NEWS-G searches for light dark matter
Results with a hydrogen-rich target

Konstantinos Nikolopoulos
University of Birmingham

on behalf of the NEWS-G Collaboration

UNIVERSITYOF
BIRMINGHAM

XLI International Conference on High Energy Physics (ICHEP)
July 9th 2022, Bologna, Italry

This project has received funding from the European Research Council (ERC) under the European Union's Horizon 2020 research and innovation programme under grant
agreement 714893-ExclusiveHiggs and under Marie Sktodowska-Curie agreement 841261-DarkSphere, 895168-neutronSPHERE




Spherical Proportional Counter

Electric field scales as 1/r2, volume divided in: “drift” and “amplification” regions
Capacitance independent of size: low electronic noise
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Spherical Proportional Counter

Electric field scales as 1/r2, volume divided in: “drift” and “amplification” regions
Capacitance independent of size: low electronic noise
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Spherical Proportional Counter

Electric field scales as 1/r2, volume divided in: “drift” and “amplification” regions
Capacitance independent of size: low electronic noise
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Pulse Shape Discr
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Pulse Shape Discrimination
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Search for Kaluza-Klein axions

B Search for solar Kaluza-Klein axions — —
> Gravitationally bound to the solar system e
2 Potential explanation of the corona heating problem

B Decays to two photons
2 Two coincident point-like events with similar energy

B Data collected at LSM Astropart.Phys. 97 (2018) 54-62
> Exposure: 4.3 day - m’ 2f
2> Ne:CH4(0.7%) at 3.1 bar !
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Search for Kaluza-Klein axions

B Search for solar Kaluza-Klein axions — —
> Gravitationally bound to the solar system e
2 Potential explanation of the corona heating problem
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Search for Kaluza-Klein axions

B Search for solar Kaluza-Klein axions — —
2 Gravitationally bound to the solar system 2
2 Potential explanation of the corona heating problem

B Decays to two photons
2 Two coincident point-like events with similar energy .
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New Experiments With Spheres - Gas

B NEWS-G Collaboration

2 5 countries
z 10 institutes
» ~40 collaborators
m Direct light DM search
» Light gaseous tagets (H, He, Ne)
» Low energy threshold
» Favourable quenching factor

®m Three underground laboratories

10" NEWS-G Collaboration Meeting June 2021
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Direct Detection: Light Dark Matter

Favourable recoil energy
distribution for lighter targets
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Quenching factor measurements: TUNL

B Neutron scattering-induced nuclear recoils . .
2 Van de Graaff accelerator (Duke University) [mppEmdps |  15emo0 PMT
2 20 MeV protons (pulsed) on 'Li prowe Liguid \
Z (Quasi-)mono-energetic neutrons e scintilator

2 Calibration using an >>Fe source

interactioh
region

PRD 105 (2022) 5, 052004
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Quenching factor measurements: TUNL
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Quenching factor measurements COMIMAC

B Electrons and ions of known kinetic energy
» Compare detector response
2 lon energy 2 - 13 keV
2 Electron energy 1.5 - 13 keV

arXiv:2201.09566
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2 lon energy 2 - 13 keV

Quenching factor measurements COMIMAC

B Electrons and ions of known kinetic energy
» Compare detector response
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2 lon energy 2 - 13 keV

Quenching factor measurements COMIMAC

B Electrons and ions of known kinetic energy
» Compare detector response
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Landscape of Direct Detection searches
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B Also constraints on spin-dependent proton/neutron-DM interactions
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SNOGLOBE 2140 cm detector

3 cm archaeological lead

— 22 cm of Very Low Activity lead

— Stainless steel skin

A\

40 cm high density polyethylene

X140 cm
4N Copper (99.99% pure)
Ultra-pure electroplated inner layer




Sensor read-out

Single anode: Drift and Amplification fields connected

Va rarc ~ Vara
E — ~
r2r.—r, r?

