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Dark Matter evidence — Galaxy cluster dynamics
Fritz Zwicky (1933)

• Compared the velocity distribution of galaxies in the Coma cluster to 
what would be expected given the observed mass (estimated from the 
luminosity) — using the virial theorem

• galaxies moved much faster than expected

• visible matter only 0.5 % of the total!

• he named the invisible matter as  

dunkle materie (dark matter)

Coma cluster (image from SDSS)
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Note: The existence of some form of invisible matter was not new, and had been suggested by other authors in the previous decades. See “A History of Dark Matter”, by G. Bertone and D. Hooper



Dark Matter evidence — Galaxy rotation curves
Vera Rubin (1970s)

• During her PhD, she measured the rotation velocities of stars 
and dust in the outer regions of galaxies


• She observed that stars (and dust) in the outer regions 
move as fast as the inner ones!
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• A non-visible mass component, which increases linearly with radius, must exist!


• Extends well beyond the luminous limits of the galaxies


• ~90% of the mass in galaxies is “dark”


• The rotation curves depend on the distribution of mass  => can be used to estimate the dark matter properties

Dark Matter evidence — Galaxy rotation curves

4



More evidence
Gravitational lensing

• General Relativity:

• Space-time is distorted by large masses


• The light path is deflected or distorted

Galaxy

Two images, but 
the same galaxy

Dark 
Matter

• Weak lenses: 

• slight distortion of the image


• Strong lenses: 

• large distortion and multiple images

NASA, Z. Levay, ESA. Patrick Kelly and Alex Filippenko

Refsdal Supernova



More evidence
The Bullet Cluster — the “smoking gun” of dark matter

• Shows the potential of using gravitational lensing for reconstruction of the mass 
distributions


• Two galaxy clusters collided  
150 million years ago


• While the gas clouds (red) interacted  
strongly and got distorted during the  
collision, the dark matter halos (blue)  
just passed by each other
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Mass distribution (blue) 
determined using the 

gravitational lens effect

Gas distribution (red) 
measured using an X-ray 

telescope

http://apod.nasa.gov/apod/ap060824.html


The Big Bang model
The Standard Model of Cosmology (Λ-CDM) is remarkably successful 

• Initial conditions photographed at the surface of last scatters (CMB) 

• Left to evolve for 13.7 Gyr under two dark ‘fluids’:  

– dark energy (Λ) and cold dark matter (CDM) 

• To produce what we see today  

– ordinary matter (almost) does not matter... 

70%
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Dark Matter candidates
• Elementary particles produced in the early Universe 


• They must either be stable or very long lived ( τ >> tU )


• Many candidates!


• Axions: m ≈ 10-5 eV

• light pseudo-scalar particle postulated in connection with the absence of CP violation in QCD


• WIMPs (Weakly Interacting Massive Particles): m ~ 1 GeV — 100 TeV


• Superheavy dark matter: m ~ 1012 - 1016 GeV

• SIMPzillas, WIMPzillas, DM “nuggets", etc.
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WIMPs
Weakly Interacting Massive Particles
• Stable heavy particles produced in the early Universe 

(half-life at least comparable to the age of the universe)


• Non-baryonic (no room for more baryons)


• Slow (i.e. non-relativistic at freeze out)

• Cold Dark Matter — required for n-body simulations to match  

the observed structures in the Universe


• Neutral (no electromagnetic/strong interactions)


• Only feel the gravitational force and (possibly) the weak nuclear force 


• Mass in the ~1 GeV — ~100 TeV range 

• Thermal production fails to explain DM abundance beyond this range


• WIMP-like candidates from supersymmetry (neutralinos), from theories with universal extra 
dimensions (UED) (lightest Kaluza-Klein particle), and from most other theories beyond the SM

Computer simulation of large structure formation 
in the Universe using Cold Dark Matter
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WIMP detection
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Production in accelerators 

• WIMPs may be produced in high-
energy collisions


• They will escape detectors without 
interacting


• Look for missing energy in collision 
events

AMS

Indirect detection 

• WIMPs may decay or annihilate


• Production of SM particles 


• Backgrounds are very challenging 
(astrophysical sources)
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Production in accelerators 

• WIMPs may be produced in high-
energy collisions


• They will escape detectors without 
interacting


• Look for missing energy in collision 
events

AMS

Indirect detection 

• WIMPs may decay or annihilate


• Production of SM particles 


• Backgrounds are very challenging 
(astrophysical sources)

Direct detection



Direct Detection of WIMPs: principle

WIMP

WIMP • Elastic collision between WIMPs and target nuclei

• The recoil energy of the nucleus is:

• q = momentum transfer

• µ = reduced mass (mN = nucleus mass; mΧ = WIMP mass)

• v = mean WIMP-velocity relative to the target

• θ = scattering angle in the center of mass system
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3Friday, September 11, 2009

WIMP direct detection
• Milky Way dark matter halo


• Local density: ~0.3 GeV/cm3 (Solar system)

• WIMP wind velocity: ~220 km/s

• Earth galactic velocity: 220 km/s

• Flux on Earth: ~105 cm-2s-1

Interaction rate: <1 event / tonne of target material / month

WIMP velocity distribution



Background sources
For direct detection of WIMPs
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Background Sources

First Results of the LZ-Experiment Geertje Heuermann 
heuerman@umich.edu 
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Rn

Electronic Recoils (ER):

Radiation from detector components:

● 𝛄 from U, Th chain,  K, Co
● Dissolved β: Rn-chain, Kr, Xe
● e- capture:  Ar, Xe-isotopes
● Cosmogenically activated xenon 

External ambient radiation:

● U, Th, K, Co, Rn

Cosmogenic radiation:
● Solar  𝜈: pp-𝜈
● 𝝻

Nuclear recoils (NR):

Radiation from detector components:

● n-emission from U/Th:
○ Spontaneous fission
○ (alpha,n) reaction

External ambient radiation:

● U/Th

Cosmogenic radiation:
                                 

● Solar  𝜈: 8B-𝜈
● 𝝻-induced n

𝛄, β, 𝝻, 𝜈 n, 𝜈, ꭓ 

Slide by Geertje Heuermann

𝜒 Experiments installed deep underground, shielding against environment radioactivity



J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001 Topical Review

Figure 4. Principle of a dual-phase liquid xenon TPC. Energy from a particle interaction
within the active liquid xenon volume produces prompt scintillation light (S1) and a
delayed signal (S2) from electroluminescence (proportional scintillation) in the gaseous
xenon layer. The localization of the S2 signal and the time difference between S1 and
S2 allows for determination of the original vertex location.

collective experience of the participating scientists, drastically reduces risks otherwise inherent
in such projects. Continued research and development is ongoing using dozens of dedicated
setups at the participating institutions. At the same time, experience from the operation and
analysis of the current generation of detectors provides important lessons. It is thus timely to
review the science case of such a rare event observatory.

1.5. The liquid xenon time projection chamber

Conventionally, a next generation liquid xenon TPC will consist of a central liquid xenon
volume surrounded by light re!ectors for vacuum ultra-violet (VUV) light, allowing maxi-
mum light detection [101]. Two arrays of light sensors, such as photomultiplier tubes (PMTs)
[102, 103] or silicon photomultipliers (SiPMs) [104, 105], are arranged on the top and bottom
part of the TPC to detect light signals, see "gure 4.

A particle incident on the liquid xenon target deposits energy and produces both prompt
scintillation light and ionization electrons. The scintillation signal is immediately detected by
the photosensors as the S1 signal. The active liquid xenon volume is de"ned by a cathode
and a gate electrode, separated by ∼3 m to provide a drift "eld for the electrons. These drift-
ing ionization electrons are then extracted into the gas phase above the liquid xenon, where
they produce electroluminescent light [106]. Typical dual phase detectors operate at ∼1.5 bar,
where 5 kV cm−1 for the extraction "eld is suf"cient to create proportional scintillation. This
electroluminescence is then detected by the same photosensors and is known as the S2 signal
[101, 107, 108].

