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The theory of radiative muon capture, as formulated in a previous paper on the basis of the conservation of
the hadronic electromagnetic current, the conservation of the hadronic weak polar current, the partial
conservation of the hadronic weak axial-vector current, the SU(2) )& SU(2) current algebra for the various
hadronic currents, and the "linearity hypothesis, '* is applied to the process p, "C~v„"By.The resultant
total transition amplitude is worked out explicitly and used to calculate various observable quantities.

RADIOACTIVITY JL(- $2C - v~
f2B7. application of a general theory of radiative

muon capture to nuclear spin and isospin [0', 0] —[1',1] transitions.

INTRODUCTION &"B(p"' () I s.".(o)
I
"c(p"')&

A general theory of radiative muon capture with
application to the processes p. P- v„ny and p, 'He- v, 'Hy has been treated in detail in the preceding
paper. ' The present paper addresses itself to the
further application of this general theory to the
process p. "C-v, "By ["B=—"B (ground state)].
The process p. "C- v, "By has also been studied
by means of the impulse approximation and a nu-
clear model. '~'

FORMULATION

We adopt the following definitions for the various
weak nonradiative nuclear form factors, assuming
the absence of the second-class currents'.

&"B(p&', g) I v, (o)
I
"c(p'"))

=-W2..„(„* ' " E,(q'), (1a)
mp

&"B(p' ' ~) I" (o) I-c(p"'))

=-i~2q ]*. . . (1c), ~, (q')
1+q2 m, 2 '

"here q =(P(f) P(l)) q =(PP)+P(())
M—= 2(M, +Mf) = 2 [M(12C)+M(12B)], Mf,. ——

[ (p(f)~(())2]1/2 ~ —M(12B) M(12C) 13 881 Me@
g*=—($*,i$f) with $ =—($, i/0) the polarization four-
vector of the spin-one "Bnucleus, and E»»(q2)
and Fn(q')/(1+q2/m, 2) are, respectively, the weak
magnetism, axial-vector, pseudoscalar, weak
electricity (or pseudotensor), and axial-divergence
nuclear form factors.

The transition amplitude for radiative muon cap-
ture

-(p(u& s(u))+12C(p(i&) & (p(v& s(v))

+ "B(P' ' $)+y(k e)

p(ii )+p(i) p(v)+p(f)+y p (v)+p(i)+~+p

p(v) p((&+q+y

=~2 I&V'.(q')+q1

,(') I, (

is decomposed into two parts'.

g(i) + g(n)

where

Ge 1g(l) &12B(P(f) ~) I[@(0)+" (0)] I12c(P (1))) M(v)(P(v) s(v))y (1+y )iv2 (2y )1/2 t 1 5
0

) /+M(u) (u& s(u)&

Ge
+(2& "(v&(p(v& S(v))y (1+y)~(u&(p(u) S(u&) u [~ (p q q)+Z (p q q)]

v (" o Q)=-'~ Ju'xe"*(" ('u()pl (x)pvv(o)&l "c(p"'))
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A (k, q, i))= —im f d xx ' '*("B( Px' ()
~

T(J (x)d (0)))' C(p"')) (5b)

with u—= iu~y4, e* = (a*, ie23), J, (x) the hadronic
electromagnetic current, . and

T(J, (x)K (y)) =J,-(x)K,(q)): x,&y

-=Sr,(y)Z„(x): x,&y, .
Here &"' describes the contribution to V' arising
from radiation by the muon while &'"' describes
the contribution to & arising from radiation by the
initial and final nuclei, by the intermediate had-
rons, and by any charged particle (W') that trans-
mits the weak interaction. The Lorentz gauge is
used so that

PCAC:

'A (kq Q)

with

~, (0)
I
"c(p"'}& D. (k, q, Q} (»

CVC:

"""v (k Q)=&"B(p"',$)lv„(0)l"C(p'*')&

e„*k„=k,(~* k —c,*)=0. (5c) P (k q i)) fd'xx"=("ik(Ptx *()

With the SU(2) x SU(2) current algebra for the
various hadronic currents (CA), the conservation
of the hadronic electromagnetic current (CEC),
the conservation of the hadronic weak polar cur-
rent (CVC), and the partial conservation of the
hadronic weak axial-vector current (PCAC) yield
the following constraints on V, 1(k, q, Q) and
A (k, q, Q)':

CEC:

~ v, (k, q, Q)-&"H(p«', &)lv, (o)l "c(p'*')&, (6a)

~~ (k q Q)=&"B(p",t)l~, (0)l "c(p"')&, (6b)

~
l T(~„(x)sp,(0)) l

"c(p"')) (8a)

k D (k, q, Q)

=2&»H(p«), g}le,w, (0) l»c(p«))& (8b)

We proceed to construct the general Lorentz-
covariant expressions for V„1(k,q, Q), A„1(k,q, Q),
and D„(k,q, Q} from which approximate expres-
sions for e,*V„„(k,q, Q) and &„*A„„(k,q, Q) will be
obtained with the aid of the "linearity hypothesis"
(LH)' and the CEC, CVC, and PCAC constraint
equations. We have

ikey(

p qq Q} )kn3)' 3 ~QBqp( 11 k1+ 12 QK 13 q 1} q3 F( 21 1+ 22 Qt 23mp

Blp

+x,q„', " P'g("x, (P,' k +F,"'() +P,",'q )+, ( ",' +PP",kkq +P"'q ))mp SZ p PAL p

k 'g*
xx~„q, ' q " Px'("+ (P,', 'k, +F,' 'Q„+P, 'q)x (xPx'k ,xpx'Q, F ))+txq

Pl p Pl p VE p

+ ~ )i () (+ 1 k() ++()2 Q()++Q q()) + 3 (+1 Q q3++1~2 q k()++13 k Q
VE p Slp

1Rp
+, (P (),q, +P„q,k, x„x„k,(),)),
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(a)+ 00 1+ 2( 11 1 12Q1+ 13q1) 2( 21 1+ 22QX 23q1)m p mp mp

+,(c„q,+ c„c,+ c„q,»)mp

+ 00' .1+ "2( 11'k1+ 12'Qb+G13'q1)+ "2(G21"kb+ 22'Qb+G23'qb)
JPl p m p m p

+ ", (ct,"q,+0),"0,+at,"q,)),mp

k, q q„k
D (k, q Q)= 2)(~ f +))2q '~* f + fo — f~ +42k ~* " f~+ f~ — f

(10)

F&;.) =0, j =1,2, 3, (12a)

Here, each of the weak radiative nuclear form
factors R—:(F(a, ( &, (c) ~ ("),(e& G.a)'( ) f andij » A, P, Q, E~

f~ o s) is, in general, a function of the three Lo-
rentz invariants q', Q k, and q k.

