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Direct Dark Matter Detection in the last ESPP Update

Slide from Jocelyn Monroe, 30th April 2024

Major challenges to future direct detection experiments come from: (a) v — e and coherent
elastic scattering backgrounds from solar and atmospheric neutrinos, which is known as the
“neutrino floor” and shown in the grey hatched region in Fig. 9.1; (b) neutrino flux uncertainties
on these backgrounds; and, (c) technology scaling to increase in mass over current searches by

ESPPU 2019 (arXiv:1910.11775)

-38
c 10 7 1 ‘ o —— CRESST Il factors of 10 or more whilst improving background rejection and lowering radioactivity.
arXiv:1904.00498
O 1 0-39 i XENON1T In consideration of the strong synergy between direct dark matter detection and the pro-
= : PRL 121 (2018) 111302 gramme for its production and discovery in high-energy collisions at accelerators as well as
8 1 0—40 — PandaX in accelerator-based fixed target experiments, discussions at the Open Symposium in Granada
T PL 117 (2076 121303 highlighted that CERN’s support for selected direct dark matter search programmes that can
S 10 = DarkSide-50 take critical advantage of technology developed at CERN can deliver a decisive boost of their
- 0 PRL 121 (2018) 081307 .
L CRESST lli LUX sensitivity.
0y 1 0‘42 < PRL 118 (2017) 021303
© _ = Argo-3000 (proj.) . . .
1074 . DarkSide-50 A Direct detection has important
\ - proj. .
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10 o T - e s a complementary with future accelerators:
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confirm direct detection discovery (and
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Dark Matter Big Questions

What is the nature of dark matter?
... that’s kind of it.

But, in more detail:

2 Is it a particle?

P What are its properties?
2 How does it interact?

2 Is there one particle or many (a dark kiRt A I

sect OI')? - ; , —BLACK HOLES, RULED ourav.@
Q-8ALS POUEN TBEES; SOACE LE%@?NG ‘ LQIJCSRSG ASTBUZZKILLS
. . . NEUTRAUNGS COuS l RONOMER
NO-SEE-UMS
2 How does it explain astrophysical | IS D ol S g BT sogeg
: l
observations? T e
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Particle Dark Matter

Early universe - processes slow down as

\ uniyse expands and dools
2 Leading cosmology model is ACDM. So % jﬁ
2 CDM = cold dark matter, has to be non-baryonic, neutral, o
stable (or 7 >> age of universe). g N

(a) Pair production | (b) Annihilation

Freeze-out, relic density of DM set

2 Theoretically well-motivated is the Weakly
Interacting Massive Particle (WIMP).

2 WIMP miracle: measured relic abundance of DM — requires
an annihilation cross section consistent with the weak
Interaction

2 WIMPs expected to couple to the SM through weak force:
WIMP-nucleon scattering

2 Lightest supersymmetric particle (LSP) from Supersymmetric
models is an ideal candidate (e.g. neutralino)
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WIMP Dark Matter

An undergrad student I taught:

“Given this paper [ “Supersymmetric Dark Matter” by
Jungman, Kamionkowski and Griest| is older than me, I'm
wondering if the current state of the field is one that still favours
WIMPs as one of the main focuses of detection efforts.”
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WIMP Dark Matter

FORBES 2> INNOVATION > SCIENCE

l The 'WIMP Miracle' Hope
s For Dark Matter Is Dead

Jungma e, I'm
wonderi [l favours

Ethan Siegel Senior Contributor
WI Starts With A Bang Contributor Group © VtS %

)) by
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KCL-PH-TH/2022-52, CERN-TH-2022-172
UMN-TH-4204/22, FTPI-MINN-22/29

WIMP Dark Matter

The CMSSM Survives Planck, the LHC, LUX-ZEPLIN,
Fermi-LAT, H.E.S.S. and IceCube

John Ellis®, Keith A. Olive®, Vassilis C. Spanos® and Ioanna D. Stamou*

2022 paper from Ellis et al reviews the Constrained Tt Purticle P s Comolry G, et of P