The time delay between S1 and S2 in addition to the localization of the S2 light pattern on
the top photosensor array [109–111] allows precise reconstruction of the three-dimensional
interaction vertex [112]. Fiducialization in event selection (section 7.2) enables an effective
way to suppress external gamma and neutron background for all rare event searches and to
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2-phase Xenon TPCs
Working principle

• Each particle interaction produces two signals

• S1 - prompt scintillation light in the liquid

• S2 - electroluminescence in the gas  

(much larger than S1)


• Signals are observed by one or two light 
sensor arrays


• From these 2 signals we get:

• Energy of the interaction

• 3D position reconstruction

• Nuclear/electron recoil discrimination

14



Why use Xenon?

• High density (2.9 g/cm3)

‣ Self-shielding 

• High ionisation and scintillation yields


• Transparent to its scintillation light (175 nm)


• Discrimination between electron and nuclear 
recoils


• High atomic mass enhances WIMP-nucleus  
cross-section (~A2)


• No short-lived isotopes

• But some interesting very long-lived ones!


• 124Xe (2𝝂- 2EC, ECβ+, 2β+), T1/2 > 1022 yr


• 134Xe and 136Xe (2𝝂ββ), T1/2 > 1021 yr

2-phase Xenon TPCs
Low energy (E<100 keV) interactions of 

external 𝛾-rays in a xenon TPC
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FIG. 1: The ER backgrounds expected in LZ, after
application of veto anti-coincidence, single scatter, and
fiducial volume selections. The left axis indicates rate in
standard units; the right axis indicates counts per keV
in the anticipated 5.6 t 1000 d LZ exposure. This is
true energy, where effects of detector resolution and
threshold are not included. The three dashed curves
indicate the three species that are present as
contaminants within the LXe, for which some
uncertainty exists on their final concentrations. The
curve labelled ‘Det.+Sur.+Env.’ identifies contributions
from the Compton scattering of �-rays emitted from the
bulk and surfaces of detector components, and from the
laboratory and rock environment. Three monoenergetic
peaks from 124Xe double electron capture decay are
indicated as lines (for which the units are counts/kg/day
and counts on the left and right axes, respectively).

FIG. 2: Spatial distribution of all ER backgrounds
passing single scatter and veto anti-coincidence selection
criteria, with energy less than 100 keV. The 5.6 tonne
fiducial region is indicated by the dashed black line.

includes a variety of spectral shapes, from mono-energetic
signatures to gently sloping spectra.

Figure 3 describes the predicted spectra for the various
signals considered. The spectra of recoil energy (the true
energy deposited) are shown by dashed curves in each
plot. As described in Section III, a NEST simulation
then takes those true energies as inputs to generate the
detector observables S1c and S2c. These S1c and S2c
signals can be combined to form a ‘reconstructed’ energy
as Erec = W (S1c/g1+S2c/g2) where W is the LXe work
function, and g1 and g2 are the S1c and S2c signal
gains as mentioned in Section II. The spectra of this
new Erec quantity thereby include the effects of detector
resolution and detector threshold. Figure 3 shows signal
model spectra in this Erec quantity as solid lines. Each
Erec signal spectrum is plotted using an amplitude
corresponding to its specific rate sensitivity (90% CL
exclusion) as calculated in Section VII A. Finally, in each
panel, the total ER background spectrum (in the Erec

quantity) is included for comparison. The right hand
axis reports the predicted event counts per keV in the
total expected LZ exposure (1000 live days operation).

A. Electromagnetic properties of solar neutrinos:
effective magnetic moment and millicharge

Neutrinos are expected to exhibit non-zero electro-
magnetic couplings through loop contributions. Such
electromagnetic properties include an effective charge
(or ‘millicharge’) q⌫ and an effective magnetic moment
µ⌫ . In the Standard Model, minimally extended to
include neutrino mass, the neutrino magnetic moment
scales proportionally to neutrino mass as µ⌫ ⇡ 3.2 ⇥
10

�19
(m⌫/1 eV) µB, where m⌫ is a neutrino mass,

µB =
eh

4⇡me
is the Bohr magneton, and µ⌫ is the

neutrino magnetic moment of that mass state [34].
Electromagnetic interactions at these small scales are
beyond current experimental reach, but searches for
neutrino magnetic moment and millicharge serve as
useful tests of physics beyond the Standard Model. Many
extensions predict significant enhancement to neutrino
electromagnetic properties [35–37]. In the case that the
neutrino is a Dirac particle, it is difficult to enhance
the electromagnetic properties without a proportional
increase to the neutrino mass, which is already tightly
constrained. This relationship with mass is less necessary
in the Majorana case, and so any observation of neutrino
electromagnetic properties would be a strong indicator of
the neutrino being a Majorana particle.

Interactions via a millicharge or magnetic moment
add terms to the total neutrino-electron scattering cross

It’s quiet in the 
middle!
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is on average 11% in the (x, y) plane and comes pri-
marily from non-operational PMTs and extraction-field
non-uniformity caused by electrostatic deflection of the
gate and anode electrodes. The S2 correction in z is
due to electron attachment on impurities and averages
7%. Corrected parameters are uniform across the TPC
to within 3%.

To reproduce the TPC response to ER and NR
events, detector and xenon response parameters of the
nest 2.3.7 [43] ER model are tuned to match the
median and widths of the tritium calibration data in
log10S2c-S1c space, and to match the reconstructed en-
ergies of the 83mKr (41.5 keV), 129mXe (236 keV), and
131mXe (164 keV) peaks. The photon detection e�-
ciency g1 is determined to be 0.114± 0.002 phd/photon
and the gain of the ionization channel g2 to be
47.1± 1.1 phd/electron [44]. The tritium data are
best modeled with the nest recombination skewness
model [45] disabled, and comparisons between the tuned
model and tritium data using several statistical tests
show consistency throughout the full tritium ER distribu-
tion [46–49]. The NEST ER model also includes e↵ects
from electron capture decays [50] when making predic-
tions from electron capture background sources. The pa-
rameters of the ER model were propagated to the nest
NR model and found to be in good agreement with DD
calibration data, matching NR band means and widths to
better than 1% and 4% in log10S2c, respectively. Fur-
ther checks comparing DD and AmLi neutron calibra-
tions agree to 1%. Figure 1 shows the tritium and DD
neutron data compared to the calibrated model.

FIG. 1. Calibration events in log10S2c-S1c for the tritium
source (dark blue points, 5343 events) and the DD neutron
source (orange points, 6324 events). Solid blue (red) lines
indicate the median of the ER (NR) simulated distributions,
and the dotted lines indicate the 10% and 90% quantiles.
Thin grey lines show contours of constant electron-equivalent
energy (keVee) and nuclear recoil energy (keVnr).

The WIMP signal considered in this analysis is ex-

pected to produce low-energy, single-scatter NR signals
uniformly distributed in the TPC, with no additional sig-
nals in the TPC, skin, or OD. The following strategy is
used to obtain a clean sample of such events: exclude
time periods of elevated TPC activity or electronics in-
terference; remove multi-scatter interactions in the TPC;
remove events outside an energy region-of-interest (ROI);
remove events due to accidental coincidence of S1 and S2
pulses; remove events with coincident signals in the TPC
and skin or OD; remove events near the TPC active vol-
ume boundaries. Methods of bias mitigation that involve
obscuring the data, such as blinding the signal region, or
adding fake events (“salting”), were avoided to allow con-
trol over larger sources of systematic errors that may be
presented by a new detector. To mitigate bias in this
result, all analysis cuts were developed and optimized on
sideband selections and calibration data.
The search data set totals 89 live days after removing

periods for detector maintenance and calibration activity,
as well as a 3% loss due to DAQ dead time and a 7% loss
to periods excised due to anomalous trigger rates. Be-
cause dual-phase xenon TPCs experience elevated rates
of activity after large S2 pulses [25, 28, 51, 52], a time
hold-o↵ is imposed to remove data taken after large S2s
and after cosmic-ray muons traversing the TPC. These
omissions result in a final search live time of 60± 1 d
where a WIMP interaction could be reconstructed. In
future searches, the hold-o↵ can be relaxed by optimiza-
tion with respect to analysis cuts and detector operating
conditions.
The ROI is defined as S1c in the range 3 � 80 phd,

