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1) - It was pointed out by Weinberg that strangeness-conserving weak
currents may be classified into two classes according to their properties
under G = Cei"IZ(l). The recently confirmed hypothesis of a conserved vec
tor current!2) implies that the vector current is entirely of first class, At
present there is however no definite evidence against second class terms
in the axial current, I would be extremely useful to have a proof of fhe

- non-~existence of such terms, In simplest theories of weak interactions
based on unitary symmetry one expects only firsi class currents(3); As
remarked bva”einbejrg(L), the rigorous absence (up to electromagnetic
corrections) of second class terms would strongly suggest a relation be-

“tween weak currents and isotopic spin,

" In this note we examine the contribution from a possible second
class axial current to radiative muon absorption by nuclei, This process
is very sensitive to the presence of a second class axial term, It was al
ready noted by Weinberg(l) that the comparison of mirror /6 ;transitions,‘
like B12, N12 — 12 (AJ = 1, no) or BS, Lig( AJ = 0, no), could provide
a test for second class currents, Quite similarly, an inequality of the ra-
tes for Zi- —> A% +ef + ¥ would require second class currents, The
present data on these decays are consistent with equal rates of about

(4 + 2)> x 105 sec'l; the large experiimental error does mnot allow for any



conclusmn.
Recent measuremerts have shown that the £t values of B12 and ni2

differ by 14 + 2, 5%(4) or by 16 + 3%(5)s Huffaker and Greuling(s) on the ase=
o sumption that the nuclear matrix elements of the two transitions are equal,
- have derived a relation that must be satlsfied by the pseudoscalar term and
- the possible second class teneor term of the axial weak current, We11~knowr1
theoretical congiderations suggest a value }LCP 8C p for the pseud09ca1ar
constant of muon absorp’uon as compared to the axial constant C A (b = mu=
on mass)(7) A separate determination of CP and CT (the constant of the
~ possible tensor term) is obtained by Huffaker and Greuhng by extending
~ the analysis by Morita and Fujii(g) of p~ capture in cl2 (resulting in Bl2
in its ground state) by includmg CT. - With a value of 1; 14 for the Bl2 .
- N12 #t ratio and a value of' 6 Tx 103 gec~1 for the p~ capture rate in Clz( )
| they obtain two sets of solutions. (1) pCp = 26CH, pCrp = 3; 4 (p/m) CA, and
- (11) pCp = 35 Cp, uCp = 3;4 (u/m) Cpe
'The result of the CERN experiment ou radiative p-=absorption in
 ca4019 4oes not agree with both sets (1) and (i1) as they would lead to radia
tive rate's larger then the measured ,ratev’.‘ o , ' _
Convet'si et al, (10) give a ratio, R, of radiative to ordinary abso}; '
‘ption' 1n Ca40 of 3 1+ 0,6, The value of R is obtained by extrapo'lation from
the measured high energy tail of the photon spectrum; The sgpectral shapes’
~do not very appreciably for different chomes of the constants. N
It must be remarked that the determination of CT by Huffaker and
Gr’euling(ﬁ)‘ depends mostly on the ratio of ft(N12) to -ft(Blz); ‘However the
" assumption that the mirror matrix elements are equal makes their"concl_n_ ‘
gion not very firm, The size of the Coulomb effects, which would make the
mirror matrix elements different, are very diffioult to calculate; On the o
" ther hand, Weinberg estimates Coulomb effects as possibly causing a 1% |
_ineqnality in the ft values, using known values of isotopic spin impurities“

in light nucleill),



—.3—-

In this note we also intefpret the CERN results on radiative muon
absorption from the foliowing standpoint: we assume that pCP = 8Cp as sug
gested theoretically(ﬂ and try to determine C., from the radiative branching
ratio. This analysis favors é value of Cp & Cp and seems to disagree with
Cr=0. ‘

In this connection a relatively large Cp would be helpful, from the
same standpoint, in lowering the predictions for the p~ absorption rate in

liquid hydrogen( 11)

, as seems to be required( to fit the hydrogen data, which
depend on largely unknown rr;olecular paraméters; We do not feel however
that our interpretation of the radiative absorption data provides a definite
evidence for a second class term in the axial current; In particular we ha

- ve assumed pCp = SCA only from theoretical considerations”)l; the calcu-
lations also depend inevitably from the nuclear dynamics and, recently, so
me basic assumpﬁons usually made in calculating nuclear p~absorption ha
ve been criticized(lz)'.