We now apply CEC, as described by Eqs. (6a),
(6b), and (la), (lb), to V, b(k, q, Q) and A b(k, q, Q)
as given by Eqs. (9) and (10). This yields

F"'q k+F"'Q '(q+k)+F,' q (q+k)

F( q k+E,",'q (q+k)+F,' q (q+k)

-mp Fo, -0,
F,~ +F3.'=0, j=1,2, 3,
E,",&q k +E,'2 Q (q+k)+F"'q '(q+k)

(14c)

(14d)

m2

G(b&q .k+ G(b&q

G (a)q .k + G (a&

~ k =m,2&2F„(q2),

G,'2'Q k+G„q k=-mb'G02',

G23 Q 'k+G33 q 'k =-mb G0~3',

G21 Q 'k+G31q 'k'=-mp Goo ~

m3

m, '

F (b)Q, k+F (b)q, k m 2F(e)
22 23 P 03

E,',"q k+E,',"q k=-m, 'E,",',
EQ(a)k+E'"'q 'k =m 2(-E~)+E( &), e

12 13 P 00 11

E(a)Q 'k+F"'q 'k =m 2F@)
22 23 P 21

(12b)

(12c)

(12d)

(12e)

(12f)

(13a)

(13b)

(13c)

(13d)

(lae)

(13f)

(13g)

(14e)

F21 q
' k +E Q '

(q +k) +F q
'

(q +k)

2(E( ) E(e&+E(e&) 0 (14f)

Finally, we apply PCAC, as described by Eqs. (8),
(8a), (8b), and (lb), to A„b(k, q, Q) and D, (k, q, Q)
as given by Eqs. (10) and (11). This yields

G0 q 'k+G02'Q (q+k)+G03 q (q+k)

=m,2&2[F„(q')+f„], (15a)
.G(b)q. k+G(b)q . (q+k)+G b q. (q+k)

m4
m, '

G,',"q 'k+G,',"Q '(q+k)+G,',"q ' (q+k)

m3
+m, 'G,',"=- ' &2[F (q')+f,], (15c)

G b'q 'k+G,',"q '(q+k)+G,",'q (q+k)
Next, we apply CVC, as described by Eqs. (7) and
(la) to V„(k,q, Q) as given by Eq. (9). This yields

F,'1"q 'k+F12"Q ' (q+k)+F13)q ' (q+k)+me E02»

4
+m (G",'+G,"')=,&2[E (q')+f ], (15d)

m, '

G,'1'q 'k+G,' Q '(q+k)+G,'3 q '(q+k)

m
v2E„(q ), (14a)

4

+me (G01b)+G00')= 2 v2f+, (15e)
m~
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G,' q k+G,' Q (q+k)+G,",'q (q+k)

3

G"'q 'k+O'"Q '(q+k)+G"'q '(q+k)

4

+m, '(G&»+ G,&;)).— ', Rf„(15g)
m, '

e (k' (P'*')' (P'*' k)'}= (O -M ' (P'*' k)'}
=e,.(0, -M,.', -M,.2) —= e,

=electric charge of "C=6,
e (k' (p"'+k)' (p'~')')=e (O (p'~)+k)' -M ')

=—e~ (0, -M~2, -M~ ):—ey

= electric charge of "B

2M 2mb m, 2 1+q2/m, 2 '

2M '2))2 m 2
w

(15h)

(15i)

=5,
(k2 (p(i))2 (p(i) k)2) ~ (0 M 2 (p(i) k)2}

—= p, , (0, -M, 2, -M,2) =—p, (

= magnetic moment of ' C

and completes the derivation of the CEC, CVC,
and PCAC constraint equations.

We go on to calculate explicitly all of the "rele-
vant" R(q', Q k, q k), i.e., allofthe R(q', Q k, q k)
which contribute to ~'"', these are all of the
y'(a), &b)(c), &d,), (e)(q2 Q, k q, k) and G(a), &b)(q2 Q, kij jj
q k) except for E(b)(q', Q k, q k), F",,)(q', Q'k,
q k) G'"(q', Q k, q k) G'"(q' Q k, q k)) and

G,",.'(q', Q k, q k} which, in view of E(ls. (9), (10},
and (5c), do not contribute to e*„V,„(k,q, Q} and
&aaA» (k, q, Q) and so do not contribute to 9"(b) [E&l.

(5)]. Adopting exactly the same procedure as that
used in Ref. 1, we first work out an "appropriate"
set of relevant R(q', Q k, q k), i.e. , a set of rele-
vant R(q', Q'k, q'k) whose specification via pertur-
bation theory in an approximation described just
below is not only consistent with the "linearity
hypothesis" (LH) as given in E&l. (Al) of Appendix
A but is, in addition, sufficient to determine all
the other relevant R(q', Q'k, q k} by means of the
CEC, CVC, and PCAC constraint equations [Eqs.
(12a)-(12f), (13a)-(13g), (14a)-(14f), and (15a)-
(15i)] and the assumption that these other relevant
B are also of the form required by LH. The ap-
proximation in question is [compared E(l. (23) of
Ref. 1]

=0,

~,(k', (P""k)', (P")'}=i, (0, (P""k)', -M, '}
—= p,&(0, M&2, --M&2) =

p&

= magnetic moment of "B
= ~1.002, (16)

F~) 0, g —1, 2, 3,

m3

(17)

(16)

where X(Y) are intermediate hadrons with the
same electric charge as "C("B)and BD refers to
the "box" diagram corresponding to p. "C-v, "By
where the photon a~d neutrino are emitted "simul-
taneously. '" We also neglect terms of relative
magnitude (((&/e& and ra/m, ; the last neglect allows
us to drop the Q q terms in E&ls. (14a)-(14f) and
(15a)-(15g).

Thus, choosing F23 p 33 y Qp p F/3 F23 Fpp',

as calculated by perturbation theory in the approx-
imation of Eq. (16), as members of an appropriate
set, we determine all the other relevant
F"'"'"""'"'and G'."'"' by the method outlinedfj ij
in Appendix A. We obtain

Z „,,((q+k)', (p"' k)', -M, ')

,((q+k)', M, ', (P"'+k)-').

