which operate at a superconducting critical temperature of Tc = 41.5 mK.
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Figure 12: (Figure and caption from Ref. [13]) Measured energy spectrum in the DM-
search ROI for the full exposure after application of the quality cuts. The data have been
normalized to events per gram per day per eV and have been corrected for the event-
selection efficiency, but not the trigger efficiency. The inset shows the calibrated EETF
spectrum up to 7 keV, noting the locations of the different spectral peaks. The known
values of the dashed lines are 1.5, 5.9, and 6.5 keV for the Al fluorescence (pink), 55Fe
K↵ (blue), and 55Fe K� (cyan) lines, respectively. The two dotted gray lines between 4
and 5keV in calibrated EETF are the Si escape peaks [56].

detector. It has been shown that Cherenkov interactions and transition radiation could only ac-
count for up to 10% of the observed background [57], thus these cannot fully explain the observed
excess. SuperCDMS is analyzing data obtained from operating this detector in an underground
setting to study the other background candidates. There are also plans to test clamping schemes
designed to reduce stress microfractures, with a concurrent goal of reducing sensitivity to pulse-
tube cryocooler vibrations.

In this section, we described the observations of low energy excess signals in cryogenic detec-
tors. We continue in the following section with observations from CCD detectors.

2.2 CCD detectors

Charge Coupled Devices (CCDs) are used in many scientific applications. A CCD consists of a
semiconductor substrate (usually silicon, though germanium CCDs are under development [58])
with a thickness of up to 1 mm, patterned with an array of pixels and depleted of free charges
using an applied bias voltage. Electron-hole pairs generated in the substrate are collected in the
pixels and shifted to readout transistors, which give a measurement of the charge deposited in
each pixel. In the context of DM detection, CCDs are able to measure DM interactions that deposit
energies as small as the semiconductor band-gap, i.e., of the order of a few eV, thus enabling the
detection of MeV-scale DM [59,60]. In contrast with cryogenic detectors, CCDs for DM detection
are operated at relatively high temperatures, between 100 to 150 K. The output signal of a CCD
is proportional to the charge collected in each pixel, with the charge resolution being limited by
electronic noise in the readout transistor. The energy resolution is additionally subject to the pro-
cess of converting energy to electron-hole pairs; on average, each 3.8 eV of electron recoil energy
produces an additional electron-hole pair, but the precise number is subject to fluctuations that
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collaboration for its above-ground searches with the detector RED20 [4] and its underground
searches for interactions with electrons with the detector RED30 [5]. The following discussion and
observations also apply to the CryoCube detector array [36] of the future Ricochet experiment [37]
using similar HPGe cryogenic detector tuned for above-ground operations in the context of CE⌫NS
searches at nuclear reactors.

Figure 3: Left and center panels: picture of the 33.4 g EDELWEISS detectors RED20
and RED30, respectively, in their copper holder. The exposed side shows the Ge-NTD
thermistances glued on the top side. Right: Efficiency-corrected event rates, in events
per kgd and per keV, as a function of the total phonon energy in eV. Green dashed:
RED20. Red and blue points: spectra recorded by RED30 with biases of 15 and 78 Volt,
respectively. The rises below 300 eV correspond to the onset of the read-out noise. The
lines are fits to guide the eyes.

Detector concept and setup The absorbers of both detectors are 33.4 g ultra-pure germanium
cylindrical crystals with a diameter of 20 mm and a height of 20 mm. The thermal sensor is a
Ge-NTD thermistance of 2⇥ 2⇥ 0.5 mm3, glued on the top surface of the crystal. The electrical
contacts are gold wires bonded to the Ge-NTD on one side and to gold pads deposited on a Kapton
tape glued to the copper housing of the detector, on the other side. The thermal link between the
absorber and the housing goes through the Ge-NTD and these wires. It is dimensioned as to result
in a main decay time constant of the order of 20 ms, sufficiently large compared to its risetime of
⇠6 ms. The crystal of RED20 (see Fig. 3 left panel) is held by six L-shaped PTFE clamps (three
on the top and three on the bottom), each having a mass of 50 mg. For RED30 (see Fig. 3 middle
panel), the three bottom clamps were replaced with sapphire spheres with a diameter of 3.18 mm,
held up by chrysocale clamps. The voltage drop across the Ge-NTD is measured differentially
via a biFET cooled-down to ⇠100 K. To further cancel common electronic noise, the current is
modulated from positive to negative values following a square wave function with a frequency
chosen as to optimise the baseline resolution. The chosen frequency were 400 and 500 Hz for
RED20 and RED30, respectively.

