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The Standard Model (& beyond)

• The Standard Model of particle physics is “complete”
• It does an annoyingly good job of describing the

data from the LHC (with a few notable exceptions)

• Lots of observations suggest that dark matter exists
• Galactic rotation curves
• Cosmic microwave background
• Small scale structure
• ‘Bullet’ cluster
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Dark matter
• What do we know about dark matter? Not much!
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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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Dark matter
𝜒 𝜒

SM SM

• Direct dark matter
searches have made

great strides in

excluding WIMP-like

dark matter

• Increasing interest in

pushing towards lower

masses,O(100MeV)

Figure 3: Current status of searches for spin-independent elastic WIMP-nucleus scattering assuming the standard
parameters for an isothermal WIMP halo: ⇢0 = 0.3 GeV/cm3, 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 1 meV threshold below
0.8 GeV/c2. 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 2 GeV/c2 and 4 GeV/c2, 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 ⇠800 MeV/c2 [178]. The strongest constraints on spin-dependent WIMP-
neutron scattering above ⇠3 GeV/c2 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 ⇠3 GeV/c2. CDMSLite [182] uses the Neganov-
Trofimov-Luke effect to constrain spin-dependent WIMP-proton/neutron interactions down to m� =
1.5 GeV/c2 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 160 MeV/c2.
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 80 MeV/c2 � 2 GeV/c2 and 90 MeV/c2 � 2 GeV/c2, respect-
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The Migdal effect
• Direct dark matter experiments search for dark matter scattering off a nucleus
• The nucleus ionises the detector medium
• However, when the nucleus recoils it can “leave behind” the electron cloud
• This can lead to the emission of an electron (we’ll call this the Migdal electron)
• Thresholds for detecting electrons are lower – we would see these events
• The Migdal effect first predicted in 1939, recent renaissance due to applicability to DM

Neutral
projectile

Migdal
electron

Figure from Tim Marley
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Exploring lower dark matter masses
To explore dark matter masses of O(100MeV) we need detectors with a lower threshold

Option A: Exploit the Migdal effect
• No need to build a new detector?
• Can reinterpret existing results?
• Problem: The Migdal effect has not yet been observed in nuclear scattering!
• Solution: Build a detector to observe the Migdal effect in nuclear scattering

Option B: Build detectors with light targets
• If DM is light then a light target is a better match

• Need a low background detector – low material budget
• Need low electronic noise – aim for single electron threshold
• Solution: Build a detector which can be filled with a light target
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A generic gaseous detector

1. Particle enters the detector and scatters

off a nucleus

2. Nucleus ionizes the gas, creating

electron–ion pairs

3. In the presence of an electric field,

electrons drift towards the anode

4. Electrons avalanche in a region with high

E-field magnitude. Electrons given

enough energy to ionize more

electrons–ion pairs, which in turn can

ionize more and so on. . .

5. Electrons (or ions) induce current on

electrodes (Shockley-Ramo)

HV

++ +- -
-

1.

2.

3.

4.

5.

• Can build large detectors at a reasonable cost
• The gas and pressure can be changed to suit the requirements
of the experiment
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Exploring lower dark matter masses
To explore dark matter masses of O(100MeV) we need detectors with a lower threshold

Option A: Exploit the Migdal effect
• No need to build a new detector?
• Can reinterpret existing results?
• Problem: The Migdal effect has not yet been observed in nuclear scattering!
• Solution: Build a detector to observe the Migdal effect in nuclear scattering

Option B: Build detectors with light targets
• If DM is light then a light target is a better match

• Need a low background detector – low material budget
• Need low electronic noise – aim for single electron threshold
• Solution: Build a detector which can be filled with a light target
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The MIGDAL Experiment
• TheMigdal In Galactic Dark MAtter ExpLoration experiment aims to make an unambiguous
observation of the Migdal effect in nuclear scattering using an optical time projection chamber

• Similar concept to the diagram on the previous slide
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MIGDAL: Avalanche region – Gas Electron Multipliers

photosensitive gases. A novel device, the Multi-step Avalanche
Chamber, overcame the difficulty introducing the concept of pre-
amplification: a region of high field between two meshes used to
impart to the primary ionization electrons a first boost of gain,
before transferring the charge to a second amplifying structure [12].
The combined amplification of the cascaded assembly, each oper-
ated below the critical gain for discharges, added to the suppression
of photon-mediated feedback processes due to self-absorption in
the gas achieve the successful detection and localization of single
photoelectrons for Cherenkov Ring Imaging applications [13].

