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We present the results of a new calculation of the muon-capture rates in hydrogen and Bee, with special
emphasis on the estimate of the induced pseudoscalar form factor Ep. Two values of Fg based on the Nambu
and the Gell-Mann —Levy versions of the PCAC hypothesis are given, and the corresponding capture rates
are compared with experimental data.

of PCAC. It is found that two estimates of IlI are differ-
ent by 11% in the case of hydrogen and by 40% in the
case of He'. The capture rates are not very sensitive to
the values of P~ but more improved data could certainly
determine which of the two versions is correct.

I. INTRODUCTION

HE main purpose of the study of muon capture in
hydrogen and nuclei is to establish the general

principles of weak interactions' such as muon-electron
universality, V-A interaction, and the hypotheses of
conserved vector current (CVC)' and partially con-
served axial-vector current (PCAC). '

The experimental study of muon capture in hydrogen
has always been performed with the use of liquid hydro-

gen; thus the theoretical analysis is complicated by the
difIiculties in solving the molecular physics problems
involved. Recently, a preliminary result of the experi-
mental study of muon capture in gaseous hydrogen has
been reported. ' This eliminates the difIiculties arising
from the molecular physics problems.

The conventional analysis of the muon capture in
nuclei has been based on the impulse approximation,
and the calculated capture rates are in general rather
sensitive to the details of the nuclear wave functions
used. This difFiculty can be avoided by the use of the
elementary-particle treatment of nuclei developed pre-
viously. ' The capture rate of the reaction p +He' —+

H'+v has been most carefully measured, and a more
accurate experiment is currently under consideration.

For the reasons described above, the present paper
re-examines and re6nes the previous calculations of the
capture rate in hydrogen' and He' (Ref. 6) by using the
latest experimental data available for the calculation of
the capture rates. In particular, we calculate the value
of the induced pseudoscalar form factor FI with the use
of the Gell-Mann —Levy version7 of PCAC. We also
present an estimate of IiI based on the Nambu version'

II. CAPTURE-RATE FORMULA

G cosa'
(v, lVr

i
H„(0) i p, lV;) = (u„y (1+ps)N„)

where G (=1.02)&10 '/m„') is the weak-coupling con-
stant, Hc is the Cabibbo angle (cos8c——0.98), and V, & &

and A & ) are the vector and axial-vector hadron weak
currents, respectively. For the cases of interest, i.e.,
p +p~n+r and p +Hest H'+v, the matrix ele-
ments (Sr ~

V~' '~E,) and (Mr~A„f 1~X;) are given by

(Sf ~

V ' '~S;)=rcpt Fv(gs; X;—+ Ef)
(o pcs/2mv—)Fsr(gs; N, -+ Er)]N;, (2a)

+(i(m, +mr)/m ')g ps'(g'; E,-+Er)fu;, (2b)

where we have treated the nuclei as elementary par-
ticles. ' In Eq. (2), FTr, Fsr, Fz, and Fp are, respectively,
vector, weak-magnetism, axial-vector, and induced
pseudoscalar form factors which contain in this treat-
ment all of the information regarding the effects of nu-
clear structure, and N~ and I; are spinors describing, in
the nuclear case, the motion of the nucleus as a whole.
We have also assumed that the weak hadron currents
are first-class currents, ' so that the scalar and tensor
form factors Fs and F& do not appear in Eq. (2).

The matrix elements (1), (2a), and (2b) yield
the well-known expression for the muon-capture

*Work supported in part by the National Science Foundation.
'R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193

(1958).
~ Y. Nambu, Phys. Rev. Letters 4, 380 (1960); J. Bernstein, S.

Fubini, M. Gell-Mann, and W. Thirring, Nuovo Cimento 17, 757
(1960); M. Gell-Mann and M. Levy, ibid. 16, 705 (1960).

' A. Alberigi Quaranta, A. Bertin, G. Matone, F. Palmonari, A.
Placci, P. Dalpiaz, G. Torelli, and E. Zavattini, Phys. Letters
258, 429 (1967).

