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Part I – Why Xenon?
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Xenon Detectors: Many Applications!
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Xenon in the Periodic Table
• Chemistry group: noble 

gases → chemically inert, 
easy purification 

• Atomic number: Z = 54 → 
high detection efficiencies for 
X-ray and gamma-rays, good 
self-shielding 

• Atomic mass: A ≈ 131 → 
heavy nucleus with multiple 
isotopes, including ββ emitter
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• Density: 5.5⨉10-3 g/cm3 (gas, 20 degC and 1 atm), 2.9 g/cm3 (liquid) → 
dense in liquid phase, compact detectors with high stopping power 

• Melting and boiling points at 1 atm: 161.4 K and 165.1 K → Xe is a 
gas at STP conditions, but easy to liquefy



Xenon Phase Diagram
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Credit: A. Cherubini et al.

https://www.sciencedirect.com/science/article/pii/S0079656502000523?casa_token=zePdx-duaFQAAAAA:Elmf6nFU-hq3rBfC9XEM4rZWIDI-dQm7xoOaHidoS0SL23RFpid3Kqtc4XQu5-Xi7QnbnSc9feQ


Xenon as a Detection Medium 
Liquid Xenon Versus Water and Other Noble Liquids

• Xenon provides very high ionization AND scintillation yields → ideal for 
dual-readout (ionization + scintillation) detectors, with good energy 
resolution and/or low energy threshold 

• Xenon scintillation is produced in the vacuum ultraviolet wavelength range 
(175 nm), posing some challenges for photon detection 

• Xenon is not cheap! Cost is main limitation to multi-ton scalability

Element H2O He Ne Ar Kr Xe

Ionization yield [104 e/MeV] - 3.9 4.6 4.2 4.9 6.4

Scintillation yield [104 γ/MeV] 0 1.5 0.7 4.0 2.5 4.6

Scintillation wavelength [nm] - 80 78 128 150 175

Cost [USD/kg]

* https://en.wikipedia.org/wiki/Prices_of_chemical_elements

<0.001 24 240 0.93 290 1800
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LXe Versus GXe as Detection Media

• The 500-fold difference in density is responsible for the huge difference in 
radiation lengths and Minimum Ionizing Particle (MIP) energy loss 

• The ionization and scintillation properties are similar: yields, scintillation 
wavelengths, scintillation time emission 
• Both LXe and GXe are fast scintillators

Property LXe (165 K) GXe (1 bar, 293 K)

Density (g/cm3) 2.94 5.4⨉10-3

Radiation Length (cm) 2.8 1.5⨉103

MIP Energy Loss (MeV/cm) 3.7 6.9⨉10-3

Ionization Yield 6.4 4.5

Scintillation Yield 4.6 2.5

Scintillation Wavelength (nm) 175 175

Scintillation Time Constants 3 ns (fast), 25 ns (slow) 5 ns (fast), 100 ns (slow)
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Part II – Xenon Interaction 
Physics
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Energy Deposition in Xenon

Energy Deposition

HeatExcitation
X+Xe→X+Xe*

Ionization
X+Xe→X+Xe++e-

Recombination
Xe++Xe→Xe2+

Xe2++e-→Xe**+Xe

Xe**→Xe*+heat

De-Excitation
Xe2*→Xe+Xe+hν

Excimer Formation
Xe*+Xe+Xe→Xe2*+Xe

Ionization
Signal

Scintillation
Signal
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• Xenon provides both 
ionization (charge) 
and scintillation 
(light) signals 

• The recombination 
of free electrons with 
Xe2+ ions reduce the 
former and increase 
the latter 

• Scintillation is 
produced through the  
radiative decay of 
excited dimers, or 
excimers (Xe2*)

Credit: NEXT collaboration

https://iopscience.iop.org/article/10.1088/1748-0221/8/05/P05025


Xenon Scintillation

• The bulk of the scintillation occurs in 2nd continuum region, (175±10) nm 
• Some shorter- and longer-wavelength light also produced (1st and 3rd continua) 

• Different lifetimes for Xe2* radiative decay, depending on spin configuration 
of two electrons participating in excitation and bonding: 
• Fast component (~5 ns in GXe): two electron spins antiparallel, singlet decay 

• Slow component (~100 ns in GXe): two electron spins parallel, triplet decay 
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Scintillation spectrum
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Fujii et al. 2015

Xenon scintillation at (174.8 ± 0.1(stat .)± 0.1(syst .)) (Fujii 2015)
UV regime ! but possible to detected directly
Lower wavelengths for argon (125 nm) or neon (78 nm) detectors

Teresa Marrodán Undagoitia (MPIK) Liquid xenon detectors Heidelberg, October 2020 12 / 36

Credit: K. Fujii et al. Credit: S. Leardini et al.

https://www.sciencedirect.com/science/article/pii/S016890021500724X
https://link.springer.com/article/10.1140/epjc/s10052-022-10385-y


Xenon Ionization

• It only takes W = 22 eV to create an electron-ion pair in Xe 
• Large average number of ionization electrons produced: N = E / W 

• Percent-level energy resolution. Particularly good for GXe, since fluctuations are 
sub-Poissonian: σN2 = FN, with Fano factor F < 1
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• Plots shows FWHM energy 
resolution measured for 662 
keV gamma-rays 
• Ionization-only signal

