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We have two possible ways to describe neutrinos:

“Dirac” neutrinos 
  (some “redundant” information but the “good feeling” of things we know…)

“Majorana” neutrinos
  (more efficient description, no lepton number conservation, new paradigm…)

    Which way Nature has chosen to proceed 
          is an experimental question 

 However, the two descriptions are distinguishable only if mν≠0 

          (and the observable difference → 0 for mν→ 0)

Neutrinoless double beta decay is the most sensitive probe for this.
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Fact #1:

The finite neutrino mass from oscillations means that, if neutrinos 
  are Majorana particles, 0νββ decay is observable.

Fact #2:

The observation of the 0νββ decay, i.e. the measurement of a 
  finite half life, would be a great discovery with no other qualification.

This is why we are doing those experiments!
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Fact #3:

A healthy neutrinoless double-beta decay program requires several isotopes.  
 
This is because:

• Different isotopes correspond to vastly different experimental techniques
• Because of the uncertainties in Nuclear Matrix Elements any given isotope 
 could come with unknown liabilities
• The elucidation of the mechanism producing the decay requires the analysis 
 of more than one isotope
• 2 neutrino background is different for various isotopes 

• There could be unknown γ transitions and a line observed at the “end point” 
 in one isotope does not necessarily imply the 0νββ decay discovery
 (although, in modern detectors, this is somewhat less of an issue)

  Today, these principles are well recognized by funding agencies.
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nEXO Coll. Meeting, Jan 16-18, 2024, 
LLNL
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…will undertake a neutrinoless 
   double beta decay campaign,
   featuring the expeditious 
   construction of ton-scale 
   experiments, using different 
   isotopes and complementary
   techniques.



The crucial parameter in assessing the sensitivity to new physics is T1/2

nEXO sensitivity as a function of livetime
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Yet, the sensitivity in terms of half-life has an empirical flavor that is not satisfying:

One would like to express the sensitivity in terms of some deeper parameter of the theory.
This is not only matter of intellectual satisfaction, because it is also the only practical way
   of comparing physics reach from experiments using different isotopes.

There are two problems with this:

1) We do not know which kind of new physics may be responsible for a certain half-life we may observe.
2) In any case, there is complicated nuclear physics between T1/2 and the particle physics.  If you are not a 
                theorist, you can very naively think of this as describing the overlap of nucleon wavefunctions 
                due to nuclear structure.

So, what to do?  For 1) there is not much one can do, but chose one model and use it (or maybe show the 
  reach for different models).  Usually the “light neutrino exchange” model is used, with the sensitivity 
  expressed in terms of “Majorana neutrino mass”, but this is really only one possibility out of many!
For 2) the idea is to do the best possible nuclear structure calculation(s) and try estimating their
  uncertainties.  A number of auxiliary experiments may help estimating such uncertainties.
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We are ready to compare experiments based on different isotopes 
(shown here are the experiments moving towards construction)

𝑚𝛽𝛽 [meV], (median 

NME)

90% excl. 

sens.

3𝜎 discov.

potential

nEXO 8.2 11.1

LEGEND 10.4 11.5

CUPID 12.9 15.0

T1/2 values used [x1028 yr]: 
nEXO: 1.35 (90% sens.), 0.74 (3𝜎 discov.) 

LEGEND: 1.6 (90% sens.), 1.3 (3𝜎 discov.) 

CUPID: 0.15 (90% sens.), 0.11 (3𝜎 discov.) 

Deeper physics reach
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Cathode
-HV

175 kg
L136Xe Charge 

collection
grids

~40cm

175 nm scintillation
light detecting APDs

𝐸
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nEXO directly derives from EXO-200 
(1/2 of its TPC shown here without the liquid Xe)



Using event multiplicity to recognize backgrounds
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Rotation angle chosen to optimize energy     
     resolution near Qββ=2457.83 keV

Anticorrelation between scintillation and 
ionization in LXe known since early EXO R&D

E.Conti et al. Phys Rev B 68 (2003) 054201

By now this is a common technique in LXe 

228Th source SS

In addition, the scintillation light was found to be anticorrelated with the 
free ionization, so that combining the two yields the best energy resolution.