The main difference is that RED30 is equipped with electrodes to enhance the thermal sig-
nal using the Neganov-Trofimov-Luke effect [26, 27]. Two aluminum electrodes were photo-
lithographed on each of the two planar surfaces: a central electrode in a grid layout (square
meshing with a 500 µm pitch), and a guard electrode made of a concentric ring on the outer
edges of the surface. A 2⇥2 mm2 area was left empty at the center of one face to allow for the
direct gluing of the Ge-NTD on the germanium surface. The grid pattern was chosen as to keep

12

SUPERCDMS - CPD EDELWEISSSUPERCDMS - HVeVCRESST-III

https://arxiv.org/abs/2202.05097
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LOW ENERGY EXCESS
Cryogenic detectors are observing an excess of events below about 200 eV, which limits the sensitivity 

• Exponentially decaying


• Different rates in different detectors


• Different origins are possibile


• A solution is needed for the future of 

this technique

SciPost Physics Submission
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(a) Energy spectra of measurements with units of total energy deposition. The apparent peaks in the
CRESST (SuperCDMS CPD) data at 30 eV (20 eV) are caused by the trigger threshold and discussed in the
main text.

(b) Energy spectra of measurements with units of electron equivalent energy deposition. Note that this
energy scale can only be approximated for SuperCDMS HVeV data (see Sec. 2.1.5).

Figure 20: (a, b) (left, large) Energy spectra of excess observations from the individual
experiments . In all energy spectra, the rise at low energies is visible. (right, small)
Zoom into the excess region of the spectrum [15].

measurements among the collaborations joining the EXCESS workshop. In this paper, we sum-
marized 13 individual measurements performed within 10 collaborations, as presented during
the workshop in June 2021. We attempt to provide an objective view on the observed data and
comprehensively compare the properties of the different measurements. Interpretations and con-
clusions are left to the readers and will furthermore be the topic of a follow-up event planned for
February 2022 [96]. Additionally, a satellite workshop in the course of the Identification of Dark
Matter (IDM) 2022 conference is planned. To uncover the origins of the observed excess signals,
the community encourages the continuing exchange and discussion of ideas and data, and invites
everyone to join the upcoming events planned within this initiative.

36

https://github.com/fewagner/excess

https://github.com/fewagner/excess
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LOW ENERGY EXCESS: WORKSHOP
Cryogenic detectors are observing an excess of events below about 200 eV, which limits the sensitivity 

arXiv:2202.05097
A remarkable worldwide effort has been undertaken to understand the origin of these events
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EXCESS22@IDM REPORTEXCESS22@IDM

https://arxiv.org/abs/2202.05097
https://indico.cern.ch/event/922783/contributions/4883379/attachments/2482594/4262085/EXCESS_initiative_latest_news_IDM22.pdf
https://indico.cern.ch/event/1117540/
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LOW ENERGY EXCESS: NEWS
V. NOVATI for the SuperCDMS collaboration 

 

EXCESS22@IDM

21

HVeV R2 HVeV R3 HVeV R4

o Burst events detection and study
o Hypothesis: originated by SiO2 in 

the detector holder (PCB)

o Coincidence measurement
o Confirmed external origin of this 

background and its reduction with 
coincidence cut

o Removed PCB from the detector 
holder

o Elimination of the quantized 
background above 1 eh peak

21

HVeV R2 HVeV R3 HVeV R4

o Burst events detection and study
o Hypothesis: originated by SiO2 in 

the detector holder (PCB)

o Coincidence measurement
o Confirmed external origin of this 

background and its reduction with 
coincidence cut

o Removed PCB from the detector 
holder

o Elimination of the quantized 
background above 1 eh peak

• By doing coincidence measurements, SuperCDMS identified some 
events in the excess as originated by SiO2  in the detector holder. 

