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We discuss the value, in the light of r wcwmﬁ "o now m”’ e*&gwlmem;sn
We discuss th ik g2 :
-of giving meaning f;;o the neutrino ch arge ov lepten number zzdeaem;em of

i

"heliciﬁys i, ¢4, m ivi g up tw Qo@carr\?:a'm:af: neuirine theory and reverting to

'3

ngle thI‘“CQu rponent neutring whose Lefte oz 2 wigh

2 si
. Gl
R s ¥ et . T e Byt § - - i
coupled to e and u , rvespectively, It is ciown that, in {act, enly by such
, 4 E

experiments, involving muons and clecirons or their neutrino 8, Can 2 non-

trivial meaning be given to lepton conservation, This Direc neutrine theory
is compared wzm me cf.szw@ wional theory of & mvz}—cump.mmm neutrinos

from the com:m‘%mi and experimental poir 8 of view, Some remarks are

o

made about fﬁhepcs m;m.y of explaining the p~e mase difference,
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Polay mat-oa X”(,WJLI‘P.&’:@PL show that in the Fermi interactions

n->pte +V, {1z}

. p o+ p o vt +oa, {1b)

an g = vite +v, {ic}
“the pa—.rt’ic‘leé D, n, o, and e are p;‘eferéutia‘_ly p;of‘ uced left handed in

' association thh v .or V', which are always right handed, Along with
measurements of nuclear reco il the p-decay spectrum, and the w ‘7,/3EEZ
Fer , e : ez T

ratio, these ex cperiments favor, for the besic Fermi interaction,

=T =3 - 0. o o
= e8] F . 4 O A H : p . £7
h\'\;’@&.}{ G(J .551 ¥ 3 O ) v ite C. o ‘w-).

= Ha 4 '::b-+ ZZC R
where
b ?~‘i§y+v, it ='ig'?\'l+v" '5@1‘:‘ = i(l Y ) 'uldw ere J_ is a
a a T a a . 'e . Z 5t - '
SLrangences~preserving g current having t.,;e guantein n ’7'"'1}35.32”;) of Py N,

{ The field operators for nmeg gative muons and clectrons are denoted by p an
e ol s et L _1...”1‘» .
The field charge conjugate to v is denoted by v© = C , where!

; its particle is conventior iafly des hmca b; Vo)

T S CUCEIL~10449
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CA, Neutrino- ("i”*wc.l ‘r’j Conservation

fotn

- That e and p transmute into left-han dcd neutrinos iz expressed by

“the comservation of neutrino chil:alityz

o L L B R
8= [i(e Yot py ptvy v VY vt)de® , - {3)

_ , Y
and v, ; and where 3 = -1 for e, p' , v., and
) At ST ¢ Yy &

where 8 = 41 for e, un°, v

v‘m. _The S—cens-ervation ie exact if rnv= m = 0. (If 8 is extended to
include n and p and is modified by the replacement y_ - Yo everywhere;

then
- . ) o
at o f iyt wae S Te o T o0 =0
ot = iNy WN4+Py PLroy e+ n
. iRy v, v, oy, b
x
, , {4)
. — + U
vy vt vy v,
G - e
The V-A form of 1mefacti 8 (1) can then be derd vcd by requiring the invari«- '

only rar%mlly conserved becauge of the raass terms and strong interactiions, )
To 3 e i e
It the two-component neutrino formuiati Lon, :zﬁ,ru..cs chirality is idenitified

with neutrino leption number: v {and v') is ascun wed to be & Weyl or Majorana -

w}
s
2
5

ield specified completely by its momentara and helicity, and the neutr

13 -

lepton number . is defined to he the 1

discuss the value of glwﬂg meaning to the neutrine charge or lepton nutmber

. . .

independent of its helicity, in o‘bei’ words, of giving up the t‘;@ro-@ompmzu'

reutrino formulation..

