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%e investigate the implications of a recent measurement of the positron-momentum-spectrum end

point in polarized muon decay for general SU{2)L )& SU{2)&g U{1) electroweak models.

I. INTRODUCTION

The main decay mode of the muon is an important
source of information on the structure of the leptonic in-
teractions. The dominant interaction responsible for the
decay is known to have a V —A structure. ' In the
minimal standard model of the electroweak interactions
the decay is entirely due to such an interaction. Although
the minimal standard model is consistent at present with
all data, for many theoretical reasons it cannot be viewed
as a complete theory. This situation led to the formula-
tion of various extensions of the model. In many theoreti-
cal schemes that go beyond the minimal standard model,
the main decay mode of the muon receives contributions
from interactions whose structure is different from V —A.
This inspired new efforts to improve the existing accuracy
of muon-decay experiments. '

One of the recent experimental results comes from a
precise measurement of the positron momentum spectrum
end point in polarized p+ decay. ' This result was inter-
preted in terms of the parameters of some special ver-
sions of SU(2)L, XSU(2)ii XU(1} electroweak models. In
this paper we analyze the implications of the experimental
results of Refs. 4 and 5 for more general realizations of
SU(2}L,XSU(2)a XU(1) models, including the most gen-
eral one. s For each scenario we compare the resulting
constraints on the pertinent parameters with the con-
straints provided on them by other data.

In the next section we describe the experimental results
of Refs. 4 and 5. Section IH is a brief review of the
relevant aspects of SU(2)i, XSU(2)a XU(1) models. In
Sec. IV we study the constraints imposed on the parame-
ters of various versions of SU(2)L, XSU(2}x XU(l) models
by the experimental results of Refs. 4 and 5. In Sec. V we
summarize our conclusions.

II. THE EXPERIMENTAL RESULT ON THE
POSITRON-MOMENTUM-SPECTRUM END POINT

The energy-angle distribution of positrons from polar-
ized p+ decays at rest is of the form '
d I'(x, 8)= A [N(x) P(x)P„cos8—m~EO

(2m )

+radiative corrections], (1)

where p and E are the positron momentum and energy,

in the ratio

R'(1,8) =—lim R'(x, 8) =1+w'cos8

of the full positron spectrum and the part of the spectrum
independent of P„near the end point. w' was measured
using two different techniques. In the first experiment
the positron spectrum was measured near the end point
and for momenta in the direction opposite to the direction
of the p+ spin, with the muon spin held by a longitudinal
magnetic field. The second experiment measured the
positron-spectrum asymmetry above x =0.88 using a
muon-spin-rotation technique.

The combined result of the two experiments is"

w & 0.997 53 (90% confidence level)

or equivalently

(4)

8—:R( l, m') &0.00247 (90%%uo confidence level) . (5)

In Eqs. (4) and (5) w and R are the quantities w' and 8'
with the radiative corrections and the effects of the elec-
tron mass subtracted. The result (5) is consistent with the
prediction 8 =0 of the minimal standard inodel.

III. SU{2)L XSU{2)g XU{1}ELECTROWEAK MODELS

The contrast between the V —A structure of the
charged-current weak interactions and the vector nature
of the electromagnetic and strong interactions is a puz-
zling aspect of the fundamental interactions. An intrigu-
ing possibility is that the observed V —3 structure of the
charged-current weak interactions is only approximate
and that in reality both V —A and V+ A currents partici-
pate. A model involving both V —A and V+A currents
was suggested before the advent of gauge theories by Lip-
manov. ' In his model the V —3 and the V+A currents
are coupled to distinct vector-boson fields. Parity viola-

Eo is the maximum positron energy, x =E/Eo, and 8 is
the angle between the positron momentum and the spin
direction of p . ( P&) i—s the degree of longitudinal po-
larization of the p+ at the instant of p+ decay. The con-
stant A is related to the muon lifetime. N(x), P(x), and
A depend on the parameters of the underlying theory.

