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In the long-wavelength limit, I'()'—7y+x,) = constx (2J + 1)p, 3 and T'(x; =7+ ¥) = const
x py 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)

Xk, where (L S)XJ—l -1,

-2, for J=2,1,0, and k is the anomalous magnetic moment of

the quark. Angular distributions of photons in the decays ¥’ —~vyx and x —~Y also are pre-
dicted; small but probably measurable deviations from the pure E1 limit are found.

PACS numbers:

The decays y’ -~ yx and x —yy provide valuable
information about the electromagnetic properties
of heavy quarks, about nonrelativistic bound state
models,! and about the competing processes

X, ~hadrons, (1)

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

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

Y =y+x,)=C'(2d+1)p,*, (2)
Nx,~7+¥) =Cp,’, (3

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

14.40.Pe, 12.40.Cec, 13.40.Hq

known about the validity of the ratios implied by
(3). If (2) and (3) are assumed, one can extract
from measured values of B(y'~yx—~vyy) the
ratios of x total widths, which are expected to
be in the range of several megaelectronvolts.?5
The ratio p=I'(y,—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

[T(x~28)/T(x.~20](=p)=%. (4)

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

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,/m,, where i

" - . = 1
|eie e (R*p+p A% - uG-H* - <ﬂ_

H,= 2m,

c

(We have omitted some terms!® which cancel for
cC systems.)
Here e =% is the quark charge, and u is its mag-

netic moment:
p=(lele,/2m)(1+k)

The quark’s anomalous magnetic moment is «.

We will be interested in the matrix elements of
H, to order p,% The dominant term, of order
Py, is the first one, which 1s just the electric di-
pole interaction —]ele F-E*. It contributes to
E1 transitions in ¢’—yx and x —yy. The second
term contributes in order p,* to both E1 and M2
transitions. The third, the spin-orbit term
(which arises from the Foldy-Wouthuysen reduc-
tion®® of the Dirac Hamitonian), contributes in
order p,®to E1 transitions.

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

K@) =~ 5 (1,4, 00 F-7-00,

(6)

(7

The x—vy¢ or y’— xy decays may be described by
helicity amplitudes A, or A,’, in which X labels
the projection of the spin of the yx state along the
+z or —z axis, respectively. The radiative widths
are given in terms of these amplitudes by

Ty -y0=2t % |4k, &)
(V]
2
T(x=7y) = —1—2J+1 ) |45F. )
We define
e=tpy/dm,, (10)
where £=-1for ¢’ —yx, £€=+1for x—y¢. The

results are presented in Table I. We have de-
composed the contributions into the dominant E1
piece (called E1’ in Ref. 15) and the smaller E1
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
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lele,
dm,

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!™1°

>(6-[E’*X§}—6-[§XE’*]). (5)

to deviations from the ratios (2) and (3) in order
€. The M2 contributions are incoherent with the
E1 contributions in the sums (8) and (9) so that
they can only affect the rates to order €2,

The second interesting feature of the O(e) E1
contributions in Table I is their proportionality
to (L -8) (=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

r'(e)/r(0)=1+2ex(L-8),- (11)

Deviations of this form from the rates (2) and (3)
imply an anomalous magnetic moment of the
charmed quark.?® The observed rate” for ¢ —y7,
is no larger than theoretical expectations® and
may be somewhat smaller, suggesting «k <0, If
k <0, the rates for ¢’ —yy, are enhanced, while
those for y’—yx, and yp’ ~yx, are depressed,
with respect to Eq. (2). We see a (statistically
unconvincing) trend in this direction in present
data,®5

The correction term in (11) is of opposite sign
for the decays ¥’ —yx and x—y¢. Such correc-
tions, therefore, are unable to account for the

TABLE 1. Helicity amplitudes A)’ and A, for ¥’
—~vyx(6=-1) and x =W (§=+1). Heree={p,/dm,.
Overall factors of (3C’/2)1/2 and (3¢C/2)1/? have been
omitted (see Ref. 3).