Simulation:JINST 15 (2020) 06, C06013
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Sensor read-out

Single anode: Drift and Amplification fields connected
Va rarc Vara
E = ~
r2r.—r, r?
® ACHINOS: Multi-anode sensor  JINST 12 (2017) 12, P12031
> Multiple anodes placed at equal radii
> Decoupling drift and amplification fields

> Opportunity: individual anode read-out

Simulation:JINST 15 (2020) 06, C06013
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Sensor read-out

1) olilni oL Aol | IN (ORI o) Koo rvi o Single anode: Drift and Amplification fields connected
Va rarc Vara

E = ~

r2r.—r, r?

® ACHINOS: Multi-anode sensor  JINST 12 (2017) 12, P12031

z Multiple anodes placed at equal radi

» Decoupling drift and amplification fields

4 Oppqrtunity: individual anode read-out

11 spherical metallic anodes

O
N

Support rod i TG

Axwog (EL: sea urchin) &

Resistive central electrode

JINST 15 (2020) 11, 11

Simulation:JINST 15 (2020) 06, C06013
K. Nikolopoulos / 9 July 2022 / NEWS-G searches for light DM: Results with a hydrogen-rich target & swvineian 11



Sensor read-out

1) olilni oL Aol | IN (ORI o) Koo rvi o Single anode: Drift and Amplification fields connected
Va rarc Vara

E = ~

r2r.—r, r?

® ACHINOS: Multi-anode sensor  JINST 12 (2017) 12, P12031

z Multiple anodes placed at equal radi

» Decoupling drift and amplification fields

» Opportunity: individual anode read-out

11 spherical metallic anodes
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SNOGLOBE at LSM

m 2019: detector assembly in France
» Hemispheres e-beam welded
» 500 um electroformed inner layer

®m April 2019: initial commissioning at LSM
z UV laser and 37Ar calibration
z Multi-anode sensor

® July 2019: Pb and H20 shield installed
» ~10 days of physics data
» 135 mbar of CH4 (~100g)

NIMA 288 2021 164844

WA

3
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https://doi.org/10.1016/j.nima.2020.164844

Electron Counting

® Pulse treatment (deconvolution)
» Resolve individual electrons

m Diffusion O(100us)

» Obtain time separation of peaks
» Surface vs volume discrimination
mSignal and background model

» Derived from simulations

» Validated with calibration data
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Results with LSM data
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LSM Physics Result

WIMP exclusion limit (S140@LSM, 135mbar CH4)
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® 90% upper limits set with profile likelihood ratio
m Exposure 0.12 kg-days
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Installation at SNOLAB

R
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Arrival at SNOLab (Dec '19)

Unwrapped and baked (Sep '20) 7 3
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Seismic platform installation N

Py 4 [

Detector Installation

PE shielding installation

SNOGLOBE complete (Dec '20)
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Installation at SNOLAB

Data taking

».1 3
Ry,

urrent rate (Hz : : :
g rate ti} Seismic plat
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form installation

Detector Installation

/
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PE shielding install

SNOGLOBE comlrévte (Dc 20) |
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Installation at SNOLAB
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Electroformed Cuprum Manufacturing Experiment

Et uME

A 2140 cm sphere electroformed underground in SNOLAB
2 Builds on achievements of NEWS-G electroplating

2 36 ym/day — ~1 mm/month
2z No machining or welding - grow sphere directly
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Electroformed Cuprum Manufacturing Experiment

E uME

Cosmogenic Activation (1 year cooling)

Cavern

Gas Mixture

Current Status

2z @30 cm scale prototype to be produced at PNNL
2 Bath designed and assembled
2 Initial electroformation tests undertaken

2 @140 cm detector to follow shortly after
2 Use existing shielding for physics exploitation

PNNL Shallow
Underground Laboratory

A 2140 cm sphere electroformed underground in SNOLAB
2 Builds on achievements of NEWS-G electroplating

2 36 ym/day — ~1 mm/month
2 No machining or welding - grow sphere directly

C\'|_l1o_32§ I I IIIIII| ll I IIIIII| I I IIIIIIE
= 10738 — NEWS-G: SEDINE — - NEWS-G: SNOGLOBE _
L. '~ . F — DarkSide50 ~ —=-NEWS-G:ECUME -

w10 F CRESST-III E
o 10~3°E —— CDMsLite =w= He v Floor é
CC) ’ 0—36 = —— Xenon 1T - Migdal =
) E E
5 10°7F E
< 10°°F -

=

0107

1077
107 -
43 il
1077 N
44 NN
1077 Nlnneg
- Akt
10—46: L ||||||E\\\\\\
-2 -1
10 10

m, [GeV/c?]