=+)(,~,),z(q'))

e ,. e~

(()-e) b (Q+e) &) '

rn 3

(19a,)

(X~ )2C),

Z „(q)» I2' "~c p"' ((q + k)', -M, ', (p " '+ k )')

(y g 12B)

e ,. ey

(e —a):b (e + e) b ) '

F (a) 0

(19b)

(19c)

(q2) » [y'(a), (b), (c), (d), (e) (q2 Q .k q
.k)]

Z„,,(q2)»[G(. (b)(q2, Q k, q k)]„,
e ,. ey

(e -a) b (a+a) b) ' (2Oa)
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m3
G,',"=-m,*qqq„(q')

(( ') +( ') ),
x

~

~(q -q') 'q (()+q) 'q ) '

F2~ =0, j =2, 3,
yn 3

(aob)

(21)

4

Pl 3

(svb)

e
~ ef

{Q -q) q (Q+q) q) '

n2 3

(22a) x (e. e
(()-q) q (q+q) q) '

m3

(sea)

FpQ ~ 0

F1/ ~ Oy

F(;&=0,

Fpp

F(d) 0

F (4) —0

FQ1 0 )

j=12 3

j=12 3

j=2 3

j=2 3

e , ef
(Q-q) 'q (q+q) q ) ' (aab)

(23)

(24)

(25)

(26)

(2'f)

(23)

(29a)

e , ef

(q-q) q (@+q) q) ' (ssb)

3
v 2Fs(q')

g(b) )) 2F 2
4 e,- ef

m ' 'q ((q-q) q (q+q) q)
(38c)

G(b) & 2F 2 e ~ ef
m, ' q (q-q) q+(Q+q) q )

F(e) 0

F(e) 0
J,j

F (e)

GQQ ~ 0

G(a)
Qj

G(a) 02j

G',.'=03j

riL 2
G(b)

PP ~2

(29b)

(29c)

(3o)

(31)

(32)

(33)

(34)

5)

j=1,2, 3,
j=12 3

j=1,2, 3,
j=1,2, 3,

(s6)

e, ef
(q-q) q (q+q) q) '

(3%a)

j=1 2 3 (3

~&F~(q') —— u 2 Fs (q') (e, +e~), .

e ~ ef
(q-q)')t (q+q) q) ' (39a)

m 3

e ; ef
(q —q) q (q + q) q ) ' (39b)

4
(b) my ai 8. (qg

m, ' .
'. {()—q) q {Q+q) q I '

(39c)

Substitution of these values of the F,". "'"""'"'
and GI&'") into Eqs. (9) and (10) for V„,(k, q, Q)
and A„(k, q, Q) and calculation of the quantities
(1/m~)&,*V„~(k,q, Q) and (1/m~)a*A ~(k, q, Q) which
enter linearly into &'"' yields the remarkably sim-
ple expressions:

p(i), gg p(f) ~ ~g

eg ef
(Q, —k ) „, —(Q„+k ), , + 2e„„&„*$„* F„(q')

p 'k (4Oa)
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&*A,~(k, q, Q) = v2 g fF„(q')+ (q~ —k~) 2 Fz(q2) — ~ Fz(q') e;

2, q (q') — Mq, (q')(;+,))
Ply Pl p

(40b)

As an overall check, we can test our results for gauge invariance (GI) by replacing e,* by k„ in the N' of
E(ls. (3)-(5); this gives zero, as required by GI, if

" [v„(k,q, ()&)+A.„,(k, q, Q)] =("B(p(/', &) I[I/' (0)+A,(0)]
I
"C(p"')) (41)

a result which is guaranteed by Eqs. (6a) and (6b). Further, we can perform the GI test on the explicit V'

of E(ls. (3)—(5) and E(ls. (1a), (1b), (40a), and (40b). Replacement of e„" by k„ in this V' again gives zero.

RESULTS

With the aid of the transition amplitude V'= &"'
+ g'"& obtained in the previous section [E(ls. (3)—(5),
(1a)—(2), (40a), and (40b)], we proceed to evaluate
the various observable quantities associated with
p,

' C- v ' By. Our results are obtained using the
fact that the numerical values of the nonradiative

form factors
I F(((~./2~&)

I I F~ I IF I
and

IF~(»(,/2&n~)
I

are all of the same order so that
the expansion of expressions for the various ob-
servable (Iuantities in powers of I,/M is rapidly
convergent. Thus, using the gauge co*=a* k =0
and remembering that e,. = ef + 1 and p "' = p

"'= 0,
we can express the W

"' and &("& of E(ls. (4), (1a),
(1b), (40a), and (40b) as

v &r&(&q gq: s&"'s'& &) = (e&"&)( &(1 —v v
Ge 1 . 1

v2 V2k, 2m,

~(f )
x — "F„(q')z($ xo') ~ +F (q')g+ ~ oN

mg

2 (f) (f) g m (f )
( 2)(+, P o P ~ lr F ( 2)(g, P

&( (1 —a k)o ~ *(()"&),"'

Ge 1
0)&(&s ((q s (v&' s()q&) = ((&(u&t & &(1 o. )z q q )(2 (2k )&/2 2&&( ~q

0

m '"F ( ')2[—i((*xg) 7*+i($+ xq+) k]+ " F (q2)g* ~ g ~* ( »())&&~&,

where v '"', and v "' are two-component Pauli spinors for v, p, , o is a two-by-two Pauli matrix to be
sandwiched between (&

("&( and v (~&, p(/& = -(p("&+k) =—-[(m, —r. —k,)v+kp], and a term of relative magni-
tude

m 2 e;+ef I'@
4m, 2 (Xvz/m, ) F,

has been neglected.
Assuming that, at the instant of p, capture, the probability of finding the p,

' C in the spin configuration
specified by s,'"' is P(s,'"') with P(+-, ) =-,(1+P,) where P„z is the p, polarization, we have
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(lel*)-=2 g Iv'"'(~~ & s"'"'s'"')+q'"'(&" (* s'"'s'"') *) p(s'"')

2

2f[w' '+W"'v k+W' '(v k) ]+P k'z[W' '+W"'v k+W' '(v'k) ]
~2 (2k )'~' m 1 1 1 2 2 2

