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Direct detection of dark matter

Absence of canonical WIMPs [1,2] motivates searches for other low mass WIMP-like DM candidates [3,4]
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Direct detection of dark matter

Absence of canonical WIMPs [1,2] motivates searches for other low mass WIMP-like DM candidates [3,4]
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The NEWS-G experiment

Spherical Proportional Counters (SPCs) to search for low-mass dark matter

Metallic vessel filled with a noble
gas mixture, with a single high
voltage anode/sensor

Low-A target atoms increases
sensitivity to low-mass
dark matter

Low capacitance (~10 pF)
decreases electronic
baseline noise

Townsend avalanche
provides large gain

Single ionization detection
threshold!
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Principle of operation

(1) Primary lonization

E
PE) = ——
B W(FE)
W= f Neon: Wy ~ 36 eV/pair
e = Wy /Q(E) Q- 0.2
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Principle of operation

(1) Primary lonization

E
PE) = ——
DB W(FE)
— . Neon: Wy ~ 36 eV/pair

(2) Drift of charges

Radially-dependent diffusion allows for
fiducialization
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Principle of operation

(1) Primary lonization

E
PE S
Wir = ”7“‘/Q(E) Neon: Vg:gz eV/pair

(2) Dirift of charges

Radially-dependent diffusion allows for
fiducialization

(3) Avalanche of secondary e/ion pairs

Amplification of signal through
Townsend avalanche (tunable with V)

(~10% - 10* secondary pairs)
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Principle of operation

(1) Primary Ionizatil%n
PFE) = ——

War = Wy /Q( E) Neon: V(V}y: 32 eV/pair

(2) Drift of charges

Radially-dependent diffusion allows for
fiducialization

(3) Avalanche of secondary e/ion pairs

Amplification of signal through
Townsend avalanche (tunable with V)

Single electron pulse:

5 | SPC Treated Pulse ’ Ww A Sisral foration
3s. ] (4) Signal formatio
-3 Current induced by the secondary ions
59/ drifting away from anode
88
g Pty sy (5) Signal readout

0 500 1000 1500 Current integrated and digitized

Time [ps]
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The S140 detector

- Radio-pure construction, multi-layered compact shield system

- Gas quality: contamination filter and radon removal, precise
measurement of methane

- Multi-anode sensor for more isotropic response, stronger drift
field

- 0.5mm electroplated copper interior to shield Pb-210 Brem [1,2]

Radon trap:
- Carboxen

\ « : e 3 cm Archeological lead

22 cm Low Activity lead

|. Katsioulas, Journal of
Physics: Conference Series
1468 (2020) 0122058

Stainless steel
skin

#140 cm Copper sphere

40 em HDPE

1. K. Abe et al, Nucl. Instrumen. Methods A, 884 (2018)
2. L. Balogh et al, Nucl. Instrumen. Methods A, 988 (2021)
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5140 @ the LSM

Tunnel routier de Fréjus

ITALIE

FRANCE

Commissioning data was
taken at the LSM:

—\

laboratoire Souterrain de Modane

A water tank was used instead of
the PE shield. First test of sensor
deployment system, electronics

~10 days of data taken with
135 mbar of pure CH, (110 g):

- Larger fraction of hydrogen for
low-mass DM sensitivity

- More transparent to high energy
V’s, lower background rate/unit
mass than Ne/CH, mixture
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Electron peak finding

The large drift volume allows us to resolve individual primary electrons in time!

UV Laser events from new 140cm SPC:

Double Deconvolved, Light Smoothing
» ~ 10 primary electrons
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Sensor readout

The 11-anode sensor is read out in two channels (north and south)

, , 1.0
In this analysis, only
pure south-channel 0:6
events are kept as
candidate events (more 0.4 - o
isotropic field structure) s
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Pulse shape discrimination

Physical events induce
mirror, smaller pulses in
the opposite sensor
channel with a
characteristic scale

Spurious pulses (electronic

artifacts) do not exhibit this

lbehaviour, and tend to be
sharper

PSD possible using
combination of
North/South peak
amplitudes and pulse
derivative: 77% of physical
events kept, 95% of
spurious pulses rejected
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UV laser calibration

