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Whatis light” DM7 s

ULTRALIGHT
DARK MATTER

PRIMORDIAL
BLACK HOLES @)
Mass range
~1 to ~30
solar masses

Mass range
~10-22 eV to ~10-% eV

Experiments

LIGO/Virgo
Experiments

10-12
CASPEr, MAGIS-100

WIMPs

: - Mass range
‘ : -1 GeV to ~1 TeV
What Could — 5 eV to ~1 Te

Experiments
Dark Matter XENONNT,
Be?

PandaX-4T,
LZ, CRESST, DAMA,
COSINE-100

10-° 1016

AXIONS B oy

DARK MATTER g %
Mass range
~1 keV to ~1 GeV
Experiments
SENSEI, TESSERACT

OQ)Q Mass range
~10-¢ eV to ~10-3 eV

Experiments
ADMX, MADMAX,
QUAX, CAPP-8TB
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Credit: Samuel Velasco/Quanta Magazine 2



What is light" DM? &

ULTRALIGHT
DARK MATTER

Mass range
~10-22 eV to ~10-% eV

10-12

W hat Could
Dark Matter
Be?

|

AXIONS

AP0 ) Mass range
~10-¢ eV to ~10-23 eV

SUB-GeV
DARK MATTER CE%?
Mass range O

~1 keV to ~1 GeV
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ParthIe-hke Credit: samuel Velasco/Quanta Magazine 3
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Particle-like DM: An Experimentalist’s View

:‘;’
5 S
4 = —
O Dark Matter Dark Matter Q.
3 C
(),
O Y
O S
D -
O / =
i T O
Standard Model Standard Model ° -

D—

irect Detection
“Shake it”




Partic.

like

DM: An Experimentalist’s View

Mpm x
Mwep
Mediator
A gSM - . .
> Yq)
C O (
S & , O
E i —
8 Dark Matter Dark Matter ‘ Q mom X
5 S S
et
Q o
D -
S /’ . Q
= S O
Standard Model Standard Model _

Direct Detection I
“Shake it”




Particle-like DM: An Experimentalists View
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Particle-like DM: An Experimentalists View

\
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Elastic scattering of non-
relativistic DM particle with
nucleus or atomic electron.

NRs: Coherent ¢ o AZ

Measure NR/ER energy in
detector to infer DM
scdattering mteraction.

Nuclear Recoil (NR) — Eleétron Recoil (ER)
Direct Detection

“Shake it” 7




Particle-like DM: Detection Technologies

To reach sensitivity
to lower DM masses,
experiments need to
lower their energy
threshold without
compromising their
background
rejection power.

Potential to reach eV

Superheated Cryogenic
liquids bolometers

EThr,Heat ~ @(IO/S €V)

Potential to reach meV

. WIMP WIMP, "
Cryogenic -
bolometers + SCll’lUUatmg

CTryogenic

charge readout
bolometers

Germanium

detectors
Scintillating crystals
Directional Cha aight
detectors Licuid nobl iy ™ OkeV)
Liquid noble-gas UL HODISTIES  potential to reach 10’s eV

dual-phase time detectors

projection chambpers
Courtesy of J Monroe (ICHEP 24)
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like DM: Where are we now”?
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Xe neutrino fog
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Snowmass Cosmic Frontier Report, arXiv:2211.09978
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Liquid Nople De':ecx)rs

Liquid nople detectors lead constraints for high mass

WIMPs, but also have sensitivity to search for low mass
DM.

Dual-Phase Time Projection Chambers (TPCs) measure
scintillation (S1) and 1onisation (S2) signal, which yield
low energy thresholds, improved position reconstruction
cnd enhonced background rejection power.

» Xenon: PandaX, XENON-1T LZ

- Lower Iintrinsic radioactivity; enhanced A% boost
factor for high-mass spin-independent interactions.

» Argon: DarkSide-50, DarkSide-20k

- Strong NR/ER discrimination power from Pulse
Shape Discrimination (PSD), better kinematically
mcatched for lighter DM particles.