E. Mucon-Numnber Conservation

Qﬁcant L’perim ts show that the nedtrinos v' produced in

.

reproduce mnuoens by inverse p capiure but are ;‘zcag ble of proﬁa ing

v

' : ) R : . - . T
_electrons by inaverse electron capture,  The ¢rahsmutation p — e .is alsc
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apparently forbidden., ~ We have accordingly written alw i decagf intera

' H ‘with two ﬁifi‘erenﬁ meutrinaa; .ay‘m«m‘ mmnﬂ m.at there aze only twa ki

L.-1049

0

ctmu

: . . - 's
oﬁ' ﬂc&ﬁ?’ﬁ’i"’lﬂd &nd that in u dec.ca.v thef are each ccm_i pled to w and e asin B8

and w decay.
- Thia seconé: conserv&tion law, the conservation of mauon I L,n'\bef

':L"-“« fl(e y e - @.Ly o+ ;y;vwﬁ-(;ﬁui

1 .‘L

( Ty o
where Ls = 43 for e, v, v“ and g, and where L= «1 for ¢, v, v!, and

]
- .
)

wo, is indé-’pendem of the conservation of neutrino chirality 8, and the

occurrence of this second neutring v" is *.s.f;g:m;_:zmﬂci in mr two - cor"'mov

o

neutrino or V-A thcomeu,, Eﬂ this paper, we will discuss tLe identifica

.

lepton number with muion number

\!‘J

o ag to make {{or :aeu‘rai as for char

leptons) lepton number independent of ,,,m.uiy, and to gi.ve’: meaning to the

3,

suppressed neutrino-charge degree of ircedom,

*evt

ucn cf

rged
E)v'
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‘Ina ﬂzeory consérvmg neutzing chirality (i.e

B

reactions {1a) and (1b) are dcumtel; rwh'l anded

left-handed d), how could the nmeutrinc-charg:s

5o limg as m_=m ,
Ty v

action Hamiltonian by each of the indeperden
iy v -.q., v oz gy . S |
L - T Ve ! o o _
. > = e . Y A
YL L Bovy i
; : ~ c
vl BN = oatvl, b Brvieoy
St L ) ; ta : Raes ) )
A7)
. O
C o i P § R
and pl A = LBV yleT @ Voo
i, I, + i A

tompl ete?y by momenturn a
between a neutrino of definite helicity a_mi’. any linear unita ry combin;é:‘ion ox
‘meutrino' and “aﬁtine\i@:rino” of the samne I.ezlicrcy and momentum, The sub-
stitutions {6) and (.7) arncunt vdnl;} to a redefinition of ¢t he'nguisr&i 16?"-’0@*’

involved in reactions {1),

A, Seccﬁd—-@rde:r B-Dacay Processes
To be speczfzc, the null results of the Davis experiment and 'r:ne seaych

7 . : %
an .zcutrmoless doubk g dacay are, for m = m o= J al"i‘(,clc_" coz‘memz 5

*3

. o wra i The
of nes t“’mo-chuaht‘ consecrvation and cannot test 10’3_.6?1 CGRbCI‘J tion, The

) _ N P N -
definite rig 1t—har“de<in of the neutrinos v emitted in 1uh-atmn {L.,; prevents

their &bscrp‘cion in the reaction v + n ~ p +.¢ irrespective of wheﬁnar any .

e
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other neutrino-antineutrino distinction is pissd L e or whether lspton number

[235)

.is conserved, The same remarks ap

ly to ':Bcav‘:te ringe:;pe riments ém‘:h &3

- e - : . A . o 3 vy

Ze =-» 2w . which proceed mj i?,oz tion of ihe ba m.c, ﬁ decay interaction,
. . . .o + . . . .
o~ 8 — e
For the same reasons, the crose section” for v+ p-=e +n iinde-

pendent of the kin is of neutral le ons emivﬁted in reaction {ia).

i

o B The u Dec&a‘_‘y
From the helicities observed in the w - 1+ e chainitis ‘{”ﬁowa that the
two neutrinos are in opposite spin state B0 28 suggested by the "particle-

i o

c.'i‘tl?gf’ﬁ.l.Cl el C&@.:lgl’h.hl()ﬂ;‘s in veaciion {lc),, if the two neutrinos wexre identical

part 1cle¢ in the same helicity state, then the *ﬂ*’clu s1om pr nciple wou 1 4 izmimit
the emission of energetic ‘electrons and lead to a spectrum characterized by

p = 0. That the two neutrinos a.ctuad; appear in opposite helicity states wa,:

