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Today’s Outline

- Overview and Context of DM

. : DARK MATTER
direct detection o ot el T

- Current Programme & Roadmap

- Future Searches

- <1 GeV/c?2 Dark Matter a
- Conclusions and Questions {

"We're quietly confident that it smells of cinnamon,”

Tom Chitty 2016, New Yorker
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A Unified Vision coming from SNOWMASS

Dark Matter Mass
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2021 Status
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Some Context « Caveats: Science -

For Dark Matter Science:
- Direct DM searches are tied to:
- Astrophysical/cosmological evidence of DM

; Shalce IE!
- Theory candidates for DM e
; Indlrect Astrophysical searches Break IH \ “ | Make I8
- Collider Searches Fa
- Axion and other wavelike DM searches
- Primordial Black Holes and other L4 L

astrophysical/macroscopic options
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Some Context &.CaveétS: EXperimentS bt

For Dark Matter Experiments
* Direct DM experiments are tied to:
- UG facilities and neutrino science
- Int’l collaborations and funding
- Low background assay facilities, methods,
materials and Ovbb community
- Quantum technologies
- More nuance than presented here

- Large Experiments are multi-science, rare-event
observatories:
- Ovbb
- astrophysical neutrinos
- wavelike DM candidates
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Recommendation 7.1: The UK should maintain leadership during R&D, construction and exploitation of
Direct DM Detectors over a wide range of DM masses that demonstrate their uniqueness, complementarity,
or world-wide competitiveness, and should seek opportunities to grow funding to support projects,
including those planned to be constructed within the UK.

Recommendation 7.2: The UK should secure future support outside the current STFC core programme (for
example NQTP or other cross-UKRI funding) of dark sector experiments based on successful demonstration
of quantum technologies seeded by the QTFP programme. If a growth of funds 1s not achieved, pursuing the
broad PP scientific goals in the dark sector will need to be tensioned with other areas of the core
programme.

Recommendation 7.3: The UK community of theorists and phenomenologists, collider experimentalists, and
direct and indirect detection experimentalists should establish a interdisciplinary programme to explore a
synergic approach in DM studies, with greater communication and idea exchange.
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Runnlng Xenon Experlments
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+ 3 running experiments that will

continue ~5 years

Continuing their understanding of
Xxenon microphysics

Science also with electronic recoils.
effective field theory models,
MIMPs, Ovbb and double electron
capture, solar neutrinos,




DarkSide-20K

. : Membrane
- DarkSide-20k under construction “ProtoDUNE-like”

at LNGS, commissioning cryostat
expected in 2026

A

Detector feedthroughs

+ Technology advances in SiPMs,
Gd-loaded acrylic, Ar distillation

Vacuum vessel
containing UAr and
TPC/veto

{}

N\

- S2-only leading sensitivity from
DarkSide-50 for low masses

- Single phase DEAP-3600
undergoing hardware upgrades

o
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Cu rrent UK efforts in Lower Mass Searches

Migdal

Neutral electron

projectile
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Migdal event topology involves a nuclear recoil and
electron recoil originating from the same vertex.

Migdal Collaboration: Verification of the
Migdal effect (ER enhanced signal for an initial
NR) for these energies/targets- can extend
liquid noble sensitivity to lower masses
UK team from Ar and Xe and gas detectors
working together
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For DM masses > 10 GeV/c2
liquid noble detectors are the right technology,
and future experiments can get to the neutrino fog.

The UK has a chance to host such an experiment.
XLZD is on the faster trajectory due to operating detectors.

The UK will have significant leadership in any experiment, wherever built.

Since the Boulby Expansion and XLZD@Boulby need to seek funding from above STFC, a
direct and clear Roadmap Recommendation supporting these programmes is likely
necessary to pursue these projects.

Other efforts should also be supported: should it be more project/R&D explicit, or is current wording
sufficient?
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Future Xenon Experiments
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Mark Thomson’s April Slide -

Boulby Status

We are discussing Boulby “Dark Matter Observatory” with DSIT
« Stage 0: £6m for excavation at 1.1km
* Will commence “at risk™ in 2024

« Stage 1: ~£50m for a new Boulby Lab
at 1.1km

* Will enable essential pre-
construction work for e.g. XLZD

« Stage 2: ~£500m for new large
experimentation lab at 1.3km plus
UK’s share of an international project
e.g. XLZD

This is ambitious and we are at an early stage, but without ambition...