DarkSide-20k projects unprecedented sensitivity to low
mass DM!

log10(S2c [phd])
S b8
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DS50 Collaboration., Phys.Rev.D 98 (2018) 1020(
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DarkSide-20k
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An observatory for dark matter and neutrino physics, under construction at LNGS

Global Argon Dark Matter
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Rich physics programme: broadband search

Collaboration (GADMC) comprised
ol 400+ people across 14 countries.

for DM spanning sub-GeV to Planck-scale DM



DarkSide-20k Detector

Outer Veto: 650t AAr Inner Veto: 35t UAT S
enclosed in enclosed in Stainless — T~ ——
ProtoDUNE(esque) cryostat Steal L with { g9
with sparse SIPM coverage. ‘_ee_ vessel Wit | | e e A O E
HDPE neutron shield i N

Primary objective? Detect and surrounding vessel ' -
veto cosmogenic muons. and instrumented A _ -

‘ with 7 m2 of SiPMs Cdp 51

Primary objective?
Detect and veto
radiogenic neutrons.

Dual-Phase TPC: 50t UAr enclosed in PMMA barrel with two optical

plates of SIPM arrays with 21 m?coverage. Primary objective”?
Detect candidate DM signals!




DarkSide-20k Key Innovations

1) Use of Underground Argon

Global effort: Extraction in Urania (99.9% pure):
Purification in ARIA (99.999% pure); 3°Ar depletion
factor measured in DArT

Depletion factor ~1400!

A 350-metre-tall tower to purify 100
= AAr Data at 200 V/cm
a rgon = (LSV Anti-coinc.)
. .. . . -2 UAr Data at 200 V/cm
CERN is participating in ARIA, a project to build a 350-metre column to produce extra- o 10 rf — (LSV Anti-coinc.)
pure argon to be used in a dark-matter search experiment —
. , X — ~—— %kr (Global Fit)
12 DECEMBER, 2017 | By Stefania Pandolfi o 10—3
A ~1400 X —— **Ar (Global Fit)
" 10
<3} s
(aF
n 10
~ ] ~1"'hp"r.-.".,‘l 1Lhk|
w 10 iry
ES)
o]
o -7
» 10
(3]
Phys. Rev.I D 93, 081 1011 (2016) | |
—8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ] 1
. 0 1000 2000 3000 4000 5000 6000
S1 [PE]
T ————— T —

On Friday, 24 November, ARIA’s top and bottom modules plus one standard module were brought to Building 180 and lined up to
precisely test their alignment and interconnections. (Image: Max Brice/CERN)

CERN is taking part in a testing-phase project, called ARIA, for the construction of a 350-metre-tall
distillation tower that will be used to purify liquid argon (LAr) for scientific and, in a second phase,
medical and possibly other uses.



2) First large-scale use of

Low noise, high-efficiency p

collaboration with FBK, achi

102;—

DarkSide-20k Key |

nnovations

large-area cryogenic silicon photomultiplier (SIPM) arrays instead of
photomultiplier tubes (PMTs)

lllllllllllllll

PMTID O
—+— Data E
Full fit -
------------------ Pedestal

......... 1 PE contribution
......... 2 PE contribution

>3xX PD!

L1

Charge [Arb. Units]

Mu N

hoton sensors: tiled arrays of cryogenic silicon sensors developed 1n
eving >45% photodetection efficiency (PDE) and ~1 mHz/mm? dark noise

UK is delivering 7 m?2 of
these - a key detector
system!

7 m?readout
production is
complete -
funded by
STEC Project
Funding to
install the UK
deliverables.

1400

1200

1000

800

600

400

200

lllllll|III|III|IIIIIIIIIIIIIII
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- 10x lower noise, >50x lower radiogenic backgrounds than PMTs.



GeV-Sca

Dual-phase TPC tec.
recch sub-keV recoi

(down to ~1 GeV).

e Dar

Nnology can exploit ionisation signal (S2) only to
energy thresholds for low-mass WIMP searches
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Dual-phase TPC design drifts and extracts single ionisation electrons in

er W1
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gas with near-100% efliciency— signal amplified a further x20 exploiting
electroluminescence in the gas phase.
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Akerib, D S, et al. "Enhancing the sensitivity of the LUX-ZEPLIN
(LZ) dark matter experiment to low energy signals.” arXiv preprint

arXiv:210108753 (2021).

= =
o o
| I
F Y W
) ©

[
o
|

=Y

i

Dark Matter-Nucleon Os; [cm?]
= =
o o
~ »
w N

[
o
|

E)

H

New

R |

DarkSide-20k sensitivity
projections based on 1-
yedr livetime show
improvement of two
orders of magnitude on
current leading results

(DarkSide-50).
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Acerbl, F, et al. "DarkSide-20k sensitivity to light dark
moatter particles." arXiv preprint arXiv:240705813 (2024).

