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these decays accounts for about 25% of the ob-
served excess. However, these final states (ex-
cept for the y7° which is small in any case'')
could be produced via a y plus two-gluon inter-
mediate state.

In conclusion, we have measured inclusive y
and 7° production in ¢ decay. We find agreement
between the 7° spectrum and trt+n) production.
When the y spectrum is compared with that ex-
pected from 7° decay as determined from the
measured 7° spectrum, we observe an excess of
high momentum (x, >0.6) photons of magnitude
(3.4+0.8%5:5)% of all hadronic y decays. We have
considered the n as a possible source of these
excess y’s and have found that an excess remains
after one renormalizes the 7° contribution upward
to allow for an n contribution which has the same
shape as the 7° decay contribution. The meas-
ured excess could be explained by the QCD decay
of the (3100) into a y and two gluons, or, in
part, by previously measured exclusive decays.
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Magnetic Properties of the Low-Lying Hadrons
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It is proposed that the effective magnetic moment of quarks in hadrons should have
an anomalous moment contribution because of the magnetic coupling of the photon to
three or more gluons. We estimate this nonperturbative effect phenomenologically and
find strong evidence for it from the measured decay rates V—P +y and the observed

magnetic moments of baryons.

For several years analyses of the radiative de-
cays of vector mesons have been plagued by their
inability to explain in any simple way the anoma-
lously large observed™? value of the ratio

:I“(w-ny)=8891 50 keV
T'(p—-my) 63+8KkeV

=14.1+ 2.0.

Except for small corrections due to phase-space

differences and ¢ ~ @ mixing effects, simple
quark-model ideas predict that this ratio is sim-
ply related to the magnetic moments of the # and
d quarks (u, and u,) by the formula

Ron= (g = 1g)?/ (g +ug)?

Applying the notion that the moments are propor-
tional to the quark charges (u,/u;=—2) then
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TABLE I. Predicted versus experimental radiative decay widths. The
errors in the two 7’ widths (marked with *) are large due to the large un-
certainty in the total width of the 1’ (Ref. 5). Rather than fit these two
rates, we have used I'(n’ —p7y) and I'(n’ —~p7y)/(n’—~wy) which is more
precisely measured, in making the fit shown.

Decay Amplitude T'ip (keV)  Teyp (keV)?
w—TYy (Ay—Ag) cosa 861 889+ 50
p—Ty Ay +Ag) 67 63 8"
@ Ty (Ay—Ay) sina 5.9 5.7+2,0
w1y (Ay + Ay) sinB cosa+ 21 cosp sinw 4.4 313c
p—y (Ay—2q) sing 57 50+13°¢
o=y -2)¢ cosB cosa + (A, + A4)sind sino 57 55+12°¢
7' —wy (A, +Ag) cosB cosa— 2\, sinB sina 8.7 9+ 3%
1’ —py (Ay—Ag) cosB 108 89 + 29%
o'y 2A, sinB cosa+ (A, + A4) cosB sinw 0.23 ..
K.0—K 0y Ag +Ag 139 75+ 35
Ks*—K*y Ag + Ay 96 <80

2Reference 1.

yields R =9 which is far from the experimental
value (two or more standard deviations).

Numerous attempts®* have been made to fit
these and the other radiative decays in Table I by
including various symmetry-breaking effects.
They have not met with complete success because
(1) in some of them® the photon coupling is re-
stricted in one way or another,” and (2) others*
were hampered by their inability to fit a particu-
larly low experimental value of I'(p -~ 7y) which
has recently been revised upward.? In this paper
we show that, in light of the latest data, an ac-
ceptable fit is possible if we allow the quark mag-
netic moments to be arbitrary (U # u# — %uu);
and we point out that such an effect is a natural
consequence of quantum chromodynamic (QCD)
corrections to the decay amplitudes. Since our
conjecture should also apply to the baryon mag-
netic moments, we also show that a good fit to
the baryon octet moments also requires u,/ L,

# —2. Finally, we end with some speculations
about interesting possibilities for heavy-quark
systems.

In Fig. 1(a) we show a typical lowest-order
diagram contributing to V - Py and in Fig. 1(b)
we show the skeleton of a typical QCD correction
diagram. For simplicity, an odd number (= 3)
of gluon lines connecting the inner loop with the
external quark lines have been omitted from Fig.
1(b). It is clear that the sum of all such graphs
contributes to the decay amplitude a nonzero
amount® which may depend on the external had-
ron states. In the absence of a reliable way to
calculate these QCD contributions® we treat them

bReference 2.

