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Evidence at all scales: 
• Galactic rotation curves (Rubin and Ford, 

1970s) 
• Dynamics of galaxy clusters (Fritz Zwicky, 

1930s) 
• Cluster collisions (“Bullet cluster”) 
• Large scale structure of the Universe 
• Cosmic microwave background (Planck)
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Fig. 1.— Shown above in the top panel is a color image from the Magellan images of the merging cluster 1E0657−558, with the white
bar indicating 200 kpc at the distance of the cluster. In the bottom panel is a 500 ks Chandra image of the cluster. Shown in green contours
in both panels are the weak lensing κ reconstruction with the outer contour level at κ = 0.16 and increasing in steps of 0.07. The white
contours show the errors on the positions of the κ peaks and correspond to 68.3%, 95.5%, and 99.7% confidence levels. The blue +s show
the location of the centers used to measure the masses of the plasma clouds in Table 2.

nated by collisionless dark matter, the potential will trace
the distribution of that component, which is expected
to be spatially coincident with the collisionless galax-
ies. Thus, by deriving a map of the gravitational po-
tential, one can discriminate between these possibilities.
We published an initial attempt at this using an archival
VLT image (Clowe et al. 2004); here we add three addi-
tional optical image sets which allows us to increase the
significance of the weak lensing results by more than a
factor of 3.

In this paper, we measure distances at the redshift of
the cluster, z = 0.296, by assuming an Ωm = 0.3, λ =
0.7, H0 = 70km/s/Mpc cosmology which results in 4.413
kpc/′′ plate-scale. None of the results of this paper are
dependent on this assumption; changing the assumed
cosmology will result in a change of the distances and
absolute masses measured, but the relative masses of
the various structures in each measurement remain un-
changed.

2. METHODOLOGY AND DATA

We construct a map of the gravitational poten-
tial using weak gravitational lensing (Mellier 1999;
Bartelmann & Schneider 2001), which measures the dis-
tortions of images of background galaxies caused by the
gravitational deflection of light by the cluster’s mass.
This deflection stretches the image of the galaxy pref-
erentially in the direction perpendicular to that of the
cluster’s center of mass. The imparted ellipticity is typi-
cally comparable to or smaller than that intrinsic to the
galaxy, and thus the distortion is only measurable statis-
tically with large numbers of background galaxies. To do
this measurement, we detect faint galaxies on deep op-
tical images and calculate an ellipticity from the second
moment of their surface brightness distribution, correct-
ing the ellipticity for smearing by the point spread func-
tion (corrections for both anisotropies and smearing are
obtained using an implementation of the KSB technique
(Kaiser et al. 1995) discussed in Clowe et al. (2006)).
The corrected ellipticities are a direct, but noisy, mea-
surement of the reduced shear g⃗ = γ⃗/(1 − κ). The shear
γ⃗ is the amount of anisotropic stretching of the galaxy
image. The convergence κ is the shape-independent in-
crease in the size of the galaxy image. In Newtonian

gravity, κ is equal to the surface mass density of the lens
divided by a scaling constant. In non-standard gravity
models, κ is no longer linearly related to the surface den-
sity but is instead a non-local function that scales as the
mass raised to a power less than one for a planar lens,
reaching the limit of one half for constant acceleration
(Mortlock & Turner 2001; Zhao et al. 2006). While one
can no longer directly obtain a map of the surface mass
density using the distribution of κ in non-standard grav-
ity models, the locations of the κ peaks, after adjusting
for the extended wings, correspond to the locations of
the surface mass density peaks.

Our goal is thus to obtain a map of κ. One can combine
derivatives of g⃗ to obtain (Schneider 1995; Kaiser 1995)

∇ ln(1−κ) =
1

1 − g2
1 − g2

2

(

1 + g1 g2
g2 1 − g1

) (
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)

,

which is integrated over the data field and converted into
a two-dimensional map of κ. The observationally un-
constrained constant of integration, typically referred to
as the “mass-sheet degeneracy,” is effectively the true
mean of ln(1−κ) at the edge of the reconstruction. This
method does, however, systematically underestimate κ
in the cores of massive clusters. This results in a slight
increase to the centroiding errors of the peaks, and our
measurements of κ in the peaks of the components are
only lower bounds.

For 1E0657−558, we have accumulated an exception-
ally rich optical dataset, which we will use here to mea-
sure g⃗. It consists of the four sets of optical images shown
in Table 1 and the VLT image set used in Clowe et al.
(2004); the additional images significantly increase the
maximum resolution obtainable in the κ reconstructions
due to the increased number of background galaxies,
particularly in the area covered by the ACS images,
with which we measure the reduced shear. We reduce
each image set independently and create galaxy cata-
logs with 3 passband photometry. The one exception
is the single passband HST pointing of main cluster,
for which we measure colors from the Magellan images.
Because it is not feasible to measure redshifts for all
galaxies in the field, we select likely background galax-
ies using magnitude and color cuts (m814 > 22 and not
in the rhombus defined by 0.5 < m606 − m814 < 1.5,
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Dark matter candidates 3

Dark matter particles: 
• Non-relativistic (massive) 
• Stable/long-lived 
• Non-baryonic 
• Small coupling to 

Standard Model matter

Primordial black 
holes ~10 M☉

Weakly Interacting 
Massive Particles

Axions et al. 
(bosonic dark matter)

Dark matter particles 
permeate our Galaxy. 
This means, we could 
detect them on Earth!



Dark matter in the UK 4
Experiment: 
• Collider: 

• ATLAS, CMS, LHCb, FASER, SHiP 
• Belle II 
• Electron-Ion Collider (EIC) 

• Indirect detection 
• HESS, HAWC, CTAO, SWGO 
• LOFAR-UK, MeerKAT 

• Direct detection: 
• LUX-ZEPLIN (LZ), MIGDAL, 

DarkSide 20k, XLZD 
• NEWS-G, DarkSPHERE 
• QSHS, QUEST-DMC, AION, 

QSNET, QuEPA, MOLeQuTE, 
Levitated Quantum Sensors

https://www.dmuk.ac.uk/

Theory & Phenomenology: 
• Particle theory, BSM models, 

collider phenomenology 
• Astroparticle and cosmology 

theory 
• Dark‑matter detection theory and 

quantum‑sensing concepts 
• Indirect‑detection interpretation 

and astrophysical signal 
modelling 

• Collider and long‑lived/portal 
phenomenology for dark sectors

Astronomy & Cosmology: 
• Active: 

• Euclid (VIS, NISP) 
• Dark Energy Survey (DES) 
• VLT MUSE, MOONS 
• Rubin-LSST 
• Gemini (GMOS) 
• VISTA 
• Square Kilometre Array 

(SKA), MeerKAT, LOFAR-UK 
• Legacy: 

• Kilo-Degree Survey (KiDS) 
• Planck 
• Gaia

Where is the dark matter?  
What are its dynamics?  

How did it influence the evolution of 
cosmic structures?  

What can we learn about its properties?

How does dark matter fit into 
our models? What should we 

look for and how?

Produce or detect dark matter 
by particle interactions.



Dark matter in the UK 4
Experiment: 
• Collider: 

• ATLAS, CMS, LHCb, FASER, SHiP 
• Belle II 
• Electron-Ion Collider (EIC) 

• Indirect detection 
• HESS, HAWC, CTAO, SWGO 
• LOFAR-UK, MeerKAT 

• Direct detection: 
• LUX-ZEPLIN (LZ), MIGDAL, 

DarkSide 20k, XLZD 
• NEWS-G, DarkSPHERE 
• QSHS, QUEST-DMC, AION, 

QSNET, QuEPA, MOLeQuTE, 
Levitated Quantum Sensors

https://www.dmuk.ac.uk/

Theory & Phenomenology: 
• Particle theory, BSM models, 

collider phenomenology 
• Astroparticle and cosmology 

theory 
• Dark‑

‑
• Indirect‑




• Collider and long‑


Astronomy & Cosmology: 
• Active: 

• Euclid (VIS, NISP) 
• Dark Energy Survey (DES) 
• VLT MUSE, MOONS 
• Rubin-LSST 
• Gemini (GMOS) 
• VISTA 
• Square Kilometre Array 

(SKA), MeerKAT, LOFAR-UK 
• Legacy: 

• Kilo-Degree Survey (KiDS) 
• Planck 
• Gaia

Where is the dark matter?  
What are its dynamics?  

