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( V+ A) components from the measured observables in muon capture
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%'e use the data on the average polarization and the longitudinal polarizaton of recoil in the pro-
cess ' C(p, v„}' 8 to extract independent values for leptonic {V+3) currents and induced pseudos-
calar hadronic coupling. Present results give

~ g ~

&0.25 for the mixing parameter of the left-right-
symmetric model, whereas fp is consistent with PCAC (partial conservation of axial-vector current).
The interest of better precision in the longitudinal polarization, as well as the measurement of the
asymmetry in the angular distribution, is discussed.

I. INTRODUCTION

The standard electroweak theory has met considerable
success, the last great triumph being the discovery of 8' +—

and Z at the predicted masses. The small deviations
from the standard predictions allowed experimentally
should be contemplated because of their possible deep im-
plications. Alternative theoretical frameworks, such as
the one provided by the manifest-left-right-symmetric
model, ' have received attention and its parameters have
been bounded through muon decay and nuclear p decay.
It is worthwhile to analyze the informational content of
other observables in semileptonic processes, such as muon
capture, in a theory such as SU(2)L X SU(2)z XU(1) go-
ing beyond the standard description.

Recently, the relevance of muon capture to study the
space-time structure of the weak charged currents has
been discussed independent of any prejudices. Four in-
dependent observables, such as the rate I, the average po-
larization of recoil P, the longitudinal polarization Pi. ,
and the asymmetry a of the angular distribution provide a
convenient set to describe a complete experiment. The
dynamical information contained in these observables for
the parameters of the left-right-symmetric model is the
subject of this paper.

The nuclear observables in the process ' C(p, vz)' B fix
the neutrino polarizations, so deviations from the stan-
dard longitudinal polarization PI ———1 and transverse
polarization P„"=0 give information about electroweak
models. At present one has experimental values only for
I, P, Pi, so we need to use additional information from
other sources.

As we will see later, using data from p decay, we will
get a bound for the mixing angle g of the left-right-
symmetric model in the limiting case where only one in-
termediate boson operates, that is, M~ /M~ ~0.
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In Sec. II we calculate, in a nuclear-model-independent
way, the reduced helicity amplitudes for the left-right-
symmetric model. In Sec. III we use muon-capture ob-
servables and P-decay data to extract the g mixing and the
pseudoscalar induced coupling.

II. DYNAMICAL ANALYSIS

If 8&, 8'& are fields associated with the intermediate
bosons linked to SU(2)I and SU(2)z, when the symmetry

is spontaneously broken, the bosons with a definite mass
are S'~—, 8'2 in such a way that

+
O'L

+8'g

+ '
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L cc=—6 cose~
v'2 [vy"(1+ys)V+ &&y"(1—y5)V J
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where

E' = —tang,

A, l
———,

' [1+cos2( —sin2$],

A,A ———,
'
[ 1+cos2$+ sin2$] .

In this Lagrangian the deviations from a pure V —A
structure 'are due to the mixing (1). As a consequence, Eq.
(2) contains the dependence on the mixing angle g. The
parametrization (2) is also relevant for the discussion of
the mirror-fermion mixing model. Notice that the struc-
ture of the Lagrangian is still of the current-current form.

In the scattering approach, taking the muon at rest and
factorizing the muon wave function at the origin, the am-
plitude for our process will be proportional to

G cos8&f= u (A,„)y„[(l+y5)+e(1—yg)]u„(m)
2

X (1+,A~ i
A, v V"+AgA"

i
0+), (4)

where the hadronic vertex is parametrized, in a nuclear-
model-independent way, using the elementary-particle ap-
proach

(p2, 1+,A~
~

V"(0)
I pl, o+) =i 0'" g*(k~)k qp,4M'

(o)lp„o+)
F~(q )P*(4)—

+F,(q2) q k*
qP F.(q2) q k* kP-

4Mmp

In the limit Mll /Mll ~0 the effective Lagrangian at
low energies for the muon-capture process is

32 1755 1985 The American Physical Society



1756 F. J. BOTELLA AND J. BERNABEU 32

where k" and q" are the sum and the difference of the
four-momenta of the initial nucleus (J~=O+) and the fi-
nal one (J~= 1+). g&(X)v) is the polarization vector of the
nucleus of spin 1. The F~(q ) are the so-called covariant
form factors. Our conventions are such that our form
factors differ by a ( —2M) factor from the Hwang ones,
where M is the mass average of the initial and final nu-
clei.

