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What is a proper name
for (𝐴, 𝑍) → (𝐴, 𝑍 + 2) + 2𝑒?

[2202.01787]
(Vissani, et al.)

https://arxiv.org/pdf/2202.01787.pdf


Two neutrinos double beta decay - 2𝜈𝛽𝛽

Yoann Kermaïdic, IJCLab, Orsay, France

n

n

n

n

1

n

n

p

p

𝑾!

𝑾! 𝑒!"

𝑒!"
"𝝂

"𝝂

(𝑨,𝒁) → (𝑨,𝒁+2) + 2𝒆"+ 2'𝝂

#$
%&Ge

##
%&As

#'
%&Se

𝜷𝜷

26.3 h

2×10!" y

𝑸
(𝐌
𝐞𝐕
)

2

𝑍

𝜷"

A= 𝟕𝟔

0

CP2023, École de physique des Houches

SM parQcles

Such process:
ü energetically favored in some isotopes (!"Ge, #$$Mo, #%$Te, #%"Xe, …)
ü is predicted by the SM [Goppert-Mayer – 1935]
ü is a strongly suppressed 2nd order weak interaction process
ü is measured experimentally if background is extremely low
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Ultra low background experiment opportuni;es

• Can look for rare events:
• any shape distorIon of the standard 2𝜈𝛽𝛽 decay spectrum
• unknown very low rate gamma lines
• unexpected Ime modulaIon in some rates

• These can be caused by:
• violaIon of fundamental principles 

(Lorentz invariance, Pauli Exclusion Principle, CPT symmetry, …)
• new parIcles (Sterile neutrinos, WIMPs, axions, …)
• new interacIons (B-violaQng tri-nucleon decay, charge violaQng electron decay, …)

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

See recent reference
in [2202.01787] review

4

https://arxiv.org/pdf/2202.01787.pdf


The « ideal » 76Ge energy spectrum
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E.g. one can expect about 10'"( “2𝜈” events datasets (e.g. in 76Ge or 100Mo [1912.07272])

~50 µHz with 40 kg of 76Ge

https://arxiv.org/pdf/1912.07272.pdf
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E.g. one can expect about 10'"( “2𝜈” events datasets (e.g. in 76Ge or 100Mo [1912.07272])

~50 µHz with 40 kg of 76Ge

Bkg rate [500-1500] keV
200 m underground
in vacuum cryostat
with lead castle: ~𝟏𝟎 𝐇𝐳
Fine for characteriza.on 
with 10$"# Hz rad. source

https://arxiv.org/pdf/1912.07272.pdf


The « ideal » 76Ge energy spectrum

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France 7

500 1000 1500 2000 2500
Energy (keV)

3−10

2−10

1−10

1

C
ou

nt
s 

/(k
eV

.k
g.

yr
)

Ge energy spectrum:76Intrinsic 
 yr21 10× = 1.92 

1/2
 decay - Tββν2

 yr26 10× = 1.00 
1/2

 decay - Tββν0

1800 1900 2000
Energy (keV)

0

0.02

0.04

0.06

C
ou

nt
s 

/(k
eV

.k
g.

yr
)

E.g. one can expect about 10'"( “2𝜈” events datasets (e.g. in 76Ge or 100Mo [1912.07272])

~50 µHz with 40 kg of 76Ge

First evidence in the early 90’s
Phys. Le6. B 256 559 (1991)

a"er careful selec*on of 
surrounding passive parts and 
care about exposure above ground

https://arxiv.org/pdf/1912.07272.pdf


The measured and modelled one
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• Single detector GERDA energy spectrum*

• Precision measurement of the 𝟐𝝂𝜷𝜷 decay spectral shape possible
• Unknown gamma lines can pop-up
*After LAr veto. The LAr veto cuts any event where a Ge triggered event is accompanied with scintillation light emission in the Lar cryostat
500 keV lower limits driven by 39Ar end-point at 465 keV

Liquid argon light collection and 
veto modeling in GERDA Phase II

[2212.02856]

https://arxiv.org/pdf/2212.02856.pdf


How 2𝜈𝛽𝛽 decay informs nuclear calcula;ons?

