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ABSTRACT

The spectrum, asymmetry, and spirality of the electrons from

13 decay are calculated from the most general form of the two-component

- neutrino theory with lepton conservation., In addition to the nonlocal mi:era.ctxons

considered reéently by Lee and Y "g, terms appearing phenomenoloalcany

‘as derivative couplmgs may occur. In particular. a spectrum that is, asme

from a statistical fa.ctor, linear in momentum is possabke with p'# 3/4. This

could be interpreted as ev1dence that fermmn.» of baryonic mass are responmble

for the nonlocality.
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I INTRODUCTVION AND GENERAL FORMULATION

! with lepton conservation

The two-component neutrino theory
2llows some rather definite predictions about processes involving neutrinos.
At present, only the shape of the 1 decay spectrum is in apparent disagree-

ment with éxperimenﬁ:. The simple, local theory predicts for the decay
T L )
an elec?trbn"spectrum désc; ribed by a Michel paramoter p = 3/4, while the
published experxmenﬁal values, including i radiative correctwnu, are about
0.68 = 0.04 Lee a.nd Yang have ohOWﬁ rece'ﬁ:ly that tbe lower p value may
be explamed by a four-fermion interaction taking pl ce over a small space-
time region rather than at a single point as is assumed in the usuval Fermi
theory of § decay. 3 In the present paper we will show that the complete
analysis of p decay must include congideration of certain other logicall*y
distinct poésibikities in addition to those considered by Lee and Yang. Ik
will turn out that these possibilities may be distinguished experimentally.
A p value different from 3/4 can also be interpreted as evidence
against the two-compo‘ﬁenﬁ: lepton-conserving theory, 4{ The approach followed
in this paper as in Ref. 3 is, deferring the question of its confirmation or
rejection to the low energy phenomena of § decay, to assume the theory in
its simple and restrictive form, and to look to the energetic processes like

# decay or K decay for increasing information about the structure of the

* o : » I
This work was supported by the U. S. Atomic Energy Commission.

TSupported in part by both the U. S. Atomic Energy Commission and by

the Air Force Research and Development Command.
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weak interactions. After all, the apparent universality in strength of these
interactions together with the symmetry laws they all seem to violate.
sugaests some common origin of weak 1nteractions. Such a universal
mteraction, involving bosons as well as fermions, must give rise to some-
what complex intermediate states, so that from thxs pomt of vxew a non-
local interaction would be expected. The last section of this paper touches
" briefly on some weak decays, other than y decay, which could yield information
about a size structure for weak interactions. ' :

The main point of this paper is that at the present stage these -
experiments must be analyzed in full generality, without restriction to a.ny

preconcexved dynammal model. For that _reason, without reference to any

. underlying form of the theory, we proceed to write down directly the most

general form of matrix element for p decay admissable under the proper
Lorentz group, assuming the Atw.o-compon:an‘t neutrino theory with lepton . '
conservation., - : ' ' |

. In this theory the neutrino field" operators always occur as the
projecnon 1/2 (1 -ys) LIJ of the: four-component spinor 41 The vector5
\pVYP- 1/2(1-_y5). \pv is then the only: covariant that can be formed out of two
neutrino field operatprs. The most general form of matrix element for
. the decay (1) is. | o

M =i(p) O, u(P) ia)y, 1/2(1-v5)V(q)a @

where P, p.q. refer to the four-momenta of muon, electronp neutrmo, }
and antineutrino respectxvely, and u and v designate free -particle spmors
of positive and negative four-momentum. The most general four -vector
that can be constructed from the available four -momenta and Dirac matrices
is . A : |
op. = (g.v“ gAYS) Y#‘ - (i/M) (Gv - QAYs) Pp_

N - (/MG -G, v5) 04 - Dy,

‘(I/M )(GT“‘G TYs)(?‘ 99? ’ ‘ - (3)

where M is the muon mass. Other covariants, such as (d +d) y , do not’
occur because they are not lmearly independent of those recorded. in vn-tue
of mo_mentum conservation and the Dirac equation,

The g's and G's in Eq. (3) may be functions of the invariants
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| o,
Q; =+ /Mm% = 2(g-3)/M5%,