' C. W. Kim and H. Primakoff, Phys. Rev. 139, 31447 (1965l;
140, B566 (1965).

' H. Primakofl', Rev. Mod. Phys. 31, 802 (1959); P. K. Kabir,
Z. Physik 191,447 (1966).
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7 See the last paper in Ref. 2.
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The matrix elements for the muon-capture process

p +X,-+ Ef+v is given by



PCAC AND MUON CAPTURE

rate"

F(p, +N;-+ Nr+v)

G' cos'eon'm„'PZ(N;) j3
C(N') n'r'

X(LGv(q' N' N83'+3L~~(q' N' ~ Nr)3'

—2G„(q', N; —v Nr)gp(q', N; ~Nr)

+LGp(q' &V'~ Nf) j') '

factors Fn;„,(q'; N) and Fp,„i;(q'; N) by

F,(q;N, N,)=F;, (q;N;)-F;, (q';N, ), (4)

F (q; N, N,)=F,.„„(q;N;) —F,,i;(q'; N,). (&)

Furthermore, FD;„,and Fp„„q; are given in terms of the
charge and magnetic form factors Fch and. FM,~ as

Fi);, (q'; N)

q2
= Z(N)Fch(q' N)+ y(N)FM. s(q' N)

4m„2

ns;2 —mf'+m„' m„))
F.„=m„1+ — 1+—i

m, 12mpss j

E.
G„(q';$; vg) tv(q', $; -

vg)(=l+
28$f

Gg(q' N -+Nr)= —Fg(q' N -+Nr)

E.
Fv(q' N ~Ng)

25kf ~

+ Fir(q'; N, -+ Nf)

F., (m;+mf)
Gp(q'; N; -+ Nr) = — m„Fp(q', N, —+ Nf)

25$f ~ 5$qr

tgf
FM(q' N ~Nr)+F~(q2' N ~Nr)

'my

Fv(q'; N;~ N, )—
5$)M,

2

, =.„+2.„(..—.,—
25$f

where Z(N~) is the charge of the nucleus N;, a is the
fine-structure constant, and C(N, ) is a correction factor
for the effect of the nonpoint character of the charge
distribution of N, which takes the values C(p) = 1 and
C(He')=0. 965.' Thus, the capture rate is completely
determined by the form factors Fy, F~, F~, and FI.

Fp, i;(q', N)

Z(N)
F(N)FM, I(q'; N) — -Fc),(q', N)

A (N)

x()+ ',,~, (6)

where F,(N) and A(N) are the magnetic moment and
mass number of the nucleus E. The form factors Fgh
X (q'; N) and FM„(q', N) are, then, obtained from ap-
propriate electron-E scattering experiments, so that
F~ and F~ can be explicitly determined.

At the present there exists no theory to calculate un-
ambiguously the form factor Fz(q'; N, —v Nr) without
a recourse to the impulse approximation. On the basis
of a comparison of the expression for (Nf ~A ' ) ~N;)
given in Eq. (2b) and the impulse-approximation ex-
pression of (Nr~(A, ( ) ~N;) with meson-exchange cor-
rections, it has been shown' "that

Fg(q2; N;~ Nr) F~(q', p-+ e)

Fg(0; N;-+ Nr) Fg(0; p —+ n) I

Fv(q', p-+I) FM(q', N;~Nr)

Fv(0; p-+ e) FM(0; N;-+ Nr)

1+q'/Mv' '2

1+q'/M~'

GL FORM FACTORS—THEORETICAL F)If(q' N -'+ Nr)X, (1)
Fir(0; N; -+ Nr)

"In Ref. 6, it was assumed that

Fg(qm; P~ n) Fv(q', P~ n)
Il~(0; p —+I) Iiy(0; p —+e)

'~ Equation (3) is correct @@thin neg1ect of terms =E ~/4m~~,
E„'/4mP, - ".