• Events removed by coincidence cut

https://indico.cern.ch/event/1117540/contributions/4907094/attachments/2480975/4259027/20220716_excess_SuperCDMS_Novati_final.pdf
https://indico.cern.ch/event/1117540/


Vanessa ZEMASeptember 7 | RICAP 2022 20

LOW ENERGY EXCESS: NEWS
D. FUCHS for the CRESST collaboration 

Energy spectra
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I Excess seen in all detectors!
I Rate does not scale with mass
I Common single particle origin like DM or external radiation

disfavoured

D. Fuchs, M. Kaznacheeva, A. Kinast, A. Nilima Latest observations on the LEE July 16, 2022 16

EXCESS22@IDM

Si
LiAlO2
Al2O3

CaWO4
CaWO4

By comparing the low energy excess in different materials CRESST showed that: 
1. the excess is present in all detectors 
2. the rate does not scale with the mass 
3. hypotheses of dark matter and external radioactive background are disfavoured

https://indico.cern.ch/event/1117540/contributions/4907095/attachments/2480979/4259036/Excess_CRESST.pdf
https://indico.cern.ch/event/1117540/
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LOW ENERGY EXCESS: NEWS EXCESS22@IDM

Time dependence
55

Fe source as reference

∆ Can exclude external and intrinsic radioactivity
And another argument against a DM origin

D. Fuchs, M. Kaznacheeva, A. Kinast, A. Nilima Latest observations on the LEE July 16, 2022 23

Observations: 
1. Neutron calibration did not affect the LEE 
2. The warm up to 60 K affects the LEE with a large increase in the rate 
3. The warm up to 600 mK and 200 mk did not affect the rate 
4. The time constant estimated from an exponential fit of the after warm up (AWU) data is smaller than the one 

of the background  (BCK) data before warm up.

Decay times
I Comparable decay times
I Mean: (18 ± 7) days

But: LEE decays much faster after Warm up

D. Fuchs, M. Kaznacheeva, A. Kinast, A. Nilima Latest observations on the LEE July 16, 2022 22

D. FUCHS for the CRESST collaboration 

https://indico.cern.ch/event/1117540/
https://indico.cern.ch/event/1117540/contributions/4907095/attachments/2480979/4259036/Excess_CRESST.pdf
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LOW ENERGY EXCESS: NEWS EXCESS22@IDM

D. McKinsey for the HeRALD/SPICE (TESSERACT) Collaborations
 

An Apples-to-Apples Demonstration

● Two essentially identical TES/QET based athermal phonon detectors
○ 1 cm2 by 1 mm thick silicon absorber
○ Same run, same optical cavity, very similar readout electronics…

● One glued down to copper substrate (high stress)
● One suspended from wire bonds (low stress) 
● No calibrations, but can directly measure energy absorbed in TES

High stress Low stress 6

• Two tests with 1 cm2 and 1mm thick Si were performed: once the wafer was hold glued to the holder (high stress) 
and once suspended by wire bonds. 

• The result shows that an increase in the low energy excess is obtained in the "high stress" case. The excess is still 
present in the low stress case.

An Apples-to-Apples Demonstration

● Two essentially identical TES/QET based athermal phonon detectors
○ 1 cm2 by 1 mm thick silicon absorber
○ Same run, same optical cavity, very similar readout electronics…

● One glued down to copper substrate (high stress)
● One suspended from wire bonds (low stress) 
● No calibrations, but can directly measure energy absorbed in TES

High stress Low stress 6

Time Dependence of Excess

9

Muons, etc.
Similar backgrounds

Differing backgrounds

PRELIMINARY

22

https://indico.cern.ch/event/1117540/
https://indico.cern.ch/event/1117540/contributions/4956923/attachments/2481024/4259148/EXCESS%202022%20Slides%20Romani%20Roger.pdf


Vanessa ZEMASeptember 7 | RICAP 2022 23

LOW ENERGY EXCESS: NEWS EXCESS22@IDM

D. McKinsey for the HeRALD/SPICE (TESSERACT) Collaborations
 

High stress

• Two tests with 1 cm2 and 1mm thick Si were performed: once the wafer was hold glued to the holder (high stress) 
and once suspended by wire bonds. 

• The result shows that a huge increase in the low energy excess is obtained in the "high stress" case. The excess is 
still present in the low stress case.