- o + @2/ME = 20 B/ME, . (4

Qg = o +@2/ME = 200r /M5,

formed from the independent inor_nenta in the probiem. Only two of these
_invariants are independent, hoWever, since from momentum conservation
we have | '. . |
| 1+QI+QH+QHI R
. The original two«component theory leading to p = 3/4 is obtamed
by omitting the last three terms of Eq. (3) and making gy and ga constants.
The effect of letting gv and g p Vary with momentum will be considered in
Section II, and the consequences of 1ncluding G terms will be studied in
. Section IIL ' The three cases in which By, A 2T functions of but one of the

Q's correspond to simple nonlocal interactions between fermion palra. .each
of which are at the same point. . This kind of nonlocality, which was treated
by Lee and Yang,3 originate‘a where the nonlocality is propagated by virtual
' bosons or fermion pairs emitted in local momentum-independent interactions.

'I'he last three terms in Eq. {3) appear phenomenologically, as:

derivative couplingsr on the electron, neutrino, and electron and neutrino
fields re&p‘ec‘ﬁvoly. This second kind of nonlocality can occur even where

' the fundamental point interactions are momentum-independent, if the virtually
v propagating particles include fermions. This second kind of nonlocality must
- be considered on an equal footing with the first kind, treated by Lee and Yang.
. The two kinds of nonlocality are both expected to be small on
. theoretical grounds. Experimentally, the y spectrum is, in fact, described
in good approximation by the original local theory without derivative couplings.
The effect of the terms in P.o Qi and «ip., and of the momentufn dependehce
in the coefficient g's and G's can for this reason be treated additively. In
Section II the derivatwe terms will be omztted and the dependence of Bv, A
on the Q considered only in lowest order. In Section HI the momentum
dependence of the g's and G's will be ignored.

In writing the interaction in form (2), a particular ordermg

(op)(VG) has been chosen for the four fermions. Results can be transcribed

for a different ordering by using standard formulae of the Dirac algebra.
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II. NONLOCALITY OF FIRS'I‘ KIND
OQur general formula (3) is first specialized by setting the G'

equal to zero and expanding
gv, A(QI’QII'QIII) “gv,all - €v,a% " bv,a %0 “Eyv,a Quml- ©)

The €, 0,4 are emall dimensionless parameters measuring the nonlocal effect.
Further epecialization reproduces the examples discussed by Lee and Yang.3
When oniy ev and €, are nonvanishmg. (Eq. 6) coinczdes with their case I,

in which (v, v) and (p.. e) interact at different points and momentum (q+q) is
propagated between the pairs chosen. If only ;V and !;A are nonzero, then
case Il is obtained. in which (e, v) and (y.. v) interact at different pomts and
momentum (p, +q) is thus exchanged Fina.lly. the case in which only gv' end
{, ! are fimte is identicai with their case III in which (e, v) and (p.. v) interact
at dlfferent points and the relevant momentum transfer is (p + q). Because of ‘
relation (5). only two of these three cases are lmearly mdependent ina
phenomeno logical sense Lee and Ya.ng found indeed that the observables i'or
'case I were, in a certain well defined sense, the sum o£ those for ceeee II a.nd
L. | 4 . B

_ The distinctive feature of ail these cases is that they iead to epectra
and asymmetries that are, aside from the statistlca.l factor. quadratic in
eiectron momentum. ‘The deviatmn of the p value from 3/ 4 then is ﬁtted by

a noniocal interaction epread over a dista,nce of the order 0.6 X 10 3, cm,

vcorreepondmg to an, intermediate boson of mass 600 tzmee the eleetron mass.
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III. NONLOCALITY OF SECOND KIND:
DERIVATIVE COUPLING

1If the g's and G's in Eq. (3) are now treated as constants, the |
matrix element (2) leads to the following spectrum of electrons of momentum
= x(M/2) emitted into solid angle dQ at angle 6 with respect to the polari- :
zation axia of the parent p ¢ _ : ‘ o
S oa/2)® (1/3) %% axae (4«)" (6’ @), ™
where '