)

interprcted in the single two-component neuirino ..sleor; s8 evidence that, if

lepton number is conserved, . and ¢ must bear "} BAMNE

if the two neutrinos in 3 decay are not identical or if one give

fucd
o
[#]
or
pie
8]
o

bBetween neutrino helicity ard lcyxw mumnber, this historic argument

- + et
does not apply and the alternative assignmoent, that & and p are both
leptons, is consistent with lepton consezvation,

- Clearl lepton conservation cannot be tested in secon 0“’lc..‘i" 8 processes.

and camnot be tested in 1

{so long as m = 6) becausé of neutrinoe chira iity, 3
. : ' 9
decay because of the occurrence of two neuts incs,



£

I, ow,. W“)UR Nate mm.z BT '“\:w«v'r AN

Undesx those circums %a"nce_,, what meaning can be mta.ched'fzo_the RN

distinction becwe:exﬁ neutrmo cmd ar meutrmo «..:3’:1 to uw pr niciple of i@ptdn )
v‘comscrvatwn? RE there a 'proc;(.f»s,-,‘ a‘i]‘;ov&ed'; by Chi alxty co«mcrvmmn. mﬁch
becom\.a fcrbiddcn only by an a.z;szgnmc i of qu&*ﬁ:am rmmbc\,rza to thce lepmns?
-If 80, thx quaaitum number is enfcm}.@d to be u&};lﬁd Lcmcm m;&mb@r.

A test of leptoﬁ-numoer aasi.gﬁmemgaais possible only hy conmdormg

ks

Atwo-mcp processes whare ’ifierenft interactions Hb and H {ar Ib and ¥,

(=)

or HC and H;_) are involved. This is preclsely the experiment pczformed
where neutrinos issuing from reaction{ib') induced ':ti’;.e'imvefse,of reactﬁ.cn

{iB) but not (ié.) If thcre is a IG‘VJLO”’E -couse :vaticn-la%v and Ecw zium‘ba:é
means an s:zﬁﬁg, it can onl,r mead what wa‘syi u.ni@é o won number ubﬂve. o
Lo=+lfore”, v, 3 and u's L= -1 forc’, 7, v') and u"s

'.‘NOW v ' has bthe same quanw.;ﬁ n'u:f:;ﬁ&:rs 28 v, 80 *th'af; s';;a lﬁag@'écm—wmma&

das 'c. ptmn of ¢;11 the conservation lawse ig ‘Tcg;svidmnti.xy v ; l.e., to rccc»gz;

v and 'ff as iex a'lci ri v?*‘n-he”m"y‘ states of a four-component neutrino
. . S, ‘ L . . . f

coupled to e and ami o, Te zspectively, In the interaction {2) j' ig replaced

T T - tior ' be roa

by Ja = zp "{a v, and the basic reactions (1) mvo‘ ving muons can ba re- _

writien by’ plaf'mr on n,ach v, a prime sm;-pex-sc:e:éx.;‘(c‘ie 51@2@@;&1&3 the associated

muon) a.nci a ¢ orove rhead bar {(designating the cnarge conjug te )t

'

‘ n->pt+e + Vo s {82)
Ctp v, +on {2
, BT I, Lt )
k3 ) :
e s o 3% 1Y
o kv, {3“ )
B S d
aad , op v te Fwve {8c)

For clarity we have now inserted the neutrine chiraiiti@a which werc h«i‘:l‘@t@*

ke

fore implicit in the neutrino-antinevtrine distinction; K3 c.ﬂd ;4, ‘are producel

in association with right-helicity neutrinos and ﬁ:ran&smute in to l £V-hehcmr

e
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A

Zrmc ie now a fcur-ccmpomeht IR

neuﬁrims, The mw feature is that the nev

' i}wac fleld whasc two chaz ge states, parti r;}‘ ¢ and c,ntlparucle, ‘are *@aliz,eu

¥

: b‘y’ ’a.heir couali;m to c and 0o reépectivelyg T P«,uli &?'cm forn’u.dens (6)

g

and (7) are inuompa,‘t:ﬂvlc with the cond Ution v v and re now not ddmltted mc A

dege nc,racy \wiﬁh respect to neutr ino charga which existed in thc tWo -0 mmemew’fﬁ

neutrino theory, i hich mad‘, meaningless c"e distinction between nezﬁ“érina and .
- antineutrino, is lifted by ﬁhe coup ing to Lnn TR e',"_ficlc%.e.