Low stress

Muons, etc.
Similar backgrounds

Differing backgrounds

PRELIMINARY

THIS IS AN EXTRACT OF THE FINDINGS DISCUSSED AT THE EXCESS WORKSHOP.  
FOR THE FULL OVERVIEW GO HERE: 

EXCESS22@IDM 
EXCESS22@IDM REPORT

https://indico.cern.ch/event/1117540/
https://indico.cern.ch/event/1117540/contributions/4956923/attachments/2481024/4259148/EXCESS%202022%20Slides%20Romani%20Roger.pdf
https://indico.cern.ch/event/1117540/
https://indico.cern.ch/event/922783/contributions/4883379/attachments/2482594/4262085/EXCESS_initiative_latest_news_IDM22.pdf
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2

SuperCDMS  
SNOLAB

SNOLAB
SuperCDMS Soudan

EDELWEISS

CRESST 
COSINUS

SOUDAN MINE

MODANE

LNGS

TESSERACT
BERKLEY LAB

DIFFERENT GOALS - DIFFERENT CHALLENGES


• CRESST, EDELWEISS, SUPERCDMS and 
TESSERACT aim at reaching the lowest threshold 
and probe the unexplored DM parameter area -> 
struggling against a new source of events at low 
energy limiting the sensitivity


• COSINUS is developing NaI cryogenic detectors 
to cross-check the annual modulation signal 
detected by the DAMA/LIBRA experiment



COSINUS

Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the standard
parameters for an isothermal WIMP halo: ⇢0 = 0.3GeV/cm

3, v0 = 220 km/ s, vesc = 544 km/ s. Results
labelled "M" were obtained assuming the Migdal effect [131]. Results labelled "Surf" are from experiments
not operated underground. The ⌫-floor shown here for a Ge target is a discovery limit defined as the cross
section �d at which a given experiment has a 90% probability to detect a WIMP with a scattering cross sec-
tion � > �d at �3 sigma. It is computed using the assumptions and the methodology described in [151, 153],
however, it has been extended to very low DM mass range by assuming an unrealistic 1meV threshold below
0.8GeV/c

2. Shown are results from CDEX [155], CDMSLite [156], COSINE-100 [157], CRESST [158, 159],
DAMA/LIBRA [160] (contours from [161]), DAMIC [162], DarkSide-50 [163, 164], DEAP-3600 [144], EDEL-
WEISS [165,166], LUX [167,168], NEWS-G [169], PandaX-II [170], SuperCDMS [171], XENON100 [172] and
XENON1T [41, 173–175].

Bubble chambers filled with targets containing 19F have the highest sensitivity to spin-dependent
WIMP-proton couplings. The best limit to date is from PICO-60 using a 52 kg C3F8 target [176]. At
lower WIMP mass, between 2GeV/c

2 and 4GeV/c
2, the best constraints come from PICASSO (3.0 kg

of C4F10 [177]). CRESST used crystals containing lithium to probe spin-dependent DM-proton interac-
tions down to DM mass of ⇠800MeV/c

2 [178]. The strongest constraints on spin-dependent WIMP-
neutron scattering above ⇠3GeV/c

2 are placed by the LXe TPCs with the most sensitive result to-date
coming from XENON1T [41,179]. The results from the cryogenic bolometers (Super)CDMS [180,181]
and CRESST give the strongest constraints below ⇠3GeV/c

2. CDMSLite [182] uses the Neganov-
Trofimov-Luke effect to constrain spin-dependent WIMP-proton/neutron interactions down to m� =

1.5GeV/c
2 and CRESST-III [159] exploits the presence of the isotope 17O in the CaWO4 target to

constrain spin-dependent WIMP-neutron interactions for DM particle’s mass as low as 160MeV/c
2.

