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Radiative transitions between vector and pseudoscalar mesons are analyzed in a model utilizing
SU(N)-flavor symmetry plus breaking from unequal-quark masses, gluon annihilation channels,
and particle mixing. Best fits from the light-quark sector propagate terms into the charm sector
which require fine-tuning of parameters to remain consistent with data. We conclude that it is un-
likely that such models can survive similar extensions to the #- and b-quark sectors without sub-

stantial modification.

I. INTRODUCTION

Radiative transitions between vector and pseudoscalar
mesons have long been a favorite testing ground for vari-
ous theoretical models of hadrons.! Early formulations in
terms of vector-meson dominance of the photon couplings
and SU(N)-flavor-symmetric couplings have now largely
given way to quarkonium-based models of the mesons.’
In recent years, a number of new experimental determina-
tions and remeasurements have become available for tran-
sitions within the so-called light-quark sector (u,d,s). In
addition, some transitions involving mixed heavy (c,b)
and light quarks have been seen. Finally, there is a
wealth of information on decay modes and upper limits
for charmonium into inhibited final states. The purpose
of this paper is twofold: first, to reexamine the light-
quark sector data and obtain the best possible description
using available quark-model and/or symmetry parame-
ters; second, to extend the phenomenology to include the
heavy-quark sector, making use of constraints which con-
nect the two sectors (e.g., gluon annihilation contribu-
tions). In the next section, we discuss some of the critical
tests from individual decay rates and indicate the effects
of new experimental information. Section III is devoted
to developing a framework for a flavor-SU(N)-symmetric
transition amplitude, and adding corrections due to non-
degenerate masses, annihilation into gluon channels, and
mixed flavor states. The consequences and fits to data are
presented in Sec. IV, first for the light-quark sector alone,
and then adding the constraints of the mixed- and heavy-
quark states. The final section summarizes the results
and suggests future possibilities.

II. SURVEY OF SIMPLE RESULTS

We define the VPy coupling g in the usual way, so that
the decay width is

1g*k*

C(V—Py)=
( V=3 4r A

(1)
with k the magnitude of the photon momentum in the
rest frame of the decaying particle, and A a scale factor
introduced to make g dimensionless (we take A=1.0
GeV). For the reversed reaction P— Vy an additional
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factor of 3 appears since there is no averaging over initial
spins. The simplest predictions come from assuming a
flavor-symmetric SU(N) coupling, so that g =d,;,, where
the d’s are the usual symmetric structure constants for the
symmetry group, the ij indices are for VP, and the y in-
dex is taken to be the appropriate combination propor-
tional to the electric charge operator. An explicit realiza-
tion of this structure appears in the nonrelativistic quar-
konium model for the mesons, in which the decay is a
magnetic dipole transition between the triplet and singlet s
states. The transition amplitude is proportional to the
matrix element of the magnetic moment operator pyp, SO
that the decay width is

3
F(V—»Py)zkf(uyp)zll\z , )
3

where I is an overlap integral between the wave functions
of the vector and pseudoscalar states which should be uni-
ty in the nonrelativistic limit (k—0). The relativistic
corrections to this formula can be quite substantial, espe-
cially for mesons in the light-quark sector. (One possible
correction method results in an extra factor of Ep/My,
typically a 50% effect.) To avoid these uncertainties, we
focus initially on ratios of decay rates for nearly degen-
erate states, for which phase space is identical and these
effects might be expected to cancel.

(1) (p—my)/(@—my). This ratio is predicted to be &
from SU(3) symmetry, or equivalently from a quark mod-
el with equal u and d masses. The w— 7y rate has long
been known to be in the 900-keV range, thus predicting
the p—my width of about 100 keV. When the first mea-
surement’ indicated a width of about 35 keV, many at-
tempts were made to find mechanisms to accommodate
the discrepancy. Subsequently, when an updated deter-
mination* yielded 71+7 keV, it appears as though SU(3)
symmetry would only require small corrections. The lat-
est and most accurate determination,® however, has found
a somewhat smaller value, 59.8+4 keV. It appears now
that a ratio of about 14 must be accommodated for the
/p rates. It is obvious that if this were due entirely to
differences in the u- and d-quark masses, they would turn
out to be much too large to be allowable from other con-
straints. For example, if one breaks SU(3) by putting in
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explicit coupling to quark magnetic moments which are
inversely proportional to quark constituent masses, one
finds

Clp—my) _

3
No—my) )

2my—m, J2

2my +m,

This would lead to a u-d mass splitting of about 50 MeV,
which is much larger than allowable electromagnetic split-
tings in any realistic constituent-quark model. Within the
philosophy of our approach, the only possibility remaining
is to exploit the isospin difference between the p and w.
This will be done in the next section, where we allow
transitions mediated by gluons in the gg annihilation
channels.