A 213 nm laser shone into the
sphere extracts photo-
electrons from the inner surface of
the vessel [1]:

Photo-
detector

Laser-induced calibration events are
‘ \ tagged with a photodiode

Continuous operation during physics
runs allows for monitoring of the
detector response

Low intensity laser data also allows for
measurement of the hardware trigger
efficiency

leseTwu €1z

[1] Q. Arnaud et al, Phys. Rev. D 99, 102003 (2019)
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UV laser calibration
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A 213 nm laser shone into the
sphere extracts photo-
electrons from the inner surface of
the vessel [1]:

Data with O or a few electrons is used
to measure the single electron
response of the detector (gain and
avalanche statistics)

Also used to quantify the performance
of the peak-finding algorithm (peak
detection threshold and noise trigger
probability)

[1] Q. Arnaud et al, Phys. Rev. D 99, 102003 (2019)
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Detector response

8"Ar gas was injected in the SPC after the physics campaign, producing (almost)
monoenergetic lines at 200 ev, 270 eV, and 2.8 keV

U=15.701032evV, F =0.43 +0.05

Wo = 30.07)13eV,

- Confirmation of "
. . | | 300
energy linearity | | . |
‘ | 71250
- Measurement of the PREL'M,NARY | S|
gain of all A | L7l | | 200
south-channel | u 7 | 1150 §
anodes
7100
- In situ measurements 150
of the W-value and
Fano factor =0
250 &
2)
- Parameterization of TN
electron attachment o
2000
4000 &
Ampiee: 8900 10000 Y
P ltude [ADU] 12000 14000 QS")
11/17
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Detector response

Quenching Factor of H in CH4

g F Quenching factor
© |— . .
L values from existing
£ 08— W-value measurements
o - .
s - for ions [1] and
& [ PRELIMINARY - measurements from
0.6/— COMIMAC [2]
0.4— The (more conservative)
[ e QF from Lindhard ' .
s A & 5" QF from SRIM Iogarlthmlc
[ e —— QF from W ratios :
0.2k e extrapolation was used
= Lindhard-like extrapolation
= Logarithmic extrapolation
0— 1 lllllll 1 L1 llllll 1 1 lllllll 1 1 it
102 10" 10°

1 2
Nuclear1rgcoil energy [keVII]0

[1] I. Katsioulas et al, Astropart. Phys. 141, 102707 (2022)
[2] L. Balogh et al, Eur. Phys. J. C 82, 1114 (2022)
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Time separation

Time separation between the first and last peak is used

as the primary analysis variable ] Time separation [us]
—>

w
i

Electrons per ns
Y
1

Allows for discrimination between surface, volume, and
pile-up events

o
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Calibrated with laser (surface) and 3’Ar (volume) data
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LSM Physics results

2 peaks _
. 253 Data divided into subsets with 2/3/4 peaks
60 PV (i) found (not electrons). The 1 peak signal was
i — Concorees overwhelmed by secondary/induced electron

events, no fiducialization possible

Time separation (time between first and last
peak) is used for surface/volume event
discrimination, address coincident event

600 700
Time separation [ps]

background
Eﬁ?ﬁ”‘“‘"" The physics data was split into test and blind
e data (~30/70%); here the fit of the test data is
shown, including a WIMP signal

component for demonstration (760 MeV/c?)

:@i No significant signal observed

0 100 200 300 400 500 600 700
Time separation [us]
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LSM Physics results

Results with test data

(~0.12 kg.days)

Profile likelihood ratio
method used to
calculate 90%
exclusion limit on the
existence of WIMPs

Full results with blind
data expected within
weeks - possibly best
constraints on SD-p
WIMP interactions
below 1 GeV!