We suggest however that inclusion of CT in the analysis of both ra

" diative and non-radiative p=absorption should be considered in future more
refined experiments; The parameters of the muon-absorption interaction
are not wellrknown ar present, Recent analyses.of muon absorption in He3

are confortably consistent with '\pCP= 8C A(13); other aﬁalyses of muon data

seem to disagree with simple explanations(14). Study of particular energe
tic ﬂ-transitions, such as the 10, 40 MeV ﬂ-—spectrum of N16(6), could
also be ‘v’er‘y useful' in deciding as to the existence of an induced tensor term

in the axial current;

2) - We write the effective hamiltonian for pe+p > n+V as

o . y | . _
Hogp = L0(Cpvgmy + Cprgan = iCqvg 6 a4, ¥ Cymy -iCy Sy a o/ x

(1
x (B(1=vg) v 1)
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where: q, = (p - n)) is the difference of the proton-and neutron momenta;
the form factors C are real functions of g (wel assume time reversal); n,
p, ¥ and M also denote the fields of the fermions, The vector part of H
is the most general one consisting‘with the conserved vector current hypo-
thesi‘s(‘ls‘); the axial part includes a term proportional to Crp which takes on
under G-conjugation a sign opposite to that of the terms proportional to Cp

2

and Cp, In the following we shall neglect the q dependence of Cys Crps CV

and CM -and assume a dependence of the form (m2 -q ) for CP (dominan
ce of one-plon exchange)( )
For the radiative process p"+p — n+ ¥Y+7 we use the following
model: |
(i) The radiative amplitudes proportional to Cp, Cr, CV and Cy; are calcu
lated from bremsstrahlung graphs, with the photon emitted from the exter~
nal muon line, from the external neutron line (with coupling "“‘ne\pv F v)-'
and from the‘external proton line (with coupling eyHAM‘ - ”pc.vapv ); and
from catastrophic graphs obtained through the substitution q A > dAa- ~eA)
" in the terms px;oportional to Cps CT, CV and.Cyy in the effective hamilto-
~nian (1),
= (ii) The radiative amplitudes proportional to Cp are oalculated by fully ta-
| king into account the one~pion exchange mechanism responsible for Cp (see
fig, 1), |
The model is s1m11ar to that.used by Manacher(lﬁ) and by Luyten,
Rood and Tolhoek(w). We take for the C's the following values: Cy=0s 97C(A)
cA=c}f)= -1; 25 c(\f’), pCpi= 3. 71 Cylp/m), pCp= acf&/‘), where cgf)A are
the constants of (/b ~decay (in the usual notations C(\{})-- (1/V2)G ), p is the
muon mass and m the proton mass. For the unknown parametef CT we con=
sider fours choices: pCp=0 (case I); pCrp= 2(p/m)Cp (case IT); pCrp =
=-4:(p/m)CA (case III); pCp=Cp (case IV),
~ The values we‘find for the rate A of p~+p — n+V and for the

‘branching ratio R of the radiative mode p~+p — nt 4 +'3’ relative to ordi-

nary absorptlon on unpolarized proton, are reported in Table 1 (a is the



mesic Bohr radius):

: ‘Table I

Predicted rate for ordinary absorption and branching ratio R
for radiative absorptlon from unpolarized proton, The bran~
ching ratio R(Ca%0) for radiative absorption in Ca*? is repor
ted in the last column, The pseudoscalar constant uCP(O) is
put = BCEA ), whereas Cp take$ on different values in the
four cases I - IV,

B Cg&) 4
case pCrp /’p/ ( 73 ——) Rx 104 R(Ca40) x10
it a9
I 0o 4, 80 4,50 @ | 2, 12
I 2(p/m)Cp 4, 62 4, 96 2,40
111 4(p/m)CA' 4, 56 5,44 2,65
v Ch 4, 95 6.53 3;43

In fig, 2 we report the correctly normalized photon spectra N(x)//?f

for the four cases I ~ IV (x=k/u, withk =pho1:or.1‘mornentum);‘ One sees from

-Table I (and from fig; 2) that, whereas the ordinary absorption rate is rather
insensitive to the tensor term Cr, the radiative absorption rate increases

progressively with Cp (case IV gives R 45% larger than for case I),

3)~ We shall now calculate the photon spectra and the branching ratio

R for the practically inte’r'esting case of absorption from a nucleus, We first
deal with ordinary absorptlon. The effectlve hamiltonian for ordlnary p= abe~
sorptlon is easily derived from (1), neglecting terms dependlng on the nucleon

