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Spiral Galaxy M33

 Evidence from gravitational interactions 
over many distance scales

 Rotational curves 
 Gravitational lensing
 Cosmic microwave background
 Large scale structure formation

 Corresponds to 85% of the matter 
content of the universe
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These limits are for weakly-interacting stable particles that may constitute
the invisible mass in the galaxy. Unless otherwise noted, a local mass
density of 0.3 GeV/cm3 is assumed; see each paper for velocity distribution

assumptions. In the papers the limit is given as a function of the X0 mass.
Here we list limits only for typical mass values of 20 GeV, 100 GeV, and 1
TeV. Specific limits on supersymmetric dark matter particles may be found
in the Supersymmetry section.
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Isoscalar coupling is assumed to extract the limits from those on X0–nuclei
cross section.
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VALUE (pb) CL% DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

<2.0 × 10−7 90 1 AGNESE 14 SCDM Ge

<3.7 × 10−5 90 2 AGNESE 14A SCDM Ge
<1 × 10−9 90 3 AKERIB 14 LUX Xe

<2 × 10−6 90 4 ANGLOHER 14 CRES CaWO4
<5 × 10−6 90 FELIZARDO 14 SMPL C2ClF5
<8 × 10−6 90 5 LEE 14A KIMS CsI
<2 × 10−4 90 6 LIU 14A CDEX Ge
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<3.1 × 10−6 90 10 AGNESE 13 CDM2 Si

<3.4 × 10−6 90 11 AGNESE 13A CDM2 Si

<2.2 × 10−6 90 12 AGNESE 13A CDM2 Si
<5 × 10−5 90 13 LI 13B TEXO Ge

14 ZHAO 13 CDEX Ge

<1.2 × 10−7 90 AKIMOV 12 ZEP3 Xe
15 ANGLOHER 12 CRES CaWO4

<8 × 10−6 90 16 ANGLOHER 12 CRES CaWO4
<7 × 10−9 90 17 APRILE 12 X100 Xe

18 ARCHAMBAU...12 PICA F (C4F10)

<7 × 10−7 90 19 ARMENGAUD 12 EDE2 Ge
20 BARRETO 12 DMIC CCD
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1. ACCELERATORPHYSICS OFCOLLIDERS

Revised July 2011 by D. A. Edwards (DESY) and M. J. Syphers (MSU)

1.1. Luminosity

X0 mass: m =?

X0 spin: J =?

X0 parity: P =?

X0 lifetime: ⌧ =?

X0 scattering cross-section on nucleons: ?

X0 production cross-section in hadron colliders: ?

X0 self-annihilation cross-section: ?

X0 spin: J =?

J = 1/2 These limits are for weakly interacting
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J = 1/2

This article provides background for the High-Energy Collider Parameter Tables that
follow. The number of events, Nexp, is the product of the cross section of interest, �exp,
and the time integral over the instantaneous luminosity, L:

Nexp = �exp ⇥
Z

L (t) dt. (1.1)

Today’s colliders all employ bunched beams. If two bunches containing n1 and n2
particles collide head-on with frequency f , a basic expression for the luminosity is

L = f
n1n2

4⇡�x�y
(1.2)
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Job done?
Standardmodell der Teilchenphysik

Nur eine “effektive” Theorie bei 
“niedrigen Energien” 

Wir erwarten neue Phänomene 
und Teilchen wenn wir noch 
höhere Energien (zB am LHC) 
testen

Insbesondere ist kein Teilchen des 
Standardmodells ein möglicher 
Kandidat für die dunkle Materie 
(auch nicht das Higgs Teilchen!)

DM
dark matter
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Job done?
Standardmodell der Teilchenphysik

Nur eine “effektive” Theorie bei 
“niedrigen Energien” 

Wir erwarten neue Phänomene 
und Teilchen wenn wir noch 
höhere Energien (zB am LHC) 
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dark matter

No known particle fits the bill!
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Wide field of possibilities!
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Cosmic visions 
arXiv:1707.04591
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Dark Matter Direct Detection
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 Many handles to confirm  possible signals
 Recoil energy distribution
 Seasonal variation of flux
 Directional detection



5

Direct Detection: Landscape
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New Experiment With Spheres - Gas
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9th collaboration meeting, December 2020

 NEWS-G Collaboration
 5 countries
 10 institutes 
 ~40 collaborators

 Three underground laboratories
 SNOLAB
 Laboratoire Souterrain de Modane
 Boulby Underground Laboratory
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Direct Detection: Light Dark Matter

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs

Favourable recoil energy distribution for lighter targets

For lighter elements more of the recoil energy turns into detectable signal

Recoil Energy Distribution
mDM=1 GeV

See talks by Marie Vidal 
and Jean-Francois Caron
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Electric field scales as 1/r2, volume divided in:  “drift” and “amplification” regions
Capacitance independent of size: low electronic noise
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Spherical Proportional Counter
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Electric field scales as 1/r2, volume divided in:  “drift” and “amplification” regions
Capacitance independent of size: low electronic noise

found that this approximation significantly improves the code performance in terms of CPU, without
appreciable loss of information. These “electron-ion” pairs are passed to the Geant4 end-of-event
action, via the sensitive-detector hit collection, for signal formation. The current singal is estimated
using Garfield++ to simulate the drift of the ions and electrons with Runge-Kutta-Fehlberg drift
line integration. A Garfield++ sensor object calculates the current induced by each “electron-ion”
pair using the Shockley-Ramo theorem [15, 16].