°Reference 6.

phenomenologically by assigning effective mag-
netic moments to the quarks. The important
point to recognize about Fig. 1(b) is that since
QCD is flavor independent, the photon coupling
is the same for either external u or d quarks and
probably not much changed for an external s
quark. (The possibility of larger differences for
the heavier ¢, b, and ¢ quarks will be discussed
later.) In this way, the relation u,/p,=-2 is
broken.

To see how well this idea works in the most
straightforward way we merley modify the sim-
ple SU(6) quark model by allowing the quarks to
have arbitrary effective magnetic moments. An

a) P,J)'JI/‘r

b) 4

\% P

— U=

FIG. 1. (a) Typical lowest-order graph for V—Pv;
(b) skeleton of a typical QCD correction with gluon
lines omitted for the sake of clarity.
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easy way to calculate the resulting coupling is to
write the interaction as

trr{v,A},

where P and V are the standard 3x 3 SU(3) ma-
trix representations for the pseudoscalar and the
vector nonets, respectively. The photon matrix,
A, is just a diagonal matrix with entries'®
(\u>Ags2s). In addition we allow w — ¢ mixing and
n —n’ mixing (through angles which can be esti-
mated using quadratic mass formulas). The re-
sults of fitting the decay widths (all except the K*
decays) by varying the quark moments and the
mixing angles are shown in Table I. The angles
«a and B are related to the conventional mixing
angles by =6 -0 and o =¢ - 0, where ¢ is the
conventional w — ¢ mixing angle, 0 is the conven-
tional n —n’ angle, and & =35.3°=arcsin(1/V3).
For the fit shown 6 = - 10.3° and ¢ =38.4°, where-
as quadratic mass formulas imply § =—-11+1°
and ¢ =40+ 1°. Also, 2,=0.495 GeV™', A,=-0.275
GeV™!, and x,=-0.145 GeV~'. Except for the K*
decays® the results are quite satisfactory. The
poor fit to the strange-particle decay widths
should perhaps not be surprising since we have
included SU(6) breaking in the most minimal way
(letting 2,#1,); and we have not taken into ac-
count wave-function overlap and other effects.

As an estimate of the magnitude of the QCD cor-
rection to the quark effective moments we note
that the important ratio x,/x, is now equal to

- 1.80, which is reasonably close to — 2.

As mentioned earlier, the anomalous magnetic-
moment effect we have proposed for V - Py should
also contribute to the baryon magnetic moments.
Since the size of the effect depends on the had-
ronic states in question, it is not clear how the
effective moments for the radiative decays are
related to the baryon moments. However, to the
extent to which it is a good approximation to
think of the quarks as having effective single-
particle magnetic moments, we would expect the
magnetic moments of the nucleon octet to reveal
the presence of a flavor-independent anomalous
moment with u,/p,~~1.8.

A recent measurement of the =° magnetic mo-
ment!!

tzo=(= 1.20+ 0.06) . 5

gives us four well-determined baryon moments:
Ky My, Ka, and pzo. Four other moments, uy+,
W=, Kyp, and Uz-, are also known, but with
large errors. The moment of the =° has not been
measured but in almost any model 2u yo=p 5+
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+lyz-. As is well known, the currently observed
values of these moments cannot be fitted satis-
factorily by a simple SU(6) quark model. When
the effects of configuration mixing are included
the fit is, if anything, worse as long as the ratio
w,/ 1, is held fixed at —2. On the other hand, if
we vary theu, d, and s moments freely, we find
a very acceptable fit with

I"Lu/u’d(_\" - 1'6y

a value close to the value »,/x, =~ 1.80 found for
V = Py. Inour best fit, the amount of non-56 in
the SU(6) wave functions is about 0.16 (16%). This
value seems rather large'?; however, the reader
should once again bear in mind that we have in-
cluded SU(3) breaking in a minimal way.

The value for the =* magnetic moment we used
for the above fit was taken from the average com-
puted by Bricman efal.! A new measurement for
i y+ has just been reported,*®

g =(2.30+0.14) iy,

which supercedes the earlier value obtained by
this group. This will bring the average value for
ux+ down very close to the new value. It is im-
possible to fit this new nunber with this simple
scheme. To accomodate this new number we
have modified our model by permitting different
amounts of configuration mixing for each I-spin
multiplet within the baryon octet. Again we found
that it is impossible to find a satisfactory fit to
the data as long as we vestvict p,/lgz=-2, de-
spite the increased number of free parameters.
Once we allow the moments to vary freely, we
find an excellent fit provided, again, u,/u,

~ —1,6. While a more complete treatment of the
baryon system is required, we believe that the
success of our simple approach constitutes sup-
porting evidence for the existence of the anoma-
lous moment effect we are proposing.

