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Physics case for Dark Sector research is overwhelming

• We know Dark Matter exists - morally multi-component

massive neutrinos

black holes

fundamentally new massive field/
particle/composite/sector...

itself very likely multi-component
if we look carefully

(sub-dominant components
carry vital information too)



The Dark Matter Landscape 
(bosonic)

~1067eV
~102 GeV~10-22 eV ~1eV 1019 GeV
(WIMPs) (PBHs/BHs/composites)(coherent field DM)

~1067 eV

there are currently `theoretically favoured' regimes but 
 constraints allow ~90 decades in mass to have >1% fraction of DM 

(FI/FO light 
particle)

• A very wide range of types of DM with many different 
couplings to SM, and different phenomenology

• Shouldn't look just in one place or with one technique
(and again, a sub-component of DM might be the most interesting)



• Dark radiation is a target for dark sector searches

• Most theories underlying the SM possess new light 
states which are feebly coupled

predicted cosmic neutrino background & any new source of DR 
(dark photon, or conformal sector, or `hot' gravitons,...)

such forces and/or particle states which are not DM are also 
targets for dark sector searches - need to sense & source

Additionally: 

• Dark physics weakly/feebly coupled to SM could either solve great 
SM puzzles or give clues 

matter asymmetry, CP violation, hierarchy problem, flavour,...



DM/DR gives window to 
earliest epochs of our universe

Light, feebly-coupled states give 
info about smallest distances



• Dark Energy (or equivalent) presents huge puzzle for our 
understanding of fundamental physics

• Gravity itself presents huge puzzle for our understanding of 
fundamental physics - likely deep links to quantum 
entanglement & quantum computation

Gravitation

• Must investigate gravity on every length 
scale, including interplay with QM





Dark Sector program promises a multi-decade+ 
effort with multiple major discoveries 



Primary effort to investigate fundamental physics needs
to be the continued exploration of the energy frontier



Totally clear that going forward this area needs to be a
full & continuing part of UK's fundamental science effort

Dark Sector program is complementary and 
mutually beneficial

UK is in leadership position - as I'll outline



Current status:

Particle DM searches (sans QTFP)



Slide credit: Chris McCabe (KCL)



25x more sensitive 
than Xenon1T

THE LUX-ZEPLIN (LZ) EXPERIMENT

LZ Technical Design Report: arXiv:1703.09144
LZ WIMP sensitivity: arXiv:1802.06039
LZ 0NBB sensitivity: arXiv:1912.04248

LZ detector(s)
• 7-tonne LXe-TPC
• 2-tonne LXe Skin Detector
• 17-tonne Outer Detector

(Gd-loaded liquid scintillator)

LXe-TPC

Gd-LS 
Outer Detector

Cable conduitLXe conduit

50 kV 
cathode HV

Neutron 
conduit

LXe
Skin Detector

DESIGN CONSTRUCTION EXPLOITATION
2012                 2015 (CD1)                  2020 (CD4)                         2025

Henrique Araujo (LZ/Imperial)Slide credit:
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Henrique Araujo (LZ/Imperial)Slide credit:



PHYSICS HIGHLIGHTS: WIMPS & NEUTRINOS
• Aiming for leading SI sensitivity above a few GeV, 1.6x10-48 cm2 @40 GeV
• WIMP-n and WIMP-p SD sensitivity – in fact, most NonRel-EFT operators
• Extension to sub-GeV masses with non-standard analyses (e.g Migdal effect)

• Coherent Elastic Neutrino-Nucleus Scattering 
LZ can detect several neutrino fluxes via CEnNS:
• ≳40 events from B-8 solar neutrinos
• ~100 events from a supernova at 10 kpc

• Searches for 0nbb in Xe-136
• Goal: to demonstrate the potential of this scalable 

technology, exploit fully in a “G3 observatory”

Xenon family photo: a portfolio of opportunities

Henrique Araujo (LZ/Imperial)Slide credit:



THE ROAD AHEAD
LUX-ZEPLIN (LZ)
• Construction completed,

commissioning now:
data from 2021

• 1,000 live days by 2025

Xenon Futures R&D
• Towards a global Gen-3

Rare Event Observatory 
at 50-100 tonne scale

• Final design/construction
from ~2023/24, data from 
~2028/29

Henrique Araujo (LZ/Imperial)

Boulby Feasibility Study
• Could the UK host a 

next-generation DM 
and/or 0nbb experiment?
• Reporting early/mid 2021

• If DM is GeV-TeV particles
this technology (& the UK) 
will be on to it

• And plenty of other 
physics opportunities too!

