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/.

’%“?zsf necess zies for these processes can be supplied by external fields

%%‘m »;tud‘ of these processes will be restricted 1o the 5«
} crzuf;,‘ on theorv in which the Hamiltonian of the interaction does not contain

‘%‘;r@dméfgr method of

JUR MALF-»PIN PARTICLES

JSAD OF THE CHARGH

Tt f{}rtn
bpu; by “\;E{gum;u g\“}s;; ix ?\ ah {‘? 937y and
Pauli's {1941} notation (F=c =1} wi ii be followed here.

convenient representation of Dhrac’s muatrices, w za‘iz does

i

restrict EE};C ;"{,;frzm%igz}z,? is that proposed by Muajorana {1937},
(v 0, +epl=0 (1)

1 the Dirac equation, where the v, satisfy

bn the Majorana representation (4

=Yy 7::3; s ﬂ,;% o oag, Py r}/;\g {3
VE=YE= VRSV Vi =V Vi Vi SRR O
or, with 2, =lyzy,. and B=1,

C{z:i‘ﬁgg—‘?ﬁgm?‘é) Fr=Ff= .. {37

Ak, o)a,(k, oy exp {i(k . x — kyxy)} +ul (k, 0)b, (k. o)

xp{—i(k.x —kexy}l]

(N=2N (k, g} is the twotal ﬂutiﬁi}ar of particles of this field, see equation (11j),
and iaugaw of the Majorana representation
bk, o)=a,k,o); %;

and o 15 a di

where k iz the momentum, k;={
two states of spin.  Also
Y

ol sl ) =ID(+)]

Fipr
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oy for ,zuzmzi

Ve no nferaction wi

Dirac’s hole theory,

1
i
be aéi:":a Eu d by
7 be referred to as - Major

neutral particies’

f

et us call

E or - E} and in

arbitrary {L or — 1 i
r Loinio

It 1s seen from
gation and {:Ez;wge conyj

S0 »{}’?EEE ex cong:
aned (6} can be written:

a4

In formula (3) th
73, its values being the product

pper

For Majorana neuts zI parti /
& plays the of the index & as étz ned by {

the k and L fiidii’ﬁ;};{ separately in (8}
Fhe anti-commutation 25 Can 1;1 written

and 1k, o)

i*{: operator N (k, o}
envaliues ¢ z‘si}aré,
ahso f;;ﬁiim operator LK = AT e — 1, and
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5)»;

iother Interesting extension which has been made is to consider a Majorana
atral purticle and the two states of a charged particle as three conjugate states
{+,0, — of the same particle (Noma 1948).
o there is a transformation, due to Klein (1938}, which makes it

3% amplitudes of two like

have anti-commutation bet

pusaible alwas
or unlike particl

iz

P
(g3
J,

M,

T'his can be extended to any number of kinds S of particles,

F RS LK, o), w RS LK ) =Sy b Sy ok - k) L (14)

§3. SCALARS FORMED FROM FOUR ¢¥

3
The method of formation of such scalars is well known,  Using only the
) and (2}, it has been demonstrated by Pauli {1936), g{}!n(fimi by
With the four y, one can build 16 matrices y; =y, (A =110 16

A : a= a=2 =3 a=4 a=5 a=0
i 1 i
2t 5 2 Y1 Y2 i€ Vi
6 to 11 3 a7 sy iy Yy s Y573
12to 13 + YeYsYs YsY1Ys YiveYs T IYeVeYs n
1€ 5 oV

Es'af :‘:gfﬁs?d?{é,{z} LIRS {332‘

+, = ==+, b = e, —, then

ary ]
‘? ang

we require are Jx
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§4 THE MOST GENERAL HAMILTONIAN OF THE INTERACTION

