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Evidence for Dark matter

• Galactic rotation curves
• Lensing
• Bullet cluster
• ΛCDM
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Dark Matter Landscape arXiv:1707.04591
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,

and search techniques described in this document. All mass ranges are merely representative; for

details, see the text. The QCD axion mass upper bound is set by supernova constraints, and

may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have

lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad

frameworks. Mass ranges corresponding to various production mechanisms within each framework

are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure

anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,

and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics

and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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The NEWS-G Collaboration
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Spherical Proportional Counters (SPCs)

• SPCs consist of a grounded metalic shell, which acts
as a cathode, a gas volume and a central anode
sensor

• The anode is kept at a high voltage and supported
by a grounded metallic rod

• A dark matter candidate will interact in the gas
volume causing ionisation. Electrons will drift
towards the anode in a radial electric field, before
avalanching close to the anode, inducing a signal
Advantages

• Low capacitance
• High-pressure operation
• Optimal volume-to-surface ratio
• Easy to switch target gas
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Pulse shape discrimination
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2.38 keV Electrons; Initial Radius = 10 cm
 (72.5%:25.0%:2.5%); 1.0 bar4He:Ne:CH

 (94.0%:6.0%); 1.0 bar4Ne:CH

Cathode: 15 cm radius
Anode: 1 mm radius; 1430 V

Figure 8. Readout pulses produced by 2.38 keV electrons from an initial radius of 10 cm in a 15 cm in radius
detector in the gases He:Ne:CH4 (72.5% : 25.0% : 2.5%) at 1.0 bar (red) and Ne:CH4 (94% : 6%) at 1.0 bar
(blue).

3.2 E�ect of the anode support structure

The simulation framework can be used to investigate how the anode support structure a�ects detector
response. Figure 9a shows the pulse integral analysis of 5.9 keV photon signals in an ideal detector,
incident from several angles, in Ar:CH4 (98% : 2%) gas at 300 mbar. Two distinct peaks are
measured: the 5.9 keV line and the argon escape peak at 2.9 keV. In the ideal detector the signal
does not change as a function of ✓. Conversely, with the realistic configuration ✓ does a�ect the
response, as shown in figure 9b.

(a) Ideal detector (b) Realistic configuration

Figure 9. The pulse integral from interactions of 5.9 keV electrons in Ar:CH4 (98% : 2%) at 300 mbar in
a 15 cm in radius detector, (a) using an ideal detector; (b) using a realistic configuration with a correction
electrode and a supporting rod.

– 7 –
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https://iopscience.iop.org/article/10.1088/1748-0221/15/06/C06013


SEDINE @ LSM Astropart. Phys. 97, 54 (2018)

• The first NEWS-G detector was called SEDINE and operated at LSM
• 60 cm diameter copper SPC filled with Ne+CH4 (0.7%) at 3.1 bar [9.6 kg · days]
• Set world leading limits on “WIMP-like” dark matter withmχ0 < 650MeV
• Limits have since been surpassed
• Main background from decays in the copper sphere

How to improve?
• Longer exposure and larger mass
• Lower backgrounds
• Better signal/background
discrimination
• Lighter targets