How did it infl


What can we learn about its properties?

How does dark matter fi




Produce or detect dark matter 
by particle interactions.



Experimental dark matter searches 5

SM

?

SM

χ χ

SM



Experimental dark matter searches 5

SM

Production ?

SM

χ χ

SM



Experimental dark matter searches 5

SM

Production ?

SM

χ χ

SM

Julian Wack 
Wed 16:30

Joseph Bateman 
Wed 16:00

Shu Chen 
Wed 16:00

Saashiv Valjee 
Wed 16:45

Rachel Pickering 
Wed 17:00

Miguel Bernal 
Thur 10:45

Holly Pacey 
Fri 9:30 plenary

Tom Elliot 
Fri 11:15

Alex Veltman 
Fri 11:45



Experimental dark matter searches 5

SM

Production Indirect?

SM

χ χ

SM

Julian Wack 
Wed 16:30

Joseph Bateman 
Wed 16:00

Shu Chen 
Wed 16:00

Saashiv Valjee 
Wed 16:45

Rachel Pickering 
Wed 17:00

Miguel Bernal 
Thur 10:45

Holly Pacey 
Fri 9:30 plenary

Tom Elliot 
Fri 11:15

Alex Veltman 
Fri 11:45



Experimental dark matter searches 5

SM

Production Indirect

Direct

CTA, LZ, C
M

S, ATLAS, IAXO
, 

IceC
ube collaborations?

SM

χ χ

SM

Julian Wack 
Wed 16:30

Joseph Bateman 
Wed 16:00

Shu Chen 
Wed 16:00

Saashiv Valjee 
Wed 16:45

Rachel Pickering 
Wed 17:00

Miguel Bernal 
Thur 10:45

Holly Pacey 
Fri 9:30 plenary

Tom Elliot 
Fri 11:15

Alex Veltman 
Fri 11:45



Quantum Sensors for the Hidden Sector 6

• Condensed matter physicists, quantum 
technologists, theorists and experimental 
astro-particle physicists from NPL, 
Sheffield, Oxford, Lancaster, UCL, RHUL. 

• Halo axions convert to radio waves in a 
magnetic field via the inverse Primakoff 
effect, exciting a tunable high-Q resonant 
cavity. 

• Measure excess power from axions over 
noise from blackbody radiation (mK 
temperatures) and amplifier noise 
(quantum electronics).

10011
01011
10111

Digitiser

Storage / analysis

AM radio

Tune radio to match 
resonant frequency 

of cavity

Radio antenna sticks 
into cavity volume

Magnetic field

Move tuning rod inside 
cavity to scan over 
multiple resonant 

frequencies

Axion to photon conversion rate 
enhanced if photon frequency 

matches cavity resonant frequency

Frequency

Pow
er

Many thanks to Ed 
Daw for providing 

material!



Status of QSHS 7

• One cavity in QSHS and the other running as 
sidecar of ADMX. 

• Apparatus assembled and commissioned.  
• Currently preparing for tests of first quantum 

amplifiers, one from Boon Kok Tan (Oxford), the 
other from VTT and the Lancaster group. 

• Some issues with mechanical tuning rod 
mechanism and antenna insertion mechanism 
getting jammed at low temperatures. Newly 
polished and aligned hardware may resolve the 
issue. 

• In-situ measurement of stage 2 HFET amplifier 
yielded a noise temperature of 3.2K. 

• First axion search run with HEMT amplifier 
imminent. 

• First two Ph.D. students (Claude Mostyn, Mitch 
Perry) writing up to submit this year.

Annora Sundararajan 
Poster A2

In collaboration with

Jamie MacDonald 
Thur 10:45
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Xenon dual-phase TPCs are 
world-leading here: 
• Thermal relics 
• SUSY  (bino, higgsino), 

minimal DM 
• Complementarity to collider 

searches

What About low-
mass WIMPs? 
• Production more 

complicated than 
thermal relic at 
weak scale? 

• Asymmetric DM

• SI: spin-independent 
coherent scattering 
with a nucleus 

• SD: coupling to 
unpaired nucleon 
spins



Spherical proportional counters 9

Grounded Cathode

Drift Region

Anode

Grounded Rod

Avalanche Region

e-

Pump and filter assemblies

Electroforming Bath

Cu anodes Cathode/Part
being plated

Electrolyte

Lachlan Milligan 
Wed 16:45

Peter Walters 
Thur 10:45

• Light target gases for kinematic matching to light 
particle DM 

• First results from NEWS-G ⌀1.3m detector 
• World-leading constraint on spin-dependent proton 

coupling 
• DarkSPHERE: Proposed ⌀3m, fully electroformed 

Cu detector in Boulby 
• Sensitivity to SI, SD-p and SD-n interactions  
• Awaiting outcome of STFC medium-scale DM call

PRL 134 14, 141002 (2025) PRD 108, 112006 (2023)

Many thanks to Patrick Knights 
and Kostas Nikolopoulos for 

providing material!



Light DM with superfluid 3He: QUEST-DMC 10
• DM masses in MeV range only kinematically 

accessible with new technologies 
• Quantum Technology for Fundamental Physics 

(QTFP) collaboration: RHUL, Lancaster, Liverpool, 
Oxford, RAL PPD, Rheinmann Hochschule, Sussex, 
radioassay at Boulby 

• Detection of sub-GeV dark matter with 
quasiparticles (heat) in superfluid 3He target using 
superconducting nanowires 

• SQUID readout of nanowire resonators

Change in 
resonance 
width 
proportional 
to deposited 
energy.

Many thanks to 
Jocelyn Monroe 

for providing 
material!

Eur. Phys. J. C (2024) 84:248

arXiv:2203.0829

Bolometer cell

Dilution 
refrigerator 

going to 2 mK

Copper demagnetisation 
stage for single-shot 

cooling to 100 µK



Light DM with superfluid 3He: QUEST-DMC 11

• 4 prototype detector runs, most recently reaching 110 µK 
• Development of veto technology compatible with operation at 

10 mK stage – Relevant to radiation impact on superconducting 
qubits. arXiv:2512.16769 

• Next step: nano-fabricated resonators

Eur. Phys. J. C. 84 (2024) 3, 248 
JCAP 10 (2025) 044 

J. Low Temp. Phys. 222 (2026) 2, 39

Many thanks to 
Jocelyn Monroe 

for providing 
material!

arXiv:2310.11304

Use unpaired 
3He nuclear spin 
to probe spin-
dependent DM 
interactions.

Neda Darvishi 
Wed 16:30

Adam Ting 
Poster A1

Lizzie Bloomfield 
Poster A6

Lizzie Bloomfield 
Fri 11:30



Heavy WIMPs with dual-phase TPCs 12
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What does the data look like? 13

Combine scintillation (S1) and ionization (S2) for:  
• Position reconstruction from hit pattern and drift delay (x, y, z) 
• Energy measurement from signal sizes 
• Background discrimination by interaction type (ER/NR)

Electronic recoil (ER)

Nuclear recoil (NR)

e- e-
e-

Eextraction

Edrift
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S2anode
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S1top
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R. Hammann

Signal sizes 
corrected for 
collection and 
detection effects

β, γ, ν

WIMP, n, ν

Phys. Rev. Lett. 131, 041002 (2023)
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J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001 

• From few kg to few t in 20 years 
• Exponential decrease in 

electronic recoil background 
• Getting close to irreducible solar 

neutrino background

R. Hammann
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• From few kg to few t in 20 years 
• Exponential decrease in 

electronic recoil background 
• Getting close to irreducible solar 

neutrino background

R. Hammann

β, γ, ν

WIMP, n, ν

Projections for current  generation experiments from 
2022. The actual experiments continuously improve 
to surpass the projection.