uncorrected S2 greater than 600 phd (>10 extracted elec-
trons), and S2c less than 105 phd, ensuring that signal ef-
ficiencies are well understood and background ER sources
are well calibrated by the tritium data. Events classi-
fied as multiple scatters in the TPC are removed, as are
events with poor reconstruction due to noise, spurious
pulses, or other data anomalies.
A suite of analysis cuts targets accidental coincidence

events, henceforth called “accidentals”, where an isolated
S1 and an isolated S2 are accidentally paired to mimic a
physical single-scatter event. Isolated S1s can be gener-
ated from sources such as particle interactions in charge-
insensitive regions of the TPC, Cherenkov and fluores-
cent light in detector materials, or dark-noise pile-up.
Isolated S2s can be generated from sources such as ra-
dioactivity or electron emission from the cathode or gate
electrodes, particle interactions in the gas phase or in
the liquid above the gate electrode, or drifting electrons
trapped on impurities and released with O(100ms) time
delay [52]. Analysis cuts to remove accidentals target
individual sources of isolated S1s and S2s using the ex-
pected behavior of the S1 and S2 pulses with respect
to quantities such as drift time, top-bottom asymme-
try of light, pulse width, timing of PMT hits within the
pulse, and hit pattern of the photons in the PMT arrays.

Response of a xenon  
TPC to:

- Electron recoils  

(CH3T β decay source)

- Nuclear recoils 

(mono energetic neutrons)
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Scalability — same technology
16 years ago… Now Future (2030 - )

ZEPLIN-II 
32 kg

LUX-ZEPLIN (LZ) 
10 tonnes

G3 detector 
40-100 tons

3

massive particles (WIMPs) as dark matter candidates.
Other physics goals include the search for the 0⌫��-
decay, the real-time detection of solar pp neutrinos via
electron scattering, the observation of supernova and
solar 8B neutrinos via coherent neutrino nucleus scat-
tering and the search for solar axions, galactic axion-like
particles and dark photons.

The DARWIN detector is described in detail in [11].
In the baseline scenario, the detector is a cylindrical,
two-phase (liquid and gas) xenon TPC with 2.6m di-
ameter and 2.6m height. The TPC will be placed in a
low-background, double-walled cryostat surrounded by
an instrumented water tank to shield it from the en-
vironmental radioactivity and to record the passage of
cosmic muons and their secondaries as well as for neu-
tron thermalization.

Interactions in the TPC will give rise to a prompt
signal (S1) from photons and a delayed, proportional
scintillation signal (S2) from electrons transported by
a homogeneous drift field and extracted into the gas
phase. Both signals will be detected by photosensor ar-
rays (made of photomultiplier tubes (PMTs), silicon
photomultiplier (SiPM), or new types of sensors), pro-
viding the x-y-z-coordinates of an interaction, as well as
its energy with < 1% 1� resolution for MeV energy de-
positions. Interactions separated by more than 15mm
are assumed to be individually identified in event re-
construction. This allows for separation between sin-
gle scatters (as expected from 0⌫��-decays and dark
matter particle interactions) and multiple scatters (as
expected from many sources of backgrounds), as well
as the definition of an inner (fiducial) volume with re-
duced background levels. The high density of the liquid
xenon (⇠3 g/cm3) ensures a short attenuation length
for �-rays.

The final location of the DARWIN experiment is
yet to be decided. A good candidate is the Gran Sasso
Underground Laboratory (LNGS) in Italy. We will use
its overburden in this study.

2.1 Monte Carlo model of the detector

For the Monte Carlo event generation and particle prop-
agation in geant4 we use a realistic model of the DAR-
WIN detector. Its details are described in the following.

The TPC is enclosed within the outer and inner ti-
tanium cryostat (shown in Fig. 1), including torispher-
ical domes, flanges and sti↵ening rings to minimize the
amount of material. A pressurizable titanium vessel is
placed on the inner cryostat floor to reduce the amount
of xenon while keeping the material budget low. A study
based on previously-measured specific activities of cryo-
stat materials [13,14] showed that a cryostat made of

Fig. 1: Drawing of DARWIN’s double-walled cryostat
and TPC, showing all components considered in the
simulation.

titanium yields a lower background rate than a stainless
steel cryostat of equal mechanical stability.

The inner cryostat contains the liquid xenon volume
and the TPC. The TPC walls are formed by PTFE
reflectors of 3 mm thickness with high reflectivity for
the vacuum ultra-violet (VUV) scintillation light, sur-
rounded by 92 cylindrical copper field shaping rings.
The structure is reinforced with 24 PTFE support pil-
lars. Titanium frames at the bottom and top of the
TPC support the electrodes to establish drift and ex-
traction fields. Two photosensor arrays are located at
the top and bottom of the TPC cylinder, consisting of
a structural copper support, a PTFE reflector disk, the
VUV-sensitive photosensors and the sensors’ cold elec-
tronics. Because the final sensor type is yet to be chosen
for DARWIN and R&D on light sensor options [15,16,
17,18] is ongoing, the top and bottom sensors have, for
the majority of simulations, been simplified to two disks
which properly account for the material budget and the
associated activities of radioactive isotopes. This allows
for a direct comparison between a baseline scenario with
PMTs and an alternative based on SiPMs.

All the major components included in the simula-
tions are listed in Table 1. The assumed radioactivity
levels of the materials are discussed in Sect. 4 and listed
in Table 2.

3 0⌫�� signal events in liquid xenon

In a 0⌫��-decay, the energy Q�� is released mainly in
the form of kinetic energy of the two electrons. In liquid
xenon, the electrons thermalize within O(mm) result-
ing in a single site (SS) signal topology, as shown in
Fig. 2 (left). Bremsstrahlung photons emitted during

2-phase Xenon TPCs
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Current generation detectors

• LUX-ZEPLIN 
• 10 t of liquid xenon


‣ 7 t active


• 494 3” Hamamatsu PMTs


• Double veto system

‣ Xenon “skin”

‣ Gd-loaded outer detector


• Installed at SURF (USA)


• Started running Dec. 2021


• First WIMP results in Jul. 2022 
(0.9 t.yr)

2-phase Xenon TPCs

Outer detector

TPC and Skin
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Current generation detectors
2-phase Xenon TPCs
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Full TPC - August 2019

Top PMT array

TPC field cage

Cathode grid

Bottom PMT array

Gate grid

Anode grid• LUX-ZEPLIN 
• 10 t of liquid xenon


‣ 7 t active


• 494 3” Hamamatsu PMTs


• Double veto system

‣ Xenon “skin”

‣ Gd-loaded outer detector


• Installed at SURF (USA)


• Started running Dec. 2021


• First WIMP results in Jul. 2022 
(0.9 t.yr)



• XENONnT 
• 8.5 t of liquid xenon


‣ 5.9 t active


• 494 3” Hamamatsu PMTs  
(same model)


• Water Cherenkov neutron veto

‣ No Gd-loading yet (planned)


• Installed in Gran Sasso (Italy)


• Started running Jul. 2021


• First WIMP results in Mar. 2023 
(1.1 t.yr)

XENON1T → XENONnT Improvements 

• Reused much of the XENON1T infrastructure 

• Larger TPC: 2 t → 5.9 t LXe 

• Improved cleanliness and radiopurity

• Liquid xenon purification system

• Radon distillation system 

• Water Cherenkov neutron-veto

• New calibration systems and techniques

• Triggerless DAQ XENON, arXiv:2212.11032

7

Plante et al, arXiv:2205.07336

Murra et al, arXiv:2205.11492

XENON, arXiv:2112.05629

2-phase Xenon TPCs
Current generation detectors
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2-phase Xenon TPCs
Current generation detectors

20

• XENONnT 
• 8.5 t of liquid xenon


‣ 5.9 t active


• 494 3” Hamamatsu PMTs  
(same model)


• Water Cherenkov neutron veto

‣ No Gd-loading yet (planned)


• Installed in Gran Sasso (Italy)


• Started running Jul. 2021


• First WIMP results in Mar. 2023 
(1.1 t.yr)
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WORLD-LEADING SENSITIVITY TOWIMPS

arXiv:2207.03764
arXiv:2303.14729

σSI < 9.2 x 10-48 cm2 @36 GeV

Power-Constrained 
Limit defined using 
"discovery power"

Now updated to use 
"rejection power"

+ adding recent result from XENONnT
Both curves constrained here at ~1 sigma for comparison
New conventions needed for the direct detection community?

