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(1) Beginning of  thirties: evolution of  nuclear models.             

Pauli's neutrino and its meaning. 

(2) Fermi 1933-34: The first theory of  -rays & neutrinos. 

Conceptual and formal bases, implications. Electron capture. 

(3) Majorana 1937: The modern understanding of  fermions.        
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(4) From  to families. Lepton numbers. Nature of  weak 

interactions & neutrino. Something rotten in the standard model. 

(5) Pontecorvo & Sakata's winning approach to neutrino mass.  

(6) How to observe the mass scale? What's the nature of  the mass? 

(The part that remains to be written.) 
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W hy talk about it? The original arguments of  great 
scientists are not always the definitive ones.  

H owever, they have an evocative power that orients 
and prepares the subsequent discussions.  

A nd when the original arguments are forgotten, they are 
replaced by myths, aimed at the desired end. 

T his creates an apparent sense of  stability, but at the 
price of  inhibiting critical thinking and renewal.



CHAPTER 1

Beginning of  thirties: evolution of  the models of  the nucleus. 
Meaning of  Pauli's neutrino
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premise: first model of  the nucleus

the observation of   and  ray high energy emission suggests 
that these are nuclear fragments (van den Broek 1911) 

1st stable model of  the nucleus (reviewed by Rutherford 1920):  
a conglomerate of  electrons and protons 

this e-p model will last from the second decade of  1900 till 
the discovery of  neutron (1932), and even a bit later

α β
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premise: first model of  the nucleus

Many questions arise, in particular: 

the e-p model cannot reproduce the  ray continuous spectrum, 
first observed by Chadwick 1914, definitely confirmed end of  20s 

an additional problem emerges in 1928:  the spin of   nucleus 
is integer - but if  it is  it should be semi-integer 

the most popular way out from the first problem, supported by Bohr at the time,       
was that energy is violated in  ray emission

β
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Also Pauli's model (1930) solves the problems, 
however saving energy conservation

nucleus with electrons, protons and neutrinos. 
the latter subtracts energy in the  decayβ

tritium

helium 
three

electron

neutrino



1932Chadwick's discovers the neutron 
Nobel 1936



1932Chadwick's discovers the neutron 
Nobel 1936



thence the new (and current) model,  
with protons and neutrons

(Iwanenko, Heisenberg, Majorana 1932-1933)

hydrogen deuterium

tritium



summary: the situation in mid-1933

in 30s, physicists focussed on understanding the nucleus. 

The limitations of  electron-proton model began to emerge. 

Pauli 1930 model was just a variant of  this type of  model.  

In all these models, Pauli's included, matter particles were eternal - a typical 
non-relativistic feat.  

The new p-n model explains a lot, but the  decay spectrum question is unsolved: 
maybe neutrinos are needed anyway?

β



CHAPTER 2

Fermi 1933-1934: The first theory of  -rays and neutrinos. 
Conceptual and formal bases, implications. Electron capture

β
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L ight quanta are created or destroyed (Einstein '05; Compton '23)  

E lectrons can be described as waves (Louis de Broglie '24) 

A ttempt to model electron creation in  decay (Ambarzumian&Iwanenko '30)   

P ondering over neutrino creation & its small mass (Perrin '33)

β

early 1900: the era of  light-matter assimilation



Enter FERMI 

At this point, it is the  
turn of  Fermi,  

whose contribution  
(at its 90th anniversary) 
is usually acknowledged  
but only rarely discussed



First need:  
understanding Dirac!  

A message in a bottle  
from Gamow helps those  

who really want  
to understand.

from "Thirty years that shook Physics" (1966)



Dirac 1930: recipe to deal with negative energy states

Dirac sea 
of electrons

−mc2 < E < mc2
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Dirac sea 
of electrons

−mc2 < E < mc2



also Fermi relied on the Dirac sea (1934)



also Fermi relied on the Dirac sea (1934)

Dirac sea is hypothesised to guarantee the stability of matter



the other key tool (Fermi 1934)

(it differs from a quantised fermionic field; today this is usually called second quantization)
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the other key tool (Fermi 1934)

(it differs from a quantised fermionic field; today this is usually called second quantization)



The new trick: modelling matter particles creation

Dirac sea 
of electrons

−mc2 < E < mc2



The new trick: modelling matter particles creation

Dirac sea 
of electrons

−mc2 < E < mc2



observation: 

in this theory, 
matter antimatter 

we are used to talk of "Dirac neutrino",  
it would be fair to talk of "Fermi neutrino"

≠



CHAPTER 3

Majorana 1937: Modern understanding of  fermions. 
New concept of  neutrino
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Dirac sea emptied!

Pauli & Weisskopf 1934 quantise a hypothetical zero-
spin particles w/o Dirac sea ("anti-Dirac theory") 

Majorana 1937 shows how to 
avoid Dirac sea for fermions 

subsequent discussion confirms the value of 
Majorana's proposal 

beginning of modern quantization for fermions





Majorana (and everybody after him)

Dirac-Jordan-Klein (Wigner, Fock, Fermi…)



Majorana (and everybody after him)

Dirac-Jordan-Klein (Wigner, Fock, Fermi…)



extended discussion of Majorana's electron/positron

Consider a nucleus - the star - that can emit an 
electron increasing its charge 

The same happens when a negative energy 
electron is emitted; but this time also the 
energy of the nucleus increases

Conclusion: a negative energy electron that is 
emitted can be thought of as a positive energy 
positron that was previously absorbedy.

ΔQ = + e

Tevent time

incoming wave, 
Q = + e

outgoing wave, 
Q = − e



... [Majorana] in a recent work finally devised 
a brilliant method that allows the positive 

and negative electron to be treated 
symmetrically, finally eliminating the need to 

resort to the extremely artificial and 
unsatisfactory hypothesis of an infinitely 

large electric charge spread throughout 
space, an issue that had been addressed in 

vain by many other scholars. 

From the judgement on Majorana for the 
professorship competition in Palermo (1937) Fermi 1937





old treatment implies: particle antiparticle≠



also this new position implies: particle antiparticle≠



why not to use this for neutrinos?

also this new position implies: particle antiparticle≠



why not to use this for neutrinos?

also this new position implies: particle antiparticle≠?
?



