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Radiative meson decay in the cloudy bag model
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%e use the chiral SU(2)LX SU(2)~ cloudy bag model to calculate magnetic dipole radiative transi-
tions among pseudoscalar and vector mesons. A ne~ picture for these decays emerges. Three dif-
ferent dynamical mechanisms, photon emission by quarks, photon emission from the pion cloud,
and pion emission by mesonic bags accompanied by a transition from a vector bag to a photon, con-
tribute singly or in combination to the 11 possible M1 transitions. The model accounts well for the
observed rates. In particular, pion-cloud effects are necessary to explain the E decays.

I. INTRODUCTION

The radiative decays among vector ( V) and pseudosca-
lar (P) mesons has continuously been a subject of consid-
erable activity in particle physics. Following the pioneer-
ing theoretical work of Gell-Mann and others on V~Py
transitions'i and the early experiments of the 1960s
which determined the to~my transition to have a partial
decay width of the order of 1 MeV, a very large number
of theoretical papers has been written on meson radiative
decays. This theoretical proliferation has been matched
by an extensive experimental effort. By now experimental
results are available for practically all of the allowed tran-
sitions of the types V~Py or P'~V'y among the
members of the lowest-lying multiplets. (These are the
nonet of vector mesons and the octet and singlet of pseu-
doscalar mesons. ) Although the experimental data for the
various modes display a rather broad range of accuracies,
it is possible to confront theory quantitatively with the
fairly extensive experimental picture.

In the present paper we limit our discussion to transi-
tions of the type V(J =1 )~P(J =0 )+y and
P'(J =0 )~V'(J =1 )+y, which, according to mul-
tipole radiation rules, proceed via a magnetic dipole tran-
sition (Ml). These transitions are, by far, the ones which
have received most attention on both the experimental and
theoretical sides. The continuing fiow of theoretical pa-
pers on this subject is testimony to the fact that there is
still no comprehensive theoretical picture, which explains
satisfactorily the whole set of available data. A recent re-
view of the field, although short of covering extensively
the theoretical work in print, gives a good overview of the
main lines of approach to this problem and we refer the
interested reader to it. The conclusion evident from this
review is that although some of the approaches which
have been used are able to account for most transitions,
there are always a few recalcitrant ones, usually the
E ~Ay decays, which do not integrate well into the
overall picture.

In order to clarify the background, and set up the ap-
propriate perspective for the rather different path we fol-

low in this paper to investigate the problem of radiative
decays, we review succinctly the two principal lines of ap-
proach used in many different variants to deal with this
problem. These are the constituent-quark-model ap-
proach and the phenomenological-Lagrangian approach
within the SU(3)-unitary-symmetry scheme.

In the constituent-quark model with pointlike u, d
quarks of mass =350 MeV/cz and strange quarks of
mass =500 MeV/c, the matrix element of the Ml transi-
tion between the quark bound states V and P is expressed
in terms of the magnetic moments pe of the quarks.
Their magnitude is determined from the magnetic mo-
ments of the proton and neutron, which, in this picture,
are also given in terms of quark magnetic moments. Us-
ing SU(6) wave functions for the mesons involved, the
partial decay widths of the various transitions are ob-
tained. This original approach has been developed in
numerous papers, for example, by improving7 on the
quark wave functions or by using quark magnetic mo-
ments derived from fits to the measured magnetic mo-
ments of nucleons and hyperons or even by allowing the
quarks to have arbitrary effective moments. In Table I
we summarize the quark-model predictions in exact SU(3)
(column two), as well as in a broken-SU(3) quark scheme
which allows for arbitrary quark moments (column
three}, together with the experimental values (column six).
The unbroken-SU(3)-quark-model figures are calculated
with equal u, d, s magnetic moments (as determined for
u, d from the nucleonic moments) and with relativistic
phase-space factors, as given in Ref. 4. The ri, ri' wave
functions are taken to have equal amounts of strange
quarks and to ((()) to be composed purely of nonstrange
(strange) quarks. It should be remarked that the quark
magnetic moments used for deriving the SU(3)-broken
predictions, do not completely describe the observed hype-
ron moments.

A second type of approach' ' uses effective Lagrang-
ians, ' in which the basic VVP interaction is supplement-
ed by vector-meson dominance of the hadronic elec-
tromagnetic current and symmetry relations. By allowing
for SU(3} breaking along the eighth component of the

33 141 Qc19S5 The American Physical Society



142 PAUL SINGER AND GERALD A. MILLER 33

TABLE I. The Ml radiative decay widths (in keV) calculated with the cloudy bag model are com-

pared with previous calculations and with experiment.
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Exact
SU(3)'

1200
125

0
71

275
8.6

78
226

15
142

1.0

Broken
SU(3)

861
67

5.9
96

139
44

57
57
8.7

108
0.23

Mn' bag'

310
34
0
8.7

94

Present
work (CBM)

1180
124

4.7
47
98
2.3

23
43

6.0
53
0.29

Experiment

861%76
71+10

5.9+2.2
51+5
75+35'
3+2

55+15
51+15

8. 1+2.8
87+20'

'Including ms-m~ and gs-q~ mixing, as explained in the text.
bReference 9.
'Hackmann et al. I'Ref. 19, Solution B)
dReference 3.
'See also Ref. 61.

underlying strong interaction, ' the M1 electromagnetic
transitions are expressed in terms of several parameters.
Although a measured degro. of success is achieved, '

the additional freedom allowed by most general octet
breaking is not sufficient to accommodate fully' '6 the
observed pattern of decays and the fits achieved are usual-

ly comparable to those exemplified in Table I.
The present situation is thus unsatisfactory in two

respects.
First, there is so far no theoretical description of one-

photon radiative transitions of type Ml among pseudosca-
lar and vector mesons which succeeds in accounting for
all the observed decay widths, even at the phenomenologi-
cal level. Some of the many descriptions come quite close
to this goal. ' These usually fail in some specific transi-
tions, most often the K' decays.

