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a b s t r a c t

This paper focuses on Hermann Weyl’s two-component theory and frames it within the early devel-
opment of different theories of spinors and the history of the discovery of parity violation in weak in-
teractions. In order to show the implications of Weyl’s theory, the paper discusses the case study of Ettore
Majorana’s symmetric theory of electron and positron (1937), as well as its role in inspiring Case’s
formulation of parity violation for massive neutrinos in 1957. In doing so, this paper clarifies the rele-
vance of Weyl’s and Majorana’s theories for the foundations of neutrino physics and emphasizes which
conceptual aspects of Weyl’s approach led to Lee’s and Yang’s works on neutrino physics and to the
solution of the theta-tau puzzle in 1957. This contribution thus sheds a light on the alleged “re-discovery”
of Weyl’s and Majorana’s theories in 1957, by showing that this did not happen all of a sudden. On the
contrary, the scientific community was well versed in applying these theories in the 1950s on the ground
of previous studies that involved important actors in both Europe and United States.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

“Everything comes to himwho knows how to wait”.1 By echoing
Leo Tolstoy, Wolfgang Pauli gratefully acknowledged the discovery
of the neutrino in 1956, the hypothetical particle he had to postu-
late in the early 1930s in order to preserve the law of the conser-
vation of energy in b decay.2 This is one of the most celebrated
anecdotes in the history of modern physics and introduced the
crucial step that fostered the research in neutrino physics, one of
the most exciting and promising branches of modern particle
physics. Soon after 1956, neutrinos showed themselves to be sur-
prising particles: even if they were supposed to be massless, they
immediately attracted the attention of physicists like Bruno
es and Cowan reporting this
ire (1956). Tolstoy’s quote is

dioactive Ladies and Gentle-
e existence of a new kind of
the scientific community in
ence in Rome, Enrico Fermi
b-decay and also coined the
the postulate of neutrino in
russels. For a detailed chro-
arious versions of this chro-
trino lecture (1958) stored in
Pontecorvo, who in 1957 suggested the neutrino-anti-neutrino
oscillation as an explanation for the solar neutrino problem.3 In
the 1950s and 1960s, theoretical and experimental physicists sys-
tematically investigated whether neutrinos possess mass and
whether they differ from their antiparticles. The physics of lepton
charge and flavor led to a fundamental improvement of the un-
derstanding of these particles. Finally, they have been observed to
oscillate by the Super-Kamiokande team in 1998, thereby providing
evidence of non-zero neutrino mass and of the fact that there are
three discrete neutrino masses with different tiny values and not
corresponding uniquely to the three flavors. We know that these
fermions are subject to flavor mixing and weakly interact with
matter. These “ghostly particles” are everywhere, ejected at inter-
stellar distances by exploding supernovas, as observed by Kamio-
kande in 1987.4 Our Sun, for instance, is one of the closest major
sources of neutrinos and even our planet produces the so-called
“geo-neutrinos”. Yet we do not know whether neutrinos can be
their own antiparticles, as Ettore Majorana (1937) claimed, but one
thing is nowclear, namely neutrino physics suggests that there is an
3 In 1957, Pontecorvo proposed the hypothesis that neutrinos might “oscillate” and
change from one type to another, e.g. frommuon to electron neutrino (see Pontecorvo
1957; 1963; 1983). The discovery of neutrino oscillations and muon neutrino mass by
the Super-Kamiokande experiment (1998) in Japan confirmed Pontecorvo’s idea. In
2015 T. Kajita and A. McDonald received the Nobel Prize for this discovery.

4 The Kamiokande and IMB experiments detected bursts of neutrinos from
SN1987A.
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unexplored field that will change our way of understanding many
processes in the universe.

This paper aims at showing the relevance of Hermann Weyl’s
work for the field of neutrino physics, and for the methodological
reflections that surround its genesis and development. Since the
very beginning, indeed, neutrino physics had been indissolubly
linked with the theory of b-decay and the quantum theory of the
electron and positron.5 In 1957 the discovery of parity violation in
b-decay not only led to the rehabilitation of Weyl’s theory in weak
interaction, but also to the revival of Majorana’s 1937 theory of the
neutrino. The literature acknowledges this fact and presents it as a
felicitous example of how a theory developed for completely
different purposes suddenly turned out to be useful in interpreting
experimental results and in reflecting upon fundamental laws
governing interactions (Yang 1986, 12).

The case of parity nonconservation attracted the attention of
both historians and philosophers of science (e.g. Pickering 1990,
Hoefer 2000, French & Rickles 2003, Pooley, 2003) for a number of
reasons. Among them, there is the fact that it enables a thorough
discussion of symmetries in physics and that it represented an
interesting case in which experiments challenged fundamental
convictions of many physicists. The case of parity violation in b-
decay is considered tobe an intriguingone also because it confirmed
a possibility entailed in Weyl’s two-component theory that was
initially criticized by prominent scientists, such as Wolfgang Pauli.
However, the process leading to the discovery of parity nonconser-
vation and to the use of the two-component theoryof the neutrino is
complex and inorder to explainhowandwhyWeyl’s andMajorana’s
theories were approached in 1957 one has to consider the history of
both theoretical and experimental physics. It is only by bringing
them together that an enriched picture of the history of neutrino
physics can emerge. Thus, on the one hand, the paper deals with the
two-component theory developed byWeyl in 1929 in the context of
the study of different theories of spinors. On the other hand, it also
takes intoaccount the experiments that led to the discoveryof parity
nonconservation in order to understand the origin of the revival of
Weyl’s and Majorana’s theories in the 1950s.

As Scholz (2006) underlined, this history is complex and has been
only briefly touched by Pais (1986). At present there is a lack of an
account connecting Weyl’s and Majorana’s theories with the history
of parity nonconservation in b-decay that takes into account both
experiments and theoretical developments and therefore derives a
moral concerning the subtle interrelation among physics and
mathematics in the genesis of neutrino physics. Pontecorvo, for
instance, considered Weyl (1929b) a milestone in the history of
neutrino physics with regard to the consequences it had for the
theoretical and experimental understanding of the “elusive particle”
and the construction of different types of fermions. Inwhat follows, I
shall reconstruct the crucial passages leading to the formulation of
Weyl’s two-component theory and of how his theory was used in
neutrino physics. Section 2 is devoted to explore the fundamental
achievements of Weyl’s Elektron und Gravitation. In Section 3, I shall
analyze the factors leadingWeyl to deepen his research on spinors in
the 1930s and in Section 4, I shall show how his work influenced
Majorana’s 1937 theory of electron and positron. In Section 5, I show
the role played by Majorana in inspiring Case’s formulation of parity
violation for massive neutrinos in 1957. In doing so, this paper clar-
ifies the reference made by Pontecorvo in the 1960s to the relevance
of Weyl and Majorana for the foundations of neutrino physics and
highlights which aspects the field owes to Weyl’s research.
5 For historical reconstructions of the development of Dirac theory and quantum
electrodynamics, see Darrigol 1988; Kragh 1990; Schweber 1994; Roqu�e 1997;
Pashby 2012.
2. Spinors: from mathematics to physics

Today we are accustomed to talk about Dirac, Weyl and Major-
ana spinors in describing fermions. In relativistic physics, the
classification of spinors is based on the irreducible representations
of the Lorentz group SOþð1;3Þ, even if in general there is no unique
definition of spinors, precisely because the research has been
developed in the two distinct fields of mathematics and physics.6 In
order to be oriented in what they called the “Babel of spinors”, Vaz
& Da Rocha (2016, pp. 145ff.) proposed a classification of spinors’
definitions as (1) classical, (2) algebraic and (3) operatorial. In what
follows, I shall concentrate on those classical spinors that were used
in physics and on their history dating back to 1926, when Pauli
introduced them to describe the spin of the electron non-
relativistically, even if spinors as mathematical entities appeared
well before then. It is worth pointing out that in the relativistic case,
which is the most interesting one for the purpose of the present
paper, spacetime rotations are described by elements of the Lorentz
group SOþð1;3Þ and that the groupSLð2;CÞis the double covering of
theSOþð1;3Þ. Thus the isomorphism SLð2; CÞxSpinþ(1,3) and the
representation space of SLð2;CÞ is C2, which is the representation
space of the group SU(2) that in turn is the double covering of the
special orthogonal group SO(3). In the relativistic case, the situation
is quite different from the nonrelativistic one. In the relativistic case
one finds two representations of SLð2;CÞ that are not equivalent by
defining rðAÞ and rðAÞ for A2SLð2;CÞ as rðAÞðzÞ¼ Az and
rðAÞðzÞ ¼ Az; where A is the complex conjugate matrix associated
with A,and z2ℂ2. These two representations are not equivalent
because there is no invertible 2� 2 matrix T such that rðAÞT ¼
TrðAÞ. rðAÞT ¼ TrðAÞ does not have solution for A2SLð2;CÞ, but it
has a solution for A2SUð2Þ. Hence, there are two inequivalent
representations of SLð2;CÞ denoted by Dð1=2;0Þand Dð0;1=2Þ.