Exploiting the Migdal effect again significantly enhances the sensitivity of LXe TPCs to low-mass DM
with XENON1T providing the most stringent exclusion limits for both, spin-dependent WIMP-proton
and WIMP-neutron couplings between 80MeV/c

2
� 2GeV/c

2 and 90MeV/c
2
� 2GeV/c

2, respect-

27

CROSS-CHECK OF THE DAMA/LIBRA’S RESULT



January

June

DAMA/LIBRA is detecting an annually modulating signal compatible with the 
expectations for dark matter but which has not been observed by any other 
experiment so far



Vanessa ZEMASeptember 7 | RICAP 2022 25

COSINUS CROSS-CHECK OF THE DAMA/LIBRA’S RESULT

NaI is hygroscopic and has a low melting point. 
It does not survive any TES fabrication process

Thus COSINUS implemented a "remoTES", 
where the sensor is fabricated on a separate 
wafer and connected to the absorber through a 
gold bonding wire and a gold pad

COSINUS employs NaI absorbers, to use the 
same target material as DAMA/LIBRA

COSINUS uses the Transition Edge Sensors 
developed by CRESST

arXiv:2111.00349v1

https://arxiv.org/abs/2111.00349
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COSINUSTHE ADVANTAGES ARE LOW THRESHOLD AND PARTICLE DISCRIMINATION 

K. SCHÄFFNER | IDM 2022

SIMULATED DATA 
(100 kg day gross exposure): 

•20 ppb of 40K + 1 cpd/(keV kg) 
•Baseline resolution for NaI 0.2 keV  
•efficiency between 20-50% at 1-2 keV and 
at 50% above 2keV 

•Energy in light: 4% 
•QF for Na ~ 0.3, QF for I ~ 0.09 
•σSI= 2 x 10-4 pb (mDM=10 GeV/c2)

Eur. Phys. J. C 76, 441 (2016)

DAMA’S ROI

https://indico.cern.ch/event/922783/contributions/4892777/attachments/2482368/4261651/COSINUS_IDM_schaeffner_final.pdf
https://link.springer.com/article/10.1140/epjc/s10052-016-4278-3#citeas
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SIMULATED DATA 
(100 kg day gross exposure): 

•20 ppb of 40K + 1 cpd/(keV kg) 
•Baseline resolution for NaI 0.2 keV  
•efficiency between 20-50% at 1-2 keV and 
at 50% above 2keV 

•Energy in light: 4% 
•QF for Na ~ 0.3, QF for I ~ 0.09 
•σSI= 2 x 10-4 pb (mDM=10 GeV/c2)

Eur. Phys. J. C 76, 441 (2016)

COSINUS’ ROI

https://indico.cern.ch/event/922783/contributions/4892777/attachments/2482368/4261651/COSINUS_IDM_schaeffner_final.pdf
https://link.springer.com/article/10.1140/epjc/s10052-016-4278-3#citeas
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COSINUSTHE ADVANTAGES ARE LOW THRESHOLD AND PARTICLE DISCRIMINATION 

PHONON+SCINTILLATION

neutron bands

e-/γ bands

inelastic band

Particle discrimination demonstrated for the 
first time in NaI

NaI-remoTES 
• NaI grown by 
• 5-6 ppb of natK achieved 
• 1 cm3 

• Gold pad glued with epoxy 
• Gold pad size 4 mm2 

• W-TES of sapphire wafer 

0.39 keV baseline resolution

Silicon beaker  
• 4 cm diameter and height 
• 1 mm thickness 
• 15 g 
• W-TES evaporated on the surface 
• 20 eV baseline resolution 

best performance:  
10.2 eV baseline resolution

JUNE 2022 : underground measurement at 
CRESST test facility at LNGS 

K. SCHÄFFNER | IDM 2022

https://indico.cern.ch/event/922783/contributions/4892777/attachments/2482368/4261651/COSINUS_IDM_schaeffner_final.pdf
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COSINUSLOCATION

 
XENON nT

https://indico.cern.ch/event/922783/contributions/4892777/attachments/2482368/4261651/COSINUS_IDM_schaeffner_final.pdf
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COSINUSSTATUS OF THE FACILITY CONSTRUCTION

 

OCTOBER 2021

WATER TANK

JANUARY 2022

DRY WELL

JUNE 2022 AUGUST 2022

CLEAN ROOM SERVICE BUILDING

Planned to be completed by 2023

https://indico.cern.ch/event/922783/contributions/4892777/attachments/2482368/4261651/COSINUS_IDM_schaeffner_final.pdf
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COSINUSSTATUS OF THE FACILITY CONSTRUCTION

 

OCTOBER 2021

WATER TANK

JANUARY 2022

DRY WELL

JUNE 2022 AUGUST 2022

CLEAN ROOM SERVICE BUILDING

Planned to be completed by 2023

STAY TUNED!