Q.  Arnaud  et  al.  /  Astroparticle  Physics  97  (2018)  54–62  61  

Fig.  9.  Top  panel:  distribution  of  the  1620  events  recorded  during  the  physics  run  in  the  preliminary  ROI.  Events  that  fail  (resp.  pass)  the  BDT  cut  for  any  of  the  WIMP  
masses  are  shown  in  black  (resp.  colour)  dots.  Events  accepted  as  candidates  for  0.5  GeV/c  2  and  16  GeV/c  2  WIMP  masses  are  shown  in  red  and  blue,  respectively,  while  
for  intermediate  WIMP  masses,  candidates  are  shown  in  yellow.  Bottom  panel:  the  energy  spectrum  of  events  recorded  during  the  physics  run  in  the  preliminary  ROI  is  
indicated  by  the  black  markers.  Energy  spectra  of  0.5  GeV/c  2  and  16  GeV/c  2  WIMP  candidates  are  shown  in  red  and  blue  dots.  The  energy  spectra  before  and  after  the  BDT  
cut  of  simulated  0.5  GeV/c  2  (resp.  16  GeV/c  2  )  WIMPs  of  cross  section  !excl  =  4  .  4  ! 10  "37  cm  2  (resp.  !excl  =  4  .  4  ! 10  "39  cm  2  )  excluded  at  90%  (C.L.)  are  shown  in  unshaded  and  
shaded  red  (resp.  blue)  histograms,  respectively.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.)  

Fig.  10.  Constraints  in  the  Spin-Independent  WIMP-nucleon  cross  section  vs.  WIMP  mass  plane.  The  result  from  this  analysis  is  shown  in  solid  red  together  with  the  
expected  1  ! (resp.  2  ! )  sensitivity  from  our  background-only  model  in  light  green  (resp.  dark  green).  Signal  hints  reported  by  the  CDMS-II  Si  [41]  ,  CoGeNT  [42]  ,  DAMA/LIBRA  
[43,44]  and  CRESST-II  phase  1  [45]  experiments  are  shown  in  colour  contours.  Results  reported  as  an  upper  limit  on  the  WIMP-nucleon  cross  section  are  shown  in  solid  and  
dashed  lines  for  the  following  experiments:  DAMIC  [46]  ,  LUX  [6]  ,  XENON100  [47]  ,  CRESST-II  [14]  ,  CDMSlite  [48]  ,  SuperCDMS  [15]  ,  EDELWEISS  [49]  and  PANDAX-II  [7]  .  (For  
interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.)  

thereby  demonstrate  the  high  potential  of  Spherical  Proportional  

Counters  for  the  search  of  low-mass  WIMPs.  Further  operation  of  

SEDINE  with  He  gas  will  allow  for  the  optimization  of  momentum  

transfers  for  low-mass  particles  in  the  GeV/c  2  mass  range,  and  

increase  our  sensitivity  to  sub-GeV/c  2  WIMPs.  The  next  phase  of  

the  experiment  will  build  upon  the  knowledge  acquired  from  the  

operation  of  the  SEDINE  prototype  at  the  LSM.  It  will  consist  of  a  

140  cm  diameter  sphere  capable  of  holding  gas  up  to  a  pressure  

of  10  bars,  to  be  installed  in  SNOLAB  by  summer  2018.  The  sphere  

will  be  shielded  by  a  shell  of  25  cm  of  both  archeological  and  low  

activity  lead,  itself  inside  a  40  cm  thick  polyethylene  shield.  Space  

in  SNOLAB  has  been  assigned,  the  design  of  the  whole  project  is  

completed  and  technical  design  review  is  ongoing.  Among  many  

major  improvements,  selection  of  extremely  low  activity  copper  

(in  the  range  of  a  few  µBq/kg  of  U  and  Th  impurities)  and  ded-  

icated  handling  to  avoid  radon  entering  the  detector  at  any  time  

will  ensure  significant  reduction  of  the  backgrounds  levels,  both  

in  surface  and  volume,  relative  to  the  above  results,  and  allow  

sensitivity  down  to  cross  sections  of  O(10  "41  cm  2  )  .  Use  of  H  and  

He  targets  will  allow  us  to  reach  WIMP  mass  sensitivity  down  to  

0.1  GeV.  
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SNOGLOBE @ SNOLAB

• The current NEWS-G SPC is called SNOGLOBE. This will operate at SNOLAB in Canada having
previously operated at LSM.
• Several improvements over SEDINE
• 140 cm diameter→ New technology needed to collect charge at edge of detector
• 4N Aurubius Copper (99.99% pure) with 500µm electroplated copper inner surface
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ACHINOS