An example simulated current signal produced by the interaction of a 2.38 keV electron, from
the decay of 37Ar to 37Cl via electron capture, is shown in Fig. 7a. The arrival of each ionisation
electron at the anode results in distinct spikes in the current as each avalanche occurs. The current
signal is integrated and processed through an electronics module to form the voltage pulse, as
shown in Fig. 7b, which shows the transformation of Fig. 7a. In this case, a simple charge sensitive
amplifier with an integration time constant of 150 µs is used.
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(b) Voltage signal

Figure 7: (a) The current induced and (b) the readout pulse produced by a 2.38 keV electron
interacting in the gas Ar:CH4(98% : 2%) at 300 mbar from an initial radius of 10 cm.

3 Simulation Results

A 15 cm radius detector was simulated using a 1 mm radius anode at 1430 V and several gas
mixtures. Two configurations were tested: an ideal detector with the analytic field and an ANSYS
field map of a laboratory configuration of the support structure and correction electrode.

3.1 E�ect of the Gas Mixture

Figure 8 shows example pulses produced by 2.38 keV electrons, with identical initial positions, in
two di�erent gases with the laboratory configuration, demonstrating a number of features. The
mean amplitude of the pulses in He:Ne:CH4 is (6.3 ± 1.5) Arb. Units and is (2.5 ± 0.5) Arb. Units
in Ne:CH4, as expected from the Townsend and attachment coe�cients shown in Fig. 5c. The gain
fluctuations are demonstrated by the variance in amplitude between pulses produced under the same
conditions. The time at which the pulses start forming is di�erent, as expected by the drift velocity

– 6 –

found that this approximation significantly improves the code performance in terms of CPU, without
appreciable loss of information. These “electron-ion” pairs are passed to the Geant4 end-of-event
action, via the sensitive-detector hit collection, for signal formation. The current singal is estimated
using Garfield++ to simulate the drift of the ions and electrons with Runge-Kutta-Fehlberg drift
line integration. A Garfield++ sensor object calculates the current induced by each “electron-ion”
pair using the Shockley-Ramo theorem [15, 16].

An example simulated current signal produced by the interaction of a 2.38 keV electron, from
the decay of 37Ar to 37Cl via electron capture, is shown in Fig. 7a. The arrival of each ionisation
electron at the anode results in distinct spikes in the current as each avalanche occurs. The current
signal is integrated and processed through an electronics module to form the voltage pulse, as
shown in Fig. 7b, which shows the transformation of Fig. 7a. In this case, a simple charge sensitive
amplifier with an integration time constant of 150 µs is used.

0 5 10 15 20 25 30 35 40
s]µTime [

2−
1.8−

1.6−

1.4−

1.2−

1−

0.8−

0.6−

0.4−

0.2−

0

C
ur

re
nt

 [f
C

/n
s]

2.38 keV electron; 1430V, 2mm anode
 2% 300 mbar4Ar 98% CH

(a) Current signal

0 50 100 150 200 250 300 350 400
s]µTime [

0

1

2

3

4

5

6

7

8

9

Pu
ls

e 
M

ag
ni

tu
de

 [A
rb

. U
ni

ts
]

2.38 keV Electron; 1430V, 2mm anode
 2% 300 mbar4Ar 98% CH

(b) Voltage signal

Figure 7: (a) The current induced and (b) the readout pulse produced by a 2.38 keV electron
interacting in the gas Ar:CH4(98% : 2%) at 300 mbar from an initial radius of 10 cm.

3 Simulation Results

A 15 cm radius detector was simulated using a 1 mm radius anode at 1430 V and several gas
mixtures. Two configurations were tested: an ideal detector with the analytic field and an ANSYS
field map of a laboratory configuration of the support structure and correction electrode.

3.1 E�ect of the Gas Mixture

Figure 8 shows example pulses produced by 2.38 keV electrons, with identical initial positions, in
two di�erent gases with the laboratory configuration, demonstrating a number of features. The
mean amplitude of the pulses in He:Ne:CH4 is (6.3 ± 1.5) Arb. Units and is (2.5 ± 0.5) Arb. Units
in Ne:CH4, as expected from the Townsend and attachment coe�cients shown in Fig. 5c. The gain
fluctuations are demonstrated by the variance in amplitude between pulses produced under the same
conditions. The time at which the pulses start forming is di�erent, as expected by the drift velocity

– 6 –



8

Spherical Proportional Counter

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs

Electric field scales as 1/r2, volume divided in:  “drift” and “amplification” regions

6SKHULFDO�3URSRUWLRQDO�&RXQWHU���6SKHULFDO�73&
	QJ�B=?PO

$YG� �+�.��E<pQjQIh /dPIgQE<Y�O<hI]kh�GIjIEj]gh�

,Q�WKH�SLFWXUH�
,�*LRPDWDULV��*�&KDUSDN�

Capacitance independent of size: low electronic noise

found that this approximation significantly improves the code performance in terms of CPU, without
appreciable loss of information. These “electron-ion” pairs are passed to the Geant4 end-of-event
action, via the sensitive-detector hit collection, for signal formation. The current singal is estimated
using Garfield++ to simulate the drift of the ions and electrons with Runge-Kutta-Fehlberg drift
line integration. A Garfield++ sensor object calculates the current induced by each “electron-ion”
pair using the Shockley-Ramo theorem [15, 16].