(18),

velocity In the closure approximation, for nuclei with Z = A/ 2 and with

complete proton and neutron shells, one finds for the-total capture rate

) | |
A=Zp (2 52[Y)2 % a-rE)) (2)
m™
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where: /‘,”/2 is the nuclear average of the square of the p- wave—-functlon,
v is ‘the average neutrino energy, F(V) is the ground state expectation va

lue of ~(2/A) Z ‘L‘(+) zl~ )(sen Vr, )/(V r,.) where i refers to the i~th nu

: J ij
tleon, and r i is distanoe of the i- th from the j=th nucleon;
' 5 _ 5 g 2‘ SR
G = GV, + 3GA + GP - ZGAGP with
G, =C_(1+ V/2m) , (3)
v Yy
= - - . » 1
G, =C, +C =C, o (Ttee -y | (31)

A A T 2m
= - % ' : 7 ‘ pan
Gp = (9/2m)[-Cy +uCp = C (1 + - )+ VCp VO, (3"

In a Ferrhi model F(V) = 1-—(\? /KF)+ 1 (v /K )3 where K. is the Fermi
momentum. In the relevant region, 1~ F <0, 22(19) the Fermi model does :

not differ very much from more reflned sh%ll calculation(17); On the other
“hand A is very sensitive to ¥ (it rouéﬁWV 3), From the Telegdi value(19)
.__v 2Gz.u=== mx 9,556 x 10" =30 gec-1 cm3.and wlth our choices of the C's we:find

" approximately ¥ =0, 80 p = 84,5 MeV(20), The effective hamiltonian for

-_ radiative p~ _absorptioh can be derived from (1), We neglect the nucleon mo
menta and take the p~ at rést‘. It is convenient to cousider‘separately the g ‘

: vmission of right - andlleft - circularly-polarized vphotons(ZI); The polariza
_tion vectors are Z—l =(1/ 2)1/ 2 (?+ 13 and ‘zR = :é’; with?, —j’, and_IE‘ (pho

ton momentum) forming a right handed frame. “We write

(L, R)
H e v__(1 - 6‘ 7/\))_/2

L, j2] ) (4)

The expressions for -Q-L and -Q-—R are‘given in the appendix, The

photon spectrum is given by



RL(K)dK KdK(2 )6 Z]‘f\/dwv dd (A - K)l RL]p 2 Xk
™ 137
(s)

'where)\ - &+ Ea - Eb ( € = binding energy, Ea = ground state energy,.
Eb = energy of the excited state b), W'z is the average of the square of the
i~ wave function, dwy and d w

and v , and

K are the elements of solid angle around K

R
“1(?J“I<"1“i/a>/2 (6)

|mg (|2 e &5 vy /<niey

with Tr acting on the lépton matrices; We consider nuclei with double clo-
sed shells and Z = A/i and apply the closure approximation introducing an
average AD =p - & + E_ - <Eb>. From W+ K = <A one has <r\> =
= Kmax and V=K, .. - Ki The total spectrum Ng(K) + NL(K) is proportio

nal to

L - 2 2—
,Zb-/rlivad wi Mgl ®+ 1M V5T, - Lk (7)
max
" For nuclei with double closed shells one can show that all nuclear matrix
elements appearing in (7) can be reduced to the form \/1 ,2 (see ref, 17),
One finds that (7) can be written, after summing over b, as

£t 71-

(7) = dn’ fsenOdO {0(+ /3 cos0 + 7cos20 + Crcos?’O} .
, ‘o

i( ?&’{)E’ij

(Hl-)e
. <a zt T a2y _ .
| i 13 > Y= KpaxK
- _ > ‘ '
where cos@ = (¥ +K)/(Y K), and L,A3, v and’cr can be shown to be inde=
pehdent of 0 to first order in pu/m, The ground state expectatioh value in

the last equation can be expressed in terms of F( ‘V + K‘) with V=Kmax"'K’
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‘ -where F is the same as for ordinary capture (2), The nuclear structure ef-
fects in Np L,x)/A are then all contained in the factor Ll -F(V + K) //
/Ll - By )/ In a Fermi model, considering that yY K., Y 85 MeV and
| Kp ¥ 250 MeV, one can approximate such a factor wM(Kmax/\J )L(l - X)2
4 x2 % 2x(1 + x) cos® /l/z(whtnx = K/Kmax) We expect that this result is.
not strongly dependent on the model, The photon spectra reported in Fig, 2
| have been calculated for Ca40, using Ky ax = '-\7, with the four choices
I-.IV for CT' The ratio R(Ca40) of radiative to ordinary ebsorption is given
in Table I, Our result for R(‘Ca40) in case I can be compared with the reSult
" by Rood and Tolhoek who find for slightly different pararne‘ters and a diffe~
rent model R(Ca40) = 2,29 x 16"4. Coneidering the complexity of the calcu
: letion we‘find the agreement quite satisfactory, From the spectra of Fig, 3
and from table I we note again, as for the free proton case, the progressi=-
- ve increase of the radiative absorption with Cq, Also we see that, roughly,