%e novr proceed to calculate the values of the form
factors at the appropriate momentum transfer g2, i.e.,
q'=0.88m„' for p +p-+I+v and q'=0.96m„' for where we have used the experimental dipole-6t form
p, +He'-+ H'+v. factors

The form factors associated with the vector current
are obtained from the CVC hypothesis which relates ~ v "(q 'p )/ v ( & p +)~ (1+q/~v")
Fy and F~ to the Dirac and Pauli electromagnetic form
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P (q'~' &r) P (q'P I)
Pp(0; N, -+ Xr) Fp(0; p-+ n)

Pg(q', P -+ ts) F~(qs; X;-+Xr)
(8)

F~(0; P ~ e) Fg(0; E; +Xr)—
%ith the use of the approximate relations

Fp(q', P-+n)= Fp(0; p-+n)
1+q'/m '

F~(qs; p~ tr)=P~(0; p ~ n) for lq'I &m.s

and the Goldberger-Treiman relation in the form'~'

Fp(0; lV;-+ Xr) Pg(0;—E—;-+Er),
Eq. (8) becomes

(10)

Fp(q'; X;-+Xr)=— Fg(qs; P;-+Sr). (11)
1+q'/m '

It ls llltcl'cs'tlllg to Ilo'tc that Eq. (11) 1mmcdlatcly fol-
lovrs if one uses the Nambu version' of PCAC. This is
based on the assumption

lim (iVrl8 A t &IX;)=0,

vrhich, Nambu argues, can be satisled by the condition

m '+q'
Fg(q' X;-+1Vr)+ — Fp(q' Ã;-+ Xr)=0. (13)

5fg 2

Tllls lmmcdlatcly leads to Eq. (11).Fol' tllls lcasoil wc
refer to Eq. (11) as the Nambu formula, in spite of the

~~ See, for example, G. Weber in I'roceed&sgs of the ZN7 IeterrIa-
tioeA Symposium mc Electron md I'hotoe Interactions at IIigh
Energy, Stanford, Ip67 (Stanford Linear Accelerator Center,
Stanford, Calif. , 1967}.

"The value Mg= (0.99)"~ BeV is an average of two measure-
ments, Mg= I I+0 3BeV LT. .B. N. ovey, Invited talk at Washing-
ton, D. C. meeting of the American Physical Society, 1968
(unpublished}g and My=0.81 s so+'" BeV LE. C. M. Young
CERN Report No. CERN 67-12, 196/ (unpublished)].

H. PrimalMB, in High &rergy Physics and Nuclear Structure,
edited by G. Alexander (North-Holland Publishing Co., Amster-
dam, The Netherlands, j.9Q').

with M v'= 0./I BeV' (Rcf. 12) and M~s= 0.99 BeV'."
The value of Fg(0; X;-+Er) can be obtained from the
fI value of Xr-+ E;+s +-i.

It now remains to specify the form factor

p (gs; iver;~ X,).
The estimate of IiI is based on the PCAC hypothesis.
Various hypotheses vrould predict diferent values of
IlI, the Nambu versions and the Gell-Mann —Levy ver-
sion~ being the vrell-known examples. First, @re discuss
the formula I Eq. (11)below jwhich has been used in the
pl'cviolls wol'ks. Ill R WRy slillllal' 'to 'thR't ill Eq. (7) lt
can be shove' that

fact that Nambu's argument may not necessarily be
valid for the nuclear case."