Weyl spinors are those elements of a space that carries eachone of
such representations and are objects that carry an irreducible repre-
sentation of the spin group, which is the double covering of the
orthogonal group and therefore the spin ½ representation of the
group of rotations in a quadratic space. Indeed, Dirac spinors are el-
ements of C4 and carry a reducible representation of
Spinþð1;3ÞxSLð2;CÞ also represented as the sum of two Weyl
spinors, each one corresponding to one of the irreducible represen-
tationsDð1=2;0ÞandDð0;1=2Þ(see Vaz&DaRocha 2016,146). In addition
to Weyl and Dirac spinors, it is worth mentioning also Majorana
spinors (their application will be discussed in Section 4). These
spinors can acquire different physical meanings in particle physics:

1) Dirac four-components theory represents spinors to describe
particle and antiparticle,

2) Weyl two-component theory of spinors describes massless
particles,

3) Majorana theory represents spinors to describe ½ spin particles
as their own antiparticle.

The three types of spinors are extremely relevant for particle
physics and for the field of neutrino physics in particular. They
clearly evolved through time in parallel with the advancement of
nuclear physics and quantum field theory. However, the three
above-mentioned characteristics and spinor descriptions were
present already in the 1930s, before a theory of fermions and bo-
sons was effectively advanced in the 1940s. Moreover, already in
the 1930s these three types of spinors had different physical
6 The word “spinor” appears in print, for the first time, in van der Waerden
(1929), who in turn attributed it to Paul Ehrenfest.
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implications that only particle physics experiments could test
throughout the second half of the 20th century.

Now, the genesis of Weyl’s and Dirac’s theories can be analyzed
from various perspectives: some preferred to frame them within
the development of the debate on unified field theory (G€onner
2004; Goldstein and Ritter 2003), whereas others privileged the
history of experimental physics and the search for a practical
application of spinors (Pais 1986). In this paper, I will offer a
perspective that integrates both these approaches in order to frame
Weyl’s 1929 theory. In particular, this will allow us to connect the
work done by theoretical physicists with the experimental ones
and therefore to explain why Majorana theory of spinors arose in
the mid-1930s within the context of Fermi’s group in Rome that
devoted most of its effort to the experimental work on neutral
particles and b-decay. This approach integrating the history of
theoretical and experimental physics leads us to reflect upon the
interrelations of theoretical and experimental physics with math-
ematics, thereby showing that the possibility of having different
types of spinors (and therefore our capacity to describe different
fermions) was not simply due to the desire to accommodate
experimental results with theory. The study of alternative theories
of spinors, indeed, is also the result of an effort made by mathe-
matical physicists to develop possibilities contained a priori in the
investigations of the properties of the Lorentz group. This approach
was fully appreciated in the late 1950s and 1960s, when the role of
groups in the foundations of particle physics had shown its power
of unification and prediction of phenomena.
9 In the non-relativistic case the group SU(2) is isomorphic to the group Spin(3) ¼
Spin(3,0). From the isomorphism SU(2) x Spin(3), one concludes that C2 is the
representation space of the group Spin(3). Pauli spinor is an element of the rep-
resentation space of the group Spin(3), which is the spin ½ representation of the
group of three-dimensional spatial rotations.
10 The original German text reads: “Dies gelingt n€amlich dadurch, daß man zu den
Lagenkoordinaten q der Elektronenschwerpunkte die Komponenten des Eige-
nimpulses jedes Elektrons in einer festen Richtung (statt der zu diesen konjugierten
Drehwinkel) als neue unabh€angige Variable hinzufügt”.
11 For the development of these approaches, see Jehle (1934; 1935)
2.1. Framing Weyl’s two-component theory

A number of works (Pais 1986; Straumann 1997; Straumann
2001; Scholz 2005) framed Weyl’s two-component theory within
the development of the debate on unified field theory and the
application of spinors to atomic and nuclear physics. In particular,
Scholz (2005) underscored how Weyl’s 1929 theory mirrored a
conceptual change in his research programme with respect to the
early 1920s, namely Weyl took experimental physics to be more
and more important in informing his proposal of a “geometry of
matter” and aimed at breaking with the prevailing tendency of
geometrization in unified field theory. In this section, I shall briefly
consider Pauli’s work, in order to show its relevance for Weyl’s
criticism of distant parallelism (see also Section 2.2), as well as to
emphasize conceptual aspects ofWeyl’s theory that Pauli criticized,
but that were also crucial in informing Weyl’s theory of spinors in
the 1930s (see Sections 2.3 and 3).

WhenUhlenbeckandGoudsmit (1925)postulated theexistenceof
an intrinsic angularmomentum for theelectron inorder toprovidean
explanation of the Stern-Gerlach experiment, there was no solid
theoretical framework for their postulate. The latter was obtained
through theworks of Pauli (1927), in the non-relativistic regime, and
Dirac (1928a; 1928b), in the relativistic one.7 The development of
spinor theory in modern physics thus started as a need to provide a
framework to experimental results. In particular, the observation of
the spin property of elementary particles required new theoretical
investigations into 1) the nature of Fermi statistics and 2) the
description of these objects by suitablewave functions.8 Pauli did not
react positively towards the proposal of Uhlenbeck and Goudsmit
(1925). In particular, he did not believe that the mechanical picture
7 Dirac was able to show that the properties of electron spin agreed with
Uhlenbeck and Goudsmit’s postulate and the results of the Stern-Gerlach experi-
ment (see Mehra & Rechenberg 2001, 1032-1033).

8 As to the second question, Darwin (1927) marked an important contribution
when he represented the electron by a vector wave instead of a scalar wave.
of a rotating electronprovided an adequate allowed description of his
fourth quantum number, because such an eigenrotationwould imply
unacceptable consequences for the structure of the electron.
Furthermore, in 1926 Pauli noticed that Heisenberg and Jordan’s
theory treated intrinsic spin as a traditional vector quantity, but itwas
clear from the hydrogen spectrum that such a treatment was insuf-
ficient. Thus, Pauli developed his own theory inwhich spinwas given
by a classically indescribable two-valuedness.