https://indico.cern.ch/event/922783/contributions/4892777/attachments/2482368/4261651/COSINUS_IDM_schaeffner_final.pdf


Thermal bath

CRYOGENIC DETECTORS

LOW ENERGY THRESHOLD 

DUAL CHANNEL BACKGROUND REJECTION 

LIMITS FOR DARK MATTER - NUCLEI INTERACTIONS 

LIMITS FOR DARK MATTER - ELECTRON INTERACTIONS  

SHARED EFFORT TO EXPLAIN  LOW ENERGY EXCESS 

VERSATILE 

INVOLVED IN ANNUAL MODULATION SEARCHES 

WORKING PRINCIPLE UNDERSTOOD, BUT A LOT TO STILL DISCOVER…

THANK YOU



BACKUP
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ATHERMAL AND THERMAL PHONONS

76 F. Pr~ibst et al. 

After a few surface reflections the non-therma! phonons uniformly fill 
the crystal. For the present detector a time of order L/v ~ 10 # s is required 
to establish this uniform distribution, where L = 4 cm is the largest crystal 
dimension and v = 5 x 10 3 m/s  is a typical sound velocity. This time is short 
compared to the observed signal rise time of 15 to 250/zs. When such a 
high-frequency phonon enters the thermometer it is efficiently absorbed 
by the free electrons of the metal film. The strong interaction among 
the electrons quickly shares and thermalizes the phonon energy, heating 
the electron system in the thermometer. Due to this absorption of high- 
frequency phonons the electrons experience a time-dependent power input 
Pe(t). This is the origin of the fast signal component. 

Part of the energy thermalized by the electrons escapes into the heat 
sink via the Au wire attached to one end of the thermometer; the rest is 
radiated back as thermal phonons across the interface into the absorber, 
and leads to a rise of the absorber temperature which induces the slow 
component. At very low temperatures the weak thermal conductance 
Gep oc T 5 between electrons and phonons in the thermometer impedes this 
energy flow into the absorber and the dominant process is the heat conduc- 
tion along the film into the heat sink. (A discussion of the temperature 
dependence of Gep is given in Appendix A.) 

Gab 

/1111111111111 Tu 

! C~l Te Oepl Pe (t).,I 
f I 

heat bath 

electrons in 
thermometer 

phonons in 
thermometer 

Ca, T. phonons in 
absorber 

Fig. 6. Thermal model of the detector. T b is the temperature of the 
heat bath, T~ and Ta are the temperatures of the electron system 
in the thermometer and of the phonon system in the absorber, respec- 
tively, Ce and Ca are their heat capacities, and Pe and P .  are the 
energy flows from non-thermal phonons  into them. Gab, Gob and G~. 
are the thermal conductances. 

Ce
dTe

dt
+ Gea(Te − Ta) + Geb(Te − Tb) = Pe(t)

Ca
dTa

dt
+ Gea(Ta − Te) + Gab(Ta − Tb) = Pa(t)

·x(t) = A x + f(t)

x(t = 0) = (Tb

Tb)

ΔTe(t) = θ(t)[An (e−t/τn − e−t/τin

Non−thermal

) + At (e−t/τt − e−t/τn)

Thermal

]

A general model for TES-based cryogenic detectors was published in 1995  by F. Pröbst et al. 
J. Low Temp. Phys. 100,69 (1995))
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https://link.springer.com/article/10.1007/BF00753837
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SuperCDMS
CDMS 
Stanford Underground Facility

BLIP (Ge, NTD) detectors

ZIP (Si, TES) detectors 

completed 

Phys. Rev. D 66 (2002) 122003 (BLIP)

Phys.Rev. D 68 (2003) 082002 (ZIP)

CDMS-II 
Soudan Underground Lab.