K. Nikolopoulos / 9 July 2022 / NEWS-G searches for light DM: Results with a hydrogen-rich target & swineian 17



DarkSPHERE

B 2300cm intact underground electroformed spherical proportional counter Ez.
2 Low background water-based shield g

2 2.5 m thickness sufficient for <0.01 dru A
2z Dominant background photos in the cavern e
2z R&D on-going for ACHINOS

Science and
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Facilities Council i

EEEEEEEE

\\\\\\

gend

_
/\/

DarkSPHERE

/&/

3000 2500

N

5 bar He:C4H10 (90%:10%)
(27 kg target mass)

SEDINE SNOGLOBE miniECuUME ECuME DarkSPHERE
@60 cm @140 cm @30 cm @140 cm
NOSV Cu 99.99% Cu EF Cu EF Cu

500 um EFCu Layer

Q.0

K. Nikolopoulos / 9 May 2022 / Light Dark Matter Searches with Spherical Proportional Counters

471  UNIVERSITY©F
4 @ BIRMINGHAM 1 8



10736

10—37

10738

10—39

DM-nucleon gs [cm?]

1040

1041

10742

10743

10-44

DarkSPHERE: Physics Potential

SNOGLOBE |
N\

ECuME \
0.3dru \\

DarkSPHERE
0.02 dru \\

TTTIm T TTInr T T I T T T T 1 T Irm

Spin A
L Independent

= Preliminary
790% CL Upper Limit 7~ 7 7 = ==
EHe:C4H10 (90%:10%)
F@3 m, 5 bar, 300 days  neutrino floor
CE(0.014, 1) keV

102 10 100 10

DM mass m, [GeV/c?]

Nuclear Recoils

UNIVERSITYOF 1 9

K. Nikolopoulos / 9 May 2022 / Light Dark Matter Searches with Spherical Proportional Counters BIRMINGHAM



10736

‘|\1—| % T "4' T
£ Lo-37 [ SNOGLOBE .,
— = N &
§ F paS
c 10-38L ECuUME M
@) 3 0.3dru M \
Q L M \ <<\4/0
Y 1073 NS
c = DarkSPHERE % % 7
' - \ °
% 10-40[ 0.02 dru \\ \\ N Y
= \ \
- \ \\ \\N_—
1041 ; \\ \\
- Spin N Seo )
10-42L Independent N .
= - N DarkSide-50
- Preliminary Sso
_43| 90% CLU Limi Sem————
10743 §He:C4H10788£/o:|1r81’/to)
5??0”8'13 bla)r,k3\0/0 days  neutrino floor
- . , e
—-44 L MR R R | T |
10 1072 101 100

DarkSPHERE: Physics Potential

DM mass m, [GeV/c?]

- SD - Proton

90% CL Upper Limit
He:C4H;0 (90%:10%)
23 m, 5 bar, 300 days
E(0.014, 1) keV

~Preliminary

_DarkSPHER\E

I \\ -

L \\~__—” _
102 10-r 109 10t

DM mass m, [GeV/c?]

Nuclear Recoils

UNIVERSITYOF 1 9

K. Nikolopoulos / 9 May 2022 / Light Dark Matter Searches with Spherical Proportional Counters BIRMINGHAM



DarkSPHERE: Physics Potential

Nuclear Recoils

DM-nucleon gs [cm?]
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DM-nucleon gs [cm?]

DarkSPHERE: Physics Potential

Nuclear Recoils
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Summary

NEWS-G: rich physics and R&D programme, exploring

new territory with Spherical Proportional Counters

& Significant advances on instrumentation and techniques  §1o%p ~ """ ™%

2 Electroformation, ACHINQOS, ...
2 Quenching factor measurements
2 Electron counting
2z New world-leading constraints
2 Data taking in SNOLAB to start imminently

2 Several detectors scheduled/planned for the coming years — 107 xoas

Many physics opportunities to look forward to!