CHAPTER 4

Completing the theory of  weak interactions (mid 1930-mid 1950)  
Identification of  its weak point with the help of  neutrinos
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towards the theory of  weak interactions

1) From muons to families (lineage of  theorists: Fermi Yukawa Sakata & Inoue, Pontecorvo, Puppi) 

2) Lepton numbers (lineage of  theorists: Weyl, Stueckelberg, Wigner Marx; Zel’dovich; Konopinsky & Mahmoud) 

3) Nature of  weak interactions (lineage of  theorists: Yang&Lee Sudarshan&Marshak, Feynman&Gell-Mann) 

4) The idea of  massless neutrinos (lineage of  theorists: Weyl Salam, Landau, Lee&Yang) 

→ →

→

→

→
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1. from muon to muon neutrino

(Muon discovered shortly after  
Yukawa’s hypothesis - 1935)  

Sakata & Inoue 1942 postulate
,                        

=2nd neutrino, =Yukawa’ field                                         
(i.e.:  ,  )  

Muon isn't Yukawa’ particle 1945

Y → m + n m → e + ν + n
n Y

π → μ + νμ μ → e + νe + νμ

1. muon neutrino and universality of weak interactions



1. from muon to muon neutrino

1. muon neutrino and universality of weak interactions

1947: 

2 meson theory is proved 

(today we prefer to say: pion 
has been discovered.) 

In 1949 Yukawa receives the 
Nobel prize



Pontecorvo: e-capture and µ-

decay has same coupling (1947) 

Puppi: muon is associated to a 

new type of  neutrino (1948) 

Weak interactions treat in the 

same way the pairs of  particles.                                                                  
For the pair (n,p), this is almost true. 

Muon neutrino observed 

(1962)

(n,p)

(e,νe) (µ,νµ)

Puppi’s triangle

1. muon neutrino and universality of weak interactions

1. from muon to muon neutrino



2. a dilemma with leptons and its solution

why disintegrations such as  do not occur? 
— the lepton number Marx; Zel’dovich; Konopinsky Mahmoud 52-53 —

μ → e + γ

electron

photon

muon



3. parity violation is hypothesised and then established!



J. C. Ward  
from ‘Memoirs of a 

Theoretical Physicist’  

“Quite soon after this triumph, the 
experiment of Mrs. C. S. Wu et al. at 

Columbia, acting upon the suggestion of  
Yang and Lee, definitely established the 

non-conservation of parity in weak 
interactions, surprising everyone. 

I wrote a note to Abdus, telling him of 
the result, adding that Einstein must be 

spinning in his grave, clockwise 
presumably. “



3. universal V-A weak forces
🧐 Ruderman+Finkelstein 1949
Predictions of R(πe+ν)/R(πμ+ν) in various hypotheses

🤨 Durbin+Loar+Steinberger 1951
Pion parity determined from deuterium photodissociation

☹ Lokanathan+Steinberger 1955 & Anderson+Lattes 1957
Apparently R(πe+ν) is just absent, ruling out V-A               

🤩 Sudarshan+Marshak 1957 & Feynman+Gell-Mann 1958
Theory first! V-A implies that previous result is inaccurate

😘 Fazzini et al.1958
Measured R(πe+ν)/R(πμ+ν) confirms V-A structure                                  



PH YS I CAL R EV I EW VOLUM E 105, NUM B ER 5 MARCH 1, 1957

Parity Nonconservation and a Two-Component Theory of the Neutrino

T. D. LEE, Columbia University, Seer York, %ezra York

C. N. YANG, Institute for Advanced Study, Princeton, Nevo Jersey
(Received January 10, 1957; revised manuscript received January 17, 1957)

A two-component theory of the neutrino is discussed. The theory is possible only if parity is not conserved
in interactions involving the neutrino. Various experimental implications are analyzed. Some general re-
marks concerning nonconservation are made.

ECENTLY the question has been raised' ' as to
whether the weak interactions are invariant under

space inversion, charge conjugation, and time reversal.
It was pointed out that although these invariances are
generally held to be valid for all interactions, experi-
mental proof has so far only extended to cover the
strong interactions. (We group here the electromag-
netic interactions with the strong interactions. ) To test
the possible violation of these invariance laws in the
weak interactions, a number of experiments were pro-
posed. One of these is to study the angular distribution
of the P ray coming from the decay of oriented nuclei.
We have been informed by Wu' that such an experi-
ment is in progress. The preliminary results indicate a
large asymmetry with respect to the spin direction of
the oriented nuclei. Since the spin is an axial vector,
its observed correlation with the P-ray momentum
(which is a polar vector) can be understood only in
terms of a violation of the law of space inversion
invariance in P decay.

In view of this information and especially in view of
the large asymmetry found, we wish to examine here a
possible theory of the neutrino diferent from the con-
ventionally accepted one. In this theory for a given
momentum p the neutrino has only one spin state, the
spin being always parallel to p. The spin and momen-
tum of the neutrino together therefore automatically
define the sense of the screw.

In this theory the mass of the neutrino must be zero,
and its wave function need only have two components
instead of the usual four. That such a relativistic theory
is possible is well known. 4 It was, however, always re-

jected because of its intrinsic violation of space inver-

sion invariance, a reason which is now no longer valid.

(In fact, as we shall see later, in such a theory the
violation of space inversion invariance attains a
maximum. )

In Sec. 1 we describe this two-component theory of

is mathematically equivalent to a familiar four-com-
ponent neutrino formalism for which all parity-conserv-
ing and parity-nonconserving Fermi couplings C and C
(as defined in the appendix of reference 1) are always
related in the following manner: Cq= Cq', C~= Cg', etc.
or C~ ———C~', Cy= —Cy', etc. Sections 3 to 8 are de-
voted to the physical consequences of the theory that
can be put to experimental test. In the last section some
general remarks about nonconservation are made.

where 0.1, a2, o.3 are the usual 2)&2 Pauli matrices. The
relativistic invariance of this equation for proper
Lorentz transformations (i.e., Lorentz transformations
without space inversion and time inversion) is well

known. In particular, for the space rotations through
an angle 8 around, say, the s axis, the wave function
transforms in the following way:

~exp (—i0.38/2) qk (2)

The 0- matrices are therefore the spin matrices for the
neutrino. For a state with a definite momentum p, the
energy and the spin along p are given, respectively, by

H= (rr p),

~.= (~ p)/lpl

They are therefore related by

I. NEUTRINO FIELD

1. Consider first the Dirac equation for a free spin--,'
particle with zero mass. Because of the absence of the
mass term, one needs only three anticommuting Hermi-
tian matrices. Thus the neutrino can be represented by
a spinor function p„which has only two components. 4

The Dirac equation for p„can be written as (A =c= 1)

rr pp„=iBy„/Bt,

the neutrino. It is then shown in Sec. 2 that this theory In the c-number theory, for a given momentum, the
particle has therefore two states: a state with positive

'T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956). energy, and with ~ as the spin component along p,~ Lee, Oehme, and Yang, Phys. Rev. (to be published). I
u, Amble Hayward, Hoppes, and Hudson. We wish to and a state 'with negative energy and with —

~ as the
thank Professor C. S. Wu for informing us of the progress of the spin component along p.

