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Theory of radiative muon capture by >C*

W-Y. P. Hwang and H. Primakoff
Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 19174
(Received 2 November 1977)

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) X 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 u 2C— v, 12By; application of a general theory of radiative
muon capture to nuclear spin and isospin [0%,0] —[1*, 1] transitions.

INTRODUCTION

A general theory of radiative muon capture with
application to the processes u’p—~ v, ny and p”3He
- 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~'2C— v, 2By [1?B=12B (ground state)].
The process p 120-— 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?:

EB(p P, £)| v,(0)[2C(pP))

= VE ey it L ;{’JV}FM(q%, (1a)

EB(p ¥, £)|A,(0)|2C(p D))

EB(p 7, £)]9,4,00)|2C(p D))

; Fpg?
=-z*/§q 'E*I:.*Z—%? s (].C)
where ¢,=(p ) =p D), Q,=(p +pP),,
M=3(M,+M,)= [M(lzc)+M<1ZB)] =

[ (p(f) (z))z]l/z A= M(IZB) M(”C) 13 881 MeV,
g*= (E*,it¥) with £ = (£,i£,) the polarization four-
vector of the spin-one B nucleus, and Fy, , p (g
and F,(q%)/(1+¢%/m,?) are, respectively, the weak
magnetism, axial-vector, pseudoscalar, weak

“electricity (or pseudotensor), and axial- dlvergence

nuclear form factors.
The transition amplitude for radiative muon cap-
ture

“"(p(u), S(“))+12C(‘D(”)—‘ Vu (p(v)’ s (v))
+2B(p?, &) +v(k,€),
p(u)+p(i) ___p(u)+p(f)+k=P(V)+p(i)+q+k
=P _pD i@k, (2)

=V3 <€*FA(42)+% (@2 is decomposed into two parts’:
T=TW® W , (3)
Qx q°5" £* 2
T 2M 2m Frla )> (1) where
T(n____gf. <12B(p(f) 5)I[V (0) +A,(0)] |1ZC(p @y 1 TV (p® s(u)) (1 )i
o) s A Py (2k0)1/z v, YA\L+Ys
l(%(u)
» m(*u(“)(,bm,s(“)), (4)
T(h)___G_.f_ ﬁ(v)(p(v) s(u)) (1 )u(u)( ) (u)) ——-—i*—‘[V (k Q) A (k )] (5)
= \/—2— ’ A Y2 +75 P S (2k )1/2 LA s q, + A aqu )
Vil 0, Q)= ~im, [ a% e *(3B(p ), £)| 70, V0D =C(p ), | (52)
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A,lk,q,Q)=—im, f'd“xe"”'”(”B(P 9, 6| T, ()A,0)]*2C(p ™)) ' (5b)

with @=du'y,, €* = (€*,i€}), J, (x) the hadronic
electromagnetic current, and

T, (K (¥) =, ()E\(3): %5>9,,
=K, (9),,(6): %5<5,.

Here T describes the contribution to 7" arising
from radiation by the muon while 7 describes
the contribution to 7 arising from radiation by the
initial and final nuclei, by the intermediate had-
rons, and by any charged particle (W+) thattrans-
mits the weak interaction. The Lorentz gauge is
used so that

€tk =k @* k—€2)=0. (5¢)

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,(%,q, Q) and
Aux(k, q, Q)l:

CEC:

*uy 4, =@B(p9,5)|V,0)]12c(r9), (6a)

e 242l0,0,@) = GZB(p, £)|4,00)[2C(p @), (6b)
b

J

CVC:
(k,;,:;Qx) V“(k,q, Q)= {2B(p (f), £) I v, (0) llzc(p(i)» ,
»
O
PCAC:
(ky+q,)
—);,Z:L-Auh(k’q, Q)

=(2B(p", £)|4,(0)|2C(p ) +D,(k,q,Q) (8)
with

D,(k,q,Q)= [ de™**(*B(p, £)

x| T, (x)3,4,(0))] 22C(p 1)) (8a)

and
kp,Du,(k’ q’ Q)
=i(2B(p P, £)]9,4,00)[*C(p)). ()

We proceed to construct the general Lorentz-
covariant expressions for V,,(,q,Q), 4,,(k,q,Q),
and D, (¢, ¢, Q) from which approximate expres-
sions for €XV,,(k,¢,Q) and €*A4 ,(k,q,Q) will be
obtained with the aid of the “linearity hypothesis”
(LH)! and the CEC, CVC, and PCAC constraint
equations. We have

Vi, q, Q)=€uaﬂ7 3 [quy(F‘“’kl+F(“’Qh+F1‘3 7)) +qgk, (F(a)k ’*‘Fég)Qx"'Fz(g)qx)

+kBQ7(F(a)k +F:§g)Q)L F(a)qk)]
[ng (F®k, +FPQ, +F®q,) +qk,(FQk, +FLQ, +Fq,)

+ €7La87

+ksQ,(F'k, +F2Q, +Fi3q,)]

+€ kaQqu (F(C)E*

naBy m,3 2 (F(C)k +F1(5)QA+F(C)q).)+ pz (Fz(i)kx*'Fég)Qx"‘F(C)Qx))

(Fﬁ)k +F2Q, +Fyq, )+

ko@sq
+€Aa87‘£7n—§§—z (F(d)g*

(Fz“{’k +FQ, +F2“§)qu)>
p

(F(e)Qan+F1(Z)qakB+F1(.g)kaQB)

g*
+€unas <77a (chi)ks*‘Fég)Qa"'F(e)%)"'
»

q-&* '
e PR+ FR kgt FS20Q) ©)




18 THEORY OF RADIATIVE MUON CAPTURE BY 12¢ 447

A(k,q,Q) ____g, (Gé:)kx‘FG(a)Qx'i'G(a)q))'l' ‘El (G((nb.)k +G(b)Q +G(b)q )

B E*

k
<Gé8)6u)\+7_np_2(c(a)k +G(a)Qx G]f?‘];)"’ (G(a)k +G2(;)Qh+G(a)ql)
b4

+ Lo @k, +62Q,+ G;g»h))
P

o £% k
+LE (00,048 Ok 00,60 45,5 (O + 620+ 62)
+le (G, + 60,4680 ) | (10)
4
D,(k,q,Q)=V2ELS +\/§q'£*<-q-Lf+ —k—”—f"__@a___f>
A A ] ul A m,,2 P mwz Q ZM'ZWLP E
11)

k Q 9y ;
PR V . £%
m,,zfQ 2M'2mi,f5>+ 2k & (m 2/ et

T

F@q k+F2Q (q+k)+F8q (g +k)
| -m2FE +m 2FE =0, (14b)

F@q k+FEQ (q+k)+F3q " (g +k)
—mPFE =0, (l4c)
FR+F®P=0, j=1,2,3, (14d)

Here, each of the weak radiative nuclear form
factors R= (F(a) ,(0), (), @), () G(a) (b))fA P, 0,5 and
fP Q g) is, in general a functlon of the three Lo-
rentz invariants ¢2, @ *k, and ¢ k.