King’s College London, London WC2R 2LS, United Kingdom;
Theoretical Physics Department, CERN, CH-1211 Geneva 23, Switzerland;

Supersymmetric extension of the Standard Model (CSSM). aionerheoelicl Physics Deparlment, CERN, CH-1211 Geneva 2, Suizelond;

®William I. Fine Theoretical Physics Institute, School of Physics and Astronomy,
University of Minnesota, Minneapolis, MN 55455, USA

° ) —_ ‘
! I |h b ° “Section of Nuclear and Particle Physics, Department of Physics,
IS Com lneSo National and Kapodistrian University of Athens, GR-157 84 Athens, Greece
dService de Physique Théorique, Université Libre de Bruzelles, Boulevard du Triomphe CP225,
B-1050 Brussels, Belgium

2 Planck measurements of DM density

2 LHC measurements of Higgs mass & sparticle searches tanB=40, A=0, 11<0

2 LZ limit on spin-independent scattering

2 Fermi-LAT & HESS annihilation to photons in dSph
and galactic centre

2 IceCube limits on annihilations to neutrinos in the sun

“Strips” of parameter space show allowed values

“Direct detection can probe essentially all the strips if the
sensitivity reaches down to the neutrino ‘tloor’. The
CMSSM may survive a while yet.”
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https://arxiv.org/abs/2210.16337

WIMP-Nucleon Cross Section Evolution

Dark Matter Searches: Past, Present & Future
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Dark Matter Candidates

P Many, many candidates
beyond “vanilla WIMPs™...

hidden
sectors

P Experiments to detect DM
have an enormous range of
masses to cover

P Current experiments are
not sensitive to many
candidates at either ends
of the mass range

2 Need to “delve deep and
search wide”
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https://arxiv.org/abs/2209.07426

Axion Dark Matter

Signal

Resonant — > Detector
2 Wave-like dark matter, mass < eV oty | | hoton focuenc

field Photon

2 QCD axion: proposed to solve the strong CP el
problem of Quantum Chromodynamics Vi

shoton Frequency

2 Axion-Like Particle (ALP) (1020 - 1 V)
2 share features of the axion (e.g. (pseudo-)scalar, low Dark Matter Cancidates
mass, weak couplings) but don’t solve the strong CP s S o coing
problem

Spin Based Sensors

I

2 Could be detected via: axio-electric effect,

Atom Interferometers

axion — ¥ conversion in magnetic field, interaction < omt

Atomic, Molecular, Nuclear Clocks
- ]

Torsion Balances Cavity - Cavity/at. & mol. trans.

with gluons = e

Mechanical Resonators

I —

EP Tests (Eot-Wash + MICROSCOPE)

2 Advances in quantum sensing have driven e
explosion of interest in axions ‘ o neney (4
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Delve Deep & Search Wide
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Delve Deep
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I

LZ

UK involvement: Bristol, Edinburgh, Imperial, KCL, Liverpool, Oxford,
Sheffield, RAL, RHUL, UCL

llllll
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| Starting data taking
7 tonne target surrounded by == 3 7 T8N December 2021
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July 2022, first results
60 live days, 5.5 t LXe
335 events
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LZ

2 Expect new LZ results from longer
science run later this year

2 Challenges include electron : LZ sensitivity (1000 live days)  Lux o
: : Projected limit (90% CL one-sided)
backgrounds and reaching design 1 expectod PandaX-IT (2017)

electric fields
2 Full planned exposure: 1000 days

2 Minimum cross section 1.4x10-48 cm?2

2 Wide range of physics analyses
ongoing including:
2 Low mass WIMPs: S2-only searches,
Migdal etfect

2 Axions, ALPs, hidden photons,
mirror DM

2 NR signals: EFT models

2 Multiply Interacting Massive
Particles (MIMPs) WIMP mass [GeV/c]

+206 expected — XENONIT (2018)

pMSSM11
(MasterCode, 2017)

SI WIMP-nucleon cross section [cm?]
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https://arxiv.org/abs/1802.06039