Now
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Large exposure, low background 14
J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001 

• From few kg to few t in 20 years 
• Exponential decrease in 

electronic recoil background 
• Getting close to irreducible solar 

neutrino background

R. Hammann

β, γ, ν

WIMP, n, ν

The future



LUX-ZEPLIN 15

•38 institutions 
•250 scientists, engineers, technical 

staff 
•UK: Edinburgh, Imperial, King’s 

College, RHUL, STFC Rutherford 
Appleton Lab, Bristol, UCL, 
Liverpool, Oxford, Sheffield 

•Science operations since 2021



The LZ experiment at SURF 16
NIM A Volume 953, 163047 (2020)
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LZ physics 17

Phys. Rev. Lett. 135, 011802 (2025) • WIMP search in 4.2 tonne x years of data from 
second WIMP science campaign 

• Data salting for bias mitigation 
• Active tagging of 214Pb beta decay 

backgrounds 
• World-leading constraints for WIMP masses 

above 9 GeV/c2 

• LZ as a multi-purpose observatory: 
• High-energy nuclear recoils, inelastic 

scattering 
• Axion-like particles, dark photons or 

neutrino magnetic moment 
• Neutrinoless double-beta decay 
• Coherent elastic neutrino-nucleus 

scattering

Simran Dave 
Fri 11:00

Kate Lawes 
Fri 11:15

Robyn Evren 
Poster A8
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Coherent elastic neutrino nucleus 
scattering (CEνNS) of solar 8B neutrinos 

mimics light WIMP scattering.
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Coherent elastic neutrino-nucleus 
scattering (CEνNS)

Detect WIMPs directly by measuring a O(1) keV 
nuclear recoil after scattering in a detector featuring: 
• large exposure  
• low background 
• low threshold 

PDG review 2023

Not only a background, but a signal: 
neutrinos from the sun, 

atmosphere and supernovae.

Physik-Journal 03/2024

Coherent elastic neutrino nucleus 
scattering (CEνNS) of solar 8B neutrinos 

mimics light WIMP scattering.



Balancing act of energy threshold vs. 
accidental coincidence background 

• Salted analysis 
• Extended ROI 
• New data selection criteria 
• Large exposure: 417 live days, 5.09 ±0.15 t
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Largest cross-section 
of all neutrino 

interactions

Tiny (sub-)keV 
recoil energies

LUX-ZEPLIN 
7.0 t

an important source of radon. Kr is removed from the ven-
dor supplied xenon using an o↵-site charcoal chromatogra-
phy facility. This purification step takes place prior to the
start of underground science operations. Gamma back-
grounds are highly suppressed by the self-shielding of the
TPC, and by careful control and selection of detector ma-
terials. Neutrons from spontaneous fission and alpha cap-
ture on light nuclei are e�ciently tagged and vetoed by
the OD and skin.

2. The Xenon Detector: TPC and Skin

The Xenon Detector is composed of the TPC and its
Xe Skin Veto companion. The central TPC contains 7
tonnes of active LXe which constitutes the WIMP target.
This volume measures approximately 1.5 m in diameter
and height, and is viewed by two arrays of PMTs. The
liquid phase produces prompt S1 pulses. This is topped by
a thin layer of vapor (8 mm thick) where delayed S2 elec-
troluminescence light is produced from ionization emitted
across the surface. Around and underneath the TPC, the
Xe Skin detector contains an additional ⇠2 tonnes of liq-
uid, also instrumented with PMTs. This space is required
for dielectric insulation of the TPC but it constitutes an
anti-coincidence scintillation detector in its own right. An
overview of the Xenon Detector is shown in Fig. 2.

The design of the Xenon Detector optimizes: i) the
detection of VUV photons generated by both S1 and S2,
through carefully chosen optical materials and sensors both
in the TPC and the Xe Skin; and ii) the detection of ioniza-
tion electrons leading to the S2 response, through carefully
designed electric fields in the various regions of the TPC.
The hardware components involved in the transport and
detection of photons and of electrons in the detector are
described in Sections 2.1 and 2.3. Section 2.4 describes the
flow and the monitoring of the LXe fluid itself.

2.1. Optical Performance of the TPC

Both the S1 and the S2 signals produced by particle
interactions consist of vacuum ultraviolet (VUV) photons
produced in the liquid and gas phases, respectively. It is
imperative to optimize the detection of these optical sig-
nals. For the S1 response, the goal is to collect as many
VUV photons as possible, as this determines the thresh-
old of the detector. This is achieved primarily by the
use of high quantum e�ciency (QE) PMTs optimized for
this wavelength region, viewing a high-reflectance cham-
ber covered in PTFE, and by minimizing sources of photon
extinction in all materials. Good photocathode coverage
is also essential. For the S2 response, the gain of the elec-
troluminescence process makes it easier to collect enough
photons even at the lowest energies, and the main design
driver is instead to optimize the spatial resolution, espe-
cially for peripheral interactions.

The TPC PMTs are 3–inch diameter Hamamatsu R11410–
22, developed for operation in the cold liquid xenon and

Figure 2: The assembled Xenon Detector. Upper panel labels: 1-
Top PMT array; 2-Gate-anode and weir region (liquid level); 3-Side
skin PMTs (1-inch); 4-Field cage; 5-Cathode ring; 6-Reverse field
region; 7-Lower side skin PMTs (2-inch); 8-Dome skin PMTs (2-
inch). Lower panel photo by Matthew Kapust, Sanford Underground
Research Facility.

detection of the VUV luminescence. The “-22” variant was
tuned for LZ in particular: both for ultra-low radioactiv-
ity and for resilience against spurious light emission ob-
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Stage 1 Excavation:

Now complete (Oct 2025) – now awaiting formal 
independent sign-off.
Planning for outfitting now underway

Excavation complete: Oct 25
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Designed for large exposures, up to 1000 tonne-years 
(systematic uncertainty limit at the neutrino ‘floor’)

Further reduction in backgrounds needed: 
longer operation plus 0νββ-decay sensitivity (Bi-214)

LZ & XnT built over the last decade, 
further advances in materials, 
components & techniques in hand

• Better PMTs, structural materials, 
electronics components, cabling

• Radon barriers, radon distillation, 
radon tagging

• Better understanding and control 
of accidental coincidences

• Better vetoes: Skin Detector 
and Outer Detector

XENON, LZ and DARWIN become 21

TPC baseline design 
• 60–80 t xenon target 
• Phased approach 40 t – 

60 t – 80 t considered 
• 2362 PMTs 
• 240 – 290 V/cm drift field 
• ≈3 m height and diameter 
• Double-walled Ti cryostat
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The LZ collaboration is operating a TPC with
7 tonnes of LXe in its active region (10 tonnes LXe
in the full detector) [95] at the Sanford Underground
Research Facility (SURF), South Dakota, USA. The
detector features a segmented-polytetrafluoroethylene
(PTFE) field cage capped by woven electrode grids,
with optical readout by two arrays of 3-inch Hama-
matsu R11410-22 photomultiplier tubes (PMTs). The
LXe-TPC is housed in a titanium cryostat. The thin
layer of LXe (→2 tonnes) between the TPC and the in-
ner cryostat vessel, often referred to as LXe Skin, is
instrumented with scintillation readout to function as
a veto detector. The cryostat is surrounded by an Outer
Detector containing 17 tonnes of Gd-loaded liquid scin-
tillator in acrylic vessels, viewed by 120 8-inch PMTs.
Both detector systems are immersed in a water tank
with a 7.6m diameter. Xenon cooling and purification
are done separately; cold LXe is fed to a pipe mani-
fold at the bottom of the detector; liquid is extracted
from a weir system at the top and converted to gas
for purification. Krypton removal was conducted us-
ing gas chromatography before deployment. LZ pub-
lished world-leading results from its first science run in
2022 [29].