Dominant
E1 piece E1 piece M2 piece
X =2)
A, ve{1 + €K + e+ n)}
A= v3{1 + €K - e(1+n}
A= 1 + €K - 3e(1+«k)
x¢U=1)

A, v3{1 - €K +  e(l+x)}
Ay= v3{1 - €K - e(1+1}
x=0)

Ay= v2{1 - 2ek}
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apparent suppression of the yx, contribution in ¢’
—~yX —~yyY with respect to the y, contribution,?
The contradiction with the prediction (4) remains
a problem to be resolved, if at all, by strong-
interaction dynamics.®

The mixing®® of the ¢’ with the nearby ”(3.77),2°
a 3D, state, also can modify the rates (2). The
pattern is different, and is found by a straightfor-
ward calculation to be proportional to the matrix
element of the tensor operator in the y states,
which may be taken as % for J=2, -2 for J=1,
and 4 for J=0. Thus a fit to the decay rates of
the form

F(zp’-yx2)=5C'py3(1 +xp7—§-y), (12)
T(p'=yx)=3C"p, (1 -xp,+2y), (13)
Ny’ =yxo) =C'p (1~ 2xp , - 4y), (14)

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

A sensitive test for quark magnetic moments
is the effect of M2 contributions in Table I on
photon angular distributions.* ! If 9 (¢') is the
angle between the photon and either lepton in the
¥ (9’) rest frame (under the assumption that the
¥’ is produced by e ‘e~ and the ¢ decays to e*e”
or p*u”), the predicted angular distributions
are of the form

w(e, 6’) ~1+B,cos%(6, 6"), (15)
where, to first order in €, we find 8,=1 and

Bo= £+%2¢(1+4x), (16)

Bi=—3-Le(l+n). (17

The present data appear compatible with devia-
tions from the €=0 limits by | 28] = 0.2, cor-
responding to | €(1+«)|=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(¢€) effects in Egs. (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.

We wish to thank E. Bloom, R. Cahn, D. Geffen,
M. Goldhaber, J. D, Jackson, F. Low, M, Oreglia,
J. Sucher, H, Surra, A, Wattenberg, J. Weneser,
and W. Wilson for helpful comments. Part of
this work was supported by the U. S. Department
of Energy under Contract No., CY-76-C-02-1764.

!E. Eichten et a ., Phys. Rev. D 17, 3090 (1978), and

21, 203 (1980).
R, Barbieri, R. Gatto, and R. Kdgerler, Phys. Lett.
60B, 183 (1976).

"Specifically, C’ = (40/27eg?|(2pl7|2s)|? and C

=(4a/9)eq?|(1s|7r|2p)|%. Their specific values need not
concern us here, though they tend to be somewhat over-
estimated in quark models (see, e.g., Ref. 1).

‘c. J. Biddick et dl ., Phys. Rev. Lett. 38, 1324 (1977).

SRecently a preliminary estimate of I'(x, —~all) in the
few-megaelectronvolt range has been quoted by T. Bur-
net, in Proceedings of the Conference on Color, Flavor,
and Unification, Irvine, California, 30 November—

1 December 1979 (unpublished). See Elliot Bloom, in
Proceedings of the Intevnational Symposium on Lepton
and Photon Intevactions at High Enevgies, Batavia,
Illinois, 1979 edited by T. B. W. Kirk and H. D. L.
Abarbanel (Fermilab, Batavia, Il1., 1979); C. Peck,
in Particles and Fields—1979, edited by B. Margolis
and D. G. Stairs, AIP Conference Proceedings No. 59
(American Institute of Physics, New York, 1980), for
earlier data from the same experiment.

éBloom, Ref. 5.

"Peck, Ref. 5.

83. Ellis informs us that corrections to Eq. (4) are
being calculated by R. Barbieri et al.

*These corrections are found to be substantial for
Ne —8&. See R. Barbieri e al ., Nucl. Phys. B154,

535 (1979).