) (K**—K*y)/(K**—KO%). This ratio should be
+ in the SU(3) limit. New data on the charged-mode de-
cay® width I'=51.145.2 keV (the old upper limit was 80
keV) and the neutral decay width’ '=116+11 keV (the
old value was 75%35 keV) give 0.44£0.06 for this ratio.
If we allow symmetry breaking with unequal nonstrange
and strange-quark masses in the magnetic dipole mo-
ments, the result is
2

2m,—m
- , 4)

DK**>K*y)
NK*9—K%)

m;+m

which predicts m;/m =1.24+0.08. This is somewhat
smaller than the ratio one would expect from quark con-
stituent masses implied by either mass fits or baryon mag-
netic moments (typically 500 MeV/330 MeV=1.5). In
this case we have no additional freedom to modify the
couplings in annihilation channels, so that if the observed
symmetry-breaking is to be correlated with quark masses,
it must be more complicated than merely adjusting the
Dirac moments. Again, we examine this possibility in the
following section.

(3) (D**—D*y)/(D**-D%). This obvious exten-
sion to the charm sector would be  if SU(4)-flavor sym-
metry were exact. Branching ratios for these decays
have now been measured,® but the absolute rates are un-
known, since the total D* widths only have experimen-
tal upper limits. One can get a rough estimate by using
SU4) for the hadronic D decay rates, and normalizing
to p—mm. This leads to predictions’ of approximately
0.5 for the D* ratio, with uncertainties which could al-
low it to be as low as 0.1 or as high as 1.0. Even this
wide variation, however, does not overlap the symmetry
prediction. For magnetic moment expressions involving
the charm-quark constituent mass, one obtains
| @) *+_ . D +7) 2

(5)
(D*°—D%)

Nominal values of quark mass m, = 1500 MeV predict a
ratio of 55, even lower than the symmetry value, and fur-
ther away from the allowed experimental region. (Note
that the theoretical expression has a maximum value of +
for m. >m, and even to reach the lower limit of 0.1 for
the decay width ratio would require a charm-quark mass
of about 2400 MeV.) Thus the situation is similar to that
in the strange-quark sector: a more general quark-mass

dependence than that for magnetic moments is required to
fit even those radiative decay rate ratios which are free of
ambiguities from unequal phase-space factors.

(4) ¢—n,.y. The measured decay width is 0.80+0.25
keV. Using the w—my for normalization, one would pre-
dict about 40 keV in the SU(4) limit, which implies that
the charm quark-mass suppression needed in the magnetic
moment formula is again larger than expected from mass
formulas (m, of about 2300 MeV in this case).

III. SU(N) SYMMETRY
AND SYMMETRY BREAKING

In the SU(N)-flavor-symmetric model, we place the
1 =0 pseudoscalar and vector mesons into (N2—1)-plets
and singlets and represent them by N X N matrices which
we denote by P and V. The properties of the radiative de-
cay can be introduced by representing the photon in an
analogous fashion, in a diagonal matrix proportional to
the charge operator. In terms of the Cartesian index

i=1,...,(N?*—1), one has
1
SUG) Q=(3)+—=(8),
SU(4) Q=—‘/3—2(0)+(3)+—Vl——(8) (1)2(15), (6)
V10 1
SU(S): Q= "1520)+(3)+ = (8)
Ve V10
~ L5+ 3004 .

There is only one independent coupling for VPy invariant
under SU(N) rotations. We write an effective interaction
Lagrangian

L=g,Tr(P{Q,V}), (7)

where the normalization is such that g, /3 is the coupling
which appears in (1) for the p—my decay width. The
second column of Table I shows the predicted decay
widths for SU(4)-symmetric couplings, arbitrarily normal-
ized to the pmy rate. The deficiencies of the previous dis-
cussion are evident, along with the inability to deal with
the small but nonzero rates for flavor-changing decays.