Second, and most important, the existing attempts have
little or no motivation based on quantum chromodynam-
ics. This is true both for the Lagrangian approach which
deals directly with the hadronic states, as well as for the
naive quark-model descriptions. Without belittling the
wealth of physical understanding which these approaches
have afforded over the years, it is certainly desirable to
treat these electromagnetic transitions among hadrons
from the perspective of an underlying theory of hadrons.
Instead of searching for yet another improvement in the
existing treatments, we attempt to investigate the prob-
lems by using a QCD approach to hadron physics. The
M1 transitions are thus not divorced from other hadronic
processes. One can use a single theoretical framework
which accounts dynamically for the observed structure
and spectroscopy of low-lying hadronic states as compos-
ites of quark and gluons, to describe the electromagnetic
transitions among these same composite states. At the
present stage of development, quantum chromodynamics
does not provide yet a tool for quantitative exploration in
the relatively Iow-energy region and one must resort to
one of the models which have been developed to incorpo-
rate QCD basic features, the obvious candidate being the

bag model. 's However, when the MIT bag model' was

applied recently' to the problems of mesonic M1 radia-
tive transitions, in a first attempt to go beyond the
"naive" quark model and its variations, it gave surprising-

ly poor results as can be seen from column four of Table
I. For instance, the decays ~,palmy came out as approxi-
mately one-third of the observed rate and the calculated
K'+~K+y mode is by an order of magnitude smaller
than the experimental value.

In this paper we reconsider the problems of the mesonic
Ml radiative transitions within the framework of the bag
model;zo however, we shall use a modern hybrid version
which is endowed with chiral symmetry, the cloudy bag
model ' (CBM). In this formulation, the pion is treated as
a fundamental field interacting with pointlike quarks con-
fined to a restricted volume of space. The coupling of the
quantized pion field to quarks is introduced via a non-
linear realization of the chiral symmetry SU(2)L
XSU(2)a. The CBM has been used with remarkable suc-
cess during the last few years to describe various strong
and electromagnetic low-energy aspects of hadron physics.
A very detailed and lucid account of these achievements,
complemented by a comprehensive review of the basic
MIT bag model and of various other hybrid bag models, ~2

is given in a recent review by Thomas. Of particular
relevance to our present work are the successful applica-
tions of CBM to the calculation of the magnetic moments
of the baryon octet and to the calculation of three-
meson strong vertices containing one or two pions.

The problem of obtaining a complete theoretical
description of the observed magnetic moments of the
baryon octet, bears in some ways close resemblance to the
problems on hand of the Ml electromagnetic mesonic de-
cays. Because of the common constituent quark descrip-
tion, the understanding of these two classes of physical
quantities underwent a similar historical development.
Moreover, as v&1 be shown in this paper, the possible
solution of the latter by a detailed analysis of quark
dynamics and of the role of pion currents, uses the same
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physical concepts that have been shown ' to overcome
previous discrepancies in the analysis of baryon magnetic
moments.

The early success of the constituent quark model in
reproducing the magnetic moments of the proton, the
neutron, and the A particle has led to the premature be-
lief that a simple SU(3) description of the inoment of the
baryon octet, including a heavier strange-quark mass,
would be adequate. However, when accurate measure-
ments of the X and:- moments became available, it be-
came obvious that the simple approach is untenable. A
recent analysis of the situation by Lipkin emphasizes
that ".. . present data indicate a serious disagreement
with simple quark models for baryon magnetic moments
which cannot be fixed up by symmetry breaking, relativis-
tic corrections, configuration mixing, or quark-diquark
models. " By amending these words to appropriately
describe the similar corrections to the symmetry results,
used in the various analyses of the mesonic Ml transi-
tions, Lipkin s statement is also quite suitable to charac-
terize the present state of affairs concerning the radiative
meson decays. It was only when the sizable effects of
mesonic exchange currents were included in the analysis,
that a satisfactory description for the baryon magnetic
moments emerged. 2 '25 The consideration of similar (and
additional) effects, which arise when using the CBM as
the basic tool for a description of Ml electromagnetic
transitions among mesons, is the main objective of this
paper.

Of more direct relevance to the present investigation is
our recent calculation 6 of mesonic vertices involving one
or two pions, i.e., cope, K'Krr, K'K'n, porn, in which we
have shown that the CBM gives remarkably accurate
values for these couplings. The successful calculation of
these vertices allows an extension of our approach to elec-
tromagnetic transitions. Another essential ingredient,
which plays an important role in the present approach, is
the ability of the CBM to satisfactorily describe the elec-
tromagnetic decays of the vector mesons.

%hen the CBM is applied to the M1 transitions a new
picture for these decays emerges and the dynamics of the
observed pattern of these decays is clarified. All previous
descriptions used essentially a common mechanism for all
of these transitions. (Examples are the defined interaction
vertex of a phenomenological Lagrangian or a basic mo-
ment due to quark transitions, including, possibly, some
symmetry breaking. ) The use of SU(3) syminetry led to
the well-known relations among the matrix elements of
the various transitions. By explicitly treating the dynam-
ics of quark and pions in the CBM, we find that the Ml
transitions among pseudoscalar and vector mesons may be
classified into three main groups. A separate physical
mechanism dominates the transition matrix of each.

(1) The matrix elements for the decays of the type
V~gy or i?'~ Vy, where V is any of the co,p, P mesons,
are given by the contribution of the quark electromagnetic
current inducing a radiative transition between V~q or
g'~ V bags. There are no contributions (to second order)
from pion exchange to these transitions. [See Fig. 1(a).]

(2) The matrix elements for K'~Ky chargmi and neu-
tral decays are due to a combination of the quarks and

9 A, ( 8

B A

(c) (d)
FIG. 1. In the cloudy bag model, a radiative transition from

bag A to bag 8 contains several possible terms, (a), (b), (c), (d).
The bags A,S are quark-antiquark states.

pion electromagnetic currents, inducing a radiative transi-
tion among K* and K bags. The pion-exchange currents
play a significant role in these transitions. [See Figs.
1(b)-1(d).]

(3) The decays with a pion in the final state, i.e.,
~~my, p~iry, P~ny, are due to pion-induced transi-
tions among ~ and p bags with emission of an elementary
pion, combined with the co-+y or p~y transitions in-
duced by the quark electromagnetic current. (See Fig. 2.)