In a letter to Jordan dated 12 March 1927, Pauli finally claimed
that he had shown why spin can assume only two positions in a
magnetic field (see Pauli 1979, 385-386). This crucial point together
with other results of his investigation were collected in Zur Quan-
tunmechanik des magnetischen Elektrons published in Zeitschrift für
Physik in late 1927. This work contains Pauli’s two-component
theory.9 At the beginning of the paper, Pauli stressed the fact that
in contrast with the situation of matrix mechanics, the introduction
of the electron spin into matrix mechanics generated formal diffi-
culties arising from the double-valuedness of the eigenfunctions.
Darwin (1927) also emphasized this point. However, instead of
choosing Darwin’s approach, Pauli proposed a simpler method to
solve the problem, namely he added “to the position variables of
the center-of-mass of the electron the components of the spin of
each electron in a fixed direction (instead of the rotating angle
conjugate to the spin variable)” (Pauli 1927, 603).10 Nevertheless,
Pauli’s theory had two main problems. First, it was non-relativistic
and, therefore, was only approximately true for low velocities.
Second, and perhaps even more importantly, it was unable to
predict a factor of 2 in the gyromagnetic ratio. Despite these major
problems, Pauli (1927) was an important source of inspiration for
Weyl’s 1929 work (see Weyl 1929a, 330-331) for reasons that
involve the debate on unified field theory. In between 1927 and
1929, Wiener and Struik (1927) and Zaycoff (1929) among others,
tried to provide a geometrical framework to Schr€odinger’s, Dirac’s
or the Klein-Gordon equation by connecting the quantum me-
chanical wave function to geometrical objects in order to unify
gravitation and electricity to quantum theory.11 In 1929 Weyl
entered the debate by highlighting how “it is now hopeless to seek
a unification of gravitation and electricity without taking material
waves into account” (Weyl 1929a, 325). Weyl thus contributed to
these attempts by emphasizing that elements of spin space, i.e.
spinors, were to be used in order to represent the electrons in the
form of Dirac’s equation.12 As the simple representation of the
Lorentz group, spinors and their use became widely studied by the
proponents of unified field theory and discussed from different
perspectives by Einstein (1928), and later by Schouten (1931) and
Einstein and Mayer (1931).13 Fock (1929), for instance, emphasized
the connection between Einstein’s 1928 theory of teleparallelism
and the spin theory of the electron.14 Precisely in contrast to this
12 The problemwas to combine spinors with the vectors and tensors appearing in
electromagnetism and gravitational theory (see Weyl 1929b, 331-332).
13 For a detailed reconstruction, see G€onner (2004), 100ff.
14 Fock (1929), for instance, proposed to introduce the use of spinors under the
assumption of teleparallelism proposed by Einstein (1928). For detailed discussion,
see Barbour and Vizgin (2011). For the development of Einstein (1928), see Einstein
and Mayer (1931).
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approach, Weyl, like Pauli, distinguished his theory, by dispensing
with teleparallelism.

From 1928 onward, like most of his colleagues,15 Weyl worked
on Dirac’s theory and recognized the great achievement of Dirac
(1928a, 1928b) in the first edition of Gruppentheorie und Quanten-
mechanik (1928).16 However, differently from other physicists, such
as Pauli and Heisenberg, who were mostly worried about the pre-
dicted existence of positive-energy levels and of an equal number
of negative-energy levels (see Kragh 1981, 55; 63 ff.), Weyl
concentrated his efforts in the incorporation of the two-component
theory of spinors within gravitational theory. This preoccupation
led him to search for a new formulation of gauge invariance and to
work on the theory of spinors from 1929 onward.
2.2. Weyl two-component theory

In April 1929, Weyl published the first version of his Gravitation
and Electron in the Proceedings of the National Academy of Sciences
(seeWeyl 1929a). Pauli criticized this version ofWeyl’s paper, but he
changed his mind after reading the second German version and
writes to Weyl:

In contrast to the nasty things I said, the essential part of my last
letter has since been overtaken, particularly by your paper in Z
[eitschift]. f[ür]. Physik. For this reason, I have afterward even
regretted that I wrote to you. After studying your paper I believe
that I have really understood what you wanted to do (this was
not the case in respect of the little note in the Proc[eedings of
the]. Nat[ional]. Acad[emy].). First let me emphasize that side of
the matter concerning which I am in full agreement with you:
your incorporation of spinor theory into gravitational theory. I
am as dissatisfied as you are with distant parallelism and your
proposal to let the tetrads rotate independently at different
space-points is a true solution (Pauli 1979, 518).

A second extended German version entitled Elektron und Grav-
itation appeared in Zeitschrift für Physik in 1929 and represented
one of the fundamental contributions for the development of gauge
theory (see Straumann 1997; O’Raifeartaigh & Straumann, 2000)
and the modern concept of gauge invariance:

The Dirac field equations for j together with the Maxwell
equations for the four potentials fpof the electromagnetic field
have an invariance property which is formally similar to the one
which I called ‘gauge invariance’ in my 1918 theory of gravita-
tion and electromagnetism; the equations remain invariant
when one makes the simultaneous substitutions

j by eilj and fp by fp � vl

vxp

where l is understood to be an arbitrary function of position in
four-space. Here the factor e

chwhereee is the charge of the electron,
c is the speed of light and h

2p is the quantum of action has been
15 Not only Pauli, but also Heisenberg expressed dissatisfaction with Dirac’s the-
ory, e.g. in a letter to Pauli in May 1928 (Pauli 1979, 443) or July 1928 (Pauli 1979,
467).
16 Weyl’s work also played an important role in leading Dirac to clarify his own
theory of the spinning electron (see Weyl 1929a, 332; Kragh 1981, 63 ff.). According
to Kragh (1981; 1990), nevertheless, the notion of negative energy state did not
represent a problem for Dirac, at least immediately. His theory was driven by
mathematical and practical considerations and he was far more interested in
developing the potential of his formalism, rather than in adjusting and refining the
conceptual meaning of the latter in view of a coherent theory.
absorbed in fp. The connection with this “gauge invariance” to the
conservation of electric charge remains untouched. But a funda-
mental difference which is important to obtain agreement with
observation is that the exponent of the factor multiplying j is not
real but imaginary. j now plays the role that Einstein’s ds played
before. It seems to me that this new principle of gauge invariance,
which follows not from speculation but from experiment tells us
that the electromagnetic field is a necessary accompanying phe-
nomenon, not of gravitation, but of the material wave field repre-
sented by j. Since gauge invariance involves an arbitrary function l

it has the character of “general” relativity and can naturally only be
understood in this context. (Weyl 1929b, 331)

In 1929 Weyl’s new concept of gauge invariance aimed at uni-
fying material wave field and the electromagnetic field in such a
way to express constancy under simultaneous transformation of
the wave field j, obeying the Dirac equation for a spinor of rest
mass mand charge e in Minkowski space,

h
igkðvk�ieAkÞ�m

i
j ¼ 0 (1)

and of the electromagnetic four-vector potential Aicontained
therein, according to

j/j0 ¼ eiqj;Ai/A0i ¼ Aiþ
1
e

vq

vxi
(2)

where qðxiÞis an arbitrary real function of the space-time co-
ordinates xi (see Weyl 1929b, 331). The exponent in the factor
multiplying j in (2) is purely imaginary (see Weyl 1929b, 331), and
Weyl also emphasized the general relativistic nature of the trans-
formations (2) (see Weyl 1929b, 331). Weyl therefore started
investigating more in depth Dirac theory (Weyl 1929b, 330), in
which j is represented as a four-component spinor that results in a
doubling of the number of energy levels (cf. Dirac 1928a, 1928b; see
Weyl 1929b, 331). Weyl argued that, without giving up relativistic
invariance, one should return to Pauli (1927) two-component

theory in order to describe massless spinorsj≡
�
j1
j2

�
. However,

in Dirac theory the two two-component spinors j1and j2 become
linked together if the spinor is massive, because of the presence of
off-diagonal elements in the Dirac gamma matrices, which occur in
the kinetic term igkvkj, but not in the mass term mj. In Weyl
representation, thus we have

g0 ¼
�

0 �s0
�s0 0

�
;ga ¼

�
0 sa

�sa 0

�
(3)

where the generalized 2 � 2 Pauli matrices si are defined by

s0¼1¼
�
1 0
0 1

�
;s1¼

�
0 1
1 0

�
;s2¼

�
0 �i
i 0

�
;s3 ¼

�
1 0
0 �1

�
(4)

As a result, (1) reduces to the two-component equations

i½ðv0�ieA0Þ�saðva�ieAaÞ�j2þmj1 ¼ 0 (5)

and

i½ðv0�ieA0Þþsaðva�ieAaÞ�j1þmj2 ¼ 0: (6)