• Test nuclear models hypothesis (SSD/HSD)
E.g. NEMO-3 [1903.08084]

• Unfortunately, many-body nuclear models are unable to predict the 
experimentally observed half-life beOer than 10-25 %
(quenching by ~0.75)

• Promising calculaVons from first principle ‘ab-iniVo’ up to A=76
start to be available

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France 9

𝑻𝟏/𝟐"𝟏 experimentally probed half-life
𝒈𝑨 axial vector coupling cnst = 1.25(?)
𝑴𝟐𝝂 nuclear matrix element (NME)
𝐺$. phase space factor
𝑚/ electron mass

See review [2009.14451]

https://arxiv.org/pdf/1903.08084.pdf
https://arxiv.org/pdf/2009.14451.pdf


New physics from spectral shape
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Example: 𝟎𝝂𝜷𝜷𝑱 decay
• 0𝜈𝛽𝛽 decay accompanied with the emission of a massless boson, called ‘Majoron’
• 𝛽𝛽 kinemaQcs + NME modified by 𝐽, depending on the models (various spectral index)

[2209.01671]

, 𝑚 is the number of emitted 𝐽

https://arxiv.org/pdf/2209.01671.pdf


New physics from spectral shape
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Example: 𝟎𝝂𝜷𝜷𝑱 decay
• 0𝜈𝛽𝛽 decay accompanied with the emission of a massless boson, called ‘Majoron’
• 𝛽𝛽 kinematics + NME modified by 𝐽, depending on the models (various spectral index)
• No indication of new physics so far. Competitive isotopes: %&Ge, 011Mo , 00&Cd, 0#&Xe

[2209.01671]

https://arxiv.org/pdf/2209.01671.pdf


Moving to the 0𝜈𝛽𝛽 decay search
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« Light neutrino exchange »
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• Attractive: Minimal model without requiring new particles (mediator = active 𝜈 + SM bosons)

« Light neutrino exchange »

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

U = PMNS matrix 
[NuFit]
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• AoracQve: Minimal model without requiring new parQcles (mediator = acQve 𝜈 + SM bosons)

• Direct relaQonship with the cosmological neutrino mass sum and direct mass measurement

• Rich complementarity in case of non-zero measurement in one of the channel
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U = PMNS matrix 
[NuFit]
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• The current situation on the 0𝜈𝛽𝛽 decay side
Ø Start to cover the inverted ordering 𝑚66 band prediction
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Side note

• Bands width:
Ø Green and red dominated by 

unknown Majorana phases 
(not osc. params. uncertainty)

Ø Blue dominated by NMEs calculations

Majorana phases 𝜑7



« Light neutrino exchange »
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Side note

• Bands width:
Ø Green and red dominated by 

unknown Majorana phases 
(not osc. params. uncertainty)

Ø Blue dominated by NMEs calculaQons

Majorana phases 𝜑7
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• Next gen 0𝜈𝛽𝛽 decay experiment reach
Ø EnQrely cover the inverted ordering 𝑚66 band predicQon for most NMEs
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Neutrinoless double beta decay - 0𝜈𝛽𝛽

Yoann Kermaïdic, IJCLab, Orsay, FranceCP2023, École de physique des Houches

See recent review on 
theoretical tools
[2203.12169]

Such process:
ü violates the Lepton Number by 2 units = New Physics! (𝒪 5 , 𝒪 … )
ü determines the nature of neutrinos: Majorana par5cle 𝝂 = /𝝂 [Valle – 1982]
ü gives informaIon on the 𝜈 mass via 𝑚&& (light neutrino exchange scenario)
ü has never been observed so far

20
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0𝜈𝛽𝛽 decay experimental signature
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• 2𝜈𝛽𝛽 continuum + peak at 𝑄&&

• 𝑇#/($) = ln 2 . *%
+%

. 𝜖 . ℇ . #
*&

• Key points:

o Avogadro number: 𝑁,

o Efficiency [%] x exposure [kg.yr]: 𝜖 . ℇ

o Energy resolution [keV]

o BI = *'

ℇ . /0
[cts/(keV.kg.yr)]

• Topology :
o Signal = Single-Site Event (SSE)
o Background 𝛾 = Multi-Site Event (MSE)

𝛼/𝛽 = Surface Event
CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France 21

example : 76Ge
𝑇!/#$% = 10#& yr
ℇ = 30 kg. yr
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example : 76Ge
𝑇!/#$% = 10#& yr
ℇ = 30 kg. yr
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example : 76Ge
𝑇!/#$% = 10#& yr
ℇ = 30 kg. yr
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example : 76Ge
𝑇!/#$% = 10#& yr
ℇ = 30 kg. yr

Two sta5s5cal no5ons scru5nized:
• sensiIvity for limit seXng (90% C.L.)