UMW T
.-

®
D arkSl_de - 2 O K Contact: Jocelyn Monroe, Oxford, jocelyn.monroe@physics.ox.ac.uk

UK involvement: Birmingham, Edinburgh, Lancaster, Liverpool, Manchester,
Oxford RHUL, Warwick  Slide from Jocelyn Monroe, 30th April 2024

2 DarkSide-UK project delivering 7 m?2 of SiPM array detectors, with lower noise, radioactivity and higher
photon detection efficiency than PMTs

2 production/qualification of hardware underway at across Birmingham, Edinburgh, Lancaster, Liverpool,
Manchester, Oxford, RAL, RHUL, Warwick + radioassay at Boulby

2 Strong synergy with UK involvement in ECFA Liquid Detectors Collaboration (“DRD2”) now established
at CERN

2 DarkSide-20k construction at Gran Sasso Laboratory (LNGS) advanced

. . l
2 cryostat and infrastructures in LNGS Hall C complete! Exclusion 90% C.L.

| pMSSM11 [EPJ C 78 256 2018]

\ Scalar complex WIMP [EPJ C 8 992 2022]
| Dirac complex WIMP [EPJ C 8 992 2022]
\
\
\
|

2 Cryogenics system operating in Hall C
2 TPC components in production BEN Ar v-fog [PRLI27 251802 2021]
2 Installation of UK photodetectors starting 2025, Ar fill 2026.

2 Apr.24: Positive STFC funding decision on installation phase (2024-6)

- S O RN = N LZ 90%CL excl [2207.03764]
o ; — N . N eSS aeL, - B : Lz 2.7 y (15.3 t yr)
- & e . . ) XENONNT 5 y (20.2 t yr)

, ; L S s ‘ DS-20k Fid. 5 y (100 t yr)
| c. - : N ,x": - o : s -+ DS-20k Fid. 10 y (200 t yr)
' DS-20k Ext. 10 y (460 t yr)

 ARGO Fid. (3000 t yr)
XLZD (1000 t yr)

EFCA-UK Physics Kick-off Meeting: Direct Dark Matter .. Dr. S Shaw : Big Questions = DM Candidates Search Wide


mailto:jocelyn.monroe@physics.ox.ac.uk
https://link.springer.com/article/10.1140/epjp/i2018-11973-4

X I 2 D Contact: Henrique Araujo, h.araujo@imperial.ac.uk WIMP Dark Matter Extended Dark Matter

UK involvement: Bristol, Edinburgh, Imperial, KCL, Liverpool, Oxford, : ggiﬁi&iﬁi’l edrécrlletnt \ . : gililo( 1?— }lli(llté)gz Hicles

Sheffield,, RAL, RHUL, UCL + many more joining for XLZD@Boulby (nextslide) | ¢ 4 v e Planck mass
XENON, DARWIN and LZ have joined forces to + Inelastic

build a 40T-80T LXe TPC - location TBD.

Neutrino Nature
* Neutrinoless

Science drivers: Sun
* pp neutrinos

2 The ultimate probe of WIMPs down to the « Solar

*, double beta decay
neutrino fo g metallicity ‘, /- * Double electron
* "Be, ®B, hep capture

2 A competitive and economic search for
neutrinoless double-beta decay

* Magnetic moment

2 Measurements of multiple astrophysical
neutrino signals

Supernova
* Early alert

* Supernova neutrinos

* Multi-messenger astrophysics

Cosmic Rays
* Atmospheric
neutrinos
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https://arxiv.org/abs/2203.02309
mailto:h.araujo@imperial.ac.uk

XI z D Contact: Henrique Araujo, h.araujo@imperial.ac.uk @ " »

Boulby Underground Laboratory is a strong potential host. Sol L e S
Signed by 58 lead researchers from 22 UK institutes.