+P,v z(W' &+W&»v k)], (43a)

e + (+ s(v)

2 Req'&l)g(&8 gw s(v&. s(u&)
Z y Z

X cf'(h)(C(c $4 S&~ ' S " )

where the W+) are structure functions which are
homogeneous and quadratic in the F~ „„z(q') and
which also depend on k,. All the W,.'"' can be de-
composed according to

W(n) W(n); (l l) + gr(n); (lh) + W(n); (1515) (43b)
5 5

with the W'"""" W'""""' and W'n" ~"' originating,
respectively, from

~9 (6+ g+ S( 'S(g))~2

5

explicitly in Appendix B (Eqs. (B1)-(B21)). We
note, in particular, that

W )' "'")''()= W' )'(1)' (2)'(C)
1 2 y

W"»"'«&=0 g=u u
(43c)

As shown in Ref. 1, the W,'."'(q', k, /k ) in Eq.
(43a) can be approximated by W,'."'(-',k„',k,/k„)
where k is the maximum photon energy and is
approximately I„-4=0.87 m„. %e note, fromAp-
pendix B, that these W,'"'(—',k„',k,/k„) are simple
quadratic functions of k,/k„—=x with 0 ~ x ~ 1. With
these W,'. "'(—,'k„',x) -=W,'."'(x) we can immediately
proceed to calculate various observable quantities
associated with p. "C-v„"By. First of all, the
neutrino- photon angular correlation

and

(v)
(eg P s& ).s&

8(v k) =

I 4. ~ " 'I'I'
(44a)

All of the W'."""' W n'"") and W'""""'are given
5

is given by Eq. (43a) and corresponds to the for-
ward-backward asymmetry

8(v'5 =1)—8(v k=-1) W ("(x))+P„k z [W,"'(x)+W,"'(x) ]
8 (v k = 1)+ 8(v k = —1) [W,"'(x) + WI2'(x) ] +P„k z [W,"'(x) + W" '(x) + W" '(x) ] '

where 8 k = +1 corresponds to

(44b)

Further, the angular correlation between the photon momentum and the polarization of the p.

8(k z)=
-4, (J&/')

(44c)

~(","„' 'j ";,"'(I~
I

")

corresponds to the forward-backward asymmetry

8(k z=l)-8(k z=-1)
8(k z = 1)+ 8 (k z =- 1)

(W, '(x)+ —,'W, '(x)+ 'W, "(x))P, —

w&'&(x) + -'.w&; &(x)

W,' '(x) + —'W,"'(x) —W,' '(x) ——,'W,"'(x) ——'W,"'(x)
w„"&(x)+ —,'w,"&(x)

(44d)

where we have used
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(v) G 1 1
(

~

& ~'& = —' —2( [W' '(x) + —'. W" '(x) ]+P k z [W" '(x) + —'W" '(x) + —'W" '(x) ]]Q(2y )(/2~ 1 ~ 1 g 2 & 2 & 3 (44e)

as obtained from Eq. (43a). Finally, we have from Eq. (44e)

1/2
— 2 S'1') x + 3$'1') x (44f)

a quantity which determines the photon energy spectrum dr(((( "C- v„(2By)/dk, and the radiative
muon capture rate I'(p "C- v "By). We have, using Eq. (44f),

dI'(g '*C-v„"By) e (k )'(~k

2 3/

e I'o ~ [12x(1-x)' ] (W'o'(x) + —'W" '(x)) (45)

1 — C,. en ', C, =0 841.

r(„-(aC uB )
dr(((( "C-('~ 'By)

d

a I', ~ 12x(1—x)' [W,"'(x)+ —,'W„" '(x) ]dx. (46a)

It is also convenient to introduce the branching ratio for radiative muon capture

(46b)

where the nonradiative muon capture rate is given by (see Ref. 2)

q
'—= (p(t' —p"')' =(p(» p(»)' =(-m '+2E'"'m ) =m ' —2m„b =0 74m '

muon cay ture muon catmuon cay ure muon capture

(46c)

~e note from Eqs. (43c) and (44d) that, if the
term

~

q'(h)(e Ill (Ic s (v ).s (g ))
~s8

is neglected so that the 5",.""""'are set equal to
zero, we have

(47)

which is a manifestation of a result originally
stated by Cutkosky, ' Huang, Yang, and I ee, ' and
recently elaborated by Fearing. ' In actuality,

however, the W,.'""'""'are by no means small com-
pared to the 5"."'""and g '."'""'so that deviation
of 8-;/P„ from unity is appreciable.

The various observable quantities in p, "C- v

"By [Eqs. (44b), (44d), (45), (46a) ] can be mea-
sured by detection of coincidences between the high
energy photons and the recoil "Bnuclei —here
the p would stop in a gas, e.g. , methane (CH, ),
with events of the type p, "C- v„"Bay eliminated
by anticoincidencing on the n. Alternatively, the
((( could stop in a solid, e.g. , graphite (C), with
delayed coincidences detected between the high-
energy photons and the "B-decay electrons at such
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low p, fluxes as to minimize the number of spur-
ious (and unrejected) delayed coincidences where
the y originates from the radiative capture of one

p and the e from the nonradiative capture of
another. Both of these experiments appear to be
very difficult with the second probably even more
difficult than the first in view of the long running
time required (because of the low p, flux). Never-
theless, in Appendix C, we describe briefly the
evaluation of the polarization and alignment of the
recoil "Bnuclei produced in p. "C-v, "By;
these quantities are useful for the study of corre-
lations in the y-e delayed coincidence experi-
ment. In addition we derive in Appendix C formu-
las for the circular polarization of the emitted y-
the measurement of this quantity is again very
diff icult.

We proceed to obtain the numerical results for
the various observable quantities [Eqs. (44a)-
(46c) j. Remembering that q„„'=0.74m ' and using
Ref. 2, we have

E„(0.74m„') =E~(0) x 0.750=1.97x 0.750,
I

E„(0.74m„') =E„(0)x 0.750 = 0.510x 0.750,

Ez (0.74m „')=Fs (0) x 0.750 = (3.64 x 0.510)x 0.750,

W,"'(x) = 0.817 —0.681x+0.362x',

W,"'(x) = —0.741+0.432x —0.141x',

W,"'(x) = —0.028+ 0.249x —0.221x',

W(o)(x) 0 755 0 649x+0 275

W,"'(x) = —0.707+ 0.340x+ 0.034x',

W,"'(x) = 0.309x —0.309x',

W,"'(x)= —0.028+ 0.028x,

W,"'(x) = 0.028 —0.028x .