The experiments of Refs. 4 and 5 determined the quan-
tity

P (x ) + radiative corrections
N = —I~ 11m"x i N (x)+radiative corrections
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tion appears as a consequence of a difference in the
masses of the two vector bosons.

The simp1est viab1e gauge theory that leads to a struc-
ture analogous to the Lipmanov model requires
SU(2)L X SU(2)R X U(1) as the gauge group. SU(2)L
XSU(2)R XU(1) models of the weak and electromagnetic
interactions' emerged first in the framework of a class of
grand unified theories. '

In SU(2)L, XSU(2)R XU(l) electroweak models the fer-
mions are assigned to representations of the group in a
left-right-symmetric manner: the left- [right-] handed fer-
mions are doublets of SU(2)L, [SU(2)R] and singlets of
SU(2) [SU(2) ]

quarks,
r

C

, . . . , (TL TRY)=( —,'0 —,
' ),s

C

, . . . , ( TL TR Y)=(0—,
'

—,
' );

, R

1eptons,

al Higgs fields must be introduced to break the gauge
symmetry down to UEM(1). A possible choice is to add
the triplet fields b,L, (102) and ER(012), which can also
generate Majorana mass terms for the neutrinos. '

In Eqs. (6) and (7) the primed fields are the gauge-
group eigenstates. They are linear combinations of the
lllass clgcnstatcs, Q, d, . . . , 8,)M, . . . , v(, v2, . . . . Ill tcrills
of the mass eigenstates the couplings of the charged
gauge-boson fields Wz and WR to the fermions can be
written as

I.= WI (Pl L ULN+ N ' 'I I U E)
2 2

+ WR(PI'R URN+N' 'I'R V E)+H.c. ,2~2
where I L

——yl(1 —ys), I R
——yz(1+y5) (the Dirac indices

have been suppressed), and

Q d

c, N=

I
&e

e'
r

l
&e

I

Vp
'

p , . . . , ( TL TR Y)= ( —'0 —1),2

y

Vp

P , R', . . . , (Tl TR Y)=(0—, —1),

e

E= p, X = Y2
(0) (10)

The fields Wl. and WR are linear combinations of the
mass eigenstates 8'~ and 8'2.

T~, TR, and Y are the generators of
SU(2)l XSU(2)R XU(1). The corresponding coupling con-
stants are gL, , gR, and g'. SU(2)L and SU(2)R generate
left-handed (V —A) and right-handed (V+A) interac-
tions, respectively. The model contains four charged
gauge bosons [Wi+-, Wz+, see Eq. (11)], the photon, and
two massive neutral gauge bosons. Dirac fermion masses
are generated by nonzero vacuum expectation values of
Higgs fields (one or more) of the type (I)( —,

'
—,
' 0). Addition-

WL ——cosg W'i + sing W2,

WR ——e'"( —sing Wi +cosg Wz ),
where g is a mixing angle and co is a CP-violating phase.
The matrices Uz and UR are n X n unitary matrices (n is
the number of generations). UL and UR contain (togeth-
er) n(n —1) mixing angles and n n+1 CP-violat—ing
phases. For three generators their general form is'

L

L
UL, = s(c2

sLsL

L L

cLcLcL sLSLe. L

I5L

L L

ESI

e', s', s', —c', c',e"

e EcKcR
I

jpR R—e &s, e, —jpR R
1 3

U
—iy R R i(P a y)( R—R—R R R 'R)

e
—iq&R R i(P—a —vg4 R R R, R R 'SR)e s~s, e ~c]c3s& +c2S3e

—i(a+y+p)( R R R+ R R '
R)

i(a+7)~p)( R R—R R R 'SR
)c].szs 3

—czc3e

(13)

wllcl'c sk' =silly' and ck' =costly' . Tllc matrices
(12) and (13) contain six mixing angles and seven CP-
violating phases.