It is easy to see that in a hole theory of such particles,

Springer, Berlin, 1933), Vol. 24, 226-227. the spin of a neutrino (defined to be a particle in the
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On Parity Conservation and Neutrino Mass. 

_\13D US ~ALAM 

~ql. Joliet's Colle~le - C~mbridf le  

( r ieevuto  il 15 Novembre  1956) 

1. - YAx(; and LL~(~) have  recently suggested tha t  present  exper imenta l  evi .  
denee does not  exclude lhe possibil i ty t t lat  pa r i ty  is not  conserved in [%decay. 
If  fut.ure exper iments  confirm this, it ina, y he possible to re la te  par i ty-vio la t ion  
i n  neutr ino-deeays  to the  vanishing of neutr ino mass and se l f -mass .  The a rgument  
is as fo lhms :  the  free neut r ino  Lagrangian is invar ian t  for the subst i tut ion 
~,-~y~q,~ (7t¥ + - Tt'~;,a). If i t  is fur ther  pos tu la ted  tha t  neutr ino interact ions pro- 
duee no self-mass, one s~ay to secure this is to require tha t  t h e  to ta l  Lagrangian also 
remain inva.riant for ti le s~me subst i tu t ion (2) (so that. ~,j ,~-> --~,~t'~) while o ther  
fields (barring degeneracies which we consider later) remain  unchanged.  In so far  
as ,},~ and )'aq'~ have  opposite  intrinsic par i ty ,  most  neutr ino in teract ions  would then  
viola te  par i ty  conservat ion.  

2 .  - Some consequences of this invar ianee  are no ted :  

(a) To all }-deca.y couplings (a) [-fi(.r).c2~(.~:)l[e;tx).(2v(x)] must  be added (non- 
par i ty  conserving)pseudo-eoupl in:zs  [.~(x)!)l~(x)][e(x)Dy:,v(x)]. 

(b) The r:-deeay Lag'rang'tan must  read as / ~ ( x ) i yOz (x )  ( 7 a v ( x ) + v ( x ) ) + h . e .  
and siluilarly for K ~  decay. The fact  tha t  neutr ino decay interact ions violate  par i ty  
conservat ion does not  depend on whether  the processes are direct or take place 
throug'h o ther  in te rmedia te  tields. 

(c) The  m a g n e | i c  momen t  of the  (Dirae) neutr ino Inust wmish.  This is be- 
cause ~(x)rr~v(.r) ~ F(J')%,XV(X ). Since ~'v = .~(x)y ,v (x) -~  + ~ ( x ) y , v ( x ) ,  the  neutr ino 
and ant i -neut r ino  are not  identical.  

(') C. N. Y:~xc; and  T. D. LE~:. The a n / h o t  is i n d e b t e d  fro' a p r e - p r i n t .  

(2) TMs is n o t  t i le  m a s s - r e v e r s a l  t r s n s f o r m a H o n  d i scussed  b y  J.  TIOMNO (NUOVO Ci, menlo, 1, 
226 (1955)) which  r equ i r e s  i nva t ' i anee  of the  t o t a l  L a g r a n g i a n  when  a s u b s t i ~ a t i o a  ~o ---> y~0, m --+ -- m 

is  m a d e  for  a l l  fields.  I n  t h i s  case n e u t r i n o  se l f -mass  dm v need  n o t  v a n i s h .  I l l  f a c t  3my OC m l ( m  2) 
8~Itd t h u s  ~Dtv~)vY'v does not, change  sign.  

(a) W e  wr i t e  a l l  f ield o p e r a t o r s  wi th  t h e ' r  p a r t i c l e  sy l t ibo l s :  t h u s  n(x) s t a n d s  for  t h e  =-meson  
field, v(x) for  t h e  n e u t r i n o - f i e l d  etc. 

Nuclear Physics 3 (1957) 127--131; North-Holland Publishing Co., Amsterdam 

ON THE C O N S E R V A T I O N  LAWS FOR WEAK I N T E R A C T I O N S  

L. LANDAU 

Institute/or Physical Problems, USSR Academy o/ Sciences, Moscow 

Received 9 J a n u a r y  1957 

A b s t r a c t :  A var ian t  of the theory  is proposed in which non-conservat ion of par i ty  can be 
in t roduced wi thout  assuming  a s y m m e t r y  of space with respect  to inversion. 

Various possible consequences of non-conservat ion o~ par i ty  are considered which 
per ta in  to the  properties of the  neutr ino and in this  connection some processes involv- 
ing neut r inos  are examined  on the assumpt ion  t h a t  the neutr ino mass  is exact ly  zero. 

1. Combined  Parity 

As is well known, the unusual properties of K-mesons have created a 
perplexing situation in modern physics. The correlation between u-mesons 
in v-decay (K + -+ 2~+-¢-~-) leads to the necessity of assigning a 0- state 
to K+-mesons. This kind of system, however, cannot decay into two ~- 
mesons (K + --~ ~++~o). We are thus faced with the dilemma of either 
assuming that  two different K-mesons exist or that  the conservation laws 
are violated in K-meson decay. In the first case one must then explain the 
identi ty of masses (which are equal to within two electron masses)and the 
near coincidence in lifetime of the O and v-decays. One may at tempt to 
explain the equality of K-meson masses by postulating, as Lee and Yang 1) 
have done, the existence of some hitherto unknown symmetry property 
of nuclear forces which transforms the v-meson into a 0-meson. If, however, 
decay involving a neutrino (K+-+/z++v, K + -+ p+ + v + r # ,  K + --> e++~°+v)  
is considered to be essentially the same for particles of various pari ty a 
difference in lifetime related to the different rate of v and 0-decay ( ~  8 % 
and ~ 25 %) should be anticipated. This discrepancy should be not less 
than 30--40 %, a result which seems to be inconsistent with experiment2). 