This novel picture is related to the SU(2) X SU(2) basic
chiral symmetry of the CBM Lagrangian, emphasizing
the singular role of the pion from among the pseudoscalar
octet. 30'i' Hence the matrix elements for various decays
are not related by a straightforward application of the
Wigner-Eckhart theorem utilizing the SU(3)-multiplet
classification of mesons, as is usually done in treating
these decays. Instead, specific dynamical mechanisms
dictated by the CBM Lagrangian endowed with
SU(2) X SU(2) symmetry are needed to coinpute the transi-
tion rates. The calculation is performed to first order in
electromagnetism and using an expansion in the pion field
of the linearized cr model which provides the implementa-
tion of chiral symmetry in the Lagrangian. It is therefore
not surprising that the picture emerging from our treat-
ment differs significantly from the conventional one.

To better appreciate how our picture differs from previ-
ous ones it is worthwhile to consider the following ques-
tion: Would the computations of the diagrams of Figs. 1

and 2 using relativistic Feynman diagrams and point par-
ticles give a good description of the decays? The answer
is no, unless many more parameters are added. This can
be seen from the decays of class 1, for which there are no
pion contributions. For pointlike mesons, there would be
no radiative decays unless one introduces a relativistic ef-
fective interaction, e.g., of the form

where gv~ is the effective coupling constant for the radia-
tive transition of a vector ineson V to a pseudoscalar
meson P. Without an underlying model to specify rela-
tionships between various decays there is, in principle, a
different value of gvz for every initial and final state.

Y f
A 8 A 8 B A

(a) (b)
FIG. 2. The diagram contributing to pionic M1 radiative

transitions in the cloudy bag model (a). In the actual calcula-
tion, (b) is used for reasons explained in the text.
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The arbitrary nature of gi p renders the "pointlike-particle
model" essentially useless.

Only when one introduces an underlying (e.g., quark)
model, do these ambiguities disappear. For example,
Kokkedee's book (Chap. 12) shows that the constants

gvr are known factors of the magnetic moment of a pro-
ton. Using those relationships, Table 8, evaluation of the
Feynman graphs of Fig. 1(a}, one gets a reasonable
description of the class (1}decays. In the bag model, the
magnetic moment is proportional to the bag size, so the
composite nature of the hadron is essential.

There are several other possible procedures. One could
use effective quark magnetic moment operators and very
small bags, but one would have to account for the state
dependence of such magnetic moments. Alternatively,
one could use small bags, with small effective quark mag-
netic moments and rely solely on pionic effects. This
could work for the decays of class (2}, but would fail for
class (1).

The utility of the cloudy bag model is that it combines
the successful aspects of the quark model with necessary
pion-cloud effects. The needed pion-hadron coupling con-
stants are determined by the model. Using nucleon bag
radii in the range 0.8—1 fm, and the mesonic radii related
to those values by the bag model leads to good agreement
with the radiative decays and other properties. This suc-
cess is encouraging but, it is probably not unique to the
cloudy bag model. For example, some form of a semirela-
tivistic quark model, using reasonably large hadrons along
with pionic effects appended in a manner consistent with
PCAC (partial conservation of axial vector current},
would probably be successful.

Needless to say, our picture is an approximate one, to
the extent that the entire CBM formalism is only a model
description of the QCD framework. The nature of the
pion is a particularly intriguing one and there has been
much interest lately in clarifying the connection between
the possible qq structure and the Goldstone-boson facet of
the pion as an agent of spontaneous breaking of the chiral
symmetry. ~ Hence, in a more complete formulation,
one would have to include a detailed picture of the pion,
beyond the elementary-field approximation of the cloudy
bag model.

There is another possible problem associated with the
cloudy bag model. The MIT Lagrangian does produce a
qq state with the quantum numbers of the pion. If the
quantized pion field were introduced in addition, the
cloudy bag model would have two kinds of pions and dif-
ficulties with overcounting would arise. However, in the
cloudy bag model there is only one pion: the quantized
pion field. The bag pion state is projected out (removed)
from the Hilbert space of states used for computations.
The formal procedure to achieve this is discussed in detaii
in earlier papers, ' so only a brief discussion is presented
here. One starts with the Lagrangian density, W, and
uses canonical techniques to obtain the corresponding
Hamiltonian, H . Then, a truncated Hamiltoman is
employed for practical calculations. That is, one makes
the approximationI"" = g i

a)(a i
H"Mi P)(P i,

a(it

where the prime indicates that only certain states of in-
terest are kept in the sum over a and P. For example, for
pion-nucleon scattering the states consisted of

i
N ), i &)

and a (k) iN), a (k)a (k') iN). The operator at(k)
creates the quantized pion state. In the present work the
states a,P consist of the bag states of the co, p, P, &'+-,
K+-, K', K, rl, P, and g'. In addition one uses the only
quantized pion. The baglike pion never appears, so that,
e.g., terms in which a p bag becomes a pion bag plus a
photon do not enter. This is because neither a nor P is
the bag pion. The judicious use of projection-operator
techniques ensures that no overcounting arises. (To sim-
plify the notation the truncation procedure is not men-
tioned below. Nonetheless it is employed in the calcula-
tions. ) Of course, the ability to avoid a formal difficulty
does not ensure success. Indeed, testing the assumption
that the pion can be treated as a quantized field and not a
bag is one of our main goals.

Another fundamental difficulty, associated with all bag
models, is that Lorentz invariance is dropped in the pro-
cess of evaluating matrix elements. There are many
prescriptions available in the literature which seek to
make the necessary "recoil" and "center-of-mass" correc-
tions. None is truly satisfactory. As stated in Ref. 23, "to
be honest, any of the four possible options is equally ac-
ceptable and one has to accept an uncertainty of at least
+10% on bag-model predictions of rms radii and magnet-
ic moments . . . this is still considerably better than the
uncertainties associated with relativistic corrections in the
nonrelativistic quark models. "

This problem certainly occurs in our computations of
the radiative decay widths, and one can ask if the problem
is even more severe here. One may note that for Ml tran-
sitions the matrix elements for radiative decays are very
similar to those of inagnetic moments. Indeed, the quark
contributions to radiative decays may be reduced to a
magnetic moment computation in the limit 3j,(qr)=qr,
where q is the photon momentum and r the quark posi-
tion operator. Since the next-order term is (q r /10} and

q is not very large, there is a close correspondence between
these radiative-decay matrix elements and magnetic mo-
ments. Furthermore, nodeless a= —1 quark wave func-
tions are used for both mesons and baryons. Thus
Thomas's estimate of a 10% uncertainty applies at least
approximately here. However, other matrix elements are
more troublesome. For example, the matrix element for co

to my, Sec. IV 0, does not look like a magnetic moment.
The uncertainty in quantities like this is somewhat larger,
since our treatment allows for the inclusion of transitions
that do not actually occur.