Inspired by the same basic concept, the Gas Electron Multiplier
electrode is a thin polymer foil, metal-coated on both sides and
pierced with a high density of holes, typically 50–100 mm!2

(Fig. 1). Inserted between a drift and a charge collection electrode,
and with the application of appropriate potentials, the GEM
electrode develops near the holes field lines and equipotential as
shown in Fig. 2. The large difference of potential applied between
the two sides of the foil creates a high field in the holes; electrons
released in the upper region drift towards the holes and acquire
sufficient energy to cause ionizing collisions with the molecules of
the gas filling the structure. A sizeable fraction of the electrons
produced in the avalanche's front leave the multiplication region
and transfer into the lower section of the structure, where they can
be collected by an electrode, or injected into a second multiplying
region. Fig. 3 shows schematically a single GEM detector, with a
two-dimensional patterned charge detection anode. Unlike other
gaseous counters, the (negative) signal on the anode is generated
only by the collection of electrons, without a contribution from the
slow positive ions, making the device potentially very fast and
minimizing space charge problems. Moreover, the low field gap
between multiplying and sensing electrodes reduces the probability
of the propagation of a discharge to the fragile front-end readout
electronics. The equal and opposite charges sensed on the bottom
GEM electrode can be used as energy trigger, permitting the
detection and localization of events caused by neutral radiation.

Replicated in a cascade of GEM foils, the pre-amplification and transfer
process permit one to attain very high proportional gains without the
occurrence of discharges, as will be discussed in the next sections.

3. Optimization of the GEM geometry and operating
conditions

The holes' diameter and shape have a direct influence on the
performance and long-term stability of operation of a detector; for a
detailed discussion on this point see Section 6. It was found already

in early studies that to ensure high gains, the optimum hole
diameter should be comparable to the foil thickness, as shown by
the measurements in Fig. 4: while narrower holes result in larger
fields for a given voltage, losses on the walls compensate for the
increased gain [14]. It should be noted that, since a field-dependent
fraction of the multiplying electrons is lost on the lower face of the
GEM electrode, the useful or effective gain, defined as ratio of the
detected to the primary ionization charge, is always lower than the
real gain of the multiplier, as shown in the figure.

Owing to the structure of the detector, the sharing of collected
charges (electrons and ions) between electrodes depends on the
value of fields, GEM geometry and filling gas; it has been
extensively studied both with measurements and simulations
[14–17]. Fig. 5, from the first reference, is an example of currents
measured on all electrodes as a function of the induction field,
with all other fields kept constant. Above "15 kV cm!1, avalanche
multiplication begins in the induction gap; while exploitable to
attain higher gains, this is not a desirable feature since it might
help propagating a discharge through the structure.

Fig. 1. Electron microscope picture of a section of typical GEM electrode, 50 mm
thick. The holes pitch and diameter are 140 and 70 mm, respectively.

Fig. 2. Electric field in the region of the holes of a GEM electrode.

Fig. 3. Schematics of single GEM detector with Cartesian two-dimensional strip
readout.

F. Sauli / Nuclear Instruments and Methods in Physics Research A 805 (2016) 2–24 3

• Electron avalanche performed using two GEMs
• GEMs are micropattern gas detectors, in the same family of gaseous detectors as Micromegas
• Very small holes in a dielectric sheet
• Electrons are directed through the holes and avalanche inside of them
• GEM parameters: 170 µm diameter holes, 280 µm pitch
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MIGDAL: Readout

• The experiment is equipped with multiple readouts
• A PMT is used to collect light produced in both the initial ionization and in the avalanche. This
gives us information about the absolute z-position of the initial interaction

• An Indium Tin Oxide (ITO) strip anode is used to readout the charge produced. This gives us
information about the tracks produce in the x and z (time) directions
• A CMOS camera records the light leaving the GEMS, giving us a picture of the tracks in the x–y
plane

• We are involved in simulating all of this, I am the simulation coordinator for the experiment
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Example simulated Migdal-like event: CMOS image
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The NILE facility at ISIS, RAL
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• Experiment will be based at RAL
• We will first use a 2.45MeV DD neutron source and later a 14.1MeV DT neutron source
• Expect to start data taking very soon. Stay tuned!

