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ѦỈḑ ṝײַ

Paul Dirac Ettore Majorana

ῑ ѦỈḑεᾴDiracᶙψײַ ᾴMajorana ᶙψ

ÅѦỈḑ != ԍᴥ ḑ
Å ḑᾎѣ―Ḟ

Å ⱡ ι‰֝₩ᶚѧ Ḓᾭԏῶ Ḓ
ᴦẂᾦẔιᶈ ỉἣṖ₭іῗјḟ
ở￼ιј

Å ⃰ṧ(Yukawa) ᴿ ᾎểṆε₦
᷄ӿַײṆ12ѥᾎ εї ▒

ÅѦỈḑ == ԍᴥ ḑ
ÅӸ ḑᾎїḞ
Å ῳ⁴ᶙαsee-sawβĄ
Ᵽ ѦỈḑỈṆ ײַ ╟

1 GeV

1010 GeV

Heavy
right -handed
neutrinos 10-10 GeV

Ordinary neutrinos

Charged
leptons

MajoranaѦỈḑ Ᵽײַ ṩӏσ

1935ιMaria Goeppert-Mayerιᴥ ᶨ ᴪε2˄̡ ζ̡

-- 1989, Michael Moeι ₭ ╜ֹ2˄̡ ʲ

1939ιWendell Furryι Ἶ ṞớČ 0˄̡ ʲ

1982ιSchechter & Valleḧתι0˄̡ ʲ Č Ἶ Ṟớ

1975, Harald Fritzsch, Murray Gell-Mann 
1979, Tsutomu Yanagida& Sheldon Glashow
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ᾢѦỈḑᴤ ᶧ ᴩα0˄ʲβ̡

0˄ʲʲ2˄ʲʲ
Â ֘ɒѧỉḒῗᵋ ￼ᴦ Ḓɓ

ᵪ ᴵ ￼￼ḫ ἐⅎ

Â ╜ ѧỉḒ Ḿ

Â ₅ Ḓᾭḟở

Â ֺѧỉḒ￼Majorana CP ᶐ ӈ

ᾢѦỈḑ
ᴤƖ ᴩᴤѦỈḑ

ᴤƖ ᴩ

0ơƖƖḪ

ᴤѦỈḑ ᴥʲ ᴪ ᾢѦỈḑ ᴥʲ ᴪ
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3ơƖƖḪ ♪◦

https://www.iupapneutrinopanel.org/, 2111.07586

Different isotopes usually 
correspond to very different 
detector technologies

It is of great importance to discover 0˄ʲp̡rocess on more than one isotopes

https://www.iupapneutrinopanel.org/
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CUPID (Zn82Se, Li2
100MoO4, TeO2), AMoRE(100Mo), CANDLES (48Ca), 

ZICOS (96Zr), AXEL (136Xe), DCBA (100Mo/ 150Nd), COBRA (CdZnTe)Σ Χ

Feature: excellent energy resolution
Challenge: very large size; segmented 

76Ge 130Te

Feature: Topological information
Challenge: very large size

82Se (130Te, 116Cd, 48Ca, 
96Zr, 150Nd, 100Mo)

136Xe

Feature: existing large clean 
detector; self-shielding
Challenge: 2˄ʲb̡ackground, 
internal purity

136Xe 130Te

Feature: homogeneous; 
decent energy resolution; 
3D toponology
Challenge: 2˄ʲb̡ackground, 
internal purity136Xe

᾿
Ӌ

Ӌ
ᾩ ἋẼḮ

Ӌ
Ӌ

ề ὒ≡ᵷ
α₭Ӌβ

An active and competitive community (2010s-2020s)
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ÅDeep underground location to 
shield cosmogenic backgrounds

Several underground labs around the world, 
next round of experiments 1-2 km deep.