• Xenon (in gas phase) has very 
low Fano Factor: F = 0.13

366 A. Bofofnikov, B. Ramsey / Nucl. Insfr. and Meth. in Phys. Rex A 396 (1997) 360-370 
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Fig. 5. Density dependencies of the intrinsic energy resolution (%FWHM) measured for 662 keV gamma-rays. 

above 2-6 kV/cm depending on the density, it remains 
practically unchanged. At low densities, < 0.55 g/cm3, 
the resolution almost saturates to the same limit, deter- 
mined by the statistics of ion production, while at high 
densities, > 0.55 g/cm3, it continues to slowly decrease 
even at the maximum applied fields, but still remains far 
above the statistical limit. This is seen more clearly in 
Fig, 5 which gives energy resolution versus density meas- 
ured for 662 keV gamma-rays at a field of 7 kV/cm. 
Below 0.55 g/cm3 the resolution stays at a level of 0.6% 
FWHM (statistical limit), then, above this threshold, it 
starts to degrade rapidly, and reaches a value of about 
5% at 1.7 g/cm”. Such degradation of the energy resolu- 
tion above 0.55 g/cm3 was observed previously in 
Ref. [3-53 and explained with the d-electron model, 
originally proposed to explain the poor energy resolution 
measured by others in liquid Xe [13]. According to this 
model, the degradation of the energy resolution is caused 
by the fluctuations of electron-ion recombination in 6- 
electron tracks. For intense recombination, which would 
give large fluctuations, a particular density of ionization 
must be reached. These conditions would appear first in 
the tracks produced by low-energy S-electrons. The 
fluctuations in the number of such tracks, which are 
governed by the statistics of the a-electron production, 
determine the intrinsic resolution. As the density in- 
crease, the ranges of the &electrons become smaller, and 
the conditions for strong recombination occur in tracks 
produced by S-electrons with ever higher energies. In 
other words, the average number of tracks with high 
recombination rate should increase with density even if 
the recombination rate itself saturates at high densities. 

This can be illustrated by comparing the density depend- 
ence of the intrinsic energy resolution and changes in the 
slope of l/Q versus log(E), i.e. coefficient B in function (l), 
which characterizes the recombination processes (see 
Figs. 5 and 6). Below 1.4g/cm3, the energy resolution 
almost follows the dependence of B. At higher densities 
B saturates, or even starts to decrease, while the intrin- 
sic energy resolution continues to degrade. The latter 
fact shows that at high densities the resolution is deter- 
mined by fluctuations in the number of tracks with high 
density ionization, rather than fluctuations in recombi- 
nation. 

Another interesting question is the origin of the step- 
like behavior of the resolution around 0.55 g/cm3 (see 
Fig. 5). The location of the step precisely coincides with 
the threshold of appearance of the first exciton band, 
which is formed inside a cluster of at least 10 atoms due 
to density fluctuations in dense Xe [S]. Delta-electrons 
interact with whole clusters to produce an exciton or free 
electron. This could be an additional channel of energy 
loss that would result in a sharp decrease in size of the 
a-electron tracks and, consequently, in a sharp rise of the 
number of tracks with high density of ionization above 
0.55 g/cm3. 

A similar behavior of the intrinsic resolution was ob- 
tained for all other energies used in these measurements 
(0.3-1.4 MeV). Below 0.55 g/cm’, the intrinsic energy res- 
olution saturates to its statistical limit, determined by 
(FW/E,)“‘, if a sufficiently high electric field is applied, 
and starts to degrade above 0.55 g/cm” even at high 
fields. Fig. 7 shows the dependence of the intrinsic resolu- 
tion (%FWHM) on the energy of gamma-rays plotted as 

hi
gh

-p
re

ss
ur

e 
ga

s

liquid

Credit: A. Bolotnikov et al.

https://www.sciencedirect.com/science/article/pii/S0168900297007845


Charge-Light Anti-Correlation

• The recombination of free electrons 
with Xe2+ ions reduce the ionization 
signal to increase the scintillation one 

• Average recombination increases with: 
• Decreasing drift field 

• Increasing dE/dx → particle-dependent 

• Increasing pressure (in GXe) 

• The recombination also induces an 
anti-correlation, on an event-by-event 
basis, between charge and light signals 

• Routinely exploited in LXe detectors to 
improve energy resolution, using a 
charge+light energy estimator  
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Energy Deposition

HeatExcitation
X+Xe→X+Xe*

Ionization
X+Xe→X+Xe++e-

Recombination
Xe++Xe→Xe2+

Xe2++e-→Xe**+Xe

Xe**→Xe*+heat

De-Excitation
Xe2*→Xe+Xe+hν

Excimer Formation
Xe*+Xe+Xe→Xe2*+Xe

Ionization
Signal

Scintillation
Signal



Charge-Light Anti-Correlation

• Energy spectra of 137Cs 662 keV gamma-rays at 1 kV/cm drift field in LXe:
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2 = Rsi