The organization of this paper is as follows: Sec. II
gives a concise formulation of the CBM. In Sec. III the
electromagnetic field is introduced in the CBM Lagrang-
ian and the expressions for the M1 transition moment be-
tween bags is given. Furthermore, the direct transitions
between vector-meson bags and single photons are derived
from the CBM formalism and their strength calculated.
Expressions for the partial decay widths are also given
here In S. ec. IV we present the detailed calculation of the
various one-photon transitions among pseudoscalar and
vector-meson states. Finally, Sec. V contains an analysis
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of our results and a discussion of the approximations in-

volved.

o =fcos(P/f),

n'= f/ sin(P jf),
(2)

II. THE CLOUDY BAG MODEL

The success of the original MIT bag model" was cloud-
ed by the lack of ehiral symmetry in the MIT-bag La-
grangian. This is because the axial-vector current of the
MIT Lagrangian is not conserved at the bag boundary.
Since chiral symmetry plays an important role in low-

energy hadron physics, ' ' it was obvious that the model
should be amended so as to be endo~ed with this essential
property. Chodos and Thorn and Inoue and Maskawa
supplemented the MIT Lagrangian by a multiplet of
(o,n) fields, coupled to the quarks at the bag surface,
thus providing it with additional fields contributing to the
axial-vector current. These fields have the role of restor-
ing the chiral symmetry by allowing the axial-vector
current at the bag surface to be continuous. This opened
the era of the "hybrid bag models, " with Lagrangians
containing quarks, gluons, and "elementary" pions (and
o's), which were proposed in a multitude of different for-
mulations. ' In addition, by allowing for spontaneous
symmetry breaking, the consequential massless Goldstone
pseudoscalar boson is identified with the isotriplet pion
field. The actual small mass of the pion brings about
some breaking of the chiral symmetry, so that the axial
current becomes partially conserved, its divergence fulfil-
ling the famous PCAC relation.

In the cloudy bag model ' a nonlinear realization of the
o model is used, by employing the SU(2) X SU(2) invariant
relation

o +n"=f (1)

to eliminate the o field from the Lagrangian. The pion
field, which is coupled to the quark fields at the bag sur-
face, is allowed then to exist both inside and outside the
bag. One may redefine the Gell-Mann-Levy fields with
the aid of an isospin-triplet pseudoscalar field P so that
(Q =fjp)

where A,
' are the eight 3X3 matrices of SU(3). We

dropped indices whenever possible, for simplicity. Hence,
q(x) stands in fact for q'(x}, where a and m are color
and flavor indices, respectively. The eovariant derivative

&„is given by

&„0=(r}&4)4+fsin(4jf)d„4 .

It is evident that (3) reduces to the MIT Lagrangian for
$~0.

The CBM is greatly simplified when the following as-
sumptions are made: ' the P(x)jf field is relatively
small and it can be used as an expansion quantity and
furthermore, the quark wave function solution of the MIT
bag is not sensibly distorted by the pion field. Then, to
first order in an expansion in $(x)jf one has (dropping,
for simplicity, the gluon sector which we shall not use ex-
plicitly in this work)

l—q(x)s)q (x)—msq(x)q (x)—8 8„
q

——,
' g q(x)q(x)b,

e

2
q
g q(x)r P(x)y qq (x)b,,

+ —,[B&P(x)] ——,
'

m~ P(x)

and the equations of motion are

(i 9 m)q (x)—=0, x E V,

iy n (q)x= (q)x, xES,
(Sa)

(Sb)

(4)

where G„' are the eight colored gluon fields, f,», the SU(3)
structure constant, and g the strong coupling constant.
The quark covariant derivative is defined

(9a)
which fulfills (1). The CBM Lagrangian density, contain-
ing the MIT Lagrangian plus a nonlinear-cr-model part
(from which the o field is eliminated}, reads '

(Bi+m ~)P(x) = — g q(x)y&~q(x)b, .
2f

(9b)
l—q(x)gq(x) —mzqq 8„88„—

Most CBM calculations have employed this linearized
form. The vector and axial-vector currents of this La-
grangian are

+ ,' [&„P(x)]+—fm [cos[P(x)jf]—1),
(3)

where we have introduced possible quark masses and
8„=1 (0} inside (outside) the bag volume. q(x) is the
quark field, 8 is the constant energy density term of the
MIT bag, and b, is a surface delta function. The gluon
field tensor E&„is given by

V„(x)= —,'q(x)yqvq(x)8„+$(x) XBqg(x},

A„(x)= ,
'
q(x)y„y&rq (x)—8„+fB&P(x) .

For m &0 one obtains

d„A "(x)= fm„P(x)—

(10)

(12)

which enables one to identify f of Eq. (1), (3), (7), and (9b)
with the pion decay constant
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f=f (=93 MeV) . (13} field q~(x) is then (in the quark and pion sector)

We remark also that in the approximation leading to (7)
and (9) the P field is identical to the pion field of the o
model, Eq. (2).

The CBM Lagrangian is thus a sum of the MIT-bag
Lagrangian, a free-pion term, and an interaction term.
The effects of the pion field, which is quantized and used
in an expansion in /If~, are then treated as a perturba-
tion on the MIT-model results. This is effected by work-
ing in a Hamiltonian formulation in the space of colorless
bags to describe the known multiplets of hadrons. The
CBM has been shown to account successfully for the cou-
pling of pions to baryons ' ' and mesonsi as well as
for a variety of low-energy hadron-physics processes and
properties, as summarized in Refs. 23 and 38.

Although many of the CBM results were obtained us-

ing the formulation presented above, an alternative for-
mulation of the CBM exists which exhibits a pseudovec-
tor coupling of quarks to pions throughout the volume of
the bag, as opposed to the pseudoscalar couplings of Eq.
(7) which is limited to the bag surface.