We now apply CEC, as described by Egs. (6a),
(6b), and (1a), (1b), to V,,(k,q,Q) and A ,,(k,q, Q)
as given by Egs. (9) and (10). This yields

F{®=0, j=1,2,3, (12a) FO k +F2Q (q+k)+FSq - (g+k)
2(7(©) () e
F®Q k+F%q - k—— \/—F L@, (12b) +m2(Foy +FE +F©)=0, (14e)
F(c)q 'k+F(°)Q ’(q+k)+F(°)q (q+k)
F®Q k+F®q k=m 2Fgg>, (12¢) . =
+m2(FQ+F2 +FL)=0. (14f)
F®Q k+F%q k=—mp2Fo°§’, (124)

o ( 2 @ Finally, we apply PCAC, as described by Egs. (8),
FRQ k+FBq k=mp2(-F& +Ff (12e) (8a), (8b), and (1b), to A,,(k,q,Q) and D, (¢,q, Q)
FOQ k+F8q k=m2F2 (12f) as given by Eqs. (10) and (11). This yields

a a (a)
G(b)Q.k+G(b)q b= m, ‘/_FA(Q) (13a) G( )q k+G( )Q (KI+k)+Gaq (q+k)
G(a)Q k+G( ok =_mp2(Gé:)+G(()ao) , (13b) =My, ‘/-[FA(q )+fA] ) (153,)
G(a)Q k+G(a)q k__mpzc(()g)’ (130) 'G(b)q k+G(b)Q '(q+k)+G(b)q (q+k)

(@p . (a) — 2 (a)

Gy’ @ 'k +GgSlq *k=-m?Gef (13a) m Z(G((Jtlz)_,_c(b))_ ‘/—fo: (15b)
GRQ k+GPqg - k—-mfcé,z’, (13e)
G k+GPQ (g +k)+GEq (g +k)
C3'Q 'k +GZlq k—-m{ s BFG?), (130 .
m ,
+m 26“”__—5’-2—1” 2[Fg(g®) +fz], (15¢)

GHQ k+GEyq - @) . (13g)

GCPq k+GPQ(q+k)+GCBq (g +F)

Next, we apply CVC, as described by Eqgs. (7) and
(1a) to v,,(k,q, Q) as given by Eq. (9). This yields

F@ k+F2Q (q+k)+FQq (g +k)+m2FE

—w/—F w(@?), (14a)

T

it

+m MGG + G =25 V2[Fp(g?) +f5], (150)
T

GiPq k+G3Q (g +k)+G{Pq " (q+k)

+m,,2(G‘b)

(15€)
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Cq "k +GPQ (g +k)+GiPq " (g +F)

) W’Lps 1 4
+mp2Gé’2’ = —'—‘2—* W \/éfE ’ (15f)

G$q " k+GEQ (g +k)+GPq - (g +F)

m

4
+m 2GR +God)=—2; V2fp, (15g)

_2M'2me k+m”2q k.—1+q2/1’n,,2 ) (15h)
_m%_n:Q.k+£P2q.k=—fA (151)
=

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*k,q"k), i.e., allof the R(¢%, Q@ k,q k)
which contribute to T»; these are all of the
F:.?)’ (d), (¢), (d), (e)(q2’ Q'k, q.k) and Gﬁ_?), (b)(qz’ Q.k’

q *k) except for F{(q*,Q*k,q k), Fif(q*,Q"F,
q*k), G{(q*,Q k,qk), G (¢°,Q k,q k), and
G{®(¢q?,Q+k,q*k) which, in view of Egs. (9), (10),
and (5¢), do not contribute to €%V, (¢,9,Q) and
etA,, (k,q,Q) and so do not contribute to T» [Eq.
(5)]. Adopting exactly the same procedure as that
used in Ref. 1, we first work out an “appropriate”
set of relevant R(¢?, Q*k,q*k), i.e., a set of rele-
vant R(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 Eq. (A1) of Appendix
A but is, in addition, sufficient to determine all
the other relevant R(q%, Q*%,q*k) by means of the
CEC, CVC, and PCAC constraint equations [Egs.
(122)-(12f), (13a)-(13g), (14a)-(14f), and (15a)—
(151) ] and the assumption that these other relevant
R are also of the form required by LH. The ap-
proximation in question is [compared Eq. (23) of
Ref. 1]

Fy,a,p,5q+R)?, (p© = k)?, -M?)

Fy a,p,elqg+k)?, -M2, (pP +k)?)

IR

IR

FM,A,P,E(qZ)y

Fu,,0,6@") > F5 230G +RP, (09 <k, -M,%)
(X:/: IZC) s

Fyoaps@®>FyCob(q+ky, M2, (09 +k)?)
(r+1B),

FM(q:a) > [Fzg.;),(b),(c),(d), (e)(qz, Q" k,q 'k)]BD ,

F, pp@?)>[G2:® (G2 Q k,q  k)lsp,

e (&%, (p VP, (b ~k))=e;(0, =M 2, (p ¥ —)?)
=e,(0,-M;2 -M?)=e,
=electric charge of 2C=6,

e; (&2, (p P +k)2, (pP))=e,(0, (p P +£)?, —-M,?)
=e,(0, -M% -M%)=e,
=electric charge of 2B
=5,

w2, (p D)2, (p D = k)= p, (0, =M 2, (pV —k)?)
=p(0,-M2, -M?) =p,

= magnetic moment of 2C
=0, i

pp 22, (P + k), (p9)?)= 0, (p P + k)%, =M,?)

=1 (0, =M, —M*) = iy
=magnetic moment of 2B
=+1.002, (16)

where X(Y) are intermediate hadrons with the
same electric charge as 2C(*2B) and BD refers to
the “box” diagram corresponding to u~**C~v, 2By
where the photon and neutrino are emitted “simul-
taneously.” We also neglect terms of relative
magnitude y;/e; and A/m,; the last neglect allows
us to drop the @ *q terms in Egs. (14a)—(14f) and
(15a)-(15g).