2 + Rsg
2 + Rss

2 ! Rsi
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2 ! Rqi

2 + Rqe
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where Rsi and Rqi are the energy resolution of scintillation
and ionization, respectively, contributed by liquid xenon it-
self. They include the liquid xenon intrinsic resolution and
the contribution from fluctuations of electron-ion recombina-
tion. Rsg is from the geometrical fluctuation of light collec-
tion. It is negligible in our result, since only events in the
center of the detector were selected for the analysis. Rss is
from the statistical fluctuation of the number of photoelec-
trons Npe in the PMTs. Rss can be calculated roughly as Rs

=$%1+ " !g

g
#2& /Npe, which includes the statistical fluctuations

of the number of photoelectrons and the PMTs gain variation
"!g /g'0.67, based on the single-photoelectron spectrum#.
Rqe is from the equivalent noise charge "ENC# of the charge
readout. ENC was measured to be between 600 and 800
electrons, depending on the drift field, from a test pulse dis-
tribution. Rqe=ENC/Ne, where Ne is the number of collected
charges from the 662 keV peak. We note that we have ne-
glected other contributions to the resolution of the charge
measurement, such as from shielding grid inefficiency or
pulse rise time variation, as they are subdominant compared
to the electronic noise contribution.

Table I lists the energy resolution of the 662 keV "-ray
peak inferred from ionization, scintillation, and charge-light
combined spectra at different drift fields. The quoted errors
are statistical only. The correlation angle and the correlation
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FIG. 5. "Color online# Energy
spectra of 137Cs 662 keV " rays at
1 kV/cm drift field in liquid xe-
non. The top two plots are from
scintillation and ionization, re-
spectively. The strong charge-light
anticorrelation is shown in the
bottom-right plot. The straight
line indicates the charge-light cor-
relation angle. A charge-light
combined spectrum "bottom-left#
shows a much improved energy
resolution of 1.7% "!#.

TABLE I. Measured energy resolutions "!# and correlation coefficients for 662 keV gamma rays at
different electric field values.

Field
"kV/cm#

Rs
"%#

Rq
"%#

Rc
"%#

#
"deg# $sq

0 7.9±0.3
1 10.3±0.4 4.8±0.1 1.7±0.1 24.8 −0.87
2 10.5±0.3 4.0±0.1 1.8±0.1 20.8 −0.80
3 10.0±0.3 3.6±0.1 1.9±0.1 19.7 −0.74
4 9.8±0.3 3.4±0.1 1.8±0.1 19.1 −0.74

APRILE et al. PHYSICAL REVIEW B 76, 014115 "2007#

014115-4

Credit: E. Aprile et al.

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.76.014115


Charge Transport

• Electrons must be drifted from their production point in Xe to anode 
readouts for their detection, in typical drift fields of order 0.1-1 kV/cm 

• For such fields, drift velocity is of order 1 mm/µs irrespective of phase → 
charge readout in Xe relatively slow: ~1 ms to drift across 1 m distances 

• Along drift, the ionization cloud spreads in 3D, "blurring" energy deposition 
images. Diffusion is much smaller in LXe compared to GXe 

• Along drift, some electrons are lost via attachment to electronegative 
impurities in the Xe. Through recirculation and purification, electron 
lifetimes of order 1-10 ms are accomplished, irrespective of phase
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Property LXe GXe (1 bar) HPXe (10bar)

Drift velocity at 500 V/cm (mm/µs) 2 1.4 1.0

Transverse diffusion (mm/√m) 3 14 10

Achievable electron lifetime (ms) ≳ 1-10 ≳ 1-10 ≳ 1-10



Electroluminescence (EL)

• Field in EL region tuned such that 
accelerated ionization electrons excite, 
but not ionize, gas atoms 

• Excited atoms emit secondary scintillation 
light, as in primary scintillation process
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• Advantage 1: read ionization and primary scintillation signals through 
same photo-sensor array → fully optical readout 

• Advantage 2: amplification process with high gain (x1000 possible) and 
small gain fluctuations → good energy resolution 

• Practically possible only in gas phase → GXe and dual-phase Xe detectors 
• EL field produced either through parallel wire grids or micropattern 

structures (eg, Micromegas, GEMs)



Part III – Xenon Detector 
Concepts
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Taxonomy of Xenon Detectors

• Gaseous Xe detectors: 
• Proportional counters and multi-wire proportional chambers (MWPCs) 

• Drift (straw) tubes  

• GXe Time Projection Chambers (TPCs) and EL-TPCs 

• Liquid Xe detectors: 
• Single-phase LXe TPCs 

• Dual-phase (liquid+gaseous) TPCs 

• LXe calorimeters 

• Xe doping of other detection media

18



Xenon Proportional Counters and MWPCs

• First Xe-filled radiation detectors (1950s) 
• Ionization electrons drift towards a strong 

electric field region, usually near small 
diameter (eg, 25 μm) anode wire 

• Electrons engage in ionizing collisions 
that lead to an avalanche with an average 
multiplication gain of order 103-104
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Avalanche amplification process

• If space charge effects can be neglected, average number of electrons in 
the avalanche is proportional to the deposited energy, as in EL detector 

• Fluctuations in avalanche gain → energy resolution not as good as EL gain 
• Applications: X-ray spectroscopy, radioactive contamination detection 
• If reading multiple, closely-spaced, anode wires → MWPCs



Drift (Straw) Tubes

• Difference with MWPCs: track position inferred not only from anode wire 
position, also from time it takes for ionization electrons to drift to them! 