3ơƖƖḪ ײַ ҍ ᵻ

ÅEnrichment of the source material 
(for abundance <10%)
ï10 kg/100 kg scale Ą ton scale

e.g., Chin. Phys. C 45, (2021) 025001

JUNO
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ÅUltra-low radioactive contamination 
during detector construction

aŀǘŜǊƛŀƭǎ ǳǎŜŘ Ғғмл-15 in U, Th 
(U, Th in the earth crust ~ ppm)

Non trivial for E ~ 1 MeV
This gets easier in larger detectors

3ơƖƖḪ ײַ ҍ ᵻ

ÅNew Techniques to discrimination 
signal from background 

ÅEnergy Resolution
PRL 123, 
161802 (2019)
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Plot remade from Chin. Phys. C 41 (2017) 053001

Background Index (B.I.)

Detector Exposure Detector efficiency

Isotope 
abundance

Background in ROI* For 90% C.L, a=1.64

Simplified model for sensitivity calculation
For NON-ZERO background experiment

Sensitivity is driven by the combination of 0˄ʲʲ isotope mass, energy resolution, background 

CƻǊ άȊŜǊƻ-ōŀŎƪƎǊƻǳƴŘέ ŜȄǇŜǊƛƳŜƴǘΣ ǘȅǇƛŎŀƭƭȅ ǊŜŦŜǊǎ ǘƻ ғм .YD ƛƴ 10 ton*yr exposure
CƻǊ άƴƻƴ-ȊŜǊƻ ōŀŎƪƎǊƻǳƴŘέ ŜȄǇŜǊƛƳŜƴǘΣ млȄ .ΦLΦ Ŏŀƴ ōŜ ŎƻƳǇŜƴǎŀǘŜŘ ōȅ млȄ ŜȄǇƻǎǳǊŜ

0ơƖƖḪ ᾈẘַ֗ײḦᵻ
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їᵂᶹӋᾛ←Ệַָשּײ ӹѲ ḔᶇểᶼṭẦ

Ҡ0ơƖƖḪ ὝᴧѦỈḑῑᾇ ᾩε
ᴜḑ–ּש ӹᾴ῏ᶼⱣ ṭΎ╟ε

֞Ṇ ṭᾴ ֫ ₱ᵘԆ

ᾢѦỈḑᴤʲ ᴩַשּ–ײ ӹ

֞Ṇ–ᶹӋ ї︢Ḧײַ  

(130 Teε136 Xe)

Â ᾡ ᶺӌΆ│

Â ₩ᶚ›֝

Â ή ₩ᶚῂԋ￼ᶺӌΆ│ ​‍ҭ

Phase space factor Axial coupling, Ὣ ρȢςχ

NME
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nEXO ᾈẘ

*T1/2 values used [x1028 yr]: 
nEXO: 1.35 (90% sens.), 0.74 (3„discov.) [1]
LEGEND: 1.6 (90% sens.), 1.3 (3„discov.) [2]
CUPID: 0.15 (90% sens.), 0.11 (3„discov.) [3]

[1] nEXO collaboration, J. Phys. G: Nucl. Part.   
Phys. 49 015104 (2022), arXiv:2106.16243

[2] LEGEND pCDR, arXiv: 2107.11462
[3] CUPID pCDR, arXiv:1907.09376

Effective Majorana mass ά is an effective, 

albeit imperfect, metric to compare physics reach 
between isotopes and experiments.

Phase space factor Axial coupling, Ὣ ρȢςχ

Deeper Physics Reach

NME

ά [meV], 

(median* NME)

90% excl. 

sens.

σ„discov.

potential

nEXO 8.2 11.1

LEGEND 10.4 11.5

CUPID 12.9 15.0

https://arxiv.org/abs/2106.16243
https://legend-exp.org/science/legend-pathway/legend-1000
https://arxiv.org/abs/1907.09376
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ƴ9·hΩǎл˄ʲʲsearch with a liquid Xe TPC

Liquid-XeTime Projection Chamber (TPC)
ÅXeis used both as the source and detection medium. 