Thus’ ChOOSing Fz(g)» F:i(g)7 Fég)’ Fl(.'ci)’ Fz(g)’ F(;’(i))’
F@, F&, F©, F, and G&', which are all zero
as calculated by perturbation theory in the approx-
imation of Eq. (16), as members of an appropriate
set, we determine all the other relevant
Fah ®,(, @), gpgq G{@+® by the method outlined
in Appendix A. We obtain

F{9=0, j=1,2,3, 1m)
F#=0,j=1,2,3, (18)
@_ My

1
= =—— 2_M \/EFM(CIZ)

st 2
* ((Q—-et;)'k-'-(Q.‘_e;).k) , (19a)
Fé§’=m7”3§11\—4~/§pb,(qz)

8 <(Q_e;)-k ‘(Q+e,;).k> , (19b)
Fs5'=0, ‘ (19¢)
ng)=mT;§;7\/§FM(q2)

g ((Q —e;)-k _(Q.f;)-k) ; (20a)
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F8 ® _ _m__, \/_F @)

X ((Qf;)'k+(Q+ez;)'k>’

Fz(?)"'oy j=2’3,
F;S’——— L V2F, )

8 ((Q-efz)-k _(Q+ilf)'k> ’

F® = w/_ F,®

x( % b )
@-9)'k " Q+q)k)’
Fg=0,

F{?:O, i=1,2,3,

F2(3)=0, j=172’3)

F(()l{))=03
F{‘}’:O,
‘Fz(’fi)=0,
rg=o

j=2,3,
j=2,3,
b

Féw-ﬂzi VIF, (),

Fig=0,

F{9=0, j=1,2,3,
F&=0, j=1,2,3,
Gy =0,

G§¥=0, j=1,2,3,
G¥=0, j=1,2,3,
G;';’=0, j=1,2,3,

G(()g) P(q 2 2M

(20p)

(21)

(22a)

(22b)

(23)
(24)
(25)
(26)
(27)
(28)
(29a)

(29p)

(29¢)
(30)
(31)
(32)
(33)
(34)
(35)

-2 L 5r A, ey,

(36)

Gog' =m,*V2F 4 (q°) ((Q =g

T -

2m

1 k
W; €tVu1(k’q, Q)= <—‘/—2—€lxon£* “Lt;& QT’

o[ st 2‘1" oo (e

(@u-1) st

.
p

Gog' = =m V2T 4(q*) ((Q —efz) AN +e§) iy ) ’

| (37b)
Gé’{’=—%§ &Fp(qz)(@—;;-k ‘(er;)-k)
2 L Br @)
(e @) (s8]
G;g>__T-—~\/_F @
y ( a‘e_;-_); “KQT?T-‘E) , (38)
Gz(g)=:'n2_:: V2F (g% < © _eqi) & (Q+ec;) ‘k> ’
(38c)

m;’ € ef
Géi):W ﬁFP(qZ)( @ —:1) & T Q+q) R >

2 2M V2F, (qz)

ei ey .
x <(Q—q)'k _(Q+q)'k> ’ (392)

mp® 1
0= gy 2 Fs)

(39Db)

x ((Q = RS P )

) _m__fi 2 e 6
Gss Tm? 2T )< @-a % +(Q+q)'k> :
(39¢c) -

Substitution of these values of the F {3+ @), @), @), @

and G{¢*® into Egs. (9) and (10) for V,,(%,q,Q)
and A,,(,q, Q) and calculation of the quantities
(1/m)e*v,,\(k,q,Q) and (1/m )e*A
enter linearly into T » yields the remarkably sim-

a2, q,Q) which

(37a) ple expressions:
)
T L O +\/—€mn€* qﬁk Qzﬂzk Fulg®e, p:(;> €k>
1::)..2* s pp(:;)e k>+ ‘/—€‘““”’ . ')‘kzlin 2M Fula
- @) 5 ) + Tt 2; Fue)] (402)
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o) - R O ) 2O

1 q-&*
Wps‘tA”‘(k’.q’Q)m/_z_ (HFA(‘IZ)*("*'IQ‘) mz ¥ oM 2m, pP ok

. &% bk (f) o cx
T (s;«FA(qm(qx—kx)"mfz Folg 2)—‘3-;;;—92& Fole?) e/ mg

o« £X% .
+V2ef (qm$2 Fp(qz)—%y—fl: -2%~WFE(q2)(e,~+ef)> . . (40D)
T b4

As an overall check, we can test our results for gauge invariance (GI) by replacing €Xbyk, in the T of
Eqgs. (3)-(5); this gives zero, as required by GI, if

% [V, 2, Q) +4,,(k,q, Q)1 = (*B(p", £) |[V,(0) +4,0)]| *C(p V) (41)
) .

a result which is guaranteed by Eqs. (6a) and (6b). Further, we can perform the GI test on the explicit 7
of Egs. (3)-(5) and Egs. (1a), (1b), (40a), and (40b). Replacement of €X by %, in this T again gives zero.

r

RESULTS form factors |F,(m,/2m,)|, |F,|, |Fp|, and
|Fp(m,/2m,)| are all of the same order so that
With the aid of the transition amplitude =7 the expansion of expressions for the various ob-
+¢ ™ obtained in the previous section [ Egs. (3)-(5), servable quantities in powers of m,/M is rapidly
(1a)-(2), (40a), and (40b)], we proceed to evaluate convergent. Thus, using the gauge €¥=¢* k=0
the various observable quantities associated with and remembering that e;=e; +1 and p‘“’ =p®=0,
u 2C—-v, ®By. Our results are obtained using the we can express the 7% and 7™ of Egs. (4), (1a),
fact that the numerical values of the nonradiative (1b), (40a), and (40b) as
J
T O@E* Fx sW), S(u))N_ 1 1 (v“”)*w)(l 5eD)
’ z0E V2 \/'Z—k_ 2m,

x| Zp, @@ x3) B p @ 5
2m,, ud-n m, 1 ad

2 =) B
My >. P - A m
+— Fplg®)E* <o- —_—)

my m, m, m,/ 2m,

e}

2)2* . E:):I

X (1525 .-g*(vm))siu) y (422)
T @) (2% E*s‘"’ (u))N e_1 1 1 otwma 59
s 19z \/_(Zk )1/2 27,' S,
my 2 T ey e s Fe ey B . p(f)_'_, -
X<2mp u )2[—1(5*Xc)-<*+z(g*><<*)-k]+m F plg®)2E* - e GE) (0™,
(42b)

where v, and v’ are two-component Pauli spmors forv,, u, ¥ is a two-by-two Pauli matrix to be
sandwiched between v ! and v, PP =—F +k) =~[(m, — A k)P +k42], and a term of relative magni-
tude

mwz e;+ey &
mE (2M/m,) Fp

has been neglected.
Assuming that, at the instant of u~ capture, the probability of finding the (I '2C in the spin configuration
specified by s{*’ is P(s{*’) with P(x3)=3(1+P,) where P2 is the u~ polarization, we have



e 9= 3

sENEX,TH, s 9

182

- (9_9__1_
vz (2k0)1/2 m,

+P, D Z(W + WD

where the W"" are structure functions which are
homogeneous and quadratic in the F, , » ;(¢%) and
which also depend on &,. All the W‘") can be de-
composed according to

W(n) W(n) (ll)+W(n) (lh)+W(n) (hh) (43b)

with the W3 @1 i GW) - apg Wi &1 originating,
respectively, from

Z lq’(l)(g*,g*,s;v);s;u))lz,

2*,?*,32’)
-y >
2Re‘1"”*(€*, 5*,83’); s;”))
E*,E*,s;")
Xq‘(h)(g*’g*’s;v);s;u))’
and
nEx . 2
Z “1'( Ki*,f;'*,sé"’,si“))l .