The Gell-Mann —Levy version of PCAC' is based on
the relation

ri A 1+&(x)=a m, sq, &+'(*), (14)

where a (=0.95) is the pion-decay coupling constant
and p &+&(x) is the pion field. Taking the matrix ele-

ment of Eq. (14) b~~~~e~ &Xr I
and

I z;), we obtain

F~(gs; X;-+ Er)+(g'/m ')Fp(g'; E, +Er)—
=a.m fs. i,vsr(g )s/( m. +sg )s, (15)

where f ~,iran
(gs) is the irX;Xr vertex function evaluated

at g', so that, rewriting Eq. (15), we have

m~'
Fp(qs; X;-+ Nr) = — Fg(q', iV; —+ iVr)

m '+q'

+~furr;Nr(q )XI+ 1— . (16)
q' F~(q', X;~Xr)

Equation (16) shows that in the Gell-Mann —Levy
version, a knowledge of f iv,.sr&(g') as well as of
P~(gs; X,—+Er) is necessary to calculate Fp(g'; X,—+ Er).
In view of the absence of such a knowledge of f si, ivy(gs),
we proceed to estimate f N, ~r(g') in the following way.
The value of f rr, Nr(0) ca. n be calculated from the ex-
perimental value of F~(0; X;—+ Er) with the use of the
Goldberger-Truman relation"

Fg(0; E,~ 1Vr)=a f rr, ~,(0), (1&)

which is obtained from Eq. (15) in the limit g'=0. The
value of f ,ivs(arm'. ), i—.e., the physical ~EdVr strong
coupling constant, may be obtained from an analysis of
appropriate experimental data, e.g., f ss(—m ') from
a dispersion-theoretic analysis of s.++p -+ s++p elastic
scattering experiments. Once the values of f sr, r(0iv)

R,nd f &,&r( m') arc k.now—n, f &pr(g') «» lg'I gm s

may be calculated by means of a linear extrapolation of
the values at the two points.

The ]ustj6catlon of the linear extrapolation ln g for
Ig'I hm~s is based upon a dispersion-theoretic calcula-
tion of the form factor in (Ãr I

tl A & &

I
iV;). Under the

assumption of the unsubtracted dispersion relation, vre

have'6

(Xr I
el„A t—& IX;)= (m+mr)(urysN;)4(q')

Q2

4(qs)=F~(qs; A, -+ Xr)+ Fp(q', E; +iVr)-
tn~'

f;,(-+, 18
q'+m, ' qs+ mes

"The usual pion-pole dominance is, in general, not a good as-
sumption for nuclear processes. Thus the Nambu argument may
be valid only for the value of q'—0 for nuclear processes.

'6 See, for example, C. %. Kim and M. Ram, Phys. Rev. 162,
i584 (j967).
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where P represents the effective 3s, 5s, ~, P=O
contribution which we approximate by a pole of mass ns p

and is not necessarily related to a real particle or reso-
nance. Comparison of Eq. (18) with Eq. (15) gives

fwNrNI(q') =fr¹Nr( m—m')

x 1+ ! I
. (19)

apfpN, sr, ( mp—') (1+q'/m. ')
a f rr, rvr( m')—t 1+qs/mps)

Since we expect mp'&(3m )' for nucleon and He'-H'
systems'r and Ig'I&m ', the quantity (1+g'/mp') '
in Kq. (19) can be expanded to give

(22) reduces, with the use of Eq. (17), to the Nambu
formula, Kq. (11).However, these approximations are,
in general, not valid for the nuclear case and we expect
the quantity in the bracket in Eq. (22) to be different
from unity, i.e., the nonequivalence of the two versions
of PCAC. If we set this quantity equal to unity, we
would then obtain the following g' dependence of
Fg(gs; 1V;-+ 1Vg);

Fz{q' 1V;~Nr)=Fg(0; 1V;-+1Vr)

f rr;Nr( m') — q'
X 1— —1 for Iq'I&m '. (23)

f N, rv, (0) m '

f rr;n j(qs) =f rr, srr( ms)—(1+&)

(mp m) —( q.
X«1+ ! Iq'I 1- +

1+]l mp'm. ' ) k mp'

where
apfprrp'y( mp )

~(1.
arf~NrNy( m~ )

yields
f rrpr, ( m, ')—

M~ ——Nm. —1
If.N,sr, (0)

(25)

Comparison of Eq. (23) with the dipole-fit form

F~(g'; 1V,~1')=Fg{0;1V; +1')-[1+(gs/M ')j-s
=Fg(0; 7;~1')[1—(2gs/Mgs)]