The alternative formulation ' is obtainable from (3)
by a unitary transformation on the quark field

Sq (x)=qjv (x)=exp(i r Py5/2f )q (x) .

I'he Lagrangian expressed in terms of the "new" quark

l
x~cBM(&}=g 2

Cx+V~ ii—i&9+A

+f m [cos(glf ) 1]—

where &&P is defined in Eq. (6) and the covariant deriva-
tive acting on the quark field is now

gqz(x) =Qqz(x) —[cos—(p/f ) —1]~ (p X QQ)q~(x) .

(16)

The volume pseudovector coupling is explicit in (15). One
should note that in this pseudovector formulation, the
linear boundary condition for quarks is the same as in the
MIT bag model. It does not depend on the meson field.

If we expand (15) in P/f~, keeping also the second-
order term which arises from the covariant derivative (16)
on the quark fields, one obtains

2
A &A —mqlwVN —& 9u —YV~A ~s

+ —,q~y"&q~ (fX d„P)+ q~y"yirqpg d„P 8„+—,
' (B„P)'——,

'
m iP' . (17)

In this form, the results of current algebra for pion
scattering on hadrons are immediately derivable. ' It
is also the appropriate form to be used in the derivation
of mesonic strong vertices containing two pions, while for
processes involving one pion the formulations (7) and (17)
are equivalent.

In order to calculate various hadronic processes, it is
useful to reexpress the CBM equation in terms of a Ham-
iltonian. First, one uses (17) to derive the quark Hamil-
tonian

+int +
2

QN V Y5& gx
1T

far"&'q~(4 X d„P)

(18}

T&"(x)= g 3"g—g""W(x) .

The quark interaction Hamiltonian has t~o terms, ex-
pressing the basic coupling to one and two pions,

The isotopic spin invariance obviously requires that only
the u and d quarks contribute to the interaction terms of
(17) and (18). In the following we drop the subscript N.
The direct coupling to t~o pions is essential in getting
the correct current-algebra results from the CBM La-
grangian.

It is useful to present a few expressions needed to evalu-
ate the influence of H;„t. The pion-field expansion is
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[M (2 )']'"

&& [a,(k)e'"'+ a, (k)e -'"'j, (19)

The MIT bag solution ' for the quarks is

a;j0(Q;r/R)
q;(r, t =0)=X; bg8(R r—) (21a}

ia, j i(Q;r/R)a r

with

[aJ(k),aJ (k')] =[aj (k),aj'(k')] =0,

[aJ(k),aj (k')]=5JJ'5' '(k —k') .
(20)

with

(Q, '+ m, 'R')'"+ m, R

(Q;+m;R )'

and N; the normalization constant given by

(21b)

(a, )(Q;+m;R )

NE
4 Ri' (Q ) 2(Q + R )' [(Q +m R )'r —1]+m;R

(21c)

The quark frequency is determined by the linear boundary

condition at the bag radius r =8
a; ji (Q; ) =a+jo(Q; ) .

The first term of (18) can then be rewritten making use of
Eqs. (19)—(22) as

Hge' QJ d——k[ VJJ'(k}aJ(k)+ Vf +(k)ait(k)] (23)

(22)

with

VI'(k)= g ifg,
u (kR) +

,

rabbi

rr k~)b;,' [2 k(2~)'1'"
(24)

where b& are the spin-isospin wave functions of the quarks

and
0;

3f [2a;(a; —1)+m;R]

a;=(Q; +m;~R )'r

u (kR)=jo(kR)+jz(kR) .

(25a)

(25b)

(25c)

We have added the superscript (q) to the Hl of Eq. (23) to
underline that this term is written in the space of quarks,
which are of three flavor varieties u, d, and s in our treat-
ment.

Most applications of the CBM have been carried out by
evaluating H~„ in the space of colorless hadrons. This is

done by sandwiching H;„, between the hadronic states.
Note that the bag-model pion state never appears in our
formulation. For the present application, it is simpler to
work with Eq. (23) directly.

III. ELECI'ROMAGNETIC INTERACTIONS
IN THE CLOUDY BAG MODEL

In this section we describe the electromagnetic interac-

tions in the cloudy bag model. Then we present the vari-

ous expressions needed for the calculations of radiative

transitions between vector and pseudoscalar bags, and the
electromagnetic transitions of vector bags to pions.
Whenever possible, we follow the notation of Ref. 24, in

which the CBM is used to discuss the static electromag-
netic properties of baryons.

A. The electromagnetic current

The electromagnetic interaction is added to the CBM
Lagrangian (17) via the minimal coupling substitution
i3„~8„—ie, A„with A„representing the photon field,
whenever 8„ is acting on a charged field with electric
charge e, . Disregarding the pionic contact term
e2A&A "P'P which is of second order in electromagne-
tism, the interaction term of the Lagrangian has the form

W', „', '(x) =j„(x)A"(x) (26)

with the electromagnetic hadronic current j„(x)given by

jp(x) =Jp (x)+jp(x)+Jp~ (x)+Jp (x) . (27)

There is thus a quark contribution to the current denoted
by j„(x), a pionic contribution j„(x},and two contact
terms j~(x) and jp(x), representing qqmny and qqmy
vertices, respectively. The latter terms arise from the
second line of (17},when introducing minimally the elec-
tromagnetic field. The explicit expressions for the four
parts of j„(x)are

j~~(x) = g e;q;(x)y„q;(x}8„, (28)

j&(x)= ie [p'(x)B&4}(x)—p(x)8„$'(x)j, (29)

j~(x)=— gq y,y5(r'4" ~ 0)q;iJ. ,

, QCy, (r'O'6+r Ni 2~300')—
1F l

(30)

+PE U
(31)

where i stands for the quark degrees of freedom and
P=(Pi+i/2)/v 2 is the operator which creates positive
pions and annihilates negative pions [Eq. (19)]. Since our
Lagrangian (17) arises from an expansion in P/f and we
do not study here phenomena intrinsically connected to
two pions (like p~2n. , p~2my), the contribution of
(31), which is of order f, is neglected.