DAMA/LIBRA 2008
Excluded region
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Xe
experiment
S
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GeV-Sca

e Dar

< Matter wit

Dual-phase TPC technology can exploit ionisation signal (S2) only to
recch sub-keV recoll energy thresholds tor low-mass WIMP searches

(down to ~1 GeV).

T

o.'.‘

Migdal Effect:
Surrounding electron
cloud accelerated
after NR, releases de-
excitation ionisation.

S2

» Additional ionisation
signal means even
lower energy threshold!

DarkSide-20k projects >1
order of magnitude
iImprovement with respect
fO current experiments
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Acerbl, F, et al. "DarkSide-20k sensitivity to ight dark matter
particles." arXiv preprint arXivi240705813 (2024).
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MeV-Scale Dark Ma

N TPCs

er W1

Dual-phase TPCs can also search tor ER final states through S2-only search to
recch sensitivity to MeV-scale DM candidates.

Elastic scattering off atomic electrons: interaction of sub-GeV DM fermion or
scalar boson via vector mediator.

Mediator can be light (my,.q << m,,) or heavy (my,.q > m,).

— 10733

[cm2
1 LI I I LA

l Q 10_345

=
o
|

W

%)

Light Dark Matter
[
o
o
(=)

[
o
|

w

~

| 1 11 I 1 1 1 1 1 1 I

Fpm = (a@me/q)?

1 | 1 | | 1l

[
o
|

W

0

10 100

m, [MeV/ c?]

1000

DS-20k - 1 year
Ne- =2

DS-20k - 1 year
Ne‘ 24

DS-50 2023
DAMIC-M 2023
PANDAX-4T 2023
SENSEI 2023
XENON1T 2021
PandaX-II 2021
SENSEI 2020
XENON10 2017
Freeze-in

Excluded region

-35
10 —_—
DarkSide-20k project >1 order of [
10-36 magnitude improvement with
. respect to current experiments
& i with only a 1-year livetime!
e 10-37 =
v :
D
§ 1038 -
:
N 10-39 -
M
o
(-] .
o 1040 - Fom
e E N T e
.g \ ....... —
- D L e -
-41 ~ —.___-
10 B ~ ~ o — - -
-‘2 A l Al l LA
10 10 100 1000
my, [MeV/c?]

DS-20k - 1 year
Ne-22

DS-20k - 1 year
Ne- 24

DS-50 2023
DAMIC-M 2023
PANDAX-4T 2023
SENSEI 2023
PandaX-II 2021
SENSEI 2020
XENON1T 2019
XENON10 2017
Freeze-out

Excluded region

17

Acerbl, F, et al. "DarkSide-20k sensitivity to light dark matter particles." arXiv preprint arXiv:240705813 (2024).



eV-Scale Dark Ma

107111

Axion-Like Particles (gae
=
o
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Py

10" 121

sensitivity to keV-scale DM candidates.

Axion-like particles can be absorbed by atomic electrons via the axio-electric effect

er with TPCs

Dual-phase TPCs can also search for ER final states through S2-only search to reach

(analogous to the photoelectric effect). Similar process for hidden photons.

Entire rest mass converted to energy and apbsorbed by atom: results in mono-

energetic peak centred at m,, (smeared by detector resolution).
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X-ray & Yy-ray

Excluded region
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DarkSide-20 project x7
iImprovement with respect
o current experiments
with only a 1-year livetime!
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Acerbl, F, et al. "DarkSide-20k sensitivity to light dark matter particles." arXiv preprint arXiv:240705813 (2024).



Cryogenic De

ectors for Sub-GeV DM

Low-mass cryogenic experiments have potential to reach meV recoll energy thresholds through measuring the heat
partition: opportunity to probe even smaller DM masses!

» Limited by readout technology and higher background levels, though background can be suppressed by also

measuring light/charge partition.

Scintillating Crystals

AlbO3 CaWOy4 (CRESST)

Recoll energy from heat, particle
[D from heat/scintillation ratio.

Semiconductors

Ge, Sidetectors (EDELWEISS,
SuperCDMS)

Recoll energy from heat, particle ID
from heat/ionisation ratio.