2-phase Xenon TPCs
Current WIMP search limits

• LUX → LZ: more than one order 
of magnitude improvement just 
in the last 5 years 


• Technology dominates WIMP 
search for masses >10 GeV

21
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2-phase Xenon TPCs

LZ



Projected WIMP search limits
2-phase Xenon TPCs

• LUX → LZ: more than one order 
of magnitude improvement just 
in the last 5 years 


• Technology dominates WIMP 
search for masses >10 GeV


• Both detectors will continue to 
run until 2026-27


• Similar projected sensitivities 
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Projected WIMP search limits
2-phase Xenon TPCs

• LUX → LZ: more than one order 
of magnitude improvement just 
in the last 5 years 


• Technology dominates WIMP 
search for masses >10 GeV


• Both detectors will continue to 
run until 2026-27


• Similar projected sensitivities


• Large parameter space to 
sweep, potential for discovery!
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The future
2-phase Xenon TPCs

25

• Neutrino “fog” will severely hinder 
WIMP search


• Coherent neutrino-nucleus 
scattering produces 
indistinguishable background


• Experiments no longer 
“background free”


• There is still plenty of parameter 
space to cover before we get there


• Need a larger detector!



The XLZD Consortium

• The LXe community coming together with a common goal: build a large xenon observatory


• Consortium formed by the leading experiments in the field: LZ, XENONnT and DARWIN


• More than 350 members from more than 60 institutions

First XLZD meeting in Karlsruhe, Germany (June 2022)

• Activities:

• Design concept development

• Installation site discussions

• Mixed science groups

• Software infrastructure

• R&D

26
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XLZD detector concept

• Be the largest xenon observatory for rare events


• Search for WIMPs down to the “neutrino fog”


• Want to start science soon after LZ and XENONnT

• Beginning of the next decade


• Be competitive with PandaX-xT

• > 30 tonnes


• Size mostly limited by the xenon market 

• Cost and availability

27

Ultimate mass: 
40-80 tonnes



XLZD detector concept

• Solution: staged approach!

• Use 60 t diameter (~3 m) as baseline design

• First phase, 40 t, shorter detector

• Build infrastructure for taller detectors 

(cryostat, water tank, etc.)

• Use xenon and PMTs from  

LZ and XENON (~50%)

• Technical demonstration and  

early dark matter science result

• 5 years run time
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XLZD detector concept

• Solution: staged approach!

• Use 60 t diameter (~3 m) as baseline design

• First phase, 40 t, shorter detector

• One year upgrade interruption

• Main science phase:

• Nominal, 60 t, 1:1 ratio

• Opportunity, 80 t, tall detector: full science reach
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Rare gsaes: a challenge for Science and IndustryTHIS DOCUMENT IS PUBLIC

Kr and Xe extraction from the air requires multiple steps

Key facts:

● Only very large air separation units
(ASUs) can justify extraction of Kr
and Xe

● Even large ASUs can only produce a 
small amount of Kr and Xe

● Increasing Kr/Xe capacity requires 
investments in very large ASUs 
which are Kr/Xe ready

Air Separation Unit

1 000 000 m3

Concentration

500 m3

Extraction

Purification

Multiple step 

distillation

1 m3

1 ppm 0.2% 99% 99.9999%

Kr 0.9 m3

Xe 0.1 m3

Volume 

processed

KrXe%

⇒ Production of Kr and Xe is managed globally in order to maximize reliability of supply 

1 2 3

10

Xenon market
• Xenon is in the air in extremely small amounts


• It is a byproduct of O2 extraction, only profitable  
in very large Air Separation Units

• There are very few of these

• Each produces ~1 t Xe/year

• World production ~60 t/year (increasing)


• Used in electronics (increasing), space and lightning

Xenon in the atmosphere

3

Xenon is a commodity
$12 - $20 /litre
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Possible installation sites
• Underground deployment reduces cosmic muon flux

• XLZD will require a large cavity (~25 m) and space 

for clean fabrication UG

• UG access (vertical Vs horizontal) is challenging for a 

detector with this size

• 5 laboratories have shown interest in hosting



XLZD timeline
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INDICATIVE SCHEDULE AND KEY MILESTONES
PROJECT PHASES: R&D EXT (1y) + PRE-CONSTRUCTION (3y) + CONSTRUCTION (5y) + OPERATIONS (10y+)

• 2023: Agency strategies; inter-agency discussions; site shortlisting; R&D repositioning; IF application (PA)
• 2025: Investment decisions for Boulby and XLZD@Boulby; site selection; IF application (FP)
• 2027: Start of construction project
• 2028: Pilot space for clean u/g manufacture
• 2030: Beneficial occupancy of outfitted facility
• 2032: Start of operations

4

Now

• 2023: Agency strategies and inter-agency discussion; Site shortlisting; R&D

• 2025: Site selection

• 2027: Start of construction

• 2028: First UG space for clean manufacture

• 2030: Start of UG installation

• 2032: Start of operations

Phases: R&D (ongoing) + Pre-Construction (3y) + Construction (5y) + Operations (10+ y)



Ongoing R&D
Vertical demonstrator: Xenoscope Horizontal demonstrator: Pancake

2.
6 

m
 ta

ll 
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C
2.6 m wide TPC

• Alternative grid mechanics and design (need grids with 2x current diameter, limit grid impact on position reconstruction)

• Testing of HV components (need higher HV feedthroughs)

• High-flow in-line radon distillation (reduce radon levels by 10x compared to current experiments)

• Alternative readout sensors (lower radioactive contamination, better position reconstruction)

• Xenon doping with light elements (light target for low mass WIMPs, reduced electron diffusion)

Large R&D setups, smaller scale in various groups
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https://doi.org/10.1088/1748-0221/16/08/P08052


XLZD: A Rare Event Observatory

XLZD science case: J. Phys. G 50 (2023) 013001

https://doi.org/10.1088/1361-6471/ac841a


WIMP sensitivity
Spin-independent interaction

THE FUTURE-FUTURE PLAN: XLZD
LUX-ZEPLIN AND XENON-NT FORMED A CONSORTIUM
TO BUILD THE ULTIMATE LXE DARK MATTER DETECTOR

20

100-TONNES
SCALE LXE
DETECTOR
OBSERVATORY

REACH DOWN
AND INTO THE
NEUTRINO FOG

2ND IN PERSON
MEETING NEXT
WEEK @ UCLA

Plot by C. O'Hare
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• Parameter space down to the 
neutrino fog can be (90% CL) 
excluded with 40t detector in ~6 yr


• Need 80 t and 20 yr to do a complete 
3𝜎 sweep of the parameter space


• Can rule out existence of WIMPs 
above the “neutrino fog”



A gateway to the neutrino mass hierarchy
• Standard double beta decay: rare process, occurs when single beta decay is forbidden or 

highly suppressed 
 

(confirmed in 14 isotopes, half-lives in the 1019 — 1021 yr range)


• Neutrinoless double beta decay 



• Beyond SM process

• Violates lepton number conservation 

• Possible if neutrinos are Majorana particles

• Never observed, half-life lower limits T1/2 >1024 yr

• In xenon, it can occur in 134Xe and in 136Xe (T1/2 >1026 yr, KamLAND-Zen)


• Decay half-life is connected to the neutrino mass hierarchy by the effective Majorana mass

3.4. DOUBLE BETA DECAY 51

The matter-antimatter asymmetry observed in the universe seems to favour the hypothesis that

lepton number-violating processes can occur [Z+20]. Furthermore, it provides a strong argument

for the Majorana nature of the neutrino, which in turn motivates the neutrinoless double beta

(0⌫��) decay. Therefore, the search for 0⌫�� decays, a lepton number-violating process that

results from the Majorana nature of the neutrino, is an important test for leptogenesis, along

with the observation of CP violation in neutrino oscillations [Z+20].