&20&

for Ig'I &m ' (24)

This clearly indicates that the linear approximation in
g' for

I
g'

I
&m ' is valid; in fact, for g'= m„', the correc-

tion is less than 1jz. Eliminating the unknown param-
eters $ and mp in Eq. (20) with the use of the values

f rr, rr~(0)=a '.Fg(0; 1V;-—& 1VI) and f rrpr~( m'), —
and keeping only the term linear in g', we obtain

Fg(0; 1V;~ 1Vf)
fear;err(q )=

a~f~rr, rrI( m~ )—
X 1+ 1—

Fg{0;1V,~1Vr) m '

for
I
q'I &m. ', (21)

which, of course, reduces to the Goldberger-Treiman
relation of Eq. (17) in the limit q'= 0. Substituting Eq.
(21) into Eq. (16), we finally obtain

Fp(qs; 1V; +1Vr) = -Fg—(q', 1V;~ Ey)
1+q'/m '

F (0;1V; Er)i
X 1+

q' 4 F~(qs' 1V ~1Vr)1

a f rr;re( m') Fg{0;1V;-—+ 1Vr)—

F~(qs; 1V,~ 1Vg)

We note that in the approximations, F~(g'; 1V;~1')
=F~(0; 1V; +Kg) and f rr;-Nr( m')=f N;NI(0—), Eq.

'~ This can be seen from the fact that in the dispersion-theoretic
treatment of the Goldberger-Treiman relation for the He'-H'
system, the contribution of states other than the dominant single
pion pole is about 13%%uz as in the case of the n-p system (see Ref.
23 below).

For the case of the nucleon, where f „~(—m ')=1.43
(Ref. 18) and f.„„(0)=F~(0; p n)/a. =1.24, we ob-
tain, from Eq. (25),

Mg —0.5 BeV, (26)

which is in disagreement' with the experimental re-
sults" obtained from neutrino-nucleon elastjc scattering.

A. p +P-+ n+v ( q=s0. 8m8„)s

From the electron-nucleon" and neutrino-nucleon"
scattering data, we have

F(v'g= .088m„sP-+ fs) =O.N3,

Fs(rg=s.088m„sP -+n) =3.60,

F~(g'=088m ' P-+n)=1 156

(27)

(28)

(29)

where we have used Fg(0; p +e)= 1.18. -
Let us denote the Nambu and Gell-Mann —Levy for-

mulas of I'I by ITIN and IlIG-L, respectively. We then
have, from Eqs. (11) and (29),

F~N(gs= 0.88m„'; P +rr)—
= —O.N9[—6.63Fg(0; p-+ e)g. (30)

» J. Hamilton and %'. S. Woolcock, Rev. Mod. Phys. 35, /37
(1963).» For the case of the He'-H' system, the agreement becomes
even worse, because Eq. (25) and the values, f rr, arri(0) =1.2'F and

f rr, 'ae( —m ') = —1.13 (see Ref. 23) would predict an imaginary
value of 3fg.

IV. FORM FACTORS—NUMERICAL

In this section the numerical values of the form fac-
tors are presented for the processes (A.) fr +p ~ rr+ r

and (B.) fr
—+Hes ~ H'+u.
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Zg a+5
+ Fp(q'; X;-+1Vr) I;. (31)

Sip V. RESULTS

A. p +P~ n+vSubstituting the values of f „„(—m ') = 1.43 (Ref. 18)
and Eq. (29) into Eq. (22), we have The rate of the process ts +p ~n+ v from ttP singlet

atomic system is given by'Fpo L(g' =0.88m ' P ~ rt)
= —0.853 $ 7.37F—g(0; P ~n)]. (32) F(ts +p —& tt+p; ttp singlet)

The value quoted in the bracket represents the corre- of Eq. (37), in fact smaller by about 40%. This is due to
spondingvaluein theusualnormalization of Fpasgiven a rather sensitive q' dependence of F~(q'; Hes~ H')
1n which results from the nuclear structure sects. With

this property of Fp(g'; Hes-+ H') one can compare, in
(-)I yA —I p /2. w. ~orbP /I & I i) Nf 'y&'ysF+(q &

~Vt~ ~~ r) nuclear muon capture, the two versions of PCAC and
determine which of the two versions is correct.