The spinors j1 and j2 only decouple ifm ¼ 0. Furthermore, Eqs.
(5) and (6) can be reduced to

iðv0�savaÞj2 ¼ 0 (7)

and



18 The conclusion concerning the non-applicability to the physical reality is
cancelled in the 1958 edition of Pauli (1933), see Enz 2002, 254-255.
19 At least until 1933, since the term was still used by Pauli. The name “parity”
appeared later, when Condon and Shortley (1935) used the term “parity operator”.
20 Cf. Weyl 1929, 334: “Nur diese tats€achlich in der Natur bestehende Symmetrie
von rechts und links wird uns zwingen, ein zweites Paar von j-Komponenten
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iðv0þsavaÞj1 ¼ 0 (8)

respectively, and it is immediately clear that the difference by a sign
in the second term breaks the symmetry between j1 and j2. In
physical terms, as remarked by Weyl (1929b, 332), this means to
abandon the lefteright symmetry, so that under projection the left-
and right-handed components read as

jL¼
1
2
ð1 þ g5Þj¼j1;jR¼

1
2
ð1 � g5Þj¼j2: (9)

This result led Weyl to express the hope, given the gravitational
origin of mass that it would be possible in a new formulation of the
Dirac equation to replacem by a geometrical term (seeWeyl 1929b,
331). Indeed, as Weyl noticed:

“The theory of Dirac in which the wave field of the electron is
described by a potential with four components and provides
twice the amount of energy levels; hence one should be able to
return, without renouncing to relativistic invariance, to Pauli’s
two-component theory. One is prevented from doing this by the
term in Dirac’s equation containing the mass as a factor” (Weyl
1929b, 330-331).

Dirac’s four-component wave function, indeed, splits into two
pairs and Weyl believed that in a satisfactory theory it must have
been impossible to introduce a non-vanishing mass without the
gravitational field “as it is to introduce charge without the elec-
tromagnetic field” (see Weyl 1929a, 323). Independently of Weyl,
Fock (1929) also incorporated the Dirac equation into general rel-
ativity using a two-component theory, but, contrary toWeyl, he did
not dismiss Einstein’s distant parallelism at that time.17Weyl’s two-
component theory, instead, had the advantage of only “simulating”
Einstein’s teleparallelism (“Immerhin w€are hier der Fernpar-
allelismus nur vorget€auscht”, see Weyl 1929b, 352), but it also had
the disadvantage of leading to the possibility of parity nonconser-
vation. An option that could not be accepted then by the scientific
community for reasons that will be discussed in the next sections.
Weyl 1929 two-component theory, therefore, represented an
alternative to approaches, such as Einstein’s and Fock’s, but also a
fundamental attempt at using Pauli two-component theory in a
relativistic framework. As a matter of fact, indeed, Weyl’s approach
heavily inspired later works, such as Infeld and van der Waerden’s
(1933) that described two-component spinor fields without
appealing to distant parallelism. Even if Pauli converged with this
aim and recognized the great value of Weyl’s new formulation of
the concept of gauge invariance, yet he could not endorse Weyl’s
view completely, and the reason was that Weyl’s two-component
theory implied parity nonconservation.

3. Weyl’s view of parity

In his 1929 paper, Weyl pointed out that the SLð2;CÞ trans-
formation excludes time-reversal T and considered this a positive
aspect of his theory because it took into account the fact that nature is
not time-reversible. However, Weyl two-component theory also ex-
cludes the linear implementation of parity (see Straumann 2001;
Coleman&Kort�e 2001). ButwhatwasWeyl’s viewof parity emerging
from his two-components theory? Pauli noticed in the 1933 Hand-
buch der Physik thatWeyl’s theory raised amore seriousproblem than
Dirac’s notion of negative-energy states or arising from the electron
17 See Fock and Iwanenko (1929). For a comparative study of Weyl’s and Fock’s
1929 works on spinors, see Scholz (2005).
and positron theory (Pauli 1933, 85). Weyl himself emphasized that,
since the two-component theoryexcludeda linear implementationof
parity, “it is only the fact that the left-right symmetry appears in
Nature that forces us to introduce a second pair of j components”
(Weyl 1929b, 334). The literature offers two readings of this state-
ment. Notably, Yang (1986, 12) claimed that similarly to Pauli, also
Weyl did not accept parity violation. Enz (2002) rather emphasized
that by reducing the Dirac j from four to two components, the
negative-energy states couldhave beenavoided andWeyl considered
parity violation to be a small price to pay for his two-component
theory. Pauli actually believed that the wave equations of Weyl’s
theory were “not applicable to physical reality” (Pauli 1933, 234),18

because they were not invariant with respect to reflections, i.e. ex-
changeof left andright.However, as Straumann (2001,148) remarked,
Weyl’s wave equations are both invariant under the exchange of left
and rightwhen interactions are not taken into account. Nevertheless,
even if Pauli admitted the relevance ofWeyl’s new formulation of the
principle of gauge invariance for physics, yet the implication of parity
nonconservation in the two-components profoundly disturbed his
convictions. Itmust be recalled that Pauli hadgood reasons to criticize
Weyl about this point. According to Laporte’s selection rule, indeed,
the transitions in the energy levels of a spectrumof iron alwaysoccurs
from “gestrichene” to “ungestrichene” levels or vice versa (Laporte
1924), corresponding in current terms to even and odd levels. A
convincing explanation of the existence of two types of levels was
found in 1927, when Wigner showed that the two types of levels, as
well as the selection rule derived from the invariance of the
Schr€odinger equation under the operation of inversion of coordinates
x/� x; y/� y; z/� z (see Wigner 1927). The term “Spiegelung”
was then indissolubly linked to the property of parity conservation19

and this was not only quickly accepted, but also became a “sacred
cow” for the physics community (Wroblewski 2008). If we consider
Weyl’s approach, however, we see that differently from Pauli, he
assumed the need of using Dirac four-component theory on the
ground of the lack of experimental observation of parity nonconser-
vation in interactions. Straumann (1997, 110) rightly pointed out that
toWeyl themass problemofDirac theorywould eventually be solved
by the theoryof gravitation and that heattributed theneed for theuse
of Dirac four-component theory to parity rather than to mass (see
Weyl 1929b, 331). However, inmy view,Weyl did not treat parity as a
“sacred cow”. He rather assumed the need of a four-component the-
ory because in nature there was no experimental evidence for parity
nonconservation.20This fact gives toparitynonconservation inWeyl’s
two-component theory the status of a possibility to be developed
mathematically that cannot be said to be false or impossible, because
there is no contradiction in making the left-right symmetry disap-
pear: “we shall see that two components are sufficient, if the sym-
metry of left and right is suppressed” (Weyl 1929, 332).21

As we shall see in the next sections, Weyl’s approach to parity
conservation is extremely significant, given that his two-
component theory will constitute the case study used by Lee and
Yang (1957) to support the discovery of parity nonconservation
and the implementation of the theory of weak interactions.
Furthermore, as show in the next section, this aspect is also
einzuführen”.
21 Translation is mine. The original text reads: “Wir werden sehen, daß man mit
zwei Komponenten auskommt, wenn die Symmetrie von links und rechts aufge-
hoben wird”.
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relevant to understand Majorana’s 1937 formulation of the theory
of neutrino. But before dealing with this, I further substantiate my
claim about Weyl’s view of parity by considering important aspects
of the development of his research on spinors in the 1930s. It is
worth noticing, indeed, that Weyl did not stop his research on
spinors after 1929 when he was visiting Princeton. Weyl continued
his work on spinors when moved back to Princeton in 1934 as
member of the Institute for Advanced Study (IAS). Also thanks to
the research done by Oswald Veblen and his collaborators in the
Mathematics Department and later in the Mathematics School of
the IAS, Weyl found a vibrant environment that stimulated and
encouraged his research (see Scholz 2001; Ritter 2011). Veblen
established the connection between spinors and projective geom-
etry and developed its consequences in lectures that he gave jointly
with Givens. Veblen’s works on spinors (Veblen 1933a, 1933b,
1933c) inspired Weyl’s work in the 1930s, but in turn Veblen
himself considered his 1933 Geometry of two-component spinors “a
sort of geometric commentary on the paper of Weyl” (Veblen
1933b; G€onner 2004, 103). Of Course Veblen had no immediate
interest in showing a connection between spinors and physics and
rather sought to contribute to the development of projective ge-
ometry. However, he created a fertile environment for receiving
and discussing Weyl’s research, especially in Princeton. In 1935,
Brauer and Weyl gave a general construction of the spin repre-
sentations in any number of dimensions and showed how the
tensor product of two such representations can be decomposed
into irreducibles. In order to understand how Weyl was led to this
result, one should consider both the optimal environment of the
research pursued in Princeton, as well as the opportunity he had to
work with other excellent mathematicians, such as Richard Brauer,
who pursued an algebraic approach to spinors. Indeed, with the
advent of the Nazi regime in Germany, among the several aca-
demics and refugees escaped from Europe there was Brauer, who
was fired in 1933 at the University of K€onigsberg. Thus, Brauer was
offered a short-term appointment in Lexington, Kentucky, in the
academic year 1933-34 and in the following year, he becameWeyl’s
assistant at the IAS. Weyl’s interest in Brauer’s work and their
mutual appreciation led to a collaboration onmany projects, whose
most important result was the famous joint paper on spinors
published in the American Journal of Mathematics in 1935. Brauer
and Weyl (1935) found global, spinorial representations of the
groups Spin(n) for all n. This road to spinors is topological and it is
related in an essential way to the non-triviality of the fundamental
groups p1 of the groups of rotations.22 This means that such an
approach allows a generalization of the notion of spinor repre-
sentations to the general linear groups, namely spinors associated
with the general linear group have an infinity of components (see
Ne’eman 1978; Budinich and Trautman, 2012). In constructing
spinors in n-dimensions, Brauer and Weyl confronted their theory
with Dirac’s theory of the electron. They claimed that there was a
complete agreement with it. However, they also pointed out that
the possibilities implied by Dirac’s theory were not completely
developed if one assumes the equivalence of left and right:

“Let us suppose we are dealing with a spinor field jAðx1…xnÞ in
an n-dimensional ‘world’ with the fundamental metric form
(33).23 The most essential feature of Dirac’s theory is that one
should be able to form a vector by linear combination of the
products j

A
jB. If n is even, one sees from equation (40) that

exactly one such vector si existsethat behaves like a vector at
22 The topological approach to spinors is more general that the one based on the
idea of linearization of a quadratic form.
23 Here Brauer and Weyl refer to the real normal form: � ðx1Þ2 � …� ðxtÞ2 þ
ðxtþ1Þ2 þ …þ ðxnÞ2 ¼ P

i
eiðxiÞ2, supposing 2t � n .
least for all Lorentz transformations not reversing the sense of
time; and one such vector for all Lorentz transformations not
reversing the spatial sense. In the case n odd, one vector of the
second, and no vector of the first kind exists. Only the first type
can be used when one believes in the equivalence of right and
left, but is prepared to abandon the equivalence of past and
future” (Brauer and Weyl 1935, 446-447).

Among other possibilities to be developed there was the
nonconservation of the equivalence of left and right, and therefore
a parity nonconservation depending on cases in which n is even or
odd.24 This passage clarifies Weyl’s view of parity nonconservation.
On the ground of mathematical considerations, Weyl did not reject
the possibility of parity nonconservation, even if physically nobody
could provide any experimental evidence in its favor. In this sense,
the history of spinors provides a good example of the subtle in-
terrelations and mutual influences between mathematics and
physics. Veblen in Spinors and Projective Geometry, for instance,
remarked that.

“The theory of spinors like so many other branches of mathe-
matics received its first impulse from theoretical physics. Unlike
some other branches it has not required the discovery of any-
thing very fundamentally new on the mathematical side, but
rather has called for a regrouping and restudy of new ideas”
(Veblen 1937, p. 111).

The fact that in 1957 Weyl’s theory was able to provide a theory
of massless neutrinos including parity violation is a milestone that
can be understood only by thinking of the complex relationship
between mathematics and physics (both theoretical and experi-
mental physics) and by considering the historical development and
dissemination of Weyl’s theory in the 1930s and 1940s. Veblen’s
claim that spinors did not required any exceptional mathematical
discovery is certainly true. However, their use and the need of
applying them to read the book of nature led physicists to make
mathematical discoveries, as it happened in the case of Majorana.
4. Weyl’s echoes: the case of Majorana’s symmetric theory of
electron and positron (1937)

In the 1930s Weyl continued working on spinors while in
Princeton and other prominent figures in Europe where pursuing
this research from different perspectives. Pauli hypothesis of the
existence of neutrino, Fermi’s theory of b-decay and the discovery
of the positron inspired and profoundly shaped the research in both
theoretical and experimental nuclear physics in Europe. It is now
my intention to briefly discuss howWeyl’s work was considered in
Fermi’s group in Rome in the 1930s and, in particular, I emphasize
its role in informing Ettore Majorana’s work.25 At the beginning of
the 1930s, Fermi’s group paid specific attention to experiments on
nuclear physics and from 1934 onwards to testing his theory of b-
decay that assumed the existence of the particle postulated by
Pauli, called by Fermi “neutrino” (see Fermi 1934). Only a few
In various works (Weyl 1949, p. 208, Weyl 1931, Weyl 1948, Weyl 1931b, 147;
172) Weyl explicitly discussed the question of the interchange of left and right and
clarified in which sense this interchange is not a problem per se, even if it opens
fundamental questions concerning the constitution of matter in our universe.
25 For Majorana’s biography, see Amaldi (1966), who reports that in the early
1930s Majorana considered Weyl’s book the best and deeper book on quantum
mechanics.
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members investigated Fermi’s theory of b-decay and the develop-
ment of suitable descriptions of spin via wave functions.26 Among
them, there were Giovanni Gentile jr. and Ettore Majorana, who
were extremely interested in studying and developing a group
theoretic approach to quantum mechanics (Bonolis 2004). Their
work was heavily influenced by Weyl’s 1929 paper and by Grup-
pentheorie und Quantenmechanik. Precisely the work on unitary
representations of the inhomogeneous Lorentz group was a central
preoccupation of Majorana in 1930-1931 as the publication of his
Relativistic Theory of Particles with Arbitrary Intrinsic Angular Mo-
mentum (1932) testifies. In this paper, he tried to develop a rela-
tivistically invariant linear theory for particles with arbitrary spin,
both integer and semi-integer, in which all mass eigenvalues are
positive. Majorana (1932) remained almost unnoticed until the
late-1930s when Pauli and Fierz discussed it in their correspon-
dence,27 and Wigner reported that “the representations of the
Lorentz group have been investigated repeatedly. The first inves-
tigation is due to Majorana, who in fact found all representations of
the class to be dealt with in the present work excepting two sets of
representations” (Wigner 1939, x2). Nevertheless, the importance
of the achievements contained inMajorana (1932) were recognized
by van der Waerden in 1933, as Majorana himself reported in a
letter written to his father during his research stay in Leipzig where
he was working with Heisenberg:

“In my last paper appeared on ‘Nuovo Cimento’ is contained an
important mathematical discovery, as I could ascertain through
a conversation with Prof. van der Waerden, a Dutchman
teaching here, one of the leading authorities in group theory”
(Majorana, Third Letter from Leipzig, 18 February 1933, in
Recami 1991, 125).28