The explicit expressions for (28)—(30) are then obtained
by using (19) for the pion field and Eq. (21), the static
MIT bag solutions, for the quarks. The Coulomb gauge,
V.A=O, is employed so we need only the spatial parts of
the hadronic currents. These are
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~sr
j~(r)= ge;N; jo j, b;aXrb; 8(R —p),

a; R 8

j (r)=—ge '1 [a ( —k')+a (k')][a.(k)+a ( —k)]e'd kd k'k

(2m ) (coco' )'/2JlJ

(32)

(33)

j~(r)=—l8 0;r
Jo

g

0;r—J&

d kb;
&(I,/2, /2

I~+[a+(k)e'"'+a (k)e '"']
(2~)1/2~1/2

[a (k)e'"'+a+ (k)e '"']
j crb;8(R r) . — (34)

The creation and annihilation operators for charged pions,
used in (34), are

a 1 (k)+ ia i(k)
a+(k) =

2

frame of P'. Such expressions will eventually obtain from
(36), after using explicit representations for the operators
and wave functions involved. Denoting

(38)

a, (k)+ ia 2(k)
a+(k)=

(35)
we also define for future use an effective matrix element
p, py between P and V states for the magnetic dipole radia-
tive transition. Using spherical vector components one
has

B. The matrix elements of V~Py transitions

The matrix element for a radiative transition from a
vector to a pseudoscalar meson state, as obtained from
(26} is

Mpy y( 1my——in
~

00)iK„"spy

lK —m Ppy ~ Km+'py i
3

w ff 3
PF!

Mpv= P rj e 'q' V (36)
where

where j is the electromagnetic current given in the CBM
by (27) and 0 is the polarization vector of the emitted pho-
ton, having three-momentum q in the rest frame of V.
For the decays of a heavy pseudoscalar (1)') to V+y, the
roles of P and Vare interchanged. For P and Vwe take
static bags, except when P is a pion, which is an elemen-
tary quantum field in our approach.

The physical decays occur between momentum eigen-
states, so that in an exact calculation one should express
these eigenstates in terms of the static bag states. 6' 2 For
the decays between bags discussed here, of moderate
momentum transfer, it is a reasonable approximation to
perform a "static" calculation. Any momentum depen-
dence arising from the construction of bags from momen-
tum wave packets is therefore neglected. The reliability of
this static approximation, and the particular case of
V~lr+y decays, is the object of further discussion in
Sec. V.

The most general matrix element describing an M1
transition V~P+y, obeying the requirements of parity
and tixne-reversal invariance, is required to have in the
rest system of the V the form

Mpy-F(q )Sy.(RXq),

where Sv is proportional to the spin of the vector meson
and F(q ) is a function of the momentum transfer q . A
similar form results for the decays P'~ V+y in the rest

ppy=&P ~X~ V)

with X being a pseudovector of spin properties and we
have used

( lm„ln ~00) =[(—1) /v 3]5„

The decay widths are to be calculated with the relativis-
tic phase-space factor. Using the matrix element defined
in (39) and (40},one finds that the decay widths I y~Py,
I ~~Vy are given by

e Pav 9'
2 2 3

~V-~y=
9m

(41)

e PIv 9'2 2 3

~~-v~=
3K

(42)

where the relative momentum q is q =(my' —mp2)/2my
111 V~P7' aIld q =(mp —my )/2mp 111 P~ V'J/ decays.

Turn now to the explicit expressions of Mpy. The vari-
ous contributing terms of j„(x)of Eq. (27), are denoted as
Mgy (the uark contribution}, Mpy (the pionic contribu-
tion), Mp (the pion-quark contact-term contribution).
%'e shall use the formalism of the cloudy bag model
within the same framework as pioneered in Refs. 21 and
24, namely, we consider only terms having no more than
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"one pion in the air" when the photon is emitted by the
bag. Hence, in general, an electromagnetic transition be-

tween bags A and 8 will involve the several possible terms
of Fig. 1.

C. The quark contribution to Mz&

The quark contabutton to the V~I'y transction cs
given by (32) and (36) as

R
Mpov= P d3rjg e q V

r

I

~I ~I

2

~~I

tI

~
~ r I

I

~i~

I

t

I

~i!

I

~ I
~I

~ ~ ~I Ir
t

QI' R Qir . i= P gr iVr '
J rrdrjr ' j, '

J drr (rr;Xr)r ' '
V) .

l

The angular integration gives

r ogr e 'q'=4mij] qr q o)&e

If we define

4~&& 3ji(qr) 2Q; Q;r
p(q)= dp X ' j,3 qr

' a

0;r
Xj)

the final expression for Mgv becomes

eI.
Mjjr=i(P g —

y, ;(d)rr; K V),e

(44)

(45)

Q;r
r jo

0;r—j& R

over the bag's volume. As the eigenvalue equation for s-

where the quark component of the V-I' magnetic transi-
tion )uj v of Eq. (40) is

irir (P g )r;hl=)rr; V)—
e

with p;(q) given in (44). We see that Mg and p)v con-
form to the general forms anticipated in (37) and (40).
Note that Eq. (44) is exact and no "long-wavelength ap-
proximation" is made.

D. The pion contribution to M+~

In this section we consider the "proper" pion term Mpy
as well as the pion-quark contact term MzP. From the
explicit expression (34) for j 2 one can see that this contri-
bution is proportional to the integral of

wave massless quarks is jo ——ji at the bag surface, and the
integrand for the dipole matrix element is weighted by
ji(qj ), one may reasonably expect the contribution of this
term to be generally quite small. i We therefore disregard
it in the following. We are then left for the pionic contri-
bution with

Mpy ——P d rj pe 'q' V (47)

where j (x) is given in (33), this contribution being
represented diagrammatically in Fig. 1(b). The explicit
evaluation of (47) involves the use of Eqs. (18)—{25).

In previous work we computed meson-pion (e.g. ,
I~'Km') coupling constants. The hadronic representation
was employ~ to facilitate comparisons with experiment.
The constants so obtained did agree with experimental
values. Here we use Eq. (23) which uses a quark basis.
This simplifies the present computations. The various vr

coupling constants are not used explicitly in the present
calculation. However the theory is the same as in Ref. 26.
Thus the (more or less) correct coupling constants are
used.