13



Exploring lower dark matter masses
To explore dark matter masses of O(100MeV) we need detectors with a lower threshold

Option A: Exploit the Migdal effect
• No need to build a new detector?
• Can reinterpret existing results?
• Problem: The Migdal effect has not yet been observed in nuclear scattering!
• Solution: Build a detector to observe the Migdal effect in nuclear scattering

Option B: Build detectors with light targets
• If DM is light then a light target is a better match

• Need a low background detector – low material budget
• Need low electronic noise – aim for single electron threshold
• Solution: Build a detector which can be filled with a light target
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The NEWS-G Collaboration
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Spherical Proportional Counters (SPCs)

Overview
• 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

Advantages
• Low capacitance, independent of cathode radius –
low noise, single electron threshold

• High-pressure operation – can reach large target
masses

• Optimal volume-to-surface ratio – low background
• Single readout in its simplest form
• Easy to switch target gas
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Pulse analysis

• The signal of an ”event” is a voltage pulse,
which can be deconvolved to get a current

pulse.

• Each pulse contains information that can be
used to distinguish different features of

observed events, potentially allowing

signal/background discrimination
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Pulse shape discrimination
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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 –

Track

3
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SEDINE @ LSM Astropart. Phys. 97, 54 (2018)

• The first NEWS-G detector was called SEDINE and operated at LSM for 43
days in Spring 2015

• 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?
• Larger target mass (bigger detector)
• Lower backgrounds
• Better signal/background discrimination

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  σexcl  =  4  .  4  × 10  −37  cm  2  (resp.  σexcl  =  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  σ (resp.  2  σ )  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.  

20

https://doi.org/10.1016/j.astropartphys.2017.10.009


Larger target mass – bigger detector?

• To increase the target mass we ideally want a larger detector
• Not as simple as it might sound

E(r) =
V0
r2

rarc
rc − ra

≈ V0
r2 ra E(ra) ≈ V0

ra

• Electric field drops with r2

• To collect the charge at the edge of the detector efficiently we need a large drift field
• Can increase the drift field by increasing the anode radius
• But increasing the anode radius reduces the electric field in the avalanche region (lower gain)
• So need to increase the voltage, but this can lead to instabilities
• Ideally we need a way to decouple the fields in the avalanche and drift regions. . .
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Solution: ACHINOS

• The solution is to use a multiple anode sensor, known as ACHINOS sensors ACHINOS

• The drift field and avalanche fields can be decoupled

Grounded
Support Rod

Central Electrode

Anode
Anode Wire
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Solution: ACHINOS

• An additional advantage is that we can perform
multi-channel readout, allowing the position of the

primary interaction to be determined and help

particle identification (distinguish signal from

certain backgrounds)

• Plot shows the amplitude asymmetry formed from
the rod-side and far-side anodes from simulation
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Electroplating NIM A 988 (2021) 164844

• The largest background in the previous iteration of the analysis
was from

210
Pb 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 in
the ROI

Pb

Po

Bi

4N Copper

500 m
EF Copper Gas
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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→ Possible thanks to the ACHINOS
• 4N Aurubius Copper (99.99% pure) with 500µm electroplated copper inner surface
• Two readouts (possible fiducialisation)
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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 is underway 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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DarkSPHERE

• Simulations of a 60 anode (!) ACHINOS for DarkSPHERE
• Will potentially allow some level of tracking
• DarkSPHERE will set world leading spin-dependent dark matter limits
• Interest from UK theory community: arXiv:2110.02985
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Backgrounds from neutrons in the cavern may become problematic. Can we measure these in-situ? 29
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Neutron detectors

• Detecting neutrons is
difficult

• Current neutron
detectors have several

disadvantages

• Helium-3 based
proportional counters are

efficient for thermal and

fast neutrons, but need

to be operated at high

pressure.

• Helium-3 is extremely
expensive

• Proposal: use an SPC filled
with N2 to detect neutrons

• Nitrogen is non-toxic,
non-flammable and cheap

14N + n → 14C + p + 625 keV

14N + n → 11B + α − 159 keV
5 10 15 20
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We have been measuring neutrons with a nitrogen–filled SPC in

Birmingham!
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The Graphite Stack

• To test the detection of neutrons we use an
241
Am

9
Be source

• Use the 30 cm diameter SPC, filled with N2

and instrumented with a two-channel achinos

• A graphite stack is used to thermalise
neutrons. We can move the source in/out of

the stack to get thermal/fast neutrons.
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Graphite stack - 1.5 bar, 4500V
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N2: 1.5 bar

Fast neutrons

Thermalized neutrons

• Impurities in the gas emitted by filter (Radon) actually quite useful to calibrate the detector!