We choose the Schrodinger picture for the operator /7 which then does not

depend nxp licitly on the time, and have taken the same axes for the Heisenberg

victures at time x,=0. We therefore put x;=0 in J(x, P),

erazl Flamiltonian of the interaction, which must be Hermitan,

24 [ E
ith k= ¥ X X (g, P)J (s, PY+J(s, P)l. ... ... (19)
FAOE I S B

2% 4 5 &ZE!IE,JEE”;% over all the twenty-four permutations of the

tourindices § =1, 2, 3, 4; the sum X indicates u summation over the 16
)29

combinations of &=(K,, K, &, K,); and g{&, P) are real nu
13’%{@"3@%{}%} constants,

For the following considerations we must ex &ii* the transition in which
two particles are absorbed and emitted again in 33 ir initial states: this would

sond 1o the self-energies @f these particles due to this interaction.
1 then say that the 4% anti-commute, and from (16) it follows that

~KE S,
N Eabst

LOTTes

Phere

{—x, PP, (20)

b= {x, P} cees o (20

Therefore (20} can be written
T, Py =S ~x, P)
and {19} becomes

_M;mﬁ&%gwf il ~x P|=2 ¥y
[ S [ -

e
o

3y {.. B3
J = GAK,

ith

3 | NN
?*“E\E?L 18 nas

et
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avhich means that under any permutation P of the four indices S, the J; undergo
a linear substitution; later on .J{x, P} will simply be written }{ﬁ}
for P=P,, P, or P, we very easily find: {7

=3, (see (18)). Thecaseof P =P hast
an be extended to the present s% wice of F

tudied bz' 2 if»zg{iﬁ 7,
it is found that

P [ 4 - o1 1
oh % b1 4 - 3
i T ! TR : §
N TR S B

-y permutation P, which is always a product of the form {24)

of z%zc ?{,saér permutations £, 2, P, P, we get

one gets h=3 X g(x)/i(x) e
B

ati on will be studied 1 §7.
order of t?‘c f;amci 3

in H g;n%x means *changing the name’ of

ains invariant.

ACTION
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envalue’ +1.  Therefore / is symmetrical for all
for, siayféfsg from

1uch ai”f{yg,(}i‘!li}}iétﬁj ; this is easy to verify,

K,j

CI(1 + ), one finds

»»»»» Jy+dy) or h=Yp () (k) —J
K

It is also easy to verify that there is no & completely antisymmetrical with respec

{which ant-commut a; because

e

(IT+C™)(1+

I

fas iizﬁ remarkable interaction a physical meaning? This question has no
y if H 1s only phenomenological (see ;*}tf@ajagt“}ﬁ} However, the field
theory allows us to assume a physically direct interaction between four particles
5 hat w ould be unthinkable with only the classical notion of forces}, and we have
wat the only direct interaction symmetrical with respect to the four particles.
is fhﬁ remarkable one g, (see ’g“"{é{}n (28} ).

Now, in a Dirac cmzatsf}z it is well known that F, and F, correspond to
electromagnetic interaction and the sign of the interaction constant (electric
charge or magnetic moment) is changed by charge conjugation; F,, F,, F, would
vond to a 3’3{}?»sj}éiii{i"ﬁ}}né?l'&ili interaction and the sign of the interaction

Corr
constant (mesic charge (Okayama 1949) for instance) is not changed by charge

conjugation; but the ,}\a} which are quadratic with respect to the F, are

invariant by charge ¢ G?igaiﬁ/&iiﬁzi and g{x) =g{ —x). However, there is {;r;i} one
. %néﬁ?ﬁndéﬁ tly s’*f the order

interaction built either with F,, F, or F,, F,
chosen for the 4% in writing
the three non-magnetic operators.