As a first step toward symmetry breaking, the charge
matrix Q can be changed to be proportional to the mag-
netic dipole moments of the effective (constituent) quarks.
We write the matrix p as

m
u= m,—Q , (8)

where m; is the quark constituent mass and m is some
SU(N)-symmetric value, and substitute it for Q in (7). A
more general way of relating symmetry breaking in the
coupling to that observed in the mass spectrum was pro-
posed in Ref. 10. One employs the current mass matrix
M;=M;5;; as an independent component available to
construct the interaction Lagrangian, and works to lowest
order. Then two additional terms can be constructed:
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TABLE I. Decay widths for VPy processes.

r(su4)) Broken Broken Broken

Process I'(expt.)? (keV) SU@3) SU(4)-A SU4)-B
p—TY 59.8+ 4.0 59.8 67.5 64.5 68.5
p—nY 55+14 23.5 51.1 35.8 49.0
n' —py 72+ 9.8 103 62.5 73.4 69.1
w—TY 853+56 574 692 788 680
w—Ny 3.0+ 2.5 3.0 5.4 9.6 6.2
7' —owy 6.5t 1.4 9.3 9.1 6.3 7.2
¢—mYy 5.5+ 0.6 0 5.5 5.5 5.5
o—ny 55+ 4.6 147 54.5 56.1 55.3
K** Kty 51+ 5.2 33.6 51.1 S51.1 51.1
K*' K% 116t11¢ 137 115 103 114
Y—my 0.0025+ 0.0007 0 0.0025 0.0025
Y—ny 0.054+ 0.009 0 0.054 0.054
v—7'y 0.265+ 0.049 0 0.264 0.264
Y-y 0.800+ 0.254 27.5 0.737 0.808
D** D%y 4.6+ 3.0¢ 2.9 0.47 1.93
D*°— D% 9.7+ 3.7¢ 47.8 16.0 9.47
Ne—>pY 0 3011 50.2
Ne > @Y 0 877 16.1
N — Py 0 2290 1.0
2All data from the Particle Data Group properties, except where noted.
®From Ref. 5.
‘From Ref. 7.
9From Ref. 9.

L’:‘%Tr(w,m (V,01)+ ig;\irr([M,P][V,Qp . O

where we use A=1.0 GeV again to make the g; dimen-
sionless. For SU(3) no additional parameters come in,
since a common mass M, =M, can be absorbed into the
g, terms and the strange-nonstrange mass difference al-
ways appears in a dimensionless combination multiplied
by g;/A. Starting with SU(4), one additional independent
mass ratio per flavor is present in the effective couplings.
For this parametrization to be equivalent to the magnetic
moment scheme, one finds the constraints g, =g3; and

M;
mo_ 8

10
m; glA 1o

must be valid in any SU(N). When fitting data in the next
section, we use the more general coupling (9).

For the flavor-changing decays, we parametrize the
quark annihilation into gluons by flavor-independent cou-
plings g4 (for 2 gluons) and g5 (for 3 gluons). Then we
can write additional interaction terms

L"=g,Tr(P)Tr(VQ)+gsTr(V)Tr(PQ) . (11)

These will provide nonzero couplings for the flavor-
changing decays, as well as modify the ratio of singlet to
(N2—1)-plet couplings within the allowed sectors. One
additional source of such couplings is through explicit
particle mixing, i.e., the quark-antiquark states in the iso-
scalar sector mix through these same gluon annihilation
processes to produce the physical particle states. In each
SU(N) multiplet, mixing of the N —1 isoscalar mesons
can be parametrized with (N —1)(N —2)/2 independent

real mixing angles. For a definite example, we write the
mixing of the 7, 1’, and 7, pseudoscalar states in SU(4),
in terms of the “pure” quark-antiquark states 1=non-
strange, 2 =strange, and 3=charm:

n=(cosB cosa —cosy sina sinB) | 1)

+ (cosfBsina + cosy cosa sinf3) | 2)

+siny sinB|3) ,
7' =(—sinf cosa —cosy sina cosB) | 1)

+( —sinB sina + cosy cosa cosfB) | 2)

+siny cosB|3) , (12)
7. =siny sina | 1) —siny cosa | 2) +cosy | 3) .

A similar expression holds for the vector mesons w, ¢,
and ¥ in terms of mixing angles a’, ', and y’'. To decou-
ple the charm part, we set ¥y =y’'=0 and define the usual
SU(3) mixing angles X=a+f and X'=a’'+f’. We treat
these mixing angles as independent parameters for now,
although they must of course be related in some manner
to the annihilation parameters g4 and gs.