• One challenge of a larger detector is ensuring that the electric field is strong enough at the edges
of the detector to collect all charge deposited
• Using a single anode sensor, the electric field strength is coupled to the gain of the detector
• To overcome this limitation, the ACHINOS was developed
• An additional advantage of such an sensor it is allows coarse directional readout
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Electroplating NIM A 988 (2021) 164844

• The largest background in the previous iteration of the analysis
was from 210Pb decays in the copper sphere

• In addition to using 99.99% pure copper, the inner surface of
the sphere has been electroplated

• A 500 µm layer of pure copper has been plated on the inner
surface of SNOGLOBE

• Rate of copper≈ 36 µm per day
• Expect to reduce background rate by more than a factor of 2

11

https://doi.org/10.1016/j.nima.2020.164844


SNOGLOBE projection

SNOGLOBE
• Expect to improve sensitivity by several orders
of magnitude and set limits down to 100MeV
• The detector is now in position at SNOLAB
• Commissioning and data taking to start this
year (delayed due to COVID)
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The Future: ECUME & DarkSPHERE

ECUME
• Despite the electroplating, we still expect the
largest background with SNOGLOBE to come
from decays in the copper sphere
• The ECUME project aims to build a fully
electroformed detector underground
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The Future: ECUME & DarkSPHERE

ECUME
• Despite the electroplating, we still expect the
largest background with SNOGLOBE to come
from decays in the copper sphere
• The ECUME project aims to build a fully
electroformed detector underground

DarkSPHERE
• Proposal to build a 3m diameter
fully-electroformed detector
• Will operate with He and isobutane
• We hope to build and operate this detector at
Boulby Underground Lab.
• An opportunity for world leading dark-matter
experiment in the UK!! 2−10 1−10 1 10
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Summary

• The NEWS-G Collaboration is searching for
light dark matter using spherical proportional
counters
• SNOGLOBE currently being commissioned in
SNOLAB
• Aiming to set world leading limits on masses
below 1 GeV
• An exciting year ahead!
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Labs J.Phys. G43 (2016) 013001
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Monitoring & Calibration Phys. Rev. D 99, 102003

• Detector stability is monitored using a laser system
• Can be used to calibrate the detector
• 37Ar calibrations are performed at the end of runs

demonstrate the feasibility of O!1%" precision mea-
surements of !, which is more than adequate for
WIMP sensitivity calculation to be robust against SER
mismodeling.
The high statistics of 37Ar events (see Fig. 4 in Sec. IV B)

allowed for a precision determination of the mean 2822 eV
peak position in each individual laser calibration run.
Combining this information with measurements of the
mean amplification gain hGi, one can derive a measure-
ment of the mean ionization energy W for x rays. W-value
measurements were also performed in various voltage
conditions and were all found to be consistent to within
uncertainties.
From these, we derive a measurement of W # 27.6$

0.2 eV in Ne% CH4 (2%) at 1.5 bar for 2822 eV x rays.
Although we found no existing W-value reported for
Ne-CH4 gas mixtures to compare with our result, it should
be mentioned that this value is significantly lower than
existing measurements in pure Ne (W ! 36 eV [17,18]). It
is also worth emphasizing that even though the getter
ensured the suppression of electron attachment, this could
only have led to an overestimation of the W-value (see the
Appendix) and therefore cannot be the cause of such a low
value. In pure methane, we expect the W-value for 2822 eV
x rays to be W ! 27.7 eV [19,20]. The similarity between
the W-value we measure in Ne% CH4 (2%) with that of the
value for pure methane is evidence of a strong contribution
of Penning effects on the ionization yield, processes by
which, for example, Ne* atoms with an excitation energy
higher than the ionization potential of CH4 can ionize the

latter [21]. Although the magnitude of the impact on the
W-value may seem surprising given the low concentration
of methane, such an effect has already been reported in
Ne-Xe gas mixtures [22].