• Straw tube: cylindrical cathode tube filled with gas mixture, with a central 
anode wire. Drift chamber: collection of many drift cells 

• Used for particle tracking applications. Allow for fast (ns-level) readout 
• Can also provide particle identification, by detecting transition radiation 

photons (5-30 keV) → Xe is excellent absorber for those
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THE DIGITIZED TRT SIGNAL

• Each straw signal is readout over 75 ns (3 
bunch crossings)

• The discriminated signal is digitized into 24 bits 
(~ 3.12 ns)  

• The 24 bits can also be thought of as time bins

• There is one High Threshold bit for every 25 ns 
• Trailing Edge (TE):  Independent of the particle position as it 

transits the straw: electrons furthest from the wire, nearest the straw 
wall

• Leading Edge (LE): Dependent on where the particle transits 
the straw.  Indicates minimum distance of approach

• Time Over Threshold (ToT): Dependent on the particles 
path length and accumulated ionization or dE/dx

D. Olivito (UPenn) Sept 24, 2010
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TWEPP10

Principles of DetectionPrinciples of Detection

! Ionized electrons drift to straw wire to 
create signal (~several 100 eV)

— Detect with Low Threshold (LT)
! TR photons generate signal ~10keV

— Detect with High Threshold (HT)
— Also with Time over Threshold (ToT)

! Readout granularity: 3.12ns
— 1/8 of 25ns LHC bunch crossing (BC)
— Readout 3 BCs / trigger
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ATLAS Transition 
Radiation Tracker 

(TRT)



Time Projection Chambers (GXe and LXe) 
Working Principle

• Charged particles deposit energy via 
ionization and scintillation in drift region 
between cathode and anode readouts 

• TPC principle: full 3D imaging from 2D 
image on readout planes as a function of 
electron drift time (3rd dimension) 

• Unlike drift chambers, TPCs have large 
drift volumes and segmented anodes 

• Scintillation light provides event timing

21

*(not 
always)

• TPC invented by David Nygren in 1974. Probably most important detector 
concept employing noble elements 

• Single-phase Xe-TPCs widely used for 0νββ searches. Examples: 
EXO-200 (LXe), NEXT-100 (high-pressure GXe)



Time Projection Chambers (GXe and LXe) 
Advantages and Disadvantages

Advantages 

• Excellent imaging from 
mm-scale resolution 

• Accurate calorimetry 
from fully active volume 
and large ionization signal 

• Particle identification 
from dE/dx information
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Disadvantages: technically challenging! Requires: 
• O(ppm-ppb) impurities (H20, O2, N2) at most, very high voltages: O(100 kV) 
• Cryogenics for LXe-TPCs, typically operated at 170-180 K 
• Vessels for high-pressure GXe-TPCs, typically operated at 10 bar

(Actually Ne-based, 
Xe similar idea)

Credit: C. Lippmann

https://www.sciencedirect.com/science/article/pii/S187538921201721X?via=ihub


Dual-Phase Xe-TPCs
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• S1: primary scintillation signal → event t0 
• S2: optical readout of charge, extracted 

and amplified in gas → low energy 
threshold and good energy resolution 

• If sufficiently segmented, top anode 
readout provides fine 3D position 
reconstruction → fiducialization 

• S1 vs S2 information → discrimination 
between electron and nuclear recoils

Liquid xenon for dark matter

Liquid xenon leads sensitivity to GeV+ mass WIMPs
Observe light (S1) & charge (S2) from interactions
→ 5D information (x,y,z,E,t) + particle discrimination (ER / NR)

02/06/2026 XLZD | Adam Brown | ECFA-UK meeting in Durham 2

For 50 GeV WIMP

• Combines large active mass of single-phase LXe with ionization signal 
amplification of single-phase GXe 

• Widely used for WIMP dark matter searches: LZ, XENONnT, PandaX-4T 



Particle Identification From S1 and S2 Signals

• S1 vs S2 information provides discrimination 
between electron (ER) and nuclear (NR) recoils 
• Critical for WIMP dark matter searches: signal NR-like, 

background ER-like
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• Example from LZ detector: 
• Calibration ER data from tritium 

(CH3T) source mixed with Xe, 
producing 0-18.6 keV electrons 
via 3H → 3He + e- + νe̅ 

• Calibration NR data from 
deuterium-deuterium generator 
outside cryostat, producing 
2.45 MeV neutrons via d + d → 
3He + n

Alberto Uson - University of Edinburgh - IDM2026

The LUX-ZEPLIN TPC

4

CH3T source (ER)
DD neutron source (NR)

Phys. Rev. Lett. 131, 041002 (2023)

● 7t active mass dual-phase xenon TPC
● Events reconstructed combining scintillation (S1) 

and ionisation (S2) 
● Light measured by 494 PMTs arranged in two 

arrays at top and bottom
● Excellent 3D position reconstruction (~mm) 
● Single Scatter (SS) vs Multiple Scatter (MS) 

interactions discrimination
● S2/S1 signal size ratio allows nuclear (NR) vs 

electron (ER) recoil discrimination

DM

e-

𝜸

Nuclear Recoil
Electron 
Recoil

Credit: LZ collaboration

ER

NR

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041002


LXe Calorimeters

• LXe can be operated as a pure scintillation detector, without any drift field 
• At zero field, primary scintillation has even higher yield (40,000 photons/