Qββ

(@ 2615 keV γ line)
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The relative strength of free ionization vs scintillation is also very powerful in 
discriminating against α or events at the edge of the TPC.

Events removed by diagonal cut:

• α (larger ionization density → more recombination → more scintillation light) 
• events near detector edge → not all charge is collected

208Tl linecut region

α

zoomed-out
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Radioactivity in EXO-200 was successfully predicted before turning on the detector

➔Massive effort on material radioactive qualification, using:
•  NAA
•  Low background γ-spectroscopy
•  α-counting
•  Radon counting
•  High performance GD-MS and ICP-MS

The materials database includes >300 entries
                D.S. Leonard et al., Nucl. Ins. Meth. A 591 (2008) 490
                D.S. Leonard et al., Nucl. Inst. Meth. A 871 (2017) 169
                M. Auger et al., J. Inst. 7 (2012) P05010.

The background can then be directly measured in the data:
               J.B. Albert et al. Phys. Rev. C 92 (2015) 015503.

Cosmogenic backgrounds:
 J.B. Albert et al., JCAP 04 (2016) 029.

Events in ±2σ
around Q

Radioactive bkgd prediction 
using certification data and 
G4 Monte Carlo 

137Xe bkgd Background from 0ν
analysis fit

90%CL Upper 56
18 63.2 ± 4.7

(65 events observed)90%CL Lower 8.2
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2012: Phys.Rev.Lett. 109 (2012) 032505
2014: Nature 510 (2014) 229-234
2018: Phys. Rev. Lett. 120, 072701 (2018)
2019: Phys. Rev. Lett. 123 (2019) 161802

EXO-200 sensitivity grew linearly with exposure

- First 100 kg-class experiment to take data.
- Excellent background, very well predicted by the massive material characterization program 
  (and the simulation).   This is essential for nEXO design.
- Sensitivity increased linearly with exposure.
- More papers on non-ββ decay physics.

 Final result
Phase I+II: 234.1 kg yr of 136Xe exposure
Limit: T1/2

0νββ > 3.5x1025 yr (90% CL)

𝒎𝜷𝜷  < (93 -286) meV

Sensitivity: 5.0x1025 yr
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Ø13 m

14 m

14m
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nEXO

A 5000 kg enriched LXe TPC, 
directly extrapolated from EXO-200



LXe mass (kg) Diameter or length (cm)

5000 130

150 40

5 13

5kg

(~the size of a 
  Ge crystal)

150kg

(~EXO-200)

5000kg

   (nEXO)

2.5 MeV γ attenuation length 8.7cm = 

Monolithic/Homogeneous is key because extraneous material is all external
 → this is the lesson from KamLAND, SNO, Borexino, SuperK, … (see also JUNO)
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Among the projects selected and funded by DoE for tonne-scale, 
 nEXO is the only Monolithic/Homogeneous detector



Cryostat OV

Cryostat IV

EXO-200: nEXO: Improvements:

Vessel and 
cryostat

Thin-walled 
commercial Cu 
w/HFE

Thin-walled 
electroformed Cu 
w/HFE

Lower background

High voltage
Max voltage: 25 
kV (end-of-run)

Operating 
voltage: 50 kV

Full scale parts tested in LXe prior to installation to 
minimize risk

Cables
Cu clad polyimide 
(analog)

Cu clad polyimide 
(digital)

Same cable/feedthrough technology, R&D identified 10x 
lower bkg substrate and demonstrated digital signal 
transmission

e- lifetime 3-5 ms
5 ms (req.),      10 
ms (goal)

Minimal plastics (no PTFE reflector), lower surface to 
volume ratio, detailed materials screening program

Charge 
collection

Crossed wires
Gridless modular 
tiles

R&D performed to demonstrate charge collection with tiles 
in LXe, detailed simulation developed

Light 
collection

APDs + PTFE 
reflector

SiPMs around TPC 
barrel

SiPMs avoid readout noise, R&D demonstrated prototypes 
from two vendors

Energy 
resolution

1.2%
1.2% (req.), 0.8% 
(goal)

Improved resolution due to SiPMs (negligible readout noise 
in light channels)

Electronics
Conventional 
room temp.

