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MAJORANA’S HYPOTHESIS 
ON NEUTRINOS 

why known neutrinos could well be Majorana particles; the 
minimal formalism; relevance of the issue for the direct search 
of big-bang neutrinos 
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direction	of	the	momentum	direction	of	the	momentum	

0	 0	
helicity distinguishes neutrinos 

from antineutrinos 
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direction	of	the	momentum	direction	of	the	momentum	

0	 0	
but in the rest frame there is only  

the spin! 
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direction	of	the	momentum	direction	of	the	momentum	

0	 0	
Majorana: in the rest frame 
the two states are the same 
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comments 
o  recall: neutrino masses are necessary to explain oscillations 

o  neutrino mass + V-A nature makes Majorana hypothesis plausible 

o  “unusual appearance” means just “we are used to Dirac” 

 

      next, one manifestation of Majorana mass – see M. Messina’s talk 
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direct search of big-bang neutrinos 

 

big-bang neutrinos produce 3 
neutr ino-capture l ines for a 
radioactive target 

their positions depend on mi ; their 
intensity on |Uei

2| 

lightest neutrino gives the most 
intense line for normal hierarchy 

Needs  

Ø  great energy resolution  

Ø  big target mass, ≥100g of tritium  
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Majorana means more events 

R
o

u
le

t &
 FV

, 2018 
June 07, 2019 

12 

Francesco Vissani, GSSI & LNGS 



ON SM EXTENSIONS 

remarks on the features of the standard model (SM); effective 
operators that violate lepton and baryon numbers; 
observable manifestations 
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remarks on SM standard model 

o  in SM B-L , Le – Lµ  and Lµ –  Lτ are exact symmetries 

 

refrains 

Le – Lµ  and Lµ – Lτ are violated in oscillations -- which means 

that the SM needs to be modified/improved/extended. 
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remarks on SM standard model 

o  in SM B-L , Le – Lµ  and Lµ –  Lτ are exact symmetries 

o  But Le – Lµ  and Lµ – Lτ are violated in oscillations 
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remarks on SM standard model 

o  in SM B-L , Le – Lµ  and Lµ –  Lτ are exact symmetries 

o  But Le – Lµ  and Lµ – Lτ are violated in oscillations 

conclusion: 

SM needs to be modified/improved/extended 
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SM effective operators (Weinberg; Wilczek & Zee 79) 

accept in the SM Lagrangian density also the operators with 
canonical dimension >4 that conserve gauge symmetry e.g. 
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SM effective operators (Weinberg; Wilczek & Zee 79) 

accept in the SM Lagrangian density also the operators with 
canonical dimension >4 that conserve gauge symmetry e.g. 

B-L and Li-Lj 
broken 

B & L broken  
B-L unbroken 
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TESTING B-L SYMMETRY 

the process of interest; connection with Majorana neutrino 
masses; theoretical discussion of the most plausible 
mechanism 
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the process of interest 

A very promising process to test B-L is, 

(A,Z) à (A,Z+2) + 2 e-  

Actively searched (see G. Gratta and next talks) 

 

¤  It violates Le , also violated in oscillations (T2K, NOνA) 

¤  It violates L , being a creation of two electrons 

¤  It conserves B 

¤  It violates B-L , of which we have no evidence 
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its selection rules 

The process we are interested to consider is, 

(A,Z) à (A,Z+2) + 2 e-  

Not yet observed, actively searched 

¤ It violates Le , also violated in T2K & NOνA’s oscillations  

¤ It violates L , being a creation of two electrons (NEW!) 

¤ It conserves B 

¤ It violates B-L, the residual SM symmetry (NEW!) 

¤ Potentially due to many SM effective operators: dim.5, 7, 9 etc 

June 07, 2019 
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its selection rules 

The process we are interested to consider is, 

(A,Z) à (A,Z+2) + 2 e-  

Not yet observed, actively searched 

¤ It violates Le , also violated in T2K & NOνA’s oscillations  

¤ It violates L , being a creation of two electrons 

¤ It conserves B 

¤ It violates B-L, the residual SM symmetry 

¤ Potentially due to many SM effective operators: dim.5, 7, 9 etc 
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dim5 operator… 
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…yields Majorana mass in SM! 
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Majorana	
neutrinos	
and	0ν2β
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discussion 

¤  SM gauge symmetry constrains hypothetical phenomena 
that break L & B. These are described by higher-order 
operators, ordered in powers of new physics masses 
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discussion 