We note that Fp~L(q'= 0 88m ' p -+ I) is larger (in
magnitude) than FpN(q'=0. 88m ' p-+st) by about
11% and also that the value of Fp on the basis of a
dispersion-theoretic argument" is known to be roughly
—0.83 [ 7'(0; P ——+ rt)j.

F (g'=0.96m ' Hes ~ H') =0.811,

F (g'=0.96m„'; Hes-+ H') = —4.69,

(33)

(34)

where we have used the experimental values of the mag-
netic moment, tt(Hes)= —2.13 and tt(Hs)=2. 98. The
measured rate of H' ~Hes+e +f gives"

F~(0; Hes ~H') = —1.207, (35)

so that from Eq. (7)

B. p +Hest H'+v (g'=Q. 96m ')

From the elastic electron-He' and electron-H' scatter-
ing data" and Eqs. (4) and (5), we have

We use

6' cos'Hgo. 'm '
st Gv —3G„yGpgs (39)

27r2

g~ '=0.576

E„=99.2 MeV.
(40)

The numerical values of the form factors are given by

Gv(q'=0 88m .' P —+ rt)=1.024

G~(q' = 0.88m„' p -+ I)= —1.397

GpN(g'= 0 88m„'.; P -+ rt) = —0.594

Gp~'(q'= 0 88m '. p ~ st) = 0 63—9.
From Eqs. (39)—(41) we obtain the capture rates as
listed in Table I.We have also listed in Table I the cap-
ture rates calculated from the value, F~(0; P~n)
= 1.23, which is based on the recently measured value
of the neutron half-life. "

F~(q'= 0.96m ' He'-+ H') = —1.046.

The Nambu formula of Eq. (11) yields

(36) B. p +Hes~H'+v

From the numerical values

Fp (g'=0 96m„'; He.'-+ H') =0.675. (37)

Substitution of Eqs. (35) and (36), and the value

f H,~nl( —m ')= —1.13 which has been calculated"
from the observed Panofsky ratio

F(sr +He'~ Hs+sr')/I'(sr +He'-+ H'+7),

into Eq. (22) yields

Fp~L(q'=0. 96m ' Hes-+ H')=0.400 (38)

which is considerably smaller than the value of

q;g'= 0.824

E„=103.2 MeU

C(He') = 0.965

and the form factors

Gv(q'= 0.96m s Hes-+ H') =0.826

Gg(q'= 0.96m„'; He'-+ H') = 1.290

Gpw(q'= 0.96m ' Hes -+ H') =0.602

Gp~L(q'= 0.96m„' Hes -+ H') =0.448

(43)

Fp"(g'= 0.96m ' He' —& H')

"See, for example, H. PrimakoG in Proceedings of the Enrico
Fermi International School ofPhysics, 1964, Course 3Z: 5"eak Inter-
actions and High Energy Xentrino Physics iAcademic Press Inc. ,
New York, 1965).

"H. Collard, R. Hofstadter, E. B. Hughes, A. Johansson,
M. R. Yearian, R. B. Day, and R. T. Wagner, Phys. Rev. 138,
B57 (1965).

"The value of Eq. (35) is obtained by taking the ratio of the
ft values of neutron decay and H' decay. This eliminates the uncer-
tainty due to. the radiative corrections.

"D. Grif5ths and C. W. Kim, Phys. Rev. 173, 1584 (1968).

we obtain the capture rates as listed in Table I. In this
case the capture rates do not depend directly on the
value of F~(0; p -+ st).