Superfluid Helium Bolometers

He-4 (HeRALD) or He-3 (QUEST-DMC).

Recoll energy from quasiparticles
(heat), particle ID from gquasiparticle/
scintillation rctio N
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Cryogenic Detectors: CRESS |

CRESST detectors mounted in Main absorber: CaWOs crystal

dilution refrigerator at LNGS & Thin water detector: silicon-on-sapphire

operated at ~10 mK serves as light detector for scintillation
cbsorpers.

<+—Holding Sticks

—
( l

Sensors: transition edge sensors (TES)
evaporated onto crystals.

<4—\Wafer TES
——Bulk TES

<—Cu Housing

» Temporary Incredse In temperature from
energy deposition results In large
Incredse In resistance ond measurable,
proportional drop in electrical current.
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Sup-GeV DM with Cryogenic De

LCCLOIS

Spin-independent («) and spin-dependent (—) Interactions can be probed using different targets.

——— CRESST-IIl 2019
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Abdelhameed Ahmed H., et al "First results from the CRESST-IIT low-mass dark matter
program.” Physical Review D 10010 (2019): 102002.
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Wave-like DM: An Experimentalists View

AXxions . : w
Axion searches fall into two 107 : 1| Eag Z
categories - ‘wide and shallow” are 10-8 .
NOT looking for QCD axions, they 109 * CAsT Loolany i
look for a wider class of "axion like — 10-10 SN Globular clustersm Diffsesy
particles” ‘Narrow and deep’ look :'> 101 e A S / LT
for QCD axions. ST essndl Q |-
E %
= 105 1\

QCD axions are motivated to solve < 10—14% ’
strong CP problem but are a 50 10-15 4
leading DM candidate. 0164

10—172
Acts as a cold DM candidate in 08 O M Newion —W
SOme mass ranges, but exhibits 10-19 o) T T T T e EGRALS +
wave-like properties due to its low 1020 100774070407 40740774040 407407 A8 A0 AT 4T 40 4O 407 4T
mass ma [ eV] C. O'Hare, https://github.com/cajohare

22
“Deep” searches achieve high sensitivity using resonance, but take a long time as resonator must be tuned.



Wave-like DM: An .

Axions

Detection principle of QCD
axions: detect weak
CONVErsIion of axions INto
photons in the presence of a

strong ?ﬁeld.

Detectors:

» Haloscopes (relic axions).

» Light-shining-through
walls (lab axions).

» Helioscopes (solar axions).

~Xperimenta

1sts View

Magnet

Laser
(0 ""g “F1- !\"" Detector
B XB

‘ Wall

Magnet

Magnet

XB

&

Magnet

XB
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Wave-like
Ultralight DM

OM: An -

“xperimentalist’s View

Broader category of very light dark matter candidates, which

Includes axion(-like particles) but also other particles.

Strong overlap with

Can be much lighter than QCD axions that solve the strong CP dquantum sensor
proplem, with masses as low as 1022 eV

permeating the Universe

Detection principle: detect changes to fundamental constants

or phase shifts.

Detectors:
» Interferometry
» Atomic clocks
b +1more”

development...

Hxhibits wave-like properties on a galactic scale - a scalar field

» Quantum
Technologies for
Fundamental Physics
(QTFP) programme.
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Quantum Tecnhnology tor Fundamental Pnysics

About QTFP:

. CA0M programme to transform our approach to understanding the universe and its
evolution

Ql: Quantum-Enhanced Interferometry for new physics 7 pm]ects funded in late 2020 to
PI: Hartmut Grote
demonstrate how QT could solve
some of the greatest mysteries in

fundamental physics, including the
search for DM.

QSNET: A network of clocks for measuring the stability of fundamental constant
PI: Gilovanni Barontini

\

QTNM: Determination of absolute neutrino mass using quantum technologies
PI: Ruben Saaykan

ANV

AION: A UK atom interferometer observatory and network
PI: Oliver Buchmuller

17 further small grants funded in
QSIMFP: Quantum simulators for fundamental physics 2022 https://ukngt.ukriorg/our-
PI: Silke Weinfurtner programme /qtfp /

QUEST-DMC: Quantum enhanced superfluid technologies for dark matter and
cosmology o5
PI: Andrew Casev




Particle-like Sup-GeV DM:
rartucle-like ou C .
Two physics goals linked N Supertluid 3He provides quantum analogue of
experimentally through cosmological first-order phase transition
combining quantum predicted ~10 ps after Big Bang in BSM models

sensors with 3He at ultra-

low temperatures:

- How did the early
universe evolve?