(48a)

(48b)

(48c)

(48d)

(48e)

(48f)

(48g)

(48h)

From these values E„„s(—',k„')= E„„s(0.45m, ')
can be obtained by linear interpolation, while

E„(0.45m„)
fl 1f'

= —0.292;

thus the E„„~s(5k„') entering into the W,'. "'(—,'fg 'p)
=—W,'. "'(x) are all numerically determined and the

W,'."'(x) are immediately calculable from Eqs.
(Bl)-(B21). In this way we obtain

E~(0.74m „')= — ", , (1 —0.15) = —0.228.E„(0.74m (,') Using Eqs. (44b), (44d), (45), (46a)-(46c), and
(48a)-(48h), we have

(-0.740+ 0.432x —0.141x') +P,k g (-0.735+ 0.368x+ 0.034x')
(0.789 —0.432x+ 0.141x')+P„k z(0.783 —0.368x —0.034x')

O.ue4 —0.043x+ 0.116x2
0.808 —0.598x + 0.288x (49b)

dl'(1( "C-v„"By)
dx

12 r' - 12 1-
= 0.808 —0.598x+ 0.288x (49c)

(P " = 0.626,
(n/12m)1, (k„/m„)'

(49(i)

I"(p, "C-v„"B)/I', =0.437, (49e)

R=
2 3

=208x 10
a k '0 626

12m m
(49f)

with

{P„), = 0.18 + 0.01 (Ref. 6). (49g)

are all rather sensitive to the value assumed for

F~(sk ')
—F„( 0„)/ ll+ 0 '/m, ']

Finally, we note that the values of 8„-;,8;;,
dl'(((( "C-v„"By)/dx, and I'(p "C-v„"By)

~(»1+,' 1 — ~(~ ' =-$ (Ref. 2),E~«') —,~=(3~5)a.2
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the sensitivity being greatest for C~;. Since the
estimate of Fn( —,k„')/F„(~k ') in a nucleus as large
as "C is somewhat doubtful, the estimate we use
for $, namely, $ = 0.85 (Ref. 7), is correspondingly
doubtful and it is interesting to calculate the values
of

[Eq. (49c) ],
dr(p "c-v, "By)

dx =0484: ( =2x 0.85, K= 3,
r,

i

"
i

[12'(1-x)']
I

and

dr(p, "c-v„"By)
v, & k&a~ dx

(50i)
- 12C 12B

=1.03x 10 ': )=2x 0.85, (50j)
0

( ~- 12C + 12By)

for $ other than 0.85. We therefore record below
the values of

=0.91x104: (=0.85
10

[Eq. (49d)],

(501K)

and

dl" (p "C- „"By)
v~k& kt Z& dx

- 12C 128
=0.84x 10 ': )=2x 0.85. (501)

0

APPENDIX A

r(P "C-&„'By)

for t' =
2 x 0.85 and (= 2 x 0.85, and compare these

values with the values calculated for ]=0.85 and
already given in Eqs. (49a)-(49d). Using Eqs. (44b)
(44d), (45), (46a)-(46e), and Eqs. (Bl)-(B21), we
have

In this appendix, we describe the procedure for
the determination of all the relevant R

F(a), ), c) g), ) and Q a), b) by means of the CFC
CVC, and PCAC constraints of Eqs. (12a)—(13g),
(14a)—(14f), and (15a)-(15i) and the linearity hy-
pothesis (LH) as described in Eq. (20) of Ref.
1; this equation gives

-0.44 —0.41P~k z
0.63+0.60P„k z

' ( =
~ x 0.85, x = —', , (50a)

R'(q') R (q')
R(q Q k, q k) =( ).k +(Q ).k+ (q )

-0.51 —0.47P„k z
0.56+0.52P „k z

[Eq. (49a) ],
-o.54-0.46 „5 ~

0.58+0.50P„k ~

$ =0.85, x = —',

ft,";=0.88P„: $ =0.85, x = g

[Eq. (49b) ],

8„-;=0.69P: $=2x 0.85, x= —', ,kyg

(u "C- v. "By)
dx

12x 1 —x

@„-;=0.94P, : $=-,'x 0.85, x=-,',
ppg

(50b)

(50d)

(50e)

(50f)

(Al)

where R'(q') is linear in F„„rs(q') and in e&,
R:(q') is linear in F„„~s(q') and in e, , and
R"'(q') is linear in F„„~s(q') and in e„ez,
terms of relative magnitude p&/e& being neglected.
In using the LH of Eq. (Al), we further neglect
terms of relative magnitude 4/m„and so drop all
the Q'q terms in Eqs. (14a)-(14f) and (15a)-(15g).

We begin by determining all the relevant
F'."' ~ "' '"'"' by means of the CEC and CVCij
constraints of Eqs. (12a)-(12f) and (14a) (14f) and
the LH of Eq. (Al), starting from an appropriate
set of F,'&" '"""'e"'. The appropriat:e set used
is that calculated by perturbation theory in the ap-
proximation of Eq. (16) and given in the text be-
fore Eq. (17), viz:

23 33 00 13 23

(50g)

dr(u "c-~, "By)
dx =0.538: )=0.85, x= —',

=0.61l: $=-,'x 0.85, x=-', ,

~b) &b) 0 (A3)

Then, with F,", given by Eq. (A2), Eq. (12c) to-
gether with Eq. (Al) yields

2
I' 12x 1 —x'

(50h)
Analogously, using Eq. (A2), Eqs. (12e), (12f),
(14b), (14e), (14f), and Eq. (Al) lead to
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F&2 —Fi3 -F2. -F23 -F2i

Equations (12a) and (14a) give

F» =F2 =F~3 =o~

(A5)

4
(b) mb a ( e( e~
as = a ~(q)i (q

(A12)

G(b) mb 2F a ' e( +
/

m ' ' q (q ) k '(q ) k

(A13)

ra)pa) 0 (A7)

We first note that E(ls. (13a), (13f), (13g), and
(15h), together with E(i. (Al), lead to„), i e, e,

oa =
b ~(q }

I (q ).k -(Q ).k I,

Finally, Eqs. (12b), (12d), (14c), with E,"a) and
Es"s' given by E(ls. (A5) and (A1), yield

F,2
—F32 F32

)((q)i(q ).k -(Q ').k l,

F&3 =-F33 =F3'

=- 2' 2M
2E~«')I

(q q) k'(Q, q)

(A6)

which expressions are consistent with E(l. (14d).
We thus complete the determination of all the rel-
evant, F(b '( '(~ ~ ( ~ (a' in E(ls. (17)—(3]).