.. iy . XLZD@BOULBY:
Preliminary activity proposal submitted for Wave 4 of the UKRI STFC ASSURANCE REVIEW
Infrastructure Fund: 2023

Hosting the definitive underground
rare-event observatory in the UK

-

2 Conceptual design report by 2025
2 Design of UK scope by 2027

2 Including xenon acquisition,
Outer Detector, Cryostat, TPC
elements, computing & data centre,
clean manufacture & engineering

P Expecting news very soon...

Science and
Technology
Facilities Council

Boulby Underground

Laboratory
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N EWS - G Contact: Patrick Knights, prk@hep.ph.bham.ac.uk

UK involvement: Birmingham

Sub-GeV DM detection with Spherical Proportional
Counters

2 Detects ionisation electrons drifted to an anode
2 Easy to swap target gas - check different nuclei

2 NEWS-G: preliminary results from test data at LSM
(0.12 kg-days, methane target) with 140cm detector
shown last year

2 New constraints on spin-dependent WIMP-proton
scattering

2 Ongoing science run with improvements in noise,
gas purity, backgrounds at SNOLAB.

2 Next: DarkSphere - 300cm, potentially at-
Boulby Underground Laboratory

PRELIMINARY
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https://indico.cern.ch/event/1188759/contributions/5230554/attachments/2621904/4534484/NEWS-G_UCLA_v2(1).pdf
mailto:prk@hep.ph.bham.ac.uk

S O L AI RE Contact: Darren Price, Darren.Price@cern.ch

UK involvement: Edinburgh, Imperial, Liverpool, Manchester, Oxford,
QMUL, RAL, Warwick

e
-

Dedicated tonne-scale TPC for S2-only
searches, proposal to host at Boulby
Underground Laboratory.

-
&

2 Leverage existing SiPM photosensor
development in the UK

2 Develop domestic capabilities in SiPM
production, cryogenics and more..

2 Enhance UK prospects to contribute to
large experimental facilities

2 Offers an opportunity to target MeV-GeV
scale DM-nucleon interactions with
sensitivity beyond current capabilities
and astrophysics probes
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Migdal
M I G D AL Contact: Pawel Majewski, pawel.majewski@stfc.ac.uk ‘\electron

UK involvement: Birmingham, Imperial, KCL, Oxford, RAL, RHUL, Sheffield

counts/keV/kg/day

——
<
nN

Migdal: theorised etfect that produces an ER , R
enhancement On a nuCIear reCOil Signal nucleus or electron energy [keV]

— can make a sub-threshold NR visible
— more sensitivity to low mass DM

Used for limits for several years but not yet
observed after a nuclear scatter!

MIGDAL experiment at RAL:
2 50 Torr of CF4 instrumented with GEMs

neutron

2 reconstruct tracks of nuclear recoil + electron
- goal is to directly observe the etfect

2 First science run with DD neutrons last
summer, second science run earlier this year.
Analysis ongoing.
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mailto:pawel.majewski@stfc.ac.uk
https://indico.cern.ch/event/1272184/contributions/5668244/attachments/2769167/4825693/Migdal_P.Majewski_v3.pdf
https://indico.cern.ch/event/1272184/contributions/5668244/attachments/2769167/4825693/Migdal_P.Majewski_v3.pdf
https://indico.cern.ch/event/1272184/contributions/5668244/attachments/2769167/4825693/Migdal_P.Majewski_v3.pdf

Search Wider?

hidden
sectors

What about this
direction????
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Axion-Photon Constraints
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https://zenodo.org/record/3932430#.ZCnP5-zMKrN

AD MX Contact: Ed Daw, e.daw@sheffield.ac.uk

UK involvement: Sheffield

2 AxioN Dark Matter eXperiment: flagship axion
haloscope at CENPA, U Washington

2 Consists of large magnet, a microwave cavity, and ultra-
sensitive low-noise quantum electronics.

2 Sensitivity has reached QCD axio

scale, continuing to search for | _
higher masses — S X :
| x G
: > ;
2 Technological challenges: 8 i o 8
need bigger magnet, e 3 1 D
volume (multiple cavities), = 0 B e - B )
leSS nOise U | - ————— ADMX a(;r;;r—l;r:;p—rojection -
ADMX projection 2023-2024
'DFSZ. . IADIM)E 2023 preliminaryl | | R