‘the ratio R on a nucleus is about one-half of the rate on unpolarized proton,

4) - We now consider the ch01ces (i) uCp = 26CA, pCr = 3,4 (p./rn)CA,
and,‘ (ii) pCp =35 Cyp, pCp = 3.4 (p./m) Chs obtained by Huffaker and Gre~

N12

uling in their analysis of B12 and p.--absorptlon(s) (Cys Cp and pCM

 as before), The results are summarized in Table 2,

TABLE 2 - Predicted rete A for ordinery abgorption and branching ratio R
for radiative absorption from unpolarized proton, The branching ratio R(Ca40)

for radiative absqrption in Ccat0 ig reporte‘d*in the last column,

C(/_I,)a , RS
case | pCp uCrp AP/(—TT—) | rx10% R(Ca40)2104~ |
‘ o L P : ‘ ’

(1) | 26Cp | 3.4(s/m)Cp|l 5,14 12,8 6. 65

(1) | 35C, | 3.4(p/m)C, 6,38 15,3 8,70
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The photon spectra N(X)/A for ca40 for qaées (i) and (ii) are reported in
Fig, 4. The value V?O 80 p can be shown to be a reasonable choice also
for these cases; again we héve assumed Kpax = v ;, The large radiative

rate is essehtially‘due to the large Cp. The maxima in the spectra are di

splaced to higher energy,

5) = In conclusion we would like to stress that the whole analysis inevitably
depends on the approximate treatment of the nuclear dynamics, which ma-

kes it difficult td reach a deﬁnite conclusion, With such important provision,
we can say that: (i) with the standard couplings (in particular pCp = 8Cp)

and an additional Sec‘ond'clavss tensor coupling the experiméntal results se-~

em to favor a value CT & Cp. Such an additional T coupling woﬁid‘be' of

help also in interpretiﬁg ordinary absorption in Hz; (ii) The sets of couplinrgs(s)
suggested from the Bl2 . N12 ft rafio together with p~ capture in cl2 appa=

rently give a larger radiative rate than observed,

We would like to thank M, Conversi, R, Diebold and L, di Lella for
infofﬁiaﬁons on their results; Discuss‘ions with Marcello Conversi have been
useful and stimulating, We would also like to thank Prof, E; Greuling for
| kindly infofm'ing us of hirs work with Dr; J, Huffaker and for the relevant

comments,
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 APPENDI X -

The effective ham11ton1an for u~ radiative absorption by a nucleus

is given by Eq, 4 with:

e 55 T Loms vt (oo Ayl 6

¢

/‘40 )6“/'/‘0*’)]/‘; ‘€)= (hptn)lr (V-£)+

(4/)

2 i dr DB )(E. z)+

ﬁ;j’%i-{é Y [#]) ~

# (R48) [l e, ) (7 8)+ (¢ o 2 em)(r 2+

¢ Ghopon) (@4 60r) <&, ] 4 (e - e, )E4R)E 2)+
L (1 ten) Oy (B4 V) (B4 )[R0y 6202) -

-ty (P& ]} I(7-7)

o / 5 ( w v -
L2y = E’n /[2”'"7‘*&“&"/“ﬂ}al"/a"p”{'-cy’c'-# Rﬂ—g/zmdMi-L",)-

- o D, o £ ). fz'%]ﬂs?-?h
M’ //“»’/‘n)é'u]/r ?)+[7¥-+ [N )/ﬂp/(w)g{ ¢ -
| -7?1—32] 23)E2) i %%g;? (72) (. (R7) +
@)/ é"i(cwa.%kér (tatin=t)+ (o in) Ca ~ e s
*2m Gy + * (- 2”’0)/6"[?’+/<]+{ 4)[7—%@M—§5 "



- K. 2) s (G R)@ )] -0 )E 502
+ (€ .éz')_/['?z:l"ﬁ ‘*‘;{zk“dr)(ﬁ' &)+ (~2mCy-0y +Ca
b B (e)6)(E )+ Z @)

. LR ) NP7

where
o L2 m I ALY
cp « e w c ' , 7
» 3755  and p = Cp =
BLE Y my > (5 2% m2
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