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1Two theorems
★ Joseph Schechter and Jose Valle  suggested a 
theorem in June 1982: if a 0n2b decay happens, 
there must be an effective Majorana mass term. 
The reverse is also true.

★ The Majorana-Dirac confusion theorem by 
Boris Kayser in October 1982:  If there’re no 
right-handed currents and the n-masses are 
very small compared with the experimental 
energy scale, then it is impossible to tell the 
difference between Dirac and Majorana n’s.

hidden n’s emerge



OUTLINE
• A brief history: ideas and facts oscillated

• Salient properties of Majorana neutrinos   



3Pauli (1930) and Fermi (1933) 
I will be 
remembered 
for this paper

The seesaw-like relation:  

From SM to 
Fermi’s low 
energy EFT

Landscape



4Goeppert-Mayer (1935)
★ 2n2b decay: some even-even nuclei have an opportunity 
to decay to the 2nd nearest neighbor via 2 simultaneous b
decays (equivalent to the b decays of two neutrons).

necessary conditions: 

germanium selenium

arsenic

Maria Goeppert-Mayer 

Electron energy spectrum 

2n2b



5Majorana (1937)   
★ Ettore Majorana: theory of the symmetry of electrons and positrons
—— an idea as mysterious as Majorana’s personality. 

Our judgement today:
• No, antineutron ≠ neutron        (100%)
• Ja, antineutrinos = neutrinos (99%?)    

“Majorana returns”

—— Frank Wilczek
Nature Physics 2009

Majorana zero mode

★ Majorana fermions are a new form of matter. 
★ Majorana neutrinos 
are truly New Physics 
beyond SM,  and have 
profound implications 
for the Universe.



6Furry (1939) 
★ A 0n2b decay may occur if massive 
n’s have the Majorana nature, as first 
pointed out by Furry in 1939.   

effective 
electron 
neutrino

helicity matching

Wendell Furry 

Lepton number   
violation

particle physics 

Chirality and Helicity:



7Nuclear matrix elements
★ Big uncertainties associated with nuclear matrix elements (NMEs):

XeGe

J. Engel, J. Menendez, 2017

Te



8Half-life lower limits
★ Current experimental constraints on the half-life of the 0n2b decay.

M. Dolinski, A. Poon, W. Rodejohann, 2019

★

★

GERDA 2020



9Reines and Cowan (1956) 
★ The 1st good news: electron antineutrinos were discovered in 1956.  

two flashes  
separated 
by some µs 

Clyde Cowan 

Frederick Reines  



10Wu, Lee and Yang (1957) 
1938年：自杀；逃往阿根廷，并在那里隐姓埋名生活了二十几年；遁入空门；
遭到绑架或杀害，以阻止他加入制造原子弹的项目；沦为乞丐；..…
★ The 1st bad news: neutrinos seemed to have no mass (left-handed).  

Tsung-Dao Lee and Chen-Ning Yang proposed 
the two-component theory: neutrinos are left-
handed and exactly massless! 

(Leon Lederman et al  observed similar effects 
in leptonic pion decays).  

Chien-shiung Wu et al  aligned the spins of Cobalt-60 nuclei 
along external magnetic field and then measured directions 
of the emitted electrons. They saw maximal parity violation. 



11Pontecorvo (1957) and V–A (1958) 
★ Bruno Pontecorvo’s conjecture in 1957:  

Note: a single leptonic flavor cannot oscillate! 

— The two-component n-theory is wrong.
— Lepton number is violated (Majorana).
— Transition between electron n & anti-n.

★ The V–A structure of weak interactions was 
formulated in 1958, inspired by measurement 
of maximal parity violation: 
—— George Sudarshan and Robert Marshak
—— Richard Feynman and Murray Gell-Mann

Murray Gell-mann and Abraham Pais 1955



12Goldhaber (1958) and Sakata (1962) 
★ The 2nd bad news: a neutrino did have the negative 
helicity and thus should have no mass. A proof of this  
was first done by Maurice Goldhaber et al in 1958.

★ The Nagoya school’s conjectures: neutrinos are massive and mixed. 

their original notation:

Inspired by Murray Gell-Mann + Maurice Levy 1960



13Weinberg (1967) and Davis (1968) 
★ Steven Weinberg built a rigid framework for the electroweak theory 
in 1967 by putting aside right-handed neutrinos.

How can we tell  what is going on inside the Sun?  Photons take 1000
years to work their way out from the center to the surface,  and what 
we see from the earth does not tell us much about the interior.

★ The 2nd good news:  the solar neutrinos were observed by Raymond 
Davis in 1968, and an anomaly was suggestive of ….   