An example simulated current signal produced by the interaction of a 2.38 keV electron, from
the decay of 37Ar to 37Cl via electron capture, is shown in Fig. 7a. The arrival of each ionisation
electron at the anode results in distinct spikes in the current as each avalanche occurs. The current
signal is integrated and processed through an electronics module to form the voltage pulse, as
shown in Fig. 7b, which shows the transformation of Fig. 7a. In this case, a simple charge sensitive
amplifier with an integration time constant of 150 µs is used.

0 5 10 15 20 25 30 35 40
s]µTime [

2−
1.8−

1.6−

1.4−

1.2−

1−

0.8−

0.6−

0.4−

0.2−

0

C
ur

re
nt

 [f
C

/n
s]

2.38 keV electron; 1430V, 2mm anode
 2% 300 mbar4Ar 98% CH

(a) Current signal

0 50 100 150 200 250 300 350 400
s]µTime [

0

1

2

3

4

5

6

7

8

9

Pu
ls

e 
M

ag
ni

tu
de

 [A
rb

. U
ni

ts
]

2.38 keV Electron; 1430V, 2mm anode
 2% 300 mbar4Ar 98% CH

(b) Voltage signal

Figure 7: (a) The current induced and (b) the readout pulse produced by a 2.38 keV electron
interacting in the gas Ar:CH4(98% : 2%) at 300 mbar from an initial radius of 10 cm.

3 Simulation Results

A 15 cm radius detector was simulated using a 1 mm radius anode at 1430 V and several gas
mixtures. Two configurations were tested: an ideal detector with the analytic field and an ANSYS
field map of a laboratory configuration of the support structure and correction electrode.

3.1 E�ect of the Gas Mixture

Figure 8 shows example pulses produced by 2.38 keV electrons, with identical initial positions, in
two di�erent gases with the laboratory configuration, demonstrating a number of features. The
mean amplitude of the pulses in He:Ne:CH4 is (6.3 ± 1.5) Arb. Units and is (2.5 ± 0.5) Arb. Units
in Ne:CH4, as expected from the Townsend and attachment coe�cients shown in Fig. 5c. The gain
fluctuations are demonstrated by the variance in amplitude between pulses produced under the same
conditions. The time at which the pulses start forming is di�erent, as expected by the drift velocity

– 6 –

found that this approximation significantly improves the code performance in terms of CPU, without
appreciable loss of information. These “electron-ion” pairs are passed to the Geant4 end-of-event
action, via the sensitive-detector hit collection, for signal formation. The current singal is estimated
using Garfield++ to simulate the drift of the ions and electrons with Runge-Kutta-Fehlberg drift
line integration. A Garfield++ sensor object calculates the current induced by each “electron-ion”
pair using the Shockley-Ramo theorem [15, 16].

An example simulated current signal produced by the interaction of a 2.38 keV electron, from
the decay of 37Ar to 37Cl via electron capture, is shown in Fig. 7a. The arrival of each ionisation
electron at the anode results in distinct spikes in the current as each avalanche occurs. The current
signal is integrated and processed through an electronics module to form the voltage pulse, as
shown in Fig. 7b, which shows the transformation of Fig. 7a. In this case, a simple charge sensitive
amplifier with an integration time constant of 150 µs is used.

0 5 10 15 20 25 30 35 40
s]µTime [

2−
1.8−

1.6−

1.4−

1.2−

1−

0.8−

0.6−

0.4−

0.2−

0

C
ur

re
nt

 [f
C

/n
s]

2.38 keV electron; 1430V, 2mm anode
 2% 300 mbar4Ar 98% CH

(a) Current signal

0 50 100 150 200 250 300 350 400
s]µTime [

0

1

2

3

4

5

6

7

8

9

Pu
ls

e 
M

ag
ni

tu
de

 [A
rb

. U
ni

ts
]

2.38 keV Electron; 1430V, 2mm anode
 2% 300 mbar4Ar 98% CH

(b) Voltage signal

Figure 7: (a) The current induced and (b) the readout pulse produced by a 2.38 keV electron
interacting in the gas Ar:CH4(98% : 2%) at 300 mbar from an initial radius of 10 cm.

3 Simulation Results

A 15 cm radius detector was simulated using a 1 mm radius anode at 1430 V and several gas
mixtures. Two configurations were tested: an ideal detector with the analytic field and an ANSYS
field map of a laboratory configuration of the support structure and correction electrode.

