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on the significance of the 
process under investigation



the particles that compose matter
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matter stability

◎ Known physics (“standard model”, SM) says: the 
numbers of baryons and leptons do not change  

◎ This can be illustrated with the main reaction 
that powers the Sun, which implies that 
neutrinos are particles of matter - leptons 

◎ Let us now consider the role of certain 
discoveries about neutrinos of last decade

and the role of neutrinos
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from neutrino appearance experiments we have 
learned that there is only one basic type of lepton 

(=at the scrutiny of T2K, NOνA, OPERA, SK, DeepCore, only total lepton number L survived )

ΔLe ΔLμ ΔLτ ΔL

νμ➔νe +1 -1 0 0

νμ➔ντ 0 -1 +1 0

We know empirically that all global symmetries of SM are violated, except L and B.
Conversion among families is possible, we have only two types of matter particles: leptons and quarks

LNGS,	Sep	29,	2021 6



F	Vissani,	Gran	Sasso	

In the accepted theory of matter (i.e., SM) B and L are not conserved alone 

B+L is violated, only B-L is conserved exactly, thus:  
in SM, leptonic and baryonic matter is connected
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Δ(Le-Lμ)	 Δ(Lμ-Lτ)	 Δ(Lτ-Le) Δ(B-L)

νμ➔νe +2 -1 -1 0

νμ➔ντ +1 -2 +1 0

B+L is not a conserved number in the Standard Model --- leptons and baryons conversion is possible. In other words,  
appearance experiments + theory (SM) prove that all anomaly free symmetries of SM are violated, except one, B-L 

from neutrino appearance experiments we have learned 
that there is only one basic type of lepton fermion 

(=at the scrutiny of T2K, NOνA, OPERA, SK, DeepCore, only total lepton number L survived )
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experimental tests of B and of L
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experimental tests of B and of L
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Electrons Creation (B-L violated)

Proton decay (B-L conserved)

experimental tests of B and of L



a remarkable - and probably related - scenario 
(Fukugita-Yanagida’s implementation of Sakharov’s program)

(1) During big-bang, the decay of heavy (right-handed) neutrinos create  ΔL



a remarkable - and probably related - scenario 
(Fukugita-Yanagida’s implementation of Sakharov’s program)

ΔL

ΔB

SM effects!

(1) During big-bang, the decay of heavy (right-handed) neutrinos create  ΔL (2) Subsequently,  violating effects convert it into B + L ΔB



Summary

this is a process of creation of matter particles - couple of electrons 

tests the only global symmetry of the SM not yet probed: B-L 

the traditional (jargonic) name of the process poorly conveys its 
meaning 

naturally connected with Sakharov's program, aimed at explaining 
the baryonic asymmetry (=creation of baryons) 

on the significance of the process under investigation



a discussion of the role of 
Majorana neutrino masses



on the difference between neutrinos and antineutrinos

The neutrino is the
matter particle that 

accompanies the positron 

The antineutrino is the
antimatter particle that 

accompanies the electron 



neutrinos and antineutrinos 
interactions at high energy are 

different.  

How to distinguish them 
intrinsically, w/o referring to 

other particles? 
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direzione	del	motodirezione	del	moto

0 0
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direction	of	motiondirection	of	motion

0 0
but in rest system that exists they seem equal
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direzione	del	motodirezione	del	moto

0 0
Majorana: neutrinos are matter & antimatter
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Majorana's neutrinos enable electron creation

2 n à 2 p + 2 e

n

n
e-

e-

p 

p 

a virtual neutrino of 
Majorana 

In fact, Majorana neutrinos act as a bridge between matter and antimatter. 
For the reasons above, the amplitude is proportional to neutrino mass



20 yr of constraints on the Majorana mass relevant to 2nà2p+2e
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discovery probability:  

  100% for inverted ordering; 

  between 20% an 80% for normal ordering, if 

 is achievedmββ = Δm2
12 = 8.6 meV



since 
Planck 2015 

findings, this is the most 
sensitive probe of 

absolute neutrino masses, 
and the best chance of 

measuring them in 
the future



CMB is sensitive to Σ=m1+m2+m3
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Resulting expectations on the mass of the lightest neutrino