102 10%
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Quantum Tech for Fundamental Physics

UK involvement: Birmingham, Cambridge, Cardiff, Glasgow, Imperial, KCL,
Lancaster, Liverpool, Oxford, Sheffield, Strathclyde, RAL, RHUL, Warwick, UCL

Torsion balances

See Ian’s talk! Some Dark Matter highlights:

AION (contact: Oliver Buchmuller, o.buchmueller@imperial.ac.uk)

2 Detection of ultra-light DM using cold strontium atoms through oscillations in
the electron mass and fine-structure constant

o
=
S
(@)
=
o
>
®)
@)
c
O
| -
)
&)
AL
)

2 10m prototype at Oxford - scale up to 100 and 1000m
QUEST-DMUC (contact: Andrew Casey, A.Casey@rhul.ac.uk)

10710 1014 10712 1010

2 Detection of sub-GeV dark matter with a quantum-amplified superfluid 3He
Scalar DM mass m [eV]

calorimeter (sensitive to SD-neutron interaction)

2 Ongoing R&D, paper on backgrounds came out earlier this year

oL XENONI1T S2-Only MIGD

-
9
W

CDMSlite Run2

QSHS: Quantum Sensors for the Hidden Sector (contact: Ed Daw,_e.daw@sheffield.ac.uk)

=
9

2 Develop novel quantum electronics, collaborate with ADMX, accompanying
theoretical work

-
<
W

2 Dilution refrigerator and 6T magnet installed at Sheffield
2 Planning CDR & full design for UK ADMX experiment

2 Future UK hidden-sector search facility at Daresbury

=
o
I )

PandaX-ll
QUEST-SQUID

SD DM-neutron cross section [cm?]
o
|

XENONIT

-
o
L

10~} 109

Additionally, QSNET tests fundamental constants through clocks, & QI: Quantum- Dark matter mass [GeV/c?]
enhanced Interferometry for new physics.
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Collider

2 Dual focus on increasing exposure and increasing low ~ Indirect

Conclusions

2 The search for dark matter continues, and grows broader...

Direct

mass sensitivity - delve deep and search wide

2 UK playing strong role in many large international experiments,
potential host for several exciting new ones

2 Lots of exciting UK contributions to be made in next few years

2 Quantum sensing driving interest in Axions and ALPs (and

vice versa!) - AION, QUEST-DMC, QSHS... x
0

2 Multiple targets in Direct searches can probe a diverse set of DM
models and wide range of DM properties

2 Collider constraints are complimentary to Direct for ]
mass, but projections are very model dependent

2 Long term goal needs to a consistent Dark Matter
SIGNAL in multiple experiments/different targets using -
different techniques- colliders + direct + indirect
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3 ways to detect dark matter particles

Enabling discovery with a multi-faceted approach

| T
BREAK IT
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3 ways to detect dark matter particles

Enabling discovery with a multi-faceted approach

Indirect Detection SM

Direct Detection

- Production
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detector
exposure

Direct Detection

Dark matter exists in a halo extending far
beyond the visible boundaries of the galaxy

Isothermal halo

V=220 km/s, vg=240 km/s, _ p
Ve =600 km/s, p,=0.3 GeVicziems  Mx=100 GeV/c

G5 = 10? pb (1045 cm?)

Dark matter halo

I
—

Integral rate, counts/kg/year

20 40 60 80
threshold recoil enerc

0.001

'
......