TK T X))
2

All of the Wit wmim - apng W{mihh) gre given
]

. pendix B, that these W{" (3£ 2
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Z |<I'(l)(g*’g* w). s(u))+¢1a(h)(€* Z* s(v)’s(u))] ) P(S;“’))

2 . . . o oA
——1——) 2{[WO+ WD ks WE D k)] + Pk 2[W + WD ke + W (D - k)7

B}, (43a)

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

WO (s @) (6 = % (1) @3 6
(43c)
W Wi =0 E=11,1h.

As shown in Ref. 1, the W{™(¢?,k,/k,) in Eq.
(43a) can be approximated by W3, 2, k,/k,)
where k, is the maximum photon energy and is
approximately m , ~ A=0.87m ,. Wenote, from Ap-
,ko/k,) are simple
quadratic functions of k,/k,=x with 0<x<1. With
these W{"($k,2,x) =W (x) we can immediately
proceed to calculate various observable quantities
associated with p™**C~p **By. First of all, the
neutrino-photon angular correlation

(T]®»

daqm dﬂ()
f411

e(v-k)= (44a)

2

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

W (x)+Pule2 [WE(x) + W (x) ]

__C(rk=1)-e@k==1)
Gii=g &G k=1)+e(v E=-1)

where p+£= +1 corresponds to

my = A= 2k,

P k==1, 2.
lm, — &= 2kl

S WO AWE) [+ P E WO + W) T W) ] (44b)

Further, the angular correlation between the photon momentum and the polarization of the u~

w)
JGi

fdg(v) Q(V)

e(k-2)=

7
corresponds to the forward-backward asymmetry

CEz=1)-e(f-z==1)

Ci:=gFz=1)+C(hE==1)

1}

(W00 + W) + SWEA)P,
FO) + WD)

(44c)

- (1 W) + 3W () = W) = $W () =

WO + )

where we have used

W ’(x))

P . (44d)

“
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f (| 7[%) = (Q(——I)T,-m ) 2 [WO )+ 3WE ) [+ P k2 (WO () + W) + AWH () T} (44e)
as obtained from Eq. (43a). Finally, we have from Eq. (44e)
' rda® 1 1) L
) T ITh= < 2 k) P m > W) +sWBE) (44f)

a quantity which determines the photon energy spectrum dI'(u”**C - v, '*BY)/dk, and the radiative

muon capture rate I'(u” *2C — v, 12By).

TGCte=n By o (Y () (]
dx T °\m k,, m

®

We have, using Eq. (44f),

dﬂ(y) dn(V)l
4m ( |T fz>

G
V22 m3/?

%—ro(ff > 12x(1- ) ] (WO 1) +5W () , (45)
[
;szu5< > )3 =
=—5*(1-— +mf G +M , C,=0.841,
so that ;
1 -2, ., 12
T(p 2C—-v 12B.y)=f ar(u **C - vu *By) dx
® dx

o 2 km)z
- 121rr°(m‘1

[ 1201 = 2 [WO () 4 5 ) Jae

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

r(“- 2o Vu 12B’)/)
r(“- 12C - Vu. 12B) >

R

1]

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

r'(u -IZC-’V 12B)=T, [( 2,2 +Fylg,,?) %W
»

+< F L, +Fpq,%)

. .
qny :(p(f)_p(”)ionrad.

muon capture

=(p) w)
(P p )nonrad.
muon capture

We note from Eqs. (43c) and (44d) that, if the

term

13 [T B s

-4

is neglected so that the W{"{*" are set equal to
zero, we have

as,’é:l.Pu (47)
which is a manifestation of a result originally
stated by Cutkosky,® Huang, Yang, and Lee,* and
recently elaborated by Fearing.® In actuality,

(mu"A) 2

mu(my — A)
mﬂ'

(46a)
(46b)
- 2 (mu. - A)> 2]
FE(qﬂr ) 2mp )
= (= w o~ -
TR et S 2 A0,
(46¢)

F

however, the W;®(*" are by no means small com-
pared to the W{™ @1 and W{"% UM so that deviation
of @; ,/P, from unity is appreciable.

The various observable quantities in u™**C-v,
2By [Eqs. (44b), (44d), (45), (46a)] can be mea-
sured by detection of coincidences between the high
energy photons and the recoil 2B nuclei—here
the u” would stop in a gas, e.g., methane (CH,),
with events of the type u™*C v, 'Bny eliminated
by anticoincidencing on the n. Alternatively, the
K~ 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 u” fluxes as to minimize the number of spur-
ious (and unrejected) delayed coincidences where
the v originates from the radiative capture of one
4™ 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 u~ flux). Never-
theless, in Appendix C, we describe briefly the
evaluation of the polarization and alignment of the
recoil *B nuclei produced in u '2C -y, ?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
difficult.

We proceed to obtain the numerical results for
the various observable quantities _[Eqs. (44a)-
(46¢c)]. Remembering that g,,*=0.74m > and using
Ref. 2, we have

F,(0.74m )= F,(0)x 0.750 =1.97 x 0.750,
F,(0.74m 2)=F4(0)x 0.750 =0.510x 0.750,
Fg(0.74m )= F 5(0) x 0.750 = (3.64 x 0.510) X 0.750,

F,(0.74m ,?)

Fo0.14m,%) == 156 Tam, 2/

7 (1-0.15)=-0.228.

