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● 136Xe is 8.9% of natural xenon
○ With 60 (80) t of target mass XLZD 

contains 5.3 (7.1) t of 136Xe

● 136Xe ββ-decay Q = 2458 keV
○ 2-phase Xe TPCs have excellent energy resolution
○ 0.67% (𝜎) already demonstrated in LZ
○ ±1𝜎 ROI defined around the Q-value (33 keV wide)

136Xe 𝟬𝛎𝝱𝝱 decay in XLZD
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● 136Xe is 8.9% of natural xenon
○ With 60 (80) t of target mass XLZD 

contains 5.3 (7.1) t of 136Xe

● 136Xe ββ-decay Q = 2458 keV
○ 2-phase Xe TPCs have excellent energy resolution
○ 0.67% (𝜎) already demonstrated in LZ
○ ±1𝜎 ROI defined around the Q-value (33 keV wide)

● Signal/background discrimination
○ Electrons from 0𝝂ββ have very short ranges in LXe 

(<2 mm) – mainly “single scatter” events
○ External gammas near Q-value are very likely to 

interact multiple times – “multiple scatter” events
○ Single electrons near Q-value more likely to produce 

bremsstrahlung – “multiple scatter” events
○ Ability to identify multi-site events is critical for 

background reduction
■ <3 mm vertical (z) separation with high efficiency 

achievable (preliminary results from LZ)
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External gamma-ray background
● High-energy gammas near the 136Xe ROI:

○ 214Bi 𝛾 in the 238U chain (2447 keV)
○ 208Tl 𝛾 in the 232Th chain (2615 keV)

● From traces of radioactivity in detector materials
○ Gammas from the cavern rock can be effectively 

shielded by a 12 m diameter water tank

● Highly penetrative
○ Self-shielding provided by a large Xe volume is critical
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Example SS 𝛾 BG ROI rate in a 60 t TPC

Self-shielding in a large natural xenon TPC
Leverages the ratio of Photoelectric/Compton attenuation lengths 

4-5 orders of magnitude reduction in ROI SS gamma rate!



External gamma-ray background
● High-energy gammas near the 136Xe ROI:

○ 214Bi 𝛾 in the 238U chain (2447 keV)
○ 208Tl 𝛾 in the 232Th chain (2615 keV)

● From traces of radioactivity in detector materials
○ Gammas from the cavern rock can be effectively 

shielded by a 12 m diameter water tank

● Highly penetrative
○ Self-shielding provided by a large Xe volume is critical

● Veto systems 
○ Instrumented xenon “skin” and an Outer Detector

■ Tag 2615 keV 208Tl 𝛾 before it reaches the TPC
■ Detect coincident gammas emitted with the 2615 keV line

○ 208Tl background in the ROI can be reduced by >80%

● Ability to separate multiple scatters is critical
○ 3 mm vertical separation rejects >90% of the remaining 

gamma background
5

Example 𝛾 SS BG ROI rate in a 60 t TPC

External BG spectrum in the XLZD (60 t) fiducial volume
0𝝂ββ signal with T1/2 = 5x1027 yr

XLZD - Next Generation
Rare Event Observatory

— Preliminary —



Internal and intrinsic backgrounds
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● All uniform across the entire volume

● 136Xe 2𝝂ββ leakage – very small, given the excellent energy 
resolution

● Most are flat in the ROI

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

● 214Bi β-decay, 222Rn mixed in the xenon (Q = 3270 keV)
○ 0.1 µBq/kg 222Rn rate assumed 

(0.8 µBq/kg demonstrated in XENONnT*)
○ >99.95% removed by coincidence with following 214Po ⍺-decay 

(T1/2= 162 µs, BiPo tagging)

* C. Weinheimer @ XeSAT2023
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Rare Event Observatory

— Preliminary —

https://indico.in2p3.fr/event/28661/contributions/125522/attachments/78372/114275/weinheimer_XeSAT2023.pdf