Because of the anticormnmuiation z*é.iat:lonﬁ, “which the fermion operators

<

. -satisfy, it follows that v '*{L; TANEREYR Ve 2« .»1 + vy, ) v. The chirality and lepton

current densitites in Eqe, (3) and (5} take the fm‘:’ms Cile ﬁ‘*’c& e + ﬁy w + ;"f@,‘v%y)l

and e AR RTR T :fyé:y},, respeciively, The cz_mdition _ = § as the

~condition for neutrino-chirality conservation is apparent, . Tl‘ﬁ V- ﬁ «nte tion” .

form followa, ‘as before, from ithe pe renthetic cal remarks a cmt Eq. {4).

The ﬁheory we have be@n led *‘m, characterized b by one Dzrac npeutrino’

.

and the Konopinski- T‘»’Lanmoud assignraen { lc*p’w'ﬁ number 8, i8 z;has; discus

{f{)

by Schwmger and by others in connection with a now obaoietg V'T«Cheary of

i

-~

8 decay.

A, Tegts for this Theory

The identification v'= v is pogsible only if muon and e.iec‘;z;cn s.edtmos
differ solely in cha-»z'ge;r i,e., if m = m’w, at i all other quantum e an_be?ﬁ are
the came, The p-decay net"arino Hass is z~.‘;“0§ to be very & al?(zrs,{ Geﬁéi i, 118
“but for t}*e muon neuttrine the present u':.jf;m:r limit, deri, ed”

of ) muons in emulsion, together with independent de&ermmaﬁons of the

»

o 1 :,mco the ruon mass is now bet tter

"uw and @ masses, is m < 8 m
known than in 1955, the pion-mass a nd mauon ~mome “tma c‘xeﬁer;;;inatianu can .,

"

be refined, this limit on m?, can be imp;r’e:fveci.i
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The ‘étiz;ema.tics of sz decay or o‘f p-ca r‘tur@ m, of coursc, mo same

- as that of n-decay, In ¥ 52 é..eca_?‘. ﬂ:ze muc»n W"a -ia nmch longer than in B
pr decay, but the quoteci ® mass ig mrce ﬁ:;‘m ] more uﬁr'utain m:m the &

a

mass from which it is at present der:‘wcc’;,‘ A upper liz xt of m < E% eV has o
a1 waady i o 3 '
already 'beemsei Erom B capture in BT

" If the association of v' with g &ud v mih e, £ow1d in the u' evaction.

: . ) , . 14
m(.h unstr nge pa articles, is reversed when dc-:almg 'Wli:h sﬁ:ramge paz"mc};es :

D), then eith lepwn nu * is no?-; con mwvef‘ in aucb stra RO -
_'partxcle proccsses, or ,‘V and v’ mi‘;’ez x; cmx; other quanmm ﬂumbca: aemd
l@pton.}"mmbex". The preliminary data sugpnet this is -m_:ﬁ 5G, ”

As the neutrino mass;, mv,, | aﬂd neuts iwbm“p SEP e_. irnents sre e"i ;c,d -

one may obsérve v-y! diiferemz:e which invalidate the ascociation of v and v

into one Dirac neutrin ne, Ifa third neutz Z_rw v were c?i@covere.d,

et
&0
o
pre
o]
]
¢
e
<
[
::,
pede
=
[
=y
[
s

s paper would probably lose its ativactiveness,

B, Comparison »W= sh Two-Neutrino Theory

If v and v' are identical, except for their association with ¢ and p,
and if m = 0, the present four ~componsnt formulation differs from the theory

of two two-coemponent neutrinos only in a2 trivial way, since it divorces neu’erino; 5