The interaction g, has already been proposed by Critchfield (1943) and can

be writien as the determinant of %%sfj four components of the four o

[

f’f it is the remarkable interaction g, built with

e,

i

wt
o
o
—

es

o
8

3?3%}56 ; the
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For exaizzpié, in f-radicactivity the magnetic moment of the neutron is of
negative sign; let m be the sign of the magnetic moment of the neutrino emitted
i Ar-decay.  Then the reaction

,, corresponds to

and (28} gives for g K+ o+~ m

With four Dirac ﬂfj{f{fﬂi particles there are of cou

’ his number is different
cles %@gv to fulfil (29) and the
i ven in the fifth line

possible reactions s = (3, My, My, M), L= (1, Ly, L,
for ogher kinds of particles since the charged partic

Majorana particles have only one state L.
of Table 1.

Table 1

. of charged particies U ¢ i 5 4 2 2 2 4
. of Dirae neutral particles + 3 2 1 it 2 1 4 U
i of Majorana neutral particles U i 2 3 4 U i 2z 4
5. of different & or classes 8 + 2 1 1 4 2 1 3
s, of different reactions 256 128 64 32 16 128 6+ 32 36
. of reactions per class 32 32 32 32 16 32 3z 32 32

only to the cases of four distinguishable particles

When a reaction is realized in nature, a g(x)=4g(—x) must be given for
describing 1t, and all the reactions which have the same +x=(k,, K;, Ky, K, OF
— Ky ~ Ry Ky ~K,) can be associated with this 7. The %st of all reactions
which can be described by the same 7 will be aaﬁé,d a ‘class’.  Therefore the
interaction Hamiltonian density w his:h describes all the miarés‘{mm of a class is
(like (26), but without summation over x)

h=Zg(s)[ (&) +J{ ~w)] =g . [/ (x) +J/ (—K)

-

For example, the reaction

{6}y N_+v_ P+~ belongs to the same class of reactions as {ay:
g={+, +, —, m}, but the reaction

the neutri

s and the
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Wy

First case: the four pariicles are distinguishable.
g,;}, f} )

From (8 and (26) one gets: H,

7

pl - XKLk k] d

RS

of momentum. Therefore

the integral is equal o 7 and

N 'gmff;

W

h between the
(};‘5 spin

initial

ibii;;@tm

By

states of spin z;f the p
of the emitted }“}%fiidﬁ"a and

z"?

zi&%%;} one calculates

n the A
! m{hz espe

{.{w ‘i{éy;%
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Letus put i =3, "=4; n
from (34):

and we see fron E?y that J, =J,=0 since F,, =F, for i =2 or 3. In this case
# depends only on g, g,, 5. By a permutation P i%zﬁ new g; (let us call them g/}
are linear fizmiwﬁa of the three g,, g,, 2.

If there are three (or four) indistinguishable particles, it is easy to see that 4
-only depends on one g, which defines the special interaction (28}, gy =gy = — g, =g;.

it is noteworthy that the preceding conclusions are independent of the fact
that the indistinguishable particles can be of Dirac’s or Majorana’s kind.

Of course i§ the states of two indistinguishable particles were identical
{4 would give U=, therefore H =0: the formalisim assumes

Table 2
2

LIS L A A £182 280 2285 2848
2 i 4 8 4
3 —1 2 -
s B4 2 —4 2 | -2 —1
+ps. 0, 2 4 2 —1 2 1
1 —2 1
2 4 2 -1 Z i
24 2 i —2 —1
Py z P2 3 ot
- Po . Pyt e 3 -3 —3
- Py . Dafity ity e T 3 3 -
gy T2 -2 1
-1 3 3 H
1 3 —3 1
i 4 05 4
I'he formula ( 2} can be very useful for calculations. With the notations

} =911, one |

i 3 =P 5
The valy
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w8, = — O, mm ., (s O
su 81 gy =g, 0ne finds

=06+ (m,?

e T T T S e T e S TN

Py Py )
=Pt pS)

+ (P Pal(Po- Pl

+(Pr- PP Pl

2Py PalHy Py P L)
2Py Pttty S Py ;};}z #,
=Py FP TPy PRI {?i

that 1s, completely ;»;vfz&;zészfisai in the four particles.