Thus we come to the conclusion that  the hypothesis of the existence of 
two different K+-mesons is contrary to the experimental facts and the only 
alternative is to assume that  the generally accepted conservation laws are 
violated in K-decay. Since there is no reason to think that  the law of con- 
servation of angular momentum is untenable, we are apparently dealing 
here with a direct violation of the law of conservation of parity. 

I t  might seem at first glance that  non-conservation of parity implies 
asymmetry of space with respect to inversion. I f  however, complete isotropy 
of space (conservation of angular momentum) is taken into account this 
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IL  NUOVO C I M E N T 0  VOL. VI,  N. 1 1 o Luglio 1957 

Fermi Interaction with Non-Conservation of ,,Lepton Charge>, and of Parity. 

C. P.  ENz 

Swiss  trederal Ins t i tu te  o] Technology - Zi~rich 

(r icevuto fl 14 Maggio 1957) 

In  a preceeding paper  PAuI,I (~) inves t iga tes  a Fermi- in te rac t ion  which violates  
the  conservat ion  law for t he  n u m b e r  of l ight  part icles  (2), called the  (~ l ep ton  charge >> 
and for which the  dis t inct ion of neut r inos  and ant ineut r inos  is therefore  ambiguous.  
I n  par t icu la r  he uses canonical  t r ans format ions  of t he  neut r ino  field which,  for 
vanishing neut r ino  mass m~, leave the  Hamf l ton ian  of t he  free par t ic les  invar ian t .  

In  t he  present  note  some calculat ions wi th  Paul i ' s  Hami l ton ian ,  which is 
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are presented  in more  detait.  Since we are no t  only in te res ted  in t h e  case where  
m,, = 0 no use is made  here  of t he  canonical  t ransformat ions .  (Pau]i 's no ta t ion  is 
used and h == c = 1). 
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(2) ~1~> + ZI~>. 
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s ta tes  I~} and It,} respect ively ,  t h a t  is (for ~--deeay) by 

(3) I ~ (;nOi~pl(u']O'[gIXi -~ fiiirs]Oiue) = ~fl, 

(i) V~r. PAULI: NUOVO Cimento ( this issue). 
(D Such  a n  i n t e r a c t i o n  has  p r e v i o u s l y  bee~ cons ide red  to  s t u d y  the  doub le  ~ -decay  b y  B. TOU- 

SCHEK: Zeits. Phys., 125, 108 (19r who  used  a v e r y  specia l  fo rm,  a n d  p r o b a b l y  also b y  S.~I~XT.~ 
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S u m m a r y .  - -  The independence of the conservation law for light particles 
((~ lepton charge ~)) on othetinvariance properties of the theory of weak 
interactions, including the two component theory of the neutrino, is 
shown. Using invariance properties of ~S-matrix elements with respect 
to canonical transformations which leave initial and final state unchanged, 
those expressions of the second degree in the coupling constants are found, 
which in the matrix elements for double-processes of negaton emission 
which wmfld violate the conservation law, can alone occur. The two 
component neutrino theory is hereby a special ease. 

1. - The conservat ion law in question is often more inaccurate ly  called 
the  (( conservation of l ight particles ~). On the other  hand, the concept  of a 
lepton charge points to the fact  tha t  the quan t i ty  conserved according to this 
law is the sum of terms capable of bo th  positive and negative signs, ascribed 
to the different kinds of light particles ((, leptons )~) involved in the process 
considered. The lepton charge does not  coincide with the electromagnetic  
charge, bu t  is related to it  inasmuch as light fermions with opposite electric 
charges always have lepton charges different f rom zero, the signs of which are 
also opposite. For  every electrically charged light fermion it  mus t  be inves- 

t igated separately whether  the lepton charge has the same or the opposite 
sign to the electric charge (a common sign factor  for all lepton charges remaining" 
conventional).  

Under  the assumption of the val id i ty  of such a conservation law one t r ied 

to extend th i s  concept to neutrinos by  ascribing t o  neutrinos emi t ted  together  
With negatons the opposite sign of lepton charge to tha t  ascribed to neutr inos 
emit ted  together  with positons (let us say - - 1  and -71 respectively,  so t ha t  
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(ricevuto il 1 o Aprile 1957) 

Summary.  - -  The effect of vanishing observable neutrino mass on the 
conditions tha t  Fermi interactions should be invar iant  under P ,  T, and C 
is investigated.  A minor correction is given to the formula for f l -  
angular correlation given by  LnE and YANG. Results are obtained which 
reduce the labour of extending existing calculations to interactions which 
~re not  invar iant  under P ,  Y or C. Some Obscurities in the existing lite- 
ra ture  on ~-spectrum shape correction factors are clarified. I t  is shown 
tha t  in 9-meson decay, to lowest order, there can be n o  interferences 
between the group of interactions (V, A) and the group (S, T, P). An 
a l ternat ive  to Sa]am's neutrino gauge hypothesis  is indicated. The foun- 
dat ions of the method used in the paper  are discussed. A general theorem 
on weak interactions which are invar iant  under P bu t  not  under T or C, 
together  with two corollaries, is s ta ted in an appendix, and the proof 
is outlined. 

1 .  - I n t r o d u c t i o n .  

R e c e n t  e x p e r i m e n t s  by  W u  et al. (L) a n d  b y  GA~WlN et al. (2) has t e  con-  

f i r m e d  t h e  sugges t ion  m a d e  b y  LEE a n d  YAI~G (5) t h a t  p a r i t y  m a y  n o t  b e  

c o n s e r v e d  in  w e a k  i n t e r a c t i o n s .  LEE~ O E ~ I E  a n d  YAN(~ (4) h a v e  d i s cus sed  

some  consequences  of t h e  S c h w i n g e r - L i i d e r s - P a u l i  t h e o r e m  (5), a n d  :in p a r t -  

(1) C. S. Wu,  E. -A_~IBLER, R. W. HAYWARD, D. D. HOrPES and R. P. HUDSON: 
Phys. l~ev., 105, 1413 (1957). 