3.4 Double Beta Decay

Some isotopes are known to undergo a type of decay during which the nucleus emmits two

electrons and two electron antineutrinos [DMVV16, DPR19]. This decay mode is denoted two-

neutrino double beta decay (2⌫��) and can occur in even-even nuclei when the single beta decay

is energetically forbidden or at least highly suppressed [Saa13, DMVV16, DPR19]. Figure 3.7

shows a scheme of the nuclear mass as a function of the atomic number Z (mass parabolas) for

a 2⌫�� decay candidate isotope. Due to the nuclear pairing force, even-even nuclei are lighter

than the respective isobar odd-odd (A, Z+1) nucleus, making the single �-decay energetically

forbidden [DMVV16].

Figure 3.7: Nuclear mass as a function of the atomic number Z for a 2⌫�� decay candidate with A even
(left) and A odd (right). For the even-even isotope (lower mass parabola on the left plot) the single �-
decay is kinematically forbidden but the 2⌫�� decay is not. For odd mass number nuclei (mass parabola
on the right plot) the 2⌫�� decay is strongly suppressed as the single �-decay would be dominant. Figure
from Reference [DMVV16].

The 2⌫�� decay process varies the atomic number Z of the decaying isotope by two units

due to the conversion of two neutrons into two protons, releasing two electrons that can be

detected and two electron antineutrinos which will avoid detection. This process is represented

by Equation 3.44, where A and Z are the atomic mass and atomic number of the decaying

isotope, respectively:

(A,Z) �! (A,Z + 2) + 2e� + 2⌫̄e. (2⌫��) (3.44)

3.4. DOUBLE BETA DECAY 53

Table 3.4: Measured half-lives and Q-values of two-neutrino double beta decay processes (2⌫��,
2⌫ECEC) of several isotopes. The results presented here are not necessarily the latest. The 2⌫ECEC de-
cays of 78Kr and 124Xe are the longest decays ever observed. As a reference, the age of the Universe is
estimated around 13.8⇥109 years. The 2⌫�� decay of 238U and the 2⌫ECEC decay of 130Ba are observed
indirectly through radiochemistry and geochemistry techniques, respectively.

Decay Isotope Experiment T2⌫
1/2 [yr] Q�� [MeV]

2⌫�� 48Ca NEMO3 [BB11] (4.4 ± 0.64) ⇥ 1019 4.263

76Ge GERDA [A+13c] 1.84+0.14
�0.10 ⇥ 1021 2.039

82Se NEMO3 [A+05b] 9.6±0.3(stat.)
±1.0(syst.) ⇥ 1019 2.992

96Zr NEMO3 [A+10] 2.35±0.14(stat.)
±0.16(syst.) ⇥ 1019 3.350

100Mo NEMO3 [A+05b] 7.11±0.02(stat.)
±0.54(syst.) ⇥ 1018 3.034

116Cd NEMO3 [BB11] (2.88 ± 0.17) ⇥ 1019 2.813

130Te NEMO3 [BB11] 7.0±0.9(stat.)
±1.1(syst.) ⇥ 1020 2.527

136Xe EXO-200 [A+14b] 2.165±0.016(stat.)
±0.059(syst.) ⇥ 1021 2.458

150Nd NEMO3 [A+09] 9.11±0.25(stat.)
±0.63(syst.) ⇥ 1018 3.371

238U Radiochemistry [TEC91] (2.0 ± 0.6) ⇥ 1021 1.1

2⌫ECEC 78Kr Gas LPC [GGK+13] 1.9�0.7+1.3(stat.)
±0.3(syst.) ⇥ 1022 ⇠ 10�2

124Xe XENON1T [A+19i] 1.8±0.5(stat.)
±0.1(syst.) ⇥ 1022 2.857

130Ba Geochemistry [MHPK01] (2.2 ± 0.5) ⇥ 1021 —

Each of the double beta decay processes mentioned above will have a neutrinoless counterpart.

Equations 3.48, 3.49, 3.50 and 3.51 represent the respective SM-forbidden neutrinoless decay

modes for the double beta decay (0⌫��), double electron capture (0⌫ECEC), electron capture

with positron emission (0⌫EC�+) and double positron emission (0⌫�+�+).

(A,Z) �! (A,Z + 2) + 2e� (0⌫��) (3.48)

(A,Z) + 2e� �! (A,Z � 2) (0⌫ECEC), (3.49)

(A,Z) + e� �! (A,Z � 2) + e+ (0⌫EC�+), (3.50)

(A,Z) �! (A,Z � 2) + 2e+ (0⌫�+�+), (3.51)

There are several models that predict the occurrence of 0⌫�� decay, some involving light-

neutrino mediators with sub-eV masses while others invoke GeV to TeV heavy particle mediators

like heavy right-handed neutrino exchange or R-parity violating supersymmetry (��RpSUSY)

mechanisms [B+05, DPR19]. All these models have the commonality of requiring physics beyond
36
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Figure 3.8: First order diagram of the 0⌫�� decay process mediated by the exchange of a light massive
Majorana neutrino ⌫M . Figure from Reference [DMVV16].

the Standard Model. The light neutrino exchange model is often considered the most appealing

mechanism that mediates the 0⌫�� decay [DMVV16]. Figure 3.8 shows the diagram of the

0⌫�� decay process mediated by the exchange of a light massive Majorana neutrino, ⌫M . As

there are no neutrinos emitted from this process that can carry momentum, the energy deposited

by the two electrons emitted is equal to the Q-value of the decay, Q�� .

The “e↵ective Majorana mass”,
⌦
m��

↵
, that governs the 0⌫�� decay process is given by Equa-

tion 3.21. However, since the neutrino has to be Majorana for the 0⌫�� decay to occur, there

are 3 additional CP violating phases ⇠i in the mixing matrix U that cannot be rotated away and

that contribute to the value of
⌦
m��

↵
. These are called Majorana phases [DMVV16, GK07].

The PMNS matrix can be rewritten to include the Majorana phases as U = UDDM , where UD

is the original PMNS matrix presented in Equation 3.9 that contains the Dirac phase, and

DM = diag
⇣
ei⇠1 , ei⇠2 , ei⇠3

⌘
, ⇠1 = 0, (3.52)

is the diagonal unitary matrix containing the three Majorana phases ⇠i. Only the di↵erences

between the phases can be observed, so by convention ⇠1 = 0. The contributions of the Majorana

phases to
⌦
m��

↵
can be made explicitly as

⌦
m��

↵
=

�����
X

i

mie
i⇠iU2

ei

����� , (3.53)

where mi are the neutrino masses and Uei is the first row of the UD PMNS matrix. Since the

two leptonic vertices of the 0⌫�� decay process only involve the electron flavour, only the first

row of UD contributes to
⌦
m��

↵
. In the light neutrino exchange mechanism, the lifetime of the

0⌫�� decay process is proportional to
⌦
m��

↵
[DPR19],

⇣
T 0⌫

1/2

⌘�1
= G0⌫ |M0⌫ |2

⌦
m��

↵2

m2
e

, (3.54)

where G0⌫ = G0⌫
(0)g

4
A contains both the phase-space factor G0⌫

(0) and the axial vector coupling

Neutrinoless Double Beta Decay



Neutrino mass hierarchies
Neutrino oscillations

• Neutrino oscillations confirmed by Super-Kamiokande and SNO


• Implies that neutrinos must have mass


• The mixing of the flavour eigenstates (𝝂e, 𝝂𝜇, 𝝂𝜏) and the mass 
eigenstates (𝝂1, 𝝂2, 𝝂3) is described by the PMNS matrix


• Oscillation measurements are only sensitive to the square of mass 
differences:

• 𝚫m212 > 0 (solar mass difference)


• |𝚫m32|2 >> 𝚫m212


• The sign of 𝚫m32 (atmospheric mass difference) is not known


• Neutrino masses can be in normal or inverted hierarchies


• Majora mass can be used to probe the mass hierarchy
37
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FIG. 4 Maximally allowed parameter space for m�� as a function of mlight, m� , and ⌃, assuming the central value of the
neutrino oscillation parameters (Zyla et al., 2020). The orange and green areas show the parameter space allowed assuming
normal and inverted ordering, respectively. The shaded areas indicate the regions already excluded by 0⌫��-decay experiments
(Gando et al., 2016) and cosmological observations (Aghanim et al., 2020); the vertical lines in the middle panel correspond to
the KATRIN limit (Aker et al., 2022) and sensitivity (Aker et al., 2019).

a value testable by the coming 0⌫��-decay experiments
assuming favorable NME calculations.