IV. DATA FITTING AND PREDICTIONS

We start in the light-quark SU(3) sector alone. We per-
form a least-squares fit to the ten measured decay widths,
using the five couplings g; and the two mixing angles X
and X'. The parameter search was limited to values of g,
through g5 small compared with g, consistent with the
philosophy that these represent corrections to a basic
SU(3)-symmetric coupling. The results are shown in the



36 RADIATIVE-DECAY SYSTEMATICS AND FLAVOR-SYMMETRY ...

third column of Table I. The overall X? of 4.3 for the
three degrees of freedom is not bad, but the w/p puzzle
remains difficult. The overall coupling g, is the only con-
tribution to the p decay, so that it is tightly constrained.
To account for the factor of 14 in w decay, the term in-
volving g5 tries to become large, but it is prevented from
getting too large by its contribution to the ¢—my rate.
The ratio of K* decays is fit quite nicely, but only by us-
ing both the g, and g; couplings independently. Their ra-
tio turns out to be =~1.5, so that an interpretation in
terms of magnetic moments alone is not possible. Note
that the K* ™ rate is fit exactly, since the g; term appears
only in that coupling. The vector mixing angle X' comes
out very small, again a compromise between large o and
small ¢ decay widths. The pseudoscalar mixing angle X
was fitted at about —39°, very close to that which comes
out of broken-symmetry mass formulas and strong decay
amplitudes.

The next step was to include the four measured ¥ de-
cays into m, 7, B', and 7.. This involves adding four ad-
ditional mixing angles for SU(4), plus one additional mass
matrix parameter, which we take as the ratio of charm to
strange. In the first fits, we use the limit of charm sector
decoupling for vector mesons, so that only X'=a’'+f’
occurs, and we remain with three degrees of freedom,
fitting 14 decays with 11 parameters. The results are
shown in the next column in Table I, labeled broken
SU@4)-A. In this fit, the o decay does a little better, at the
expense of some of the other light-quark decays. The ¢
decays are fit almost exactly, using the additional freedom
from the mixing angles. For the D* decays, we have cal-
culated the predictions from this set of parameters. Even
though the additional freedom of two independent cou-
plings proportional to the quark mass was present, we
find the ratio of charged to neutral rates is still very small
compared with the indirect experimental evidence. The
situation is even more extreme for the suppressed 7. de-
cays into p, w, and ¢. In this particular fit, these rates are
predicted to be huge, adding up to more than 50% of the
total 1. width. The reasons for this can be traced directly
back to the w rate, where we have encouraged the annihi-
lation term g5 to be as large as possible. This flavor-
independent quantity propagates into the charm sector,
where the large available phase space enhances the effect.
In order to accommodate these constraints, additional fits
were performed with upper limit branching ratios of one
percent for each of the 7. modes, and rejecting solutions
for which the D* ratio fell outside the range from 0.1 to
1.0. We also reinserted the additional mixing angle for
the vectors as a free parameter, resulting in fits to 17 ex-
perimental constraints with 12 parameters. In each case a
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moderately acceptable fit was obtained, but at the expect-
ed price of a higher X? due to worse fits in the light-quark
sector, especially w—my. In addition, all of the upper
limit branching ratios for the 7. were saturated, indicat-
ing the desire of the fitting program to make them as large
as possible. To explore this further, sets of ‘“manufac-
tured” experimental values were assigned to the 7, de-
cays, and the same fitting procedure used. Results of a
representative fit are shown in the last column in Table I,
labeled broken SU(4)-B. The fitted values for the . de-
cay widths are all close to the values assigned, and the
w—>Ty rate is seen to suffer, as does the quality overall in
the light-quark sector. An examination of the individual
terms in decay couplings for the charm sector is quite re-
vealing. It shows that a typical suppressed (by gluon an-
nihilation and mixing) decay is made up of several
different terms, each with magnitude of 100 or so times
the experimental value. The final fitted value is obtained
by an incredible fine-tuning of the parameters which pro-
duces the desired cancellation.

V. CONCLUSIONS

Results of these fits lead to the following general state-
ments on the present understanding of quarkonium radia-
tive decays and prospects for the future.

(1) Ratios of different charge modes within the K* and
D* sectors require symmetry-breaking mechanisms more
general than simple magnetic moments using constituent-
quark masses.

(2) The w/p ratio appears to be settling down to a
final number which is not quite close enough to simple
broken-symmetry predictions to claim satisfactory agree-
ment.

(3) Propagation of parameters from fits in the light-
quark sector into the charm sector give disastrously large
predictions for some of the flavor-changing decays. These
can be fit to reasonable experimental numbers, but at the
expense of an intricate fine-tuning of parameters.

(4) Tt is likely that extension to the ¢- and b-quark sec-
tors will involve similar problems, even with the addition-
al freedom of more mixing angles. It appears that some
strongly mass-dependent mechanism must exist to avoid
propagation of correction factors from the light-quark sec-
tor.

(5) A measurement of absolute decay rates for the D*
and D} allowed radiative decays would place severe con-
straints on parameters within the charm sector alone.
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