ÅLXeis continuously recirculated and purified.

ÅLXeTPCs are well understood. As a fully homogeneous 
detector, it precisely measures backgrounds in situ.

ĄNo internal materials (other than Xe), making nEXO 
uniquely robust against unknown backgrounds

ÅMultiparameter measurement from scintillation light and 
ionization signal:

1. Energy from combined scintillation/ionization

2. Topology, e.g., single-site or multi-site event

3. Position distribution from 3D event reconstruction

4. Particle identification from scintillation/ionization ratioCathode

Segmented Anode
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Schematic plot of EXO-200 Time Drift Chamber

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

Current EXO-200: 1.2% @ 2.615 MeV
Future nEXOproject: <1% (low noise electronics)

Â Energy meas. ĄCombine Light and Ionization

Energy Resolution in LXe TPC
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ƴ9·hΩǎл˄ʲʲsearch with a liquid Xe TPC

EXO-200 at WIPP (Decommissioned in Dec. 2018): 
ÅEXO-200 first 100-kg class ̡ e̡xperiment
Å175 kg liquid-Xe TPC with ~80% Xe-136 
ÅDiscovered 2˄ʲʲin Xe-136
ÅDemonstrated excellent background identification 

through multiplicity and location of event in TPC 
Ą this is essential for nEXO design 

nEXO: 
Å 5-tonne liquid Xe TPC 
Å Enriched in Xe-136 at ~90%
Å SNOLAB cryopitpreferred location by collaboration

April 27, 2023
https://www-project.slac.stanford.edu/exo/ https://nexo.llnl.gov/
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The power of a monolithic detector

LXemass (kg) Diameteror length (cm)

5000 130

150 40

5 13

5kg

150kg

5000kg

2.5 MeV g-ray
attenuation length in LXe
8.5cm= 

April 27, 2023 л˄ʲʲ International Summit - nEXO

ÅMonolithic/Homogeneous is key because extraneous material is all 
external (Gamma backgrounds typically originate from the walls )
Ą photons Compton scatter on their way into the detector volume.

Among the projects selected and funded by DOE for tonne-
scale, nEXO is the only Monolithic/Homogeneous detector
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л˄ʲʲ International Summit - nEXOApril 27, 2023

Ø 12.3 m

12.8 m

Å5 t liquid xenon TPC similar to EXO-200 (~30x the volume).
ÅSiPMfor 175nm scintillation light detection, ~4.5m2 SiPMarray in LXe.
ÅTiles for charge read out in LXe.
ÅCold electronics inside TPC in liquid Xe.
Å3D event reconstruction.
ÅCombine charge and light readout. Goal Ąs/E of <1% at Q-value.
Å1.5 ktonneswater-Cherenkov detector for muon tagging and shielding. 

nEXO at the SNOLAB CryopitnEXOTPC

130 
cm

nEXO pre-CDR, arXiv:1805.11142

SiPM óstavesô 

covering the barrel

charge 

readout pads 

(anode)

Picture: 10 x 10 cm2 tile prototype
JINST 13, P01006 (2018)
Tile simulation: JINST 14 P09020 (2019)

Cathode

Field shaping rings

The nEXOdetector
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ÅCharge collection on tiled anode plane

Z. Li et al. (nEXOCollab), JINST 14 P09020 (2019)

M. Jewell et al. (nEXO Collab), JINST13P01006 (2018)

Zoom in on upper corner of TPC:

Source calibration (207Bi) with prototype tile:

Zoom in on strip design

X strip

Y strip

X-Y strip crossing

Anode Charge Readout

ÅPrototype tiles have been measured in LXe
to validate simulation 

ÅFull simulation of charge collection in nEXO
used to optimize design
ÅCrossed strips with no shielding grid

ÅChannel pitch: 6mm

ÅTile size: 10 cm x 10 cm

W.R. Cen et al, RDTM (2019) 3:12

X. M. Wu et al, Electronics2023,12(4), 1045
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л˄ʲʲ International Summit - nEXO

