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Axions

• Axions from Dark Matter Halo
• Haloscopes: look for axion conversion to 

photons in B-field

• Experiments: ADMX, MADMAX, CASPEr, …

• Axions from the Sun
• Helioscopes: axion-photon or axion-electron 

coupling

• Experiments: CAST, IAXO, but also EDELWEISS, 
XENON, LZ, GERDA, CUORE, … 

• Axions in the lab
• “Shining through walls”: photon regeneration

• Experiments: ALPS, … 
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Axion Landscape

https://cajohare.github.io/AxionLimits/docs/ap.html
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Axion Landscape: QCD Axion
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Example axion haloscope: ADMX

• ADMX Experiment as example of Haloscope

• Large volume 8.5T superconducting magnet

• No special lab required 

• High-Q cavity, tunable @ 2-4 GHz → 8 - 16 μeV ma

• SQUID and other quantum sensing readout technology

• Similar tech in Europe: QUAX, FLASH



Patrick Decowski - Nikhef/UvA

Dark Matter Candidates

Dark matter

Light bosonsQCD
axions

Axion-like
particles

Fuzzy
dark

matter

Standard-
model Sterile

neutrinos

Super-
symmetry

Weak scale

Extra
dimensions

Little
Higgs

Effective

theorymodels

Neutrinos

neutrinos

MOG

TeVeS gravity

MOND Emergent
gravity

Other
particles WIMPzilla

Self-
interacting

Macroscopic

MaCHOs

Macros

Primordial
black holes

Modified

Simplified

Superfluid

field



Patrick Decowski - Nikhef/UvA

Dark Matter Candidates

Dark matter

Light bosonsQCD
axions

Axion-like
particles

Fuzzy
dark

matter

Standard-
model Sterile

neutrinos

Super-
symmetry

Weak scale

Extra
dimensions

Little
Higgs

Effective

theorymodels

Neutrinos

neutrinos

MOG

TeVeS gravity

MOND Emergent
gravity

Other
particles WIMPzilla

Self-
interacting

Macroscopic

MaCHOs

Macros

Primordial
black holes

Modified

Simplified

Superfluid

field

Weakly
Interacting

Massive
Particle



Patrick Decowski - Nikhef/UvA

Dark Matter Candidates

Dark matter

Light bosonsQCD
axions

Axion-like
particles

Fuzzy
dark

matter

Standard-
model Sterile

neutrinos

Super-
symmetry

Weak scale

Extra
dimensions

Little
Higgs

Effective

theorymodels

Neutrinos

neutrinos

MOG

TeVeS gravity

MOND Emergent
gravity

Other
particles WIMPzilla

Self-
interacting

Macroscopic

MaCHOs

Macros

Primordial
black holes

Modified

Simplified

Superfluid

field



DM → Rare Event Searches & Measurements

• Joined forces with competing LZ experiment

• XLZD Collaboration

• Ultra-sensitive liquid xenon rare event observatory

• 60t LXe mass

• Submitted a Design Book

XLZD = + +

 60 t liquid xenon detector

XLZD

Marco Kraan

White Paper: J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001, arXiv:2203.02309

XLZD Design Book, arXiv:2410.17137, submitted to EPJC



XLZD: largest feasible dual-phase LXe detector 

3m

XLZD

1.5m

XENONnT (or LZ)

8.5t of LXe

60t of LXe (+ reduce BG by ~10x)

Scale all dimensions  
by 2x



Supernova
• Early alert
• Supernova neutrinos
• Multi-messenger astrophysics

Dark Matter
• Dark photons
• Axion-like particles
• Planck mass

WIMPs
• Spin-independent
• Spin-dependent
• Sub-GeV
• Inelastic

Neutrino Nature
• Neutrinoless 

double beta decay
• Double electron 

capture
• Magnetic Moment

Cosmic Rays
• Atmospheric 

neutrinos

Sun
• pp neutrinos
• Solar 

metallicity
• 7Be, 8B, hep

Competitive with 

dedicated 0ν2b exp

“Ultimate” WIMP DM detectorUltra-low BG + new techniques

allow to search for non-WIMP DM

Low-E complementarity 

with DUNE

Detailed measurements

if/when galactic SN occurs

Atmospheric Eν < 100 MeV

Large liquid xenon mass and ultra-low backgrounds 
expand number of available physics channels

11White Paper: J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001, arXiv:2203.02309



XLZD Collaboration Formed
October-December 2024: Moved from a Consortium to Collaboration 

450 collaborators and 72 institutions 

Co-spokespersons 
Marc Schumann (Freiburg) 