Internal and intrinsic backgrounds
● All uniform across the entire volume

● 136Xe 2𝝂ββ leakage – very small, given the excellent energy 
resolution

● Most are flat in the ROI

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

● 214Bi β-decay, 222Rn mixed in the xenon (Q = 3270 keV)
○ 0.1 µBq/kg 222Rn rate assumed 

(0.8 µBq/kg demonstrated in XENONnT*)
○ >99.95% removed by coincidence with following 214Po ⍺-decay 

(T1/2= 162 µs, BiPo tagging)

● 137Xe β-decay, neutron activation of 136Xe (Q = 4170 keV)
○ Mainly by muon induced neutrons, depends on site
○ Estimates from DARWIN cosmogenic muon simulations**

● 214Bi and 137Xe betas, 8B 𝝂 scattered electrons,  also reduced 
by MS rejection cut (bremsstrahlung)

7* C. Weinheimer @ XeSAT2023
** arXiv:2306.16340
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Sensitivity projections
● 90% C.L. and 3𝜎 discovery potential estimated using 

heuristic counting analysis* in optimised fiducial 
volumes

● Projections for the 3 active mass scenarios
○ 40 t ‘shallow’, 60 t 1:1 and 80 t ‘tall’

● Bands cover range between currently achievable 
TPC performance and backgrounds (lower) 
and more progressive assumptions (upper)
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90% CL exclusion sensitivity

XLZD - Next Generation
Rare Event Observatory

— Preliminary —

3𝜎 discovery sensitivity

* PRD 96 (2017), 053001

Parameter Baseline Progressive

External gamma flux (% of LZ) 30 10

Energy resolution (%) 0.65 0.6

Vertical SS/MS discrimination (mm) 3 2

BiPo tagging efficiency @ 0.1 µBq/kg 222Rn (%) 99.95 99.99

Installation site LNGS SURF

https://doi.org/10.1103/PhysRevD.96.053001


Sensitivity drivers
● Main drivers for 0𝝂ββ sensitivity:

1. Target mass
2. External 𝛾 background and 222Rn contamination
3. Laboratory depth (muon flux)
4. Energy resolution and SS/MS discrimination

(within considered ranges)

● Installation site
○ Main difference between sites is the depth, 

determines the muon flux
■ Muons produce high energy neutrons that can 

reach the TPC and produce 137Xe 
(4170 keV beta decay)

○ Flux of high-energy gammas from the rock also 
varies between labs, but can be shielded

○ Impact of siting choice on the sensitivity is not 
critical
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Experimental landscape
● Sensitive exposure considers:

○ Mass in the FV
○ Signal acceptance (85/83 %, MS rejection)
○ ROI coverage (68%)

● Optimal fiducial masses for baseline 
(progressive) scenarios:

○ 6 (7) t for 40 t stage (0.6 t 136Xe)
○ 9 (12) t for 60 t detector (1.1 t 136Xe)
○ 15 (18) t for 80 t detector (1.6 t 136Xe)

● Additional sensitivity will be gained 
by exploring the remaining active 
mass (e.g. using a PLR)
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3𝜎 discovery sensitivity

XLZD - Next Generation
Rare Event Observatory
— Preliminary —



Majorana mass reach
● Sensitivity to the effective Majorana mass is highly 

dependent on the nuclear matrix element (NME)
● Even in the baseline 60 t TPC, XLZD can completely 

probe the inverted hierarchy scenario for a broad 
range of NME predictions in 10 years
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Summary
● XLZD can competitively search for 136Xe 0𝝂ββ decay

○ Large volume of natural xenon provides optimal self-shielding for gamma backgrounds
○ Demonstrated excellent energy resolution in dual-phase xenon TPCs
○ Multiple scatter rejection capability, with high signal efficiency

● Sensitivity mostly driven by the gamma background
○ Baseline scenario uses current TPC performance and realistic external gamma reduction
○ Progressive scenario attainable with careful material selection and design strategies/choices 

● Inverted neutrino mass hierarchy can be probed at the 3𝜎 level for many 
nuclear models

12



Backup
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Neutrinoless double beta decay
● Standard double beta decay