¤  SM gauge symmetry constrains hypothetical phenomena 
that break L & B. These are described by higher-order 
operators, ordered in powers of new physics masses 

¤  many operators can break B-L causing 0ν2β, w/o giving 
big contributions to neutrino masses 
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discussion 

¤  SM gauge symmetry constrains hypothetical phenomena 
that break L & B. These are described by higher-order 
operators, ordered in powers of new physics masses 

¤  many operators can break B-L causing 0ν2β, w/o giving 
big contributions to neutrino masses 

¤  the lowest order operator causes 0ν2β (“neutrinoless 
double beta decay”) and gives Majorana mass: a 
plausible extension of the SM -- oscillations are explained 
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summary:	the	reasons	of	assuming	light	neutrino	dominance	
o  First,	we	have	evidence	of	light	neutrino	masses	and	not	of	new	physics	at	TeV	scale.		
o  Moreover,	higher	dimensional	operators	would	point	to	new	physics	at	TeV	scale	(Tello	et	al	2011)	but	would	

also	indicate	that	the	couplings	of	the	neutrinos	are	rather	different	from	the	other	ones	–	much	smaller.		
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THEORETICAL REMARKS 

the relevant parameter - “electron neutrino mass”, aka 
“effective mass”, aka mββ; theoretical remarks on its value; 
again on alternative theoretical possibilities 
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the	“electron	neutrino”	mass
If  light Majorana ν leads the transition, the parameter that counts for 0ν2β is, 

 
 
 
 
 
 
 
 

 
 
	

The first is the traditional symbol; the  
second, is the ee-element of  the ν mass matrix. 

Sometimes indicated also as <mν>  
 

(there are also other symbols, that always indicate the very same thing!) 



the	“electron	neutrino”	mass
If  light Majorana ν leads the transition, the parameter that counts for 0ν2β is, 

 
 
 
 
 
 
 
 

 
 
	

Only the mass differences mi
2-mj

2 and  
electronic mixing |Uej

2| are measured by oscillations.  
Lightest neutrino mass & Majorana phases ξi		aren’t. 

 



fourty years ago 
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twenty years ago 
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today 
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is mββ = | (mν)ee | predictable? 

¤  Yes, in a definite theoretical context 

¤  However, it is difficult to believe that this can be 
achieved w/o understanding charged fermions masses 

¤  Which principles should be adopted? 

¤  Do we have credible models to tackle such problems? 

¤  To illustrate these considerations we discuss a few 
attempts  

June	07,	2019	
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(mν)ee  ~ √Δmatm ×θC         (guesswork) 

Vissani 1998-2001; Dell’Oro et al 2018 
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minimal SO(10)            (principled model) 

«  16-plet coupled to 10 and 126 higgs: heavy right-handed neutrinos 
«  (Peccei Quinn symmetry to address strong CP and dark matter) 
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minimal SO(10)            (principled model) 

«  16-plet coupled to 10 and 126 higgs: heavy right-handed neutrinos 
«  (Peccei Quinn symmetry to address strong CP and dark matter) 
«  neutrinos are massive and fermion masses constrained 
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minimal SO(10)            (principled model) 

«  16-plet coupled to 10 and 126 higgs: heavy right-handed neutrinos 
«  (Peccei Quinn symmetry to address strong CP and dark matter) 
«  neutrinos are massive and fermion masses constrained 
«  normal mass hierarchy; mββ in the few meV range 
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minimal SO(10)            (principled model) 

«  16-plet coupled to 10 and 126 higgs: heavy right-handed neutrinos 
«  (Peccei Quinn symmetry to address strong CP and dark matter) 
«  neutrinos are massive and fermion masses constrained 
«  normal mass hierarchy; mββ in the few meV range 
«  (potentially interesting expectations for proton decay) 
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another contribution from heavy (“right-
handed”) neutrinos? 

naively, not a likely option with some gym, maybe 
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other contributions from light (“sterile”) 
neutrinos? 