Dan Akerib (SLAC)
Institutional Board 

Chair: Carter Hall (Maryland) 
… Executive Board 

Patrick Decowski (Nikhef) 
…

XLZD Management

All of XENON and most of LZ 

XLZD + +

WG1: Science 
Co-lead: Tina Pollmann 

…

WG2: Detector Perf. 
… 

WG3/4: R&D 
… 

WG5: Siting 
A.P. Colijn 

…

Ambition is to build XLZD by 2031



Three possible Sites

a

a

Boulby, UK SURF, SD, USA

Hall-C, LNGS, Italy



Reach of XLZD

101 102 103 104 105

DM mass [GeV/c2]

10°49

10°48

10°47

10°46

10°45

10°44

SI
D

M
-n

uc
le

on
cr

os
s

se
ct

io
n

[c
m

2 ]

DarkSide

Electroweak
multiplet DM

Cur
re

nt
lim

its

Higgsino
DM

Bino
DM

ATLAS

101 102 103 104

DM mass [GeV/c2]

10°49

10°48

10°47

10°46

10°45

SI
D

M
-n

uc
le

on
cr

os
s

se
ct

io
n

[c
m

2 ]

DarkSide

XENONnT

LZ
(9

0%
ex

cl.
)

EDELWEISS

PICO2L

DEAP-3600

LU
X

Pan
da

X

2

3

4

5 G
radient

of
exclusion

lim
it,

n
=

°
(d

ln
æ
/d

ln
N

) °
1

Limits Discovery

XLZD will cover ALL accessible WIMP parameter space above  a few GeV mass



XLZD will measure Solar Neutrinos
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Neutrinoless Double Beta Decay



Double Beta Decay

A second-order process only detectable if first-order 
beta decay is energetically forbidden 

(A,Z)

(A,Z+1)

(A,Z+2)
even-even ββ 

(A,Z) ! (A,Z + 2) + e� + e� + ⌫e + ⌫e

Rare, but Standard Model Process: 

2⌫2� :

136Xe

17

76Ge

130Te

82Se

100Mo

…
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Neutrinoless Double Beta Decay

>> Nuclear Process

(A, Z) (A, Z+2)

W- W-

e- e-

νi νi
Uei Uei

• Extremely rare radioactive process

• Requires massive Majorana neutrino

• Lepton Number Violation 

• Model dependent - Standard interpretation: light Majorana ν + SM interactions

• Measure of neutrino mass scale → effective Majorana mass ⟨mββ⟩

M⌫ 6= 0

|�L| = 2

Is ν Majorana? 

0⌫2� :(A,Z) ! (A,Z + 2) + e� + e�

18



Detecting 0ν2β Decay

0ν2β

2ν2β

∑
Ee/Q In 136Xe:

Qββ=2.458 MeV
19

SM process

Searching for this peak 
to measure T1/2

T 0ν
1/2 ∝ ε

a

A

√
Mt

b∆E

(T 0ν
1/2)

−1 = G0ν(Q,Z)|M0ν |2〈mββ〉2

Detector Mass, 
Exposure, BG and
Energy Resolution 

Half-life relates to ⟨mββ⟩

Phase Space and 
Nuclear Matrix Elements

from Theory



KamLAND-Zen at Kamioka in Japan

20

Mt. Ikenoyama
1000m (2700 mwe) overburden 

745 kg of 136Xe 
dissolved in Liquid 
Scintillator

20
m

New results with KamLAND-Zen 800 data recorded from Jan 2019 to Jan 2024:  
Exposure of 2.1 ton-years → largest ever

arXiv:2406.11438

https://arxiv.org/abs/2406.11438


Effective Majorana Mass

21

(T 0ν
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XLZD will also be a 0ν2β detector!

KLZ limit 3.8x1026 yr

60t natural Xe @ 8.9% 136Xe n.a. → 5.3 t of 136Xe 
[this is not possible with an Ar detector!]



Conclusions

• A number of astroparticle and non-accelerator experiments will target important 
beyond the standard model questions 

• Many small-scale axion experiments 

• Neutrinoless double-beta decay experiments: KamLAND2-Zen, LEGEND, CUPID etc.

• XLZD Observatory (~2031) will be 

• “Ultimate” WIMP DM experiment

• Competitive neutrinoless double-beta decay experiment

• Solar neutrino physics,  Supernovae, … 



Sentence

“The European Particle Physics Strategy Update and CERN should embrace a diverse 
portfolio including astroparticle and non-accelerators experiments to study elementary 

particles over a broad range of distance scales and energies.”
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Cartoon of Models
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