14Moe (1987) 
★ The 3rd good news: the double-beta decay of Se-82 
was first observed by Michael Moe et al in 1987.

Tom Bonner Prize  in
nuclear physics 2013

The introduction of this paper is very informative: 
¨ The 2n2b transition was first suggested by Eugene Wigner in 1930.
¨ Wendell Furry remarked that 2n2b could never be observed, but 0n2b could.
¨ Ironically 2n2b instead of 0n2b was seen. Neutrino could be of Dirac nature. 



15Super-Kamiokande (1998) 
★ The 4th good news: neutrinos do oscillate, so they must be massive.

Neutrino98
TAKAYAMA

Sun: Yoichiro Suzuki (4/6)                 Atmosphere: Takaaki Kajita (5/6)

last question:
MAJORANA



OUTLINE
• A brief history: ideas and facts oscillated

• Salient properties of Majorana neutrinos   



17Weinberg’s taste

Particle content: no neutrino mass, no quarks, no flavor mixing & CPV 
Theoretical ingredients: it’s got what it matters（五脏俱全）

My style  is usually not to propose specific models that will lead to specific 
experimental predictions, but rather to interpret in a broad way what is going 
on and make very general remarks,  like with the development of the point of 
view associated with effective field theory ---- Weinberg 2021@CERN Courier



18Go beyond the SM
Albert Einstein:  Everything should be made as simple as possible, but 
not simpler!     

Occam’s razor     

• Theoretically unnatural   
• Experimentally natural   

cut off 7
physical 
parameters   

★ The least cost to 
generate n-mass is 
a Yukawa coupling   

★ Use charge-conjugated 
fields of left-handed n’s? 
Pay with the scalar fields   

maximal P violation



19Majorana is more natural
★ The simplest way to extend the SM is to introduce the right-handed 
neutrino fields and write out a Dirac mass term.      

In the SM, L and B are violated by instantons, only B – L is conserved. 
mass state: antineutrino=neutrino

Dirac
mass

It is lepton-number-violating. 

Majorana
mass 

Murray Gell-Mann: everything 
not forbidden is compulsory!

1937 

P. Minkowski 1977, T. Yanagida 1979:

★ This seesaw picture is consistent 
with the Weinberg operator (1979):   



20LFV and LNV
★ Diagonalizing the 6´6 neutrino mass matrix by a 6´6 unitary matrix

Majorana mass states: 

★ The standard weak charged-current interactions:    

U = non-unitary light neutrino mixing. 
R = small light-heavy neutrino mixing.

global rephasing

LNV

Three flavor states are 
linear combinations of 
six mass states (LFV):      



210n2b decays
★ Lepton number violation (neutrinoless double-beta decays):

★ In most cases the contribution of heavy Majorana neutrinos to 0n2b
is negligible in the canonical type-one seesaw. 
ZZX, arXiv:0907.3014;  W. Rodejohann, 0912.3388.

★ There’re many different lepton-number-violating scenarios for 0n2b.



22Bet on the simplest seesaw?
★ New experimental evidence for 
Yukawa interactions at tree level:

ICHEP2020

★ So Steven Weinberg’s model in 
2020 seems invalid. 

★ There is no good reason for n’s 
not to have a Yukawa interaction 
at tree level.  

★ But it is the poor’s philosophy! 
Many new physics  models … 

at age 
of 87



23A 0n2b landscape or swampland 
★ Landscape: n-mass models originate from a complete flavor theory. 
★ Swampland: new physics  which has nothing or little to do with n’s.

★ Imprints of new physics models on the low-energy 0n2b processes.

Natural seesaws from 
a fundamental theory

Effective or exotic 
LNV at low energy 

Cumrun Vafa 
2005



24Concluding remarks  
Without information on the nature of massive neutrinos  (Majorana or 
not) and all the CP-violating phases, one will have no way to establish 
a full theory of n masses and flavor mixing. Give 0n2b a chance! 

Experiments

Theories

Bottom-up Top-down

0n2b

Within about 10 years,  after both the neutrino mass ordering and the 
Dirac CP-violating phase are measured, one has to try all the possible 
ways to determine the absolute mass scale and two Majorana phases.



25Hopeless at low energies?  

+

Example

There are many LNV processes, but none of them are observable? 

decay rates 
suppressed

History tells us: the fool didn’t 
know it’s impossible, so he did 
it and sometimes succeeded… 



26

大排档式演讲：理解了为什么有些党派团体喜欢街头运动
风萧萧兮，易水寒，壮士一去兮，不复还

Wind blow blow
Water cold cold
Strongman go go
Come back no no

Majorana’s poetry and distance  