De
ll’
O
ro
	e
t	a

l	2
01
9

Cosmology

Jacobian



Summary

 Majorana mass neutrinos are very plausible 

Definite goal in view:  

Next goal:  

Keep an eye on (helping/guiding?) advances in 
other mass measurements cosmology included

mmin
ββ (inv) = 18.4 ± 1.3 meV

mββ = Δm2
12 = 8.6 ± 0.1 meV

ν−

on the role of Majorana neutrino mass



remarks on theory and relationship 
with experimental enquires



impact of  the 
Majorana neutrinos 

on 0ν2β
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on nuclear physics aspects
work in progress and needs

  great numerical efforts are underway to know precisely the 
uncertainties and to produce ab initio estimates  …  as far as possible 

  comparably large experimental activity on  
processes to validate and improve nuclear models 

  important/necessary to study different nuclei and with different 
techniques to disambiguate various degenerations, from nuclear 
physics and possibly from fundamental physics

ΔZ = ± 1, ± 2
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ideas on smallness of -massν

νRνL νL

mLR mLR
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ideas on smallness of -massν

νRνL νL

mLR mLR

									mν ∼
m2

LR

MRR
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this is what we call “seesaw”

νR

νL

(Minkowski 1977; Yanagida 1979; Gell-Mann, Ramond, Slansky 1979; Mohapatra, Senjanovic 1980) 







νR



νR



νR



(from CRYODET meeting at LNGS - 2006)



standard model inherits new phenomena

• the 1st  is the SM-invariant way to write a term 
for Majorana neutrino masses  

• the 2nd is one of  the operators that cause the 
instability of  the proton 

• the 3rd new contributes to 0ν2β transition

(Weinberg 1979; Wilczek, Zee 1979)
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KGF, IMB, NUSEX, KAMIOKANDE, ICARUS…
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… JUNO, DUNE, HYPER-KAMIOKANDE
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… JUNO, DUNE, HYPER-KAMIOKANDE

[no references to theory] 46



Summary

Progress in nuclear physics is tough but possible  

The idea that Majorana neutrino masses are related to large 
scale physics looks rather plausible 

It is important to continue to test SM and neutrino masses 

Theory offers clues but we still don't have anything as SM.  
Right-handed neutrinos, seesaw, leptogenesis, proton decay are 
likely linked to neutrino mass. Time to work on fermion masses 

remarks on theory and relationship with experiment



bibliography, discussion  
and wrap up
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E.g.: one table
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E.g.: one table
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E.g.: After-discovery scenarios
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preliminary



grazie e buon lavoro!

Francesco VISSANI, INFN, Gran Sasso

An Introduction to the North America - Europe 
Workshop on Future of Double Beta Decay 



more on matter



Leucippus, Democrit/s, Py2hagoras, Heraclit/s,  Plato, Aristotle…

…Dalton, Lavoisier, Mendeleev, Thomson, Pauli, Fer@i, Zweig, Gell-Mann…
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W H AT  I S  " M AT T E R "  M A D E  O F ?

Elementary Components 
Of Matter

Identifying  
Feature 

End Vigence Of Model 
[Theory] Experiment 

Reason For  
Inadequacy

Atoms Type, Mass [1838] 1909 [Atoms Of Electricity] 
Electrons

Electrons & Nuclei Charge, Mass, Spin1/2 [1930] 1956 [Fermi’ Theory]  
Neutrons & Neutrinos 

                        , “” [1961] 1968 [Standard Model]  
Quarks

Quarks & Leptons                                      , “” [1962] 2010 [Leptonic Mixing] 
Appearance Experiments 

Quark-Leptons     ,   “” [1937]   ? [Majorana’ Mass]   

Fermions Mass, Spin1/2 [1977] ??? [Supersymmetry?]   
???

2n → 2p + 2e

B, Le, Lμ . . .

B−L, Le−Lμ, . .