6

UK continues its Xe leadership role via LZ at SURF and in possible 
future G3 observatory.  Entering exploitation phase of LZ...



Slide credit: Chris McCabe (KCL)



UK proposal 
to PPRP for  
participation 
in DarkSide-20k 



(1)

      Jocelyn Monroe                                                                                                                                    Sept. 24, 2018 / p.16

DarkSide-20k

(1)

Global collaboration: >350 physicists, 
11 countries, >55 institutes 

50 t liquid Underground Ar (UAr)  
dark matter target, inside a 700 t liquid 
Atmospheric Ar (AAr) outer detector 

Gran Sasso Underground Laboratory         
(LNGS) (outside L’Aquila, IT) 

Two key innovations: 

1. first large-scale use of large-area    cryogenic 
Si photon detection          modules instead of 
PMTs. 

2. liquid AAr outer detector to veto the limiting 
background: neutrons

50  
tonnes 
Underground  
Ar

700  
tonnes 
Atmospheric Ar

8m

8m

3.5m

3m

5 cm x 5 cm  
tiled with SiPMs

UK: deliver outer detector photosensors, 
building on UK Si detector infrastructure



European Strategy for Particle Physics, Physics Briefing Book (2019)

      Jocelyn Monroe                                                                                                                                       July 8, 2020 / p. 3

main challenge: rejecting background interactions at ~keV energies and below, while scaling up… 

\

Direct Detection Context



Current status:

Tests of fundamental symmetries: EDMs
(again sans QTFP for now)
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Extensions to Standard Model

Electron EDM – current status and projections

YbF beam (Imperial, 2011)
Trapped HfF+ (JILA, 2017)

MSSM, f ~ 1
MSSM, f ~ a/p
Left-right
Multi-Higgs

Imperial current sensitivity*

All current competitive experiments are done using polar molecules

ThO beam (ACME, 2018)

Ultracold beam (projected)

Ultracold trap (projected)

Sensitive to new particles with 
masses up to 30 TeV

*New. J. Phys. 22, 053031 (2020)

Slide credit: Maurits Van der Grinten (PPD/STFC)

•Electric Dipole Moment searches



Ultracold eEDM: new apparatus being built at Imperial

! New method based on molecules cooled to 50 microkelvin – massively improves spin coherence time

! Imperial group is the world leader in developing this new method

! Oct 2018 - Oct 2022: build apparatus and demonstrate eEDM sensitivity at 10-30 e.cm level 

! Funded through a PPRP project (joint STFC & EPSRC funding) with additional support from Templeton, Royal Society, EU…

! Apparatus development is on schedule; key techniques all demonstrated

! Beyond 2022: measure eEDM at 10-30 e.cm level, and push towards 10-31 e.cm. Not yet funded

Slide credit: Maurits Van der Grinten (PPD/STFC)



neutron EDM searches: PSI
• Sussex/RAL-developed UCN/Hg comagnetometer 

apparatus upgraded on PSI UCN source
• new world leading nEDM limit published in 2020, 
!! = (0.0 ± 1.1"#$# ± 0.2"%"#)×10&'(+cm

• 5x reduction in systematic error
• next generation: n2EDM
• expect commissioning in 2021, .(!!) ∼ 10&')+cm in 

500 days
• best placed to maintain world leading limit or reach 

discovery
• UK/Sussex contributions to leakage current monitors, 

atomic magnetometry, and systematics analysis

Slide credit: Maurits Van der Grinten (PPD/STFC)



UK EDMx community is substantial and growing 

• Imperial College (eEDM)
•UCL (mu/pEDM)
•Birmingham University (mu/pEDM)
•Sussex University (nEDM)
•University of Liverpool (mu/pEDM)
•RAL-PPD (nEDM)
 



Current status:

2nd Quantum Revolution & QTFP 



Slide credit: Ian Shipsey (Oxford)

Slide credit: Ian Shipsey (Oxford)