« limit on the signal strength assuming no signal »

• 3𝜎 discovery potenIal sensiIvity 
« minimal signal strength for which a discovery is expected with 3𝜎 C.L. »

CP2023, École de physique des Houches

see detailed
discussion in:
[1705.02996]

24



3-10 2-10 1-10 1 10 210 310
Exposure [ton-years]

2410

2510

2610

2710

2810

2910

3010
 D

S 
[y

ea
rs

]
s

 3
1/

2
T  rangemin

bb IO m

Background free
0.1 counts/FWHM-t-y
1.0 count/FWHM-t-y

10 counts/FWHM-t-y

Ge (88% enr.)76

Figure of merit – discovery potential

Defines the experimental design in terms of 
o exposure (mass et duraQon)
o background goal (passive/acQve veto, detector design, analysis techniques)

example :

« minimal signal strength for which a discovery is expected with 3𝜎 C.L. »

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

see detailed
discussion in:
[1705.02996]
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Underground laboratories worldwide

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

[1801.00587]

• Underground = passive background suppression for « free »

• Isotopic acQvaQon suppression (neutron capture– e.g. 34Ge + 𝑛 → 335Ge → 33As + 2.7 MeV) 

• Large experimental infrastructure required (shielding, cryostat, instrumentaQon)

• Size/depth/access compromise taken into account by the collaboraQons

26



The experimental landscape

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

See fresh exhausQve 
review [2202.01787]
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The experimental landscape

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

See fresh exhausQve 
review [2202.01787]
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Détecteur semi-conducteur
GERDA @ LNGS

• 76Ge 𝑸𝜷𝜷 = 𝟐𝟎𝟑𝟗 keV - 𝑇0/$$. ~ 2 × 10$0 yr

• High detecQon efficiency de (detector = source)

• Enrichment up to 88% - acQve mass ~ 40 kg

• New detector technology (0.7 kg → 3 kg /det.)

• Excellent energy resoluQon : < 3 keV FWHM @ 𝑄66
• “Background-free” experiment at final exposure (LAr veto + PSD)

• SensiQvity 𝑇0/$1. > 10$& yr for the 1st Qme!

• Final exposure of 100 kg.yr reached in Nov. 2019

• 𝑻𝟏/𝟐𝟎𝝂 > 𝟏. 𝟖 × 𝟏𝟎𝟐𝟔 𝐲𝐫 − 𝒎𝜷𝜷 < 𝟕𝟗 − 𝟏𝟖𝟎 𝐦𝐞𝐕 (𝟗𝟎% 𝐂. 𝐋. )

• Successor : LEGEND

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

[PRL, 2020]
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.125.252502


Bolometric detector
CUORE @ LNGS

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

• 130Te 𝑸𝜷𝜷 = 𝟐𝟓𝟐𝟖 keV - 𝑇0/$$. ~ 8 × 10$1 yr
• 988 TeO2 crystals with an acQve mass of 206 kg
• Natural abondance: 35%  - no enrichment
• Largest mK cryostat in the world
• Very good energy resoluQon : 7.8 keV FWHM @ 𝑄66
• 𝑻𝟏/𝟐𝟎𝝂 > 𝟎. 𝟐 × 𝟏𝟎𝟐𝟔 𝐲𝐫 − 𝒎𝜷𝜷 < 𝟗𝟎 − 𝟑𝟎𝟓 𝐦𝐞𝐕 𝟗𝟎% 𝐂. 𝐋.

with 1038.4 kg.yr
• Stable operaYon of the cryostat demonstrated in 2021

conQnue the data taking while waiQng for CUPID
• ProblemaQc 𝛼/𝛾 background → acQve veto needed (CUPID)