J
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From these values F , 5(3k,%)=F, , -(0.45m ?)
can be obtained by linear interpolation, while

F,(0.45m %)
—_——AN T e -
1+0.45m %/m? (1-0.15)

= - 0.292;

Fy(3k,’) =F (0.45m ?) =

thus the F, , . 5(3#,2) entering into the W{™ (3% 2 %)
EW,f"’(x) are all numerically determined and the
Wg’”(x) are immediately calculable from Egs.
(B1)-(B21). In this way we obtain

W(x)=0.817 - 0.681x +0.362x2, (48a)
WM (x) == 0.741 +0.432x - 0.141x2, (48b)
W@ (x)=— 0.028 +0.249x — 0.221x2, (48c)
W (x)=0.755 — 0.649x +0.275x , (48d)
WEO(x) == 0.707+0.340x +0.034x2 , (48e)
W) (x)=0.309x — 0.309x2 (48f)
W (x)==0.028 +0.028x, (48g)
W (x)=0.028 — 0.028x . (48h)

Using Eqs. (44b), (44d), (45), (46a)-(46c), and
(48a)-(48h), we have

a. . (=0.740+0.432x - 0.141x*) + P % 2(~0.735 +0.368x + 0.034x")
58" (0.789 - 0.432x + 0.141x%) + P +3(0.783 — 0.368x — 0.034x?) (49a)
w
0.u44 — 0.043x +0.116x2
@, .=(1-
¥ (1 0.808 - 0.598x+0.288x2>P“’ (49b)
ar(u” 120 v, 12By)
< - dx =0.808 — 0.598x +0.288x2 , (49¢)
—_ —m — )2
12ﬂro<m“> [12x(1 -x)?]
T(u~2C—v, ®By) _
=0.626, 49d
(/12T (e m, (49d)
I(k 2C~v, ?B)/T,=0.437, (49¢)
_a _k_m>2 0.626 _ ”
B=1on (mu 0.a37 _ 2:08x107, (499)
r
with

{P,} 0 =0.180.01 (Ref. 6). (49g)

Finally, we note that the values of G; ;, G

Ry 2?

dr'(p *C - v, *By)/dx, and I'(p"**C - v, '*By)

are all rather sensitive to the value assumed for

Fo(3k,2)
- F,Gr,2)/ 1 +3k,2/m}?]

2 2
glﬂﬂ-( __L(q)>] =£ (Ref. 2
[ + qz 1 FA(qz)‘ q2=(3/5)km2 g ( € ),
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the sensitivity being greatest for @; ;. Since the

estimate of F(3%,%)/F,(3%,?) in a nucleus as large

as '2C 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 :

dr(l-‘-- 12C -’L/LIZBY)
@5e %0 o

and
I(u 2C~v, *By)

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

dr(”- 12C - Vu. 12B.y)
ViR kB0 dx s

and
r(“- 120, v, ‘ZB)’)

for £=4x 0.85 and £=2x 0.85, and compare these
values with the values calculated for £=0.85 and
already given in Eqgs. (492)-(49d). Using Eqs. (44b)
(44d), (45), (46a)-(46e), and Eqs. (B1)-(B21), we
have

_=0.44-041P,k Z
»E"0.63+0.60P k2
_._=0.51-0.47P,% %
"k 0.56+0.52P k7 |

G

£=5x0.85, x=2, (50a)

(¢4

£=0.85, x=% (50b)

[Eq. (492) ],
-0.54-0.46P, k-2

G, .= —=: £=2%0.85, x=%, (50c
vk 0.58+0.50P k-5 : » %73 (300)
G;.=0.94P : £=3x085, x=%, (50d)
@;;=0.88P,: £=0.85, x=3 - (50e)

(Eq. (49b) ],

G;;=0.69P,: £=2x085, x=%, (50f)

d]."(p.' 12C — VH- 12B.y)
dx

o ro( =) h2e -7

127
=0.617: £=%x0.85, x=2,  (50g)
dr (™ 2C - v, ?By) .
dx =0.538: £=0.85, x=2

1%,#"0(71“) [12x(1 - x)?]
# (50h)

[Eq. (49¢) ],

dr(“'- 12C - V“ IZBY)
dx

=0.484: £=2x0.85, x=%,

a kB \?
—_ Zm )T — x)2
12”1"0(Mu> l12x(1-x)?]
(50i)

T(p *2C—~vu *By) 1 .
7 £=1x0.85, (50j)

=1.03x 10™:

r(“- 12C -V, 12B'}’)
[

[Eq. (499) ],

=0.91x 10™:

£=0.85 (50k)

T'(p 2C~vy**By)
rO

=0.84x10™; £=2x0.85. (501)

APPENDIX A

In this appendix, we describe the procedure for
the determination of all the relevant R
S F{31 0@l gpg G{3)®) py means of the CEC,
CVC, and PCAC constraints of Egs. (12a)-(13g),
(14a)-(14f), and (15a)—-(15i) and the linearity hy-
pothesis (LH) as described in Eq. (20) of Ref.
1; this equation gives :

R*(¢®) R(¢%

R@Q k0 R =T v E Qg F

+R%g?) ,

(A1)

where R¥(¢?) is linear in Fy , » (¢%) and in e,
R(¢? is linear in Fy, , » z(¢%) and in e;, and
R)g?) is linear in Fy , » £(¢?) and in e,, e,
terms of relative magnitude uf/ e, being neglected.
In using the LH of Eq. (A1), we further neglect
terms of relative magnitude A/m, and so drop all
the @°q terms in Eqs. (14a)-(14f) and (15a)-(15g).

We begin by determining all the relevant
F{31©)©)@s () by means of the CEC and CVC
constraints of Eqs. (12a)—(12f) and (14a)—(14f) and
the LH of Eq. (Al), starting from an appropriate
set of F3h®h(eh@h(e)  The appropriate 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:

Fi= F=F9=F= FY
=F@=FO=FO=F9O=F©=0. (A2
Then, with F{¢’ given by Eq. (A2), Eq. (12c¢) to-
gether with Eq. (A1) yields
FP=F¥=0. (A3)

Analogously, using Eq. (A2), Egs. (12e), (12f),
(14b), (14e), (14f), and Eq. (Al) lead to
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F(d) F(d) F‘d) F(d) F(a)
=F;;)=F§°) F(c) F(c) F(c)_o_ (A4)
Equations (12a) and (14a) give
F‘a) F(a) F(a) 0

Fe =Tt o VAF(g). ' (A5)
Finally, Egs. (12b), (12d), (14c), with F' and
Fi® given by Eqs. (A5) and (Al), yield
F(b)___F‘b) F‘a)

_m - 2 é; _ ef
=" g ﬁFM“”((Q-q)-k (Q+q)'k>’

F‘b)_ __F(b) F‘a)

_om 1 e, e
e R A ((Q “E* (Q+2)'k>
(A6)

which expressions are consistent with Eq. (14d).
We thus complete the determination of all the rel-
evant F{3) @) @h@hle) iy Eqg. (17)-(31).