MeV produced) because of full recombination, and is fast 
• Useful for applications requiring compact calorimeters for gamma-ray 

detection, with few-percent energy resolution and sub-ns time resolution 
• Example: LXe detector of MEG II experiment (μ+ → e+ ɣ search)
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Liquid xenon detector
(LXe)

Pixelated timing counter
(pTC)

Cylindrical drift chamber
(CDCH)

COBRA 
superconducting magnet

Radiative decay counter
(RDC)

Muon stopping target

μ+

γ

e+

View from downstream
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x
φ
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z
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x
θ φ
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Credit: MEG II collaboration

https://link.springer.com/article/10.1140/epjc/s10052-024-12415-3


Xenon Doping of Other Detection Media

• In liquid argon: efficient conversion of 127 nm Ar light into 178 nm Xe 
light by doping Ar with only ϑ(10 ppm) of Xe
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Credit: DUNE collaboration

• In liquid scintillators: Xe added NOT to improve scintillation performance, but 
to provide a target isotope (136Xe) for 0νββ searches. Example: KamLAND-Zen

• Advantages: much 
reduced Rayleigh 
scattering, faster time 
response, reduced light 
absorption by N2 
impurities 

• Examples: DUNE (ν 
detection), LEGEND (0νββ)

https://iopscience.iop.org/article/10.1088/1748-0221/19/08/P08005


Part IV – Xe Experiments for 
Dark Matter and Neutrinoless 
Double Beta Decay Searches

27



Dark Matter
• Necessary and very abundant 

component in our Universe 
• Can be searched for in different 

ways, direct detection of nuclear 
recoils from DM-SM scattering 
being one way 

• Particle candidates for DM span 
many orders of magnitude in mass 

• WIMPs leading candidates, as they 
naturally produce the observed 
dark matter abundance

28

Experimental searches
• Direct detection，indirect detection，collider search

5



Why Xenon Dominates WIMP Dark Matter Direct Searches?

• Enhanced WIMP sensitivity thanks to 
heavy nucleus 

• Spin-independent and spin-
dependent sensitivity 

• Simultaneous scintillation and 
ionization signals → background 
discrimination 

• Excellent self-shielding and ultra-high 
purity 

• Scalable to multi-ton detectors 
• No long-lived radioactive isotopes

29

DM-nucleus scattering
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利用 T�N0�t一期的探测器寻找低质量的暗物质 上海交通大学博士学位论文

图 lĢl假设自旋不相关散射截面，Sz−9 U$质量为 Szz ;3pg,2的rBKTc粒子与不同靶标核素碰撞的
积分能谱：t3，;3，�a和 M3。实线上的标记是各实验的典型探测阈值。来源见 `38Y )l4*。

子的平均自由程小于 k毫米，而 S K3p的伽马光子的平均自由程大约为 9公分。换而言
之，较大的原子系数使得液氙有较高的密度，从而使得液氙本身就可以对探测器外围的

伽马本底产生很好的屏蔽效果，这种屏蔽效应也被称为“自屏蔽”效应（c3I8Ac@C3I0CN<）。

l = (µ)−1 = (
µ

ρ
× ρ)−1 VlĢSW

由于液氙非常好的自屏蔽效应，在液氙探测器中，来自探测器外围的本底事例被极

大的降低。而实际上，在t2MQM和 Hmt实验中，外层的液氙将绝大多数的本底事例被
阻挡在置信区域之外，从而在置信体积内营造一个更为干净的暗物质探测区域。图Y lĢ:
显示了 Hmt探测器内不同位置的本底分布)e4*，颜色代表事例率，IR<10/`m，/`m定义
为“3q3Njc g0�w gG< gG3p”（每 S G3p能量沉淀每天在 S公斤液氙内产生的事例数）。图中
的虚线显示的是 Hmt最后选择的置信体积的边界。所以，基于低能区本底事例率的分
布与事例能量不相关的假设，我们可以很明显得看到，本底事例从探测器边缘到内部急

剧减少。相比较事例率最高的区域（暗红色），置信体积内的本底事例率减少了 l到 k
个数量级。

ġ :f ġ
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Direct detection: Background mitigation strategies

Fiducialisation: 
• self-shielding of the detector 
• requires position reconstruction or surface 

signal discrimination techniques

Active rejection and particle identification (ER/NR): 
• measuring two out of the three de-excitation 

channels (heat, scintillation, ionisation) 
• scintillation light PSD (argon) 
• bubble nucleation and acoustic rejection (bubble 

chambers: PICASSO, COUPP, PICO)  
• single scatter, veto, and timing

Exploiting the galactic origin of the DM signal: 
• annual modulation: ~5% effect 
• directional detection: O(1) asymmetry 

• unique capability to overcome the neutrino 
background F. Mayet et al., Phys. Rep. 2016

Recoil map in galactic coordinates

J. Billard (IP2I) - DDDM review

Credit: N. Zhou

https://indico.global/event/12247/contributions/109700/attachments/50823/97581/DMdirectdetection_20250117.pdf


The Evolution of Dark Matter Detectors With LXe
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The evolution of dark matter detectors with LXe

3

~2000

Concept of using LXe for 
DM Detection

DAMA/LXe, ZEPLIN,                      
XMASS, XENON

2007

First Results from Two-
Phase Xe detectors

XENON10, ZEPLIN-II/III

2010

G1 Experiments 
(100-1000 kg)

XENON100, LUX, PandaX-I/II, 
XMASS

2017

First results from the 
ton-scale detector

XENON1T

2030

G3 Experiments 
(40~80 T, dual-phase)

PandaX-xT, XLZD

G2 Experiments 
(2-10 T, dual-phase)

2020

Dual-phase XeTPCs offer superior 
performance because they achieve 
lower energy thresholds, provide 
robust ER/NR discrimination, and 
operate with overall lower 
background rates.