@ 2 = lgz-.lz[(s-.zx') - cos G(I-Zx)]
'+ Re(gZGZ*) [L-cos 6] x + ]Gz']z [1 +cos 6] %xz . .(8)
+ Re(g,G,"™) [3-cos 8] 2(1-x) + 13,'1% [(3-x)- cos 6(1+4x)] (1-x)

+.Re(g202"*) [-1 +cos 6] x(1-x) + l»x.":'z"lz [(8-4x) - cos (3 -4x)] (xz/ZO)
-is proportional to the square of the inatrix element for emitting electrons
" polarized aloﬁg their direction of propagation. The corresponding quantity

for electrons polanzed antiparallel to their direction of propagation is given
'by@l. which is obtained from@ by the substitutions .

gz,Gz".gl. Gl and Gz N Gz 'v COBG - ‘Gl » “Gl . - COSG

In these formulae, we have ,
B) = gateyr Gy = Gu+Gyr Gy = GA' + Gy
Gl =GT+GAT; 8y = 8y - Byr etc. o
- Cross terms between derivative couplings and also terms proportional to
the electron mass have been omitted.
The total transition rate for u decay is

vl = @m) /202 0/6) ((lgy 12+ 1,10+ Re(g)Gy " + £,G, )

+ (1/10)(1G, ‘|‘2+iG 1%)+ Re(g,G)"*- £,G,"*) + @/5)01G,"1% + CATR)

+(1/10) Re(glGl - 8,G, W) 4+ (1/30’“61"1 + lcz"lz) ) N ()]
_The spirality of electrons depends on direction and momentum as follows.
= (02\’@1)/(92 +pl~' _ : )10)

After the numerator and denominator are integrated over electron angle 0,
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‘the resulting expression can be momentum -dependent onljr lf:there is some
structure of either the first o= second kind. However, even if there is
structure to the p decay, the spirality is still momentum-independent if
either (P r@ vanishes, i.e. if the interactions always produce electrons
of only one polarization. ' o o

, The formulas for p decay are obtained from those above by

interchanging subscripts 1 and 2 on the g's and G's. This only changea the.
sign of the asymmetry and of the angle -integrated spirality.

A. Discussion of spectrum evidence

In ,+ 2 the various terms of Eq. (E}) contribute as foliowe:

(2) The terms in £1,2 alone or crossed with Gl, 2 _or_Gl‘ 2' contribute
linearly in x. ' ”

(b) The terms in 81,2 crossed with Gl Z' e.nd in (3l 2 OF Gl 2 ' by
themselves contribute quadratically in x, o

(c) The terms in G, '2" by themselves contribute cubxcally in x. '

The first question to be answered by the experiments is whether,
aside from the statistical factor xzdxdﬂ. the electron spectrum is linear in
B x or containsg higher momentum dependence. None of the preaent experiments . |
answer this question to anything like the same accuracy ‘with which the p value;.
is determined. Neverthelesa. it secms likely6 that the apectrum is overall
linear to within about 15%. This indicates that in the phenomenological
description the amount of electron or neutrino derivative coupling must be
small compared to the amount of local nonderivative coupling, and that the .

amount of electron-neutrino tensor coupling present is smaller still

‘ V N
. gV.A'»GV.'A' GV.A »GT AT * . \ {11)

" This is what one would expect if the apparent derivative coupling was in fact
due to heavy fermions in intermediate states. This also justifies our omitting
from Eq. (6) any cross terms between derivaﬁive couplin.gs, or a.n'y' momentum
dependence in the g's and G's where they appear multiplied into derivative
couplings. | |

The momentum dependence of the third and fifth terms of Eq.(8) "
is quadratic, like that in the nonlocal interaction due to virtual bosons. If
the p meson spectrum, aside from statistical factors, does turn out to be
quadratic, it will be difficult to decide between ascribing this to virtual
bosons or to virtual fermions producing a moderate amount of effectxve

electron or neutrino derivative coupling.
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If the spectrum turns out to be linear, then the interpretation is
simplified. In this case the nonlocality cannot be of the type considered
by Lee and Yang but must be ascribed to a small a_rriount of electron or
neutrino derivative cdupling. Under these circurﬁsta.nces. the spectrum
s stricfly of the Michel form (linear in x):
1.2

