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Lecture 3 - Dark Matter Indirect Detection

Direct Detection Principle

Low-background Experiments

Experimental Landscape

Case Example: XENONnT 

New indication for DM?

Axions
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Case example: XENONnT


Application to Neutrino Physics


Let’s study a specific case example: XENONnT

More than just Dark Matter Direct Detection



Case example: XENONnT



XENON program 5

XENON10 XENON100 XENON1T XENONnT

2005 2008 2016 2021

Active mass

Time

15 kg 62 kg 2000 kg 5900 kg

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

๏ Fourth generation of XENON experiment  
➡ Based on the same detection technology: dual-phase Time Projection Chamber 
➡ Already demonstrated the scalability of this technology 

Background

DM Sensitivity

~1000[t.day.keV]-1

[cm2]

5.3 0.2 *0.04
~10-44 ~10-45 ~10-47 *~10-48 * →
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Laboratori Nazionali del Gran Sasso (LNGS) 6
Aboveground Laboratory  

๏ Operating at the INFN - Laboratori Nazionali 
del Gran Sasso (LNGS) 

➡ Underground laboratory with 1300 m 
overburden (3600 m.w.e)



Laboratori Nazionali del Gran Sasso (LNGS) 6
Aboveground Laboratory  

๏ Operating at the INFN - Laboratori Nazionali 
del Gran Sasso (LNGS) 

➡ Underground laboratory with 1300 m 
overburden (3600 m.w.e)



7
Underground Laboratory 

Laboratori Nazionali del Gran Sasso (LNGS)



Why Xenon? 8
Xenon Properties

๏ Most radiopure Noble Gases. 



Why Xenon? 9

D. Wenz, http://doi.org/10.25358/openscience-9654

➡ Electron < 𝒪(1-10) mm 

➡ Gamma < 𝒪(10) cm 

➡ Neutron < 𝒪(10) cm
Tend to do 
Multiple-Scatter

Xenon Properties

Photo-electric 
absorption

Pair-production

Compton 
scattering

Elastic scattering

Inelastic 
scattering

(n, ɣ)

๏ Most radiopure Noble Gases. 
๏ Efficient (Self-)shielding material (Z= 94, 𝜌LXe ~ 2.9 g/cm3 ). 
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Xenon Properties
๏ Most radiopure Noble Gases. 
๏ Efficient (Self-)shielding material (Z= 94, 𝜌LXe ~ 2.9 g/cm3 ). 

๏ Relatively easy to operate in liquid phase:  
๏ Can build compact detector and can be scaled to largest mass 
๏ high boiling point temperature (~178 K at P~ 2 bar) → 

“Modest” cryogenic 

XENONnT Cryogenic 
system

Multi-stage cooling for 
cryogenic bolometers



Why Xenon? 11
Xenon Properties

mχ = 50 GeV
σSI = 10−45 cm2

๏ Most radiopure Noble Gases. 
๏ Efficient (Self-)shielding material (Z= 94, 𝜌LXe ~ 2.9 g/cm3 ). 

๏ Relatively easy to operate in liquid phase:  
๏ Can build compact detector and can be scaled to largest mass 
๏ high boiling point temperature (~178 K at P~ 2 bar) → 

“Modest” cryogenic 
๏ Act as both a target and detection medium!
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Why Xenon? 12
Xenon Properties

Phys. Rev. C 81, 025808

Xenon is transparant to its own 
scintillation light (VUV photon)!

๏ Most radiopure Noble Gases. 
๏ Efficient (Self-)shielding material (Z= 94, 𝜌LXe ~ 2.9 g/cm3 ). 

๏ Relatively easy to operate in liquid phase:  
๏ Can build compact detector and can be scaled to largest mass 
๏ high boiling point temperature (~178 K at P~ 2 bar) → 

“Modest” cryogenic 
๏ Act as both a target and detection medium!



Why Xenon? 13
Zoom in energy transfer in Xenon:

E. Hogenbirk et al., JINST, 13(05):P05016, 2018

๏ Singlet/Triplet lifetime are very different 
between Argon (~6 ns, ~1.5μs) and Xenon (~4 
ns, ~22 ns) 

➡ Scintillation Pulse-Shape  
➡ Ratio between two states depends on 

the energy deposited density 
distribution (particle dependent) → PSD 

๏ Use Electric field to extract free electrons and 
infer the light and charge quanta produced. 