B. Understanding of the energy resolution

In SPCs, and more generally in proportional counters,
the relative energy resolution achievable for a monoener-
getic peak is limited by the avalanche gain fluctuations and
primary ionization statistics. It is related to the number of
primary electrons by [14]
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where "b is the standard deviation of the baseline noise,
hGi the mean gain, f the relative variance of the gain and F
the Fano factor defined as the ratio "2N=# of the variance to
the mean of the number of primary electrons created N.
Because hGi " "b, the last term of Eq. (8) is of second
order and becomes even completely negligible when
# " 1. Based on this and using Eq. (2), we reexpress
Eq. (8) as a function of the energy deposited in the gas Ed
and of the mean ionization energy W!Ed" as follows:
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Equation (9) becomes particularly interesting when ! and
W!Ed" are known, as one can then derive from the relative
energy resolution to a monoenergetic line a measurement of
the Fano factor. Additionally, in spite of the strong
asymmetry of the Polya distribution, the Nth convolution
of the Polya distribution converges—as one expects from
the central limit theorem—to a normal distribution when
N " 1. In a such case, the energy resolution " can be
measured from the simple fit of a Gaussian. We show in
Fig. 4 the 37Ar energy spectrum recorded during one of the
laser calibration measurements with HV1 # 1150 V. Only
non-laser-induced events were selected and cuts in rise time
were applied to maximize the purity in 37Ar events. The
solid red line shows a fit of the 270 and 2822 eV peaks
together with a flat background component. The spectrum
was fitted only down to 100 eV to ensure the signal
efficiency of the cuts in rise time is energy independent on
the analysis range. Although the 2822 eV line could be
fitted with a Gaussian (N ! 100), the 270 eV line could not
(N ! 10), which is why we used the following probability
distribution function:

P!E" #
X#

N#1

PPolya!EjN" · PCOM!Nj#!Ed"; F!Ed"" !10"

where Pcom!Nj#!Ed"; F!Ed"" is derived from the COM-
Poisson distribution [23,24], a discrete distribution function

FIG. 4. Energy spectrum of non-laser-induced events recorded
during laser calibration measurements in Ne% CH4 (2%) at
1.5 bar with HV1 # 1150 V. The spectrum clearly shows the 270
and 2822 eV lines of x rays from electron capture in the L- and K-
shell of 37Ar, respectively. The energy scale is determined based
on the position of the 2822 eV peak. The dashed line indicates the
analysis threshold that was set at 100 eV. The solid red line
indicates the fit of our model to the data. Our modeling of the
detector response accounts both for primary ionization statistics
with the Conway-Maxwell-Poisson (COM-Poisson) distribution
and for statistical fluctuations of the avalanche gain with the
Polya distribution. See core text for more details.

PRECISION LASER-BASED MEASUREMENTS OF THE … PHYS. REV. D 99, 102003 (2019)
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measurement of the trigger threshold efficiency by poten-
tially underestimating it. An alternative two-step approach
free of such bias consists in first fitting the total energy
spectrum using Eq. (6) to determine !, ", hGi and # and
then deriving the expected energy spectrum of signal events
(N ! 1e"). This model of signal events—corrected for the
trigger efficiency using Eq. (11)—is then fit to the energy
spectrum of events triggering on the SPC channel with Eth
and !th as the only free parameters. We show as a solid blue
line the result from the fit and the trigger efficiency curve
derived from this method in the top and bottom panels,
respectively. As attested to by the overlap of the two
efficiency curves, both methods give essentially identical
results when the contribution of the null events—in the
energy range of the determination of the trigger efficiency
—is negligible. Although the SPC trigger threshold was
voluntarily set in this run to a high value (Eth # 0.5 hPEi) to
illustrate the equivalence of the two approaches in such a
case, this allows us to validate the modeling of the trigger
efficiencywithEq. (11) for its usewith the two-step approach
in nominal trigger threshold conditions (Eth # 0.2 hPEi).

