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Searching for 0𝝂𝝱𝝱 decay with a  
3rd generation Dark Matter detector



Background and Motivation

• I have started working with 2-phase xenon Time Projection Chambers (TPCs) 
in 2005, at the start of my PhD


• During my PhD I worked in pioneer experiments using this technology to 
search for dark matter in the form of WIMPs:

• ZEPLIN-II: the first detector of this kind to be used in WIMP search

• ZEPLIN-III: still has the best ER/NR discrimination to date


• I have since worked in LUX — leader of the WIMP search field while it was 
operating (2013-2017) —  and more recently in LUX-ZEPLIN (LZ), the largest  
2-phase xenon TPC ever built (10 t), and current most sensitive WIMP detector 
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Background and Motivation
• I’ve occupied various management positions in LUX and LZ:

• Data processing coordinator in LUX (2015 —)

• Coordinator of the WIMP search data analysis for the reanalysis of the FSR (2015)

• Backgrounds assessment and simulation of LZ (2016 — 2019)

• Joint coordinator of the high-energy electron recoil physics group of LZ (2019 —)


• Starting this last position coincided with a shift in my research focus, from 
WIMP search to rare and forbidden decays:

• 2𝝂2EC in 124Xe and 126Xe [JPG47(2020)105105]


• 2𝝂 and 0𝝂ββ in 136Xe and 134Xe [PRC102(2020)014602, PRC104(2021)065501]
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2-phase Xenon TPCs for Direct DM Search
The leading technology in the field

• Full event characterisation from the S1 
and S2 signals (energy, position, 
interaction type)


• Well established and scalable technology


• Rapid evolution from detectors with 
~10-100 kg of target mass (ZEPLIN/
XENON10/100) to currently running LZ/
XENONnT with ~10 t total mass


• Clear leadership of the direct DM search 
field for WIMPs above ~10 GeV
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2-phase Xenon TPCs for Direct DM Search
Scalability
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15 years ago… Now Future (2025-30)

ZEPLIN-II 
32 kg

LUX-ZEPLIN (LZ) 
10 tonnes

G3 detector 
50-100 tons
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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 for Direct DM Search
The leading technology in the field
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A 3rd Generation Xenon TPC
Overview

• Current generation detectors will not be 
able to cover the remaining parameter 
space down to the neutrino fog


• A larger detector is required, with a 
target mass between 50 and 100 
tonnes.


• With such a large mass, this detector 
becomes competitive for other physics 
studies, including 0𝝂ββ decay in 136Xe
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Neutrino Oscillations
Neutrino mass hierarchies

• 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
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Neutrinoless Double Beta Decay
A gateway to the neutrino mass hierarchy

• Standard double beta decay 

• Neutrinoless double beta decay 

• Violates lepton number conservation 


• Neutrino is its own antiparticle (Majorana particle)


• Beyond SM process


• Current half-life limits T1/2 >1026 yr


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

D. S. AKERIB et al. PHYSICAL REVIEW C 102, 014602 (2020)

FIG. 5. Expected 90% CL sensitivity for a 1000 live-days run
and for various assumed values of energy resolution at Q!! . The
vertical dashed line labeled “LZ projected” marks the assumed
resolution for this analysis. Also shown on the plot is the projected
LZ sensitivity assuming the energy resolution recently measured in
XENON1T [34].

resolution, the dependence of the sensitivity on the energy
resolution at the 136Xe Q value is shown in Fig. 5. It is clear
that an energy resolution slightly worse than the assumed
1.0% has a minor impact on the sensitivity. However, if the
energy resolution were 2.0% or larger, the impact from the
208Tl peak would be significant.

It is assumed in this analysis 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. As expected, Fig. 6 demonstrates that

FIG. 6. Expected 90% CL sensitivity for a 1000 live-days run
and for various assumed minimum separable vertex distances in
depth. Here, multiple scatter events are assumed to be rejected based
on z separation only. The vertical dashed line marks the assumed
separation of 3 mm. At lower separation values, this cut also begins
to exclude signal events, resulting in the observed loss in sensitivity.

FIG. 7. LZ projected sensitivity to !m!!" and subsequently the
neutrino mass hierarchy. The width of the green sensitivity band is
due to the uncertainty in the nuclear matrix elements [57,58]. The
red and blue contours show the allowed parameter space (± 1" ) for
the inverted hierarchy and normal hierarchy neutrino mass scenarios,
respectively [6]. On the right are the current best limits and their un-
certainties for different 2#!! isotopes, showing that 136Xe provides
the most stringent constraints on !m!!" [56].

there is a large variation in sensitivity with this cut as multiple
scatter events form the dominant background contribution.

Under the assumption that light neutrino exchange is the
driving mechanism for 0#!!, the half-life sensitivity can be
translated into the sensitivity to the effective neutrino mass
!m!!" through the relation [56]

!
T 0#

1/2

"#1 = !m!!"2

m2
e

G0# |M0# |2. (3)

Figure 7 shows that the expected sensitivity to !m!!" after
1000 d is 53–164 meV, with the uncertainty driven by the
range of estimates used for the nuclear matrix element [57,58].
The phase space factor from Ref. [47] and an unquenched
axial-vector coupling constant of gA = 1.27 are used to cal-
culate the effective neutrino mass.