If the neutrinos are Dirac fermions, U and V are n X n

unitary matrices that can be parametrized in the same
may as the matrices UL and UR. Together they contain
n (n —1) mixing angles and n n+ 1 CP-v—iolating

phases. In general, both Dirac and Majorana mass terms
are present in the Lagrangian. The mass eigenstates are
then 2n Majorana neutrinos, ' so that U and Vare n &2n
matrices. The 2n X2n matrix"

(14)
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gL,
cos g+

Sm~

2
gx . 2

CRR =
2

Sln g+
Smi

2

sin g,
Sm~

22cos g,
Sm2

(16)
g'L, ge gL, gR

cLR = — + slug cos(e
Sm~ Sm2

gr.gz gi.g'z ~ jan)
CRL = — + S1Ilg Cosine =cLR

Sm ) Sm

(m~ and mz are the masses of IV& and 8'2), and

is unitary. The matrix (14) contains n(2n —1) mixing an-

gles and 2n CP-violating phases. In what follows, the
explicit forms of the matrices U, V will not be needed.

The effective Hamiltonian for muon decay resulting
from Eq. (8) (Ref. 21) is given by

H(yl c,ey (1 y )
(LL- L) A(1

+c ey (1+y )v,' v„' 'y~(l+y )p

+cLReyd 1 y—s»' v„'"'y (I+ys)p

+CRLeyd 1+ys»' V„' 'y'(1 y—s)p+H c,

mions. Before considering the general case, we shall dis-
cuss the implications of the bound (5) in several special
cases of SU(2)L X SU(2)R XU(1) models, characterized by
specific assumptions about the unknown quantities and
the nature of the neutrino states. In all the cases dis-
cussed below we make the restrictive assumption that the
masses of the neutrinos that can be produced in }tL decay
are sufficiently small that their effect on the spectrum can
be neglected.

A. Dirac neutrinos, no mixing in the leptanic sector

In this case the states (17) and (18) are given by

(L) rr (&)= ~el+1~ +e = "@1+1 ~

rr
v~ = U~2vp, v~ = r ~pv2 .

(21)

e 1
+6q

Ep x

Unitarity of U and V implies that
I

U, & I

=
I U„z I

=
I Ve/ I

=
I V/2 I

=1. There is only one decay channel:
p+ —+e++v&+v2. The functions N(x) and P(x) in Eq.
(1) have the familiar form

2
4 1 me

N (x)= 6(1—x) +4p —,x —1 ——
Ep'X

vi = g Uijvj (l =e,p ),(L)

v'I '= g VIJvj (l =e,p) .
j

(17)

(18)
P(x)= — g 2(1—x)+45 —', x —1——

3 m„Ep

with

(22)

Note that
I cRL I

=
I cLR I

.
For the ensuing discussion we shall also need the effec-

tive Hamiltonian for bS =0 semileptonic processes.
From Eq. (8) (Ref. 21) one obtains

HIIs=p= aLLlyd 1 ys»I"—&y"(1 ys)d-
+aRRlyd I+ys)VI"'uy'(1+ys)d

+aLRiy~(1 ys)VI u—y (1+y )d

+aRL lyq(1+ys)VI"'uy (1—ys)d +H.c. , (19)

( l =e,p), where

aL,L =cLLcose)

aRR cRR e cos&l

ja
QL g =cLg 8' cosv )

aRL =CRL cos8~

=3 1+
I ~RR I

'
P=

4 1+
I &RR I

+ I&LR I
+ I&RL I

g=O,
1 —

I &RR
I
'+3(

I
~LR I

' —
I ~RL I

')

1+
I &RR I

+
I &LR I

+
I &RL I

=3
4 1 —

I ~RR
I

'+
where we have denoted

zg, cg, /CLL (ik =RR,LR——,RL ) .

The constant A is given by

~ =16
I CLL I

'(1+
I &RR

I

'+
I
&LR I

'+
I &RL I

') .