We proceed next to determine all the relevant
6&&'"' by means of the CEC and PCAC constraints
of E(ls. (13a)-(13g) and (15a)-(15i) and the LH of
E(l. (A1), starting from an appropriate set of
6,'a&"~'. The appropriate set used is that calcu-
lated by perturbation theory in the approximation
of E(l. (16) and given in the text before Eq. (17),
V1Z:

&g (q')fs = —4Mmb 1+/ /m~

e& ez
i(Q —q) 'k (Q+ q) 'k i

'

. & (q')' 1+q'/m, '

(A14)

e& e&
"'(Q-.) ~ k'(Q. .) k i (A15)

and, using E(ls. (A10), (A12), (A8), and (A14), E(l.
(15c) yields

'(Q — )'k (Q + )'k

4

«}
l (q q). k '(q, q).k

mb 1 a ( 8( ey
2 2M l (q q) k (q+q) ~ k li

(A17)

' 2' 2M "(q'}~
(Q q) k'(q. q) k ~

which is clearly consistent with the LH of E(l. (A1).
E(luations (13e}, (A16), and (A1) determine G,",'

and O,'»:

l
G(b) m a 2F a" ' ii(q-q) k'(Q. )»

e, e~
"i(q q) k (q+q) ki

m3

„t' e, e,
(Q —q)'k' (Q+q)'k)

(A9)

(A10)

(A11)

(A 18)

We note that E(l. (15d) provides a consistency
check for the results obtained in E(ls. (A17), (A11),
(A13), (A9), (A18), and (A15) for Gs'ib), G,'b', G,'b',
G(b) G(b)

Further, E(ls. (13c) and (Al) show that G,",' de-
pends only on q'. Similarly, E(ls. (13d), (15i), and
(Al) show that both G,",) and f~ depend only on q' so
that E(l. (15a} becomes

G'a'Q k+ (G4 + G )q k

= -G,",'q'+ mb' ~2 [E„(q')+f„]
= function of q' only. (A19)

Equations (A19) and (A1), together with the fact
that &Og depends only on q', yield
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-G,",)q'+ m~' I)2 [E„(q')+f„]=0.

(A20)

(A21)

(A22)

W"""))-3F ' 2F
~

F m2 s2m

+ 4F„F„(l—2x)
k

A hf 2m
Equations (A21) and (A22), together with Eq. (A7),
lead to +I E "," E "

I (1-2x+2x')

f =-E (q')

(A23)

(A24)
+ 2

~
E„—

~
(1 —3x+ Sx'),u. ~'

2m~ j

g&a) g&a) p22 32

&a) &a)g a) g a) p

(A25)

(A26)

With G, , G, , and f„given by Eqs. (A20),
(A23), and (A24), Eqs. (13c), (13d), and (15i)
yield

W(0);(ta) 2y I w +6y ym' " 2m

+2IF " —F " ~E " "(1—2x+2x )(~ m' s2m) ~ m'

u & u

fz- —
p ~(q )

I (q ).y -(q„
(A27)

(A28)

t'

+41 E)&
" ~" (1 —2x),

u&W""""= 2 E " "
l (1 —2x+ 2x')

and, with G,",', G,", , G,",', and fs given by Eqs.
(A25), (A26), (A8), and (A27), Eq. (15f) yields

21 (A29)

Finally, with G,",', and G,' given by Eqs. (A29)
and (A7), Eqs. (13b) and (A1) determine G(', ) and
g&a).

00

«& F «&

&2m
P m

+ 6 IF„"2m~)

W(()'(&&) F 2+ 2E
~
E && &&& E &&&"i ~ m' s2m)

(a3)

G(a) = 031

&oo'= o

(A30)

(A31)

which completes the determination of all the rel-
evant GI&"~' in Eqs. (32)—(39c).

We note that the results of Eqs. (A30), (A25),
(A26), (A9), (A31), and (A28) for G,",', G,",', G,",',
G„', G„", and f~ satisfy Eq. (15g); this provides
a consistency check. %'e also note that the PCAC
constraint equations (15b) and (15e), which relate

not be used since, as noted in the text [after Eq.
(15i)], Gt)~), G,'~&), and G,'z) do not contribute to
~&a)

APPENDIX B

In this appendix, we list the structure functions
W'" = W'"'"' + W'" '""'+W'" ' " as derived fromi +
Eqs. (42a)-(43b). Using the notation E„„»
=E„„~s(q') and x=k,/0 (with 0 the maximum
photon energy so that 0 ~x 1), we have

a n, &I. u
«& F «& ~F «&

m, ' s2m~) "2m, 0

4I(E„ I

' (1-2x),"2m, )

W())l&)))&)
~
F m««&

~

m, ' f

m„k E k m„
"2m u

g m

2m~] I, k J
(B6)

u
(B4)N2

W1 '"")=2EI m"~ —2E E1 = A P m 2 A +2m
1f «&

+ 21 F ~". F
( ~ m' s2m, j ~ m'
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far(2);(&l)
~ E mu El
&,

m 2m/

-1F„" I 2 (1 x),
2mh i

gr( )2 ll(')h F mu m E m )1

( P m, ' s2m, )

x EP "," 4x(1. -x),mk
m g

(BS)

(BS)

g7(2)'(ll ) ~(2) (ll )
2 1

gr(2)i&lb) llr(2)j&&h)
2 1

m k')
2 ( P m 2

lir(o&)(ll) lir(&&;&ll) gr(o))&lh) lir(&)l&lh) 03 3 3 3

l&r(o)l &hh) 2E u m F m"m' "2m
m

(B16)

(BI.V)

(B18}

(B19)

(B20)

gr(2&&&hh& E u m F m u 2(1 x)m' "2m k m

gp(0)l(ll ) gr(0)l(ll )
2 1

gr(0)l (lh) gp(0)& (lh)
2 1

(B9)

(B10)