~ 00 W0 W0 W0 w0 0 80 o In Earth’s frame, see an annual modulation. DM

0.000

sk tT e has a higher relative v in June than Dec DM v translated to recoil energy in DM-
Dark matter follows a velocity distribution N : : . :
i . . . more likely to be above detector threshold scattering, get an exponentially falling rate
within the halo (in the Galactic frame) with a : .. : )
— peak rate 1n June, minimum 1n Dec — threshold very important

maximum velocity of ves

EFCA-UK - Physics Kick-off Meeting: Direct Dark Matter ... Dr. S Shaw *x Backup Slides



Axion Dark Matter

2 Very broadly, two classes of Resonant
cavity Photon frequency

eXperlment: Magnetic - | (< axion mass)

field

Signal
» Detector

Photon

2 Haloscope |

] 1 Axion ~—__  ————
P> Axion converts to photon in b i

magnetic field Virtual .
nhoton Frequency

2»Scan over resonant frequencies -
enhanced signal at right photon
frequency (= axion mass)

2 Direct detection through
interaction with electron

e
N T
L Ze

2 Manifests as electron recoil ‘
signal - feasible search in direct Compton-like Axioeleotric Primakoff
DM . . or Photoelectric-like

experiments
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History of Direct Detection with Liquid Xenon

ZEPLIN-II XENON1O ZEPLIN-III XENON100 LUX XENONNT

. :
SAALLAARRLALLALLLLL LA
1

ARARRARRERRRRE R R R
‘ 11 :

6,000 kg
(2,222 kg)

6.6 X10-$3 cm? 8.8X10-44 cm? 8.1X10-44 cm?  3.4X10-44 cm? 2.2X10-46 cm?2 2.5X10-46 cm?2 4.1X10-47 cm?2 9.2X10-48 cm?2 2.6 X10-47 cm?

2007 2007 2008 2010 2016 2016 2019 2022

_—
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Future of Direct Detection with Liquid Xenon

XENONNT “G3” /XLZD Consortium
. I

! " ‘-'h&ﬁggg'&.—_{:? - “‘ “‘.‘;\
ﬁffgﬁﬁfﬁ’lg i)
' ,1’7}_";”-':'7 == 1 | ——
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5,900 kg
40,000 - 100,000 k
(4,400 kg) ’ ’ 5
Projected for 15 t-y: Projected for 20 t-y: Projected for 1000 t-y:
1.4X10-48 cm? 1.4X10-48 cm?

1.4X10-49 cm?2
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LZ ~60 members in UK, 14 PIs

(full collaboration ~350 members)

UK Involvement

Science and Tk
Technology e
Facilities Council

(&4 UNIVERSITY OF clafgow

7 LIVERPOOL

THE UNIVERSITY
of EDINBURGH

The
University
Of
Sheffield.

Newcastie upon Tyne
€

.Sundomnd

Science & Technology Facilities Council

Rutherford Appleton Laboratory

i
Blackpool Bradford
»
Presm. wu: M

UNIVERSITY OF

= | A University of
BRISTOL

"Bouemout Yeoed.  HOLLOWAY
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LZ First Results
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SNOBOX

SuperCDMS 2

- ¥ Durham e
UK involvement: Durham University 7 \

SNOLAB, Canada

e Target materials: Si (0.6 kg), Ge (1.4 kg)
e ~1000 sensors per crystal

e Two types of detector: Interleaved Z-sensitive
[onization and Phonon (iZIP) & High Voltage (HV)

e iZip = ER/NR discrimination
e HV — low threshold
e Timeline: testing and characterization is ongoing

1074

™\ Combined Si + Ge projected sensitivities 105

1076

e Commissioning: 2023 0?

Ultimate Ol

First underground testing & early science: 2024
... 107

Dark Matter-nucleon dg, [cm?]
S
&

Dark Matter-nucleon g [pb]

o
e First science run with initial payload: early 2024
®

First results: 2025
1
Dark Matter Mass [GeV/c?]