D. Monitoring of the detector response

In this section we present the methodology that will be
employed by the NEWS-G experiment at SNOLAB to
monitor the detector response during dark matter search
runs using the UV laser. The approach consists in operating
the laser at a high power in order to extract a large number
of photoelectrons per event. Laser-induced event pulse
amplitudes, rise times and delays with respect to PD pulses
can be used as probes to monitor the stability of the gain,
diffusion and drift time of surface events, respectively.
We show in Fig. 6 (top panel) the evolution over time of

laser-induced event pulse amplitudes (corrected for the
laser instability using the PD pulse amplitude) recorded
during a #1 day-long run. The latter was chosen for its
distinctive instability of the gain on long-time scales. This
arises from significant variations of the room temperature
over time (of a few degrees), and therefore of the gas, that
we could indirectly measure with a pressure transducer
connected to the SPC. We additionally show (middle panel)
the distribution of the amplitude of 37Ar 2822 eV events
recorded during this run. One can see that the positions of
37Ar and laser-induced events are correlated, indicating that
the latter can be used to monitor the stability of the gain.
To go beyond this solely qualitative assessment, we use

the position of the laser-induced peak to apply a time-
dependent correction to the amplitude measured for 37Ar
events (bottom panel). The correction procedure reduces
the relative dispersion of the mean 2822 eV peak position
by a factor #3, from 2.6% down to 0.9%, demonstrating the
ability to monitor gain fluctuations with better than 1%
precision. Because the UV laser is pulsed, it can be used
continuously over the whole duration of dark matter search
runs without adding any background. The fraction of dead

time it induces is the product of the laser pulse rate with the
event time window. This corresponds to a 2% dead time
with the operation of the laser at maximum pulse rate
(10 Hz) for nominal event time windows of 2 ms. Because
space charge effects are known to potentially induce an
event rate dependency of the SPC detector response, the
laser further presents the advantage—unlike more conven-
tional calibration methods—of monitoring the gain in the
same rate conditions as that of the physics run.
Laser calibration measurements naturally lend them-

selves to measurements of the drift time of surface events.
The time at which 50% of the SPC pulse amplitude is
reached serves as an estimator of the mean arrival time of
the primary electrons. Because the trigger time on the PD
channel corresponds to the time at which photoelectrons

FIG. 6. Monitoring of the stability of the gain over time using a
UV laser. The top panel shows the distribution in SPC pulse
amplitude vs time of laser-induced events corrected for the laser
instability using the PD pulse amplitude. The middle and bottom
panels show the distribution of 37Ar 2822 eV events before
(middle panel) and after (bottom panel) correcting for gain
variations using the position of laser-induced events. The red
markers indicate the center of a Gaussian fitted to amplitude
spectra for slices in time of #15 min width.

PRECISION LASER-BASED MEASUREMENTS OF THE … PHYS. REV. D 99, 102003 (2019)
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SEDINE analysis Astropart. Phys. 97, 54 (2018)
Q.  Arnaud  et  al.  /  Astroparticle  Physics  97  (2018)  54–62  61  

Fig.  9.  Top  panel:  distribution  of  the  1620  events  recorded  during  the  physics  run  in  the  preliminary  ROI.  Events  that  fail  (resp.  pass)  the  BDT  cut  for  any  of  the  WIMP  
masses  are  shown  in  black  (resp.  colour)  dots.  Events  accepted  as  candidates  for  0.5  GeV/c  2  and  16  GeV/c  2  WIMP  masses  are  shown  in  red  and  blue,  respectively,  while  
for  intermediate  WIMP  masses,  candidates  are  shown  in  yellow.  Bottom  panel:  the  energy  spectrum  of  events  recorded  during  the  physics  run  in  the  preliminary  ROI  is  
indicated  by  the  black  markers.  Energy  spectra  of  0.5  GeV/c  2  and  16  GeV/c  2  WIMP  candidates  are  shown  in  red  and  blue  dots.  The  energy  spectra  before  and  after  the  BDT  
cut  of  simulated  0.5  GeV/c  2  (resp.  16  GeV/c  2  )  WIMPs  of  cross  section  !excl  =  4  .  4  ! 10  "37  cm  2  (resp.  !excl  =  4  .  4  ! 10  "39  cm  2  )  excluded  at  90%  (C.L.)  are  shown  in  unshaded  and  
shaded  red  (resp.  blue)  histograms,  respectively.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.)  