[Nature, 2022]
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https://www.nature.com/articles/s41586-022-04497-4


Bolometric detector
CUPID-Mo @ LSM

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

• 100Mo 𝑸𝜷𝜷 = 𝟑𝟎𝟑𝟓 keV - 𝑇0/$$. ~ 7 × 1009 yr

• 20 Li2MoO4 bolometers ran at 20 mK with improved radiopurity 
w.r.t. CUORE

• Enrichment up to 97% - active mass ~ 4 kg

• New veto technology: scintillating photons collection

• Very good energy resolution: 7.4 keV FWHM @ 𝑄66
• 𝑻𝟏/𝟐𝟎𝝂 > 𝟎. 𝟎𝟐× 𝟏𝟎𝟐𝟔 𝐲𝐫 − 𝒎𝜷𝜷 < 𝟐𝟖𝟎 − 𝟒𝟖𝟎 𝐦𝐞𝐕 𝟗𝟎% 𝐂. 𝐋.

with a final 1.5 kg.yr (481 days) exposure

• Launching pad for CUPID

[EPJC, 2022]

LY cut

alpha
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https://link.springer.com/article/10.1140/epjc/s10052-022-10942-5


Liquid scin;llator detector
KamLAND-Zen @ Kamioka

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

• 136Xe 𝑸𝜷𝜷 = 𝟐𝟒𝟓𝟖 keV - 𝑇0/$$. ~ 2 × 10$0 yr

• Large LXe volume within a radiopure balloon immersed within 
a PMT instrumented liquid scintillator volume

• Enrichment up to 91% - active mass ~ 745 kg

• Balloon volume and mass increase x2 in 4 ans

• post-Fukushima 110mAg contamination removed + overall bkg ÷10

• Low energy resolution: 250 keV FWHM @ 𝑄66
• 𝑻𝟏/𝟐𝟎𝝂 > 𝟐. 𝟑 × 𝟏𝟎𝟐𝟔 𝐲𝐫 − 𝒎𝜷𝜷 < 𝟑𝟔 − 𝟏𝟓𝟔 𝐦𝐞𝐕 (𝟗𝟎% 𝐂. 𝐋. )

with 523.4 days exposure

[PRL, 2023]
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.051801


Liquid Xe TPC detector
EXO-200 @ WIPP

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

• 136Xe 𝑸𝜷𝜷 = 𝟐𝟒𝟓𝟖 keV - 𝑇0/$$. ~ 2 × 10$0 yr

• LXe cylindrical Time Projection Chamber

• Enrichment up to 81% - active mass ~ 100 kg

• Effective scintillation-ionisation correlation 

• Event reconstruction (x-y-z) + fiducialization for SSE vs MSE topology

• Low energy resolution: 60 keV FWHM @ 𝑄66
• 𝑻𝟏/𝟐𝟎𝝂 > 𝟎. 𝟒 × 𝟏𝟎𝟐𝟔 𝐲𝐫 − 𝒎𝜷𝜷 < 𝟕𝟖 − 𝟐𝟑𝟗 𝐦𝐞𝐕 (𝟗𝟎% 𝐂. 𝐋. )

[PRL, 2019]
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Experimental state of the art

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

See fresh exhausQve 
review [2202.01787]
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https://arxiv.org/pdf/2202.01787.pdf


Experimental state of the art

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

See fresh exhaustive 
review [2202.01787]

35

https://arxiv.org/pdf/2202.01787.pdf


Future of double-beta decay search
• SensiIvity goals: Cover 𝑚&& ~ 17 meV (IH)

• Three major experiment in terms of mass/funding
but many other alternaIve technology under development

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

100Mo : 
CUORE + CUPID-0/Mo 
→ CUPID

Defined isotope - 253 kg cristals
Validated light scint. technology
Reuse CUORE cryostat