(23)

(25)

(27)

In Eq. (20) a is a CP-violating phase from UR [see Eq.
(13)].

IV. IMPLICATIONS OF THE EXPERIMENTAL BOUND
ON 8

In a general SU(2)L XSU(2)R &(U(1) model the right-
handed mixing angles, the CP-violating phases, and the
leptonic mixing matrices U and V are arbitrary. Also, the
neutrino mass eigenstates can be Dirac or Majorana fer-

Equations (23), (25), (26), and (28) could have been simpli-
fied using the relation

I xRL I

=
I ~LR I, but we shall keep

them general for future reference.
The muon polarization is given by

2

I
1 nLR I

—
I ERR nR—LI—

(29)
I

1 nLR I'+
I ERR —nRL I'—

glk =a;klaLL (ik =RR,LR,RL) .
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For the quantity 8 [defined in Eq. (5)] one obtains

R =1— I'

Equations (23), (25), and (26) yield

R=l— P~ .
1+ I~in I' "

(31)

Let us consider some special cases.
Manifest left ri-ght symmetry. This term is used to

describe SU(2)z, XSU(2)it XU(1) models, where gz ——gL,
co=0, and Uit

——Ur, (Refs. 27 and 15). The last relation
implies that te=t and a=O. Thus Eq. (47) simplifies to

(48)
m2 m2

In the following we shaB expand the quantities
P„,p, g, . . . in terms of the parameters riik and a;k,
neglecting terms higher than second order. In addition,
we shall assume that one can neglect m i /m2 relative to
one, and tan g relative to rn i /m2, and also that tang
(Ref. 26). Introducing the notation

(33)
gl m2

gR m, cos~~2 2

(34)
gL mz2cosei

gii (mi /mi )+tan g

gL 1+(mi /mz )tanig

ga (1—mi /mz )tang
ello g el@i

gL, 1+(mi /mi )tan g

git (1—mi /ming)tang
e

—l01
g e

—loP

gL, 1+(mi /mi )tan g

This expression was used in Refs. 4 and 5 to interpret the
experimental bound on R. The experimental result (5) im-
plies"

m
z &0.035 for any g (49)

(with mi-83 GeV, this means that m2) 443 GeV; for
g=0, one would have m i /m2 & 0.026), and

050 «r any ml /m2' (50)

m)
, &3g10 '.

m2
(51)

The best limit on
I g I

from leptanic and semileptonic
processes is provided by the p parameter in p decay.
The experimental value ' p=0.7517+0.0026 and Eq. (42)
imply

I g I
&0.033 (90% confidence level} . (52)

(for mz~ oo one would have g & 0.035).
The limit (49} is the most stringent constraint an

m i /mt from leptonic and semileptonic processes. A
tighter bound comes from the nonleptonic sector. Requir-
ing that the contribution from right-handed currents to
the KL, K, mass d-ifference ~k would not exceed the ex-
perimental value of ~k leads to the limitso

/RR —~He (39) A stronger bound

cas8i ei(a+a)
cos8I

}RL— gge

The spectrum parameters and P„are given by

p= —,
' (1—

I
a „ I

—
I
~

I
)=—,

' (1—2g 2),

4'=I —2
I &tig I'+2

I &r.~ I' —4
I &Rc I'

=1—2(t +gg2),

+31&gL I')l= 4

84'/p= 1 2
I &gati I

'=1—2t'—

(40)

(41)

(42)

(43)

(45)

Igl &4x10-' (53)

follows from an analysis of nonleptanic E decays.
Thus, for manifestly left-right-symmetric models the

constraints on rni /mid and g derived from nonleptonic
transitions are stronger at present than those from lepton-
ic and semileptonic processes. It should be noted however
that they are less reliable, in view of the uncertainties in-
volved in calculations of nonleptonic amplitudes.