Slide credit: Ian Shipsey (Oxford)

QT 
FP



Five+ of the funded QTFP bids are connected to DM search 

Quantum technologies are essential 

correlation length

<latexit sha1_base64="DOSyMt7lb0wIZ6enmt9iX7dLX+M=">AAAB9HicbVBNS8NAEJ34WetX1aOXxSJ4qokoeix68VjBfkATymY7aZfuJnF3Uyilv8OLB0W8+mO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJIphnWWiES1QqpR8BjrhhuBrVQhlaHAZji4m/rNISrNk/jRjFIMJO3FPOKMGisFPgrhay6Jdy6HnVLZrbgzkGXi5aQMOWqd0pffTVgmMTZMUK3bnpuaYEyV4UzgpOhnGlPKBrSHbUtjKlEH49nRE3JqlS6JEmUrNmSm/p4YU6n1SIa2U1LT14veVPzPa2cmugnGPE4zgzGbL4oyQUxCpgmQLlfIjBhZQpni9lbC+lRRZmxORRuCt/jyMmlcVLyrivtwWa7e5nEU4BhO4Aw8uIYq3EMN6sDgCZ7hFd6cofPivDsf89YVJ585gj9wPn8ADo+RoQ==</latexit>

` ⇠ 1/mv
resonant enhancement in 

detection is possible

The ultra-light DM mass regime (axions, dark photons, moduli...): 
a partially-coherent random field



usual searches
(ma ⇠ GHz)

What kind of bosons?

<latexit sha1_base64="8gsnebY/6vRzsiSgbGxH2Fw39yc=">AAACHXicbVDLSgMxFM3UV62vqks3wSK4scxIRZdFN11W6EPo1JJJb9vQZGZIMsI4zI+48VfcuFDEhRvxb0zbAbX1QODknHNJ7vFCzpS27S8rt7S8srqWXy9sbG5t7xR391oqiCSFJg14IG88ooAzH5qaaQ43oQQiPA5tb3w18dt3IBUL/IaOQ+gKMvTZgFGijdQrVhJXChzL9DY5cVLsclBKMYHdQMCQ/NwdG0+Tjdp9invFkl22p8CLxMlICWWo94ofbj+gkQBfU06U6jh2qLsJkZpRDmnBjRSEhI7JEDqG+kSA6ibT7VJ8ZJQ+HgTSHF/jqfp7IiFCqVh4JimIHql5byL+53UiPbjoJswPIw0+nT00iDjWAZ5UhftMAtU8NoRQycxfMR0RSag2hRZMCc78youkdVp2zsr2daVUvczqyKMDdIiOkYPOURXVUB01EUUP6Am9oFfr0Xq23qz3WTRnZTP76A+sz28uY6FQ</latexit>

yr
�1 . ! . 10THz Slide credit: Peter Graham (Stanford)

new searches



Slide credit: Ed Daw (Sheffield)/Ian Shipsey (Oxford)

World-leading QCD axion/
ultra-light DM searches possible 

in accessible mass range(s)

(PDG, 2020)



Slide credit: Ed Daw (Sheffield)



Whole variety of quantum-enhanced technologies important... 



Slide credit: Hartmut Grote (Cardiff)/Ian Shipsey (Oxford)



Slide credit: Giovanni Barontini (Birmingham)/Ian Shipsey (Oxford)



also gives apparent violation of Lorentz-invariance, etc....



Slide credit: Olivier Buchmuller (Imperial)/Ian Shipsey (Oxford)



Slide credit: Olivier Buchmuller (Imperial)



Slide credit: Peter Graham (Stanford)

going forward



Slide credit: Andrew Casey (RHUL)/Ian Shipsey (Oxford)

And in light particle-DM regime...

Search regime highly motivated by asymmetric DM



Slide credit: Andrew Casey (RHUL)



Slide credit: Ian Shipsey (Oxford)



CER
N?



• From presentations and discussion status pretty clear: CERN wants 
to be involved, but searching for direction. UK can & should provide this! 



Have engaged our fellow physicists in other fields, significantly 
growing the community working in fundamental particle 
physics.  Increasing the size of the pie to everyone's benefit

Multi-decade+ program with multiple major 
discoveries beckons! 