In conclusion we speculate about how this effect
might appear in heavy-quark systems. We are
intrigued by the fact that in QED the light-by-
light scattering contribution to a fermion’s anom-
alous magnetic moment increased rapidly when
the fermion mass becomes much larger than the
electron mass.'* In our opinion it is probable
that a similar result occurs for the anomalous
moment considered in this paper so that we ex-
pect that it will become increasingly more im-
portant as the quark mass in the hadron increas-
es. If the external quarks in Fig. 1 are massive
while the quark in the loop of Fig. 1(b) is light
then, intuitively, one would expect the anomalous
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(loop) term to become relatively more important
since the light quark has a much larger magnetic
moment. The effect, unfortunately, depends on-
ly on the InGm/m,) and the treatment of the bound
states and coherent gluons is crucial, so that we
cannot prove our conjecture.”® Nevertheless, if
we are correct, the consequences are interest-
ing. Since the anomalous term is negative, if it
is much more important for charmonium, it
could appreciably cancel the “normal”’-moment
contribution. Thus, for example, the transition
Y —=mn.y would occur at a much smaller rate than
that expected from simple bound-state models
for ¥ and n,. A recent estimate of relativistic
corrections to M1 transitions in charmonium by
Kang and Sucher®® finds a substantial reduction
in this decay rate provided the confining potential
transforms like a Lorentz scalar. The anoma-
lous moment makes an additional correction that
must be included. The situation can be clarified,
however, by looking for the corresponding M1
transition in heavier-quark systems where rela-
tivistic corrections would be less important. For
the heavier b quarks, the presumed constituents
of the T, not only is the anomalous moment fur-
ther enhanced, but the normal moment is re-
duced since the charge of the b quark is only half
that of the charmed quark. Consequently, the
anomalous term, which now increases the mo-
ment, would make transitions like T -7,y much
larger than predicted from the simple quark mod-
el.
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The author points out that experiments to measure parity nonconservation in meta-
stable atoms, such as hydrogen in the 2S state, are not, in general, made more sen~-
sitive by operating near level crossings in a magnetic field. New possibilities related

to this observation are mentioned.

There are at present a considerable number of
experiments under way to measure parity noncon-
servation (PNC) in atoms.'"® The prospect of
measurements in hydrogenic atoms such as hy-
drogen, deuterium, and tritium, is particularly
important because such experiments promise
precise determinations of all the PNC, weak-neu-
tral-current electron-nucleon coupling constants
at low energy.'® It has been widely held that in
order to maximize the sensitivity of hydrogenic-
atom experiments one should aim to work near a
magnetic-field-induced 2s-2p level crossing where
the s-p mixing due to the weak interaction is
largest.'! The purpose of this Letter is to point
out that proximity to a level crossing is not at all
a fundamental requirement. This observation
opens up a number of essentially unexplored,
new possibilities for experiments in metastable
atoms.

All experiments presently under way to meas-
ure PNC effects in atoms involve resonant tran-
sitions from an initial atomic state to a final one.'"®
The quantity measured in these experiments is al-
ways the result of interference between two tran-
sition amplitudes, one parity conserving and one
not. In each case a PNC amplitude of the kind
shown schematically in Fig. 1 is the one being
studied. Here Hpyc is the PNC part of the weak-
neutral-current Hamiltonian and € is an oscillat-
ing electric field which resonantly drives the E1
transition. The PNC amplitude, Apyc, and some
parity-conserving amplitude, Ap;, both contribute
to a resonance rate given by

Nn|Apc+Apncl? = Nn[lApcl 2+ 2|ApcllApncl], (1)

where N is the number of atoms per second avail-
able for resonance, 7 is the detection efficiency,
and the Apyc? term has been neglected. The rela-
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tive phase between A pc and A pyc has been chosen
to maximize the interference term which the ex-
periments measure.

First it is useful to discuss how one can char-
acterize the sensitivity of experiments which
measure an interference between A p\c and Apc.
The total detected rate is the resonance rate giv-
en in Eq. (1) plus a background rate. The signal
to be detected is the change in this rate associ-
ated with a change in the relative sign between
Apc and Apyc. This signal, generally called the
asymmetry, is given by

2Nn |A PC”A PNCI' (2)

The sensitivity of such an experiment is charac-
terized by the size of the asymmetry relative both
to the noise and to the systematic errors. We
consider the noise first.

The noise at the detector in a 1-Hz bandwidth
may be written as

(N)Y2|A o] +0(A pc) +07, (3)

where the first term is approximately the statis-
tical noise in the resonance rate, the second term
is all other noise related to Apc, and o’ is all

FINAL
STATE

Hpne

INITIAL
STATE

FIG. 1. The kind of transition amplitude presently
being studied. Hpync is the PNC weak-neutral-current
interaction and € is a resonant oscillating electric
field.

© 1980 The American Physical Society