Daniel Durnford

WIMP exclusion limit (S140@LSM, 135mbar CH4)
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Installation at SNOLAB

Expected to be sensitive to WIMP masses ~100 MeV using H-rich gas
and an energy threshold < 50 eV

- :_PRELIMINARY 1"\. The new SPC has been installed at
\. SNOLAB, commissioning ongoing!
1038 | N\
SEE I
1 39 >
g Y F NEWS-G \ ;
‘E Lol @ SNOLAB \
- ﬁ VGW
10% |
o1 03 10 30 100
.- 2
Assumptions: M, [GeV/c7]

Ne + 10% CHas Exposure: 20 kg days, F=0.2, 6 = 0.12,
SRIM quenching factor, Background: 1.78 dru,
ROI: 14 e€Vee - 1 keVee Optimum Interval Method
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http://www.youtube.com/watch?v=NMjhzkLJP6M

DarkSPHERE
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Event reconstruction

| Deconvolve for amplifier response
== 10 keVee raw pulse and ion-induced current
- =
§ = E ’| 0071
s : . lon-induced
' | 0 current
10 keVee i g = N Pre-amp
- = : 2 0s
dGCOQVOlVGd [ 5 response
=i pulse: = 5 . ~
§ z [\ .
A e, AL e ————
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Event reconstruction

Gaussian dispersion in arrival time
due to diffusion of charges:

Simulated - :

r ? 2 Surface Events
o(r)=|——] X 20us £ i
T sphere %

Rise time used for surface event
discrimination

P = PP PR PP B R PRVER ST [ T U ST TR £ n

100
20—
wise time S ! TR SRR | 80 E—
— -
Integrated pulse {3/ 70~
10 keVee event £ 7 _E SN WS A ARGtk
L e Simulated
i E 50
/ SR BN Bulk Events
e & =
J . =
| YE
1 20—
s 10f-
SOUUUUUUS (S S, SR | — 5
- giigl g g oig PR ghifgLipsge L AR g degi-g LS i) 9 L giigtgéig
Sampies % 500 7000 7800 5000 3500 5000 3500 "

Energy [eVee]

Q. Arnaud et al. (NEWS-G), Astropart. Phys. 97, 54 (2018).
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Energy response model

The energy response of an SPC can be divided into two main components:

; Deposited £ Primary ionization:
0.020 — 25eV [ - Statistics modelled with COM-Poisson
— 50eV - Dispersion controlled by Fano factor F
- T75eV

0.015 — 100eV | | D. Durnford et al, Phys. Rev. D 98,
. — 150 eV 103013 (2018)
= 200 eV
@ 0.010 950 oV | Avalanche (secondary) ionization:
A 300 &V - Statistics modelled with Polya distribution

with shape parameter 6
8.005 | - Mean reconstructed amplitude of 1 primary
' electron (1000s of avalanche pairs) is (G)
0,000 — | There’s baseline noise on top of the signal, o,
' 300 400 500
E [eVe]
nmax
n
F(B|Eo) =Y Poou (n|A (1, F) v (s, F)) x P, (B0, (G))
=il
Ey * Q(Ep) Ey

W(E()) nmax - I
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Avalanche response

Visualisation of a Townsend Avalanche

The distribution of the number of avalanche
pairs “S” is approximately exponential

+
It is known to be well-described by the Polya DC Voltage
distribution, with shape parameter 6: Electric Source
—
field -
O—0 Original ionisation event
> , » PolyaIDistrib!ution . ‘ S
— 0=0.01 Cathode
12_ .......... S ....... — s H o
. - {7 lonisation event
< lonising electron path
b Liberated electron path Not t I\
& P (51161 0) = - (A0
oya ’ (GY\ T'(1+0)
0
S ) ( 5
x(— exp | —(14+0)-—
(G) (G)
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The S140 detector

219Pp can be incorporated into copper
during the manufacturing process

Bremsstrahlung x-rays (~keV) from
219Pp and 2'9Bi g~ decay in the copper
escape, travel through whole gas
volume

p

XIA measurements in collaboration
with XMASS [1] show 29+8 mBag/kg
bulk 21%Pb in our copper [2]

1. K. Abe et al, Nucl. Instrumen. Methods A, 884 (2018)
g 2. L. Balogh et al, Nucl. Instrumen. Methods A, 988 (2021)

-

Vessel wall
(Copper)
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The S140 detector
Plating ~0.5mm of pure copper reduces
this background by 70% below 1 keV and
98% overall
210PO . W Wma. o

210Bj, (210Po) B

21OBi, 210Po B

-

w0 <
e

Vessel wall
(Copper)