Pseudomanifest left-right symmetry. In this case the
left- and right-handed quark mixing angles are still equal,
but CP violation is present. ' 8 is now

m m
R =4

z +2g +4 z geog(a+co}, (54)
m2

and

Pp =1—2
I nz~ I

—2
I ntiL, I +4Rm gznh

=1—2te —2gg —4teggcos(a+co) . (46)

which implies the same bounds on
I g I

and m i /m2 as
(48) (Ref. 33). The limit (52) from the p parameter is, of
course, unaffected.

The constraints from the nonleptonic transitions
described above are also unchanged. The bound (51) be-
coIDes

For the quantity 8 me find

R=2t +2te +2gg +4teggcos(a+ca) . I
cos(a —P) I

& 3 X 10
Nl2



34 ON MUON DECAY IN LEFT-RIGHT-SYMMETRIC ELECTRO%ZAK MODELS 3453

[p ls defined 111 Eq. (13)]. A llew cons'tI'aint Is pI'ovldcd

by the CP-violating parameter c in I('I ~2' decays.
From the requirement

(
c

~

(
~
e,„,(

one obtains

available on t and ts The best limit on
~ gs ~

is

(gs ~

(0.033,

implied by the p parameter.

~

sin(a —P) (
(1.5X10 (56)

Equations (55) and (56) imply again the bound (51) (Refs.
17 and 34}. In the presence of CP violation the bound
(53) becomes

igcos(a+co) i
&4X10 1.

A new constraint

(57)

t &0.035 for any tz, gs, and cos(a+co) .

Next wc obscrvc that cosel-"cosec"-I (ec=—Cablbbo
angle), so that

(59)

(
csin(a+el)

~

&2X 10-' (58)

follows16 from searches for a time-reversal-odd correlation
—(I) p, &(p„ in nuclear P decay. Equations (57) and
(58) yield approximately the bound (53).

Nonmanifest left-right symmetry. Here 81+81,
gz+gz, and CP violation is in general present. ' The
qualltlty R ls then glvcll by Eq. (47).

For the quantity t [Eq. (33)], which replaces mlllmzl
in the muon-decay-spectrum parameters (but not in P„),
Eq. (47) implies

8. Majoran neutrinos; no mixing in the 1eptonic sector

The states (17) and (18) are

rr {R] n—~F1+1~ +e "e{n+1)+a+1 s

«l rr
~P2+2s +P, ~

I/l, {n+2)+n +2

( n is the number of generations), where

I U. I I
=

I
V. ( +() I

=
I U) I I

=
I V) ( +&) I

= I

(69)

If both v„+1 and v„+& can be produced in the decay, there
are four possible final states, each governed by a different
part of the Hamiltonian (15). The observed spectrum is
indistinguishable from the spectrum of Sec. IV A, as long
as the effects of the neutrino masses on the spectrum can
be neglected. If both v„+1 and v„+I are heavy, the
muon-decay Hamiltonian contains only the V —A part
(involving vl and vz). Note that R =0 also when only the
state v„+I is heavy.

For models with manifest or pseudomanifest left-right
symmetry the constraints (51) and (53) apply. For such
models one has in this case also the bound

~g( (5X10 '

f
te( &t,

and therefore

4tsl+2$sl+4tsgscos(a+co) &R .

Hence

(60) from data on semileptonic decays, provided that the
right-handed neutrinos are heavy and if further quark
generations are absent or couple to the u quark only weak-
)y

39

C. Dirac neutrinos; mixing in the leptoaic sector

~
t()

~

&0.035 for any t, gs, and cos(a+el)

R R R R R I'Sg

L J. L LL+I,

R R

S C

&3xl0 '. (64)

~ gs ~
& 0.050 for any t, t(), and cos(a+a)) .