We close this section with an important remark con-
cerning the normal mass ordering parameter space. Al-
though vanishing m�� values are possible from a math-
ematical and empirical point of view, the question of
whether this is plausible or not is much more subtle. Fig-
ure 4 shows the maximum allowed parameter space on
bilogarithmic scales. This choice under-emphasizes the
value of the observational progress and stresses somewhat
artificially the role of the lowest values of the masses. In
the future, a linear or even bilinear scale might be ap-
propriate; indeed some experiments have begun to plot
their results in this way (Abe et al., 2022; Arnquist et al.,
2022).

Recent Bayesian analyses have tried to build a prob-
ability distribution for m�� , at the price of making as-
sumptions on the (prior) probability distribution for the
Majorana phases and the additional free mass scale pa-
rameter, be it mlight, m� or ⌃. If one invokes “natural-
ness” arguments and parameterize the ignorance on the
Majorana phases with a flat prior, vanishing m�� values
get strongly disfavored as first pointed out by Benato
(2015), Agostini et al. (2017), and Caldwell et al. (2017).
One could also try to consider the less favorable value of
the Majorana phases and quantify the minimal discovery
probabilities (Agostini et al., 2021a). Finally, flavor sym-
metry can also be invoked to constrain at the same time
the phases and, e.g, mlight, bringing a large part of the
parameter space for normal ordering within the reach
of the forthcoming experiments (Agostini et al., 2016).
These analyses identified several scenarios in which the
discovery power for future experiments is significant, even
considering normal-ordered neutrino masses. The more
the priors disfavor vanishing values for the lightest neu-
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FIG. 5 Posterior probability distribution of the lower bound
on m�� as a function of the true value of ⌃, assuming normal
ordering. The distribution is constructed by random sampling
of the oscillation parameters within their Gaussian uncertain-
ties (Zyla et al., 2020) and assuming that ⌃ will be measured
with 20meV accuracy. The solid black line shows the median
lower bound, while the green, orange and yellow color bands
show the 68%, 95% and 99% probability central interval of
the distribution. Note that the median limit does not go to
zero, not even around 65meV when m�� can vanish, as the
limit is averaged over an extended ⌃ range accounting for the
measurement uncertainty. The lower bound for the inverted
ordering scenario is always larger than that for normal order-
ing.

trino mass and cancelling Majorana phases, the higher
the discovery power. The dependence on the prior on the
lightest neutrino mass will significantly weaken in the fu-
ture should the value of ⌃ be measured by cosmological
surveys (Ettengruber et al., 2022).
Although we have already warned the reader against

making predictions onm�� using purely theoretical argu-

Normal  hierarchy

Inverted  hierarchy



Neutrinoless Double Beta Decay
Experimental signature
• No neutrinos, so the electrons must carry the full Q-value of 

the decay

• Visible as a mono-energetic peak at the end of the 2𝝂ββ continuum


• Electrons share the energy and are mostly back-to-back

• Short range tracks (1-2 mm in LXe), challenging to reconstruct


• Main backgrounds are from 

• Single recoiling electrons with the same total energy (~3 mm tracks) 

(high-energy gammas, beta decays and neutrino-electron scattering)

• Multi-site interactions of high-energy gammas that happen too close 

to be easily distinguished


• Leakage from standard 2𝝂ββ, due to the finite energy resolution


• Experimental requirements: large source mass, low 
background environment, good energy resolution, ability to 
discriminate background events

Event topology in Xe gas (NEXT)

arXiv:1507.05902v6
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2𝝂ββ 
continuum 0𝝂ββ 

peak

https://arxiv.org/abs/1507.05902v6


0𝝂ββ decay in XLZD
Main backgrounds

• 136Xe 0𝝂ββ Q = 2458 keV


• External gamma-rays  
(from radioactivity in detector materials)

• 214Bi 𝛾 in the 238U chain (2447 keV)


• 208Tl 𝛾 in the 232Th chain (2615 keV) — highly suppressed by vetoes


• Mostly in the outer detector regions, but highly penetrative

• Ability to separate multiple scatters is critical  

(<3 mm, preliminary result from LZ)


• Internal backgrounds (uniform in the detector)

• 214Bi β from 222Rn mixed in the xenon (3270 keV)

• 137Xe β (4170 keV), neutron activation of 136Xe 

(mostly muon induced neutrons, depends on installation site)


• Electron recoils from 𝝂-e- scattering (8B), irreducible


• 2𝝂ββ leakage is small, given the excellent energy resolution  
(0.67% 𝛔, measured in LZ)

39

— XLZD — 
Preliminary

External BG rate 
in a 60 t TPC



Energy resolution in Xenon TPCs
Guilherme Pereira (PhD)

• Developed detailed corrections for 
the S1 and S2 signals in LZ


• Based on 3D position reconstruction


• Calibrated using ⍺-decays in the 
222Rn chain (uniformly distributed)


• 0.67% resolution at the 136Xe Q-value 
→ best ever in this type of detector!
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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.
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4 Results

The following presents and analyses the energy spectrum of the background electron recoils in
the 0.1–2.8 MeV range acquired by the LZ detector during the first science run. For this study,
a dataset containing the PMT pulse area of the S2 and S1 signals, the position coordinates and
timestamp of ≈107 single-scatter events acquired over a period of 60 days was used. The S1
was calculated as the sum of areas of S1 pulses of all active PMTs, while for the calculation
of the S2, only the areas of the PMTs from the bottom array were used. As pointed out in [9],
exclusion of the top PMTs from the S2 summation does not result in a significant increase in
the associated statistical fluctuations and, consequently, does not have a measurable effect on
energy resolution.

Figure 1 shows the energy calibration plot used to calculate the g1 and g2 gains from the
average S2c and S1c measured for several gamma and conversion electron lines present in the LZ
background spectrum. These averages were obtained by fitting the 2D histogram of each line in
S2c vs S1c coordinates with a two-dimensional normal distribution.

The energy of the events is reconstructed by introducing the g1 and g2 gains presented in
figure 1 into eq. (3) with the calculated S2c and S1c. Figure 2 presents the energy spectrum for
events in the 0.1–2.8 MeV range. Note that the deviation of the observed peaks from their expected
value does not exceed 1%.

Figure 2. Energy spectrum for electron recoil events in the 0.1–2.8 MeV range, for a radial position within
680 mm and a drift time in the 100–800 μs range. The vertical lines represent the true energy taken
from [16].
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Multiple scatter discrimination in LZ
Sandro Saltão (MSc)

• High-energy gamma-rays are very likely to scatter 
multiple times in a large detector  
(Compton + Photoelectric)


• Multiple interactions at different heights will be 
reflected in the S2 pulse (shape and width)


• Fitting S2 pulses with single or double gaussians


• Preliminary tests with real LZ data: a separation 
of 2 mm seems possible even for interactions 
near the bottom of the detector


• Allows to reject >90% of the gamma background


• 0𝝂ββ signal acceptance is high (>70% at 1.5 mm)
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5.2. ANALYSIS OF LZ DATA FROM SR1 71

5.2.1 Measurement of the LZ SS Threshold from SR1 Data

The SS thresholds are determined using the same method that was used for the generated

waveforms. However, the number of pulses is much more reduced in the SR1 data and the drift

time range only extends to that of LZ. For those reasons the number of bins of drift time is

reduced to have enough statistics in each bin. Figure 5.15 shows a histogram of the reconstructed

separation as a function of drift time for the regular S2 pulses, with the calculated thresholds

of 90%, 95% and 98% overlaid. A dependence of the thresholds on the the drift time is clearly

observed.