(2) R. L. GARVIN, L. M. LEDERMAN and M. WEINRIC~: Phys. Rev., 105, 1415 
(1957). 

(3) T. D. LE~ and C. N. YA•G: Phys. Bey., 104, 254 (1956). 
(4) T. D. L~E, R. 0E~ME and C. N. YANk: Phys. Bey., 106, 340 (1957). 
(5) W. PAULI: article in 27iels Bohr and the Development o/Physics (London, 1955). 
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Parity Nonconservation and a Two-Component Theory of the Neutrino

T. D. LEE, Columbia University, Seer York, %ezra York

C. N. YANG, Institute for Advanced Study, Princeton, Nevo Jersey
(Received January 10, 1957; revised manuscript received January 17, 1957)

A two-component theory of the neutrino is discussed. The theory is possible only if parity is not conserved
in interactions involving the neutrino. Various experimental implications are analyzed. Some general re-
marks concerning nonconservation are made.

ECENTLY the question has been raised' ' as to
whether the weak interactions are invariant under

space inversion, charge conjugation, and time reversal.
It was pointed out that although these invariances are
generally held to be valid for all interactions, experi-
mental proof has so far only extended to cover the
strong interactions. (We group here the electromag-
netic interactions with the strong interactions. ) To test
the possible violation of these invariance laws in the
weak interactions, a number of experiments were pro-
posed. One of these is to study the angular distribution
of the P ray coming from the decay of oriented nuclei.
We have been informed by Wu' that such an experi-
ment is in progress. The preliminary results indicate a
large asymmetry with respect to the spin direction of
the oriented nuclei. Since the spin is an axial vector,
its observed correlation with the P-ray momentum
(which is a polar vector) can be understood only in
terms of a violation of the law of space inversion
invariance in P decay.

In view of this information and especially in view of
the large asymmetry found, we wish to examine here a
possible theory of the neutrino diferent from the con-
ventionally accepted one. In this theory for a given
momentum p the neutrino has only one spin state, the
spin being always parallel to p. The spin and momen-
tum of the neutrino together therefore automatically
define the sense of the screw.

In this theory the mass of the neutrino must be zero,
and its wave function need only have two components
instead of the usual four. That such a relativistic theory
is possible is well known. 4 It was, however, always re-

jected because of its intrinsic violation of space inver-

sion invariance, a reason which is now no longer valid.

(In fact, as we shall see later, in such a theory the
violation of space inversion invariance attains a
maximum. )

In Sec. 1 we describe this two-component theory of

is mathematically equivalent to a familiar four-com-
ponent neutrino formalism for which all parity-conserv-
ing and parity-nonconserving Fermi couplings C and C
(as defined in the appendix of reference 1) are always
related in the following manner: Cq= Cq', C~= Cg', etc.
or C~ ———C~', Cy= —Cy', etc. Sections 3 to 8 are de-
voted to the physical consequences of the theory that
can be put to experimental test. In the last section some
general remarks about nonconservation are made.

where 0.1, a2, o.3 are the usual 2)&2 Pauli matrices. The
relativistic invariance of this equation for proper
Lorentz transformations (i.e., Lorentz transformations
without space inversion and time inversion) is well

known. In particular, for the space rotations through
an angle 8 around, say, the s axis, the wave function
transforms in the following way:

~exp (—i0.38/2) qk (2)

The 0- matrices are therefore the spin matrices for the
neutrino. For a state with a definite momentum p, the
energy and the spin along p are given, respectively, by

H= (rr p),

~.= (~ p)/lpl

They are therefore related by

I. NEUTRINO FIELD

1. Consider first the Dirac equation for a free spin--,'
particle with zero mass. Because of the absence of the
mass term, one needs only three anticommuting Hermi-
tian matrices. Thus the neutrino can be represented by
a spinor function p„which has only two components. 4

The Dirac equation for p„can be written as (A =c= 1)

rr pp„=iBy„/Bt,

the neutrino. It is then shown in Sec. 2 that this theory In the c-number theory, for a given momentum, the
particle has therefore two states: a state with positive

'T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956). energy, and with ~ as the spin component along p,~ Lee, Oehme, and Yang, Phys. Rev. (to be published). I
u, Amble Hayward, Hoppes, and Hudson. We wish to and a state 'with negative energy and with —

~ as the
thank Professor C. S. Wu for informing us of the progress of the spin component along p.

It is easy to see that in a hole theory of such particles,

Springer, Berlin, 1933), Vol. 24, 226-227. the spin of a neutrino (defined to be a particle in the
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initial electron spin

final neutrino spin final photon spin
(observable)(invisible)

4. the neutrino connection



(a historical remark)

Weyl had found a simpler equation for -dim 

fermions for massless electrons already in 1929 (!!!) 

we can omit  if   is absent 

He suggested not to bother of mass, that is a 
gravitational effect  - interesting view, isnt't?

2

m(ψ̄LψR + ψ̄RψL) ψR

4. the neutrino connection



- from a famous interview to Dirac -

"Do you ever run across a fellow that even you can't 
understand?" 
"Yes," says he. 
"This well make a great reading for the boys down at the 
office," says I. "Do you mind releasing to me who he is?" 
"Weyl," says he.

Wisconsin State Journal, April 1929



"standard" summary of these facts
• V-A (chiral) structure and assumption of neutrino masslessness leads to: 

Helicity distinguishes neutrinos from antineutrinos 

• A theorem from "standard model": the 3 lepton numbers  are conservedLi
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However, the numbers ,  

are not respected according to  

neutrino appearance experiments 

such as OPERA, T2K, NO A.  

I 

Li − Lj

ν



However, the numbers ,  

are not respected according to  

neutrino appearance experiments 

such as OPERA, T2K, NO A.  