3.1 E�ect of the Gas Mixture

Figure 8 shows example pulses produced by 2.38 keV electrons, with identical initial positions, in
two di�erent gases with the laboratory configuration, demonstrating a number of features. The
mean amplitude of the pulses in He:Ne:CH4 is (6.3 ± 1.5) Arb. Units and is (2.5 ± 0.5) Arb. Units
in Ne:CH4, as expected from the Townsend and attachment coe�cients shown in Fig. 5c. The gain
fluctuations are demonstrated by the variance in amplitude between pulses produced under the same
conditions. The time at which the pulses start forming is di�erent, as expected by the drift velocity

– 6 –



0 2 4 6 8 10 12 14 16 18 20
 ADU]3Amplitude [10

20
25
30
35
40

45
50
55
60
65s]

µ
R

is
et

im
e 

[

0

5

10

15

20

25

30

35

40

45

9

Pulse Shape Discrimination

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs



0 2 4 6 8 10 12 14 16 18 20
 ADU]3Amplitude [10

20
25
30
35
40

45
50
55
60
65s]

µ
R

is
et

im
e 

[

0

5

10

15

20

25

30

35

40

45

9

Pulse Shape Discrimination

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs

“Muon”-like events
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“Muon”-like events

“Surface”-like events
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“Muon”-like events

“Surface”-like events

5.9 keV X-rays  
from 55Fe decays



4 BACKGROUND SOURCES AND REDUCTION TECHNIQUES
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Figure 3. Muon flux as function of depth in kilometres water equivalent (km w. e.)
for various underground laboratories hosting dark matter experiments. The e↵ective
depth is calculated using the parametrisation curve (thin line) from [162].

• Boulby Underground Laboratory [162] in UK

• Laboratori Nazionali del Gran Sasso (LNGS) [162] in Italy

• Laboratoire Souterrain de Modane (LSM) [167] in France

• Sanford Underground Research Facility (SURF) [162] in USA

• SNOLAB [162] in Canada

• Jin-Ping laboratory [168] in China

The flux of radiogenic neutrons can be reduced via material selection. Detector

materials with low uranium and thorium content give lower ↵- and spontaneous fission

rates. In addition, detector shielding can be used to reduce the external neutron flux

further. Often water or polyethylene layers are installed around the detector setup to

moderate the neutrons e↵ectively [169]. Active vetoes are designed to record interactions

of muons. The data acquired in the inner detector simultaneously to the muon event is

discarded in order to reduce the muon-induced neutron background. Plastic scintillator

plates are, for example, used for this purpose [161][170]. This can be improved further by

the use of water Cherenkov detectors [171][172] as they provide a higher muon tagging

e�ciency (full coverage), are e�cient in stopping neutrons and, for su�ciently large

thickness, the external gamma activity is also reduced. To tag directly the interactions

of neutrons, shielding using liquid scintillators can be used [173].

Finally, the analysis techniques described in the previous section can also be applied

to reduce the neutron background. The multiple scattering tagging is, for instance,

particularly e↵ective with growing size of targets. The fiducial volume selection can also

be used, however, it has a smaller e↵ect in the reduction of background for neutrons

than for gamma interactions because of the larger mean free path of neutrons.

20

5 µ/m2/day
4200mwe

J.Phys. G43 (2016) 013001 
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NEWS-G: Prototype at Modane
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Polyethylene 30cmLead 15cm

Copper 8cm SEDINE Ø60cm SPC

 NOSV Copper vessel (Ø60 cm) 
 Equipped with a Ø6.3 mm sensor 
 Chemically cleaned several times for 
Radon deposit removal

Sensor

Figure 1: Left: Picture of SEDINE: a 60 cm diameter prototype made of low activity (NOSV) copper. Right: Cross section

of the detector in axial symmetry. The rod and the sensor are visible in white at scale. Field lines are shown on the right part

of the picture only to allow the electric-field-magnitude values indicated in log scale by the colour code to be properly seen.

Ni of secondary ionizations, the acquired signal can be expressed as follows: S(t) =
PNPE

i=1 Ni ⇥D(t � ti).

Despite ions drifting towards the sphere at ground (cathode) within seconds, more than 50 % of the signal

is induced within the first 30 µs because their speed decreases as 1/r2. Still, the fast decay time constant

(⌧ = 50 µs) of our resistive feedback charge sensitive preamplifier (CANBERRA Model 2006) is responsible

for a loss in the pulse-height. The latter e↵ect, called ballistic deficit, increases with the di↵usion time

of the PEs. As a consequence, the raw pulse amplitude not only depends on the energy but also on the

initial location of the event. To correct for this e↵ect, one can separately deconvolve the raw pulse by the

preamplifier response and by the ion induced current to determine the amplitude from the integral of the

deconvolved pulse. However, this double deconvolution procedure can greatly amplify high frequency noise

and degrade the energy resolution. To avoid this e↵ect and still correct e�ciently for ballistic deficit, in

the present analysis raw-pulses were only deconvolved once using a single e↵ective exponential decay, and

run through a low-pass filter. The associated time constant of this ad hoc detector response was chosen to

better approximate both the preamplifier and the ion induced current responses at once.

We show in Fig. 2 the pulse treatment discussed above, applied to a 10 keVee event (left panels) and

to a 150 eVee event (right panels) recorded during the physics-run. Raw pulses are shown on top panels

while the deconvolved pulses and their cumulative integration are shown on the middle and bottom panels,

respectively. The two main analysis parameters that are extracted from the treated pulse are the amplitude,

now proportional to the deposited energy only, and the rise time, defined as the time it takes to go from

4

Vessel
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NEWS-G: First results
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NEWS-G collaboration, Astropart. Phys. 97, 54 (2018)
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NEWS-G: First results
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NEWS-G collaboration, Astropart. Phys. 97, 54 (2018)

Energy Threshold  
Target Nucleus Mass

Exposure
Background

Exposure: Larger volume and higher operating pressure
Backgrounds: Higher purity materials
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NEWS-G at SNOLAB
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~0.25 μ/m2/day

 Chin.Phys.C 45 (2021) 2, 025001

SNOLAB User’s Handbook Rev 2 9

Figure 3.1: Ore body and level structure of Creighton Mine.