Need to continue UK's leadership and 
get even better





BACKUP SLIDES



Slide credit: Peter Graham (Stanford)



Main Aims of G3-Xe R&D

● Development of scalable VUV-SiPM array: possible alternative for 
PMT readout.  
Major technical progress recently, develop UK capability and 
operational experience. 

● Exploration and evaluation of options for VUV-SiPM readout 
technologies to reduce cable count and meeting the background 
requirements of a G3 instrument.  
Address the main challenge of SiPM readout head on. 

● Advanced radio-assay techniques to ensure technical developments 
meet stringent radiopurity requirements to achieve G3 sensitivity.  
Major campaign needed, as we conducted for PMT development 
(ZEPLIN, LZ). 

● First observation of Migdal effect from nuclear scattering: major 
impact on DM field. 
Already important in the field: but are experimental Migdal rates as 
predicted?  

49



2. Expanded dark matter mass range: 
• lighter targets are better for low mass dark matter (below left) — reach GeV mass range 

• access to dark matter search in the Si target (below, right) — opens up MeV mass range 

• sidereal modulation potential using the Si target (Heikinheimo et al., Phys. Rev. D 99, 103018 (2019))

• energy threshold to liberate a charge carrier in Si depends on orientation of 

   recoil relative to crystal symmetry axis — gives rise to sidereal modulation in rate

1. Expanded dark matter cross section reach: 
•

~proportional to background

Low Mass Dark Matter Opportunities Enabled by SiPMs
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LZUK SCOPE

Titanium cryostat
Monitoring sensors

HPGe/ICP-MS/Rn screening

1/3 TPC PMTs
Xenon PMT bases

System Test / R&D

Calibration delivery 

Gas System
Equipment

Skin PMT Testing

Henrique Araujo (LZ/Imperial)Slide credit:



XenonFutures:	R&D	FOR	A	GLOBAL	RARE	EVENT	
OBSERVATORY	(Phase	2)

52

Henrique Araújo, Sergey Burdin, Jim Dobson, Henning Flaecher, Chamkaur Ghag, 
Maurits van der Grinten, Asher Kaboth, Hans Kraus (PI), Vitaly Kudryavtsev, Pawel 

Majewski, Christopher McCabe, Alex Murphy, Tim Sumner, Dan Tovey, Antonin 
Vacheret 



He ν-floor

dIRIVEP=EWWYQTXMSRWW
cZ=MKOI=θ=Z=MKNOI
pofj=UYIRGLMRK=JEGXSVI
olfW=NQ=IsII=J=N=OIsII

kbtpJd=pkli^_W
kI=H=NMB=`eQI=N=FEV=ENKMQ=OKF
_EGOKVSYRHW=NKTU=HVY
b\TSWYVIW=OM=OKKHE]W
lTXMQYQ=fRXIVZEP=jIXLSH=xNPA

kbtpJd=b`rjbW
kI=H=NMB=`eQ

_EGOKVSYRHW=MKP=HVY
b\TSWYVIW=OMM=OKKHE]W
lTXMQYQ=fRXIVZEP=jIXLSH=xNPA

aEVOpmebobW
eI=H=NMB=`QeNMI=R=FEVW=EOSKU=OKF
_EGOKVSYRHW=MKMO=HVY
b\TSWYVIW=PMM=HE]W
_MRRIH=iMOIPMLSSH

NEWS-G will produce increasingly radio-pure, scaled-up detectors
over the next 5+ years
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PanEDM – two stage programme towards a cryogenic nEDM
(ILL/TUM/RAL/PNPI+US institutes)

• Will provide a next generation nEDM experiment following the room 
temperature era

• Super-thermal ultracold neutron source “SuperSUN” constructed:
o room temperature, UCN produced through SuperSun
o cryogenic experiment – to start five years beyond

Cryogenic neutron EDM R&D

• RT stage to reach 4 x10-27 e·cm
sensitivity per 100 days run.

• cryogenic experiment to reach 
sub-10-27 e·cm

EDM chambers/magnetometry in place
Expect that future of nEDM will go through European Spallation Source (ESS)

Slide credit: Maurits Van der Grinten (PPD/STFC)



Also now significant involvement in MAGIS-100

Slide credit: Jon Coleman (Liverpool)