In logic, this is called a contradiction 

Li − Lj

ν



this is the  
weak point of   

weak interactions  
theory 

(note,  has not yet been mentioned)mν



CHAPTER 5

Pontecorvo & Sakata's successful approach to neutrino mass 
(late 1950s to the new millennium)

Francesco Vissani                                                                    - Neutrino 2024, Milan -                                                               June 19, 2024



the method that has worked: prehistory

All began with  transitions 
- Gell-Mann, Pais, Piccioni (55) 

Pontecorvo suggests that a similar 
transformation could happen to 
neutrinos (57-58)

Two groups in Tokyo and Kyoto 
suppose that  are mixed 
states (62)

The second group, Sakata's, 
connect the point to neutrino 
masses and mention transmutations  

K0 − K0

νe − νμ



the method that has worked: history

Math description, almost right, by Pontecorvo + 
Gribov (1967,69)

Solar neutrino: Homestake experiment (since 1968); 
Kamiokande (1989); SAGE and Gallex (since nineties)… 

Atmospheric neutrino: Kamiokande (1988); then 
Super-Kamiokande (1998) but also Macro (1998); 
Soudan-II (1998)…

Then artificial beams: reactors, accelerators….
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the method that has worked: present

Wolfenstein (1978) on a suggestion of 
E.Zavattini gets a new effect clarified 
by Mikheyev + Smirnov (1985) 

Next opportunities will come from

Reactor neutrinos: JUNO 

Accelerator neutrinos: HK, DUNE
Stephen  

Parke
Emilio  

Zavattini
Serguey 
Petcov

Lincoln 
Wolfenstein

Stas 
Mikheyev

Alexei 
Smirnov



1994 is another anniversary: 
30 years of  global analyses 

…. 

Nobel 1995 to Cowan for neutrino 
observation 

Nobel 2002 to Davis and Koshiba for 
neutrino astronomy 

Nobel 2015 to Kajita and McDonald  for 
neutrino oscillations 
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picture

P.F. de Salas,a D.V. Forero,b S. Gariazzo,c,d P. Martínez-Miravé,c,e O. Mena,c
C.A. Ternes,c,d M. Tórtolac,e and J.W.F. Vallec

aThe Oskar Klein Centre for Cosmoparticle Physics, Department of Physics, Stockholm University,
AlbaNova, 10691 Stockholm, Sweden

bUniversidad de Medellín,
Carrera 87 No 30-65, Medellín, Colombia

cInstituto de Física Corpuscular, CSIC-Universitat de València,
46980 Paterna, Spain

dINFN, Sezione di Torino,
Via P. Giuria 1, I-10125 Torino, Italy

eDepartament de Física Teòrica, Universitat de València,
46100 Burjassot, Spain
E-mail: pablo.fernandez@fysik.su.se, dvanegas@udem.edu.co,
gariazzo@to.infn.it, pamarmi@ific.uv.es, omena@ific.uv.es,
chternes@ific.uv.es, mariam@ific.uv.es, valle@ific.uv.es

Abstract: We present an updated global fit of neutrino oscillation data in the simplest
three-neutrino framework. In the present study we include up-to-date analyses from a
number of experiments. Concerning the atmospheric and solar sectors, besides the data
considered previously, we give updated analyses of IceCube DeepCore and Sudbury Neu-
trino Observatory data, respectively. We have also included the latest electron antineutrino
data collected by the Daya Bay and RENO reactor experiments, and the long-baseline T2K
and NOνA measurements, as reported in the Neutrino 2020 conference. All in all, these
new analyses result in more accurate measurements of θ13, θ12, ∆m2

21 and |∆m2
31|. The

best fit value for the atmospheric angle θ23 lies in the second octant, but first octant solu-
tions remain allowed at ∼ 2.4σ. Regarding CP violation measurements, the preferred value
of δ we obtain is 1.08π (1.58π) for normal (inverted) neutrino mass ordering. The global
analysis still prefers normal neutrino mass ordering with 2.5σ statistical significance. This
preference is milder than the one found in previous global analyses. These new results
should be regarded as robust due to the agreement found between our Bayesian and fre-
quentist approaches. Taking into account only oscillation data, there is a weak/moderate

Open Access, c⃝ The Authors.
Article funded by SCOAP3. https://doi.org/10.1007/JHEP02(2021)071
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CHAPTER 6

How to observe the mass scale? What is the nature of  mass? 
(again from 1930 but this time to the future)

Francesco Vissani                                                                    - Neutrino 2024, Milan -                                                               June 19, 2024





Thus, the first method proposed is the kinematical one:  
a neutrino time-of-flight measurement 

The most elaborate version yields 
 

exploiting SN1987A neutrino signal and a model  
(see arXiv 1002.3349 and Numass 2013 proceedings) 

mν(kin) < 5.8 eV at 95% CL

https://arxiv.org/abs/1002.3349


the shape of  ray spectrum at the endpointβ
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oscillation help just a little bit 
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cosmology probes the number of  neutrinos
recall that Big bang theory is Gamow's stuff, not only Sheldon Cooper's 😉 



Neutrino masses tilts the distribution on small scales 
compared to large scales from cosmological models 

Large scale from the CMB and small scales from BAO 

(or the Lyman-  forest) provide observations 

Thence, the bound. A early result by Seljak et al 
(0604335) was criticised, but Planck confirmed it 

α

∑
i

mi < 110 meV at 95% CL

since 10 years at least

cosmology also probes sum of neutrino masses



significance of  Majorana's proposal

Racah (1937) had immediately objected: if  
 there are consequences 

Furry (1938-39) remarked: in Majorana theory 
 is fast  

Davis (1955) searched  
"Racah chain" but did not find it 

Does this rule out Majorana's theory?

ν = ν̄

(A, Z) → (A, Z + 2) + 2e−

ν̄e+37Cl → 37Ar + e−

Giulio Racah
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significance of  Majorana's proposal

Racah (1937) had immediately objected: if  
 there are consequences 

Furry (1938-39) remarked: in Majorana theory 
 is fast  

Davis (1955) searched "Racah chain" 
 but did not find it 

Is Majorana's theory ruled out?