➡ Light and charge quanta ratio depends 
on Linear Energy Transfer (LET), which 
vary for different particle → ER/NR 
discrimination



XENONnT Experiment Overview 14

Water Tank with         
𝞵/n Veto systems

GXe Purification, Rn Distillation, 
Cryogenic and Calibration systems 

LXe Purification, Kr Distillation, 
Recovery & Storage systems 

Slow control,  
DAQ

Main Detector: 
Dual-Phase Time 

projection Chamber

Not just one 
detector
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neutron veto

cryostat

x3 larger TPC
8.5 t LXe
494 PMTs
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Xenon handling

New purification
& ER bkg. reduction

New recovery/storage

neutron veto

cryostat

x3 larger TPC
8.5 t LXe
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Xenon handling
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New recovery/storage

neutron veto

cryostat

Water Cherenkov 
Neutron Veto

Gd-doping in 
preparation
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XENONnT Experiment Overview 15
Xenon handling

New purification
& ER bkg. reduction

New recovery/storage

neutron veto

cryostat

Water Cherenkov 
Neutron Veto

Gd-doping in 
preparation

x3 larger TPC
8.5 t LXe
494 PMTs

Goal More target mass

Reduced background level
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XENONnT Experiment Overview 16
How to achieve an ultra-low background experiments:
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How to achieve an ultra-low background experiments:

TPC

๏ Material selection/cleaning 
๏ Screening campaign 
๏ Cleaning pre-construction



XENONnT Experiment Overview 17
How to achieve an ultra-low background experiments:

TPC

๏ Material selection/cleaning 
๏ Screening campaign 
๏ Cleaning pre-construction

XENON Collaboration, Eur. Phys. J. C (2022) 82:599
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XENONnT Experiment Overview 19XENON Collaboration pictures



XENONnT Experiment Overview 20XENON Collaboration pictures
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Cryostat with LXe Shell

๏ Material selection/cleaning

How to achieve an ultra-low background experiments:

๏ Self-shielding with LXe: 
๏ LXe Shell 
๏ Fiducialization



XENONnT Experiment Overview 22

Neutron veto

Water Čerenkov Muon veto

๏ Material selection/cleaning

How to achieve an ultra-low background experiments:

๏ Active Shielding 
๏ n-veto | (n,ɣ) capture 
๏ μ-veto | Cherenkov light

๏ Self-shielding with LXe:

Tag neutrons through the neutron capture on 
hydrogen which releases a 2.2 MeV gamma



XENONnT Experiment Overview 23

Electronic & Data 
Acquisition

Xenon Storage, 

Recovery,Distillation & 
Purification

Cryogenics & 

Xenon Purification

๏ Material selection/cleaning

How to achieve an ultra-low background experiments:

๏ Underground laboratory

๏ Self-shielding with LXe:

๏ Active Shielding
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Electronic & Data 
Acquisition

Xenon Storage, 

Recovery,Distillation & 
Purification

Cryogenics & 

Xenon Purification

๏ Material selection/cleaning

How to achieve an ultra-low background experiments:

๏ Underground laboratory

๏ Self-shielding with LXe:

๏ Active Shielding

๏ Target purification



Purification systems 25
XENON Collaboration, Eur. Phys. J. C 84, 784 (2024)



Purification systems 25
XENON Collaboration, Eur. Phys. J. C 84, 784 (2024)
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Purification systems 26

๏ Electron lifetime (impacted by electronegative impurities in the LXe) > 10 ms, wrt a 2.2 ms drift time 
๏ Radon intrinsic contamination < 1 μBq/kgXe 

๏ Reached natKr/Xe = (56 ± 36) ppq (world leading)
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Electronic & Data 
Acquisition

Xenon Storage, 

Recovery,Distillation & 
Purification

Cryogenics & 

Xenon Purification

๏ Material selection/cleaning

How to achieve an ultra-low background experiments:

๏ Self-shielding with LXe: 
๏ LXe Shell 
๏ Fiducialization

๏ Underground laboratory

๏ Target purification

Remaining backgrounds 
reaching the TPC:
๏ External 
๏ Internals 
๏ Cosmogenic



Time Projection Chamber 28



29TPC Working Principle



30TPC Working Principle



31TPC Working Principle



31TPC Working Principle

Why do we need a gas phase?