1
2

7
0

 m
m

Front: Back:

Stave

x24

Tile module

High Voltage

Photon detector (PD)
x 480

x 24

190 mm

ÅAdvantages of SiPMsfor photon detection
ÅLow intrinsic radioactive backgrounds.
ÅImproved energy resolution (SiPMshigh gain).
ÅLower bias required for SiPMs(~50 V versus 

~1.5 kV).
ÅDevices from 2 vendors meeting 

requirements, demonstrated through R&D.

SiPMsfor photon detection

Energy resolution:
ü SiPM PDE at 175 nm
ü Photon transport efficiency (PTE)
ü Reflectivity of SiPM
ü Correlated noise of SiPM

x 50,000

SiPM Devices

1 cm

Tested SiPMs

ü FBK: VUV-LF-HD, VUV-
STD-HD

ü Hamamatsu: VUV4
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nEXOSignal & Background

ÅLikelihood fit allows optimal weighting between signal and background combining energy, 
topology, and standoff over full 3D parameter space

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

Combine energy, 
topology, and standoff 

(preserving correlations)

Signal-like Ҧ мл ҥ .ŀŎƪƎǊƻǳƴŘ-like

Č nEXO is a   
άōŀŎƪƎǊƻǳƴŘ-ŦǊŜŜέ 
experiment

T1/2 = 7.4 x 1027 yr
nEXO (3„)

6.2 tonne yr
exposure with

0.5 bgndevents



Topology, e.g., single-
site or multi-site

nEXO measures multiple parameters for each event to be able to robustly 
ƛŘŜƴǘƛŦȅ ŀ л˄ʲʲ ǎƛƎƴŀƭ
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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 (3„)

Energy from combined 
scintillation/ionization

Position distribution 
from 3D event 
reconstruction

Signal-like Ҧ мл ҥ .ŀŎƪƎǊƻǳƴŘ-like

nEXOSignal & Background
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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 (3„)

Energy from combined 
scintillation/ionization

Position distribution 
from 3D event 
reconstruction

Signal-like Ҧ мл ҥ .ŀŎƪƎǊƻǳƴŘ-like

nEXOSignal & Background

3x 1D projections help understanding things but they 

miss a great deal of information! 



nEXO sensitivity reaches 1028 yr in 6.5 yr data taking

EXO-200 (2019)

J. Phys. G: Nucl. Part. Phys. 49, 015104 (2022), arXiv:2106.16243

Projected sensitivity based on background levels measured in samples of all detector materials!

Allowed parameter space and nEXO exclusion 

sensitivity (90% CL):

6
8
%
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f 

N
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E
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o
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e
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nEXOProjected Sensitivity
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JUNO -0ơƖƖָא σ|m ƖƖ|~ meV

J. Cao et al, Chin. Phys. C44 (2020)031001

Further 
future

JUNO-0˄ʲʲ

Ḫ ѕ ₱ |m ʲ |̡~ meVַײổѱ

ÅῶῺ ḧѧỉḒ Ḿ

Å ֺMajorana ӈ( ,́ ̀ )

῏ ѦỈḑ
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ῑᾇ
ᾈẘ

ᴩṀᵗ
ᾈẘ

136Xe
100Mo

76Ge

130Te 
(or 136Xe)

JUNOѕḾἄ0ơƖƖ

Ḫ♪ Ԋײַ֭ εᾴֿכ ẉ
֗ҧі

Âת ᴿ  ẕ￼ғּו ֺẊẦᴧ
ᾦ￼ὴ Ά│

Âᶈ ѧו ᴥƚ ᴪ⁄ ￼Ἡ 

ÂὝ ᴣᴥƚ ᴪ⁄ ￼Ἡ 

Âᴞ ᶿ ѧỉḒ ẕ￼Ά│
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BorexinoCollaboration, 
Phys. Rev. Lett.128(2022)091803

