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In the long-wavelength limit, I {f'—y+zX) = const& (SJ+ I)py and I'()tJ y+ $) const
xp& . The corrections to these expressions of order p„/m, {m, is the mass of the
charmed quark) are calculated. These corrections are found to be proportional to {L S)z

&& K, vrhere (L S)x = 1,-1,-2, for 4= 2, 1,0, and K is the anomalous magnetic moment of'

the quark. Angular distributions of photons in the decays $'-px and p
—Q also are pre-

dicted; small but probably measurable deviations from the pure F-1 limit are found.

PACS numbers: 14.40.Pe, 12.40.Cc, 13.40.Hq

r(y'-y+){,) =C'(2d+1)py',

QXg y+ 0) =Cpy

(2)

(3)

where p z is the photon momentum and C', C are
known constants. ' The ratios of rates implied by
(2) may be confronted with experiment directly;
published data4 on g'- y+ anything are consistent
with them but with large quoted errors. Little is

The decays {{)'—y){ and ){—yg provide valuable
information about the electromagnetic properties
of heavy quarks, about nonrelativistic bound state
models, ' and about the competing processes

y~ —hadrons,

for which there exist predictions based on quan-
tum chromodynamics (QCD). '

In the long-wavelength limit of the nonrelativis-
tic quark model,

known about the validity of the ratios implied by
(3). If (2) and (3) are assumed, one can extract
from 'measured values of B(P'-y)(-yyj) the
ratios of X total widths, which are expected to
be in the range of several megaelectronvolts. "
The ratio p = I"(){,-all)/I'(X, -all) appears ex-
perimentally" to be p ) 10, whereas QCD pre-
dicts' the ratio of two-gluon (gg) emission rates
to be

[ r()IO-gg)/r(){2-gg)]( p) =, . (4)

This potential discrepancy has led us to reexam-
ine the basis for Eqs. (2) and (3). Others8 are in-
vestigating the interesting possibility that strong
radiative corrections dramatically alter predic-
tion (4).s

The predictions (2) and (3), as well as photon
angular distributions expected in the same limit,
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have been discussed previously. " " Possible
corrections also have been suggested, " "but
(with the exception of Ref. 17, with which we
differ in details) these have not yet been calcu-
lated in an explicit expansion in p y/m„where

m, is the charmed-quark mass. It is the pur-
pose of this note to present the results of such
a calculation.

The leading terms of the interaction Hamilton-
ian describing photon emission by a quark may
be written in the form'~"

'(A~. p+p. A*) po. H* ~ ' (o ~ [E*xpj—~ ~ [pxE*j).lele - - - 1 lele,
2mc 2&pe, 4m,

(5)

(We have omitted some terms" which cancel for
cc systems. )
Here e, =& is the quark charge, and p, is its mag-
netic moment:

p. =(le
I e, /2m, )(l+ «)

The quark's anomalous magnetic moment is x.
We will be interested in the matrix elements of

Hz to order p&'. The dominant term, of order
p y, is the first one, which is just the electric di-
pole interaction —

I e
I e, r E*. It contributes to

El transitions in g'-y){ and ){-yj. The second
term contributes in order p &' to both El and M2
transitions. The third, the spin-orbit term
(which arises from the Foldy-Wouthuysen reduc-
tionao of the Dirac Hamitonian), contributes in
order p z' to El transitions.

We shall calculate all decays for a photon of
right-handed circular polarization moving along
the +z direction:

A(r) = —~ (1, i, 0)e'"' '
(7)

The ){-yg or g'-){y decays may be described by
helicity amplitudes A z or A z, in which A. labels
the projection of the spin of the y state along the
+z or -z axis, respectively. The radiative widths
are given in terms of these amplitudes by

! to deviations from the ratios (2) and (8) in order
The M2 contributions are incoherent with the

El contributions in the sums (8) and (9) so that
they can only affect the rates to order e'.

The second interesting feature of the O(e) El
contributions in Table I is their proportionality
to (L ~ S) (= 1, —1, —2 for J = 2, 1, 0). This may be
seen independently by explicit reference to multi-
pole decompositions.

The modifications of the rates, to O(e), are
then

F(e)/F(0) = I+2m«(L 'S)„~

Deviations of this form from the rates (2) and (3)
imply an anomalous magnetic moment of the
charmed quark. 2' The observed rate' for g-yq,
is no larger than theoretical expectations' and
may be somewhat smaller, suggesting z -0. If
«&0, the rates for P'-y){, are enhanced, while
those for j ' —yg, and y' —yg, are depressed,
with respect to Eq. (2). We see a (statistically
unconvincing) trend in this direction in present
data. 4'

The correction term in (ll) is of opposite sign
for the decays g'-y){ and ){-yg. Such correc-
tions, therefore, are unable to account for the

(8)

(9)

TABLE I. Helicity amplitudes Ay' and Ay for g'
—yx{$=—1) and y

—Q ($ = + 1) . Here e = $ p&/4m, .
Overall factors of (3C'/2) f/2 and (3C/2) ' have been
omitted (see Ref. 3).

We define

e = (p,/4m, , (10)
Dominant
El piece El piece M2 piece

where (= —1 for y'-y){, )=+I for ){-yy. The
results are presented in Table I. We have de-
composed the contributions into the dominant El
piece (called El' in Ref. 15) and the smaller El
and M2 pieces from the second and third terms
in (5).

The smaller E1 pieces in Table I are propor-
tional to the anomalous magnetic moments. "
These pieces are the only ones that can contribute

A2=
A)=
A() =

A)=
A() =

~S(I +
~8&1 +

X(~= 2)

X(~= 0)

EK

E'K

2e«)

+ e(l+ «))
e(1+ «))

3e(l+ K)

e(1+ «))
e(1+ «))
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I'(e'-yX. ) = 5~'p&'(I +~p, —,y),

r((I —y)(,) = 3C'p &3(I —xp &+ 2y),

64' —yX.) =~'p, '(1 —2 p, 4y), —

(12)

(13)

(14)

can permit the separation of the effects we have
discussed previously (-x) from S Dmixin-g ef-
fects (-y).

A sensitive test for quark magnetic moments
is the effect of M2 contributions in Table I on
photon angular distributions. '4'" lf t) (t)') is the
angle between the photon and either lepton in the
g (g') rest frame (under the assumption that the
P' is produced by e'e and the y decays to e'e
or p'p. ), the predicted angular distributions
are of the form

W(0, 0') -1+P„cos'(8, 9'),
where, to first order in e, we find Pa=1 and

p, = k+ sMI e(1+ ~),

P, = —3 —~su(1+ ~) .
(16)

(17)

The present data appear compatible with devia-
tions from the a=0 limits by ~ bp~ ~ 0.2, cor-
responding to

~
e(1+K')

~
~0.1. This is not a strong

constraint in view of Eq. (10). Modest increases
in systematic precision should lead to detection
of the O(e) effects in Eqs. (16) and (17), unless
~1+~~«1. In that case, however, the effects
(11) of an anomalous moment on the decay rates
should be clearly visible.
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