 

new light neutrinos could lead 
to new manifestations 

e.g. the case mν~1 eV was 
regarded with interest  

minor relevance for 0ν2β: 
mββ(new)~mν⋅ θ2

ee∼10 meV

incompatible with other 
experimental facts (fig & refs) 
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EMPIRICAL INFERENCES 

the connection with oscillations; the constraints due to 
cosmological measurements; nuclear physics issues 
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Vertical span – indicated by the 

arrows  - obtained varying 
Majorana phases; 

 
horizontal span, varying the 

minimum mass 
 

Some – minor - uncertainty due 
to oscillation parameters 

 
 

(Called sometimes “lobster plot” or also “bikini plot”) 
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June	07,	2019	
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the	(mlightest	,	mββ)-plot	proved	its	usefulness	
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This	drawing	reminds	us	that	Klapdor	et	al's	result	did	not	agree	with	light	Majorana	
neutrino	 interpretation.	A	priori,	a	similar	situation	can	signify	 that	 the	 findings	are	
not	reliable	or	that	an	alternative	interpretation	works;	this		could	be	very	interesting	
if	lepton	number	violation	will	be	observed	in	LHC	or	other	accelerators	in	future.	
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only normal hierarchy allowed here

values inconsistent with oscillations
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Cosmological	bound	and	allowed	regions	
Cosmological	analyses	favors	slightly	the	case	of	normal	mass	hierarchy.	
This	 indication	 preceded	 (2015)	 and	 it	 is	 consistent	with	 the	 one	 from	
oscillations	(2016,	2017).			
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impact of cosmology,  
illustrated using Bari group type plot 
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improved & confirmed by Planck 

Both
hierarchies

here

Only normal
hierarchy here
(also 1σ C.L.)
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on nuclear matrix elements 
 

nuclear matrix elements are 
uncertain, since nuclear structure is 

different calculations agree well on 
0ν2β; but do not reproduce well 
2ν2β or single-β

thus, uncertainty is likely to be large. 
quenching?

tests with double charge exchange 
process (NUMEN)
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CONCLUSION 
final remarks; summary and discussion 
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In “standard model” B and L are not conserved individually. 
 

Only B-L is conserved exactly, thus:  
light & heavy matter types are connected 
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“neutrinoless etc”: a misnamer? 

¤  it is funny to define a process in terms of something 
absent (i.e., neutrinos) - hippo is not a trunkless elephant 

¤  the name “creation of electrons” is much neater and 
reminds us that B-L is broken 

¤  the term β comes from Rutherford times, when the β was 
used for “nuclear electrons” – i.e., a wrong model!! 
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“neutrinoless etc”: a misnamer? 

¤  it is funny to define a process in terms of something 
absent (i.e., neutrinos) - hippo is not a trunkless elephant 

¤  the name “creation of electrons” is much neater and 
reminds us that B-L is broken 

¤  the term β comes from Rutherford times, when the β was 
used for “nuclear electrons” – i.e., a wrong model!! 

¤  this name reminds us one theoretical belief: that BSM 
physics is at ultra-high scale, and therefore, mechanism 
of (virtual) light Majorana neutrino exchange drives 0ν2β
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what makes “matter”? 

June	07,	2019	

elementary  
components 

identifying 
feature 

time period 
theory (exp.) 

reason of 
inadequacy 

atoms mass, type till 1838 (1909) “atoms of electricity” 

nuclei & electrons mass, charge till 1933 (1956) neutrons & neutrinos

p, n, e, νe B, Le,, spin till 1961 (1968) quarks / SM

quarks, leptons B, Le, Lµ, Lτ, spin till 1967 (2010) neutrino appearance 

quarks-antileptons B-L, spin till 1937!!! (??) Majorana mass/0ν2β

fermions spin till ???? (?????) ??????????? 

63 

Francesco Vissani, GSSI & LNGS 



summary and discussion 

¤  in the light of SM & of experimental knowledge, 
Majorana hypothesis is more plausible than ever 

¤  motivations for the search for creation of electrons 
(aka, neutrinoless double beta decay) are very strong, 
at least as those for the proton decay search 

¤  we have no solid theoretical expectations and, in 
principle, the signal could also be observed by  
current generation of detectors 

¤  however, the most convincing arguments, based on 
cosmological bounds and Majorana hypothesis, lead 
us to believe that multi-tons detectors are needed  
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SUPPORTING MATERIAL 

capture rate for Dirac/Majorana cosmological neutrinos; 
matter stability; on dim.5 operator; GUT patterns; random 
Majorana phases; definitions of “matter” on Wiki; again on 
terminology & acronyms 
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another	proof	
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MATTER	STABILITY	NEEDS	TESTS	