Owing to the large neutrino energy in this process, we
neglect a possible muon-neutrino mass. This implies that
all deviations from the definite-neutrino-helicity situation
come from (2) and not from mass effects. So the muon
and neutrino spinors, up to a global normalization, are

up(m) =
u'"'(m)

0 r &v(~v) =
u(")(X )

o"vu(")(A, )
(6)

where U are Pauli bispinors and the momentum of the
neutrino is v—=E("+v. If we write

G cosOgf= - (fv ~+&fv+~) (7)

neglecting E( '/M and m„/M it is straightforward to ob-
tain

fp g = u"+(A, )(1 cr—v)g (A*)v)

X (G~ cr+ Gzv)u'"'(m),

f) +g = u' )+(A,,l[1+o".v]g'*(A)v)

X [(—Gg+2Gy )sr+(Gp —26) )v]u')'(m ),
where Gz, G~, and G~ are the combinations of covariant
form factors used by Hwang, except for the redefinition
of the hadronic currents in Eq. (4), i.e.,

E(v)
Gv= —~v

2m'
E(v)

Gg ———kg(q ) —A, ) F~(q ),
2m&

T( —1, ——,
'

) =v 26', T(0, ——,
'

) =(Gg —Gp),

T(1,—, ) =eW2(Gg —26) ), T(0, —, ) =e(Gg —Gp) .
(12)

(6 cosOc) m&M)r'= ZA
16m. mp+M]

4
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Z
4

[(M) +mp) —M2 ]
M(M2+m~)

(13)

Zeff

Z
=0.856 .

M& and M2 are the masses of the initial and final nuclei
and I takes into account the initial-state interaction. I
is the sum of the squares of the amplitudes of Eq. (12).

As expected, the amplitudes coupled to the A,„=+—,
'

helicity state of the neutrino are proportional to e, so that
they get a vanishing value in the limit where we have no
mixing (/=0), that is, in the ( V —A) limit. It is interest-
ing to point out that, with relation (12), we have
transformed the four amplitudes into three combinations
of form factors 6), Gz, Gz, and e, so that if e is dif-
ferent from zero, it would be possible to extract from
muon-capture data F~(q ), F„(q ), and

m E
Fp(q ) FE(q )—

m 2m'

at the q value of the muon-capture process, together with
For this extraction one requires values for r, PL, P

and a.
Before going into the numerical analysis, we express the

observables in terms of the helicity amplitudes. One ob-
tains

I =XIT) I'

The connection (12) has to be understood up to a global
normalization factor. This missing factor is only relevant
for the capture rate, and it is given by

reap rOr

GP ~A
m„E"

Fp(q') — F~(q')
m~ 2m'

E(v)—A, y F~(q ) .
2pl+

P~ =—g~)v I
Tx

Ir,
P~= ——QI v 2Re[T(A~+1, A,„)T*(k)v,k, )]

(14)

1/2

f=fx; (~4')= 1 ' ($,8,0)T (10)

from which one easily shows

T(~)v ~~) =(2~)'"f(~~,~„);m=).~-).,(~=0 4=0)

In Ref. 2, the nuclear observables were calculated in
terms of the reduced helicity amplitudes Tx ——T(A,)v, A,„)
defined by

+4 (~x —~.)
I T)(, I

'I .

The quantities r, Pz, and P are the ones already mea-
sured experimentally.

III. THE V+A PIECE

Apart from the absolute value of Fz determined from
the capture rate, experimental values of PL%, Px and a al
low the extraction of I'"~/I'&,

Now using Eq. (8) we get the central result of this calcula-
tion, giving the helicity amplitudes in terms of the e pa-
rameter and three combinations of form factors

mpE( ' Fp

m„2

E(v)

2m' I'g
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=3.87+0.44 .F
expt

Nevertheless, this value is extracted from a pure V —A

analysis, that is, imposing that in 13 decay the parameters
in the hadronic sector are A, ~ ——A,z ——1. If the leptonic
currents for P decay were V —3, it would be evident that
the result (16) would correspond to

F
expt

(17)

but the presence of a ( V+A) piece in the leptonic sector
will give contributions depending on e to the observables
of the 'P-decay process. As we will see later, the essential
contribution to the bounds of e will come from the error
of PL so that we will go on with the present analysis as-
suming the identification (17). At this point we .must
stress that if we had used the general Lagrangian of the
left-right-symmetric model (M~ /M~ ~0) it would be

impossible to use Eq. (17) as an input in the anslysis, be-
cause the structure of the new Lagrangian would not be of
the current-current form.

The ratio R =P /PI is less affected by the systematics
of PI and P and by the corrections coming from the ex-
cited states contribution, ' so we will use the experimental
values of R and PL, , together with Eq. (17).

Let us define

Y:—e, X=

Gg —26v '

where pz depends on AqFM IA&F& on, ly, so i,t is an experi-
mental input. Using Eqs. (12) and (14) for Pl and P, it
is straightforward to get the following constraints for X
and Y

I

and e. The absence of information on a for muon capture
forces us to use-form factor values as obtained from other
sources. The value of FM/Fz is known from the 13 decay
of ' B(g.s.). This value and the experimental results for
PI and P will constitute our input for the analysis.

The weak magnetism FM(q ) shows up in a deviation
of the p spectrum from the allowed shape (FM/F~ has
been also extracted from a combination of P-decay and
p-capture data), so that, using the well-supported relation

FM(q')
(15)

FM(0) FA(0)

we have at our disposal the experimental value

F,(X)=A3X +AzX +AiX+Ap ——0,

F2( Y) =83 Y +82 Y +Bi Y+Bp ——0,
(19)

F~(q')
Fg(0)

FE(q')
FE(0)

(20)

is valid, at the 10%%uo level, for the q value of muon cap-

where the coefficients A;, BJ are well-defined functions of
R, PL, and Pg.