Science and
Technology
Facilities Council
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XLZD@Boulby Programme

We are proposing to host XLZD in a major new underground laboratory at Boulby.

Nominal infrastructure plan entails a faster Stage 1 facility at 1,100 m (manufacture)
and a larger Stage 2 facility at 1,300 m (installation) — STFC is committed to this plan.

Two-stage approach offers a competitive timeline and de-risks XLZD schedule.

We can enable, potentially:
* Alarger experiment (up to 80 tonnes of active mass)

SR e T e

* A faster schedule (2032 start of operations) TP .
* |nstalled in a purpose-designed laboratory

Other underground laboratories are competing to host XLZD;
we are making the case that “XLZD will be better in the UK”
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XLZD preliminary costs and timeline =

1. A major new underground facility — Boulby Development Project, ongoing

2. One-third of XLZD project cost — UKRI Preliminary Activity will set us off on this road
Combined package of ~500M being discussed with STFC, UKRI and DSIT

XLZD-UK

* Pre-Construction project (design): 3.5 years from July 2024; ~£8M

* Construction project: 5+ years from 2027; process is coupled to site selection

N2
(UK) FY 2023/24 FY 2024/25 FY 2025/26 FY 2026/27 FY 2027/28 FY 2028/29 FY 2029/30 FY 2030/31 FY 2031/32 FY 2032/33

INITIATION CONCEPTUAL + PRELIMINARY DESIGNS (+LLP) FINAL DESIGN + CONSTRUCTION U/G INSTALLATION OPS (10 YEARS)..
XLZD SITE S/LIST SITE SEL
XENON ACQUISITION

XENON FUTURES R&D (4 YEARS) (CDR) GW3a GW3b (PDR)

XLZD-UK: PRE-CONSTRUCTION (3 YEARS) XLZD-UK: FINAL DESIGN + CONSTRUCTION (5 YEARS) OPS (10 YEARS)...
STFC IAC XLZD-UK: XENON ACQUISITION
BOULBY DEVELOPMENT PROJECT GW3  BOULBY LAB CONSTRUCTION PHASE 1 PHASE 2

b 4 b 4
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Future Argon EXPerime"t s

Outer cryostat 107 o ‘ |
107 : o, . 3000 tonne year projection
. ¥ -39 AN 1
Liquid Argon buffer § 10 T N
| ‘:J;;:.,{-:{i"-"" d 10—40 |“ ' \\
. & 104
ﬁ"*émg Ultra-pure acrylic vessel g o
4w (7m diam x 7m height) °
> g 0
AN T o
e e 400 tonnes low- o 10
3 . . . )

I W radioactivity Ar ;,; 1046
A £ 107

v 250 m2 PDC covering full & ;g4
Qﬁﬁ 8 10
N _ N AV surface 10-%9

q ﬁ 10—50 Lo st I T R SR T O B IR I I TR N RN AL T R N B I
10°° 107 10t 1 10 10
M, [TeV/c"]
- Site TBD (but Canadian push to SNOLAB) Jillings talk at CAP May 2024

Single phase detector vs Dual phase TPC being studied
DEAP-3600 location for R&D while DarkSide-20K is operating
Cold electronics for SiPMs to be Photon to Digital Converters (PDCs)
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https://indico.cern.ch/event/1316311/contributions/5860656/attachments/2866785/5017982/2024-CAP-Argon-Jillings.pdf
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For DM masses 1-10 GeV/c?,
there is a lot of activity!
Timing may be more important than “best” technology.

Can/will the UK host an experiment in the near future at Boulby?
How do we support potential experiments that could be hosted In
the Boulby Phase 1 Expansion space?

