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The future of neutrino-less 
double beta decay
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The origin  

 In the case of electrons and positrons, we may anticipate only a formal progress; but

we consider it important, for possible extensions by analogy, that the very notion of

negative energy states can be avoided. We shall see, in fact, that it is perfectly, and 
most naturally, possible to formulate a theory of elementary neutral particles which do 
not have negative (energy) states.

 it is perhaps not yet possible to ask experiments to decide between the new theory 

and a simple extension of the Dirac equations to neutral particles

 “The advantage. . . is that there is no reason now to infer the existence of antineutrons

or antineutrinos. The latter particles are introduced in the theory of positive β-ray

emission; the theory, however, can be obviously modified so that the β-emission, both

positive and negative, is always accompanied by the emission of a neutrino. ”



Quest for Majorana particles



lepton mass spectrum 
neutrinos are far from every other

a really impressive gap

in reality we do not know

the mass ordering of each 

neutrino. What we know is 

the squared mass difference 



General consideration

for very small neutrino masses, 
distinguish Dirac from Majorana  

is 
horribly difficult  
whatever you do



The process as seen by a 
particle, nuclear, atomic physicist  !



as simple as such !



Half life



G (Q,Z)



for the neutrino less case



Nuclear 
Matrix 

Elements 
(NME) 



Nuclear Matrix Elements

so what ? Isn’t  gA well known from neutron decay ?

gnucleon = 1.269 



compare to measured half-lives

?



so the idea is : 
(2νββ is two times a β decay)

would be great 
we could we live with 
very bad 

So this is the meaning of the plot you have seen

The problem for us is what 

the value of gA  in 0νββ will be.



here the calculations of M0ν



bringing to some prediction 
for half lives

useful to make your choice of isotope….look only at the 
ratios. Time to despair has yet to come.



The effective neutrino mass 
that enters the 0νββ 

called : effective Majorana mass

with the complication of the unknown phases 



the famous exclusion plot

realistic predictions
say:


20 meV for IH

2 meV for NH
now you can design

your new generation

experiment !



the Wall to break

Take 100Mo

Normalized half-life

τ1/2 ~4 x 1023 yr

for IH  20 meV   it requires to measure  τ1/2 ~ 1027 yr 

for NH  2 meV   it requires to measure  τ1/2 ~ 1029 yr  

Daring   or scaring 



en passant….

a uniform inverse correlation between the PSF and the square of the NME 
emerges in all nuclei. This happens to be more a coincidence than 
something physically motivated and, as a consequence, no isotope is 
either favored or disfavored for the search of .  It turns out in fact that 
all isotopes have qualitatively the same decay rate per unit mass for

any given value of  (inside a factor 5)

.

0νββ

mββ

Ge ~ 40

Xe ~150

Mo~ 2500



how to compare exp’s

No matter what , half life sensitivity measures the quality 
of the experiment 



so it comes as

• 


•

Nββ = ln2 × N × t × ε
1

T0ν
1/2

NB = nB × t × ΔE × M



S0ν ∝ x × η × ϵ ×
M × t

nB × ΔE

The sensitivity is given by

S

B
=

Nββ

NB



first analysis of sensitivity 
formula

• a square root dependance is a disgrace 


• every factor 10 you want to gain in sensitivity will cost 
you a factor 100 in the product of parameters (except 
for  whose product however is limited to 1)


• even worse 


•

η × ϵ

mββ ∝
1

T0ν
1/2



but…..

• if you are able to limit  to  for the life of your 
experiment


• or more realistically you can run a time  before 
observing your first bckg event then:

NB ≤ 1

t

S0ν ∝ M × t
you get rid of the first square root



the so called 

zero background 
approximation



The desired experiment

M × t × nB × ΔE ≤ 1



example

• M = 100 Kg  (1 Ton)


• t = 1 y 


• Q value = 3 MeV


•  = 1%  (0.1 %)


• what you need is 

ΔE

nB = 3.3 × 10−4

Tough game, we knew it !



Detector options



Three main options

or any suitable combination !