b

lepton number from chirality and identifies it with neut trino chazge, Rc*{fer'm:-,"
ess the Dirac form‘hbtmn \‘aomd appear uﬂ':"‘;ﬁ? ceriain ccmcepmal &dvar&ag,c@‘
(l) uﬂ, absence of p - ¢ conversion proc esses and the resulls

of the high-energy neuvtrino experiracnts are it befgrc,?. & in tarms of a single

o

neutrine which has the same rumber of imm:é'mal degrees of {reedom as do all

other fermions, and no new conservation law (:’;*mo“ number) needs to be

g.m

nvoked, The minimum aumber of fieldu necessary o describe dynamically
the conservation. of electric charge, le pwn number, and chweliw, is three;
thus, the muon is almost logically nacessary, instead c::.f being an u:ze"pec’e:ect

guest,
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(2) The econory in des i:"i‘-*ytioz_ obtained ,.w.y also zuggest a unification
of the description of all elements ary particles, °° The three lepton fields are -
suggestive of the three baryon fizlds needed to realize charge, baryon numbey

s

and hy p\,rcha&gu. conservation, Thz ¢ ,-'v', ;;.‘ triple, differing formally
{rom the two doublets {e”, ) and (1", *), also suggests ciiff.ernat weak-inter
action symmetries, For example, aliﬂmuggh'_th@ numeric qual@ ties ia the

Puppi triangle '*“:.H obt tain, the Muniversal" Fermi interaction looks diffe
in form when expressed as an intevaction betweeon the (np) ¢ ouuct nd the

-

i v - A 1y . C ; v
e , v, p triplet, This change in form may suggest a numemcal change in

coupling stiength when going to strange sarticles,”

ih

{3) The mystery why the neutrino st ’OLJC ha

“which explained nothing until supplemented by the additional assumption of

o 17 - o . . .
neutrino chirality conservation” --disappears, The ncutrinos missing twoe
\ £,
: B + prv_ s R . s 2% e
coruponents, v, are conunected to p ! {This gituation is similar (o that in

s ia + ot
electrodynamics: while ¢ and e could be descr med by two two-component

spincrs, we find it more convenient {o rzcognize a single Dirac eg.eci:rea,‘ fleld
~whose two cha 1"&”;%.. staf:x,a are distinpuished by theix cdupﬁ.zg,m the electro-
magnetic field;) In this se'ﬁse, the muca and its neuirino are giyén ‘a'natu:rai
role they otﬁerﬁzige do not enjoy, in the last section we discgss the p-o mass
difference in this light,

{4) One does not pretend to aitribuie parit ¢y T non-gonse rvation to an

5‘4

intrinsic prape‘rﬁsy of neuﬁrinos. CAfter ail, maximal parity violations are
found in some pr ccesses in which neutrinos al‘c not apparently involved, and
“parity rmanages to be conserved in other {electrodynamic and gravitations ?}

processes in w.‘ui’ch the masslessness of the relevant quanta might also have

suggested a reduce,d number of cortpcs e:ats “or the quanta iwolved
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‘hiralily Invariance

.
Faed
2
)
[l
L
!
2
=
e
=
&
N
(e
?j
=
P
¥
L
¥3
Q
=
o~
]
{"z

'lhe gos.l i,},ﬁy m‘ = 0 expmmi exact neutrine chirality conservation

.

is cuiunﬂy most attractive theo fc,x,;.c::,llv Nevert

m # 0, the present Dirat formulation is, in

’J

the thcory of two two-component neutrinos,
reaction, vanc‘n an anomalous neunirine -proton wbso: niion cross se cuon are U“ﬁ,ﬂ

no longer fcrbidden by chirality conger *«Bﬁimﬂi, (The c_:z' 85 gactions for ”ac

1

second«o ‘er Fezrml processes, depressed b 7 an aémé-unal mcto RTOPOT «
& * 2, ‘ o . NPy .1 , Ty ¢ B
tianal to m S, are, needless te say, ridiculously small,) If found, these

ffects imply “-a.t utrino chirality and lepton mumber a:u, b@th z‘mt conser

‘,\
®
G
3
e -
o
@
j 5.0
{t

such a posi itive result may be int 23 due to a zrmall ne ut“rm masg of

perhaps weak intez:a"actiom origm.'