—
o
o
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Directional Detection

Overcoming the neutrino floor

Direct DM experiments will soon be limited by detecting
CEVNS from astrophysics neutrinos

Gradient of discovery limit, n = —(dInc/dInN) !
3 4 5

CDMSlite

DarkSide

[cm~]

ok ek ek

S 9 S
=~ =N V=N
N b (@)

10—43
1044
10—45
10—46

[
o
|

N

N

Reactor

[
o
|

N

Qo

SI DM-nucleon cross section
o
£

DM mass [GeV/¢?]

b

_|_
D
o

Galactic latitude,

+
W
(-

O

(-
o)

*The neutrino fog is defined to be the regime for which
n > 2, with the neutrino “floor” being the largest cross
section for each mass where this transition occurs

Fluorine recoils [8-50 keV/] September 6

60° 0° 300° 240°
Galactic longitude, [

Directionality allows clear discrimination of
neutrinos (position tracks the sun) from DM

(always from Cygnus)
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CYGNUS

UK involvement: Sheffield

CYGNUS-10N m3 CYGNUS-10 m3 module

2 Long term CYGNUS Vision: Multi-site Galactic Recoil Observatory with
directional sensitivity to WIMPs and neutrinos using low-density gas TPCs

P Targeting low-mass WIMP region (~10 keV) with directionality

2 Prototyping in various stages across the world

2
A AN NN T I AL AR

p—t
|

w

~J

CycgnNus-KM

CyGNUs-UK
Kamioka, Japan

Boulby, UK

1N |C
—_ =
999
= B W
= N e

p—
T
e
W N

—
olo
e~

roton cross sectio

CyGNUs-US j <~ CYGNO | \ 10—40
Lead, South Dakota w g Gran Sasso, Italy \ 2 ‘ CIL 10—46

2 & = 1074
CYGNUS-0Z W & g 1048

b & A 10~%9H-~~~ Single electron threshold: 0.25 keV, [755:5 Torr He:SF¢]
: | . I— Worst-case threshold: 8 keV, [755:5 Torr He:SFg]
CYGNUS-Andes 107° Search mode: 8 keV, [1520 Torr SF]

Chile/Argentina —51
10 10° 10! 10°

WIMP mass [GeV/c?]
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Low Mass DM

e Light (<1GeV) DM invokes technological challenges for detection

e Interaction is mix of DM-nucleus, scattering DM-e scattering and
both depending on model

Liquid Nobles
Bubble Chambers

lonization In
Semiconductors/Iinsulators

o

Optical Phonons
Low-Gap Matenals

Recoil Energy (eV)

e Need different technology - lots of small scale experiments &
currently probing the low mass regime & proposals for upgrades | Ry oo et
for larger experiments e.g. H-doping in LZ (HydroX ) :

101
Mass (MeV)
Experiments specifically designed for low mass:

e SuperCDMS (Si, Ge) Larger experiments that can employ special techniques/

e DarkSide-LowMass (LAr) considering upgrades: DM-e scattering

e SENSEI (Skipper-CCD) e LZ Heavy Mediator

e DAMIC-M (Skipper CCD) e XENONNT

e  CRESST-III (CaWO4,LiAlO, Al,O3, Si) e Darkside-20K Direct—Detection
[

Constraints

NEWS-G (Ne/methane SPC)

This is by no means an exhaustive list of light DM candidates....

sub-GeV pevV - meV 10-11- 103 eV keV 1keV - 10 GeV

ionisation-only
searches, phonons,

Axio-electric effect | Axio-electric effect

(ER spectrum), |(mono energetic ER), Decay to v Dark photo-electric

Dark Matter — Electron Cross Section [cmz]

Migdal effect : . : : ' etfect, deca
doo; 5 FIxe wich | COTVErsiontoyin | conversion toy in through a.Ct.We/ p y
oping of Lxe wit : . : . sterile mixing products
light elements | Microwave cavities | microwave cavities DM mass [MeV]
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Axion-Photon Constraints

101

102
103
04 Laboratory
10> Y — a
10~

10~

108

10~ .
1010 Astrophysics
10— Y — a
10—12
10—13
10—14
10—15

Dark matter
(direct detection)

Dark matter
(astrophysics)

el
23
I &
Fuzzy
dark matter

e
-]
| |
—
O OO

Axion-photon coupling [GeV™ 7]

10
10—20

yeV zeV aeV feV peV neV peV meV eV keV MeV GeV TeV
Axion mass [eV]
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