In LXe ASIC-based 
design

Minimize readout noise for light and charge channels, nEXO 
prototypes demonstrated in R&D and follow from LAr TPC 
lineage

Background 
control

Measurement of 
all materials

Measurement of 
all materials

RBC program follows successful strategy demonstrated in 
EXO-200

Larger size 
>2 atten. length 
at center

>7 atten. length 
at center

Exponential attenuation of external gammas and more fully 
contained Comptons

The nEXO detector is an evolution from EXO-200, with specific R&D
  done over the last 10 years
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Gratta - nEXO

Main technical changes on the EXO-200 theme

- Only one drift volume
- ASIC electronics in LXe
- Silica substrate charge collection tiles
- VUV SiPMs (~4.5m2)
- Little plastics in the TPC (Sapphire, Silica)

Prototype VUV SiPM array (FBK)

~6cm
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Charge collection tiles with crossed strips on silica substrate 
  and built-in ASICs electronics
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nEXO

goal

SiPM-based scinetillation readout: high gain and ~30V bias 
       (as opposed to the 1500V of EXO-200 APDs)
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nEXO Signal and Background
• nEXO measures multiple parameters for each event to be able to robustly identify a 0νββ signal

• As a fully homogeneous detector, it precisely measures backgrounds in situ

• No internal materials (other than Xe), making nEXO uniquely robust against unknown backgrounds

Energy:
Signal 

like

Bkg. like

~3 mm

Topology:

Signal likeBkg. like

Standoff:

Distance from 

nearest detector 

surface
Signal 

like
Bkg. 

like

1D projections of simulated nEXO signal and backgrounds:

T1/2 = 7.4 x 1027 yr

nEXO (3𝜎)
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3x 1D projections help understanding things but they miss a great 
deal of information! 



228Th source SS

This is obvious in the simpler case of 2D:
There is more information in the scatter plot than in the two separate projections of it
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nEXO Signal and Background
• Likelihood fit allows optimal weighting between signal and background combining energy, topology, and 

standoff over full 3D parameter space

• For clarity, we arrange the 3D bins into 1D, ordered by signal-to-background ratio.

T1/2 = 7.4 x 1027 yr

nEXO (3𝜎)

26

Combine energy, 
topology, and standoff 

(preserving correlations)

Signal-like → 10 ← Background-like
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➔ nEXO is a   
“background-free” 
experiment



Other Unique Features of nEXO:
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- LXe reduces risk, as the purification system can be upgraded if unexpected backgrounds 

 are discovered and/or if new technology becomes available.

- nEXO can make a discovery by itself, by repeating the experiment with non-enriched Xenon 

 to confirm that a signal goes away

- If nEXO discovers 0νββ decay: The enriched xenon is NOT “frozen” in a particular detector.  

 Should 0νββ decay be discovered by nEXO, the xenon could be re-used in a different 

 experimental configuration to investigate the underlying physics. 

       This is particularly important at the tonne scale, 

 given the cost of the material.

- If nEXO does not discover 0νββ decay: The advantages of the

 homogeneous detector keep improving with size. 

 Should 0νββ decay not be discovered by nEXO, 

       larger detectors using the same technology are 

 possible (A.Avasthi et al, Phys. Rev. D 104, 112007 (2021))   

       The technology is developed with an eye to the future.
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Very substantial engineering done by SNOLAB.  
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-            is the only tonne-scale homogeneous detector being planned
-            is the only experiment that can run a blank measurement
-            is the only experiment that can recycle the active isotope
 after a discovery
-            is the only experiment that is scalable to 100+ tonne
-            is the only experiment that can repurify the active material
 while running
-            has a sensitivity that is at least as good as any other 
 planned experiment

Summary
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