We proceed next to determine all the relevant
G2+ by means of the CEC and PCAC constraints
of Egqs. (13a)—(13g) and (15a)—(15i) and the LH of
Eq. (A1), starting from an appropriate set of
G{a»‘®). The appropriate set used is that calcu-
lated by perturbation theory in the approximation
of Eq. (16) and given in the text before Eq. (17),
viz:

GP=0. (A7)

We first note that Egs. (13a), (13f), (13g), and
(15h), together with Eq. (A1), lead to

e )
@0 @ aF)’

(A8)

Gy =m,2V2F,(q? )<

2 e Z
G®= —m2V2F \(q?) ((Q-;)'k +(Q+:1)'k) ’

(A9)
G;g)= _ﬁ’l ’ —217 \/EFE(QZ)
€, ef
((Q q)°k _(Q+q)°k> ’ (410)
G(b) ‘/—FE(CI )
e e
X((Q—’q).k-'-(Q-F;).k), (All)

) 2 73
Gz “%FFP“”(«@ )k_(Q+q)'k>’
(A12)

(b)__@ej 2 % it
Gyy'= My V2Fslq )<(Q -q)°'k +(Q+q)'k>’

(A13)
fE=_41\/1W,P%g§2_”2
x((@-e2>-k —(Qf;)'k>’ (A14)
fp=—m,2%
@ —e:.z)‘k +(Qf2)'k>’ (A15)

and, using Eqs. (A10), (A12), (A8), and (Al14), Eq.
(15¢) yields

) _ ef.
6=~k “—F “”((Q O (Q+q)'k>

1 e e
my L 2 i f
5 am V2Esl )<(Q =R +(Q+q)'k>’
which is clearly consistent with the LH of Eq. (A1l).

Equations (13e), (A16), and (A1) determine G’
and G{:

) e
Gat’= v_Ff"‘”(«a RN (Q+fz>-k>
Z”'_Pil_ Fy(q?) e
T2 M @ - q) k- (Q+q)k)’
: (A1)
G"”:%L2 w/_Fp(qz)—%QIW\/—ZFE(qZ)(ei+ef).
(A18)

We note that Eq. (15d) provides a consistency
check for the results obtained in Eqs. (A17), (All),
(A13), (A9), (A18), and (A15) for G2, G, G2,
G® G®, and fp.

Further, Eqs. (13c) and (Al) show that G{2’ de-
pends only on ¢®. Similarly, Eqgs. (13d), (15i), and
(A1) show that both G’ and f, depend only on ¢* so
that Eq. (15a) becomes

G k+ (G + G2 gk
= -G+ m22V2[F,(q%) +f ]
=function of ¢ only. (A19)

Equations (A19) and (A1), together with the fact
that G2’ depends only on ¢2, yield
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G'=0, (A20)

G +Gw=0, (A21)

-Gq*+mV2[Fy(g®) +f,4]=0. (A22)
Equations (A21) and (A22), together with Eq. (A7),
lead to

Go3'=0, (A23)

fa=-Fulg. (A24)

With G2, G{¥’, and f, given by Eqgs. (A20),
(A23), and (A24), Egs. (13c), (13d), and (15i)
yield

GP=G6%=0, (A25)
G(a) G‘a) 0 (A26)
e ' e
= _4M i _ i
7= —4Mm,F (q)<(Q—q)‘k (Q+q)'k>’

(A27)

- e e
Fos —m,ZFA(f)((Q _;),k +(Q+2).k> (A28)

and, with G2, G, G®, and f given by Egs.
(A25), (A26), (A8), and (A27), Eq. (15f) yields

G¥=0. (A29)

Finally, with G, and G{¥’ given by Eqgs. (A29)
and (A7) Eqs. (13b) and (A1) determine G;‘;’ and

(A30)

which completes the determination of all the rel-
evant G{4»®) in Egs. (32)-(39c).

We note that the results of Eqs. (A30), (A25),
(A26), (A9), (A31), and (A28) for GgP’, G;;’, c;g’,
Gég’, Gf)g), and fP satisfy Eq. (15g); this provides
a consistency check. We also note that the PCAC
constraint equations (15b) and (15e), which relate
G, G®, and G9 to G2, f, and G&, f, need
not be used since, as noted in the text [after Eq.
(151)], G, {’}), and G{¢ do not contribute to
T,

APPENDIX B

In this appendix, we list the structure functions
W(n) W(n)y(ll)+ W(n),(lh)+ W(n),(hh) as derived from
Egs. (423.) —(43b). Using the notation Fy 4 p &
= FM’A'P.E(qZ) and x =k,/k,, (with k,, the maximum
photon energy so that 0 <x <1), we have

(A31),

2
+2(FM27"‘> (1-3x+3%?), (B1)

W(O).(lh) ZFF 2 +6FA‘FM m

k m
2—'L>z7e—- (1-2x), (B2)

2
Wl(o);(hh)= P) (FP m7;k2m> (1 = 2x + 2x2)

+2F,,m wkn 2k

k 2 m 2
Lm Y P
+6<F”2m,> <km> s (B3)

Wl(l);(ll)_: —FA2+2FA (Fpmy;;kzm —FE 21:;; )
L4 ?

m My
k—(l-—)

k,

2
—-4F FM2 (1 2x)+(FP ﬂzm_FE_'n->

_2( zk_> (1-2%)%, (B4)

mk k

W(l).(lh) "ZFAFM m

2m, k,

a*|=§

2 2
T N R
_4<FM ZmP) (km s (B6)
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@561 _ peian
W(z)’(ll) [(Fpm km _ FE km )2 W W (B].G)
2 2m, WA _ penan (B17)
| Fya=) |2¢(1 —x), (B7) . 2
( ”Zm,, W;z),(hh)= Pmm“kzm 4x(1 —x), (B18)
T
W(z);‘(th)___ F mukm _F km
1 PW EZm, W(o) HUI A W(l),f”) W(o) (1h) W(l),(lh) (B19)
x ., Mukn Pulm g1 - 03 (nh) _ u-km R My
p— %), (B8) Wik - oF, Fygn- T £(1-x), (B20)
1?
R k,
westn g My Ry u 21 - : k ky my
1 P—;n"T Mo m (1-x), (B9) . ng) (rh) _ 2F M F Zmp b (1 —%). (B21)
W(O),(Il) W(o),(ll) (B].O)
WL  plos (B11)
k k m APPENDIX C
Wo% ) = o —LFM—Zm £ (1+x)
1 m
g \efm e - In this appendix, we present the results of our
+4|F MZT;— k—“ , (B12) evaluation of (1) the polarization and alignment of
m the recoil **B nuclei from p™**C - v, *By and (2)
WD o ity | (B13) the circular polarization of the photons emitted in
(133 1R) _ (13 (2h p 2C—~v, 2By.
W H W H ) (B14) u

We first describe the evaluation of the polariza-
. 12
Wél);‘hh)= 2 Fpm wRm ) (1— 2 + 24%) tion P,, and alignment A, of the recoil “B nuclei.
m,2 These two quantities can be measured in an exper-