Figure 5.15: 2D Histogram of the density of reconstructed separations over the drift time. The hori-
zontal lines represent three di↵erent thresholds (90%, 95% and 98%), where their widths are the size of
the bins which they correspond to.

One important aspect that should be mentioned is that the threshold does not follow the same

dependency with the drift times as the widths. This can be evidenced by the ratio between these

two quantities for both ends of the drift time ranges, where the width for the highest drift time

is about 1.7 times higher than for the lowest but for the threshold this ratio is only 1.3, meaning

that the threshold has a more complex dependency. It is not clear if the hard cut done for this

population of regular S2s has any e↵ect on this dependency, but this was not investigated in

this work.

5.2.2 Reconstruction of S2 Pulses with Expected Width Distribution

The determination of the distribution of the �2 ratio of the pulses is done to check if the they

are consistent with the expected distribution for SS pulses (as seen in Figure 5.6), which should

be around the unit value. Figure 5.16 shows the 2D histogram of the reconstructed separations

for the regularS2 pulses across all LZ drift times. It is possible to see that the majority of

the pulses have the expected �2 ratio distribution. Even though some have a lower ratio that
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(a) Drift time = 506 µs; E = 1.260 MeV (b) Drift time = 169 µs; E = 1.165 MeV

(c) Drift time = 815 µs; E = 1.340 MeV (d) S2 pulse from a accidental coincidence event.

Figure 5.17: Examples of reconstructed waveforms in the regularS2 population. For (a) and (b) the
reconstruction converged to zero and the both Bimodal pulse heights assumed similar values. For (c) the
separation reconstructed separation value is similar to the threshold for the corresponding drift time and
(d) shows a S2 pulse from an accidental coincidence event which in fact includes the true S1 (visible as
a small “bump” in the pre-pulse baseline) as this event happened very close to the gate grid.

5.2.3 Reconstruction of S2 Pulses with Wider Width Distribution

Using the threshold calculations from section 5.2.1, it is possible to determine how many MS

candidates were reconstructed below them. As seen in Figure 5.18, the majority of the pulses

were reconstructed above the thresholds. The worst case scenario, corresponding to the threshold

at 98%, was 21.50% contamination for the drift time interval between 450 and 550 µs. This

value should not be interpreted too harshly as the density of events near the threshold is higher

and thus increasing this leakage.

The contamination for these pulses is relatively constant with the threshold as seen in Figure
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(a) Drift time = 152 µs; E = 1.596 (b) Drift time = 838 µs; E = 1.479 MeV

(c) Drift time = 339 µs; E = 1.418 MeV (d) Drift time = 846 µs; E = 1.168 MeV

Figure 5.21: Separation limit of the algorithm for the lowest (a) and highest (b) drift time bins, with
reconstructed separations of 1.45 and 2.11 mm, respectively. The range of time is kept constant for
both pulses. For (c) and (d) examples of waveforms that LZap could not separate which were clearly
reconstructed by the algorithm developed.

5.2.4 Trimodal Fit

As seen in Figure 5.20, some pulses have a high reconstructed separation but their �2 ratio is

larger than unity. When looking directly at the distribution of �2
G against �2

B it was found

that both fits were reconstructing the waveform poorly. This is a consequence of the algorithm

only searching for single (Gaussian) or double (Bimodal) pulses, while in fact some pulses in

this dataset have a multiplicity higher than two. The correct identification of these higher

multiplicity pulses will also contribute for a higher sensitivity of the experiment, so they need

to be taken into consideration.

To search for the possibility of higher multiplicity pulses, a model dubbed trimodal fit was set up,
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5.2.4 Trimodal Fit

As seen in Figure 5.20, some pulses have a high reconstructed separation but their �2 ratio is

larger than unity. When looking directly at the distribution of �2
G against �2

B it was found

that both fits were reconstructing the waveform poorly. This is a consequence of the algorithm

only searching for single (Gaussian) or double (Bimodal) pulses, while in fact some pulses in

this dataset have a multiplicity higher than two. The correct identification of these higher

multiplicity pulses will also contribute for a higher sensitivity of the experiment, so they need

to be taken into consideration.

To search for the possibility of higher multiplicity pulses, a model dubbed trimodal fit was set up,
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0𝝂ββ decay in LZ
Quick side note

• LZ can also search for 136Xe 
0𝝂ββ decay


• Expected to reach current best 
half-life limits with 1000 day run


• Improved energy resolution and 
SS/MS separation expected to 
improve the limit by ~10% each
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Figure 4.18: Half-life sensitivity after 1,000 live days as a function of the �z selection. The
dashed line indicates the �z selection used in this analysis.
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Figure 4.17: Half-life sensitivity after 1,000 live days as a function of energy resolution at Q�� .
The dashed line indicates the energy resolution assumed in this analysis.

of �Z < 3 mm was used to reject multiple scatter events. However, in reality the ability
to reject multiple scatters separated in depth depends on the performance of the pulse
finder in the LZ reconstruction software. As a result, the impact on the sensitivity for
different �Z selections is studied and shown in figure 4.18. Multiple scatter events are
the dominant background source, and as the ability to separate multiple vertices worsens
the background therefore increases significantly, resulting in a substantial decrease in
sensitivity. As demonstrated in Section 4.4, removing events with �Z < 1.8 mm also
impacts the signal efficiency and therefore results in a decrease in sensitivity.
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Figure 4.16: LZ projected sensitivity to hm��i and subsequently the neutrino mass hierarchy.
The width of the green sensitivity band is due to the uncertainty in the nuclear
matrix elements [101][102]. The red and blue contours show the allowed param-
eter space (± 1 �) for the inverted hierarchy and normal hierarchy neutrino
mass scenarios, respectively. On the right are the current best limits and their
uncertainties for different 2⌫�� isotopes, showing that 136Xe provides the most
stringent constraints on |m�� |.

As the ability to distinguish signal events from the neighbouring 214Bi and 208Tl �-ray
peaks relies heavily on the energy resolution, the dependence of the sensitivity on the
energy resolution at the 136Xe Q-value is assessed and shown in figure 4.17. It is clear
that an energy resolution slightly worse than the assumed 1.0% has a minor impact on
the sensitivity. This is because the 214Bi peak is already heavily overlapping with the
signal ROI. However, if the energy resolution were 2.0% or larger, the backgrounds from
the 208Tl peak would begin to penetrate further into the ROI and reduce the sensitivity
significantly. If LZ is capable of reaching a resolution of 0.8%, which has been achieved
in the XENON1T experiment, then the projected sensitivity would be T1/2  1.3 ⇥ 1026

yr at 90% CL.

It is also assumed that multiple scatter events can be rejected with a depth-based
vertex separation cut, as multiple energy deposits at different depths in the TPC will have
multiple S2 pulses. For each of the background sources used in this analysis, a selection

LZ nominal LZ nominal



• 3𝜎 discovery sensitivity: 6.4x1027 yr (80 t, 10 y) 


• Using BG-rate based figure-of-merit and 
the optimal fiducial volume


• Implementation of full PLR ongoing


• Coloured bands cover range between 
state-of-the-art TPC performance and 
backgrounds (lower) and more progressive 
assumptions (upper)


• Majorana mass range highly dependent on  
the nuclear matrix element (NME) 
(large variability between nuclear models)

XLZD sensitivity to 0𝝂ββ decay
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Impact of the installation site

• Main variable between sites is the 
depth, which determines the muon flux


• Muons produce high energy neutrons 
that can reach the TPC and produce 
137Xe (beta decay)


• Impact on the sensitivity is not critical 
except in Kamioka

‣ Gran Sasso is at the limit of 137Xe being 

the dominant internal background


• Flux of high-energy gammas from the 
rock also varies between labs, but can 
be effectively shielded
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Neutrino mass hierarchy reach
• Even in the scenario of a 60 t TPC, XLZD can mostly rule out the inverted hierarchy 

in 10 years

• These projections do not include the initial 5-year 40 t run, which will further 

increase the sensitivity reach

• Despite the uncertainties in the final detector performance and backgrounds, most 

of the uncertainty comes from nuclear models
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C. Many-body methods

In the absence of a 0⌫��-decay observation, and as
long as the light-neutrino masses, their ordering, or the
BSM parameters responsible for the decay are not known,
NMEs need to be obtained from theoretical nuclear struc-
ture calculations. Here we present updated NME results
and describe briefly the nuclear many-body methods used
to obtain them. A more thorough discussion of NMEs
and nuclear many-body methods can be found in Engel
and Menéndez (2017).