B. Projection with 90% 136Xe enrichment

After completion of the WIMP search run of LZ, the
sensitivity for 0#!! could be extended with several specific
upgrades that would be either unnecessary or disadvantageous
for a dark matter search. The simplest version would be
simply to fill the same detector with enriched xenon with
no additional upgrades over the WIMP search run. However,
with more 136Xe in the active volume of the detector some
backgrounds specific to this isotope would increase and need
to be accounted for, namely, 137Xe production from thermal
neutron capture when the xenon is in the purification sys-
tem outside the water tank and the 2#!! decay of 136Xe.
With 1.0% energy resolution the additional background from
2#!! was verified to be negligible and does not impact the
sensitivity. A tenfold increase in the production of 137Xe
would result in a 9% decrease in the final sensitivity, but
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LZ 136Xe 0𝝂ββ decay sensitivity projection
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Neutrinoless Double Beta Decay
Experimental signature

• No neutrinos, so the electrons must carry the full Q-value of 
the decay

• This is visible as a mono-energetic peak at the end of the 2𝝂ββ 

continuum

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


• Main backgrounds are from 

• Single recoiling electrons with the same total energy  

(HE gammas, beta decays and neutrino scattering)

• Multi-site interactions of HE gammas, too close to be easily 

distinguished


• Standard 2𝝂ββ


• 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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A 3rd Generation Xenon TPC
Preliminary projections for 136Xe 0𝝂𝝱𝝱

• Preliminary study for a 75 t TPC submitted to 
Snowmass as a LoI (2020).


• A more complete study, covering various 
scenarios (total mass, radioactivity of 
detector materials, installation site) nearly 
finished.


• With such a large target mass, the effect of 
xenon self-shielding allows for a large fiducial 
volume with very low external backgrounds


• Internal backgrounds can be minimised with 
continuous 222Rn removal and installation in a 
deep underground lab
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100 t active mass, 10 yr exposure

Preliminary

Preliminary

https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-NF5_NF0_Matthew_Szydagis-156.pdf


A 3rd Generation Xenon TPC
Preliminary projections for 0𝝂𝝱𝝱

• First results presented at Neutrino 2022, paper 
with full discussion by the end of the year


• A 3rd generation detector can be extremely 
competitive for 0𝝂ββ searches 

• Excellent energy resolution already demonstrated by 

LZ (σ ∼ 0.7% @ Qββ) 


• Has the potential to exclude the IH scenario

• Need careful material selection and background 

rejection strategies:

• SS/MS discrimination

• Exploring the topology of the decay 

(electron tracks are ~mm in liquid xenon)
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10 yr exposure, 1% Eres

Preliminary

Preliminary

100 tonnes, 1% Eres

https://zenodo.org/record/6805322


A 3rd Generation Xenon TPC
R&D

• Collaboration with UK groups, for R&D 
towards a G3 detector


• 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


• Goal is to prove ~100 µm resolution is 
possible in these detectors
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• Simulation study by F. Alcaso (master’s thesis)

• 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


• Shows <100 µm resolution possible

• Allows powerful discrimination between single and multiple scatters

• Opens the possibility to reconstruct electron trajectories

A 3rd Generation Xenon TPC
R&D
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A 3rd Generation Xenon TPC
XLZD Consortium
• LZ, XENON (the leading collaborations in this field) and DARWIN have joined forces


• MoU signed in April 2021 by >150 scientists of the 3 collaborations


• Groups with people from the 3 collaborations began working together in early 2022

• I was recently appointed as joint coordinator of the 0𝝂ββ group


• White paper on arXiv in March 2022


• First in-person meeting in June 2022
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A 3rd Generation Xenon TPC
XLZD Detector

• The main goal is to develop a 2-phase xenon TPC with 
enough WIMP sensitivity to reach the neutrino fog


• Final detector design

• 50 — 100 tonnes

• Possibility of a staged construction

• Active vetos for additional discrimination 

(critical to reduce the 0𝝂ββ 208Tl background)


• Installation site under discussion

• SNOLAB, SURF, LNGS, Boulby, Kamioka

• Ease of access, available space, muon flux (depth), etc


• Many other physics channels available

• Other DM candidates (light WIMPs, axions, dark photons, etc)


• Rare decays (0𝝂 and 2𝝂 2EC, ECβ+ and 2β+; 2𝝂ββ and 0𝝂ββ)


• Neutrino physics

arXiv:2203.02309

https://doi.org/10.48550/arXiv.2203.02309


Plans for the future

• The preliminary results I obtained for a G3 detector are already helping to drive the design of XLZD, but 
much more detailed studies will be necessary in the next couple of years

• Detailed simulations of the backgrounds and detector response

• Study different design alternatives and their impact on the sensitivity

• Develop strategies to discriminate background events


• Continue the R&D studies towards an improved position resolution, with direct impact in SS/MS rejection 
capability and possibly reconstruction of the electron trajectories

• Successful tests in the small UK chamber can lead to direct collaboration with European institutions of XLZD which have 

larger prototype chambers (Zurich, Freiburg) — opening the possibility for EU funding


• I have two master students working in 0𝝂ββ, in simulations for the prototype chamber and developing SS/
MS discrimination techniques. I hope to keep both for PhD.


• I plan to apply for funding in the next FCT call with an exploratory project to support the initial steps of this 
plan.
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Summary & Conclusions

• A G3 Xe TPC experiment capable of reaching the neutrino fog is strongly supported both in the US (P5 
panel) and Europe (European Strategy for Particle Physics)


• XLZD was created to pursue this effort, merging the strongest collaborations in the field


• It represents an excellent opportunity to search for physics beyond the SM, in which LIP must be 
involved


• XLZD can lead not only in WIMP search but also in the search for 0𝝂ββ, competing with dedicated 
experiments while delivering a much broader physics program


• Participation in XLZD will open funding opportunities for LIP for many years, both national and European


• I’ve been leading the 0𝝂ββ studies for this detector and am involved in the design and installation site 
discussions, and have recently been nominated joint coordinator of the 0𝝂ββ group in XLZD


• I’m in a unique position to lead the LIP team in XLZD
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