Reliability	 of	 the	 predictions	 of	 the	 “standard	 model”;	 search	 for	 new	
phenomena:	creation	of	electrons	&	proton	decay;	remarks	on	the	names	
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SM ensures matter stability, but it has its 
own shortcomings

Matter stability is not for granted

We should test experimentally if matter 
appears in some process / disappears in 

some other
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Ø  High dim. operators, invariant under SM symmetry, summarize new 
physics at ultra-high scales 

Ø  (They play exactly the same role of Fermi interactions) 

Ø  The one with lowest dimension describes Majorana neutrino masses 

Ø  Oscillations are matched by a huge mass, say, of GUT 
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SM effective operators (Weinberg; Wilczek & Zee 79) 

accept in the SM Lagrangian density also the operators with 
canonical dimension >4 that conserve SM gauge symmetry 
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an	explanation	of	small	of	neutrino	masses	

νR	νL	 νL	

mLR	 mLR	
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an	explanation	of	small	of	neutrino	masses	

νR	νL	 νL	

mLR	 mLR	

			1	___	
	mRR	
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this	is	called	“seesaw”	

νR	

νL	
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See also Caldwell, Merle, Schultz, Totzauer; Agostini, Benato, Detwiler 2017 
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“Leptogenesis”	is	taken	by	copts	&	particle	theorists	“Electrogenesis”	is	already	used	in	biochemistry	
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QUESTIONS AND ANSWERS 

a few discussions at WIN2019, with editing, on: other 
designations for neutrinoless double beta decay; more 
possible effects of Majorana masses; impact of new neutrinos 
on neutrinoless double beta decay 
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Q/A 

Q: Why not to use the words “lepton creation” to denote 
“neutrinoless double beta decay”? 

A: This is an excellent choice when talking to colleagues who 
know exactly how important lepton number is.1  

For general usage, other choices are possible. The term 
“electron” is much better known (atomic theory is taught early 
in schools); “matter creation” is an equally valid locution.  

The best term depends upon the context in my view. 

1 E.g., as I emphasized in the talk, the SM links via B-L the leptons and the baryons, so lepton number 
is as important as the baryon number (this is well-known to people studying “leptogenesis”).  
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Q/A 

Q: Shouldn’t neutron decay be termed “electron creation” as 
well? This is just what happens in Fermi’s theory (1933).1  

A: In Fermi’s theory an electron is not created alone.  

Calling neutron decay “electron creation” - rather than, say, 
“weak decay” - means forgetting the antineutrino, which is an 
antimatter particle in current thinking (i.e., what remains of SM) 

Neutron decay does not imply matter creation. This is true not 
only for what concerns heavy particles (i.e. baryons) but also 
for what concerns light matter particles (i.e., leptons).  

1 The first theory with particle creation/annihilation is Einstein’s theory of light (1905) but then, nobody believed that 
matter particles could be created: E.g., in Pauli theory (1930) the electron and the (anti)neutrino are in the nucleus.  
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Q/A 

Q: Is it conceivable that Majorana nature of neutrinos shows up 
in other cosmological/astrophysical context?  

A: I do not know for sure if asked in these very general terms, so 
I just touch a few points for the discussion.  

1.  Typically neutrinos are produced at high energy and in that case the mass plays no role.  

2.  Whenever gravity is the leading force (e.g., for what concerns structure formation, or CMB) 
the two chiral states are treated in the same manner.  

3.  If we have Dirac mass and there is an initial neutrino-antineutrino asymmetry, this will be 
conserved while it will be violated in the case of Majorana mass.  

4.  Another interesting possibility to tell Majorana from Dirac is if magnetic neutrino moment is 
large and measurable. 
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Q/A 

Q: Light right-handed neutrinos are potentially relevant for 
neutrinoless double β decay as remarked by Rodejohann. 

A: I agree, if they exist. In the talk I pointed out that we do 
not have convincing evidence that this situation applies.1  

Note that in some model as νSM (Shaposhnikov’s) the 
contribution of the additional neutrinos, differently from the 
so called 3+1 model, is negligible instead. 

1 Incidentally I think that the traditional nomenclature reserves the words “sterile neutrino” for some light particles that 
could mix with the ordinary neutrinos, e.g., those with a mass of 1 eV, whereas “right handed neutrino” is usually 
considered much heavier, say above ΛQCD. I prefer to use “heavy neutrino” for the second situation, since this term is a bit 
more explicit, and moreover we could turn a right field into a left one by charge conjugation.  
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