What was the mathematical discovery mentioned in the letter?
Majorana found that the Klein-Gordon equation, the Dirac equation
andWeyl’s two-component theory are all related to the appropriate
irreducible representations of the Poincar�e group and this
achievement is mentioned in Wigner (1939).29 Furthermore,
Majorana’s interest in pursuing Weyl’s approach to quantum me-
chanics also emerges in Symmetric theory of the electron and posi-
tron (1937). Majorana’s aim was to show that it was possible to
achieve “a complete formal symmetrization in the electron and
positron quantum theory by means of a new quantization process”
(Majorana 2006[1937], 218). This could have been achieved by
modifying the meaning of Dirac equations in such a way that there
was no longer need to deal with negative energy states nor to
presume for any type of particles, especially neutral ones, “the
26 According to Bonolis (2004), Majorana’s interest in group theory probably arose
at the beginning of 1928, thanks to Giovanni Gentile jr, a former pupil of the
mathematician Luigi Bianchi. Majorana owned his books, together with the first
German edition of Weyl (1928) and Speiser (1923). Fermi owned the 1931 edition of
Weyl’s book and discussed it in seminars and lectures but Fermi was not a pro-
ponent of the application of group theory to quantum mechanics (See Segr�e 1970,
56).
27 Interest for Majorana’s work was also expressed by Fierz and Pauli. In 1939 they
shared their views about the reality of the Majorana condition (Majorana 1937, 226)
and about the implications of considering neutrino as a particle possessing mass
and being its own antiparticle, see also Enz (2002, 349-350).
28 Translation is mine. The original text reads: “Nell’ultimo mio articolo apparso
sul ‘Nuovo Cimento’ �e contenuta una importante scoperta matematica, come ho
potuto accertarmi mediante un colloquio col professor van der Waerden, olandese
che insegna qui, una delle maggiori autorit�a in teoria dei gruppi”.
29 The relevance of Majorana (1932) was recognized in the Soviet Union where
from 1948 to 1958 appeared several studies devoted to Majorana’s infinite
component equation, e.g. Gelfand and Yaglom (1948). See also Fradkin (1966) who
noticed that matrix elements identical with Majorana’s infinite dimensional Lorentz
representations were given by Weyl (1928, 160).
existence of antiparticles corresponding to the ‘holes’ of negative
energy” (see Majorana 2006[1937], 218). Majorana thus raised a
fundamental question for elementary particle physics: the question
about the true neutrality of electrically neutral spin ½ particles.30 A
Dirac particle is one which is distinct from its antiparticle, in
contrast Majorana formally introduced in 1937 the concept of a
particle which is identical to its antiparticle and this characteriza-
tion is still present in our current classification of spinors (see
Section 2 above). In his 1937 paper, Majorana chose a representa-
tion according to which the four gamma matrices are pure imagi-
nary to embody the complete symmetry of the quantized Dirac
field theory between particles and antiparticles. Then he suggested
to apply it to neutrons and still hypothetical neutrinos.31 By
explicitly following upon Weyl’s group-theoretic approach as
developed in Weyl (1928),32 Majorana offered a solution that still
informs current research in neutrino physics and informed research
in supersymmetric theories. In order to suggest that a neutral spin
½ particle can be its own antiparticle,33 he first proposed to impose
a reality condition on Dirac spinor j, according to which the rep-
resentation of gmmatrices has a new basis (Majorana basis):

g0 ¼
�

0 s2

s2 0

�
;g1 ¼

�
i s3 0
0 i s3

�
;g2 ¼

�
0 �s2

s2 0

�
;g3

¼
�
�i s1 0
0 �i s1

�

and

g5 ¼
�
s2 0
0 �s2

�
:

The matrices not only satisfy the Clifford algebra, but also are all
pure imaginary, so that the generators of the Lorentz group are all
real. With this basis of the Clifford algebra, one works with a real
spinor simply by imposing the condition, j ¼ j� which is preserved
under Lorentz transformation. Now, the reality conditions imposed
to the field quantities also means thatMajorana spinors have a two-
component representation, as it was the case withWeyl’s theory. In
Majorana theory not only the components are invariant under
charge conjugation, but also the particle and antiparticle are
indistinguishable as long as the Majorana condition is satisfied.34

The aim of Majorana consisted in showing that the prescriptions
of Dirac’s theory are inconvenient, or better, “not satisfactory”.
Majorana claimed that it was the case “because one starts with an
30 In an interview Heisenberg declared: “The Dirac spinor was the thing which
everybody discussed, but then there was Weyl spinor business which van der
Waerden knew. The others did not know about it, but then there was Majorana. He
was in Leipzig and Majorana found his Majorana particle, which has no charge but
still had the spin 1/2, and that, of course, was to be represented by Weyl’s spinor. So
we learned a lot from van der Waerden just in that respect.” (Interview of Werner
Heisenberg by Thomas S. Kuhn and John L. Heilbron on 1963 July 5, Niels Bohr
Library & Archives, American Institute of Physics, College Park, MD USA, www.ai-
p.org/history-programs/niels-bohr-library/oral-histories/4661-11).
31 Furthermore, Majorana’s two-component theory of the neutrino was a quan-
tized field theory, while Weyl’s 1929 theory appeared in Zeitschrift für Physik was
not.
32 For studies on the influence exerted by Weyl on Majorana, see Enz (2002, 350-
351); Drago and Esposito (2004).
33 Neutrinos definitely have anti-particles, but another question is whether an
antiparticle differs from its particle or not.
34 The Majorana condition is j ¼ jC , which in terms of the four components leads
tojL ¼ jC

R and jR ¼ jC
L : This can be read in two different ways, depending on

whether one addresses jL, jC
L or jL,jR as independent basic states. In the first case

there is a left-handed neutrino and its right-handed antiparticle, whereas in the
second case one regards the tuple (jL; jR) as the left- and right-handed compo-
nents of a single particle that is identical to its antiparticle (see Giulini 2009).
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asymmetric form and because symmetric results are obtained only
after one applies appropriate procedures such as the cancellation of
divergent constants, that one should possibly avoid” (Majorana
1937, 218-219). In other words, he was following upon Pauli, Hei-
senberg and Weyl in his critique of Dirac, but the results of
Majorana’s theory were more radical and admitted parity
nonconservation for true neutral particles (Majorana 1937, 219)35

and the postulate that neutrinos possess a tiny mass. The con-
struction of Majorana’s theory for neutral particles, indeed,
postulated a mass term for both neutrons and neutrinos. The rea-
sons for proposing an alternative to Dirac’s theory in the case of
neutral particles were therefore not simply due to an excessive
fanaticism for the formalism. They were rather meant to develop
the implications of Weyl’s two-component theory (Serpe 1952) in
order to frame neutrino physics within Fermi’s theory of b decay by
deriving a theory of neutral particles possessing mass from a priori
mathematical grounds (Touschek 1948).36 Majorana theory thus
can be read along the lines of the perspective encouraged by Weyl
himself, according to which mathematics possesses the feature of
being open to the realm of infinitely many possibilities that theo-
retical and experimental physicists determine and explore in order
to provide the explanation and prediction of physical phenomena
and interactions. In Weyl (1929c), indeed, the mathematical
method is characterized as the “a priori construction of the
possible” in opposition to the “a posteriori description of what is
actually given”. Majorana, indeed, followed uponWeyl in endorsing
his view of the relationship between physics and mathematics and
was able to show that there was a methodology exploiting group
theory that allowed on pure mathematical grounds the construc-
tion of a symmetric theory of electron and positron devoid of the
concept of negative energy states. However, the price to pay in
order to obtain such a result was to accept the possibility of parity
violation for neutral particles, such as the neutrino, in b-decay. Such
a possibility was unacceptable in the 1930s and it was widely dis-
cussed only after Wu’s experiment took place in 1956.
35 According to Pontecorvo (1982, 229-230): “It is amazing how much is implied,
explicitly, or implicitly, in his [n.a. Majorana’s] famous paper. I have already stressed
that there one can either see or see between the lines electrically neutral fermions
both without any charge and with some charge (lepton, baryon .). True, implicitly
all charges are supposed to be strictly conserved, but this is not stated in words.
Now we know that among bosons there may be “hybrid particles”, that is bosons
having a charge which is not strictly conserved and oscillating between two
different states like neutral kaons. If there exist such electrically neutral hybrids
among fermions, we would expect that they are not described by stationary states;
that they oscillate one into another and that they are superpositions of particles
with definite, different masses, which are described by stationary states and are
truly neutral (or Majorana) fermions”.
36 It is worth noticing that both Touschek (1948) and Serpe (1952) emphasized
that starting from Fermi’s theory of b decay one can both treat the neutrino as Dirac
or Majorana particle, so that one cannot conclude on the ground of the results of bb
emissions that neutrino is a Majorana particle. The only conclusion that can be
reached is that Majorana theory can account for bb decay. It was only with the
development of the theory of weak interaction that new experiments could be
designed in order to prove the nature of neutrino.
37 The merit of Racah (1937) was to show that Majorana’s theory did not apply to
the neutron because the latter could not have magnetic moment and its decays
according to Majorana theory were against experimental evidence.
38 Furry underlined the relevance of Majorana’s theory and explored the question
of Lorentz invariance, as well as the possibility of subjecting neutrino to forces,
finally identified with the nonelectric force of a scalar potential. In applying
Majorana’s formalism to the theory of b-radioactivity, Furry found that the physical
interpretation is quite different from that of the ordinary theory, since only
neutrinos appear instead of the neutrinos and antineutrinos of the usual picture.
However he noticed that the results predicted for all observed processes should
have been identical with those of the ordinary theory and therefore concluded that
“an experimental decision between the formulation using neutrinos and anti-
neutrinos and that using only neutrinos will apparently be even more difficult than
the direct demonstration of the existence of the neutrino” (Furry 1938).
5. The fate of Weyl’s and Majorana’s theories