Will we participate in any internationally sited collaborations?
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https://arxiv.org/abs/2203.08084

Under construction at SNOLAB, data taking
expected end of 2025

4 towers: 1 Ge IZIP, 1 Ge & Si iIZIP, 2 Ge &Si HV

Programme, including new detectors and
upgrades discussed at arXiv:2203.08463

OI-PLR comparison

Current limits

—

<
-
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Neutrino fog

107
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arxiv:2203.08463 Dark Matter Mass [GeV/c?]

SuperCDMS SNOLAB

Germanium

Silicon

iZIP

Nuclear Recoil Discrimination
Understand Ge Backgrounds

Lowest threshold for low mass DM
Sensitive to lowest DM masses

Nuclear Recoil Discrimination
Understand Si Backgrounds

IZIP detector
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Other Low mass Searches
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For DM masses <1 GeV/c?,
gram scale detectors can produce leading results.
Lots of new ideas, many exploiting quantum technologies.
There are many unknowns.

Will the UK engage/lead/develop more of these options following
the Boulby call? Will this be limited to QTFP?
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Below aGeV: technologies
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https://arxiv.org/abs/2203.08297
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If we Search Deep and Wide, in 20 years

Dark Matter Mass
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| hope there Is a dark sector with many interesting new particles, which
solve current mysteries and open new ones.
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I GUESS THIS HAS
EXPERIENCE FOR
BOTH OF US!

Jeff Kinney Diary of a Wimpy Kid




'USDOE Response to P5 (Procario Update at DPF)

G3 Dark Matter

¢ From P5 Recommendation 2, Priority 4 out of 5 :

* An ultimate Generation 3 (G3) dark matter direct detection experiment reaching the
neutrino fog, in coordination with international partners and preferably sited in the US.

¢ DOE response and actions:
* Atthe present time, based on the Snowmass Community Summer Study, there have been
two proposals for G3 Dark Matter detectors : XLZD and ARGO

* P5 recommended a domestic site for the experiment in the higher funding scenario
and an international site in the lower funding scenario.

* Start with site independent R&D as we understand the funding that will be available.
o Engage with partners who are interested in hosting.

* DOE will entertain proposals by U.S. groups for pre-project R&D.

¢ DOE response and actions:

Recommendation 3 - DOE will initiate fabrication of 1-3 DMNI projecs

o 5 projects remain under consideration

¢ Create an improved balance between small-, medium-, and large-scale projects to open new scientific opportunities * The key word for new projects is AGILE.
and maximize their results, enhance workforce development, promote creativity, and compete on the world stage. * P5's call for agile implies that we should complete these experiments quickly, and shift course

* Implement a new small-project portfolio at DOE, Advancing Science and Technology through Agile Experiments when it comes time to start new ones.
(ASTAE), across science themes in particle physics with a competitive program and recurring funding opportunity * 2years for R&D, 2-3 for fabrication, 2-3 to operate, and then decommission.

announcements. This program should start with the construction of experiments from the Dark Matter New o Thisisstill6-8years.
Initiatives (DMNI) by DOE-HEP (section 6.2).  Start a new projects fabrication every year.
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Strategic Review of PP Recommendation

72. STFC should also encourage the development of an exciting programme of non-collider
physics at CERN and elsewhere to give continuity in physics exploitation.

73. The UK should have an R&D portfolio that contains elements that are generic, i.e. not
specialised to a specific project proposal while aligning with the European technology
roadmaps. It should also include targeted involvement in feasibility studies for new projects
at modest cost. The UK should invest in research projects in sustainable energy usage, e.g. in
accelerator R&D. The portfolio should have both low- and high-risk elements.

74. STFC should encourage government bodies to develop a coherent plan to attract a major
international research infrastructure to the UK, preferably in particle physics.

88. The current funding ‘silo’ for Particle Astrophysics should end and those projects defined as
being predominantly particle-physics related should be evaluated and funded within the
particle-physics structures.
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XLZD Projected Reach
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XLZD: Why now?

GRAND ALIGNMENT...