The basic quark-pion interaction is given in Eq. (18).
For the first term of (18) which is of interest here, and to
the order in ()) j'f at which we work, the pseudovector
and pseudoscalar formulations are essentially equivalent.
Taking zero-mass u and d quark s and using
p[jo(p)+j2(p)] =3j,(p), we rewrite the quark-pion in-
teraction term (24) as

i n 1 ji«R)
Vg(k) = o"k~j .2f 0 1 kR [2(jik(2~)3]i/2

There are four terms in Mi v, involving bilinear products
of pion creation and annihilation operators [see Eq. (33)],
of which the general form is [we write here the term mul-
tlplylilg Qj ( —k )Qj(k)Ejj i]:

ji(kR)ji(k'R)
2f R Q —1 (2')3+4djik~k

1o"k o'k '~) ~J.
(~a+k )~k

1+o'k 'o"k~j ~J.
(~k+~k )~k

The full expression for the pion contribution is found after some algebra to be

—le 0 1

i 2 16ir3 Q —1 2f~R
ji(kR)ji(k'R)k eo; (kXk')~3

d k V
(~k~k )

We define now, remembering that q=k —k',
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(50)

and we rearrange the vectors in (49) to conform with (37). The pionic current contribution is then given by

Mp„= ~ (EXq) P„g (rr, r, ); V)))',
3 i =1,2

(51)

where
'2

8'= —q2R 2/20 f
27m 2f (Q —1) o

p4~ —P2R 2/5'
2

2

+m 2 2p2+q' +m 4
7r

2

(52)

In deriving (52) we have used an approximation

3J,(kz)=l ze (53)

known to be very accurate. ' Again, the expression ob-
tained now for MPV has the general required form of (37).
Within the order of our approximation, we have also the
term corresponding to Fig. 1(c) where the j& operates be-
tween states with "one pion in the air." It will be shown
that this term is much less relevant than the term corre-
sponding to Figs. 1(a) and 1(b).

E. Transitions involving pions in the final state

The treatment presented so far is suitable for discussing
Ml electromagnetic transitions between vector and pseu-
doscalar bags, to which the decay modes V~my do not
belong. So far, the elementary pions have entered the for-
malism via their contribution as virtual quanta (or "ex-
change currents"), as in Figs. 1(b), 1(c), and l(d). The
magnetic dipole transitions V~Py, listed in Table I, in-
clude, however, the channels oi~my, palmy, a.nd P~ny
which cannot be treated by the general formalism of tran-
sitions between bags. Most interestingly, these transitions
are also induced by the CBM Lagrangian (17) with elec-
troinagnetic interactions (26) and (27), and occur as transi-
tions among oi((I)) and p bags with the emission of a real
("fundamental" ) pion, followed by a transition ro~y or
p~y. The transitions co,p, P-+n y are depicted in Fig. 2.

The electromagnetic transitions of vector-meson bags to
photon are the same ones which are responsible for the
leptonic decays of vector mesons (V~i+1 ) and have
been formulated in the bag model by Duck~~ and treated
recently by ourselves. The relevant matrix elements be-
tween the vector meson and the vacuum are defined

(p(p, m)
~
q(x),' ~"q(x)

~
0)

for vector mesons p, co of momentum p and spin m.
The definitions (54) require that Lorentz-invariant state

vectors be used, and this presents difficulties in using bag
models to evaluate fP and f . Bag-model eigenstates
violate Lorentz invariance, so if these are used on the
left-hand side of Eq. (54) the results are not necessarily
equal to the right-hand side for all p. To obtain even a
rough idea about bag-model values of fP and f, one must
employ some approximation procedure.

Many authors, when confronted with such difficulties,
have employed wave-packet expansions. The idea is old:
project a state of definite three-momentum from the bag
state. These projected states are then used to evaluate the
desired matrix elements. This procedure is necessarily
somewhat arbitrary, since the projected state violates
Lorentz invariance. The results obtained are therefore
only first estimates and have some uncertainty. In what
follows we present and employ two popular procedures.
The difference in the results gives an indication of the un-

certainties. What is needed, but not currently available,
are Lorentz-invariant bag-model states.

If one employs a wave-packet expansion one may
decompose a vector-meson bag centered at a position Z in
the following manner:

d p
~

V(m), Z), = I p y(p)exp(ip Z)
~
V(p, m)), (55)

2COp

where p(p)/coP is a parametrization such that

( V(p, m)
i
V(p', m')) =5 (2m) 5(p —p')2', (56)

the normalization used in (54) with

2
mp

e~z)(p, m)exp( —ip x), (54a)
P

(2 )3 Jdi
2ciJP

(57)

(co(p, m)
i

q(x)y"q(x)
i
0)

3
2Pl~

e~„)(p,m )exp( i p x), (—54b).

The next step is to determine 4)(p). There is no unique
procedure, so P can be any suitably normalized function
that vanishes for very large p, has a maximum at near
p=O and a width in momentum space governed by the in-
verse of the bag radius.
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r rgo pr u r ——, r, 59a

f (p) =3f~(p) (59b)
PBp

where u (1) are the upper {lower) component of the
positive-energy state for the quark-antiquark pair in the

vector meson. The definition

F(p)= f r drjo(pr)[u {r) —,'1 (r)]— (60)

is useful. To simplify the numerical calculation, an ap-

proximate quark bag wave function introduced by Duck
was used:

[R 3~3/2(1+ & p2)] —I/2& ~ / 0
iprr r

go

(61)

Ro is related to the bag radius 8 by requiring the wave

function (61) to reproduce the bag value of the root-
mean-square radius and p =0.15 is determined so as to
reproduce the observed nucleon axial-vector coupling con-

stant.
Donoghue and Johnson employ another technique.