The XENONnT collaboration is operating a TPC
with 5.9-tonnes of LXe in the active region (8.5 tonnes
LXe in the full detector) [97] at the INFN Laboratori
Nazionali del Gran Sasso (LNGS), Italy. It is the up-
grade of XENON1T [98], the first LXe-TPC with a tar-
get above the tonne scale, which was operated at LNGS
from 2016-2018. XENONnT features a lightweight TPC
made of thin PTFE walls, two concentric sets of field-
shaping electrodes, and high-transparency electrode
grids made of individual parallel wires. Two arrays of
Hamamatsu R11410-21 PMTs provide the optical read-
out. Although the LXe Skin concept was pioneered by
XENON100 [99], it was not installed in XENON1T/nT
to minimize backgrounds due to radon emanation from
PTFE and maximize the active target. The TPC is
housed in a stainless steel cryostat, placed in the center
of a 9.6m diameter water shield operated as Cherenkov
muon veto. The neutron veto has an inner volume of
33m3 around the cryostat, defined by highly-reflective
PTFE walls and instrumented with 120 8-inch PMTs:
after the first runs with demineralized water, Gd has
been added to the shield to increase the neutron tagging
e!ciency. A diving bell controls the LXe level inside the
TPC. For purification, LXe is extracted from the bot-
tom of the cryostat and e!ciently purified in the liquid
phase [100]; an additional gas purification system cleans
the warmer gas phase. Krypton removal is done via a
cryogenic distillation column [101] installed on-site, al-
lowing for online distillation. A second cryogenic distil-

lation system constantly removes radon atoms from the
liquid and gaseous xenon target [102]. XENONnT pub-
lished results for a search for new physics with a world-
leading electronic recoil background level in 2022 [103]
and for a first WIMP search in 2023 [11].

Although the two experiments may appear simi-
lar, very di”erent implementations have been adopted
for most subsystems, with some di”erences highlighted
above. These proven alternative implementations, al-
ready demonstrated at the multi-tonne scale in world-
leading dark matter detectors, constitute a powerful
tool for risk management. In each case, there are two
solutions to choose from, and their performance is thor-
oughly evaluated in real dark matter search conditions.
Adding this diversity of options to the long track record
of this technology, it may be argued that the next step
to the XLZD detector entails only modest technical risk
– and although the proposed →10-fold mass scale-up is
significant, the increase in linear dimensions is relatively
modest (factor →2).

Fig. 7: The XLZD nominal system features a LXe-TPC with
a 1:1 aspect ratio for 60 tonnes of active mass (2.98 m in
diameter and height) housed in a double-walled cryostat.

3.2 XLZD Detector: Strategy and Xenon Acquisition

The nominal XLZD detector features a dual-phase LXe-
TPC with around 3m inner diameter and height, con-
taining 60 tonnes of active mass as depicted in Fig. 7.

• Three world-leading 
collaborations joining forces to 
build the ultimate dark matter 
detector 

• ≈500 scientists from 84 
institutions in 16 countries  

• Four possible underground sites: 
• SURF (USA) 
• Boulby (UK) 
• LNGS (IT) 
• Snolab (Canada)

XLZD meeting at LNGS, July 2025
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collaborations joining forces to 
build the ultimate dark matter 
detector 
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XLZD@Boulby Pre-Construction project:  
• Develops UK contribution to XLZD  
• Prepares possible hosting at Boulby 
• ~100 people at 14 UK institutes
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Probe WIMP dark matter 
down to the neutrino fog.

Eur. Phys. J. C 85, 1192 (2025)Exclusion @ 90 % CL Signal at 3σ
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• In double-even nuclei where a 

lower energy state on the isobar 

cannot be reached via a single beta 

decay 

• Two neutrino Standard Model 

process with extremely long half 

lives ~1020 yr 

• BSM process without neutrinos

• Majorana neutrinos give 
access to neutrino 
masses. 

• Lepton number violation 
related to matter-
antimatter asymmetry of 
the Universe.



136Xe neutrinoless double-beta decay in XLZD 24

Optimistic and 
pessimistic NMEs 
for converting 
half-life to 
neutrino mass

Detector performance

Cosmogenic 
xenon activation 
background 
depends on 
depth of 
underground lab

T1/2 = 5 x 1027 yr

arXiv:2410.19016

XLZD (60 t)
XLZD (80 t)

• Compete with purpose-built 136Xe 0νββ 
experiments. 

• Cover inverted neutrino mass hierarchy.
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XLZD will be the the Swiss Army 
knife of low-energy astro-
particle physics!



Thank you very much for listening!

• Abundant evidence for particle dark 
matter at all scales 

• UK groups heavily involved in theory, 
astronomy and particle physics 

• Direct searches: 
• Axions: cavity searches, quantum-

limited readout electronics 
• Low masses: spherical proportional 

counters, quantum sensors 
• High masses: xenon and argon 

dual-phase time projection 
chambers 

• Large upcoming experiments with 
XLZD possibly hosted in the UK
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Underground 
physics at Boulby 
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Jonathan Gutteridge 
Poster H7

Beth Green 
Poster A3
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Argon TPCs: DarkSide 20k 28
• 54 institutes in 14 countries, UK ~10% of collaboration  
• Construction advanced:  

• Cryostat and cryogenics infrastructures in LNGS Hall C complete 
• Major infrastructures for extraction + purification of 130 tonnes of 

underground argon target complete 
• Fabrication of huge acrylic components of TPC complete 

• DarkSide-UK STFC project delivering 7 m2 of SiPM array detectors (>50,000 
sensors!) 
• Production/qualification: Birmingham, Edinburgh, Lancaster, Liverpool, 

Manchester, Oxford, RAL PPD, RHUL, STFC Interconnect, Warwick + 
radioassay at Boulby. 

• UK production complete, with 95% yield, exceeding target.

UK ambassador to Italy visits DarkSide-20kLow noise + radioactivity, high photon detection efficiency

Many thanks to 
Jocelyn Monroe 

for providing 
material!

JINST 19 C03058 (2024)



Argon TPCs: DarkSide 20k 29

• Hidden sector DM, warm DM: Nat.Comms. Phys.7 422 (2024)  
• Elastic DM: CERN Yellow Rep.Monogr. 8 (2025),  
• Composite DM: arXiv:2602.09421,  
• Primordial black hole DM: Phys.Rev.D 112 (2025) 12, 123058,  
• Spin-dependent DM: Eur. Phys. J. C 83, 914 (2023)

Phys.Rev.Lett. 130 (2023) 10, 10Communications Physics | (2024) 7:422

DM electron scattering DM nucleus scattering

Probe dark matter candidates from 
keV/c2 to Planck mass ≈1028 eV/c2.



Evolution of xenon dual-phase TPCs 30

XENON10 XENON100 XENONnTXENON1T
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PandaX-II PandaX-4t
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2015
Today
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PandaX-30t

LUX

ZEPLIN-II & ZEPLIN III
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UK
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DARWIN (detector R&D)USA, Europe, Asia
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Asia, 
Europe

China



Where do we go from here? 31

• No evidence for 
WIMPs, but 
stringent exclusion 
of parameter space 

• First indication of 
solar neutrino 
coherent scattering 

• Demonstrated 
neutrinoless 
double-beta decay 
search 

• Many other physics 
searches in nuclear 
and electronic 
recoils

Now

Measure down to 
neutrino fog.

Measure solar neutrinos 
comprehensively and be 

ready for the next supernova.

Become world-
leading experiment 
for these searches.

Improve all 
existing results 

and probe exciting 
new physics!

Future
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Physik-Journal 03/24

Low-energy electronic recoils in XLZD 32

• Unprecedentedly low background at few keV 
dominated by neutrinos and double-beta 
decays of xenon 

• Physics searches: 
• Neutrino magnetic moment 
• Axions, axion-like particles, dark 

photons 
• Solar pp-neutrinos below Borexino 

energy threshold 
• Precision measurements of rare SM 

processes (e.g. 124Xe double-electron 
capture with longest half-life measured to 
date by XENON1T/nT)

T1/2 ≈ 1.2 × 1022 yr

T1/2 ≈ 2.2 × 1021 yr

Eur. Phys. J C 80, 1133 (2020

https://link.springer.com/article/10.1140/epjc/s10052-020-08602-7


Why xenon? 33

• Inert and purifiable 
• Scalable 
• “Easy” cryogenics  
• No relevant radioactive isotopes; naturally occuring double-

beta emitters have extremely long half-lives and their own 
physics potential 

• Excellent scintillator and ionization medium (W ≈ 13.7 eV) 
• Transparent to its own scintillation light 
• No wavelength shifters needed with λ ≈ 175 nm  
• Self-shielding with high atomic number (Z = 54) 
• Different nuclear spins allow probing spin-dependent dark 

matter interactions 
• Coherent WIMP interaction rate goes with ~ A2 

Marc Schumann 2019 J. Phys. G: Nucl. Part. Phys. 46 103003



Measuring light: photosensors

• “See“ individual photons. 