32Waveform example



Calibration strategy 33



Energy reconstruction 34



Energy reconstruction 35

๏ Derive Light and Charge Yield from 
multiple mono-energetic lines and 
infer g1/g2 to build our energy scale 



Energy reconstruction 36



XENONnT Science Datasets 37

SR0

SR1

SR2



Stability of the detector 38

Bdqjdwqwjd


Wdwqdqdq

Might look sad, but the stability is actually good :)  



Standard WIMP analysis



Signal & Background Modeling 40
๏ Use our Calibration data to characterise the yield 

response of the detector to energy deposition, using 
NEST  

๏ It allow us to simulate the expected light and charge 
quanta produced by a given energy deposition from 
ER/NR 

๏ We can thus determine where our signals, and potential 
background would fall in our ROI 

๏ We will then define a set of selection criteria to 
maximise the acceptance of this signal, while rejecting 
potential backgrounds

https://nest.physics.ucdavis.edu/


Signal & Background Modeling 41

SR0

๏ Detection: dominated by 3-fold requirement (3 PMTs to be in coincidence)

๏ Event building: whether an event is successfully reconstructed 

๏ Selection: efficiency due to cut acceptance
cS1 < 100 PE

Region of Interest (ROI)

cS2 ∈ [102.1, 104.1] PE



Signal & Background Modeling 42

SR0 SR0

SR0 SR0

Electronic Recoils: 
๏ 214Pb, 85Kr β-decays, 124Xe 

2𝝂ECEC, solar 𝝂-e- scatter 

๏ Shape constrained with 
220Rn calibration 

๏ Rate constrained by fit to 
reconstructed spectrum in 
[20, 140] keVER

Phys. Rev. D 111 (2025) 103040

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.111.103040
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SR0 SR0

SR0 SR0

Electronic Recoils: 
๏ 214Pb, 85Kr β-decays, 124Xe 

2𝝂ECEC, solar 𝝂-e- scatter 

๏ Shape constrained with 
220Rn calibration 

๏ Rate constrained by fit to 
reconstructed spectrum in 
[20, 140] keVER

Nuclear Recoils: 
๏ Radiogenic neutrons from 

materials, suppressed by NV 
tagging and multi-scatter (MS) 
rejection and constrained by 
sideband of MS and single-
scatter events tagged by NV 

๏ CEvNS, constrained by 
neutrino flux and uncertainties 
on NR emission model

Phys. Rev. D 111 (2025) 103040

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.111.103040
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SR0 SR0

SR0 SR0Surface: 
๏ 210Pb β-decay from PTFE 

walls due to plate-out effect 
๏ Suppressed by fiducial 

volume (FV) selection 
๏ Data-driven constrain 

validated outside FV

Electronic Recoils: 
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๏ Shape constrained with 
220Rn calibration 

๏ Rate constrained by fit to 
reconstructed spectrum in 
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Nuclear Recoils: 
๏ Radiogenic neutrons from 

materials, suppressed by NV 
tagging and multi-scatter (MS) 
rejection and constrained by 
sideband of MS and single-
scatter events tagged by NV 

๏ CEvNS, constrained by 
neutrino flux and uncertainties 
on NR emission model

Phys. Rev. D 111 (2025) 103040

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.111.103040
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SR0 SR0

SR0 SR0Surface: 
๏ 210Pb β-decay from PTFE 

walls due to plate-out effect 
๏ Suppressed by fiducial 

volume (FV) selection 
๏ Data-driven constrain 

validated outside FV

Electronic Recoils: 
๏ 214Pb, 85Kr β-decays, 124Xe 

2𝝂ECEC, solar 𝝂-e- scatter 

๏ Shape constrained with 
220Rn calibration 

๏ Rate constrained by fit to 
reconstructed spectrum in 
[20, 140] keVER

Nuclear Recoils: 
๏ Radiogenic neutrons from 

materials, suppressed by NV 
tagging and multi-scatter (MS) 
rejection and constrained by 
sideband of MS and single-
scatter events tagged by NV 

๏ CEvNS, constrained by 
neutrino flux and uncertainties 
on NR emission model

Accidental Coincidence: 
๏ Accidental pairing of isolated 

S1-S2, removed by dedicated 
machine learning based cuts 

๏ Data-driven modeling, 
validated with sideband 
unblinding

Phys. Rev. D 111 (2025) 103040

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.111.103040
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Current Best Limit 46



How to go to lower DM masses? 47

S1-S2 S2-Only

E = W × (nph + ne) = W × ( S1
g1

+
S2
g2 )

Energy Scale:

Energy threshold:

S1

S2 13 e- 8 e- 1 e-

Eth* ER: 0.6 keV

NR: 3.8 keV

-

NR: 0.5 keV

ER: 13.7 eV

-

*>10% efficiency

DM 
 mass > 𝒪(10) GeV < 𝒪(1) GeV𝒪(1) GeV



How to go to lower DM masses? 47

S1-S2 S2-Only

E = W × (nph + ne) = W × ( S1
g1

+
S2
g2 )

Energy Scale:

Energy threshold:

S1

S2 13 e- 8 e- 1 e-

Eth* ER: 0.6 keV

NR: 3.8 keV

-

NR: 0.5 keV

ER: 13.7 eV

-

*>10% efficiency

DM 
 mass > 𝒪(10) GeV < 𝒪(1) GeV𝒪(1) GeV

Cost: Potential Larger Background!