Credit: K. Ni

https://indico.phy.ornl.gov/event/142/contributions/680/attachments/696/1722/NDM2022-NobleLiquids.pdf


LUX-ZEPLIN (LZ)

• Merger of LUX and ZEPLIN collaborations. 7-ton (active mass) detector 
• Operating since 2021 at SURF (USA)
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1) LXe TPC 

2) GdLS 
Instrumented 
Outer Volume 

3) Water 
Instrumented 
Outer Volume 

4) Water Passive 
Shielding

Credit: LZ collaboration

https://www.sciencedirect.com/science/article/pii/S0168900219314032?via=ihub


XENONnT

• Operating since 2020 at LNGS (Italy)
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Maxime Pierre  
maxime.pierre@nikhef.nl

IDM 2026
XENONnT Experiment 3

3

1

2

Dark Matter (DM) 
direct search with 
liquid xenon

Deep Underground @ INFN Laboratory 
Nazionali Del Gran Sasso in Italy

1.4 km depth - 3600 mwe

3 Nested Detectors Inside 700 t Water Tank

2 Neutron 
Veto

Active Gd-water 
Cherenkov neutron 
veto: radiogenic 
neutrons 

33 m3 volume around 
cryostat 

120 8“ high-QE PMTs

Eur. Phy. J. C 85 (2025) 695

3 Time 
Projection 
Chamber

Dual-phase Xe TPC 
  
5.9 t active target, 
8.6 t total mass 

1.5 m drift length, 
1.3 m diameter 

494 3“ PMTs
Eur. Phy. J. C 84 (2024) 784

Muon 
Veto1

Active Gd-water 
Cherenkov muon veto: 
muon-induced neutrons 

Passive veto: ɣ and n 
from natural 
radioactivity 

84 8“ high-QE PMTs

JINST 9, P11006 (2014)

Phys. Rev. X 15, 031079

Credit: M. Pierre

https://indico.capa.unizar.es/event/40/contributions/853/attachments/690/1225/idm2026-maximepierre_v0.pdf


Current WIMP Limits and Coherent Elastic 
Neutrino-Nucleus Scattering

• Limits on spin-independent WIMP cross section versus DM mass 
• Xe experiments reaching "neutrino fog" for WIMP masses ~5 GeV 

• Neutrino fog: Irreducible background from Coherent Elastic Neutrino-Nucleus 
Scattering (CEvNS) → LXe TPCs also 8B solar neutrino detectors through CEvNS
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Current WIMP Landscape

Adapted from Q. Xia & L. Canonica, Communications Physics volume 9, Article number: 105 (2026)

Plenty of WIMP 
parameter space 
remains to be explored!

Run existing detectors even 
longer?

Doesn’t work. Backgrounds win --
sensitivity scales poorly with 
exposure when background limited

11

Credit: Q. Xia

https://indico.cern.ch/event/1508223/contributions/6966275/attachments/3276684/5854859/Status%20of%20WIMP%20Dark%20Matter%20Searches.pdf


Double Beta Decay
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n1 n2

e-

e-

ν̅

ν̅

2νββ n1 n2

e- e-

ν0νββ ν

• Rare (Z,A) → (Z+2,A) nuclear transition, with emission of two electrons 
• Two basic decay modes

Two neutrino mode 
• Observed in several nuclei 
• 1019 - 1021 yr half-lives 
• Standard Model allowed

Neutrinoless mode 
• Not observed yet in Nature 
• >1026 yr half-lives 
• Would signal Beyond-SM physics



ββ0ν Experimental Signature 
Rare Process To Be Isolated in Radio-Pure Detector Underground 
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2. Topology of decay electrons  
(AN ADDITIONAL HANDLE): 
• Single energy deposit in liquid / solid 

detectors 

• Two electron tracks from common 
vertex in gaseous detectors

3. Daughter ion tagging  
(A DREAM): 
• Observe ion produced in the decay

1. Calorimetry (A MUST): 
• 2ν mode: continuous spectrum for 

sum electron kinetic energy T1+T2 

• 0ν mode: mono-energetic line at Qββ  
for T1+T2 spectrum



Why Xenon Detectors Are Leading Technologies 
for 0νββ Searches?