- -

iy : 4 . L _ .
iino p —~e processes are seen but 4 -» & observed, then neutrino

chireiity is not conserved, m.i lepton conservation may be presumed, with
. . 5 : . :
¥ e 1 S .. ’ LN S y & o &7 " T amaned L imand AY -
the Wonopinski-~Mahmeoud o.bmgs“menm. Ou the other hand, if neithes
- - E e - ot .
u = ¢ noru --e isg observed, and if the neuirino mass, m_, i& nonzery,

then h,morz eonse‘.vc:. ion (w:?b i 1e conventional zssighreents) and a separate

MUON ~RNUImDer covservauon law are called for,

P
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IV COMI‘J ENTS C‘N TH VIJ’"‘I\Z--EL "&&N f"m E‘Eilﬁ%ﬁi’ CE

, Heretofore; iy amd e have appenrved as idemmal particles except sy

“for their wmase difference;. To explain this large; appa “e my nonelectro~ . F

magnetic mass s difference, :mo,ma.tox muon interactions have been hypothesize
Such dynami ; mmetric bot 1 tuon has so far not
Buch dynamics, nonsymmetric between muon and electron has so far not
revealed itself,
The present theory, however, huilds on a tz triplet m:u: is aym,hc'é;?:ic

- - 2t s

under the weak interactions: g and ¢ are, besides their Ima.w, isim»
gu shed only by ?entcm charge. Can this symmetry be ex :mled to, ma c,iuz CEG -

magz}etic interactions and siill exxplain, gualitatively at least, the p-¢ mas

differ enbe? Supposa e, v, and y {o be originally massless {mﬂ = 0} an
I‘ev*avfm'e de enerato in the absenca of al

mzmm’si elcca’croma gnetic interacticn

3 =iefey e+ Ty ul &%
em el e
ie 'LqS after a self-conmsistent calculation, to the eiectromagneﬁc gself-encrgy
$m=m - m, = mide/in) fn Afm, (9}

Because 1‘* s deterrnined by weak interacston unitarity or g,w.w tational
‘ ccnsiderations, tb_.e cutofi A is expected to be rather large here {as compared

with any catou in the Gﬁrong interaciionu},

For. m, =0, Bq. (9) has the uwneqgual mass solutions
~ B .
m=0, )
S 3 . , {10}
and _ . m= A erpl-2u/3a) v

it seemse p@ssibl@ that these two solutions realize the éiiﬁemncj betwesn

+l a.m:i L = -1 cbar ved iep’coms«, This selution for Mg =0 is, of cource,

ot . / ' ‘ e i o
not yek to ‘be tak erioufﬂy nam,mm@we}.y {a value Ity f 0, or a breakdown

. of minimal electrodynamics, iz necessary for the lighter lepton to acquire



af

“anm £ 0, and for other reasons, [
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e

mazg will, incidentally, ullOW the Dirac,

LI

neutrino to have a small magnetic moment, ) We mean c:mly to sugges(z that

. the astignment of opposite lepton mumber to a':. wnd 1w leaves room, wifi Ginde

" -

bt e s e sk

the fw._mework of known imte-racttionm, for n diffovence between o and e that

beca»mes mnanif cat in their mw,saﬁ:. '

Gur ~main PUrpose, hmvever, W £o fghovr that while v and v?! can be

: dasmibed by dszez*ent two -component f1c1<~:;, the moat econamical description

Gy

conzistent with the known fzcts i ﬁitza.t they are particle and umipdrticle states

.. o ’ ;" s ) ) -
of a Dizac field, distinguished by thr‘r" ceupling t© e and p, respectively,

While this idea originktes with Tuos m; insli and Mabmoud Touschek,
. 2 e .
‘ s s il . .
- Schwinger and other authors, we sime th at, ina ch:,r?l Ty -

conserving theory, what has been called muocn number is al o the oenly.

ind >pend ent meaning that we can attzch (o lepton number,
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