Daniel Durnford

Plating successfully carried out at the LSM in
collaboration with the Pacific Northwest National Lab

o

L. Balogh et al, Nucl. Instrumen..Methods A, 988 (2021)

_— W - -y

Plated

Detector volume
Copper
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Electron peak finding

Individual primary electrons are
only distinguishable in the
deconvolved pulses

Peak finding using ROOT
TSpectrum

Single electron efficiency: 60%

Noise trigger rate: ~10™(in
~1.2 ms pulse window)

Ability to separate 100%
of peaks greater than
10us apart

Daniel Durnford
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Alpha-induced events

Alpha events (mostly 5.3 MeV Po-210 decays from the
surface) produce a large temporary electric field
disturbance in the SPC, leading to measurably different
electron drift times

\\W\M\\\—\ They also induce a chain of secondary events for up to

5s afterwards
eaa _— s «  tj13s5000 Rate jump *  tj13s000 Drift drop
80 whhhhd A AR ** § + tj04s002 Rate jump * tj04s002 Driftdrop | 1575
.
....................... & “ -=-- tj13s000 Rate fit === tj13s000 Drift fit
“ ----- tjo4s002 Ratefit e tj04s002 Drift fit .t H
b For the CH ly
| s or the CH, analysis,
e

. Rate mcreases ,,,-r’*' removing 5s after

'

Alpha | “ r i each alpha reduces
event time |- o EXposure by 12%,
% but reduces
background rate
by ~70%

[+
o

Average rate [Hz]
w
o
/ .
s L]
L
o
+
*
.
.
v
*
‘
LN
%
-,
*
-
*#
)
o
Average drift time [us]

F 115

N 4
40 e 'jt
* *e @
- . ¢ 3
> M -
O ) g I 1125
o e~
;’& . D
30{ **ceece,,, SR TP NS o . ’J -* B r"""""‘-’——-—l..o__ﬂ.-_-4.._q.
* D ft time d
20 4 e e e s s B R e S e *‘*'*'****\fi-&t**tt?fﬁfﬁ L 1075
-4 -2 0 2 4 6 8 10
Time [s]

Daniel Durnford UCLA Dark Matter 2023



Pulse shape discrimination

Physical events induce mirror,
smaller pulses in the opposite
sensor channel with a
characteristic scale

Spurious pulses (electronic

artifacts) do not exhibit this

lbehaviour, and tend to be
sharper

Daniel Durnford

Entire pulse rise in single us bin

ADUs

T T T T T T T T T T T 1 T
3800 4000 4200
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Pulse shape discrimination

Physical events induce mirror,
smaller pulses in the opposite
sensor channel with a
characteristic scale

Spurious pulses (electronic

artifacts) do not exhibit this

lbehaviour, and tend to be
sharper

PSD possible using
combination of North/South
peak amplitudes and pulse

derivative (“spikiness”)

Approximately 77% of
physical events kept, 95% of

Spikiness [AU]

Physical pulses

Spurious pulses
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UV laser calibration

Another purpose is to monitor changes in detector response over time: there is a linear
decrease in gain (~25%) due to gas degradation

Drop in gas quality after introduction of %7Ar
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37Ar calibration

37Ar: radioactive gas that decays via electron capture. But with a 35 day half life, we
need a way to produce samples at regularly:

F.G. Kelly et al., Journal of Radioanalytical and Nuclear Chemistry 318(1) (2018).

@ SLOWPOKE-II Reactor at the

Royal Military College of
RMC 4/ CMR M@l

Kand L1-shell decays produce low energy x-rays and
auger electrons uniformly throughout the detector
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Q. Arnaud et al, Phys. Rev. D 99, 102003 (2019)
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The ECUME project

Cosmogenic Activation
(1 year cooling)

Shield
Despite efforts to self-shield Cu contamination,

Pb-210 in the copper remains our largest
background

Cavern
Sk Ml — Cosmogenic activation from surface time is also

a large component!

and

Copper

The E(+ uME project
(Electroformed Cuprum

Manufacturing Experiment) aims
to develop a copper
electroforming facility in SNOLAB!
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