• Convert measured photons to 
measurable electric current. 

• Reflectors ensure maximum light 
collection

M
ade w

ith G
oogle G

em
ini

Charge amplification 
along dynodes

Focusing 
electrode

Scintillator 
emits light

Photocathode

Anode

Incident 
radiation

Photoelectron Evacuated tube

LZ collaboration, 
LUX collaboration, 
XENON 
collaboration



Measuring electrons 35

• Need homogeneous electric field for straight 
drift of electrons. 

• Large parallel wire, hexagonal mesh or woven 
electrodes 

• High-voltage delivery: 
• Drift: ~100 V/cm 
• Extraction: few kV/cm

• Electrons and photons may by lost due to chemical impurities inside 
the xenon. 

• Effective electron drift lifetime 
• Need: liquid and gas purification with turnaround cycle of few days 
• Challenges:  

• Clean pumps 
• Liquefaction for gas purification 
• Low-radon materials for liquid cleaning

Drift and extraction fields
Farrin Abbott/
SLAC National 
Accelerator 
Laboratory, LZ 
collaboration, 
XENON 
collaboration

Xenon purity



Low background: radiopure materials
• Neutrons and γ-rays come from 

radioactive trace contaminations 
in detector construction 
materials 

• 40K, 60Co, 238U, 232Th, … 
• Measure activity of every 

material in underground HPGe 
detectors and select most 
radiopure materials

36

Goal: 1 µBq/kg – 1 mBq/kg

1 decay/kg/12 days – 1 decay/kg/hour

2022 JINST 17 P08010
Figure 5. (Left) Two Hamamatsu R12699-406-M4 PMTs inside the Gator sample cavity. (Right) Geometry
as implemented in the simulations. The upper part of the copper cryostat around the HPGe crystal is shown in
blue. For the PMTs, the metal envelope and pins are colored red, the inner effective dynode material orange,
and the silica window together with the glass around the pins, white. All other simulated components, such as
the sample cavity, are not shown for clarity.

where 𝐿 is the branching ratio of the 𝑀-ray line and 𝑁 is the sample mass. To calculate the error
on the activity, we take both the error on 𝑂net and on the efficiency into account, with the latter
being a 10% systematic error (described in [3]). If several lines of a given isotope are present in the
spectrum, with 𝑂net > 𝑃𝐿 , the activity is calculated as the error-weighted average.

Photosensor sample. After the upgrade, we have screened two Hamamatsu R12699-406-M4
photomultiplier tubes (PMTs) [27], which are a viable candidate photosensor for the future DARWIN
detector. The baseline design of DARWIN features a liquid-xenon target instrumented by two large
arrays of photosensors [12]. The sample photosensor has a square 2-inch photosensitive area, in
contrast to the circular 3-inch R11410 units used in XENON1T [28], XENONnT [29], LZ [30] and
PandaX-4T [31]. The square shape allows for a higher packing density in an array as compared
to circular tubes. Together with a higher photocathode coverage of 75.0%, as opposed to 61.8%
for R11410 PMTs at densest packing, this implies an increase in the light collection efficiency of
the detector. Furthermore, the 2-inch sensor possesses a buoyancy that is two orders of magnitude
smaller in xenon. This feature suggests that an array of R12699 PMTs would require a less rigid
mechanical support structure and hence less material close to the xenon target. As such, it would
be feasible to reduce the backgrounds that arise from detector materials if, in addition, the average
radioactivity of the R12699 unit can be reduced sufficiently.

Figure 5 shows the PMTs on the top of the detector as well as the geometry implemented in
the simulations of the detection efficiencies. The resulting efficiencies for selected 𝑀-ray lines are
depicted in figure 6. Below approximately 300 keV, the detection efficiency increases with energy as
more gammas are able to penetrate the sample itself as well as the copper cryostat and dead layer of
the HPGe crystal. At higher energies, it decreases again as energetic gammas will not fully deposit
their energy within the sensitive crystal volume. The finite time resolution of the detector may lead
to the registration of two temporally unresolvable 𝑀-ray depositions as a single summation peak.
Gammas resulting in a summation peak are hence missing in the peaks of their individual energies
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Figure 5. (Left) Two Hamamatsu R12699-406-M4 PMTs inside the Gator sample cavity. (Right) Geometry
as implemented in the simulations. The upper part of the copper cryostat around the HPGe crystal is shown in
blue. For the PMTs, the metal envelope and pins are colored red, the inner effective dynode material orange,
and the silica window together with the glass around the pins, white. All other simulated components, such as
the sample cavity, are not shown for clarity.

where 𝐿 is the branching ratio of the 𝑀-ray line and 𝑁 is the sample mass. To calculate the error
on the activity, we take both the error on 𝑂net and on the efficiency into account, with the latter
being a 10% systematic error (described in [3]). If several lines of a given isotope are present in the
spectrum, with 𝑂net > 𝑃𝐿 , the activity is calculated as the error-weighted average.

Photosensor sample. After the upgrade, we have screened two Hamamatsu R12699-406-M4
photomultiplier tubes (PMTs) [27], which are a viable candidate photosensor for the future DARWIN
detector. The baseline design of DARWIN features a liquid-xenon target instrumented by two large
arrays of photosensors [12]. The sample photosensor has a square 2-inch photosensitive area, in
contrast to the circular 3-inch R11410 units used in XENON1T [28], XENONnT [29], LZ [30] and
PandaX-4T [31]. The square shape allows for a higher packing density in an array as compared
to circular tubes. Together with a higher photocathode coverage of 75.0%, as opposed to 61.8%
for R11410 PMTs at densest packing, this implies an increase in the light collection efficiency of
the detector. Furthermore, the 2-inch sensor possesses a buoyancy that is two orders of magnitude
smaller in xenon. This feature suggests that an array of R12699 PMTs would require a less rigid
mechanical support structure and hence less material close to the xenon target. As such, it would
be feasible to reduce the backgrounds that arise from detector materials if, in addition, the average
radioactivity of the R12699 unit can be reduced sufficiently.

Figure 5 shows the PMTs on the top of the detector as well as the geometry implemented in
the simulations of the detection efficiencies. The resulting efficiencies for selected 𝑀-ray lines are
depicted in figure 6. Below approximately 300 keV, the detection efficiency increases with energy as
more gammas are able to penetrate the sample itself as well as the copper cryostat and dead layer of
the HPGe crystal. At higher energies, it decreases again as energetic gammas will not fully deposit
their energy within the sensitive crystal volume. The finite time resolution of the detector may lead
to the registration of two temporally unresolvable 𝑀-ray depositions as a single summation peak.
Gammas resulting in a summation peak are hence missing in the peaks of their individual energies
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where 𝐿 is the branching ratio of the 𝑀-ray line and 𝑁 is the sample mass. To calculate the error
on the activity, we take both the error on 𝑂net and on the efficiency into account, with the latter
being a 10% systematic error (described in [3]). If several lines of a given isotope are present in the
spectrum, with 𝑂net > 𝑃𝐿 , the activity is calculated as the error-weighted average.