The maximum acceleration in a mining event observed in this period was 1.5 g while the maximum
acceleration due to the SNOLAB excavation was 1 g.

3.3 Mining Byproducts
The most obvious byproducts of the mining activities are exhaust gasses from the explosives such
as CO and NO and oxygen deficient environments resulting in potential Oxygen Deficiency Haz-
ards (ODH). As a consequence, O2, CO and NO levels are constantly monitored both in SNOLAB
and in the mine in general. Ventilation air flow is adjusted and personnel travel may sometimes
be restricted due to blasting and the subsequent clearing of the air. In the event of high CO or NO
levels outside the laboratory, the main air intake to the lab is shut off. This can typically happen
two or three times per week due to blasting and may last from 30 to 60 minutes.

There is a mining byproduct gas that is a more subtle concern for experiments in SNOLAB.
During the running of the SNO experiment the presence of hydrogen sulphide (H2S) was identified
in the laboratory at the few Parts Per Billion (PPB) level. This is well below the level of concern
for personnel (10 PPM OSHA TWA) but has caused corrosion of exposed copper and silver com-
ponents such as in electronics. In the SNO experiment, this problem was partially mitigated by
installing NaOH impregnated charcoal filters to remove the H2S. The filtration was in a recirculat-
ing air handler located near the detector electronics and while not fully effective, it did reduce the
H2S by about a factor of three. For SNOLAB, all fresh air to the laboratory will be filtered by the
installation of appropriate filters in the main air intake. The filter material to be used is still under

Cube Hall
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NEWS-G at SNOLAB

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs

Ø140 cm 
4N Copper (99.99% pure)  

Assembled at LSM
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NEWS-G at SNOLAB
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3 cm archaeological lead

22 cm of Very Low Activity lead

Stainless steel skin

40 cm  high density polyethylene

Ø140 cm 
4N Copper (99.99% pure)  

Assembled at LSM
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Increasing Target Mass

New Experiments With Spheres -Gas
Light Dark Matter search 

NEWS-G LSM results and SNOlab project

Gilles	Gerbier
Queen’s	University

EDU	2017				
Qui	Nhon-ICISE– July	27th 2017

Principles	of	gaseous	spherical	detector	
Light	Dark	Matter	search		with	SEDINE	at	LSM	
NEWS-SNO	project,	future	ideas
Outlook
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Instrumentation breakthrough

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs

Single anode: Drift and Amplification fields are connected
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Instrumentation breakthrough
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 ACHINOS: Multi-anode sensor
Multiple anodes placed at equal radii
Decoupling drift and amplification fields
Opportunity: individual anode read-out

3D printed ACHINOS with DLC coating

Resistive central electrode

11 spherical metallic anodes

Insulated wires

Support rod

Αχινός (greek. sea urchin)

Single anode: Drift and Amplification fields are connected
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Instrumentation breakthrough
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 ACHINOS: Multi-anode sensor
Multiple anodes placed at equal radii
Decoupling drift and amplification fields
Opportunity: individual anode read-out

3D printed ACHINOS with DLC coating

Resistive central electrode

11 spherical metallic anodes

Insulated wires

Support rod

Αχινός (greek. sea urchin)

Single anode: Drift and Amplification fields are connected

See talk by Ioannis Katsioulas
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Fiducialisation
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Far 
Electrode

Near 
Electrode

 Reading out individual ACHINOS anodes: position of interaction can be reconstructed 
 First tests: Separate the anodes in two electrodes “Near” and “Far” (from the rod) 

 Asymmetry of pulse amplitudes: zenith angle 
 Pulse rise-time: radius

Simulation Software

Many software toolkits exist for the simulation of particle detectors:

Geant4 for the simulation of the passage of particles through matter [4]

Garfield++ for the simulation of gaseous particle detectors [5], further interfacing
to:

Heed for particle interactions [6]

ANSYS, a finite-element-method software, for electric field modelling [7]

Magboltz for gas transport parameter modelling [8]

The challenge: is it possible to combine the strengths of each toolkit within a single
framework?

R. Ward (University of Birmingham) Simulation of Spherical Proportional Counters 28th October 2019 3 / 14

Simulation Software

Many software toolkits exist for the simulation of particle detectors:

Geant4 for the simulation of the passage of particles through matter [4]

Garfield++ for the simulation of gaseous particle detectors [5], further interfacing
to:

Heed for particle interactions [6]

ANSYS, a finite-element-method software, for electric field modelling [7]

Magboltz for gas transport parameter modelling [8]

The challenge: is it possible to combine the strengths of each toolkit within a single
framework?