The nonleptonic transitions in this case do not place limits
on t, tt), or gs. For example, the constraints from the
contribution to ~k and e of box diagrams involving two
intermediate c quarks imply

For general matrices U and V the spectrum is a sum of
the spectra of }(I+~e++v;+v, decays over the pairs
(v;,v&) produced in the decay. As we are assuming that
the produced neutrinos are light (see introduction to this
section), the sum over the pairs can be replaced by the
sum g,' g&, where the primes indicate that the sums ex-

tend only over the mass eigenstates produced in the decay.
By the same assumption the set of neutrino mass eigen-
states participating in m~pv decays is the same as the
one in muon decay.

The observed spectrum is given by Eqs. (1) and (22)
with parameters p, g, . . . that can be obtained from Eqs.
(23)—(26) by the substitutions

The bounds (57) and (58) become

~ g,cos(a+~)cosel /cose)'
~

& 4X 10-' (65)

i ct.t. I
~

I cr.t. I Ite") . I "as I

l&tz I U) l&aL I l&m, I
U

~
gssin(a+a))cosel/cosei I

&2X10 ',
rcspcctlvcly. Hcllcc Eq. (53) ls I'cplaccd by

~gscosel/cosel
~

&4.5X10 '.

(66}

(67} alld

ut=g IUII' (i=el »

UI=X I Vt I' (l=e.V»

(71)

Thus Eqs. (59) and (62) are the most stringent bounds Ut (,/It, (i—=—C,P) . (73)
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Similarly, P„ is obtained from Eq. (29) by the substitu-

tion

2

Qu„(3X10
Ptl 2

(89)

In»» n—»L I ~In»» n—m I ui ~ (74) since ut & 1 (1 =e,p) (Ref. 42).

Note that if all the mass eigenstates can be produced in

the decay we have ut =ut ——1 and therefore the mixing has
no observable effect on the spectrum.

The approximate expressions for the spectrum parame-
ters and I~ are now

p= —'(1—0g'ui —&g'&e» (75}

(76)

and

/~ 1 —2t uqU~+2gg u~ —4(g ug

5=—,
' [1—3' (u„—u, )],

5$/p~1 —2t uqU~,

(77)

(78}

P~ 1 —~2tg U~
—2' U~ 4tgg—gU~cos(a+co) .

The quantity 8 is given by '

R~2t u~Up+2tg U~+2gg U~

+4tgggu„cos(a+to) .

The experimental result (5)„ implies

(80)

(81)

tV u, u„(0.035 (82)

for any tgQu„, ggQuq, and cos(a+to}, and

[tg U~+gg U~+2tgggu~cos(a+CO)] (0.035 (83)

for any tQu. u„. For a given c—=cos(a+co), Eq. (83)
yields

~
tg+u„(0.035 (1—c2) '~i and

~ gg+1„~
&0.035(l —c ) ~. Hence for c=+1 (which are not
ruled out}, Eq,(83) sets no uncorrelated constraint on

tgQu„or gg V u„. For c =+1, Eq. (83) implies

( tg+gg
~
Qv~ &0.035 . (84)

The best limit on
~ ggQu„~ is provided by the p parame-

ter. The experimental value and Eq. (75) imply

~ gg V'u„~ &0.047 (90 confidence level) . (85)

Combining (84) and (85) yields

( tgQu„( &0.082, (86)

2 Qu~u~ & 3 X 10
m2'

i p/u„ i
&4X10

(87)

(88)

which is the most stringent available bound on the quanti-

~
tg+up (

.
For models with manifest or pseudomanifest left-right

symmetry the bounds implied by the limit (5) and the ex-
perimental value of p are the same as in the general case
[Eqs. (82)—(86)], except for /gag and t, t ~gm, 2/m'. i
The limits (51}and (53) [or (55)—(58)] imply