• Xenon contains a ββ isotope, 136Xe 
• 8.9% natural abundance. Isotopic 

enrichment to ~90% is "cheap" 

• High Q-value (2458 keV) and slow 2νββ 
mode (2.17×1021 yr half-life) 

• Source = detector possible, scalable 
to ton-scale masses. Xe is recoverable 

• Xenon TPCs: 
• Excellent energy resolution 

• Excellent self-shielding in liquid xenon 

•  Event topology in gaseous xenon 

• Possibility of daughter tagging: 136Xe → 
136Ba++ + 2e−
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Isotope Natural 
Abundance (%)

76Ge 7.8
100Mo 9.6
130Te 34
136Xe 8.9

Credit: A. Giuliani et al.

https://www.researchgate.net/publication/258388038_Neutrinoless_Double-Beta_Decay/download?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoiX2RpcmVjdCJ9fQ
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00

 t300 t

5 t
0.2 t

50 t

Self-shielding from external 
backgrounds. Credit: A. Avasthi et al.

Liquid Xenon TPCs (Single-Phase) for 0νββ 

• Excellent self-shielding capabilities, 
particularly for larger detectors 
• 8.5 cm attenuation length for 2.5 MeV 

external gamma-rays 

• Excellent mass scalability, 
demonstrated in both LXe dark 
matter and LAr ν communities 

• Some topological information, 
discriminating single-site versus 
multi-site energy deposits 

• "Simple" engineering: no need to 
control liquid level, no extraction 
fields (and no loss of electrons due 
to incomplete extraction efficiency)

37

Mass (t) Linear dimensions (m)
0.2 ~0.3
5 ~1

1000 ~7

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.112007


Dual-Phase Xenon TPCs for 0νββ

• Same self-shielding, mass scalability and topological discrimination 
capabilities as single-phase LXe TPCs 

• Amplification of charge signals possible. Compared to single-phase LXe: 
• Better energy resolution: 1.6-1.8% FWHM versus 2.8% FWHM at 2.6 MeV 

• Much lower energy threshold (~keV) 

→ natXe experiments (eg, XLZD) considered for joint DM and 0νββ searches
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The energy resolution was measured for the most intense background lines present in figure 2.
First, the continuous component of the background, approximated with exponential curves in four
energy ranges (100–300 keV, 300–700 keV, 1–2 MeV, and 2–2.8 MeV), was subtracted from the
spectrum. After subtraction, the selected peaks were fitted with Gaussian functions in order to
obtain the positions of their centers, µ, and standard deviations, σ. To improve the precision,
pairs of peaks in close proximity (e.g. [208, 236] keV and [380, 408] keV) were fitted with a
sum of two Gaussian functions. In the case of the 208 keV and 380 keV 127Xe lines produced by
electron capture from the L shell, one more Gaussian function was added to the fit to account
for an unresolved contribution of the M shell capture [17]. The dependence of the measured
energy resolution σ/µ on the reconstructed energy µ is shown in figure 3, which also presents
the results obtained with the Noble Element Simulation Technique (NEST, [18]) for a gamma
source uniformly distributed in the detector and assuming a Fano factor of 1, that is, the inherent
fluctuations of light and charge follow a Poisson distribution [19].

Figure 3. Plot of the energy resolution, calculated as the Gaussian standard deviation divided by its mean,
as a function of the reconstructed energy (Gaussian fit mean). The error bars were obtained from the error
on the standard deviation divided by the respective Gaussian mean. The dashed line represents a fit on
the experimental data, and the dotted shows the results obtained by a simulation generated by NEST [18],
assuming a Fano factor of 1.

To our knowledge, the energy resolution at 2614 keV of (0.67 ± 0.01)% for the fiducial volume
is an unprecedented result for any liquid Xe TPC.

– 6 –

Credit: LZ collaboration

https://iopscience.iop.org/article/10.1088/1748-0221/18/04/C04007


EXO-200

• Cryogenic time projection chamber filled with 110 kg (active) liquid xenon. 
Operated during 2011-2018 at WIPP (USA) 

• TPC: two drift volumes with central cathode 
• Charge readout: induction and collection wire grids, warm electronics 
• Light readout: APDs behind anodes
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nEXO
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nEXO	System
Process	

Equipment

Access	tunnel

Water	shield

Underground
cavern

Support	
structure

Outer	
cryostat

Inner	
cryostat

TPC

Vacuum

Refrigerant

LXe

13 m

• Cryogenic TPC to be filled with 5 tons of LXe in active volume. Future 
project, Pre-Conceptual Design Report in 2018 

• TPC: one drift volume (cathode at the bottom) 
• Charge readout: wire-free design with charge tiles, electronics in LXe 
• Light readout: VUV-sensitive SiPMs along barrel region



High-Pressure Xenon Gas TPCs for 0νββ

• Precise energy resolution of 
1% FWHM at Qββ achievable 
in xenon gas. 
• Better than both single-phase 

LXe and dual-phase Xe 

• Topological event ID in xenon 
gas distinguishes 2e from 1e 
events 

• Capabilities shared with LXe 
TPCs:  
• scalability (but LXe better) 

• possibility of daughter ion 
tagging (better in gas?)
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Credit: NEXT collaboration

https://link.springer.com/article/10.1007/JHEP10(2019)230


NEXT Detection Concept
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High Pressure Gaseous Xenon Time Projection Chamber with Electroluminescent Amplification 

The            detector concept 
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TPC allows 3D event reconstruction → 
improvement signal over background 

Search for 0νββ requires: 
• Great energy resolution 
• Extremely low background 
• Scalability
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NEXT Experimental Program
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Prototypes 