With XLZD
UK at the barycentre of global collaboration and could bridge US & EU funding timelines
* UK has long tradition in dark matter searches and pioneered LXe-TPCs for this science

With STFC and UKRI
UK has not hosted a major experiment for decades — appetite to do so now;
perfect alignment with STFC Strategic Delivery Plan 2022-25

With HM Government

* Investment in “big science” infrastructure and international science — post Brexit
* “Science Superpower” agenda

* |Investment in the North-East of England and skills development
 “Levelling-up” agenda

* |Industrial strategy
* “Build Back Better” strategy, Small Modular (nuclear) Reactors, ...

* Environmental impact of Big Science
 “Net-Zero” agenda

But there is also
There is an opportunity here that is perhaps unique! a general election...
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A Modern WIMP view
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High Mass Particle DM Beyond the WIMP. .
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. Athermal Phonon Collection Fins (Al)

. TES and Fin-Overlap Regions (W)
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ot / ~._roton
2;3. %} .‘ .."ii” - ’,ﬂ
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Al203 GaAs “.- LHe \ TESSERACT

- Athermal phonons, scintillating crystals, superfluid
helium, skipper CCDs

T [cmz]

- Updates from TAUP 2023
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Models

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV upeV meV eV keV MeV GeV TeV PeV 30Mg
ﬁ
QCD Axion WIMPs
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
< >
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
<“> < >
Post-Inflationary Axion Asymmetnc DM
—
Freeze-in DM
«—>
SIMPs / ELDERS
L
Beryllium-8
«—>
Muon g-2

Small-Scale Structure

< > <>
Small Expernments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing

D A A S S S S S L S L L e g

zeV aeV feV peV neV peV meV eV keV MeV GeV TeVv PeV  30M

US Cosmic Visions: New ldeas in Dark Matter 2017: Community Report

- Canonical Dark matter is:
- non-relativistic
- electrically neutral
limited self-interactions
density of DM ~0.3-0.45 GeV/cm?

- Some theories push these boundaries
- Can dark matter candidates fit with other
theories or open problems?
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meV i &V KeV MeV GV TV

=

- BN |
Q-8AUS FPOULEN |BEES
NEUTRINOS NEUTRALNOG ) i
ELECTRONS PAINTED NFSCELS QBEUSKS, GAmmA NEUTRON - SOUAR SYSTEM

B8-BALLS MONOUTHS Rays SIARDATA  STABILITY
WITH SPACE. CAMOUFLAGE Pvmo’?

Randall Munroe, 2018, XKCD




Anupdated cartoon for particle dark matter

10-27

hidden
sectors

10-37

&
&
S
&
S

10-47 "I can't tell you what's in the dark matter

sandwich. No one knows what's in the
dark matter sandwich.”

Dark Matter-SM Interaction Strength [cmZ?]

A
eV keV MeV GeV TeV Mpi

Dark Matter Mass

SNOWMASS CF1 Convener’s Report
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Liquid Noble Time Projection Chambers

Interactions give an initial =i

scintillation signal followed by a
signal from ionization allowing
for position reconstruction

Good ability to separate single
scatter signals from background
multiple scatters

Background discrimination/
particle ID given by ratios of
scintillation and ionization, and
scintillation timing in argon

Other benefits: self shielding
against external radiation, limited
radioactivity in targets

- : -

— - B .;:"

Large detectors with

| il . sensitivity over many
=5 <5 orders of magnitude of
DM mass.
Physics beyond WIMP
| searches also.
| Drift time
Ol tgoIng indicates depth
Rarticle
— S1

In argon, scintillation timing also provides particle ID

o o YT

E wide E NaIrow

E Sl L S - |

|- peak 9 | | peak

8L IS, ER\ G = NR
o . 0 \ “w 0 %0\ 100 . :'\n\u 0 «© “'Xof.- l”;
ttme S1 S2 time 51 59
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Focus on spin-independent DM-nuclear scattering

..This extra layer of lead
shielding will further
reduce false positives...

arXiv:2203.08084
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Does that mean you've
been able to actually
detect dark matter?

SpinIndependent Direct DM status:

Gradient of Xe discovery limit, n = —(dInco/dIn MT) -1

—————

.While the new germanium detecto
will reduce our margin of error fo one
ten-millionth of a percent.

)

Not yet, but we are
now really really good
at not detecting it.