R. Ward (University of Birmingham) Simulation of Spherical Proportional Counters 28th October 2019 3 / 14

JINST 15 (2020) 06, C06013
Birmingham simulation framework, combining strengths of Geant4 and Garfield++
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Event reconstruction
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Individual anode read-out: track reconstruction

P Knights - DarkSPHERE Meeting 2020 18/12/2020

Developing ACHINOS for DarkSPHERE

▪ Difference between ‘infinite anode ACHINOS’ and 11 
anode achinos electric field magnitude at large radii 

▪ Improved by using more anodes 
•Aim to achieve high electric field at large radii 
•Exploring 60 anodes (truncated icosahedron) 
▪ Additional studies: Individual anode readout  
•Provides positional information  
•Potential for directionality 

6
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Reducing Backgrounds

New Experiments With Spheres -Gas
Light Dark Matter search 

NEWS-G LSM results and SNOlab project

Gilles	Gerbier
Queen’s	University

EDU	2017				
Qui	Nhon-ICISE– July	27th 2017

Principles	of	gaseous	spherical	detector	
Light	Dark	Matter	search		with	SEDINE	at	LSM	
NEWS-SNO	project,	future	ideas
Outlook
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Higher purity materials
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 Copper common material for rare event experiments
 Strong, pure, inexpensive
 No long-lived isotopes (67Cu t1/2=62h)

 Backgrounds
 Cosmogenic and 238U/232Th decay chain

4N Aurubis AG Oxygen Free 
Copper (99.99% pure)

 Spun into two hemispheres
 Electron-beam welded together
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 Copper common material for rare event experiments
 Strong, pure, inexpensive
 No long-lived isotopes (67Cu t1/2=62h)

 Backgrounds
 Cosmogenic and 238U/232Th decay chain

4N Aurubis AG Oxygen Free 
Copper (99.99% pure)

 Spun into two hemispheres
 Electron-beam welded together
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 Copper common material for rare event experiments
 Strong, pure, inexpensive
 No long-lived isotopes (67Cu t1/2=62h)
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 Cosmogenic and 238U/232Th decay chain
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Higher purity materials
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 Copper common material for rare event experiments
 Strong, pure, inexpensive
 No long-lived isotopes (67Cu t1/2=62h)

 Backgrounds
 Cosmogenic and 238U/232Th decay chain
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Copper Electroplating
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Electroplating setup at LSM
NIM A 988 (2021) 164844

Internal shield: 
 add layer of extremely radio-pure copper
 500μm deposited in 2 weeks (~36μm/day)

First large-scale underground radio-pure 
electroformation

 Crucial for next generation experiments!

See talk by Ioannis Katsioulas
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In-situ neutron background measurements
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 Neutrons: critical background in DM searches
 Underground measurements scarce
 Nitrogen gas

 14N+n→14C+p + 625 keV
 14N+n→11B+α - 159 keV

 Graphite stack
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In-situ neutron background measurements
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1 bar N2, 3.8 kV

Graphite stack 
at University of Birmingham

 241Am-9Be (~10GBq)

Preliminary

 Spherical Proportional Counter
 ∅ 30 cm
 N2 gas

 Multi-anode sensor
 11 anodes
 ∅ 1mm
 2 channel read-out

2 bar N2, 5 kV

1 bar N2, 3.8 kV

Preliminary

Preliminary



Arrival at SNOLab (Dec ’19)
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Installation at SNOLAB
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Unwrapped and baked (Sep ’20)

Pb shielding arrival

Detector Installation

PE shielding installation

Seismic platform installation

SNOGLOBE complete
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NEWS-G at SNOLAB: Physics Potential

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs

Assumptions
Flat background (1.78 dru)
Exposure 20 kg*days
Energy window [14 eVee, 1 keVee]
F=0.2, θ=0.12
SRIM quenching factor

NEWS-G@SNOLAB 
4N Aurubis Copper (99.99% pure) Ø130 cm

Data-taking is starting!
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Fully electroformed detectors
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Fully electroformed detectors
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 Scale model to be constructed this summer
 ⌀140cm detector later this year!

Intact underground electroformed spheres
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Fully electroformed detectors

K. Nikolopoulos / 18 March 2021 / NEWS-G: Search for light DM with SPCs

 Scale model to be constructed this summer
 ⌀140cm detector later this year!

Intact underground electroformed spheres
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Reaching the neutrino floor
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Reaching the neutrino floor
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Scale volume ×10 and improve shielding



DarkSPHERE 

130 cm water
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DarkSPHERE
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Operation with 5 bar He:C4H10 (90%:10%)  (27 kg)

30 cm water

20 cm lead

Configuration Photons  
[dru]

Neutrons  
[dru]

Water (2 m) 8 0.002
Water (3.5 m) 0.002 <0.002
Water-lead 0.005 0.002

Volume ×10: ⌀300cm intact underground electroformed spherical proportional counter
Shielding: Full water shielding option and water/lead option

Preliminary

Assuming installation at Boulby
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DarkSPHERE: Physics Potential
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Multi-physics platform: 
 Dark matter
 0νββ searches
 Neutrino physics
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Multi-physics platform: 
 Dark matter
 0νββ searches
 Neutrino physics
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Multi-physics platform: 
 Dark matter
 0νββ searches
 Neutrino physics
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Multi-physics platform: 
 Dark matter
 0νββ searches
 Neutrino physics
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K. Nikolopoulos Research Statement

Figure 2: Time line of the NEWS-G experiment .