Finally, we remark that the errors in the theoretical
capture rates in Table I, which arise mainly from the un-
certainties in the experimental values of the form factors
and the ft values, are less than 3%.

24 C. J. Christensen, A. Nielsen, A. Bahnsen, W. Brown, and
B, M. Rustad, Phys. Letters 268, 11 (1967).
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VI. DISCUSSION

The theoretical results for the capture rate given in
Table I are to be compared with the recent experimental
results

F(tt +p-+tt+v; ttp singlet)g, „vt,.=640&70 sec '
/Bologna-CERN (Ref. 3)],

I'(ts +Her~ H'+v)], v~. =1505&46 sec ' (44)

t Berkeley (Ref. 25)j,
=1465&67 sec '

LCarnegie (Ref. 26)7.

The over-all agreement between theory and experiment
is gratifying and must be viewed as lending general sup-

port to the belief in the validity of V-A interaction,
muon-electron universality, CVC, and PCAC.

The capture rate is not very sensitive to the values of
IiI and the present experimental errors are still too large
to eliminate one or the other version of PCAC. How-

"L.B. Auerbach, R. J. Esterling, R. E. Hill, D. A. Jenkins,
J. T. Lach, and N. Y. Lipman, Phys. Rev. 138, B127 (1965).

~ D. B. Clay, J. W. Keuffel, R. L. Wagner, Jr., and R. M.
Edelstein, Phys. Rev. 140, B586 (1965).

TmLE I. Theoretical capture rates in units of sec '. The cap-
ture rates (a), (b), (c), and (d) are, respectively, for Gv" and Irz
&((0; p-+ n)=1.18, Gp~ and Fg(0; p —+ n)=1.18, Gg and Fg
X(0; p~ n) =1.23, and Gp~ and Fg(0; p~ e) =1.23.

Process

p +p + s+p
p, +He'-+ H'+v

Capture
rate
(a}

625
1449

Capture
rate
(b)

613
1525

Capture
rate
(c)

662
1449

Capture
rate
(d)

654
1525

ever, in view of the recent spectacular success of the
Gell-Mann-Levy version of PCAC in the application of
current algebra to various problems of elementary-
particle physics, we believe that the capture rates with
Gv~L and Itg(0; P —+rt)=1.23, as given in the last
column of Table I, are the best theoretical values at the
present time.

Note added crt proof The fin. al result of the experiment
of Ref. 3 has been reported as

P(tt +P~tt+v;ttp singlet)1 v~
——651+57 sec '

(Phys. Rev. , to be published) which is in excellent
agreement with our theoretical estimate (d) in Table I.
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A low-energy theorem is derived for the structure-dependent axial-vector form factor in the radiative

decay E-+ l+p+p in the soft-kaon approximation. Corrections of the order of (mz'/mP) (V= p, &, y)
are obtained in the pole-dominance approximation. In each approximation, the model predictions of both

(i) asymptotic SU(3) and (ii) current mixing are investigated. The quantity ~7rc~ —= ~atr(0)/F(0) [ is

calculated in both approximations and in both models. It is found that the soft-kaon result is shifted upward

by approximately 20%, the separation between the models in the two approximations is of the same order

of magnitude.

I. INTRODUCTION

~ 'HE techniques of current algebra have recently
been used'' to study the radiative decays of

charged pions. In particular a low-energy theorem for
the structure-dependent axial-vector part of the radi-
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ative decay sr —+ l+ v+y has been derived both in. the

soft-pion approximation and in the pole-dominance

approximation (PDA).' In this paper we consider the
extension of such techniques to the analogous radiative

decay lt.' —+ 1+v+ad where the theoretical situation is

much less clear. One of the bases for our interest in such

a calculation is the expectation that the PDA calcula-

tion of, say, ' dA/dv(ps=0, hs=0), in this case, might

prove substantially different from the SEA (soft-kaon

approximation) result because of hardly negligible "cor-
rection terms" of the order of trtxs/rnv' (V=p, &o, to). At
the same time, we are not aware of any experimental