T
iment in which delayed coincidences between the

+2F, m“k,;" F"’élim— LZ# (1-x) high-energy photons (from u™**C ~v, **By) and the

My Rm 2B-decay electrons (from the subsequent *B —'2C

z( k, >2<ﬂ>2 (B15) e"v,) are detected (see below). To start the calcu-
“om k,/ ’ lation, we have [compare Egs. (43a) and (44e) ]

J

f 4n (I‘I‘]Z

< "rm(g*,g* s&, s(u))+q‘(h) e T, s&, s‘“’)l’"\P siw)
u)!* (y)

(‘f/% (—I)T— > 2[(L+ P} 2)(F + F{k TR x4+ F{Vh ~iE X E¥)
+(A =P 2)FO+F kBl EX+ FOk i EXEX)

\ _ +G,P 2 itx EX+G,P (k-T2 - E*+R-E*2- D)), (C1)
F®=F@iUD L peian L peitn - =1 2 3
G,=G{+GUM+G, =12, (C2) |

where the decomposition in Eq. (C2) is defined in complete analogy to that in Eq. (43b) and where the struc-
ture functions F‘*’ G, are homogeneous and quadratic in the F, , , - £(@®) and also depend on k,. With the

approximation F(*’(q ko/k,) 2F®Ek, 2, ky/R,)=F¥(x),G(g%, k /k =G (3k,2, ko/R,) =G, (x) [see text after
Egs. (43c)] and the notation F, , , »= FM,A'P'E(%kmz), x=k /k (0%x <1) we have

AN ()= B 2 m k k) L ( m k kn
F; (x)=F, +FA(F —n-‘;;-m F EL (1-x)+F ,F, -~ o (2—5x)+ FP—“*-—J’Lm172 FE2 3(1 x)?

k m'k k > ( k )21 2
- F, —m PP _ g Em r Pu N\ 19 _
Fy3 P(FP = Fpg ) i- 0+ (Fuge) 32-trvor), (C3)
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Ry, m m k < m k. k )2
(#); (1h) —um —m_ -x)?
F{ () =F o —H-m 21— x)+2FF w5 ?:+FP—771“”—211 F, e Fpam)s(l-x)
m,k, k.,
-FP 7}:’2 FMm%x(l—x)
2
3 m k k )m . ( 1] >m .
—m. —utm m 2 —_ | 2(9
+F'"2mp<FP mz " Feam ) o s Fugyy, ) s (2= 5, (C4)
2
(+)3 () (4) = %) 1 2 k _k_m_ < L )2(”" )
F} (x) (FP m? s(1=x)*+F, e F"’Zm o 21-x)+2(F 2mp —k—:- s (C5)
o mk ky m k ky \?
F{ "“”(x)=FA<FP7‘n‘FﬂL Fyg gy >2x+F F, p2x+<F # FEZ—n"‘-> 3x(2+x)
k(.. mk k k > L ‘
+F,,,2—;:-<Fp7n“?“—FE§;‘:'>2x(1-x)+<F 2—'"— 5% (4 - Tx), (C6)
R
Feran)=p, F Mlng v p ’2 <FP%_F -’im> 2y(@+x)+ P ukap Zx(l x)
mye m, £2 m, M 2m
k m, k k k 2m
—_— —tm —_— | —_—m el
+FM2mp (FP el P )kmzx+< M2mp> P (ko)
F it (y) = (F muky >i (2+x)+F mky F Fou 7y $(1+2x) (C8)
2 P mﬂz 3X P mrz M9 k ’
(+)3(11) = 2 _me k _m_k __m_k
F{ (x)==F2~F,(F, - —FE2 21-x)-F FM2 2(2 - 5x)
_<Fp—zmm k -F, L )%(1—x)(1—2x)+< L ) 3(1+2x), (C9)
m, E2m M om
. mk, k, m m k k
F@iamp)=_f F "uln e 2(1-x)-2F FM2 7= FPWFM%%(l—x)(I_Zx)
) k m k E \, 3 >2m \
— m. ulmo m V201 )= m ) e 2(9 _
FMZWLP<FP m2 F527 )3(1 x) <FM2mp P 2(2 - 5x) , (C10)
o m k k. m k. \¢(m \?
By )= = B o ™ Py T # (0 8) (Mz—nﬂ <E;‘>’ (c1)
F{ O (x) = F{iO () = FO 0 (x) =GO (x) =G4 (x) = 0; £ =11, Ih, (C12)
(-); (hh myk, )2y 2 ‘
FiDH A (x) = FPTn“?m“ s(1-x)%, (C13)
2
F{ () = <F —%ﬂ'ﬁ ) (- Dx(2-5x)+F, IE —upnF 2k 3(1-4v), : (C14)
(=); (hh) mk km_m L ( _k_m_>2<m >2 ’ -
FS§ (x)=F, _“—MF“ZmP%—uG(l 4x)+ — MZm ?:- s C15)
e (g ()
L 16
o 3(1 4x) + wom, ) \ 7)) (C1e)

G (x) = —GM(x) . (c17)



18 . THEORY OF RADIATIVE MUON CAPTURE BY 12C 459

We choose the £’ axis for the quantization of the spin of the recoil **B nucleus so that E(tl) (F1/V2) (&’
1i91), g(O) £’ (with £/,9/,2’ orthogonal) correspond, respectively, to the s‘ B)=+1, 0 substates. We then
determine the three populations %,,, 2, corresponding to the s“zB’—il 0 substates by substitution of g(il)
= (F1/V2) (£’ £if’), E(0) =4 into Eq. (C1). In this way, we obtam

P, (x,k -2,k 2" 28-27)

hy—hy
hd+hﬂ+h

-9 : E[F{(x)+ F§(x)]+ P, k. - B[Fi{(x) - F{(x) H+P £ -5G,(x)
BF @+ FC ’(x)]+[F‘*’(x)+F‘ )(x) }+P B 2B[F{V(x) = FO(x) ]+ [FSP(x) = FS7 (%) [+ 2G, (%)}

(C18)

Ay (x, k2 k2878 .57)
g +ho = 2R,
Chg+hoyt+h

PN

B [8( -27)2 = S [F$9(x) + F§(0)]+ Pk« S[FE(x) = FY) | F+ [3(R -£7)(8 - £7) — 3k -212P G, (x)
T BIF ) + FO@) ]+ [FP ) + FO0) [+ PR EB[FLV () —FL ()] + [FSP(x) - FSO(x)]+ 26, ()

(C19)