D. Majorana neutrinos; mixing in the leptonic sector

The most general Lagrangian contains both Dirac and
Majorana mass terms for the neutrinos. The complete set
of mass eigenstates consists then of 2n Majorana neutri-
nos (n is the number of generations). ' For Majorana
neutrinos additional terms (not proportional to neutrino
masses) appear in the muon-decay spectrum. However,
with the effects of neutrino masses on the spectrum
neglected, these terms do not survive in the limit x~ 1.
Hence, extending the definition of ut and ui [Eqs. (71) and

(72}] to include the general case, the quantity R is given

by Eq. (81} regardless of the nature and number of the
neutrino mass eigenstates. With these definitions of ut
and ut, Eq. (81) (given our approximations) is the most
general expression for 8 in SU(2)t. XSU(2)» XU(1) elec-
troweak models. The corresponding bounds on the pa-
rameters are given in Eqs. (82) and (84} (Ref 44). .Assum-
ing that the additional terms in the spectrum do not affect
appreciably the experimental value of p (which is probably
the case, as the p parameter describes the high-energy part
of the spectrum), the bound (85) and consequently also the
bound (86) remain vahd.

V. CONCLUSIONS

The purpose of this paper was to study the constraints
on the parameters of various realizations of SU(2)L,
XSU(2)» XU(1) electroweak models, implied by recent
measurements of the end point of the positron momentum
spectrum in polarized muon decay. For all cases con-
sidered we have assumed that the neutrinos that are pro-
duced in the decay are sufficiently light that the effects of
their masses on the spectrum can be neglected.

The various versions of SU(2)L, XSU(2)» XU(1) models
discussed can be divided into two classes.

(a) Models where the quantities u, and u„[defined in
Eqs. (71)—(73)] are equal to one. Examples are models
(with or without leptonic mixing) where all the neutrinos
can be produced in muon decay, and also models where
the right-handed leptonic mixing matrix is equal to the
left-handed one [such as SU(2)L, XSU(2)» XU(l) models
with Dirac neutrinos and a discrete left-right symmetry].

(b) Models with arbitrary u, and u„.
In models of class (a) the quantity R depends in the

most general case (models with nonmanifest left-right
symmetry) on four parameters: t, tg, gg, and
tgggcos(a+co) [Eq. (47)]. The spectrum parameters
p, g, . . . are described by two of these (t, gg); the remain-
ing two (and gg} are involved in the muon polarization
P&. The experimental result for 8 [Eq. (5)] provides for
this class of models the best available limit on t and tg
[Eqs. (59) and (62)]. It implies also a stringent limit on

gg, not much weaker than the best present limit (which
comes from the experimental value of the p parameter).
For models constrained further to have manifest or pseu-
domanifest left-right symmetry, bounds on
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=tt)=m& /m2 and g derived from nonleptonic transi-
tions and the p-decay limit (58) are more stringent at
present than any of the constraints from leptonic or semi-

leptonic processes.
In models of class (b) R descends again on four~arame-

ters, which are now tQu, v„, teQv „, gs Qv „, and

tegsu„cos(a+ca) T. he experimental bound (5) yields the
best available limit on t+v, v„[Eq. (82+). There are no
uncorrelated constraints from R on te+vN or gs't(/ uz but
combined with the limit on gs+u„provided by the p pa-
rameter the constraint from R implies the most stringent
available bound on teQu„. The muon-decay spectrum

depends also on the parameter gs v, not involved in R.
The best available limit on gsQu„ the same as for
gsgu„[Eq. (85)], comes from the p parameter Fo. r
models with manifest or pseudomanifest left-right sym-

metry the constraints derived from nonleptonic transitions
and the P-decay limit (58) are again the most stringent.
We note that the parameters [for models of class (b)] con-
tained in R are not constrained by nuclear p decay. For
Majorana neutrinos further constraints on the parameters
of SU(2)L XSU(2)tt X U(1) models come from searches for
neutrinoless nuclear double-p decay. However, unlike
the parameters contained in 8, these depend on the ma-
trix elements U,J and V,J, while independent of U&J and

V~).
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