7 xPaxde (am ({1201 -x) +8p(F x-1)]
- £ cos0[4(1-x)+ 88 (xx-1)] } - (12)
where the total transition rate visj
e em 3206, | - (3)

and we have . .
22 1 * " * _
D = (Ig;1% + Ig,1%) + 3 Relg, G, " +8,G, ) + Re(g; Gy = g,G,"),
P =ZD [(lgll +lgzl } +Re(glc'1_ *gZGZ ’]D (14)
a4 | 2. 3. & ok e
g = D [“gilz - lgzl ) - zRe(glc'l -gZGZ )'Re(gqut +nga'.‘)c
| RS SR S I S
- 80=7 D7 [(lgy 1" - Tg,y17) - Re(g) Gy - g,G, )]
‘The electron spirality is | ‘
3E(1-x) + 25( 3 x-1) - T cos 6 [(1-x) +2 & (Fx-1)]

P

. (s
[3(Lex) + 2p(F x-1)] = € cos 6 [(1-x) + 28 (5x -1)] ()

where

K= pM(lg,1% - 18,17 + (1/2) Relg,G," - )Gy ") - Relg, 0" +8,6,™1,

-1

= 3/0 07 gy )? - 1517 +Rete,G," -GN a6

[ 2. N

“lp o g2 2\ o o * |
= D7 (lgy 12 + 1g,1%) + 3/2)(e)G, " + 8,G) + Re(g; G - 8,6, end

€5‘= (3/4)9‘1[,'(],31 ]z + lgz;lvz)_ + Ra(glﬁt + ngz*)]{ _
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B. Asymmetry evidence _ ,
The preliminary evi_depcé givea7 £ =<1, which suggests

]gllz << lgziz. If we adopt this as an assumption and write

n=Re(G,/g;)s ~ m'= Re(GZf)'gz);_ | Can
the above formulae simplify to
p = (3/4)(1 +(1/2) n + ),
£=-(1 +2n+27),
8= (3/4)(1 +(1/2) m - '),

B (18)
- The present experiment:l values ‘p =.0,68 0,04-. 2
§ = -0.87 % 0.12" lead to a fit
| ‘ne0,0%0.2, %' =-0.08xx0.06, | , 19)

- and the prediction
| | 6=0.81 %0.07. - S (20).

The entirely tentative value of w', for example, corresponds to a range of
nonloéalify ~0.1 i/Mc = 0.2 % 10713 cm, or an intermediate fermion mass
of about Z.COO electron masses. This is to be contrasted with the corresponding
fit .-tblthe_.Ya'ng-Lee kind of nonlocalitj‘a which gave a range about 0.6 x 10~ 3 erd
corresponding to an intermediate boson mass of about 600 ‘elgctron masses. ‘
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"IV. CONCLUSIONS AND DISCUSSION -

~ The principal conclusion of this paper is that the detailed shape
of the electron spectrum, asymmetry, and spirality may distinguish a
different kind of structure in the p decay than that snggested in Ref. 3. In
particular, a p value different from 3/4 can be obtained in the two component
lepton conserving theory with a spectrum that remains in the linear Michel
form. Assuming the basic interactions to be local nonderivative couplings,
such a result suggests the presence in intermediate states of fermions of
baryonic mass. '

'Additional evidence on the interaction between pairs of leptons

wili be obtained from the corresponding anaiyaie of the processes

K-: +7+ v, (21)

These decays involve even greater momentum transfer than does the p decay.'
Since Pais and Treiman. and Werle assumed that the leptons are produced
at the same point, the failure of experiment to corroborate their simple
predictiona would be unambiguous evidence for a nonlocal interaction between
- the two leptons involved.

Finally the very presence or absence of certain decays in nature
_gives information on the fermion pairings actually occurring. For example,
one might ask whether there is any evidence for a (v v¥) coupling, - corresponding
- to case I of Ref. 3. Such an interaction would allow the decay ‘ |

KEwn® v ved, | | (22)
whose pion spectrum is peaked at the maximum kinetic enexrgy, 127 Mev,
about midway between the maximum energies of mesons from sz and

K>
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