• Paper very soon!
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MC40 Cyclotron

• We can also produce neutrons at the MC40
cyclotron

• Deuteron beam on a Beryllium target to
produce fast neutrons with energies up to 10

MeV

• Can place various moderators in the beam
(paraffin, boron doped polyethylene, lead)

• Make comparisons with our simulation
framework (preliminary results)!
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MC40 Cyclotron

• We can also produce neutrons at the MC40
cyclotron

• Deuteron beam on a Beryllium target to
produce fast neutrons with energies up to 10

MeV

• Can place various moderators in the beam
(paraffin, boron doped polyethylene, lead)
• Make comparisons with our simulation
framework (preliminary results)!
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What else?

• Many experiments are searching for 0νββ decay

Requirements for a 0νββ experiment

1. Low background Low rate of signal events
requires as small a background as possible

2. Large isotope mass Limits on 0νββ
half-life require large isotope masses

3. Good energy resolution Essential to
discriminate the 0νββ signal from the

2νββ background

Properties of Spherical Proportional Counters

1. Low background a) Spherical shape has
the optimal surface-to-volume ratio, b)

Very low material budget c) Radial

discrimination through pulse analysis

2. Large isotope mass Large masses of
extremely pure gaseous isotopes can be

achieved through high pressure operation

3. Good energy resolution ???

• SPCs good 0νββ detectors? Conceptual design investigated in detail in JINST 13 (2018) 01, P01009
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Neutrinoless double beta decay

• Neutrinos have mass and oscillate between
flavours! Right-handed neutrinos?

• Majorana proposed that neutral particles can
be their own anti-particles

• If this is the case then we can introduce

neutrinoless double-beta decay

• Such a process would violate lepton number
and may help to shed light on the

matter–anti-matter asymmetry of the universe
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Analysis strategy

• Measure the energy of two electrons
• If there is 0νββ then we expect a peak at the

Q-value of the process, compared with a
continuous spectrum from 2νββ

• Example below from the GERDA experiment

34

TABLE II Target isotopes currently being pursued by leading 0⌫��-decay experiments. The reported 2⌫��-decay half-life
values are the most precise available in literature. The 0⌫��-decay half-life values are the most stringent 90% C.L. limits.

Isotope Daughter Q��
a fnat

b fenr
c T 2⌫��

1/2
d T 0⌫��

1/2
e

[keV] [%] [%] [yr] [yr]
48Ca 48Ti 4 267.98(32) 0.187(21) 16

�
6.4+0.7

�0.6(stat)+1.2
�0.9(syst)

�
· 1019 > 5.8 · 1022

76Ge 76Se 2 039.061(7) 7.75(12) 92 (1.926 ± 94) · 1021 > 1.8 · 1026

82Se 82Kr 2 997.9(3) 8.82(15) 96.3
�
8.60 ± 0.03(stat)+0.19

�0.13(syst)
�

· 1019 > 3.5 · 1024

96Zr 96Mo 3 356.097(86) 2.80(2) 86 (2.35 ± 0.14(stat) ± 0.16(syst)) · 1019 > 9.2 · 1021

100Mo 100Ru 3 034.40(17) 9.744(65) 99.5
�
7.12+0.18

�0.14(stat) ± 0.10(syst)
�

· 1018 > 1.5 · 1024

116Cd 116Sn 2 813.50(13) 7.512(54) 82 2.63+0.11
�0.12 · 1019 > 2.2 · 1023

130Te 130Xe 2 527.518(13) 34.08(62) 92
�
7.71+0.08

�0.06(stat)+0.12
0.15 (syst)

�
· 1020 > 2.2 · 1025

136Xe 136Ba 2 457.83(37) 8.857(72) 90 (2.165 ± 0.016(stat) ± 0.059(syst)) · 1021 > 1.1 · 1026

150Nd 150Sm 3 371.38(20) 5.638(28) 91
�
9.34 ± 0.22(stat)+0.62

�0.60(syst)
�

· 1018 > 2.0 · 1022

a Values from (Alanssari et al., 2016b; Fink et al., 2012; Kolhinen et al., 2010; Kwiatkowski et al., 2014; Lincoln et al., 2013; Mount
et al., 2010; Rahaman et al., 2008; Rahaman, S. and Elomaa, V. V. and Eronen, T. and Hakala, J. and Jokinen, A. and Kankainen, A.
and Rissanen, J. and Suhonen, J. and Weber, C. and Äystö, J., 2011; Redshaw et al., 2009, 2007).