Ionisation signal only | XENONnT results 48
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https://journals.aps.org/prl/abstract/10.1103/2lrq-f6bk


Or to use Migdal effect 49

๏ Particular topology of events (ER+NR component from the same vertex) 
➡ Readjustment of the electron cloud → emission of a ~𝒪(100) eV electron = Ionisation signal 

(can be detected) 
➡ But it have a cost: signal rate is suppressed…
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Migdal effect | XENON1T results 50
XENON Collaboration, Phys. Rev. Lett. 123, 241803 (2019)



First Observation of Migdal 51
Q. Liu, on behalf of the MARVEL group, at IDM 2026

Not in Xe, and to be confirmed.

https://indico.capa.unizar.es/event/40/contributions/952/attachments/714/1389/MARVEL-20260603-IDM.pdf


Future perspective 52

XLZD consortium: Merger of leading collaborations for a  
future multi-ton scale Xenon-based experiment

Community Whitepaper 
J. Phys. G: Nucl. Part. Phys. 50, 013001

Towards a multi-ton scale xenon observatory

60-80 T of Liquid Xenon

To find WIMP interaction down to 
the neutrino fog, and much more



XENON Physics Program 53

NR

ER

WIMPs DM candidate
๏ Spin-independent 
๏ Spin-dependent 
๏ Sub-GeV

Other DM candidate
๏ Light DM 
๏ Heavy DM 
๏ Bosonic DM

Energy

๏ Supernova neutrinos

๏ Solar 8B CEvNS 
๏ Solar pp neutrinos 
๏ Solar axions

๏ 124Xe 2𝜈ECEC capture  
๏ 136Xe 0𝜈ββ decay 
๏ 124Xe 2/0𝜈(EC,β+) decay  
๏ 136/4Xe 2/0𝜈ββ decay 

Double Weak Decay

1 keV 10 keV 100 keV 1 MeV

Primary goal → DM direct detection at low-
energy recoil in our xenon target

Lower background level → open new 
physics channel… up to the MeV scale

1



New indication for DM?



New results from LZ 55
๏ Observe one event at ~250 keV NR 

recoil energy 
๏ expect no Background in that ROI 

(far from ER Band) 
๏ Global significance of 2.6 σ



EFT & iDM search 56
๏ Search performed at much higher recoil 

energy than the standard WIMP analysis, 
which usually induce Er < 100 keV 

๏ Effective Field Theories (EFT), provide a 
more general framework for DM 
scattering than the usual SD & SI 
treatment, and can also cover inelastic 
interactions 

๏ In that we can expect a 
suppression of the expected rate 
at low-energy recoil.

Inelastic

Elastic



What are the implications? 57

๏ Did we find DM? We don’t know yet, it is only a 
2.6 σ global significance. 

๏ Careful attention of the Background modeling, did 
they miss any potential source?  

๏ Next steps? 
๏ LZ still have more data available, they didn’t 

use everything yet 
๏ Other experiments, like XENONnT, can 

perform the same search and confirm or 
reject the observation

Really interesting, but too soon 
to conclude anything, and 
claim the discovery of DM.



Search for axions
Wave-like Particle-like



Listening to Dark Matter 59
Two problems, one particle

๏ QCD allows a CP-violating term, the angle θ. It 
would give the neutron an electric dipole moment; 
experiments say θ < 10-10. Why so small? The 
strong CP problem 

๏ Peccei & Quinn (1977): add a new field that relaxes 
this away. The leftover ripple of that field is a 
particle: the (QCD) axion.  

๏ Bonus: the early Universe naturally makes a huge 
number of them, cold and slow: exactly what DM 
needs.



The Haloscope: a radio that turns the dial 60



QCD Axion search landscape 61

https://github.com/cajohare/AxionLimits



Different frequency, different challenges 62



63

https://madmax.mpp.mpg.de/

https://abracadabra.mit.edu/
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Different frequency, different challenges



Particle-like vs Wave-like DM 64



Thank You!