The experimental values of R, PL, and Pz are indepen-
dent, so that in order to get the errors of X and Y, ox and
o.z, we must combine quadratically oz, aL, and 0.&, the
errors of R, Pz, and 13&.

Using the values R = —O. S09+0.041 from Ref. 10 and
a value of Pq ——1.462+0.066 from relation (16) we get the
results of Table I. Using Eqs. (19) we have made two
evaluations of X and Y for two different values of PL . In
the first row we have used the value PI ———1.03+0.11
given by Roesch et a/. ,

' in the second row we cut down
the allowed interval of PL to the region compatible with
conservation of angular momentum (

i PI. i
& 1) taking a

value —0.96+0.04.
In the second column we present the values for e; the

result in the second row is closer to the V —3 value @=0,
nevertheless we get in both rows the same bound for

i @i &0.26, because in our analysis Y=e )0, so that the
larger error in the first row is compensated with the larger
deviation from the @=0 value in the negative direction.
We conclude that, independently of how we use the PI
values, we get at present a bound on e such that the mix-
ing angle is bounded by the values 0&

i g ~

&0.25. This
has to be compared with 0.05 and 0.12 extracted essential-
ly from muon and /3 decay. " By making model-
dependent assumptions, much stronger limits (at the

i g i
& 0.005 level) have been obtained' using information

on nonleptonic decays, primarily K decay, and semilep-
tonic decay data, with the recently measured 8 lifetime
playing an essential role. Although the bound from muon
capture is not still competitive, it represents the first esti-
mate coming from a different semileptonic process. Com-
ing back to Table I, we have analyzed the contribution of
the different errors. The dominant contribution to the er-
ror of Y comes from oi and the contribution of 0 ~ to cr ~
is negligible. This is so whenever OL & 0.02. Therefore, at
the present level of accuracy, the e value is not sensitive
to the identification (17).

In the fourth column of Table I we have the values for
X. Again these extracted values of X are-not sensitive to
the relation (17). To obtain the induced pseudoscalar
form factor F~, we need a value of FE and its q depen-
dence. Giffon et a/. have proved that the relation

TABLE I. Values for e and X from different PL values.

PN

—1.03+0.11
0.96+0.04

—0.09+0.16
0.009+0.059

(0.26
(0.26

0.34+0.16
0.26+0.08

—0.82+0.44
—1.02+0.37
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FIG. I. Allowed region of values for Y=e and X from the measurements of the ratio 8 and —0.92&PI. )—1. The point shown
is the result given in Table I, where the errors were added quadratically.

tore, although it is modified by the introduction of
mesonic degrees of freedom. Using the P-decay value
FE(0)/E~ (0)=3.81+0.44 and Eq. (20), we have evaluated
in the fifth column of Table I the values for Ez. Both
values of fz are consistent with PCAC, which predicts'

p ~
One notices that the values extracted in Table I for X

and Y, and their errors, are obtained (from PL and R)
without any information of one variable to the other In.
general, the values of X and Y allowed from the experi-
ment are correlated. We present in Fig. 1 two strips com-
ing from Y= Y(R,X) due to the experimental R and
from Y= Y(PI,X) due to —1 &PI & —0.92. Pz has
been fixed because the contribution of the error 0.

& is
negligible. From Fig. 1, one sees the dominance of PL in
providing an upper bound for Y; as long as X & 0.29. On
the contrary, it is a better measurement of R which can
constrain the value of f~. In the weak-interaction frame-
work used here to analyze the parameters, we have
Y'=e & 0, so only the shadowed region shown in Fig. 1 is
the one with full significance. Overimposed on the al-
lowed region one finds the point extracted in Table I for
PI ———0.96+0.04, where the errors from R and PL were
added quadratically. One sees that the fixing of fz to the
theoretically expected value fp ———1 does not improve
much the bound on e, going down to

~

e
~

& 0.23.

~g~ &0.25. This upper bound could be improved with
higher precision for the measured value of Pg. In partic-
ular, it is the lower limit of

~
PL

~

which is of relevance:
if one moved from Pi. & —0.92 to PI. & —0.96, the mix-
ing angle would be bounded by

~ g ~
& 0. 12. Independent-

ly of the value of g, we have extracted from the data the
induced pseudoscalar coupling fz, presented in Table I
and consistent with the expectation from PCAC. For the
standard value /=0, one gets fI 1.02+0.30. ——

Although our results are not sensitive to the identifica-
tion (17), the P decay of ' B should be analyzed within the
same left-right-symmetric model if the precision in
muon-capture observables increases in the future. Furth-
ermore, the measurements of PL and P themselves useN E

the 13-decay analysis for ' B(g.s.). Complete consistency
demands therefore the reanalysis of ' B~' C e v, in the
same scheme.

Let us finally mention the interest in measuring the
asymmetry a in the angular distribution, in order to
analyze the V —A structure using information from muon
capture only. In this case, the use of I', PL, P, and a
makes it possible to extend the present analysis to the full
left-right-symmetric model in order to set bounds on the
allowed region of the plane (g,M~ /M~ ).
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