(B11)

m

m' "2m k
1P m

APPENDIX C

(B21)

W""""=2E " E " "(1 )2 P m 2 M2m
m

k')&„~
+41(F„2M )I I(k )I,

gr&&)l&&)) gr( )))&&)&
2 1

~(1) (lh) ~(1)'(lh)
2 1

gr(1)g&hh) 2 y y m y 2 +2 2

m, '
mk. k„m„( )P m, ' M2m, u.

k,,1, k„1
( "2,& k. )

(B12)

(B13)

(B14)

(B15)

In this appendix, we present the results of our
evaluation of (1) the polarization and alignment of
the recoil "Bnuclei from p, "C-v„"By and (2)
the circular polarization of the photons emitted in
~- 12C p 128'

We first describe the evaluation of the polariza-
tion I',„and alignment A„of the recoil "Bnuclei.
These two quantities can be measured in an exper-
iment in which delayed coincidences between the
high-energy photons (from p, "C-v„"By) and the
"B-decay electrons (from the subsequent "B-"C
e v, ) are detected (see below). To start the calcu-
lation, we have [compare Eqs. (43a) and (44e) ]

dQ'"} " dQ'")
11 "'(e* g* s'"' s'u')+v'("&(&&' p s'"'s'u')1'~ P(s(»)

4m g 0 g g 1 g j g

g

~ ~ ~

2

2[(1+P„k z)(E('&+E('&k. $k ~*+E,'&k. ig x)*)

y {+}—y (+ ) l ( l l }+ y (+ )l ( l h) +I(+ )t ( hh }
5 5 5

+ (1 —P„k z)(F&( '+E,' &k g f"+E,' 'k i$xP)

+G,P„z i$x f*+G2Pu(k ~ gz $~+k pz Q],

i=1,2, 3,

(Cl)

—G(ll)+G(lh)+g(hh) —
y 2i i i (C2)

where the decomposition in Eq. (C2) is defined in complete analogy to that in Eq. (43b) and where the struc-
ture functions E(;. ', G,. are homogeneous and quadratic in the E„„Pz(q') and also depend on ko. With the
approximation E&(h&(qh, ko/k )=E,". &(

—', k ', k,/k„)= F' (h(&x)lG(q ,2,-k/k)=-G, .(—', k ', k,/k )=-G,.(x) [see text after
Eqs. (43c) J and the notation F„»s =E»»(ok„), x =-2k, /k (0 (x (1)we have

2

—E„2 FP, —Es " —,'x(1 —x)+ E„2 " —', (2 —Sx+9x'),k. mk t

mp mar mp m
(C3)
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E'"'""'(x)=F E " "—'(1-x)+2E E " +F " E " "—F —'(1 —x)'
r mp m F r p

m„k' k
EJi 9 Fh& 3 x(l x)

2

+E„F~,™—F~ — —,'(1 —x) + E„™i' —',(2 —5x),
m k A. m. , k. m„,

rnp my mp m

(C4)

mk ' mk ' mF(+&l (hh&(x) — F ii. iii i(l x)h + F «m F iii ii 2(] x) + 2 F m u

E"""'(x)=F F "—E " 2x+E F " 2x+ E " —E hx(2+x)
m k k k

m 2M

+F - F .,- E ™2x(1 x)+ F„"- —.x(4- 7x),
m P k k

"2m p

k
F(+&&(lh&( )

—E E a~m2 +F u I F ii iii F . m h (2+ )+F u. mE 2 (1 )m ~ rn m 2m rn ~2m

(C6)

m E u m + m u2 + Q m ix 2 (C7)

E(+& i(hh&(x) — E u iii x(2 +x) + F u iii F m u. (] + 2 )
m Q m 0 k m

2 m' 2 g 2
p m

(CB)

+~2, 1-x 1 —2x+ E„—31+2x,m k k

E"'""'(x)= —E E " —'(1 —x) —2E E -" E " F —'(1 —x)(1- 2x)&2m jp & rn 2 &2mr p m p

k. m„k k. , k. 'm„
rnp m rnp rnp

(Clp)

rn 1 4 2 mE(i&'{hh&( )
. E ii m E m IJ 1(5 6 ) E m ii

&2m (C11)

-&i&i'&(x) —E(-&i(4&(x) —E(-& &(4&(x) —G(E ( )
&—xG(i&(x) P. ( —tl (C12)

(C13)

E~ &'~ &(x) = F&,
" (- —)x(2 —5x)+F~ ™F~2 ~

—(1 —4 (C14)

2 m 2
E(-&i (hh&(x) —F Ii »iE m la~(] 4 )+ E tii u

m ' 2m k ' 2 2mp m p m

k ' m
G(hh&(x) E u. m F iii v. &(] 4x)+ E m u

P m' "2m u "2m aP m . p m

(C16)

g(&ih&(x) G(hh&(x) (C1V)
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We choose the 8' axis for the quantization of the spin of the recoil "8 nucleus so that g(+I) = (ql/v2)(2'
+i@"'),$(0)=E' (withe', g', E' orthogonal) correspond, respectively, to the s",'s'=+1, 0 substates. We then
determine the three populations k„,ko corresponding to the s', , s'=+1, 0 substates by substitution of t(sl)
= (+I/v 2)(x' wig'), $(0) =Z' into Eq. (Cl). In this way, we obtain

P,„(x,k ~ f, k ~ 8', 8 8')

h„—h~
8„+h,+ ho

k .«'{[F"(x)+F,' '(x)]+ P„k «[F,"(x)—F,' '(x)]}+P,z Z'G, (x)
{3[F,"(x)+F', '(x)]+ [F,"(x)+F', '(x)]}+P„k «{3[F", (x) —F', '(x)]+ [F '(x) —F,' '(x)]+ 2G, (x)}

(C13)

A„(x,k ~ 8, k ~ «', z ~ 8')

h, +h —2h,
h, +h, +h,

[2(k.«')' ——,]{[F,"(x)+F,'-'(x)]+P„k «[F"(x) F', '(x)]]+[-,'(k Z')(z z') 2k z]2P„G,(x)
{3[F,"(x)+F', '(x)]+[F2"(x)+F,' '(x)]}+P„$~ f{3[F,"(x) F~ '(x)]+[F,"(x) y", '(x)]+2G, (x)}

'

(C19)