Fig.  10.  Constraints  in  the  Spin-Independent  WIMP-nucleon  cross  section  vs.  WIMP  mass  plane.  The  result  from  this  analysis  is  shown  in  solid  red  together  with  the  
expected  1  ! (resp.  2  ! )  sensitivity  from  our  background-only  model  in  light  green  (resp.  dark  green).  Signal  hints  reported  by  the  CDMS-II  Si  [41]  ,  CoGeNT  [42]  ,  DAMA/LIBRA  
[43,44]  and  CRESST-II  phase  1  [45]  experiments  are  shown  in  colour  contours.  Results  reported  as  an  upper  limit  on  the  WIMP-nucleon  cross  section  are  shown  in  solid  and  
dashed  lines  for  the  following  experiments:  DAMIC  [46]  ,  LUX  [6]  ,  XENON100  [47]  ,  CRESST-II  [14]  ,  CDMSlite  [48]  ,  SuperCDMS  [15]  ,  EDELWEISS  [49]  and  PANDAX-II  [7]  .  (For  
interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.)  

thereby  demonstrate  the  high  potential  of  Spherical  Proportional  

Counters  for  the  search  of  low-mass  WIMPs.  Further  operation  of  

SEDINE  with  He  gas  will  allow  for  the  optimization  of  momentum  

transfers  for  low-mass  particles  in  the  GeV/c  2  mass  range,  and  

increase  our  sensitivity  to  sub-GeV/c  2  WIMPs.  The  next  phase  of  

the  experiment  will  build  upon  the  knowledge  acquired  from  the  

operation  of  the  SEDINE  prototype  at  the  LSM.  It  will  consist  of  a  

140  cm  diameter  sphere  capable  of  holding  gas  up  to  a  pressure  

of  10  bars,  to  be  installed  in  SNOLAB  by  summer  2018.  The  sphere  

will  be  shielded  by  a  shell  of  25  cm  of  both  archeological  and  low  

activity  lead,  itself  inside  a  40  cm  thick  polyethylene  shield.  Space  

in  SNOLAB  has  been  assigned,  the  design  of  the  whole  project  is  

completed  and  technical  design  review  is  ongoing.  Among  many  

major  improvements,  selection  of  extremely  low  activity  copper  

(in  the  range  of  a  few  µBq/kg  of  U  and  Th  impurities)  and  ded-  

icated  handling  to  avoid  radon  entering  the  detector  at  any  time  

will  ensure  significant  reduction  of  the  backgrounds  levels,  both  

in  surface  and  volume,  relative  to  the  above  results,  and  allow  

sensitivity  down  to  cross  sections  of  O(10  "41  cm  2  )  .  Use  of  H  and  

He  targets  will  allow  us  to  reach  WIMP  mass  sensitivity  down  to  

0.1  GeV.  
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Fe

Grounded Rod

DLC-Coated
Central Electrode

Anode

• Studied achinos φ dependence for JINST 15 (2020) 11, P11023
• 3D printed DLC sensor, 11 1mm diameter anodes in 30cm diameter
SPC
• Here an 55Fe source has been moved around the detector (at the
same latitude)

• Gain changes versus φ
• Lines up with which anode the source is closest too
• Gain variation is well reproduced by the simulation!
• We can show with simulation this can be corrected by
applying different voltages to each side of the achinos
• See P. Knights talk for more about simulating SPCs!
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