b Values from (Meija and other, 2016).
c Values from (Abgrall et al., 2021; Artusa et al., 2017; Barabash et al., 2014, 2011; Dafinei et al., 2017; Gando et al., 2012; JSC Isotope,

last accessed: Sep. 2020a,l,l; Kishimoto, 2018). Enrichment is performed via gas centrifuge for all isotopes except for 48Ca, for which
the unpublished report in (Kishimoto, 2018) used electrophoresis (Kishimoto et al., 2015). For 96Zr, 86% is commercially available
(JSC Isotope, last accessed: Sep. 2020a), however a 91% enrichment was achieved at smaller scale (Finch, 2015). For 116Cd, 82% is
the highest value used in a 0⌫��-decay experiment(Barabash et al., 2011), however enrichment up to 99.5% is possible(JSC Isotope,
last accessed: Sep. 2020d). For 150Nd, 91% is the highest value used in a 0⌫��-decay experiment(Barabash et al., 2018), however
enrichment up to 98% is possible(JSC Isotope, last accessed: Sep. 2020c).

d Values from (Agostini et al., 2015; Albert et al., 2014; Alduino et al., 2017b; Argyriades et al., 2010; Armengaud et al., 2019b; Arnold
et al., 2016a,b; Azzolini et al., 2019b; Barabash et al., 2018).

e 90% C.L. limits from (Adams et al., 2021b,c; Agostini et al., 2020b; Argyriades et al., 2010; Armengaud et al., 2021; Arnold et al.,
2016a; Azzolini et al., 2019d; Barabash et al., 2018; Gando et al., 2016; Umehara et al., 2008).
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FIG. 11 Theoretical spectra of 2⌫�� and 0⌫�� decays with
1.5% energy resolution (FWHM). The relative normalization
is for illustrative purpose only.

sum electron energy is a necessary condition for discov-
ery: the 0⌫�� decay will feature a peak at Q�� , the 2⌫��-
decay mode a continuum from zero to Q�� (Fig. 11).
In a high-resolution experiment free of other background
sources, energy measurement is also a su�cient condition
for discovery.

The measurement of energy is optimal if the candidate
isotope is part of the detector itself. This condition si-
multaneously maximizes the detection e�ciency (by op-
timizing containment) while minimizing any energy loss,
providing a clear signature for the signal as a 0⌫��-decay
peak over the background, with shape governed by the
energy resolution function of the detector. The resolu-
tion function is characterized by its full width at half-
maximum (FWHM), which is given by 2

p
2 ln 2� for a

Gaussian resolution function of width �, but can also
be used to characterize and compare less ideal detector
responses.

In many detectors, the measurement of energy also
identifies the time and sometimes the position of the en-
ergy deposition within the detector. These observables
further improve the 0⌫��-decay signal identification by
discriminating correlated or time-varying backgrounds as
well as background contributions with spacial distribu-
tions distinct from that of the parent isotope.

Particle tracking allows to independently measure the
single electron momenta and directions and consequently
their angular correlation. Precise tracking of electrons
with MeV-scale energies, including the measurement of
the decay location, is only achievable in low-pressure
gaseous detectors4 or highly pixelated solid detectors at
present. For the former, the quest to maximize the iso-
tope mass motivates the use of composite detectors with
solid sources sandwiched between gaseous tracking detec-
tors. Pixelated detectors on the other hand require small
surface to volume ratios. In either case, the passage of
the decay electrons through passive material near the de-
tection medium induces an unavoidable energy loss and
distorts the expected Q�� peak in the sum energy spec-

4 In this context, we define pressures ⇠ 1 bar as low, and in the
10 � 20 bar range as high.

GERDA Phase II data were collected between December
2015 and November 2019. The total exposure is 103.7 kg
yr (58.9 kg yr already published in Ref. [3] and 44.8 kg yr
of new data). Figure 1 shows the energy distribution
of all events before and after applying the analysis
cuts. At low energy, the counting rate is mostly accounted
for by the 2νββ decay of 76Ge with a half-life of
T2νββ
1=2 ¼ ð1.926# 0.094Þ × 1021 yr [31].
The energy range considered for the 0νββ decay analysis

goes from 1930 to 2190 keV, with the exclusion of the
intervals (2104# 5) and ð2119# 5Þ keV that contain two
known background peaks (Fig. 2). No other γ line or
structure is expected in this analysis window according to
the background model [32]. After unblinding, 13 events are
found in this analysis window after all cuts (5 in coaxial, 7
in BEGe and 1 in IC detectors). These events are likely
due to α decays, 42K β decays, or γ decays from 238U and
232Th series. Coaxial detector data which were unblinded in
Ref. [33], when less effective PSD techniques against
surface events were available, and which were also
included in the analysis in Refs. [3,34], have been rean-
alyzed according to the new method. As a consequence,
three events—at energies 1968, 2061, and 2064 keV—that
were previously included in the analysis window are now
discarded.
The energy distribution of the events in the analysis