Search for sub-GeV dark matter with
spin-dependent interactions (motivated
by asymmetric models) enabled through:

- Whatis the nature of >
Dark Matter? e (Quantum) superfluid 3He
- Quantum technologies:
1. Energy deposit -
| DM — helium scattering - Nanomechanical resonators (NEMS)
o produces quasiparticles (QPs) . SUD@TCOHdUCUHg Quantum
e L leV — 107 quanta .
“ Interference Device (SQUID) readout

Stycast

Thermometer
Wire (4.5 um)

N 2. Ballistic propagation
N QP collisions with nanowire exert

/ damping force

o /L@
energy 1 N, g
gy /
gap A \ B
W >

Momentum

Energy

— Cryo-transformer —— BEVITT

3. Bolometry

* nanowire driven by AC current in
vertical B field

* measure increase in resonance .....
width from damping :

1

--» SQUID circuit ----- |

+«—— Drive +

. I(w)
Credit: E. Leason



Helium is second most abundant element in
our Universe.

Two isotopes: 4He (2p.2n) and 3He (2p.1n).

» 4He (99.9999% abundant) vs 3He (0.0001%).

» Different physical properties related to
difference in net spin.

3SHe nucleus has 2 protons and just 1 neutron,
» Spin-1/2: Fermi-Dirac Condensate.

Supertluid SHe formed by condensation of
Cooper pairs of 3He atoms. Quasiparticles
(heat) produced by Cooper palr breaking.
» Energy required to break up a Cooper pair
~107eV!

Particle-like Sub-GeV

mo 1-DMC

O)M: QU

Phase diagram of 3He
4
Solid (bcc)

s 3
% Superfluid
‘é’ A phase
% 2 I Superfluid
a S phase Normal liquid

1 =

Gas
0 1 1 e
0.0001  0.001 0.01 0.1 1 10 100

Temperature (K)

With 3He, we can
probe spin-
dependent dark
matter interactions!
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Particle-like Sub-GeV DM: QUEST-DMC

Scattering event between WIMP and He nucleus B quasiparticle
: ] : . R gt e mm—— singlet UV
NR] or atomic electron [ER] results in heat from QPs,  osf A triplet UV
. . . ) - . _ S A A IR
and scintillation ight from de-excitation. e
- 0.6 Ko, i
2 NRs
197 eV threshold for ERs |ionisation energy in He|. = o4t
107 QP produced per eV deposition in SHe. e Ry g S
:---------?-‘-4--‘-,-‘---*':7-.3;%:‘-’,"f-‘*?-?f_".f?;iwz o S
100 102 - 10° 10 10°
Fraction of energy deposited in heat vs light is Deposited Energy [eV]
different for NRs and ERs, and 1s a function of energy. H
osf | ERs
100% N
gv. lonisation g Recombination o6
Excitation \'\'\,\/\/\/ Triplet
Infrared 2
Quasiparticles (heat)

Deposited energy [eV]



Particle-like Sub-GeV DM: QUEST-DMC

Underpinning of multiple technologies critical for achieving goal of world-leading sensitivity to
sub-GeV dark matter candidates.

10-30F XENONI1T S2-Only MIGD

Operated up to 4 bolometers at <300

uK with smallest nanowires ever made Demonstrated calibration down to femtowatt

scales (~few keV)!

CDMSlite Run2

[
<
w
N

[

<
w
&

Developed SQUID readout of nanowires
- Leason, E., etal "Development of superfluid

e
—'
—
-

[
<
w
e
’

SD DM-neutron cross section [cm?] '
Eur. Phys. J C (2024) 84:248

helium-3 bolometry using nanowire resonators S eoun PandaX-I
: 1038
WJ th S Q UI D I Ga dOU Z_L fOT J[h@ QUE ST‘ DMC 31 eV (0.51 eV) threshold for conventional (SQUID)
: I . readout, operating 5 x 0.03g cells for 6 months XENON1T
experiment." arXiv2508.10602 (2025). 107l . . |

Dark matter mass [GeV/c?]