Michael Lucibella 2014, APS.org



http://aps.org
https://arxiv.org/abs/2203.08084
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Does that mean you've
been able to actually
detect dark matter?

SpinIndependent Direct DM status:

Gradient of Xe discovery limit, n = —(dInco/dIn MT) -1

—————

.While the new germanium detecto
will reduce our margin of error fo one
ten-millionth of a percent.

)

Not yet, but we are
now really really good
at not detecting it.

Michael Lucibella 2014, APS.org
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‘Once more, fromthe nobles ...

10734,
o :
§ 107351

- 10-36?

| —— DS50 NQ (2022)

0 10738{—-- DS50 MIG ER (2022)

arXiv:2207.11967

+ Future: S2-only searches from
current detectors (with Migdal?)

- HydroX
+ Proposed doping of LXe

2 | ——- DS50 QF (2022) i,
, 1074~ Pandax-ar 2022 R T detector with H
8 | -a1[|— XenmonlT 2020 \\ N
-l; —42§ —— Cresst-III 2019 \\\ \\ DarkSide'LOWMaSS
st 10 e|—— XenonlT ME 2019 \
A _a3[|—-—— DS50 2018 | s
H107CH T oo or 2018 - Proposed 1T detector to get to
2 104' 030 05 0.1 0.3 0.5 1 —3 5 1o neutrino fog in 1t-yr exposure
mpy [GeV/c?]
- Leading limits are from DarkSide-50 i
. g

with a low threshold enabled by e / N

. ; : g projectile

jonization only signals (no background ® @) Q/

discrimination)

- These signhals may be enhanced by the
Migdal effect, but this needs to be

confirmed!

- Microphysics uncertainties too

Migdal event topology involves a nuclear recoil and
electron recoil originating from the same vertex.

T 107

S 1079}
#1077
S 1073
§ 10-39
10749
10-41,
10-42,
107%
10744
10-45.

Dark Matter-nuc

10—35
10—3(5
10—37
10—38
1 0—39
10-40
1074
10742
1 0—43
107
10°%
1 0—4(i

Dark matter-nucleon Oy, [cm?]

1072

arXiv:2209.01177
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CRESST-II (2019) EDELWEISS (2019/20) MINER (2021) e e e EEED
i : 'C‘| RED20 (above ground 0=18 eV 8 | Likeliho‘(’d il | |
é | Anevents E 4 RED30 15V (LSM, 0=40 eV) ) ! 71 DAMIC == g:fg.gigfg
.., s + sk 6
§ 9 | | %1054 pl ¢ Bulk Clusters

ull. u g ?0 :3 [\\
” ? '\.ﬁ RN
el R 0.00 025 0.50 Ojgnerlgf;o(evl)jzs 150 1.75 1é)oo 0.0 0.2 Olijiergy(kevg)ﬁ 0.8 1.0
Reindl, UCLA Dark Matter 2023, Baxter, TAUP 2023

- Excesses in cryo-detectors (non-ionizing, decaying, ...) _ _ 7= :

have possibly one common origin! Hot suspeot:_ interface |\/|u|t|p|e experlments See r1SINg Slgnals near

and bulk stress. Currently focused research topic, EXCESS initiative: SciPost Phys. Proc. 9, 001 (2022)

transferable impact expected (qubits, ...). R
-  Excesses in CCDs (single electron production) can be ]

explained by dark current and detector effects, but further Not Dark Matter

reduction is required or future experiments (e.g. OSCURA). - Not the same backgrcunds
- The DAMIC excess remains a riddle. : o

- Can it be mitigated?
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Astronomy and Cosmology

- Our cosmological models work
really well

- But...

 many big young galaxies
seen by the James Webb
Space telescope

- different measured values for
the Hubble constant

- Black Holes are surprising us
too, could they be dark
matter?