window is fitted to search for a signal due to 0νββ decay.
The fit model includes a Gaussian distribution for the
signal, centered at Qββ with a width corresponding to the
energy resolution, and a flat distribution for the back-
ground. The free parameters of the fit are the signal strength
S ¼ 1=T1=2 and the background index B. The expectation
value of the number of signal events scales with S as

μs ¼
ln 2N A

m76

εES; ð1Þ

where N A is Avogadro’s number, m76 the molar mass of
76Ge, E the exposure, and ε the total efficiency of detecting
0νββ decays. The average 0νββ decay detection efficiency

of each detector type and its breakdown in individual
components are listed in Table I. The mean number of
background events in the analysis window is given by

μb ¼ B × ΔE × E; ð2Þ

with ΔE ¼ 240 keV being the net width of the analysis
window. Data of each detector are divided in partitions,
i.e., periods of time in which parameters are stable. Each
partition k is characterized by its own energy resolution
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FIG. 1. Energy distribution of GERDA Phase II events between 1.0 and 5.3 MeV before and after analysis cuts; the exposure is
103.7 kg yr. The expected distribution of 2νββ decay events is shown assuming the half-life measured by GERDA [31]. The prominent γ
lines and the α population around 5.2 MeV are also labeled.

FIG. 2. Top: Enlarged view of the energy distribution of
GERDA Phase II events between 1900 and 2650 keV before
and after analysis cuts. This energy interval includes the analysis
window (edges marked by dashed lines) and the regions of
expected γ lines (marked by gray areas), among those the
prominent γ line at 2615 keV. Bottom: Result of the unbinned
extended likelihood fit: The blue peak displays the expected 0νββ
decay signal for T1=2 equal to the lower limit, 1.8 × 1026 yr. Its
width is the resolution σk of the partition which contains the event
closest to Qββ. Vertical lines indicate the energies of the events in
the analysis window after analysis cuts.

PHYSICAL REVIEW LETTERS 125, 252502 (2020)

252502-4

37



The R2D2 project

• R2D2 (Rare decays with a radial
detector) is an R&D project to

investigate using a Xenon filled

SPC to search for 0νββ

The initial goal of the project is to demonstrate the required en-ergy resolution to search for 0νββ can be achieved(1% FWHW at Qββ of 2.458MeV)

38
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Experimental setup
P������� ��� ���������� �� JINST

R2D2 spherical TPC: first energy resolution results

R. Bouet0 J. Busto1 V. Cecchini0, 5 C. Cerna0 A. Dastgheibi-Fard2 F. Druillole0 C. Jollet0

P. Hellmuth0 I. Katsioulas3 P. Knights3,4 I. Giomataris4 M. Gros4 P. Lautridou 5

A. Meregaglia0,1 X. F. Navick4 T. Neep3 K. Nikolopoulos3 F. Perrot0 F. Piquemal0 M. Roche0

B. Thomas0 R. Ward3 M. Zampaolo2

0CENBG, Université de Bordeaux, CNRS/IN2P3, F-33175 Gradignan, France
1CPPM, Université d’Aix-Marseille, CNRS/IN2P3, F-13288 Marseille, France
2LSM, CNRS/IN2P3, Université Grenoble-Alpes, Modane, France
3School of Physics and Astronomy, University of Birmingham, B15 2TT, United Kingdom
4IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
5 SUBATECH, IMT-Atlantique, Université de Nantes, CNRS-IN2P3, France

A�������: Spherical time projection chambers (TPC), also known as spherical proportional coun-
ters, are employed in the search for rare phenomena, such as light Dark Matter candidates. The
spherical TPC exhibits a number of essential features, making it a promising candidate for the
search of neutrinoless double beta decay (VV0a). A tonne-scale spherical TPC experiment could
cover a region of parameter space relevant for the inverted mass hierarchy with a few years of data
taking. In this direction, the major R&D goal of the R2D2 e�ort is the demonstration of the required
energy resolution. First results from an argon-filled prototype detector are reported, demonstrating
an energy resolution of 1.1% FWHM for 5.3 MeV U tracks in the 0.2 to 1.1 bar pressure range. This
is a major milestone in terms of energy resolution, paving the way for further studies with xenon
gas, and the possible use of this technology for VV0a searches.
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• To investigate whether the desired energy resolution can be

achieved a 20 cm radius aluminium SPC has been produced

and operated at CENBG in Bordeaux

• The detector was filled with a mix of Argon/CH4 (98/2%)