Published several papers on DM sensitivity to
different operators and mapping from EFT to NREFT,
and on the sensitivity ceiling.

N
<

0.30 =
2261 —_— 'SLéQL'JID' ——r r —r—r—r—rr . — |
N -23 - QUEST-DMC reach (This work)d ¢

| RHUL: SQUID readout, 25, £ 10 esETTTIITSEsssos——o_._ Q

_ 025 , , O | Dif:-SQUID  asmmmmmmmmsses =2 e

9 ~keV calibration 2 c10BE i Sl-conv. Diff-conyl { =

= 0.20 0 200 400 600 800 1000 1200 1400 1600 1800 - | d : Q

£ Time [s] 8 1027 [ 1 EDELWEISS-Surf - %

— | 3 <
. n .
s 0 1o : KENON1T S2-Only MIGD T N
GE) 0.15 2.60 8 10 : . E % @)
CDMEBIlite Run2 =
o 9] ' RESST IIl Lil (2022) 59
© 2.551 10-31 I EE o SO
2 0.10- o c | 28
S T o | i <
2 £ 220 + 1033 : * QUEST-conv. B O
= g 2 | 3 S K
0.05 - 2.45 1 c : . e
1L 10735 '~.. O N
= | QUEST-SQUID =S = v
2.401 =) l\ ———;-_;._“_., ______ LUX E %
0.00+ . . . . . . . . ' ' ' | | ' ' ‘ | A1 TSe—==—mTT PandaX-Il S =
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 194 196 198 200 202 204 206 208 210 7)) ) o . e L oS A,

Applied power [pW] Time [s] 101 100

Dark matter mass [GeV/c?]



Wave-like Axion Dark Matter: ALPS II/LIDA

Production Cavity Regeneration Cavity ALPS II at DESY:

- Light-Shining-though-a-Wall experiment to search for axion-
like particles.

- Tungsten-based TES microchips and SQUID readout installed
on dilution refrigerator funded by QTFP & DESY (successiully
installed at 20 mK)

————————————— Measurement frequency (kHz)
- Wavefront 476 478 480 482 484 486 488 490 492 494

e Using squeezed state of light to mitigate T T [ LIDA (full data) |
| : LIDA (95% C.L.) |
readout shot noise

LIDA (model)

[—
©
0

T: — — — .CAST
5m long main cavity 305, '
200 kW World record of laser intensity in S 10” “j AT A R T e A ‘ (""'
precision interferometry (>100 kW), &;% | m" ll!l‘l 'M‘ | L, ”.| A ’ /i 41||»| ml M l ”
S l |
S f 50 10710 1| ﬂ MM,MM 1
B squeezed light £ i WMWMW \ w il
3 I | i
1011 ‘ Ll ‘

197 9 .9 2 2.01 2.02 2.03 2.04
Axion mass (neV)

LIDA: Searching for axion dark matter in our
galaxy via coupling of axions to photons.

First results: Competitive constraints at axion
mass of 2 neV: Phys. Rev Lett. 132, 191002 (2024)
New J Phys. 26 055002 (2024)

Polarisation axis of linearly polarised light
rotated with a period corresponding to axion
[requency; measure rotation with the
detector,

, 30
Credit: H. Grote



Q=S Wave-like Axion DM: QSHS

f h Cavity installation and resonator
Quantum SenSOrS or the Network Bandpass characterisation in dilution fridge at Lancaster:
Hldden SeCtOI’ (QSHS) Analyser @LO Filter . New Journal of Physics 2710 (2025): 105002.
.+ Develop and test “Aho | data ' !
. : % acqusition
quantum and high- Piezo &/
L motors
sensitivity BT
electronics for axion BT amplifers LA "‘. M
Cryogenic § 1"
dafk matter al’ld Attenuators

Superconducting
low noise amplifier
in magnetic field shield

other hidden sector
particle searches
| | Cryogenic
- Drive operating RF switch M

|| ueetuwl [

502
temperature of
cavity searches
down to ~10 mK:
we
enabple single photon port vaiavie ||| /| Tuneable
d@t ection op eration e resonant cavity - Cavity tuning at somKk cavity tempercature
| ' in magnetic field cachieved & magnet operates at 8T
» Performfirst search  q-; 18.5cmmagnet . Collaboration with ADMX fruitful: GSHS made [
bore. ADMX cavities and ADMX adopted QSHS'S tuning e

for galaCUC halo rod support scheme.

axion d&ﬂ( matter at - First noise temperature measurements on HEET
NLLGV mass ccale Static magnetic field camplifiers performed In-situ.