Photosensor sample. After the upgrade, we have screened two Hamamatsu R12699-406-M4
photomultiplier tubes (PMTs) [27], which are a viable candidate photosensor for the future DARWIN
detector. The baseline design of DARWIN features a liquid-xenon target instrumented by two large
arrays of photosensors [12]. The sample photosensor has a square 2-inch photosensitive area, in
contrast to the circular 3-inch R11410 units used in XENON1T [28], XENONnT [29], LZ [30] and
PandaX-4T [31]. The square shape allows for a higher packing density in an array as compared
to circular tubes. Together with a higher photocathode coverage of 75.0%, as opposed to 61.8%
for R11410 PMTs at densest packing, this implies an increase in the light collection efficiency of
the detector. Furthermore, the 2-inch sensor possesses a buoyancy that is two orders of magnitude
smaller in xenon. This feature suggests that an array of R12699 PMTs would require a less rigid
mechanical support structure and hence less material close to the xenon target. As such, it would
be feasible to reduce the backgrounds that arise from detector materials if, in addition, the average
radioactivity of the R12699 unit can be reduced sufficiently.

Figure 5 shows the PMTs on the top of the detector as well as the geometry implemented in
the simulations of the detection efficiencies. The resulting efficiencies for selected 𝑀-ray lines are
depicted in figure 6. Below approximately 300 keV, the detection efficiency increases with energy as
more gammas are able to penetrate the sample itself as well as the copper cryostat and dead layer of
the HPGe crystal. At higher energies, it decreases again as energetic gammas will not fully deposit
their energy within the sensitive crystal volume. The finite time resolution of the detector may lead
to the registration of two temporally unresolvable 𝑀-ray depositions as a single summation peak.
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Figure 5. (Left) Two Hamamatsu R12699-406-M4 PMTs inside the Gator sample cavity. (Right) Geometry
as implemented in the simulations. The upper part of the copper cryostat around the HPGe crystal is shown in
blue. For the PMTs, the metal envelope and pins are colored red, the inner effective dynode material orange,
and the silica window together with the glass around the pins, white. All other simulated components, such as
the sample cavity, are not shown for clarity.

where 𝐿 is the branching ratio of the 𝑀-ray line and 𝑁 is the sample mass. To calculate the error
on the activity, we take both the error on 𝑂net and on the efficiency into account, with the latter
being a 10% systematic error (described in [3]). If several lines of a given isotope are present in the
spectrum, with 𝑂net > 𝑃𝐿 , the activity is calculated as the error-weighted average.

Photosensor sample. After the upgrade, we have screened two Hamamatsu R12699-406-M4
photomultiplier tubes (PMTs) [27], which are a viable candidate photosensor for the future DARWIN
detector. The baseline design of DARWIN features a liquid-xenon target instrumented by two large
arrays of photosensors [12]. The sample photosensor has a square 2-inch photosensitive area, in
contrast to the circular 3-inch R11410 units used in XENON1T [28], XENONnT [29], LZ [30] and
PandaX-4T [31]. The square shape allows for a higher packing density in an array as compared
to circular tubes. Together with a higher photocathode coverage of 75.0%, as opposed to 61.8%
for R11410 PMTs at densest packing, this implies an increase in the light collection efficiency of
the detector. Furthermore, the 2-inch sensor possesses a buoyancy that is two orders of magnitude
smaller in xenon. This feature suggests that an array of R12699 PMTs would require a less rigid
mechanical support structure and hence less material close to the xenon target. As such, it would
be feasible to reduce the backgrounds that arise from detector materials if, in addition, the average
radioactivity of the R12699 unit can be reduced sufficiently.

Figure 5 shows the PMTs on the top of the detector as well as the geometry implemented in
the simulations of the detection efficiencies. The resulting efficiencies for selected 𝑀-ray lines are
depicted in figure 6. Below approximately 300 keV, the detection efficiency increases with energy as
more gammas are able to penetrate the sample itself as well as the copper cryostat and dead layer of
the HPGe crystal. At higher energies, it decreases again as energetic gammas will not fully deposit
their energy within the sensitive crystal volume. The finite time resolution of the detector may lead
to the registration of two temporally unresolvable 𝑀-ray depositions as a single summation peak.
Gammas resulting in a summation peak are hence missing in the peaks of their individual energies
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D. Ramírez García et al 2022 JINST 17 P04005
Figure 7: Geant4 rendering of the screened banana inside the GeMSE sample cavity. The sample
was 3D-scanned and imported into the detector model. (Left) The contours of the three-layer passive
shielding: Cu-OFE (orange), low-activity Pb (cyan) and standard Pb (dark blue). The cold finger
and the crystal’s OFHC Cu cryostat (orange), the PTFE holder (white) and the banana are shown
as solid bodies. (Right) A close-up visualization of the precise implementation of the PTFE holder
and the banana with respect to the cryostat endcap.

Figure 8: Measured banana spectrum (brown)
and GeMSE background (red, taken from fig-
ure 3). The simulated spectrum is also shown
(blue) after a convolution with the detector
resolution function. The backscatter peak at
⇠ 250 keV is visible, as well as the Compton
edge at ⇠ 1250 keV. The area under the Gaus-
sian full absorption peak at 1460.8 keV matches
that of the simulation.

The 40K activity was calculated following the standard analysis approach described in [11],
where the activity of the low-mass, low-background PTFE sample holder used for this measurement
was neglected. The obtained activity is 42.6 +0.9

�0.8 Bq, which agrees with the usually quoted 40K
activity for a standard banana. The mass proportion of potassium in banana pulp and skin are
⇠ 0.36% [39] and ⇠ 0.93% [40], respectively, and the banana skin contributes on average 36.6% to
the total mass [41]. Given the total banana mass of < = 265.15 g, this corresponds to 1.50 g of natK
in the fruit. The measured specific activity of natK is thus 42.6 Bq / 1.50 g = (28.4± 0.6) Bq/g, in

– 12 –
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Figure 5. (Left) Two Hamamatsu R12699-406-M4 PMTs inside the Gator sample cavity. (Right) Geometry
as implemented in the simulations. The upper part of the copper cryostat around the HPGe crystal is shown in
blue. For the PMTs, the metal envelope and pins are colored red, the inner effective dynode material orange,
and the silica window together with the glass around the pins, white. All other simulated components, such as
the sample cavity, are not shown for clarity.

where 𝐿 is the branching ratio of the 𝑀-ray line and 𝑁 is the sample mass. To calculate the error
on the activity, we take both the error on 𝑂net and on the efficiency into account, with the latter
being a 10% systematic error (described in [3]). If several lines of a given isotope are present in the
spectrum, with 𝑂net > 𝑃𝐿 , the activity is calculated as the error-weighted average.

Photosensor sample. After the upgrade, we have screened two Hamamatsu R12699-406-M4
photomultiplier tubes (PMTs) [27], which are a viable candidate photosensor for the future DARWIN
detector. The baseline design of DARWIN features a liquid-xenon target instrumented by two large
arrays of photosensors [12]. The sample photosensor has a square 2-inch photosensitive area, in
contrast to the circular 3-inch R11410 units used in XENON1T [28], XENONnT [29], LZ [30] and
PandaX-4T [31]. The square shape allows for a higher packing density in an array as compared
to circular tubes. Together with a higher photocathode coverage of 75.0%, as opposed to 61.8%
for R11410 PMTs at densest packing, this implies an increase in the light collection efficiency of
the detector. Furthermore, the 2-inch sensor possesses a buoyancy that is two orders of magnitude
smaller in xenon. This feature suggests that an array of R12699 PMTs would require a less rigid
mechanical support structure and hence less material close to the xenon target. As such, it would
be feasible to reduce the backgrounds that arise from detector materials if, in addition, the average
radioactivity of the R12699 unit can be reduced sufficiently.