Foranother set of values of s = = {31y, My, Mg, M, ) one can use able 2, replacing

’ ¥

This table éf"é;}%’iziég of course on the F, chosen.  # is defined in {(15) as a
function of y,. Below, the F, are gzz en as a éu;;m;mz z}f the «, TE‘;% above
Ca%gm&ugn:’ are only possible in  the 1%.&;9? representation, unless
My = - —u,, when they are also possible in the Dirac representation.

¥

For the latter case the F used here are given as functions of i}gmg oy and o

&

Ly (1]

= Py

{time components are given in brackets; the sign of the F
Ez; Dirac’s representation one must choose #,, instead of F in .

[ 2505 and
for Ke=-+1 ¥ = 1

for K=-—1 ¥ =+
for K=+1 K =+1

for K= -1 & =-1

Viajorana neutral particles by
%é:?a +d, this theory
'&ili}
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wfz&;}{;ﬁéﬁg to { of §2 is not so
er of states is vocupied. Inadia gg;zmz
h gives rise to additional mathematical

3

Table 3. Table of the Dichotomic Variables used in this Paper

. Letrers . . ..
¥ i 1 . Definition
used
3 Absorption §1
27 uf i B, KL N
The two
sy i . {sign of the chs L (8}

| magnetic mon

¥ J* a, & Complex conjugation

¥4 - e o o
5 {E i MML) Exy=Dinx) B (40}

% Sign of the energy of the
corpuscie 59
€ Sign of the charge (or the
magnetic moment) of the §9
e .o .
o The two states of spin §1

W1

For even For odd permutation P

JEIN 7PN

Ly
el

f%’; F@lmégggg “}fg ial LL;. f’ {‘;

g
-

er}, b
be emi i ed or am@fiﬁ%é
stied,  If there are indistin

- corpuscles—one mys
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sl =11} we have the

B

For the study of a transition given by m and v (with X
two relations: '

and

Here a new situation arises in that it is not clear how the €, { sign of the wiz::;s:;z
a%&rﬁe or the magnetic moment of the gf};ga«gi es) are determined. The question
rises whether the €, have a physical meaning or are arbitrary; it will %sﬁ shown
%Z’ wat they are 3?%5?3’2?’@
Let us therefore choose the €4 arbitrarily; for the study of the a1, 1 reaction,
(39) gives us the 55 and (38).the &,. It is well known that the summations over
the spin states are made by the projection operator defined by Casimir {1933):

AT IR L 5 A
D) = ( 4 BB ap i’*:m) =1 ( 1+ »——W’g‘;j%ﬁ*), ,,,,,, (40)
One easily sees, in the Majorana representation, that
PRE) =B~ Ke) =T(Rx) ... (413
and from (9) D{x)=D(xmxy. ... (42)

With the well-known properties DE(3)a®(§, o, 7')

K

)=8,.a"(k, o,v) one gets

Zg;—%{% g, ﬂf}g {é a, %,} ; £ h{ *%“}L, = {"{}{K}Eﬂ? {g:g’ {%E}j
This formula is equivalent to (9). Therefore, by the same method, one gets,
instead of (35),

24 ="Trace F;,D(x) F;, D — K,) x Trace F,, D(k,) F, T(~K,) .. ... (43
5
and from (42) and (38) D(x) =D(yx)=D(M); hence the formulae (35) and (43)
are identical,
Thus X[ Hy[* depends only on Mg, and is independent of L (sign of the electric

charge or of the magnetic moment of the parﬁ:ici&%} of g {sign of the energy of the
‘corpuscles’) and of e (sign of the electric charge or of the magnetic moment
of the ¢ asgé’?ﬁadﬁi 3
Thus %éz% € are completely arbitrary® and have no physical meaning, That
shows the artificial aspect of the hole theory, which, however, is more customary
and, therefore, more intuitive
Moreover, this formulation does not contain the conservation of the electric
charge. From (38}, (39) and (29)