Angular scale

90° 1° 0.1° 0.05°
14 . P> P> N> Ag
10 BT, & - ‘. Pt 1) >
Planck (PR3, 2018) CMB- TT .“.-c-..
ACT (DR4, 2020)
102 ] .\
BICEP2/Keck (2018) L Nl
e ) 3 o B .j."l'l':., ~~
X I CMB- EE had 4 $ S
5. , ! RN
Q100 h\’,
WARR
2 150 500 1000 2000 3000 4000
Multipole ¢ Ch0| et al
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CEERS survey
(Pl: S. Finkelstein)




Complementarity

CF3: Cosmic Probes of DM
CF2: Wave-Like DM CF1: Particle DM

-18 104 M
zeV aeV feV peV neV pueV ~ meV eV keV MeV GeV TeV PeV 1072 Mg, 0*Mo

+——+—+—+—+—+—+—+—+—+—+—+— —+—+—+

Extreme & dense astrophysics probes

Halo probes of interactions

Halo probes Halo probes Microlensing etc.
(small scales) (small scales)

Light experimental probes

Indirect Detection

Direct Detection

EF10, RF6, NF3 Accelerators

~90 orders of magnitude for the possible dark matter mass:
1022 eV to 1068 eV
Bounded by astrophysical constraints.

Very low mass dark matter
suppresses structure formation
IS ruled out by
crolensing, CMB, other cosmic probes

Massive compact obejct dark matter

R. Wechsler, SNOWMASS C%smic Probe Plenary
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We will have definitive refutation (or confirmation)
of the DAMA/LIBRA signal in Nal soon.

Palladino 2024




Nal crystals: DAMA/LIBRA signal

DAMA/Nal+DAMA/LIBRA-phasel+DAMA/LIBRA-phase2 (2.86 ton x yr)
2-6 keV Acos[w(t-1y)]
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Is it just an analysis artifact? arXiv:2208.05158
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Nal tests: ongoing and future

Multiple Nal detectors - we’d like to know the
cause of the modulation, not just rule out DM.

ANAIS-112, running, could be on track for 5 o
rejection of DAMA by 2025.

COSINE saw that how calibrations are handled can
iInduce a modulation of residuals, Moved lab In
2023.

COSINUS cryogenic search with discrimination,
starting this year.

SABRE: low bkgd crystals, with Northern and
Southern sites, also starting this year.

Dark Matter 2017 201 J 2021

2023 2025 202:

y | E— s i ———
T naev  ANAIS
% 2 46 8 10

real time (yr)



https://www.science.org/doi/10.1126/sciadv.abk2699

Technologies newandold
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https://arxiv.org/pdf/2104.07634.pdf

Milky Way Galactic Rotation Curve

——==-All baryon —-— Warm dust —— Baryon + DM

-——- Bulge H1 gas ¢ Ou et al. 2023 (this work)
Disk —-— Hj gas }  Eilers et al. 2019

—— (old dust — Best Fit DM: Einasto

- Updated with Gaia, 2MASS and WISE
- Galaxy model: best fit cored Einasto
- arXiv:2303.12838
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Axions and Bosonic Dark Matter

Axion experiments Next decade(s) prospect:
haloscopes + helioscopes could

g, cover whole feasible axion mass  [Mlany ways

. . = Cavity
Different technologies are F )

very complementary ~_range compatible with dark matter!

~ 10 orders of magnitude! to get aae

In theories

NMR / Spin- LC circuit

precession Gay
9anN, 9aeDMm Helioscope

gay 9ae

sl Di-electric
haloscope

Many ways to

look
,for axions
Ma jn
| | experiments
(for axions 100% DM) Pre-inflation - a1 Window APPEC community discussion slides
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Resonant
cavity

Magnetic -

field

Axion

S

Quantum Sensors for the Hidden Sector

» Detector

Photon

Virtual
photon

Power

Photon frequency

(x axion mass)

Frequency

UK efforts in Wavelike DM*

*more tomorrow

QTFP Funded

QSHS is working on quantum enhanced scanning
of the QCD axion parameter space, MOU with
ADMX

AION has access to scalar dark matter, and
gravitational waves in its larger incarnations, MOU
with MAGIS

Many other projects are also exploring the dark
sector, including the newer 2022 grantees!

S

A quantum jump sensor for dark matter detection
Institution: Imperial College London
Principal investigator: J. Devlin

= Development of levitated quantum optomechanical sensors for dark matter detection

Institution: UCL
Principal investigator: P. Barker
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Direct Detection Sensitivities
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