In particular, we note, from Ec(s. (C3)—(C19), that P,„(x,k «, k «', z «')=-~k f' and
A,„(x,k ~ E, k ~ N', « ~ 8') = 0 if all the F» ~ z(q') but F„(q') are set to be zero. We also note that a proce-
dure entirely analogous to the above for the evaluation of the recoil "Bpolarization and alignment in the
case of the nonradiative muon capture p, "C-v„"Byields'

av'nonrad ~~

(E~(q„„')[m„(I,—6)/m, '] —(F„(q„„')+Fz(q„„')][(m„—&)/2m~] ]
2(F„(q„„')+F„(q„,')[(m„- 6)/2m~]] + (F„(q„„')+F~(q„,*)[m„(m„—6)/m, '] —Ez(q„,*)[(m„—6)/2m~] P

A„.„„,~(E ~ Z') = 0
(C21)

which is to be compared with Eqs. (C18) and (C19).
As regards the feasibility of measuring P„(x,k ~ «, k 8', z f') and A,„(x,k ~ E, k z', « ~ E'), we consider

the delayed coincidence between the photon emitted in the radiative muon capture p "C- v„"By and the
electron emitted in the subsequent decay of recoil "B-"Ce v,. Choosing S'= k so that Z'. S=—k
—=cos8,„, z'k=k ~ k=1, and E'P, =k P, =-cos0„, we note that the number of delayed-coincidence y-e
events at an angle H„will be proportional to'

1 —P„(x;cos8 „)(1+o. E,) cos8,„+A„(x;cos8 „)n E,(«cos'8, „-z),
where

P„(x;cos8,„)

=P„(x,k Z, k z, s «)I-,. ;
[F,"(x)+F,' '(x)]+ P„cos8,„[F,"(x)—F,' '(x)+ G, (x)]

{3[F,"(x)+F,' '(x)]+ [F,' '(x)+F,' '(x)]}+P cos8,„{3[F',+'(x)- F,' '(x)]+ [F", (x)-F,' '(x)]+2G,(x)}'

A„(x;cos8„„)
=A.,(x, k' 8, $8,Z S)],-. -„

(+)
[F,'"'(x)+ F,' '(x)]+ P„cos8,„[F,"(x)—F,' (x)+ 2G, (x)]

{3[F~'~(x)+F[ '(x)]+ [F2''(x)+F2' '(x)] }+P„cos8„„{3[F,' '(x) —F,' '(x)]+[F~2+'(x) —F2' '(x))+2G2(x)}'

(C24)
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and'

1 F~(0) Fs(0)
3m, F„(O) F„(O)

(C25)

If we now remember that o.'is expected to be quite small [Eq. (47) of Ref. 2], we see from Eq. (C22) that
a measurement of the y-e angular correlation will determine P,„(x;cosg„,).

As a numerical example, we obtain

) 2
(-0.179)+ (—0.179)P,cosg, „

(C26)
(—0.115)+(-0.176)P,cosg„

0.538+ 0.609P„cosg„
for

F (q')
-/'„(q')/() + q'/I, ')) .. 1„,), ~

m, ' F~(q')

=—$ =0.85

and x= —',. As can be seen from Eqs. (C3) (C17)
and (C23), (C24), the values of P,„(x;cosg„) and

A, „(x;cosg„) are quite sensitive to the value as-
sumed for

(
F~(q')

-+,(q')/()+~'/, ')).. „„,.
m, F (q')

F,(q') -„(,/, , ~

but, unfortunately, and as noted in the text, the
measurement of P,„(x;cosg, „) and A,„(x;cosg, „)
by the y-e delayed coincidence method appears to
be very difficult.

We next proceed to evaluate the circular polar-
ization of the photon emitted in p. "C- v„"By.
Here we have

(ls)l'& = p (p Iq't "(I' (* s'"'s'")
s + gg (v)

+ 7' )t (6g, ~g, s(v);s()L))
I )

&&P(s', ") (C28)

Ge 1 1

2 (2g )i/a

x 2([U,".)+ U,".))/ ~ k+ U,'2,'()/ ~ k)']

+ P,$ a[U('. )+ U,".,'g I + U,".,'(g I )']

+ P )"/ ~ s [U'. )+ U".,')/ k]),

U(n) U(n);( i&)+ U(n); ( &&)+ U(n);(IVIII)i+ i+ i+ i+ (C29)

with &*, and &* right and left circular polarization
vectors, respectively (e, = (I/&2)(e, +ie,),0 = e,
with i„i„i,mutually orthogonal). Equation (C28)
for (I Kl'&, is to be compared to Eq. (43a) for
(I 7' I'& =

& I 7 I'&, + & I r I
'& . Evaluating the sums on

the right side of Eq. (C28) we have

f"
((I ~ I'&, + () ~ )'& )

=1-2 (C27)

where

f 4 4
((I r I & (I r I & )

circ.

f f ((I x)'&.+ (I &I') )

W(n) = U(n)+ U(n)
i;+ i;" &

where the Ui".,' are structure functions which are
homogeneous and quadratic in the F„„)*s(q') and

which also depend on k,. We note that 9' (2*, g*,
s,";s, )') = 0 [this follows from Eq. (42a) since

contributes to (I Fl'& (i.e. , U', ". '= U', ". "'""') s«hat
depends only on F~(q') and F~(q') [see Eq.

(42b)] and P„„,= 1 only if the terms involving

F (q') and F (q') are neglected.
We now approximate [see discussion after Eq.

(43c)] U(, ". '(q', k,/k ) by U', ". '(-,' k ', k, /& ), calcu-

listed in the text, insert the values obtained in

Eq. (C29) to get (~ E~'&, and integrate over
all v and k. We then get
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+ (E„(l): ')- " (F (l): ')™"k '-,'(( —4x)N m 2m P m m2

M 5 nt (C30)

which, together with Eqs. (44f) and (48a)—(48c) for

fM dQ
(~ ~2)

4m 4w

yields upon substitution in Eq. (C27)

0.052 —0.043x+ 0.117xP
Q. 808 —0,598x+ 0, 288x

value of P„„ is also sensitive to the value as-
sumed for

E~(q')
—F„(q )/(1+q /rn, s),2 ( (5)~ 2

m, ' E~(q')
g2-(3/5))) &

=0.72 for x= 3. (C31)

As can be seen from Eqs. (C30) and (C27), the
But, again, the experimental determination of
P„„appears to be extremely difficult.
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