• An α particle source (210Po) was used, producing α particles

with E = 5.3MeV
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Results (i)
• Measured data are compared with simulation results

using JINST 15 (2020) 06, C06013

• Good agreement

• Pulse properties can be used to select specific events
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Results (ii)

Resolution measurement

• The energy resolution is measured to be≈ 1.1%

FWHM at 5.3MeV

• Scaling to the Qββ of 136Xe gives a resolution of 1.6%
• W-value and Fano factor of Xenon more favourable
than Argon

• Tested at two different pressures (track lengths
varying from a few to 20 cm). Results independent of

track length.

• Promising first results!

0

200

400

600

800

1000

1200

5.1 5.2 5.3 5.4 5.5 5.6 5.7
Reconstructed Equivalent Energy (MeV)

1.1% FWHM
resolution

200mbar, 720 V

0

100

200

300

400

500

600

5.1 5.2 5.3 5.4 5.5 5.6 5.7
Reconstructed Equivalent Energy (MeV)

1.2% FWHM
resolution

1100mbar, 2000 V

41



Summary

• The Birmingham gas lab is involved in a wide range of activities. Not just Dark Matter!
• MIGDAL experiment will start taking data very soon!
• NEWS-G experiment in place in SNOLAB, calibration underway and physics runs expected shortly!
• The ECUME project will result in a fully electroformed detector
• We hope that DarkSPHERE will bring a world-leading dark matter experiment to the UK!
• Neutron measurements have been performed here in Birmingham – expect papers on the graphite stack

and cyclotron measurements in the coming weeks/months!

• The R2D2 project is continuing to study the suitability of an SPC for 0νββ decay searches. Recently
demonstrated adding light readout to an SPC
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Evidence for Dark matter

• Galactic rotation curves

• Lensing
• Bullet cluster
• ΛCDM

1

https://en.wikipedia.org/wiki/Galaxy_rotation_curve
https://esahubble.org/news/heic1317/
http://chandra.harvard.edu/photo/2006/1e0657/more.html
https://www.aanda.org/articles/aa/full_html/2020/09/aa36386-19/aa36386-19.html#figs


Future DM detectors

Figure 4: Sensitivity projections (90% CL) for spin-independent WIMP-nucleon scattering. The neutrino floor is
defined as in Fig. 3 and shown for different targets. Shown are projections from ARGO [360], CRESST, CYGNUS
(1000 m3) [356], DAMIC-M [327], DarkSide-20k [360], DARWIN [242, 251], EDELWEISS [358], LZ [241],
NEWS-G (ECUME) [334], PandaX-4t [278], SuperCDMS [359], T-REX [336], XENONnT [283] along with the
envelope of the current results from Fig. 3.

neutrino-induced backgrounds. The ultimately lower background achievable in argon experiments due
to the pulse-shape discrimination of ERs allows a better discovery potential for higher WIMP mass,
see Fig. 5. The discovery potential at lower mass is better in xenon experiments thanks to their much
lower experimental energy threshold. When operated in charge-only mode, the large liquid noble gas
TPCs also have a good sensitivity in the low mass region below ⇠5 GeV/c2, however, the discovery
potential is superior for the dedicated low-mass searches using bolometers and crystals thanks to their
lower backgrounds and energy thresholds.

It is important to emphasise that the whole spectrum of direct WIMP searches with all its com-
plementary approaches, targets and search channels cannot be put into one common figure. Experi-
ments with targets containing 19F are needed to optimally probe spin-dependent WIMP-proton coup-
lings. Xenon targets (129Xe, 131Xe) are required to test spin-dependent WIMP-neutron couplings with
the highest sensitivity, however, there are a number of isotopes which can also provide excellent res-
ults in one or/and the other channel (e.g., 7Li, 17O, 23Na, 27Al, 29Si, 73Ge, 127I, 183W). The search
for signatures of inelastic scattering requires a low background in both, NR and ER (before rejection),
channels; an additional excellent energy resolution will allow for an optimal characterisation of the pro-
cess. Interactions of DM particles in the mass range of O(1 � 100) MeV/c2 are best searched for by
detectors with a sensitivity to single electrons, e.g., Si CCDs, Ge bolometers or liquid noble gas TPCs in
charge-only mode. Other models introduce different coupling between DM and protons vs. neutrons to
explain the apparent tension between DM claims and limits (e.g., [188]): in such a "xenophobic" model,
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DarkSPHERE projection
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The SPC landscape
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Achinos weighting fields
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Current on electrode from Ramo-Shockley theorem

in = −q
~Enw ·~v
Vnw

(1)

Direction of~v is the same as the electric field of the detector. Focus on top anode, ~E and ~Efarw are in same direction.