ν = ν̄

(A, Z) → (A, Z + 2) + 2e−

ν̄e+37Cl → 37Ar + e−

Giulio Racah

Wendell Furry

Ray Davis



no



in the V-A context, the transition is almost 

entirely forbidden for relativistic neutrinos, being proportional to the small    

. Majorana neutrino mass  

—     only at order  , neutrinos mix with antineutrinos   —

ν̄e+37Cl → 37Ar + e−

mν c2

Eν



and, as first 

pointed out in 

1960, also 

transition 

amplitude is 

proportional to 

Majorana' mass

(Z, A) → (Z, A + 2) + 2e−



neutrinos can mix with antineutrinos: but  
only due to Majorana mass in V-A model
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Thanks!

with partial support of  INFN Gran Sasso, INAF Osservatorio di Brera, research grant number 2022E2J4RK 
``PANTHEON: Perspectives in Astroparticle and Neutrino THEory with Old and New messengers" under the program PRIN 

2022 funded by the Italian Ministero dell’Universita’ e della Ricerca (MUR) & European Union – Next Generation EU



where I wrote about that

what is matter according to particle physics, and why try to observe its creation in a lab?,  
2103.02642 (universe, 2021) 

first steps towards understanding neutrinos, 2310.07834 (quaderni di storia della fisica, 2024) 

a discussion of  the cross section , 2311.16730 (mayorana conference 
proceedings, 2023) 

toward the discovery of  matter creation with  decay, 2202.01787 (rmp, 2023)

ν̄e + p → e+ + n

0ν2β



a few references I found particularly useful

pages in the development of  neutrino physics, Bruno Pontecorvo, 1983 

neutrino unbound, Carlo Giunti et al, https://www.nu.to.infn.it/ 

neutrino. the mutant particle, 2016 - Italian version is free  

history of  the neutrinos, https://neutrino-history.in2p3.fr/books/

https://www.nu.to.infn.it/
http://siba-ese.unisalento.it/index.php/ithaca/issue/view/1330


APPENDICES

ideas, formalism and a bit more of  history

Francesco Vissani                                                                    - Neutrino 2024, Milan -                                                               June 19, 2024



who is the star?



who was the  star of the neutrino story?

Pauli, of course! 



Paul Dirac Hermann Weyl

19
28

-3
0

19
29

but neutrino memory book is much richer, even if we limit 
ourselves only to 1st ten years - and thus to theorists



Dmitri Iwanenko

Victor Ambarzumjan

Francis Perrin

19
30

19
33

Wolfgang Pauli
19

30
-5
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Dmitri Iwanenko

Victor Ambarzumjan

Francis Perrin

19
30

19
33

Enrico Fermi19
33

-3
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Gian Carlo Wick

Giulio Racah

Ettore Majorana +Maria & Rosina

1934 1937

1937



even a minimal version has many stars
[  Dirac 1928: antimatter - nothing on neutrinos ] 

[ Weyl 1929: the right math in a wrong moment ] 

Pauli 1930: the new particle but in a completely outdated context 

Fermi 1933: a calculable theory built over old Dirac’s theory 

Majorana 1937: modern quantum field theory & new idea of neutrino 

(later: , lepton number, parity violation, V-A, Cabibbo angle…)0ν2β



how not to present Fermi



neutron 
q(n) = 0

proton 
q(p) = + 1

neutrino 
q(ν) = 0

electron 
q(e−) = − 1

it conceals (does not reveal) the reasoning. Let's get back to history

when Fermi's theory is presented with a diagram as follows



importance of  
electron capture



entry into weak interactions world

  implies the existence of  

Consider the presence of a neutrino hole: 

Let's cancel the pair  and we are left with 

first prediction of electron capture (Wick 1934)

n → p + e+ν p + e+ν → n

p + e+ν + ν → n+ν

ν + ν p + e → n+ν



protonelec-
tron

Dirac sea 
of neutrinos

−mc2 < E < mc2

electron capture and Dirac neutrino sea



nu 
hole

neutron

Dirac sea 
of neutrinos

−mc2 < E < mc2

electron capture and Dirac neutrino sea



the role of Wick's reaction:



on wide acceptance  
of Dirac sea



Heisenberg 1934 uses Dirac sea



SM and neutrinos



neutrino masses in modern language
(extending the lagrangian density of the standard model)

ℒ = i ν̄L ∂aγa νL

Lepton # conserving Lepton # breaking



neutrino masses in modern language
(extending the lagrangian density of the standard model)

ℒ = i ν̄L ∂aγa νL −(mLL ν̄LCν̄t
L+h.c.)

Lepton # conserving Lepton # breaking



neutrino masses in modern language
(extending the lagrangian density of the standard model)

ℒ = i ν̄L ∂aγa νL

+i ν̄R ∂aγa νR

−(mLL ν̄LCν̄t
L+h.c.)

−(mRR ν̄RCν̄t
R+h.c.)

−(mLR ν̄RνL+h.c.)

Lepton # conserving Lepton # breaking



helicity and chirality



more on helicity-chirality connection

consider the wavefunction in Dirac representation: 

   

with  

   ;     ;  

ψλ( ⃗x ) =
ei( ⃗x , ⃗p )

2V
uλ

λ = ± 1 uλ =
1 + ε φλ

λ 1 − ε φλ

ε =
mc2

E



more on helicity-chirality connection

evaluate the amount of "wrong" chirality 

          where       

we find easily  

 

which is small when , being  

PL u+ PL =
1
2 (+1 −1

−1 +1)

PL u+ =
ε

1 + ε + 1 − ε ( 1
−1) φ+

p ≫ mc ∝ ε = (mc2)/E



V-A and Majorana



in the fast-moving system  and in the rest system  in V-A modelν ≠ ν̄ ν = ν̄
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parallel/antiparallel means neutrino/antineutrino

direction of motiondirection of motion

0 0

Majorana neutrinos in V-A context



parallel/antiparallel means neutrino/antineutrino

direction of motiondirection of motion

0 0

Majorana neutrinos in V-A context

here is a neutrino here's an anti-neutrino



but in the rest system they seem to be the same 
particle!

direzione del motodirezione del moto

0 0

Majorana neutrinos in V-A context



Majorana hypothesis: neutrino is matter and antimatter

direzione del motodirezione del moto

0 0

Majorana neutrinos in V-A context



all lepton number violating effects have to be ∝ mν

direzione del motodirezione del moto

0 0

Majorana neutrinos in V-A context



Majorana and  
electron creation



neutron
proton

neutrino

electron 
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Dirac, Sakata, Pontecorvo



- from a famous interview to Dirac -

"Do you ever run across a fellow that even you can't 
understand?" 
"Yes," says he. 
"This well make a great reading for the boys down at the 
office," says I. "Do you mind releasing to me who he is?" 
"Weyl," says he.