What happened to Majorana theory after 1937? Contrary to the
case of Majorana (1932), there were immediate reactions to his
paper on the symmetric theory of electron and positron. Both
Racah37 and Furry38 published two articles in 1937 and 1938,
respectively, showing strengths and weaknesses associated to
Majorana theory. Soon after the publication of Wigner (1939) and
the beginning of WWII, however, there were other priorities and
restricted publication policies in nuclear physics. Nevertheless, in
Belgium39 and The Netherlands, theoretical physicists did not stop
investigating Majorana’s proposal and Weyl’s two-component
theory. Among them, Hans Kramers and his colleagues were
working on mesons (Dresden 2011), Weyl’s two-component theory
and the problem of representing neutrinos in Fermi’s theory of b
decay also thanks to the research on spinors developed by van der
Waerden in the 1930s. Apart from such a notable group and Pauli’s
(1941) mention of his neutrino theory, Majorana’s work was
apparently forgotten. I say apparently, because of courseMajorana’s
colleagues and friends thenworking in theUnited States andCanada
did not. Among them, especially, Enrico Fermi, Emilio Segr�e and
Bruno Pontecorvo contributed to the diffusion of Majorana’s ideas
by talking with colleagues and research assistants. Thus, Majorana
theory of spinors and its application to neutrino simply underwent a
silent phase in the 1940s, a phase broken by some attempts
encouragedbyKramers andhis colleagues.40 Among these attempts
considering both Majorana (1932) and Majorana (1937), there is
J�ozef Kazimierz Luba�nski’s (1941), who reported that Kramers
himself suggested to him this work. Luba�nski also published Sur la
th�eorie des particules �el�ementaires de spin quelconque. Partie I et Partie
II in 1942, which represents a thorough study of Majorana (1932).

It is onlywith the end of theWWII and the beginning of the Cold
War that a larger number of physicists rediscovered Majorana’s
work. It took time, however, to revitalize his 1937 theory and to start
suggesting the right kinds of experiments to verify it. After WWII,
certainly BrunoTouschek (1948) contributed to this aspect, together
with other few attempts at discussing Majorana (1937) and its
derivation from Weyl’s two-component theory, such as Herbert
Jehle’s. Jehle joined the IAS in1947/1948andpublisheda remarkable
work on the two-component wave equations (see Jehle 1949) that
was also mentioned by Case (1957) as a relevant study of Majorana
equations for the neutrino. It assumed a certain relevance also Jean
Serpe’s (1952) that showed that Weyl’s unquantized two-
component wave equations were related to Majorana (1937) for
m ¼ 0. He also found that in a Fock two-component representation,
a Majorana free particle with m ¼ 0 can be described by Weyl’s
equations or by their complex conjugates, according to its spin state.

Therefore, as a preliminary result, one can conclude that there
were at least two main reasons why Majorana two-component
theory assumed a relevant role only in the 1950s and rather
played a marginal role in the 1940s. First, one has to consider the
development of experiments and facilities to detect the neutrino in
the 1950s. The search for a confirmation of the existence of the
39 In particular Jean Serpe, who was a former pupil of L. Rosenfeld, became pro-
fessor of theoretical physics in Li�ege. From 1941 he played an important role in
discussing and disseminating Majorana’s theory of neutrino, see Marage (2001). See
also Geh�eniau & Serpe (1980, 85-94).
40 Frederik Jozef Belinfante who published with Pauli On the statistical behaviour of
known and unknown elementary particles in 1939 was also in Kramers’ group.
Kramers, Belinfante and Luba�nski (1941, esp. 616) took into account Majorana
(1937). More in general the interest Kramers had on Majorana (1932) and
Majorana (1937) can be ascribed to 1) the algebraic methodology displayed therein,
which was affine to Kramers’ and 2) to the fact that also Majorana applied Weyl’s
group theoretic approach to quantum mechanics.
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neutrino that arrived in 1956 by Cowan also assumed a political
connotation during the Cold War, insofar as the USA and USSR
largely competed in nuclear physics. Every theory of the neutrino
was taken into account to design experiments, including Major-
ana’s, and certainly the fact that one of the major experts in neu-
trino physics was Bruno Pontecorvo, a former colleague of
Majorana in Rome, also played a role in promoting the diffusion of
Majorana 1937 (see Pontecorvo 1982).

The second reason lies in the debate involving the scientific
community of particle physicists on CPT symmetry (see Wick,
Wightman and Wigner 1952; Yang 1986, 12-13)41 and the so-
called theta-tau puzzle. In 1935, Yukawa predicted the existence
of mesons, and only one year later, in 1936, physicists first detected
the muon, which was thought to be a meson until 1947 when the
existence of charged pions was experimentally proved. In the same
year, George Rochester detected the kaon: the realm of particles
was enlarging and the scenario of nuclear physics was far more
complex than that of the early 1930s. Bearing this in mind, we can
associate the revival of the study of two- and four-component
theories of spinors to the increasing level of complexity encoun-
tered in the fundamental interactions and the subatomic world in
the decade 1937-1947. The early-1950s were thus characterized by
the effort of finding a general rule to classify new particles. For
instance, during the Bagn�eres-de-Bigorre conference in 1953 it was
officially adopted the name “L-mesons” for pions and muons and
“K-mesons” for the new particles with mass intermediate between
the pion and the proton (see Shapiro 1953). With the increasing
gathering of data on strange particles also grew evidence that K
mesons possessed the approximate equal masses and lifetimes. In
particular, the two particles Kp3≡t±/p±þpþþp� and
Kp2≡q

±/p±þp0 seemed to have almost identical masses and
lifetimes, but their parity properties seemed to be different thereby
leading to the theta-tau puzzle. The theta and the tau possessed
same charge, same mass, and indistinguishable lifetimes, yet they
were not considered to be identical given that the theta could decay
into two pions, showing a symmetric decay undermirror reflection,
whereas the tau could decay into three pions, thereby showing an
antisymmetric decay. Since it was taken for granted that parity was
conserved in such decays, it was only assumed that the theta and
the tau could not be the same particle.