DM candidate-target matching; f) flexibility in operational conditions, like pressure and high voltage, providing addi-
tional handles to disentangle potential signals from unknown instrumental backgrounds; and g) favourable ionisation
quenching factor [19]. The detector response to low energy nuclear recoils is discussed in Ref. [20] and its calibration
using a laser and radioactive sources is described in Ref. [21].

The NEWS-G Collaboration, comprising 10 institutes in 5 countries, produced first results with SEDINE, a 60 cm in
diameter (?) SPC operating at the Laboratoire Souterrain de Modane (LSM), France. These results extended for the
first time the constraints to DM down to 500 MeV [18]. NEWS-G has an ambitious programme, presented in Fig. 2,
to probe light DM down to masses of 0.1 GeV with a sensitivity reaching the neutrino floor.

Currently, the collaboration is commissioning SNOGLOBE, a 140 cm in diamater (?) SPC made of 99.99% pure
copper, in SNOLAB, Canada. SNOGLOBE’s active volume is internally shielded with a 500 µm thick layer of ultra-
radiopure copper, grown on the inner surface by adapting a low-background electroforming method to the hemispher-
ical shape. This procedure was undertaken at LSM, with leading contributions from my group [22, 23].

Electroformation: Improved radiopurity is key to extend further the discovery potential. NEWS-G currently designs
ECUME (Electroplated CUprum Manufacturing Experiment), a ?140 cm detector fully electroformed underground
to avoid cosmogenic activation. ECUME will also sustain higher pressure, increasing the target mass by a factor

5 over SNOGLOBE. Electroformation of ECUME at SNOLAB will will start in Fall 2021, following construction of
a 30 cm in diameter scale model at PNNL, USA.
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Figure 3: Results (solid) and projections (dashed
lines) for DM sensitivity; and He neutrino floor.

Further in the future, we aspire to construct DarkSPHERE, a
?300 cm fully electroformed underground spherical propor-
tional counter operating with He:C4H10(90%:10%) at 5 bar.
DarkSPHERE will achieve a sensitivity reaching the neutrino
floor, an inherent background to any DM search [24], while
the hydrogen-reach target gives sensitivity to the full range of
effective field theory interactions.

The design of DarkSPHERE is led by my group, with Boulby
Underground Laboratory being interested to act as the host.
The large volume of DarkSPHERE supports directional DM
searches. DarkSPHERE has the capability to act as a multi-
experiment platform, hosting neutrinoless double-b decay and
supernova neutrino searches. On the topic of neutrinoless
double-b decay searches, my group is already contributing to
the R2D2 R&D project, investigating the feasibility of con-
structing and operating a highly pressurised xenon time projection chamber that will probe the inverted neutrino mass
hierarchy [25, 26].

Electroformation of copper is a crucial capability, relevant for a number of future experiments. Beyond NEWS-G, the
Majorana [27], nEXO [28], NEXT [29], and LEGEND [30], which evaluates sites for LEGEND-1k [31], experiments
explore electroformation.

Physics with nuclear recoils: The expected sensitivity in DM searches for spin-independent interactions through
nuclear recoils for the several generations of NEWS-G detectors is summarised in Fig. 3, and is compared to the
current state-of-the-art. Furthermore, the hydrogen-reach targets employed in NEWS-G, give sensitivity to the full
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Coherent Elastic ν-Nucleus Scattering 
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Geant4 [36, 37, 38], a toolkit for the simulation of the passage of particles through matter, and Garfield++ [39],
a toolkit for the simulation of gaseous particle detectors that interfaces to Heed for particle interactions [40]
and Magboltz for modelling electron transport parameters in gases [41]. The electric field in Garfield++ can
be described either analytically or with the use of finite element method software like ANSYS [42]. This is of
paramount important for the interpretation of the data and for facilitating R&D, as demonstrated in Ref. [33].
This software framework has attracted interest within the RD50 Collaboration, while we contribute to the
Garfield++ codebase.

� Dual read-out. The possibility of dual read-out, ionisation charge and scintillation light, will be investigated, a
capability that would be crucial for background rejection in neutrinoless double-b decays searches with R2D2.

2 NEWS-G: Coherent Elastic Neutrino Nucleus Scattering

Coherent elastic neutrino-nucleus scattering (CEnNS) is a process in which neutrinos scatter off a nucleus, which acts
as a single particle. Within the SM, CEnNS is described by the neutral current interaction of neutrinos and quarks and
it scales proportionally to the neutron number squared [43]. Typically, CEnNS results in low energy nuclear recoils
and its observation requires a source of neutrinos with energies below O(10 MeV). There are several appropriate
terrestrial, e.g. stopped pion/muon, nuclear reactors, and 51Cr, and astrophysical sources, e.g. solar, supernovae, and
atmospheric neutrinos. Given that these sources have distinct neutrino energy spectra and different neutrino flavour
compositions, they all provide important and complementary information for CEnNS studies.

The first observation of CEnNS was reported in 2017 by the COHERENT collaboration with a CsI[Na] scintillating
crystal detector [44], and more recently using a single-phase liquid argon target [45]. The observation of CEnNS,
which has important implications for not only high-energy physics, but also astrophysics, nuclear physics, and be-
yond, has motivated substantial theoretical work and new ways to probe physics beyond the SM have been proposed.
Correspondingly, this has motivated the development of new experiments, employing new detector technologies to
extend the sensitivity. Importantly, there is a unique complementarity between searches for CEnNS and direct DM
searches, as the sensitivity of the latter will be eventually affected by solar neutrino, atmospheric, and supernovae
neutrinos which will interact in a detector through CEnNS [46], the so-called neutrino floor. As a result, CEnNS is a
new experimental field connecting the DM and reactor neutrino communities.