Thomas Appelquist et @ ., Phys. Rev. Lett. 34, 365
(1975); E. Eichten et al ., Phys. Rev. Lett. 34, 369
(1975).

Gary J. Feldman and Frederick J. Gilman, Phys.
Rev. D 12, 2161 (1975).

1 owell S. Brown and Robert N. Cahn, Phys. Rev.

D 13, 1195 (1976).

134, B. Thacker and P. Hoyer, Nucl. Phys. B106,

147 (1976); P. K. Kabir and A. J. G. Hey, Phys. Rev.
D 13, 3161 (1976).

15ohn Babcock and Jonathan L. Rosner, Phys. Rev.
D 12, 2761 (1975).

5Gabriel Karl, Sydney Meshkov, and Jonathan L. Ros-
ner, Phys. Rev. D 13, 1203 (1975).

16T, N. Pham and T. N. Truong, Phys. Lett. 64B, 51
(1976).

1Ty, A. Novikov et al ., Phys. Rep. 41C, 1 (1978).

8stanley J. Brodsky and Joel Primack, Phys. Rev.
174, 2071 (1968), and Ann. Phys. (N.Y.) 52, 315 (1969);
Hugh Osborn, Phys. Rev. 176, 1523 (1968); F. E.
Close and H. Osborn, Phys. Lett. 34B, 400 (1971).

1, A. Copley, G. Karl, and E. Obryk, Nucl. Phys.

B 13, 303 (1969).

YSee, e.g., J. D. Bjorken and S. Drell, Relativistic
Quantum Mechanics (McGraw-Hill, New York, 1964),
pp. 48-51.

2lyWe are indebted to Al Wattenberg for very enlight-
ening discussions on this point. The part of A; in
Eq. (5) relevant to our calculation transforms as x —iy
+ (py/am )z (0, —ioy) + (14 2k) (x —2y)0, 1. For k=0,
the terms in square brackets are clearly of J= 2 (M2)
form.

23ee, e.g., J. D. Jackson, Classical Electvodynamics

217



VOLUME 45, NUMBER 4

PHYSICAL REVIEW LETTERS

28 JuLy 1980

(Wiley, New York, 1975), 2nd ed., p. 758, Eq. (16.94),
and John Babcock and Jonathan L. Rosner, Ann. Phys.
(N.Y.) 96, 191 (1976), Eq. (6.8). A simple integration
by parts displays the (L-S) contribution explicitly.
%Donald A. Geffen and Warren J. Wilson, Phys. Rev.
Lett. 44, 370 (1980). These authors have suggested
that such effects could be larger for heavy quarks than
for light ones, as a result of the couplings v — (¢q)
—(8g) ~cc, where q7 denote #, d, s. For the sugges-
tion that », d, s might have observable anomalous
magnetic moments, see also G. Grunberg and F. M.
Renard, Nuovo Cimento 33A, 617 (1976); A. Bohm
and R. B. Teese, Phys. Rev. D 18, 330 (1978); A. N.
Kamal, Phys. Rev. D 18, 3512 (1978). The effects of

218

light-quark anomalous moments are found to be small
in analyses of resonance photoproduction: see, e.g.,
Babcock and Rosner, Ref. 22, and John Babcock and
Jonathan L. Rosner, Phys. Rev. D 18, 4027 (1978).

Y Analogies with light-quark systems led to the con-
clusion in Refs. 14 and 15 that the decay x, —~ 1 might
be totally suppressed. These analogies also lead,
however, to large M2 contributions in contradiction
with data from Refs. 5 and 6.

¥See, e.g., Hiroaki Yamamoto, Akitoshi Nishimura,
and Yoshio Yamaguchi, Prog. Theor. Phys. 58, 374
(1977); Hiroaki Yamamoto and Akitoshi Nishimura,
Prog. Theor. Phys. 59, 2151 (1978).

%p. A. Rapidis et al ., Phys. Rev. Lett. 39, 526 (1977).