BI∗ < 𝟎. 𝟓
𝑻𝟏/𝟐
𝟎𝝂 > 𝟏. 𝟏 × 𝟏𝟎𝟐𝟕 yr
𝒎𝜷𝜷 < 𝟏𝟐 − 𝟐𝟎 meV

136Xe** : 
EXO-200
→ nEXO

mass x25 = 5 tons LXe
SNOLAB – fiducial volume
Energy resolution 1%

BI∗ < 𝟎. 𝟔
𝑻𝟏/𝟐
𝟎𝝂 > 𝟗. 𝟐 × 𝟏𝟎𝟐𝟕 yr
𝒎𝜷𝜷 < 𝟔 − 𝟏𝟕 meV

76Ge : 
GERDA + MAJORANA 
→ LEGEND

200 kg in prep. @ LNGS
1000 kg lab. selection
LAr veto + mass /det.

BI*  < 𝟎. 𝟔 / < 𝟎. 𝟏
𝑻𝟏/𝟐
𝟎𝝂 > 𝟎. 𝟗 / 𝟏𝟐 × 𝟏𝟎𝟐𝟕 yr
𝒎𝜷𝜷 < 𝟑𝟓 − 𝟕𝟑 /[𝟏𝟎 − 𝟐𝟎] meV

*[𝐜𝐩𝐬/(𝐅𝐖𝐇𝐌. 𝐭. 𝐲𝐫)]
** + KamLAND2-Zen + NEXT-HD
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Candidate underground labs

• Europe:
o Feasibility studies of LEGEND-1000

at LNGS
o LSC not deep enough
o Not enough space at LSM

• North America:
o Preference for SNOLAB in Canada 

(SURF not retained)
o AcHve mine – new experimental hall

dedicated to double-beta decay

• China: 
o Large hosHng capacity at CJPL 

experimental hall built for CDEX (dark maQer)

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

https://www.snolab.ca/facility/virtual-tour/
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SelecFon process in the US
• Three experiments seriously considered

o LEGEND-1k 76Ge – a{er LEGEND-200
o nEXO 136Xe – a{er EXO-200
o CUPID 100Mo – a{er CUORE
o (?)

• Support document: « pCDR » 
(pre Conceptual Design Report)
o LEGEND-1k : [2107.11462]
o nEXO : [1805.11142] / [2106.16243]

o CUPID : [1907.09376] / [2203.08386]

• Budget: Order of magnitude is 
~[60-400] M$ [see DOE statement]

• Selec5on : unknown date
interplay with EU funding strategy

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France 38

https://arxiv.org/abs/2107.11462
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Sensi&vity comparison with other isotopes

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France
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Strength of the LEGEND-1000 proposal:
• Quasi-background free at full exposure
• No known peaks near Qbb

Strength of the nEXO proposal:
• Exposure (5 t) + fiducializa\on
• Promising 136Ba daughter tagging(?)

Strength of the CUPID proposal:
• Exis\ng cryogenic infrastructure
• Demonstrated bkg reduc\on technique w.r.t. CUORE
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Conclusions

• Double beta decay experiments are probing par'cle physics 
symmetries with highly sensi've detectors
ØWe may rather refer them as 

‘experiment searching for creaIon of majer without anImajer’

• Neutrinoless double beta decay community is in an exci'ng phase!
Ø Many highly sensiIve experiments have recently delivered results
Ø There is a roadmap to increase sensiIviIes by two order of magnitude on 𝑇#/($)

Future projects rely on different isotopes

• The community is moving toward ton-scale projects
Ø with ultra-low background, high energy resoluIon
Ø offering many possibility to probe rare events connected to new physics

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France 40



Can a neutrino be its own anFparFcle?

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France 41

Majorana neutrinos: a bridge 
between maAer and anBmaAer

[2202.01787]
(Vissani, et al.)

https://arxiv.org/pdf/2202.01787.pdf


Technological risk evaluation

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

• Large gap in exposure (horizontal axis) 
= potenQal unknowns on the experiment funcQoning / long term robustness /  …

• Large gap on the background (verYcal axis)
= potenQal unknowns on the radiopurity / ignored background components / …
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Nuclear Matrix Element status

CP2023, École de physique des Houches Yoann Kermaïdic, IJCLab, Orsay, France

New NSM, IBM and QRPA calculations have been performed in 2020
Ab-initio (first principles) calculations now available for 76Ge and 82Se!
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