(a) (b)

Figure 5: (a) Expected differential event rate as a function of the recoil energyat 10 m distance from the nuclear
reactor core. (b) Drawing of NEWS-G3 showing the shield and the 60 cm in diameter spherical proportional counter.

The spherical proportional counter is an appealing technology for the detection of neutrinos through CEnNS. The
detector’s sub-keV energy threshold detector enables a rich physics program, which includes probing physics beyond
the SM that will appear as deviations in the nuclear recoil spectra [47]. For example, the measurement of a non-zero
neutrino magnetic moment [48] and the search for sterile neutrinos. Furthermore, the use of spherical proportional
counters for CEnNS detection can lead to several applications related to nuclear reactors, such as reactor neutrino
flux monitoring, control plutonium production, and study of reactor anti-neutrino energy spectrum, which is not well
understood below the Q-value of the inverse b -decay process.
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 CEvNS opens a window to investigation non-standard neutrino interactions 
 First observations by COHERENT in NaI (2017) and Ar (2020)
 Unique complementarity with DM searches as sensitivity reaches the neutrino floor

 NEWS-G3: A low-threshold low-background sea-level facility
 Environmental and cosmogenic background studies towards reactor CEνNS studies
 Shielding: Layers of pure copper, polyethylene, and lead, with active muon veto
 Commissioning in 2021
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NEWS-G probes uncharted DM territory using 
Spherical Proportional Counters

 Significant instrumentation advances enable exploration
 ACHINOS, electroformation, …

 Several detectors scheduled for the coming years
 Eventually sensitivity could reach neutrino floor

Many physics opportunities: Nuclear (spin dependent and 
independent) and electron recoils, CEvNS, axions
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Figure 2: Time line of the NEWS-G experiment .

DM candidate-target matching; f) flexibility in operational conditions, like pressure and high voltage, providing addi-
tional handles to disentangle potential signals from unknown instrumental backgrounds; and g) favourable ionisation
quenching factor [19]. The detector response to low energy nuclear recoils is discussed in Ref. [20] and its calibration
using a laser and radioactive sources is described in Ref. [21].

The NEWS-G Collaboration, comprising 10 institutes in 5 countries, produced first results with SEDINE, a 60 cm in
diameter (?) SPC operating at the Laboratoire Souterrain de Modane (LSM), France. These results extended for the
first time the constraints to DM down to 500 MeV [18]. NEWS-G has an ambitious programme, presented in Fig. 2,
to probe light DM down to masses of 0.1 GeV with a sensitivity reaching the neutrino floor.

Currently, the collaboration is commissioning SNOGLOBE, a 140 cm in diamater (?) SPC made of 99.99% pure
copper, in SNOLAB, Canada. SNOGLOBE’s active volume is internally shielded with a 500 µm thick layer of ultra-
radiopure copper, grown on the inner surface by adapting a low-background electroforming method to the hemispher-
ical shape. This procedure was undertaken at LSM, with leading contributions from my group [22, 23].

Electroformation: Improved radiopurity is key to extend further the discovery potential. NEWS-G currently designs
ECUME (Electroplated CUprum Manufacturing Experiment), a ?140 cm detector fully electroformed underground
to avoid cosmogenic activation. ECUME will also sustain higher pressure, increasing the target mass by a factor

5 over SNOGLOBE. Electroformation of ECUME at SNOLAB will will start in Fall 2021, following construction of
a 30 cm in diameter scale model at PNNL, USA.
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lines) for DM sensitivity; and He neutrino floor.

Further in the future, we aspire to construct DarkSPHERE, a
?300 cm fully electroformed underground spherical propor-
tional counter operating with He:C4H10(90%:10%) at 5 bar.
DarkSPHERE will achieve a sensitivity reaching the neutrino
floor, an inherent background to any DM search [24], while
the hydrogen-reach target gives sensitivity to the full range of
effective field theory interactions.

The design of DarkSPHERE is led by my group, with Boulby
Underground Laboratory being interested to act as the host.
The large volume of DarkSPHERE supports directional DM
searches. DarkSPHERE has the capability to act as a multi-
experiment platform, hosting neutrinoless double-b decay and
supernova neutrino searches. On the topic of neutrinoless
double-b decay searches, my group is already contributing to
the R2D2 R&D project, investigating the feasibility of con-
structing and operating a highly pressurised xenon time projection chamber that will probe the inverted neutrino mass
hierarchy [25, 26].

Electroformation of copper is a crucial capability, relevant for a number of future experiments. Beyond NEWS-G, the
Majorana [27], nEXO [28], NEXT [29], and LEGEND [30], which evaluates sites for LEGEND-1k [31], experiments
explore electroformation.

Physics with nuclear recoils: The expected sensitivity in DM searches for spin-independent interactions through
nuclear recoils for the several generations of NEWS-G detectors is summarised in Fig. 3, and is compared to the
current state-of-the-art. Furthermore, the hydrogen-reach targets employed in NEWS-G, give sensitivity to the full
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