1. Current status for long-range nuclear matrix elements

Comparisons of NMEs obtained with di↵erent many-
body approaches are common in the 0⌫��-decay liter-
ature (Bahcall et al., 2004; Engel and Menéndez, 2017;
Feruglio et al., 2002; Gómez-Cadenas et al., 2012; Vo-
gel, 2012b). Figure 9 shows updated results for 0⌫��-
decay NMEs of eight �� emitters, covering calculations
from the nuclear shell model (NSM), the quasiparticle
random-phase approximation (QRPA) method, the in-
teracting boson model (IBM) and energy-density func-
tional (EDF) theory. Also included are recent ab ini-
tio 48Ca NMEs obtained with the in-medium generator
coordinate method (IM-GCM), a multi-reference version
of the similarity renormalization group (IMSRG), and
coupled-cluster (CC) theory, and 48Ca 76Ge and 82Se
NMEs from the valence-space (VS) IMSRG method. Ta-
ble I collects the NMEs for the five nuclei most relevant
for next-generation experiments, and indicates the range
of NMEs for each nuclear structure method, obtained by
combining the results of di↵erent calculations for each
approach.

The variation in M0⌫ in Fig. 9, about a factor three,
highlights the uncertainties introduced by the approxi-
mate solutions of the nuclear many-body problem. With
few exceptions among the �� emitters considered, the
NMEs follow a similar trend: shell model NMEs tend
to be smallest, and EDF theory ones largest, with the
IBM and QRPA somewhere in between. Recent QRPA
calculations by Fang et al. (2018) including deformation
(violet bars), however, modify this picture as they find
smaller NMEs than spherical QRPA calculations, close
to the shell model NMEs. These results follow a ten-
dency of smaller QRPA NMEs hinted by the sophisti-
cated QRPA of Mustonen and Engel (2013) — magenta
crosses. Nevertheless, the deformed QRPA likely under-
estimates NMEs because the current calculation misses
the e↵ect of configuration mixing that enhances their
value (Rodriguez and Martinez-Pinedo, 2010). Finally,
the 48Ca NMEs from the IM-GCM (Yao et al., 2020),
VS-IMSRG (Belley et al., 2021), and CC (Novario et al.,
2021) theory are consistent with each other and smaller
than the shell model ones. The VS-IMSRG 76Ge and
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FIG. 9 Nuclear matrix elements M
0⌫ for light-neutrino ex-

change from di↵erent many-body methods. NSM: black
(Menéndez, 2018), grey (Horoi and Neacsu, 2016b), light-grey
(Iwata et al., 2016) bars and grey stars (Coraggio et al., 2020,
2022); QRPA: deformed in violet bars (Fang et al., 2018)), and
spherical in magenta (Mustonen and Engel, 2013) and pur-
ple (Terasaki, 2015, 2020; Terasaki and Iwata, 2019) crosses,
red circles (Šimkovic et al., 2018b), and orange multiplica-
tion signs (Hyvarinen and Suhonen, 2015); IBM: brown bars
(Barea et al., 2015a; Deppisch et al., 2020a); EDF theory:
nonrelativistic in blue diamonds (Rodriguez and Martinez-
Pinedo, 2010) and blue up-triangles (López Vaquero et al.,
2013)), and relativistic in light-blue down-triangles (Song
et al., 2017); IMSRG: IM-GCM in the light green 48Ca bar
(Yao et al., 2020), and valence space in green bars (Belley
et al., 2021); and CC theory: dark green 48Ca bar (Novario
et al., 2021).

82Se NMEs are also smaller than in other calculations,
but currently the ab initio description of these nuclei is
of lower quality than for 48Ca, see Sec. IV.E.

Overall, the smaller ab initio NMEs suggest that phe-
nomenological NMEs might be overestimated. This is
consistent with the fact that, as discussed in the follow-
ing sections, the many-body methods predicting larger
NMEs, energy-density functional theory and the IBM,
do not include explicitly proton-neutron pairing correla-
tions which are known to reduce the value of the NMEs.
Further, especially for 48Ca and 76Ge ab initio results are
not far from shell-model and some of the QRPA ones, the
only two-body methods which so far have predicted 2⌫��
or 2⌫ECEC half-lives before their measurement (see Sec.
IV.D.3). Nonetheless, especially compared to concerns
related to a dramatic reduction of NMEs due to “gA
quenching” (see Sec. IV.D), the overestimation of the
more phenomenological NMEs appears relatively moder-
ate, taking into account that the ab initio methods used
for 48Ca reproduce well �-decay matrix elements without
any adjustments.
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R&D for XLZD

• LIP collaboration with UK groups


• Prototype chamber for various tests, all with 
the goal of optimising the position 
resolution:

• Use of a SiPM array instead of PMTs at the top

• Optimise electrode grids  

(geometry, wire thickness and pitch)

• Doping with H2 to reduce electron diffusion


• Also improves sensitivity to low mass WIMPs


• Goal is to prove ~100 µm resolution is 
possible in these detectors
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• Simulation study

• Use of a collimator mask with the SiPM array

• Optimise collimator geometry

• Test different grid configurations

• Different SiPM models

• Using simplified light emission sources

• Still to include 


• realistic event topologies (background and 0𝝂ββ)


• Diffusion of the electron cloud

• Focusing of the electrons by the grids


• <100 µm resolution possible

• Allows powerful discrimination between single and multiple scatters

• Opens the possibility to reconstruct electron trajectories

Fátima Alcaso (MSc)
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Summary

• 2-phase Xenon TPCs are the leading technology for direct WIMP search


• Technology has proven to be scalable from ~10 kg to multi-tonne detectors


• A larger detector is required to reach the neutrino fog


• LZ, XENON and DARWIN joined forces to build a 40-80 t detector: XLZD


• A large detector with extremely low background can search for other physics channels


• LIP is a founding member of XLZD


• Active team working on 136Xe 0𝝂ββ decay (3 new PhD students!)


• R&D, background studies, simulations and design recommendations
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Spin-dependent sensitivity
J. Phys. G: Nucl. Part. Phys. 50 (2023) 013001 Topical Review

Figure 7. Projections and current leading 90% upper limits on the spin-dependent
WIMP–nucleon cross section, assuming that the WIMP couples only to proton spins
(top) or neutron spins (bottom). Green and blue solid lines show the current leading
limits by PICO-60 [67] and XENON1T [96, 181]. Projected median upper limits for
exposures of 200 t × y and 1000 t × y are plotted in red. The shaded gray areas indicate
the ‘neutrino fog’ with the lightest area showing the WIMP cross section where more
than one neutrino event is expected in the 50% most signal-like S1, S2 region. Subse-
quent shaded areas indicate tenfold increases of the neutrino expectation. Calculations
follow references [166, 168].

Since the NREFT is limited to nucleons as degrees of freedom, additional matching steps
are required to constrain particular WIMP models from experimental limits. This is because
the NREFT coef!cients contain information on the underlying WIMP–quark or WIMP–gluon
operators, but also on hadronic matrix elements (section 2.6). In addition, there is a priori no
hierarchy among the various NREFT operators apart from their scaling in q and v⊥. In that
sense, the NREFT can be considered minimal, as even constraints from QCD are not imposed.
In addition, the NREFT formalism has also been used to represent contributions beyond the
applicability of the strict EFT. For example, long-range effects due to pion exchange (as occurs
in chiral EFT) or electromagnetic interactions (such as dipole operators) can be expressed in
terms of q-dependent NREFT Wilson coef!cients. For a complete description, however, the
corresponding degrees of freedom need to be included in the EFT.
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