In partxcula,r, we note, from Egs. (C3)-(C19), that P, (x, E. 2,k.8,% y=-2k .5 and
A,(x, k- -2, PR £1,£.£7)=0 if all the F, , p 5(¢%) but F,(¢°) are set to be zero. We also note that a proce-
dure entlrely analogous to the above for the evaluation of the recoil *B polarization and alignment in the
case of the nonradiative muon capture u”'*C - v ,'?B yields®

Py inonraa. (#-27)

{F p(g,,2)[m ,(m , = 8)/m,2] = [F (q,,2) + F (g, A)[(m, - 8)/2m,] 2 )
2T @D+ Fa@n [0 = 827y Pt T 4@, + F pla, DY 0 = 8)/m,2] = F g, = 8/2m, F) * (C20)

=32-5rp<

Aav;nonrid. (£-219=0

(Cc21)
which is to be compared with Eqs. (C18) and (C19)

As regards the feasibility of measuring P, (x, k. -z, b.gr <2%) and A, (x,k-2,k-£/,2-£'), we consider
the delayed coincidence between the photon emitted in the radlatlve muon capture n 12C -V ‘sz and the
electron emltted in the subsequent decay of recoil 2B 12Ce" 7,. Choosing 2’=% so that £’ - é‘ -z
=cosb ,,, £ rk=k-k= 1, and £’ pe k- pe —cosee,, we note that the number of delayed-coincidence y-e
events at an angle 6, w1ll be proportional to?

1- P, (x;cos6,,)(1+ a.E,) cosf,, +A,(x; cosd ,,)a. E, (3 cos®d,, - 3), (c22)

where

P, (x;cos6,,)

=P ko2, k 2,220 55
=2 [F3(x) + FY ’(x)]+P €086, [F{V(x) — F$(x) + G, (x)]
B0+ FU ] R0+ R0 }"Pu°°Seu1{3[F‘1*’(x)fFi"(x)]+[Fé”(x)-F§->(x)]+2<;2(x)}s

(C23)

A, (x; coss,,)
=A, 0,k 8,k-218-5) ;5.4
[Fi9(x)+ Fy(x)]+ P, cosp, [FE(x) = F§Xx) + 2G,(x)]
BFP ) + F7) ]+ [FL(x) + FL (%)) F+ P, cose ,, B[F{(x) - FL7(x) ]+ [F5P (x) = F& (%) ]+ 2G, (%)}

(C24)

=2
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and?

(L L),

(C25)

If we now remember that . 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; cosf)w).

As a numerical example, we obtain

P, (x=%;cos0,,)=2

(=0.179)+ (-=0.179)P cos@ ,

0.538+ 0.609P,, cosf ,,

A, (x=%;c080 ,,)=-2

(=0.115)+(=0.176)P, cosb ,,

0.538+0.609P , cosb ,

for

< F p(q®) )
__FA(qz)/(l + q2/m1r2) q2= (3/5 )km2

2[1 n; <" AEZ?)]qz:@/s)kmz

=£=0.85

and x= 5. As can be seen from Egs. (C3)—(C17)

and (C23), (C24), the values of P, (x;cos6,,) and
A,,(x; cosf,,) are quite sensitive to the value as-
sumed for

( U8) )

—FA(qz) 1+ q2/m”§) 42= B/5)kp2
(138 -2

q* F,(q)

but, unfortunately, and as noted in the text, the

measurement of P, (x;cos6 ) and A, (x;cos6 ,,)

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

i}
oo

q2= 3/5)kp2

BT [ (e, - (7122
Pclrc.=
aQ do’ 2 2
[ [ BT
dsz"’ aa®’
<I‘H ).
=1-2 f
)
& —4—(<lf!2>++<|<ﬂz>_)
dQ(y) dﬂ(
213,
S1ig AT , (c27)
(7) (v
fdQ fdﬂ (712
where

(C26)

(
IT( l)(i* s* s U),SLU))

dri=3 (%

sgw) E*,s(z")
+T"”(€:,Z*,si”’ (u))| )
XP(s*)) (C28)

with &* and €* right and left circular polarization
vectors, respectively (¢, = (1/V2)(&, +i&,),k=¢,
with &, €2, ¢, mutually orthogonal). Equation (C28)
for (| 7|?), is to be compared to Eq. (43a) for
dz?=(71%),+(l7[?).. Evaluating the sums on
the right side of Eq. (C28) we have

(r1%,= (w/—(Zk)l 1>2

x2{[U8)+ V- Fe UEX0 )]

+ PR 2[U+ UL R URND R

u
. o[r7(0) (SR PN
+P,0-2[US+ Uy P R},
(n)_ prim);C10) (n); (1h) (n);Chh)
Ui;ﬁ_ Ui;i: + Ui;t' + Ui;*' ’ (ng)

W(n) U(n) U(n)

3=

where the U‘"’ are structure functions which are
homogeneous and quadratic in the F, , » 2@ and
which also depend on k,. We note that T
s¥;s4#7) =0 [this follows from Eq. (42a) since
(l—o -£)G-€x=0]; thus only TP (é*, Bx, s st
contributes to (| 71%). (i.e., UR=U{TY ""”) so that
(| 71?)_ depends only on FM(qz) and F p(¢°) [see Eq.
(42b)| and P, =1 only if the terms involving
F,(¢®) and F ,(¢%) are neglected.

We now approximate [see discussion after Eq.
(43¢)] UTXg%; ko/ky) by UG R,E R /R,), caleu-
late the UM (3k, 2 ky/k,,) fromtheFy , p 5 (3%,7)
listed in the text, insert the values obtained in
Eq. (C29) to get (|7|?., and integrate over
all » and k. We then get



18 THEORY OF RADIATIVE MUON CAPTURE BY !2¢C

dQ(Y) dQ(v) Ge 1 1 2
o [ 1= (g ) 2 (o

+ (FM(% k,Z

0. ®

k 2
2y 2'") 2(3_ 8x+ 8x?)

k

3 (F,,,(% ka)z—}inm—)z(% )2]

which, together with Eqgs. (44f) and (48a)-(48¢c) for

Jdﬂ(y)fdg( v)

yields upon substitution in Eq. (C27)

1_9 0.052 - 0.043x+0.117x%

Pewre. =1 = 257308 0.598x + 0.266:7

=0.72 for x=%. (C31)
As can be seen from Egs. (C30) and (C27), the

461

km ( 3 2 mg m)in_g4
2m,> Frlsky) m,2 Ik, 31— 40)

(C30)

-

value of P, is also sensitive to the value as-

sumed for

[ F p(q%)

- FA(qz)/(l + qz/mwz)]q2= (3/5)km2'

2
z[u’Z; <1

E'é_

N %EZ;%> ]a2= B3/5)kp2

But, again, the experimental determination of
P, appears to be extremely difficult.
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