~E and ~Enearw are in opposite directions ∴ opposite currents
5
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The setup of the detector studied and the most relevant expected backgrounds for one year of

data taking

6

https://doi.org/10.1088/1748-0221/13/01/P01009


R2D2

• Interesting lessons learnt during the process of

producing the “final” comparison seen on the

previous slide

• Diffusion and noise have large impacts on the Dt
distribution

Anode

Po 210 source - a (5.3 MeV) emitted in 4p sr 

Cathode
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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
• 37

Ar calibrations are performed at the end of runs

demonstrate the feasibility of Oð1%Þ precision mea-
surements of θ, 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 ¼ 27.6$

0.2 eV in Neþ 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 Neþ 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]

!
σðEÞ
E

"
2

¼ f
μ
þ F

μ
þ
!

σb
hGiμ

"
2

ð8Þ

where σb 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 σ2N=μ of the variance to
the mean of the number of primary electrons created N.
Because hGi ≫ σb, the last term of Eq. (8) is of second
order and becomes even completely negligible when
μ ≫ 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 WðEdÞ as follows:

!
σðEÞ
E

"
2

¼ WðEdÞ
Ed

!
1

1þ θ
þ FðEdÞ

"
: ð9Þ

Equation (9) becomes particularly interesting when θ and
WðEdÞ 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 σ 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 ¼ 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:

PðEÞ ¼
X∞

N¼1

PPolyaðEjNÞ · PCOMðNjμðEdÞ; FðEdÞÞ ð10Þ

where PcomðNjμðEdÞ; FðEdÞÞ 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 Neþ CH4 (2%) at
1.5 bar with HV1 ¼ 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.
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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 σ, θ, hGi and μ 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 σth 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)

102003-9

9

https://doi.org/10.1103/PhysRevD.99.102003


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  σexcl  =  4  .  4  × 10  −37  cm  2  (resp.  σexcl  =  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  σ (resp.  2  σ )  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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DLC ACHINOS JINST 15 (2020) 11, P11023

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 55
Fe 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
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Simulation outline
• Our simulation framework combines

• Geant4 , for simulating the interactions of

particles/radiation with matter

• Garfield++ , for simulating the electron-ion drift

and signal calculation (interfaces to Heed,

SRIM and Magboltz)

• ANSYS , finite-element software, for electric

field calculations

• Our framework uses these toolkits, along with
custom calculations, to produce a complete

simulation

JINST 15 (2020) 06 C06013
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Simulation: Initial particle tracking, ionisation and drift

• We use Geant4 to create and track our initial particles we want to study
• Geant4 tracks these through the detector until it produces electrons with E < 2 keV

• At this point Garfield++ takes over
• δ-electrons are produced (HEED), and then all the electrons are drifted in the detector using ANSYS and
Magboltz
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Simulation: Avalanche

• Close to the anode, where the electric field is
strongest, the electrons avalanche, producing

electron-ion pairs

• Depending on the properties of the detector, this
process can produce 10,000s of electrons

• Tracking each one of these becomes extremely
computationally expensive

• Instead we parameterise the gain by numerically

integrating the townsend coefficient (minus

attachment) along the path of each primary electron

G = exp

(∫
~r
α(~r)− η(~r)d~r

)
• Electron multiplication then follows a Polya
distribution
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ACHINOS arXiv 2003.01068

Fe

Grounded Rod

DLC-Coated
Central Electrode

Anode

• Studied achinos phi dependence in the context of
arXiv 2003.01068

• 3D printed DLC sensor, 11 1mm diameter anodes in

30cm diameter SPC

• Here an 55
Fe 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!
• Gain is higher when source inline with rod-side
anode
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ACHINOS arXiv 2003.01068

• We investigated what happens when different voltages are applied to either side of the achinos
• Able to flatten out the gain fluctuations to a large extent with a rough tuning
• Can expect a fine-tuning can lead to uniform gain in near and far sides of the detector
• Could potentially even calibrate each anode individually
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