Figure 5 shows the PMTs on the top of the detector as well as the geometry implemented in
the simulations of the detection efficiencies. The resulting efficiencies for selected 𝑀-ray lines are
depicted in figure 6. Below approximately 300 keV, the detection efficiency increases with energy as
more gammas are able to penetrate the sample itself as well as the copper cryostat and dead layer of
the HPGe crystal. At higher energies, it decreases again as energetic gammas will not fully deposit
their energy within the sensitive crystal volume. The finite time resolution of the detector may lead
to the registration of two temporally unresolvable 𝑀-ray depositions as a single summation peak.
Gammas resulting in a summation peak are hence missing in the peaks of their individual energies
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Figure 5. (Left) Two Hamamatsu R12699-406-M4 PMTs inside the Gator sample cavity. (Right) Geometry
as implemented in the simulations. The upper part of the copper cryostat around the HPGe crystal is shown in
blue. For the PMTs, the metal envelope and pins are colored red, the inner effective dynode material orange,
and the silica window together with the glass around the pins, white. All other simulated components, such as
the sample cavity, are not shown for clarity.

where 𝐿 is the branching ratio of the 𝑀-ray line and 𝑁 is the sample mass. To calculate the error
on the activity, we take both the error on 𝑂net and on the efficiency into account, with the latter
being a 10% systematic error (described in [3]). If several lines of a given isotope are present in the
spectrum, with 𝑂net > 𝑃𝐿 , the activity is calculated as the error-weighted average.

Photosensor sample. After the upgrade, we have screened two Hamamatsu R12699-406-M4
photomultiplier tubes (PMTs) [27], which are a viable candidate photosensor for the future DARWIN
detector. The baseline design of DARWIN features a liquid-xenon target instrumented by two large
arrays of photosensors [12]. The sample photosensor has a square 2-inch photosensitive area, in
contrast to the circular 3-inch R11410 units used in XENON1T [28], XENONnT [29], LZ [30] and
PandaX-4T [31]. The square shape allows for a higher packing density in an array as compared
to circular tubes. Together with a higher photocathode coverage of 75.0%, as opposed to 61.8%
for R11410 PMTs at densest packing, this implies an increase in the light collection efficiency of
the detector. Furthermore, the 2-inch sensor possesses a buoyancy that is two orders of magnitude
smaller in xenon. This feature suggests that an array of R12699 PMTs would require a less rigid
mechanical support structure and hence less material close to the xenon target. As such, it would
be feasible to reduce the backgrounds that arise from detector materials if, in addition, the average
radioactivity of the R12699 unit can be reduced sufficiently.

Figure 5 shows the PMTs on the top of the detector as well as the geometry implemented in
the simulations of the detection efficiencies. The resulting efficiencies for selected 𝑀-ray lines are
depicted in figure 6. Below approximately 300 keV, the detection efficiency increases with energy as
more gammas are able to penetrate the sample itself as well as the copper cryostat and dead layer of
the HPGe crystal. At higher energies, it decreases again as energetic gammas will not fully deposit
their energy within the sensitive crystal volume. The finite time resolution of the detector may lead
to the registration of two temporally unresolvable 𝑀-ray depositions as a single summation peak.
Gammas resulting in a summation peak are hence missing in the peaks of their individual energies
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Table 1 Results from the concentration measurement of the purified
liquid-out sample. Six measurements using the RGMS system were
performed on the three volumes containing the liquid-out sample. The
sample was drawn during the commissioning of the Phase-1 column

Volume Xe [cm3] natKr/Xe [ppq]

1st 2.24 8 ± 5

1st 2.09 24 ± 6

2nd 2.85 15 ± 4

2nd 1.22 13 ± 7

3rd 0.23 <50

3rd 1.73 28 ± 5

The distillation was performed with a fully saturated liquid
feed at port LF2 at a process speed of FIC01 = 8.5 slpm,
with 1.1% off-gas flow-rate and a reflux ratio of R = 180.
The samples were drawn after the system was stable for six
hours. The off-line analysis showed a concentration in the
in-gas line of

cF = (136 ± 22) ppt, (12)

which was calculated from the average over three mea-
surements.6 For the liquid-out sample, portions of each of
the three storage volumes were measured two times each,
for a total of six measurements. The results are shown in
Table 1.

The concentration of krypton in the purified liquid-out line
is thus

cB < 26 ppq at 90% confidence level (CL). (13)

This is the first demonstration that cryogenic distilla-
tion is capable of producing xenon with impurities at the
ppq-level. The krypton concentration is more than a fac-
tor 30 lower than ever achieved with the XENON100 col-
umn. Furthermore, it fulfills the requirements for XENON1T
(natKr/Xe < 200 ppq) and for future multi-ton experiments
like XENONnT, LZ or DARWIN, requiring a krypton content
below 100 ppq [4–6]. Although the RGMS system is sensi-
tive down to 8 ppq [10], only a limit on the concentration of
the purified gas is given due to the spread in the different mea-
surements. The actual output of the distillation plant might
be even purer, but uncertainties in sample retrieval, storage
and transport might lead to an increase of the krypton content

6 This gas was already distilled before. Thus it exhibits a low krypton
concentration.

over time. The reduction factor is conservatively estimated
to be

cF
cB

= Fred > 5.6 · 103 (90% CL). (14)

This reduction was achieved with a stripping section of
55 cm. Applying the McCabe–Thiele diagram, as shown in
Fig. 2, to the obtained numbers above, leads to 3.6 stages
for the stripping section. Taking into account, that operating
with a fully saturated liquid feed the input condenser does
not count as an additional distillation stage and thus can be
neglected, a HETP value for a single distillation stage of
15 cm or less can be derived.

5 Performance of the final distillation column

In order to increase the separation efficiency, the final setup
(Phase-2) was extended to 2.8 m of package material with
additional 3 possible feed ports LF4 to LF6, reaching a total
height of about 5.5 m as shown in Fig. 6. Two additional
improvements were made: It turned out that the Phase-1
column was not able to purify xenon with high concentra-
tions of O(10 ppm) of helium, argon and krypton, or elec-
tronegative impurities like oxygen and water, due to ther-
modynamic instabilities. Thus, both condensers (input and
top) were modified to improve the gas collection for the pro-

Fig. 6 Phase-2 setup during commissioning at WWU Münster. The
final height is about 5.5 m. The system was transferred and remounted
at the underground laboratory LNGS in Italy
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Table 1 Results from the concentration measurement of the purified
liquid-out sample. Six measurements using the RGMS system were
performed on the three volumes containing the liquid-out sample. The
sample was drawn during the commissioning of the Phase-1 column

Volume Xe [cm3] natKr/Xe [ppq]

1st 2.24 8 ± 5

1st 2.09 24 ± 6

2nd 2.85 15 ± 4

2nd 1.22 13 ± 7

3rd 0.23 <50

3rd 1.73 28 ± 5

The distillation was performed with a fully saturated liquid
feed at port LF2 at a process speed of FIC01 = 8.5 slpm,
with 1.1% off-gas flow-rate and a reflux ratio of R = 180.
The samples were drawn after the system was stable for six
hours. The off-line analysis showed a concentration in the
in-gas line of

cF = (136 ± 22) ppt, (12)

which was calculated from the average over three mea-
surements.6 For the liquid-out sample, portions of each of
the three storage volumes were measured two times each,
for a total of six measurements. The results are shown in
Table 1.

The concentration of krypton in the purified liquid-out line
is thus

cB < 26 ppq at 90% confidence level (CL). (13)

This is the first demonstration that cryogenic distilla-
tion is capable of producing xenon with impurities at the
ppq-level. The krypton concentration is more than a fac-
tor 30 lower than ever achieved with the XENON100 col-
umn. Furthermore, it fulfills the requirements for XENON1T
(natKr/Xe < 200 ppq) and for future multi-ton experiments
like XENONnT, LZ or DARWIN, requiring a krypton content
below 100 ppq [4–6]. Although the RGMS system is sensi-
tive down to 8 ppq [10], only a limit on the concentration of
the purified gas is given due to the spread in the different mea-
surements. The actual output of the distillation plant might
be even purer, but uncertainties in sample retrieval, storage
and transport might lead to an increase of the krypton content

6 This gas was already distilled before. Thus it exhibits a low krypton
concentration.

over time. The reduction factor is conservatively estimated
to be

cF
cB

= Fred > 5.6 · 103 (90% CL). (14)

This reduction was achieved with a stripping section of
55 cm. Applying the McCabe–Thiele diagram, as shown in
Fig. 2, to the obtained numbers above, leads to 3.6 stages
for the stripping section. Taking into account, that operating
with a fully saturated liquid feed the input condenser does
not count as an additional distillation stage and thus can be
neglected, a HETP value for a single distillation stage of
15 cm or less can be derived.