3D printed ACHINOS with DLC coating

1 11 spherical metallic anodes

Insulated wires

Resistive central electrode Support rod

Et uME
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Additional Slides
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lonisation quenching factor

Quenching Factor of H in CH4
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238U and 232Th decay chains
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Higher purity materials

m Copper common material for rare event experiments
» Strong enough to build gas vessels
» No long-lived isotopes (67Cu t1,2=62h)
» Low cost/commercially available at high purity
m Backgrounds
» Cosmogenic: 63Cu(n,a)69Co from fast neutrons
» Contaminants: 238U/232Th decay chains

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

» Spun into two hemispheres
» Electron-beam welded together
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Higher purity materials

m Copper common material for rare event experiments
» Strong enough to build gas vessels
» No long-lived isotopes (67Cu t1,2=62h)
» Low cost/commercially available at high purity
m Backgrounds
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Higher purity materials

m Copper common material for rare event experiments
» Strong enough to build gas vessels
» No long-lived isotopes (67Cu t1,2=62h)
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210Ppb contamination

Estimation of out-of-equilibrium 219Pb contamination through low
background a-particle counting

| Y—

XIA UltraLo-1800
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210Pph contamination

Estimation of out-of-equilibrium 219Pb contamination through low
background a-particle counting
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210Pph contamination

Estimation of out-of-equilibrium 219Pb contamination through low
background a-particle counting
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Copper Electroplating

SNOLAB detector: 4N Aurubis AG Oxygen Free Cu (99.99% pure)
> Qut-of-equilibrium 210Pb contamination: 29+10 (stat)+°.3 mBqg/kg
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Copper Electroplating

SNOLAB detector: 4N Aurubis AG Oxygen Free Cu (99.99% pure)
Out-of-equilibrium 219Pb contamination: 29+10 (stat)+9.3 mBqg/kg

Background

Bremsstrahlung X-rays from 210Ppb and 219Bi B-decays in Cu

Internal shield
Ultra-pure Cu layer on detector inner surface

Suppresses 210Pb and 210Bi backgrounds by factor 2.6 under 1 keV

Gas 500um
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Copper Electroplating
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ACHINOS performance with DLC coating

Measurement of the 5.9 keV 55Fe X-ray line

m Good energy resolution
®m High pressure operation
®m High gain

m Stability

®m 2 channel read-out

DLC-Coated “
Central Elec’crode

Grounded Rod  /
‘/_ ’
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Towards individual anode readout

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

Near
Electrode

Far
Electrode

Near electrode weighting fleld on Far Side
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Event reconstruction

In the future: Individual anode read-out — track reconstruction

750 1 GeV muon, 100 Torr
Initial electrons
* Start

0 200 400 600 800 1000 1200 1400
A Peak time [us]

60-anodes (truncated icosahedron)
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NEWS-G: Prototype at LSM
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Quenching factor: W-value measurements

B Various quenching factor definitions in the literature
2 fraction of ion kinetic energy dissipated as ionisation electrons and excitation of atomic and
quasi-molecular states
2 ratio of the “visible” energy in an ionisation detector to the recoil kinetic energy
2 conversion factor between kinetic energy of an electron and ion that result to the same
“visible” energy in the ionisation detector

Astropart.Phys. 141 (2022) 102707

UNIVERSITYOF
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Quenching factor: W-value measurements

B Various quenching factor definitions in the literature
2 fraction of ion kinetic energy dissipated as ionisation electrons and excitation of atomic and
quasi-molecular states
2 ratio of the “visible” energy in an ionisation detector to the recoil kinetic energy
2 conversion factor between kinetic energy of an electron and ion that result to the same
“visible” energy in the ionisation detector
B Quenching factor intimately connected to W-value
2 W-value is the average energy required to liberate an e-ion pair
2 Typically, detector response calibrated with electrons of known energy

E N W )
o E - WL(E)

qr(E) =

Astropart.Phys. 141 (2022) 102707
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Quenching factor: W-value measurements