B − L

p, n, e, νe, μ . . .



more on neutrinos



three flavor model [1/2]
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three flavor model [2/2]
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NHàNO
Normal hierarchy à Normal ordering





NOàYES
Normal ordering à Yearningly Expected Spectrum



more on theory



round table “Einstein and the physics of the future” 
published in Some Strangeness in the Proportion, ed. H. Woolf, 1980 

Weinberg:
[…] the lifetime of the proton (this has been worked on by a number of people now) comes out to 
be of the order 1030 to 1032 years. The present experimental lower bound is 1029 years. Thus the time 
is ripe for an assault on the next few orders of magnitude in the proton lifetime.

Dyson:
[…] the modern view of particle theory, with the sub-nuclear world a playground of interlocking 
broken and unbroken symmetries, had its roots in Felix Klein's Erlanger Program of 1872 […]
I predict that in the next 25 years we shall see the emergence of unified physical theories in which 
general relativity, group theory, and field theory are tied together with bonds of rigorous maths.

Yang:
beautiful mathematics is the language of fundamental physics […]
Maybe it is my prejudice - maybe it is my ignorance - but I do not believe that any of these graded Lie 
algebras has the intrinsic and fundamental beauty of Lie algebras and Lie groups, not as yet!



from 1979 Nobel lectures
Salam: 
That summer [1973, ed] Jogesh Pati and I had predicted proton decay within the 
context of what is now called GUT.

Glashow: 
GUT - perhaps along the lines of the original SU(5) theory of Georgi and me - must 
be essentially correct. This implies that the proton, and indeed all nuclear matter, must 
be inherently unstable. 

Weinberg: 
If effects of a tiny non-conservation of baryon or lepton number such as proton 
decay or neutrino masses are discovered experimentally, we will then be left with 
gauge symmetries as the only true internal symmetries of nature, a conclusion that I 
would regard as most satisfactory.  



OK, but what about the cosmological constant?



A few modern example 
of non supersymmetric 
grand unified models, 
suited to describe 
fermion masses: 

• Matsuda et al 2001;  
• Bajc et al 2005;  
• Bertolini et al 2009-2011;  
• Joshipura et al 2011;  
• Buccella  et al 2012;  
• Dueck et al 2013;  
• Altarelli et al 2013;  
• Ohlsson et al 2019-2021



remarks

the idea that SM is the low energy limit of a more complete theory has emerged in 70's  

neutrinos mass expected (observed); proton decay is possible (not yet observed) 

Majorana mass of neutrinos: one of the most interesting characteristic features  

one can argue for a “hierarchy problem" (e.g. heavy ) but what we learn from this? 

these theories are compatible with new light particles observable in laboratories  

important to proceed with systematic studies of principled models

ν



discussion



Q [Lindner] how to make statement on discovery probability w/o 
theory? 

A I agree this is not desirable: we better have a theory. Still, using 
oscillations and cosmological likelihood, it is possible to quantify the 
probability of the 3 cases: observation, inaccessibility, exploration, as we 
did with “flag-plot”  (page 25-29) 

Q [Previtali] a) nuclear uncertainty can be reduced? b) what is the 
nature of the problem? 

A I am not sure I am competent to discuss this usefully. But I see that 
after a long period where only few theorist work on that, now there is a 
much increased activity. This comes with a lot of experimental efforts. 
(page 33). I believe we should be aware that an important investment on 

  should be accompanied by theoretical progresses 0ν2β



Q [Cremonesi] what is wrong with Dirac mass? 

A Nothing fundamental in principle. However if you add right handed neutrinos 
to SM particles, there is no reason to forbid Majorana mass for them. Likewise in 
models such as SO(10) you do not expect Dirac neutrinos. This is why we better 
invest time on studying principled model; mathematically, the number of 
possibilities is just too large. Just for completeness if we play w/o principles, 
many possibilities arise e.g.,  can be due  to not to   mass 

Q [Nakahata] a) is it possible to exclude mixing between Dirac and Majorana 
neutrinos? b) can measuring e.m. dipole help to tell Dirac from Majorana? 

A a) it is not possible to exclude, but we have no neat evidence from oscillations; 
maybe, new neutrinos are useful for dark matter (Shaposhnikov’s model) but 
dark matter is warm not cold b) it is not clear we can reach the sensitivity. 
Furthermore, neutrino masses have been measured and arise in SM at 
dimension five; this simple consideration make the search for  a priority

0ν2β νR νL

0ν2β