5 Performance of the final distillation column

In order to increase the separation efficiency, the final setup
(Phase-2) was extended to 2.8 m of package material with
additional 3 possible feed ports LF4 to LF6, reaching a total
height of about 5.5 m as shown in Fig. 6. Two additional
improvements were made: It turned out that the Phase-1
column was not able to purify xenon with high concentra-
tions of O(10 ppm) of helium, argon and krypton, or elec-
tronegative impurities like oxygen and water, due to ther-
modynamic instabilities. Thus, both condensers (input and
top) were modified to improve the gas collection for the pro-

Fig. 6 Phase-2 setup during commissioning at WWU Münster. The
final height is about 5.5 m. The system was transferred and remounted
at the underground laboratory LNGS in Italy
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Table 1 Results from the concentration measurement of the purified
liquid-out sample. Six measurements using the RGMS system were
performed on the three volumes containing the liquid-out sample. The
sample was drawn during the commissioning of the Phase-1 column

Volume Xe [cm3] natKr/Xe [ppq]

1st 2.24 8 ± 5

1st 2.09 24 ± 6

2nd 2.85 15 ± 4

2nd 1.22 13 ± 7

3rd 0.23 <50

3rd 1.73 28 ± 5

The distillation was performed with a fully saturated liquid
feed at port LF2 at a process speed of FIC01 = 8.5 slpm,
with 1.1% off-gas flow-rate and a reflux ratio of R = 180.
The samples were drawn after the system was stable for six
hours. The off-line analysis showed a concentration in the
in-gas line of

cF = (136 ± 22) ppt, (12)

which was calculated from the average over three mea-
surements.6 For the liquid-out sample, portions of each of
the three storage volumes were measured two times each,
for a total of six measurements. The results are shown in
Table 1.

The concentration of krypton in the purified liquid-out line
is thus

cB < 26 ppq at 90% confidence level (CL). (13)

This is the first demonstration that cryogenic distilla-
tion is capable of producing xenon with impurities at the
ppq-level. The krypton concentration is more than a fac-
tor 30 lower than ever achieved with the XENON100 col-
umn. Furthermore, it fulfills the requirements for XENON1T
(natKr/Xe < 200 ppq) and for future multi-ton experiments
like XENONnT, LZ or DARWIN, requiring a krypton content
below 100 ppq [4–6]. Although the RGMS system is sensi-
tive down to 8 ppq [10], only a limit on the concentration of
the purified gas is given due to the spread in the different mea-
surements. The actual output of the distillation plant might
be even purer, but uncertainties in sample retrieval, storage
and transport might lead to an increase of the krypton content

6 This gas was already distilled before. Thus it exhibits a low krypton
concentration.

over time. The reduction factor is conservatively estimated
to be

cF
cB

= Fred > 5.6 · 103 (90% CL). (14)

This reduction was achieved with a stripping section of
55 cm. Applying the McCabe–Thiele diagram, as shown in
Fig. 2, to the obtained numbers above, leads to 3.6 stages
for the stripping section. Taking into account, that operating
with a fully saturated liquid feed the input condenser does
not count as an additional distillation stage and thus can be
neglected, a HETP value for a single distillation stage of
15 cm or less can be derived.

5 Performance of the final distillation column

In order to increase the separation efficiency, the final setup
(Phase-2) was extended to 2.8 m of package material with
additional 3 possible feed ports LF4 to LF6, reaching a total
height of about 5.5 m as shown in Fig. 6. Two additional
improvements were made: It turned out that the Phase-1
column was not able to purify xenon with high concentra-
tions of O(10 ppm) of helium, argon and krypton, or elec-
tronegative impurities like oxygen and water, due to ther-
modynamic instabilities. Thus, both condensers (input and
top) were modified to improve the gas collection for the pro-

Fig. 6 Phase-2 setup during commissioning at WWU Münster. The
final height is about 5.5 m. The system was transferred and remounted
at the underground laboratory LNGS in Italy
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Table 1 Results from the concentration measurement of the purified
liquid-out sample. Six measurements using the RGMS system were
performed on the three volumes containing the liquid-out sample. The
sample was drawn during the commissioning of the Phase-1 column

Volume Xe [cm3] natKr/Xe [ppq]

1st 2.24 8 ± 5

1st 2.09 24 ± 6

2nd 2.85 15 ± 4

2nd 1.22 13 ± 7

3rd 0.23 <50

3rd 1.73 28 ± 5

The distillation was performed with a fully saturated liquid
feed at port LF2 at a process speed of FIC01 = 8.5 slpm,
with 1.1% off-gas flow-rate and a reflux ratio of R = 180.
The samples were drawn after the system was stable for six
hours. The off-line analysis showed a concentration in the
in-gas line of

cF = (136 ± 22) ppt, (12)

which was calculated from the average over three mea-
surements.6 For the liquid-out sample, portions of each of
the three storage volumes were measured two times each,
for a total of six measurements. The results are shown in
Table 1.

The concentration of krypton in the purified liquid-out line
is thus

cB < 26 ppq at 90% confidence level (CL). (13)

This is the first demonstration that cryogenic distilla-
tion is capable of producing xenon with impurities at the
ppq-level. The krypton concentration is more than a fac-
tor 30 lower than ever achieved with the XENON100 col-
umn. Furthermore, it fulfills the requirements for XENON1T
(natKr/Xe < 200 ppq) and for future multi-ton experiments
like XENONnT, LZ or DARWIN, requiring a krypton content
below 100 ppq [4–6]. Although the RGMS system is sensi-
tive down to 8 ppq [10], only a limit on the concentration of
the purified gas is given due to the spread in the different mea-
surements. The actual output of the distillation plant might
be even purer, but uncertainties in sample retrieval, storage
and transport might lead to an increase of the krypton content

6 This gas was already distilled before. Thus it exhibits a low krypton
concentration.

over time. The reduction factor is conservatively estimated
to be

cF
cB

= Fred > 5.6 · 103 (90% CL). (14)

This reduction was achieved with a stripping section of
55 cm. Applying the McCabe–Thiele diagram, as shown in
Fig. 2, to the obtained numbers above, leads to 3.6 stages
for the stripping section. Taking into account, that operating
with a fully saturated liquid feed the input condenser does
not count as an additional distillation stage and thus can be
neglected, a HETP value for a single distillation stage of
15 cm or less can be derived.

5 Performance of the final distillation column

In order to increase the separation efficiency, the final setup
(Phase-2) was extended to 2.8 m of package material with
additional 3 possible feed ports LF4 to LF6, reaching a total
height of about 5.5 m as shown in Fig. 6. Two additional
improvements were made: It turned out that the Phase-1
column was not able to purify xenon with high concentra-
tions of O(10 ppm) of helium, argon and krypton, or elec-
tronegative impurities like oxygen and water, due to ther-
modynamic instabilities. Thus, both condensers (input and
top) were modified to improve the gas collection for the pro-

Fig. 6 Phase-2 setup during commissioning at WWU Münster. The
final height is about 5.5 m. The system was transferred and remounted
at the underground laboratory LNGS in Italy
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The Colourful Nuclide Chart, https://people.physics.anu.edu.au/~ecs103/chart/
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The Colourful Nuclide Chart, https://people.physics.anu.edu.au/~ecs103/chart/

~8.9 % 
136Xe/natXe

~1.0 % 
124Xe/natXe



Double-electron capture of 124Xe 39

Nature 568, 532—535 (2019)

KK-capture: 64.3 keV (72.4 %)

KL-, KM-, KN-capture: 32.4 – 37.3 keV (25.3 %)

LL-capture: 8.8 – 10.0 keV (1.4 %)

Measure X-rays and Auger-Meitner electrons from 
atomic relaxation:

1.8 ⨉ 1022 yr longest half-life measured to date.



Xenon TPCs: LUX-ZEPLIN 40



CEνNS to light dark matter in LZ 41



CEνNS to light dark matter in LZ 41



XENON, LZ and DARWIN become XLZD 42
84 institutions 
16 countries