Â
8B solar ˄-e scattering events has special directionality 
w.r.t the sun 

Â Directional Cerenkov light in JUNO LS detector helps to 
ŘƛǎŜƴǘŀƴƎƭŜ л˄ʲʲ ŘŜŎŀȅ ŀƴŘ 8B solar ˄-e
Å Higher energy ROI
Å Higher Cerenkov fraction

Ongoing work. Expectation: a factor of 2 suppression

Borexino MC
Cerenkov: 0.4%

(0.54, 0.74) MeV region

JUNO MC
Cerenkov: 0.7%

Dynode PMT, ̀TTS~ 1.2 ns

Backgrounds: 8B solar ơ-e scattering
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Backgrounds: cosmogenic isotopes on nat Te/Xe

Â Several long - lived, high Q -value isotopes

Â To remove short - lived isotopes

Å Purification + underground Cooling down

Â Full MC study ongoing using FLUKA (also Geant4)

Å Rates, spectra

Å In situ measurement & rejection approach

Å Te material handling strategy

For reference, the estimated activation during storage 
at SNOLabdepth:  < 1 evt/(ton-natTe)/yr

Ref: Astropart. Phys.61 (2015)62-71
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Te-LS development
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JUNO recipe of Te-LS

+ PPO, bis-MSB

Te-organic 
compounds

Te-LS

Te(OH)

6

R3CH(OH)-CR1(OH)R2

One-step 
synthetic method

Direct dissolve into LABA promising 
recipe under 

R&D

0.6% Te-LAB

1%
Te-LAB

2%
Te-LAB

ÅPromising one-step synthetic method, capability of Te loading in LAB: > 3%
ÅGood stability, transparency and solubility of Te-compounds

ÅQuick, convenient and applicable for most diols

ÅCurrent characteristics w/ 0.6% Te-loading

ÅGood UV-Vis spectra for Te-LAB

ÅNO visible difference (ɲABS<0.002 for ˂>370 nm)

compared to the purified LAB (A.L. > 20m)

ÅNO degradation after 6 months

ÅLight yield to-be-improved: 60%~70% w.r.tun-loaded LS
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3H: super-allowed ̡ -decay 
(T1/2 ~ 12.3 yrs, E0 ~ 18.56 keV)

Tritium Ɩdecays ɆKATRINḪ
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Tritium Ɩdecays ɆKATRINḪ
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Next generation ̡ -decay
Targeted sensitivity: 40 meV

KATRIN will continue delivering 
world-leading sensitivity

Project8 will further improve 
the sensitivity

Cyclotron Radiation Emission Spectroscopy (CRES)

ω Multi m3·yr effective exposure
ω High flux atomic tritium source
ω ~0.1 eV resolution
ω 10-7 field uniformity

Project 8



Relic neutrino capture on b-decaying nuclei

1962

PTOLEMYḪ

Ambitious goal: Detection of Cosmic Neutrino 
Background, which can also probe neutrino mass

Temperature today 

Mean momentum today 

Number density: ~ 112/cm3

NON-relativistic nΩǎΗ



Design: PPNP 106 (2019) 120

Physics: JCAP 07 (2019) 047

Challenges:
3H amount, low background, 
ŜƴŜǊƎȅ ǊŜǎƻƭǳǘƛƻƴΣ Χ

PTOLEMYḪ

M Messina @ NEUTRINO2022



Ref: JINST 17 (2022) 05, P05021 

PTOLEMYḪ

M Messina @ NEUTRINO2022
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?

opticalmicrowave X-rays gamma-rays neutrinos       cosmic rays

terra incognita:
only revealed by

neutrinos

Gravitational waves - ripples in space-time

Universe is opaque above ~100 TeVenergy

Francis Halzen@ Neutrino 2020

ѦỈḑᶽᾑḘ ςḝḥ ѦỈḑ