@

N
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L THE DECAY OF THE p-3ESON

Ct in 3%‘4?& pointed to the decay of the
e ‘}%% Hincks and Pc:}f;{uw“m
was immediately noticed

3y more than two pz rticle
simifarity of this
{E{isiz@ 1948, Horowitz ef {55 E‘;é«%;
where u¥ is a neutral meson alreads
from the m-meson ésca} Doweep” v A, where A Is written for pf

Prom the work of Part Tt s 1o study this phenomenon.

me & pvnmcizm% results publishe

3

év

i }'
nberge
Js

%
7

known {i attes, Occhaaling and P{}"&’%B 19473

§iu. DECAY p A ¢ w
1e Born approximanon s used and the electromagnetic interactions
(ef. Feer {1949} for photen %f{";ét,ﬁ:tés}s‘; by charge acceleration).
sults of Part [ one sees that it is not necessary to know whether
are, independently, * Dirac’ or *Majorana’ neutral particles. The

Iy

From
pt and
results are the same in any case,

Let us call the rest-masses, in energy units, of the corresponding particles
G431, The frame of reference will be used in which the p-meson
Let us denote the momenta and the energies {(in energy units) of the
o=y B =E, E,, E =p,. The conservation
4»% = F {total energy). Table Limmediately
=~ 1, M,=M=Mm,=1; the order

chosen 1s A, g, €, v {corresponding to that usually chosen for f-decay: P, N, e, »).
Then (33) gives* (the g; have the dimensions of energy. v(}é,i,zmt;

By P
: jff’;.; ’ g‘i‘;

e/ Pi-p N
T T R D S vl Sl _ EAePry ‘4 g
ol T8 B T 88y T 0808 — a8 g;{g Ep, ) I &7
LN Az,,;;g},.

s spectrum of the emitted fﬁaié{:if s";
3y éf it ;i,i’ P \}555 be the proba
sration with a tota

& fi}gia g
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L
[

The calculation gives:

;5};g<-,§;£ - £l ii
Y

i oS A DR 7 RSO}

t

has

t cu;us:za; 3"?{;“, Anderson and
about |

; % ?e?(;fg the mass A must be
1 into an electron and 6y

the decay <;f dm JIRsst O NEUTFINOS 1S Very gm}bz;b%c.
We must consider two cases :
(1) All neutrinos are Dirac neutral particles, and the two gmz%zui
désf;ngt sé‘zaé‘é@ {{ée’séz‘ magnetic moments are of i:r;}psssfi Sign]

d PIE) by putting A=0 in (44} and (45).

HTINGs are
We cun then

er formula by choosing the order g, ¢, », » (of course now the o,

. w3
are not the same as in (45)):

2 K, + 3e(W — E)K,].

7/

%
but iisc errors
amiount.

the same sign); i;:s
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{(Tiomno and Wheeler 1949, Horowitz e al. 1948) that

the g; are of the order of th e Fermi constant { ~10* erg o zw} The condition {(47)

gives us the scale for drawing the different curves which we want to compare-
Let us denote the curve 5‘3’;&3 by P, when only one g if%} (P, =P, and P, =P,}.

All the possible curves P have {for 0 <p <1} the shape

(i ?3{ ‘wpf?iﬁ;iw?ﬁééaﬁ sweep the whole areas A and B

; il

It is already well known |

<]

veep only the whole area

It the curves pass through the same point M.
The experimental curve and the expected statis
:%z;é{i?xm‘s aﬁu %zzzz?f {1 {»}4%? ?‘* igure 5} are g}i{}ia{f %