Wisconsin State Journal, April 1929



ROUNDY INTERVIEWS PROFESSOR DIRAC 
An Enjoyable Time Is Had By All 

I been hearing about a fellow they have up at the U. this 
spring --- a mathematical physicist, or something, they call 
him --- who is pushing Sir Isaac Newton, Einstein and all the 
others off  the front page. So I thought I better go up and 
interview him for the benefit of  State Journal readers, same as 
I do all other top notchers.  

His name is Dirac and he is an Englishman. He has been 
giving lectures for the intelligentsia of  math and physics 
departments --- and a few other guys who got in by mistake. 

So the other afternoon I knocks at the door of  Dr. Dirac's 
office in Sterling Hall and a pleasant voice says "Come in." 
And I want to say here and now that this sentence "come in" 
was about the longest one emitted by the doctor during our 
interview. He sure is all for efficiency in conversation. It suits 
me. I hate a talkative guy. I found the doctor a tall youngish-
looking man, and the minute I seen the twinkle in his eye I 
knew I was going to like him. His friends at the U. say he is a 
real fellow too and a good company on a hike --- if  you can 
keep him in sight, that is. 

The thing that hit me in the eye about him was that he did not 
seem to be at all busy. Why if  I went to interview an American 
scientist of  his class --- supposing I could find one --- I would 
have to stick around an hour first. Then he would blow in 
carrying a big briefcase, and while he talked he would be 
pulling lecture notes, proof, reprints, books, manuscript, or 
what have you out of  his bag. But Dirac is different.  

He seems to have all the time there is in the world and his 
heaviest work is looking out the window. If  he is a typical 
Englishman it's me for England on my next vacation! 

Then we sat down and the interview began."Professor," says I, 
"I notice you have quite a few letters in front of  your last 
name. Do they stand for anything in particular?" 

"No," says he. 

"You mean I can write my own ticket?" 

"Yes," says he. 

"Will it be all right if  I say that P.A.M. stands for Poincare' 
Aloysius Mussolini?" 

"Yes," says he. 

"Fine," says I, "We are getting along great! Now doctor will 
you give me in a few words the low-down on all your 
investigations?" 

"No," says he. 

"Good," says I. "Will it be all right if  I put it this way --- 
`Professor Dirac solves all the problems of  mathematical 
physics, but is unable to find a better way of  figuring out Babe 
Ruth's batting average'?" 

"Yes," says he. 

"What do you like best in America?", says I. 

"Potatoes," says he. 

"Same here," says I. "What is your favorite sport?" 

"Chinese chess," says he. 

That knocked me cold! It was sure a new one on me! Then I 
went on: "Do you go to the movies?" 
"Yes," says he. 

"When?", says I. 

"In 1920 --- perhaps also in 1930," says he. 

"Do you like to read the Sunday comics?" 

"Yes," says he, warming up a bit more than usual. 

"This is the most important thing yet, doctor," says I.  

"It shows that me and you are more alike than I thought. And 
now I want to ask you something more: They tell me that you 
and Einstein are the only two real sure-enough high-brows 
and the only ones who can really understand each other. I 
wont ask you if  this is straight stuff  for I know you are too 
modest to admit it.  

But I want to know this --- Do you ever run across a fellow 
that even you can't understand?" 

"Yes," says he. 

"This well make a great reading for the boys down at the 
office," says I. "Do you mind releasing to me who he is?" 

"Weyl," says he. 

The interview came to a sudden end just then, for the doctor 
pulled out his watch and I dodged and jumped for the door. 
But he let loose a smile as we parted and I knew that all the 
time he had been talking to me he was solving some problem 
that no one else could touch. 

But if  that fellow Professor Weyl ever lectures in this town 
again I sure am going to take a try at understanding him! A 
fellow ought to test his intelligence once in a while. 



Shoichi Sakata
1960

1962

Japanese version 1942



Bruno Pontecorvo



more plots



extended discussion of Majorana's electron/positron

background

Einstein 1905: light waves with frequency   
correspond to particles with energy 

de Broglie 1924: every particle is associated 
with a wave, e.g. those oscillating with a 
period  i.e. with frequency 

f
E = h f

T f = 1/T

time



Tevent time

incoming wave, 
Q = + e

outgoing wave, 
Q = − e

definition of quantum field according to Majorana

outgoing  
electron 

wave: 

it decreases  
energy, it 
increases  
charge. 

incoming  
positron 

wave: 

it increases  
energy, it 
increases  
charge.



expectations for  from oscillationsmνe

I emphasise that these are 3  errorsσ
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a side note



–A G van Melsen, From Atomos to Atom

“Natural science is born from an abstraction which 
apprehends only certain aspects of  reality. 

What is missing is added by the mind of  the scientist, 
consciously or unconsciously.  

If  unconsciously, we get a philosophical background; if  
consciously, the result will be a philosophical theory.” 



a funny story



7-8 years ago, there was a movement of  
opinion to change the naming of  the neutrino 
spectra compatible with the data: no longer 
'normal hierarchy' and 'inverse hierarchy', but 
rather 'normal ordering' and 'inverse ordering'.  

For this reason, many colleagues decided to 
abandon the previously adopted acronyms NH 
and IH in favour of  the new ones, NO and IO. 



When I was invited to present the 
summary talk at Neutrino 2018, I 
decided to voice my disappointment: 
I do not find it reasonable to call NO 
a case which can be easily argued to 
be the most likely one!!! 

So I prepared a few transparencies 
where a new fun acronym is 
proposed. 



NH  NO
Normal hierarchy  Normal ordering



how could you call NO the  
case that we know to be right?  

 normal mass  hierarchy is the 
most reasonable assumption 

since ever! 
if  you do not believe that, see the next slides 

for a proof







thereby, here is my proposal:



NO  YES
Normal ordering  Yearningly Expected Spectrum



summary



a summary of main neutrino concepts
Pauli's neutrino is not exactly our neutrino  

Fermi’s 1933 theory: important, deep, outdated 

Dirac setup suggest that (Fermi's) neutrino  anti-neutrino 

Majorana 1937 has made two big points related between them 

In 50’s people begun to think that Majorana was wrong; in a sense 
Weyl 1929 (sic!) came to his rescue 

Pontecorvo & Sakata have been most relevant - and are still relevant 

Neutrino mass scale still to be measured  

Today: serious clues in favor of Majorana hypothesis 

≠