B Various quenching factor definitions in the literature
2 fraction of ion kinetic energy dissipated as ionisation electrons and excitation of atomic and
quasi-molecular states
2 ratio of the “visible” energy in an ionisation detector to the recoil kinetic energy
2 conversion factor between kinetic energy of an electron and ion that result to the same
“visible” energy in the ionisation detector
B Quenching factor intimately connected to W-value
2 W-value is the average energy required to liberate an e-ion pair
> Typically, detector response calibrated with electrons of known energy
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Quenching factor: W-value measurements

1.2 1 H ¢¢¢¢¢¢¢¢¢¢¢¢ 1 CHy4 -
&
1.0 - 0 mmm———- - |
;f,,’,,
0.8 A oo SRIM : d
,/ Measurements ——-HT
0.6 1 / o H* v N* —.-He* ) -

Ar
“’i
e e
Rd
7
7
7
e
Ve
e
o+ 7.5%

1

Quenching Factor

g

ast: 9.0%

100 10!
Energy [keV]

Astropart.Phys. 141 (2022) 102707

K. Nikolopoulos / 9 May 2022 / Light Dark Matter Searches with Spherical Proportional Counters

102 103 10~

1

10°

101

10°

103

UNIVERSITYOF
BIRMINGHAM

33



Coherent Elastic v-Nucleus Scattering

m CEVNS opens a window to investigation non-standard neutrino interactions
» First observations by COHERENT in Nal (2017) and Ar (2020)
z Unique complementarity with DM searches as sensitivity reaches the neutrino floor
B NEWS-G3: A low-threshold low-background sea-level facility
» Environmental and cosmogenic background studies towards reactor CEVNS studies
» Shielding: Layers of pure copper, polyethylene, and lead, with active muon veto
» Assembly has started
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Detector Calibration

Parallel photo-detector

to tag laser events
Tunable transmission / Common DAQ for timing

to control the mean analysis between two channel
number of electrons
PD Raw Pulse

Phys. Rev. D 99, 102003 (2019)

Scheme of the experimental set-up

Photo Detector
(PD)

Preamplifier
Optical
Fiber

Preamplifier

Variable
Attenuator L AR A e 1

1
1 213 nm

Band Pass : 1 SPC Treated Pulse
Filter S o] A
i é |

5% harmonic

[]
11064 nm

LASER

_—

A powerful UV laser capable of
extracting 100s of electrons

B 213 nm laser used to extract primary electrons from detector wall
B Photo-detector in parallel tags events and monitors laser power
B Laser intensity can be tuned to extract 1 to 100 photo-electrons
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Modelling Single Electron Response
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Phys. Rev. D 99, 102003 (2019)
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B N photo-electrons are extracted from the surface of the sphere: Poisson
B Each photo-electron creates S avalanche electrons
B Sum the contributions of all N photo-electrons: Nth convolution of Polya

B The overall response is convolved with a Gaussian to model baseline noise
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Detector Monitoring

Phys. Rev. D 99, 102003 (2019)
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Electron counting characterlsatlon
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» Characterise avalanche gain and peak-counting
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(GGas Purification

B Gas purification required to avoid contaminants: O, H20, electronegative gases
2 Maintain high electron collection efficiency for large volumes
B Challenge: Radon emanation from purifiers
B Custom-made filter prepared in collaboration will Univ. Liverpool
2z Small number of controlled components
2 Assay emanation of individual components
2 Tests at Univ. Birmingham and Univ. Zaragoza — interesting beyond NEWS-G
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Gas Purification

= Noriter B 222Rn emanation tested with Single-Fill mode
T 2 Controlled injection through purifier at 3mbar/s
2 ® No filter: 0.014Hz
§ 10 B Entegris: 1.2 Hz
: ® UOB-F1:0.06 Hz

103 E

e ~

0 1000 2000 3000 4000 5000 6000
Amplitude [ADU]

ﬁ e 7‘)"
. -« Purifier | ﬁ”‘ ‘*
1 ‘i—: i ‘
Vanl— uner s &t

Flow
B Purifiers may affect gas composition meter |

2 e.g. remove larger molecules: CHs, iCsH1p sz
B UOB-F1 tested at Zaragoza
2 Ne:iCaH10(2%) with 2% relative uncertainty BGA
® No change in gas composition observed

K. Altenmiiller et al. N-33-03 IEEE NSS 2021 U. Zaragoza .
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