. First axion search using QSHS will happen in 31
2025!

Credit: E. Daw



swer VWave-like ULDM: QSNET

QSNET: Development of network of clocks chosen for their different sensitivities of variations of fine structure

constantly (o) and electron-to-proton mass (u) 5 oguolfytzl 2
-1 - .
cl ( BN s . 2- H/Si ;z
Yb* (467 nm) ' streatiuoptictl ] 57 -3 EPtests St/Si <
t.l:l: Sr (698 nm) lattice clock <>/~ VET - e o %
Cs (32.6 mm) S 5 i E
NPL L‘jﬁu CaF (17 um) L 6- s aa ikl -
o ou Y Uos N, (2.31 um) T —— Yb7/5r (this work) | _3g
Gagi 4 v [Cf% (618 nm) 3 Tde T4 Tq
fEil;:ipneeatr\:lork Cf17+ (485 nm) IOgIO[m¢/eV]
] . logo[fs/HZ] . ;
Search for ultralight DM: _ iy - o
- Hypothetical ultralight DM scalar field couples to EM field, %lf’ 2 EP tests 0 2
- Dynamic DM field causes a corresponding change/ = ) 1%
. . . . — 4 7 =
oscillation in the fine-structure constant a. ER T W =28
. o determines the strength of the EM interaction: changes = v srcstiwen |33
. . -20 -19 -18
N o alter atomic energy levels l0g10[mg/eV]

- Comparison between two clocks can be used to
obtain a limit on the time variation of fundamental
constant a and set constraints on ultralight dark

NPL: World-leading constraints on ultralight dark
matter (New J Phys. 25 9 093012 (2023))
& most accurate clock in Europe 32

matter. . Lots more exciting developments!
Credit: G. Barontini



ke ULDM: AION

Ultralight dark matter (ULDM) is detected via its differential

LMT
Laser Atom Interferometry: effects on the atomic transition frequencies.
. - Cooled strontium atoms
| lcunched upwards and Network of separated interferometers increases ULDM
© freetall ~1 s in two separdate  sensitivity by measuring the phase shift over a larger effective
! interferometers. distance
® | . fy [Hz] f, [Hz]
' - Laser fired at falling atom T ey 102 10° 104 102 1 102 10°
| causes it to split into two - 1 s ‘;',5;5-10 :
— - \o‘“\OO at Y/ -
o) Juantum states, 3 ol R e ="
'rz . E I %— ‘ .\,;\3\ it :
. @;t;r:e ..... W O - Second laser reunites : 2 b o
g atoms, third laser 3 e ;Ov\,«@\g .'
= = ol e .
8 measures atoms. s 0 | 5 107"
t = - If something delayed one o - e
S - 0 10" 107 10" 10 10718 - 010 o qp 14 = qpi2 - 4510
e of the atoms, will measure . Scalar DM mass m, [eV]
HINE interference pattern (No Rl
¢ S . 1ol = B N _ Sensitivities of different AION
SNl d 1gnmem). 2 100 » : scenarios to scalar DM interactions
+ g zL % FOteaine s e ; with electrons (TL), photons (TR)
- Differential measurement 5" | 0 | andtheHiggs portal(BL).
Atom * . g
..... ’.‘ Detecti . = _16
Source — | suppresses common noise L ] Figs&Plots from Journal of Cosmology and
[ ]- sources OZIld SYStemC{tiCS 8 1020 AEDGE d Astroparticle Physics 202005 (2020): O11.
P : T 107 b
| l/ Retroreflection 107 40 10" 10 10" 33

Scalar DM mass my [eV]



summary & Outlook

Huge mcrea.se n 1nterest N light cosmic-rays
dark matter in recent(ish) years.
Vast range of experiments/
experimental techniques
developed to search a broad mass
range <1022 eV -1 Ge\/) radio/microwave
. Strong overlap with quantum
sensor development

Every time weve enhanced our
technological capabilities, weve
opened a new observational
window: dark matter next?!

Infrared/optical

neutrinos

YEREA gravitational waves

gamma-rays

dark matter?

dark energy?

quantum gravity?

Credit: J. Monroe
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