2008-2015 
• Demonstration of 

detector concept

NEXT-White 

2016-2021 
• Performance at Qββ 
• Background meas. 
• 2νββ measurement

NEXT-100 

2024-2029 
• Background meas. 
• 0νββ search

NEXT-HD / 
NEXT-BOLD 

2030s 
• 0νββ at inverted ν 

mass ordering 
• Ba++ tagging

1 kg
4 kg 70 kg

1 ton



NEXT-White at the Laboratorio Subterraneo de 
Canfranc (2016-2021)
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NEXT-100 (2024-present)
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NEXT-100 Building Blocks
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Gas System Inner Cu Shielding Field Cage

Tracking Plane Energy Plane EL Grid Pressure Vessel



mini-balloon with 136Xe

KamLAND-Zen Experiment

• Onion-like structure. Inner: liquid scintillator doped with 750 kg of 136Xe 
• Advantages: mass scalability, radiopurity, veto region 
• Operating since 2011 at Kamioka Underground Observatory (Japan)

47



Current 0νββ Limits

• No evidence for 0νββ in any isotope so far 
• Xenon experiments provide the most stringent 

constraints on both: 
• the direct observable: the half-life T1/2 of the decay 

• its interpretation in terms of neutrino properties: the 
Majorana neutrino mass mββ. Directly comparable 
across different isotopes
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Giuliani Phys. Cosm. 2026, 1(1), 6

Table 3. Summary of current 0ω2ε limits (at 90% C.L. or C.I.) achieved by the most advanced past and current
experiments. NEMO-3 is the only search in which the source and the detector are separated. The quoted ranges for
the effective Majorana mass mωω reflect the spread of NME calculations and correspond to the choices adopted
by each collaboration. This accounts for apparent inconsistencies in the reported mωω ranges for the same isotope
across different experiments. The axial coupling constant gA is always taken at its free-nucleon value. The exposure
corresponds to isotope mass.

Experiment Isotope Exposure [kg·yr] T 0ω
1/2 Limit [y] mεε Range [meV]

KamLAND-Zen 800 136Xe →2100 > 3.8↑ 1026 28–122
CUORE 130Te 372 > 3.4↑ 1025 70–250
GERDA 76Ge 127 > 1.8↑ 1026 79–180
EXO-200 136Xe 234 > 3.5↑ 1025 93–286

MAJORANA Demonstrator 76Ge →86 > 8.3↑ 1025 113–269
AMoRE-I 100Mo 3.89 > 2.9↑ 1024 210–610
CUPID-0 82Se 8.82 > 4.6↑ 1024 263–545

CUPID-Mo 100Mo 1.47 > 1.8↑ 1024 280–490
NEMO-3 100Mo 34.3 > 1.1↑ 1024 330–620

Although no signal has yet been observed, the collective achievements of these experiments have established
the experimental techniques, background suppression strategies, and scalability required for the next generation of
detectors. The most sensitive among them, and especially the leading KamLAND-Zen 800 project, fix the rough
current bound of 50 meV shown in Figure 9, considering the large spread due to NME calculations. The physics
reach of the current experiments can be appreciated in Figure 11.

Figure 11. Experimental status of the search for 0ω2ε. On the left, the ranges of limits on the effective Majorana
mass for the experiments listed in Table 3 are shown as a function of the exposure. On the right, a plot of the effective
Majorana mass as a function of the lightest neutrino mass illustrates the location of current experimental bounds
within the neutrino mass parameter space, providing an estimate of their physics reach. This plot conveys the same
information as Figure 9. Unlike Table 3, the same NMEs are adopted for different experiments studying the same
isotope, following the choice used by the most recent experiment.

https://doi.org/10.53941/pac.2026.100006 17 of 27
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Credit: A. Giuliani

https://www.sciltp.com/journals/pac/articles/2603003183


Summary
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Summary

• Xenon provides both scintillation and ionization signals 
• Percent-level energy resolutions and keV energy thresholds are achievable 
• Gas and liquid phases enable very different detector concepts 
• Xenon detectors dominate WIMP dark matter searches and play a major role 

in neutrinoless double-beta decay searches 
• New applications continue to emerge in fundamental and medical physics: 

• Xe TPCs for the detection of solar, reactor and spallation neutrinos through coherent 
elastic scattering with Xe nuclei 

• LXe Compton telescopes for gamma-ray astronomy and positron emission tomography 

• Optical TPCs, pixelated charge readouts, low-diffusion gas mixtures, VUV sensors,... 

• TPCs integrating the tagging of 136Ba++ daughter ions in 136Xe decays 

• AI/ML reconstruction of Xe-TPC images
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For More Details...

• See related lectures at this school! 
• Radiopurity (Roberto Santorelli, 22/06) 

• Instrumentation for WIMP detection (Nuria Castello-Mor, 23/06) 

• Argon detectors (Inés Gil Botella, 26/06) 

• Essential bibliography: 
• E. Aprile and L. Baudis, 'Liquid noble gases' chapter in 'Particle dark matter' book  

• E. Aprile and T. Doke, 'Liquid Xenon Detectors for Particle Physics and 
Astrophysics' review article 

• E. Aprile, A. Bolotnikov, A. Bolozdynya, T. Doke, 'Noble gas detectors' book
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