A

tical spread given by Leighton,
£ 3 i iif‘ curve P,

Probability/sec. P

8 5 i = 20 25 35 35 46 45 56 55
Energy B (#iey)

e Thiporetical curves
~~~~~ Theoretical cur
Experimental curve of
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§13. PROPERTIES OF THE NEUTRING
(@) 1ts magnetic momeni. From the theoretical ;}f}im of view it is more exact
k: is the neutrino a Diracora ”@ia;:;mzsg neutral particle ?

From the decay of the u-meson it would have been iﬁ:%i%}ii to say that the
neutrino is a Dirac particle if the experimental curve lay in the A area, but this
is not the case. However, there is one phenomenon rather favourable to the
hypothesis: the neutrine is a Majorana particle. f%izza} as was shown by Furry
”’%ﬂ%}? is a double B-radioactivity without the emission of neutrinos. Rai‘-‘ss;i%
mg}ezzmgﬁgaé evidence for this phenomenon was published (Fireman 1949); it
is the spontaneous decay

o neutrinos are emitted, otherwise the lifetime would be 10% times larger
than the observed one.

Theoretical 2} {h;s is explained by the reactions: {(g) N_—+P* +¢ 4+, and
{(€) N +v, Pt +e in the following scheme :

o intermediary .
initial stage —» . ‘e final state
virtual state

Ny +NL=Pyt ey 4,4

but we have seen (§8) that the (¢) and (c) reactions do not belong to the same
‘class’ unless the neutrino is a Majorana particle.

The simplest course is, therefore, to assume that the interaction Hamiltonian
1s reduced to terms corresponding to the single class embodying (@) and (¢) when
the neutrino is treated as a Majorana particle. However, one cannot exclude the
possibility that the Hamiltonian would consist of two distinct ¥(x) corresponding
to the two classes involved in which neutrinos are Dirac particles. This
possibility has been discussed by Touschek (1948); for ordinary B-decay this
leads for each process to two competing transitions which differ only by the sign
of the magnetic moment of the neutrino, of course without interference between
i%éfm f{}f gaf‘h §}§1€§z{;me§a of ﬁrgt {}I'{iﬁ?’ in zhe Z. Itmaybeobserved, in particular,

e Pyt e T Pyt ey

ééb%ii}?ﬁ{}ﬁ i‘sé‘i{%«?ﬁﬁﬁ aﬁaizmas éné aﬁ‘ii—-ﬁéiﬁﬁﬂ{é& is formally identical for all
B-processes with that amfg?%fmg Majorana neutrinos.

Thusiftheneutrinoisa %fg;az*gﬁﬂ particle it has no electromagneticinteraction.
The neutrino appears only in the spontaneous decay of elementary particles, and
it is only reg;gsrﬁé to preserve the conservation laws of energy, momentum and
11l It therefore seems to be connected with the gravitational

d; %za? g&yé‘;g}% not so simply as might be thought (Gamow and Teller 1937).
between p-meson, i ctron and neufrinos gives, in %é’%i second
fint ange between e p-meson and a ¢
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kind will give an answer to the question: is the mass of the neutrino finite?
If.ggua{é{}gé {48) gives a ;e{;é exampia f{;; th{: mass e <}§ Thiﬁ e%ee{m;z ';{“h{z mngﬁtzzt

?’{5* sf} »Pfé,@} continuously as e—>0.
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Corrigendum
“ Interaction }‘}etw&@ﬁ Four Half-8pin Particles and the Decay of the p-Meson 7,
by L. Micuz (Proc. Phys, Soe. A, 1950, 63, 5141 i

By an unforfunate oversight the curve Py in the disgram on page 529 has not beenr

drawn f:?rfec?,ig to seale.  Since this figure may be wseful for & comparison of experimental
data with theory a correct drawing i8 given here.

]
j
/

Probabitity /see. P

ETETTE ETTETTRETE T
Energy £ mev)

The following minor corrections to the arvicle may slso be pointed out:

Page 525, 6th line from Lottom, insers: © For Majorans particles * before O This
syrmanetrization 7]

Page 528, in formuls {45}, 2nd fine, first factor between brackets, repiace the term E gt
by ** 4ge’ .

3
P