ZIP detectors (Ge, Si, TES)


completed 
NIMA Volume 444, Issues 1–2 (2000), Pages 
308-311 
Applied Physics Letters 100, 232601 (2012) 

HISTORY

  >1996 > 2005 > 2009

SuperCDMS SNOLAB 
SNOLAB


under construction 

today

• BLIP: Berkley Large Ionization-and-Phonon-mediated detector 


• ZIP: Z-sensitive Ionization-and-Phonon-mediated detector 


• iZIP: interleaved ZIP (a ZIP detector where the electrodes are interleaved with the phonon detector)


• CDMSlite: Cryogenic Dark Matter Search low ionization threshold experiment (high voltage, 50–80 V)


• HV: High Voltage (high voltage, ~100 V, not different from CDMSlite)


• HVeV: High Voltage eV resolution (a gram-scale ZIP high-voltage prototype with eV-scale resolution, 140 V)


• CPD: Cryogenic PhotoDetector (45.6 cm2 area instrumented with QETs, of a 1mm thick Si-detector, )σE ≃ 3.9 eV

SuperCDMS Soudan  
Soudan Underground Lab.

iZIP, CDMSlite, HV, HVeV, CPD


ongoing 
J Low Temp Phys (2014) 176:959–965 (iZIP) 
Phys.Rev.D 97 (2018) 2, 022002 (CDMSlite)

PRL 121, 051301 (2018)  (HVeV)

Appl.Phys.Lett. 118 (2021) 2, 022601 (CPD)
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SuperCDMS Soudan (iZIP)
Location: Soudan Underground Laboratory 
Absorber:  Ge - 15 cylinders, 0.62 kg each 
Thermometer: TES in a QET configuration 
Base temperature: 50 mK  
Dual channel: ionisation and phonons 
More details: interleaved z-sensitive ionisation and phonon 
detectors (iZIPs) measure ionization and athermal phonons from 
particle interactions with sensors  (TESs) on both sides of the Ge 
crystal  
Pulse shape from primary phonon absorption depends on position 
Luke-Neganov phonons enhance the position dependence, as 
they are emitted as electron-hole drifts near the surface and have 
frequencies of 0.3 and 0.7 Hz. Potential for pulse shape 
discrimination at the low energies where the ionisation signal is not 
produced anymore. 

960 J Low Temp Phys (2014) 176:959–965

Fig. 1 iZIP detector (left) and the layout of phonon-sensing QETs on each side, with the partitioning into
each phonon channel shown by the dashed red lines (right). (Color figure online)

crystals and grouped in parallel arrays to form eight phonon channels (Fig. 1). These
phonon channels measure non-equilibrium phonons produced by particle interactions
in the detector. Electron-hole pairs are also produced by particle interactions, and this
ionization energy is measured by electrodes that are interleaved with the phonon sen-
sors. When a WIMP scatters off a nucleus, it produces a nuclear recoil as opposed to
the electronic recoils produced by the majority of background radiation. At a fixed
recoil energy, the fraction of energy deposited in ionization, called the ionization yield,
is approximately 0.3 for nuclear recoils (NR), while it is 1 for electronic recoils (ER).
The simultaneous measurement of ionization and phonons therefore provides powerful
discrimination between well-reconstructed electronic and nuclear recoils.

Background events near the top and bottom surfaces and around the outer sidewall
of an iZIP can exhibit ionization yield below 1, increasing the chance of leaking into
the NR signal band. Betas at 100 keV and gammas at 10 keV stop at about 50 µm from
the surface, where ionization collection can be lower due to back-diffusion of energetic
charges into the wrong polarity electrode [1]. Radiogenic nuclei such as 206Pb from
decay of 210Pb implanted on nearby passive material produce nuclear recoils with
ionization yield about 0.2 and a penetration length of microns. Finally, the electric
field is weak and fringing near the outer sidewall of the detector, which may cause
charge trapping that reduces the yield of all events, including high-energy gammas.

The ionization electrode structure of the iZIP efficiently tags potential background
events at both high radius and near the surface. An outer guard electrode forms a
ring around the outer edge of each detector face, which measures a signal when the
event is at high radius. The phonon and charge sensors are biased at 0 and +2 V (−2
V), respectively, on side 1 (side 2). This arrangement produces an overall drift field
that causes electrons and holes to drift to opposite sides of the detector when an event
occurs in the bulk. Electrons and holes from events near the surface, on the other hand,
both drift to the same side of the crystal. The difference in charge collection between
the two sides is therefore a powerful discriminator of surface events [2,3].

Since the phonon channels are sensitive to non-equilibrium phonons, some of the
position information of the event is contained in the pulse shapes measured by the
phonon sensors and the partitioning of energy between the different channels. Phonon-
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