○ Rare process, occurs when single beta decay is forbidden 
or highly suppressed

○ Confirmed in 14 isotopes, T1/2 in the 1019 – 1021 yr range

● Neutrinoless double beta decay

○ Possible if neutrinos are Majorana particles
○ Violates lepton number conservation

■ Matter/antimatter asymmetry

○ Beyond SM process, never observed
■ T1/2 > 2.3x1026 yr in 136Xe (KamLAND-Zen*)

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

* PRL 130 (2023) 051801
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Neutrino mass hierarchy
● Neutrino oscillations imply that neutrinos must have mass

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

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

○ 𝚫m21
2 > 0 (solar mass difference)

○ |𝚫m32|2 >> 𝚫m21
2

○ The sign of 𝚫m32 (atmospheric mass difference) is not known
○ Neutrino masses can be in normal or inverted hierarchies

● 0𝝂ββ decay rate connected to the neutrino mass 
hierarchy by the effective Majorana mass, mββ
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Energy resolution in LZ

● Precise S1 and S2 corrections

● Based on 3D position reconstruction

● Calibrated using ⍺-decays in the 222Rn chain
○ “Standard candles”
○ Uniformly distributed

● 0.67% resolution around the 136Xe Q-value
→ best ever in this type of detector!

● JINST 18 (2023) C04007
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Multiple scatter discrimination in LZ
● High-energy gamma-rays are very likely to scatter 

multiple times in a large detector (Compton + PE)

● Multiple interactions at different heights will reflect 
on the S2 pulse (shape and width)

● Algorithm fits S2 pulses with single or double 
gaussians

● Preliminary tests with LZ data: a separation of 2 mm 
is possible even for interactions near the bottom of 
the detector

● Allows to reject >90% of the gamma background

● 0𝝂ββ signal acceptance remains high 
(>70% at 1.5 mm)
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Gamma attenuation length in LXe
● Attenuation lengths at 2.5 MeV

○ Compton scatter: 10 cm
○ Photoelectric effect: 2 m

● In a large (3m) LXe TPC
○ Gammas very likely to have multiple 

Compton interactions before PE
■ Most events excluded by MS selection

○ For single (PE) interactions, gammas 
travel more than the att. length

○ Combination of the two effects results in 
a very low SS gamma rate in the ROI in 
the central region of the detector
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Gamma background 
● Based on the LZ radioactive assay campaign and 

background model

● Consider that cleanest materials identified are used 
for construction

● Keeping same photomultipliers as LZ and XENONnT

● In-house FS resistors, plus small design changes to 
avoid large gamma contributors

19

Material Ulate (mBq/kg) Thlate (mBq/kg)

Titanium 0.04 0.02

PTFE 0.02 0.03

Stainless Steel 0.27 0.49

Copper 1.70 1.20

PEEK 4.00 3.00

Kovar 0.90 1.28

Kapton (Cirlex) 4.60 5.20

Aluminum 1.23 0.94

Component Material LZ ROI 
Counts

Contribution 
(%)

Counts after 
mitigation

3” PMTs Composite 2.95 14 2.95

PMT 
structures

Composite 2.45 11.6 0.6

FS resistors Ceramic 2.46 11.6 0

TPC sensors Composite 1.81 8.6 0.5

3” PMT bases Composite 1.52 7.2 0.4

Cryostat Titanium 1.26 6.0 0.8

PMT cables Copper + FEP 1.01 4.8 0.3

Tank supports SS 0.73 3.5 0

Foam Polyethylene 0.71 3.4 0

2” PMTs Composite 0.69 3.3 0.06

Skin Composite 0.68 3.2 0.05



Veto systems
● Instrumented xenon “skin” between  

the TPC and the cryostat

● Outer detector providing ～4𝛑 
coverage

● Very effective at tagging 
○ 208Tl 2615 keV gammas from detector 

materials before they reach the TPC
○ Coincident gammas from the 208Tl decay

● Can remove >80% of the 208Tl 
background

● Skin alone can exclude 70%
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