A Germanium calorimeter

A FWHM of 

at Q-value

0.15 %

G

E 
R 
D 
A



GERDA results to-date

you could run 500 Kg of isotope 

for 1 year  at this  bckg bringing 

the limit close to 1027 y

(still you would not cover the entire inverted hierarchy even with 

the most optimistic NME)

NB = 5.2 × 10−4



what really counts is 

• 


• Ge Calorimeter ~ 3 KeV


• the merit factor for Gerda today is :




• you are background free until 500 

nB × ΔE

5.6 ⋅ 10−4 1
(kg ⋅ KeV ⋅ y)

× 3KeV ∼ 2 ⋅ 10−3

Kg ⋅ y



turning to LEGEND@LNGS

based on NB~6  X 10-4

and FWHM~ 3keV

BI x FWHM/ε

The reach can be 1027


with LEGEND 200


and with a factor 5 improvement in Background

LEGEND 1000 could be in the game for  1028




Kamland-ZEN

The inner balloon is filled 

with 136Xe dissolved in 

liquid scintillator



Result



another comparison

• 


• Scintillator  has a  FWHM ~ 280 KeV


•  is derived by 11 event observed in 264 days, 400 KeV window  and 3.8 ton of 
(scintillator +Xe) . Xe is 380 Kg.


•  could be :    ~  


• the merit factor for Kamland-ZEN today is :




• you are background free until 250  


• with 380 Kg already in  regime

nB × ΔE

nB

nB [(11 ⋅ 365)/264]/3800/400 10−5

1 ⋅ 10−5 1
(kg ⋅ KeV ⋅ y)

× 400KeV ∼ 4 ⋅ 10−3

Kg ⋅ y

it is written in a way that is extremely difficult to know  !



Kamland ZEN improved



The evolution of the  
bolometer technique: CUPID

Use CUORE cryostat

Li2100MoO4

scintillating x-tals

Read Heat and

Light



Sensitivity of CUPID

1027 y reachable

and perhaps……

the merit factor 

could be


1 ⋅ 10−4 × 5 ∼ 5 ⋅ 10−4

allowing to run

2000* Kg y


background free 

 

* 2000Kg producing background but only  1120 Kg of isotope for signal



so…..1027 ‘easy’

1028 ?



The chances of LXe 
from EXO to nEXO



nEXO project

5 Tons enrLXe



potentiality
merit factor ~ 10-4 


10000 Kg y !

 

going from outside

to inside 



The NEXT family
1) Demonstration of the HPXe technology with prototypes deploying a mass of 
natural xenon in the range of 1 kg

2) Characterisation of the backgrounds to the  0νββ signal and measurement 
of the  2νββ signal with the NEW detector, deploying 10 kg of enriched xenon

3) Search for  0νββ decays with the NEXT-100 detector, which deploys 100 kg 
of enriched xenon

4) Search for 0νββ decays with the NEXT-1Ton* detector (Xe at 15 bars), 
capable to reach 1027 years half life sensitivity (needs R&D on photodetectors)


 5) an additional, although very difficult to implement, feature would be 

 the barium tagging (BaTa)** only possible in a HPXe. If successful it could 
open the way toward 1028 sensitivity

                                        

*https://arxiv.org/pdf/2005.06467.pdf

**Nature 583 (2020) 7814, 48-54



so…..1028 ‘pretty difficult’

1029 ?



The problem at 1029 is rather  the signal  
than the background !!!! 

The only choice that does not call for an impossible cost

for the enrichment points  to natTe




the small scale  concept: SNO+

It might be the idea for a future giant project 



Te might strikes back
Dissolve a huge quantity of natural Te (few hundred tons)

at the highest concentration allowed by the transmission 

of the light in a scintillator


(Juno -20000 tons)

(SuperK -50000tons)


Two backgrounds are serious:   and  from the Sun2νββ 8B
The neutrinos from the Sun might be tagged if some 

directionality could be implemented (Cherenkov !)



in the world where dreams 
become reality



Finally, if you buy the 
indication from cosmology



This is the phase space to 
explore

Observation does not depend

from Majorana phases.

Exploration region is bound by the

most favourable  assumption on

Majorana phases.




Conclusion

• 1027 reachable by LEGEND-200, Kamland-ZEN, CUPID, NEXT 
(?)


• 1028 is a difficult task for LEGEND-1000, NEXO, NEXT+ BaTa(?)


• 1029 is half a way between a dream and a long and tortuous 
way without certainty of success



Additional material 



comparison IBM-2 / QRPA

In most cases differences are well below a factor 2



conceptual idea of Barium Tag
Xe → Ba++ + 2e−

Ba+ levels a laser that induce

 the S-P transition

a laser that induces

tha transition D-S


(deshelving)

producing a lot of photons

D state is metastable