Precisely the analogy between the theta-tau puzzle and the im-
plications about parity of the two-component theories of Weyl and
Majorana, led to their discussion at a large scale from mid-1950s
onward. In April 1956, during the Sixth Annual Rochester Confer-
ence, a session was devoted to the “Theoretical Interpretation of
New Particles”. In that occasion, Oppenheimer noticed: “There are
the five objects Kp3;Kp2;Km2;Km3;Ke3: They have equal, or nearly
equal, masses, and identical, or apparently identical, lifetimes. One
tries to discover whether in fact one is dealing with five, four, three,
two, or one particle. Difficult problems arise no matter what
assumption ismade” (Pais 1986, 281). During the very same session,
Yang suggested experimental test and hypotheses to explain the
41 It is important to recall that in between 1954 and 1955 the CPT theorem
received its proof by G. Lüders, W. Pauli and J. S. Bell.
42 Wu moved to Berkeley in 1936 and started working under the supervision of
Emilio Segr�e, a former member of Fermi’s group in Rome and colleague of Major-
ana. She became the first woman instructor in physics at Princeton University in
1943 accepting a position offered by Prof. Henry Dewolf Smyth. She taught physics
to naval officers (Lubkin 1971, 52-56; Chiang 2014, 74). WhenWu came to Princeton
she interacted with Pauli, later the two had a correspondence on the experiment on
parity conservation (see Pauli 1979, 790; 796). From March 1944, she actively
collaborated to the Manhattan Project, thereby moving to New York and starting
working at Columbia on developing radiation detectors. After WWII, she worked at
Columbia and became one of the leading experts in experiments on b decay.
theta-tau puzzle and advanced in public the idea that the assump-
tion of parity nonconservation could have been the key to overcome
the difficulties. Lee and Yang (1956) suggested experiments to test
their hypothesis that parity was not conserved in the weak inter-
action, for instance by means of the bb decay of oriented nuclei.
Precisely thiswas the experimental test performed byChien-Shiung
Wu and her collaborators in late 1956 (see Wu, Ambler, Hayward,
Hoppes & Hudson 1957).42 Even if Wu worked at Princeton in
1943, whenWeylwas also there, the two did not interact thatmuch.
However, Wu probably knew about Weyl’s two-component theory
from his colleagues Lee and Yang. Yang, in particular, collaborated
with Fermi in Chicago and in 1949 moved to the IAS where he
became acquainted with both Weyl’s and Majorana’s theories, as
well as with renormalization theory, pursued by Case, Dyson and
Luttinger (see Yang 2005, 8-9). Based on Lee and Yang’s claim (1956)
that there was no empirical test supporting parity conservation in
weak interaction,Wu and her teampursued the experiment that led
to thediscovery. After aligning 60Conuclei, theycounted thenumber
of decay electrons along the nuclear spin and opposite to the spin,
and thereby found that a larger number of electronswere emitted in
opposite direction to the spin than along the spin.

As underlined in Section 3, this approach considering parity
nonconservation as a mathematical possibility to be tested is very
much in the same spirit that guided Weyl in spelling out his theory
and is also present in Lee and Yang (1957). In Parity nonconservation
and a two-component theory of the neutrino, Lee and Yang claimed:

“In this theory (n.d. two-component theoryof neutrino) themass
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. It was, however, al-
ways rejected because of its intrinsic violation of space inversion
invariance, a reasonwhich 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)”. (Lee and Yang 1957, 1671).

Lee and Yang (1957) notice at this point that if the two-
component theory of the neutrino is correct, then this would
represent a natural way to obtain the understanding of parity
nonconservation in processes involving the neutrino. However,
they also emphasized that in the case of the theta-tau puzzle, no
neutrino was involved in the decay process of Kp2 and Kp3. In their
view, all this pointed to amore fundamental level responding to the
question of the origin of all weak interactions and to the non-
accidental character of parity nonconservation.43

It is time now to go back to one of the initial questions of this
contribution and throw a fresh light on the role that Weyl’s and
Majorana’s works played in the mid-1950s. Soon before and after
Wu’s results were released a number of articles on parity
nonconservation in weak interaction (Salam 1957; Landau 1957a)
and on Weyl’s two-component theory and Majorana’s theory of
neutrino appeared (Landau 1957b; Case 1957; McLennan 1957 and
Serpe 1957), thereby fostering the development of the V-A theory
and enriching the new promising field of neutrino physics.

The most important work to analyze here for the purpose of the
present paper is Case (1957) that proposed a new formulation of
both Majorana andWeyl theories. At the time Kenneth Myron Case
was Professor of Physics at the University of Michigan and affiliated
43 According to Yang (2005, 25), there were at least three reasons why parity
nonconservation was not accepted before. First, space-time symmetry laws were
assumed tobe inviolable. Second, parity selection rules in nuclear physics and bdecay
worked extremely well. Third, more importantly, nobody dissociated parity conser-
vation in weak interactions from parity conservation in the strong interactions.
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to the IAS in Princeton. He reformulated Majorana theory for a
particle with mass in terms of a two-component field, thereby
showing that “the theory goes over continuously to the Weyl-type
two-component equation as the mass tends to zero” (Case 1957).
Furthermore, Case took into account that the asymmetries obtained
in b- and m-decay experiments only implied a small neutrino mass,
and certainly not that its mass is zero. More importantly, he ach-
ieved to show what had been a mere suggestion of Salam (1957),
Landau (1957a) and Lee and Yang (1957), namely he showed that
the asymmetries, including P nonconservation, are not implied by
the mere use of a two-component theory or by the use of a four-
component one. It is rather “due to the fact that the interactions
necessary to describe the physical world are not reflection-
invariant” (Case 1957). He deepened the similarity noticed by Lee
and Yang (1957) concerning K particles and decays involving
neutrinos and concluded that “the nonconservation of parity is not
an intrinsic kinematical property of the neutrino but a dynamical
property of the coupling” (Case 1957, 314). Furthermore, he added,
as Lee and Yang (1957) did, that the question as to why parity is not
conserved by pion interaction would seem neither more nor less
deep than the corresponding question for neutrino interactions.
Case therefore established the analogy between the two-
component theory of neutrino and the theta-tau puzzle as follows:

“The use of a two-component neutrino theory may be a
particularly elegant means of describing the parity non-
conserving weak beta-decay interactions. The point is only
that there is no logical connection between the two: the left-
right asymmetries neither imply nor are necessarily implied
by the use of a two-component theory” (Case 1957, 315).

Case clearly claimed that is rather the theory of weak interaction
that implies certain relations between the neutrino mass, bb-decay
and parity nonconservation. With Case (1957), thus, the scientific
community of theoretical and experimental particle physicists “re-
discovered”Weyl’s andMajorana’s theories by framing themwithin
the new landscape of themakingof V-A theoryand the achievement
of the CPT theorem. However, as shown in this contribution, scien-
tific communities in Europe and United States never really stopped
todiscuss these theories, and thereforeweshouldabandon thenaïve
idea that Weyl (1929b) and Majorana (1937) were suddenly “re-
discovered” in 1957 just in order to offer a theoretical framework of
decay processes involving neutrinos.

6. Conclusive remarks

“Everything comes to him who knows how to wait”. Less than
two years after Weyl’s death, these words could have had appro-
priately expressed his impact on the history of physics after the
discovery of the neutrino and parity violation in b-decay. Indeed,
until the seesawmechanismwas established in the 1980s,44 Weyl’s
equations were the standard way to describe neutrinos as zero rest
mass particles. In more recent times, the search for experimental
confirmation of neutrinoless double-beta decay still testifies the
interest for Majorana’s theory that was heavily influenced byWeyl.
Furthermore, the implications of Majorana’s theory areworth being
44 The seesaw mechanism was first proposed in between 1979 and 1980 by Gell-
Mann, Ramond and Slansky (1979), Yanagida (1980) and Mohapatra and Senjanovic
(1980).
45 In recent years, for instance, experiments involving institutions such as
Princeton, Delft University and ETH-Zurich identified Majorana fermions in iron
wires or topological superconductors (Nadj-Perge, Drozdov, Li, Chen & Jeon, 2014)
and Weyl fermions in semimetals (Soluyanov et al. 2015), thereby fostering ex-
pectations for the development of quantum computation.
investigated, not only because they develop a range of possibilities
entailed in Weyl’s, but also because its consequences could have a
huge impact on other research fields, such as those related to su-
perconductors and quantum computation.45 Finally, the present
contribution aimed at showing that Lee, Yang and Wu interpreted
at best the problem posed by Weyl (1929b) and Majorana (1937),
namely they expressed at best the awareness that there was no
direct experimental proof that parity was always conserved and
that theoretically there can be found a mathematical description of
its nonconservation in b-decay. This awareness grew with the
discoveries of new particles in between 1935 and 1947 and led to
the need of thinking of different parity properties for particles and
antiparticles subject to different interactions. Weyl’s legacy in the
1950s was thus also a conceptual one regarding themethodology of
scientific research and the importance of mathematics and its
methods for the development of physics. By considering the history
of alternative theories of spinors and the great experimental results
obtained in 1956-1957 on parity nonconservation in b-decay, it has
been shown how Weyl’s 1929 theory was meant to answer to
questions related to the debates on unified field theory, rather than
to address the question of parity nonconservation. However, it also
emerged that Weyl considered the violation of parity conservation
as a mathematical possibility in the 1930s and that his theory was
restored in the 1950s through a complex process of circulation of
knowledge.
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