The quantities fz,f„are regarded as constants fixed by
the normalization condition (57}. That is, one uses (55) in

(54) with f~ (f„) treated as constants. The use of (57)
then gives

(fDJ)2
1=24 f p dpco&F2(p) (62a)

DJ DJ 2 2f„=3' m„ Imp

Next we present the numerical results. To evaluate Eq.
(59a) one must evaluate fz at some values of p. One may
take p =(p ), which is the expectation value of the
square at the momentum in the wave packet

(p }=10.4/R and R =Rz ——R„=0.92 fm as derived
from the spectroscopic calculation. Then

f ((p2}i/2) 5 4 f ((p2) i/2) 16 g

The evaluation of Eq. (62) gives alternatively

Wong's4 procedure is to use the inverse of Eq. (56) and
the above definitions to show that

P(p) =[(2~)'~~1(p)]'/',
(5g)

I(p}= 3 f d r exp( ip—r)JJ(V(m), 0~ V(m), r}Ji .
(2m )'

The next step is to use the expansion in (55) in Eq. (54).
Then one obtains expressions for fz,f which turn out to
be momentum dependent. After averaging over the wave

packet so that the angular dependence of f~(p),f„(p)
drops out, the following expressions were found

(p= lpI}:
3cop

v 2$(p)mz rr

fDJ g g fDJ

These DJ results are essentially what is obtained by setting
p=0 in Eq. (59a}. The experimental values are

fp"~'=4. 9+0.3, f'„"~'=16.3+0.8 .

The cloudy bag model affords a reasonable calculation of
the V~y transition, but there is considerable uncertainty
involved with the projection procedure. This problem sur-

faces again in the calculations of the co,p~m, y widths.

IV. CALCULATION OF THE M1
RADIATIVE TRANSITIONS

A. Introduction

In this section the formalism of Secs. II and III is used
to calculate the Ml transitions among vector and pseu-
doscalar mesons. From the discussion in the previous sec-
tion it follows that the various contributions to the Ml
mesonic transition arising from our CBM Lagrangian can
be expressed by the diagrams of Figs. 1 and 2 where /I

and 8 stand for pseudoscalar and vector-meson bags.
In general, the bags appearing in the intermediate states

in Figs. 1(b)—1(d) may be different from the bag states

A,8. In the present work, limited to the S-state solutions
of the qq system, we have only the pseudoscalar- and
vector-meson bags of the 3581 multiplet of SU(6) at our
disposal. Then the selection rules of strong interactions

imply the intermediate bag states are of type A and 8
only.

There is justification for neglecting intermediate states
other than A or 8 in Figs. 1(b)—1(d). The excitation of
high-lying intermediate states is suppressed considerably

by including effects of the pion's finite extent, as shown

by Crawford and Miller. Of course, the very lowest of
the ignored excited states might make a small contribu-
tion. This is discussed below in Sec. V.

When we write the matrix elements for the transitions
of Table I using the explicit expressions (44), (45),
(49)—(52), and (54)—(59), we find it particularly interest-

ing that one may classify these transitions into three
separate groups.

(A) Radiative transitions among mesonic bags, to which
only j~ contributes [Fig. 1(a}]. To this class belong the
transitions V~riy, g'~ Vy, and P-+ri'y, where
V—+co, ((},p.

(B) Radiative transitions between mesonic bags, to
which both j~ and j contribute [Figs. 1(a)—1(d)]. The
E +~I( +y and K ~E y transitions belong to this
class. As in the calculation of Se:. IVC, the ir-exchange
contribution is of major significance in these decays.

(C) Radiative transitions between a vector-meson bag
and a pion, i.e., co,p, /~my. The transitions arise in the
CBM from the diagram of Fig. 2(a).

This classification is a direct result of the detailed
dynamical model we use, namely, a chiral bag model en-
dowed with SU(2)@SU(2) symmetry. It should be con-
trasted with the "traditional" approach to radiative de-

cays, which is basically developed ' ' on the underly-
ing SU(3) symmetry for the magnetic moment inducing
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the transitions [or, alternatively, with an SU(3)-based
phenomenological Lagrangian' ' ' ' ], onto which de-
viations from SU(3} are superimposed. In our case, the
singular role of the pion which is the "working hy-
pothesis" of the CBM, establishes an SU(2)@SU(2) sym-
metry framework.

We turn now to the details of the calculations. One
might think that the calculation has several free parame-
ters: the pion-quark coupling constant f, the quark
masses, and the bag radii. However, f is determined in
the CBM by the pion lifetime via PCAC (f =93 MeV)
and the rest of the parameters were determined in the
CBM calculation of the baryon and meson masses. The
values of these parameters as determined in the spectro-
scopic calculation are used in this case. Thus our calcula
tion is completely parameter free, as well as consistent with
the CBM calculation of particle masses. Thus, we use

m„=m~ ——0, m, =218 MeV,

R» ——Rv ——Rv ——0.79 fm,

R~=Rp ——0.92 fm,

R»g=Rp ——0.91 fm,

and consequently

Qu, d =2 04~ Qs =2.04+0.36msR

(63a)

(63b)

(63c)

8. Transitions involving g, g' mesons

All transitions where one has i) or ri' bags in the final
state or an q' bag in the initial state belong to our class
(A). It is easy to see by considering isotopic-spin and
charge-conjugation symmetries (or G parity) that no vec-
tor or pseudoscalar meson of the lowest multiplets can
couple strongly to g'm or gm. Accordingly, diagrams
[Figs. 1(b)—1(d)] are forbidden in this case and these tran-
sitions are induced solely by the quark current of Fig. 1(a).
The matrix elements between the appropriate bag states
are given by (44)—(46).

The V,g, ri' spin-isospin wave functions are those of the
usual SU(6} expressions. At this point, we have to speci-
fy our treatment of the mixing-angle problem. Both vec-

ri = —,(uu+dd —v 2ss),

ri'= —,
' (uu+dd+v 2ss) .

(64)

Each contains the same percentage of strange quarks.
It is useful here to observe that a new measurement of

I &(2y), giving I'&(2y) =0.56+0.16 keV, was recently re-
ported. The older Cornell experiment from which the
angle 5p ———9.5' was deduced gave I „(2y)=0.324
+0.046 keV. The new value would lead to a mixing angle
of 5p ——17.6'+3.6' and affect appropriately the calcula-
tion. Our numerical results are presented for 8p ——45'
(which corresponds to the widely accepted value of
5p- —10'}, but we shall list for general reference the ex-
pression of the matrix elements as functions of 5& and 8p.
We give in Table II the value of momentum of the emit-

tor mesons and pseudoscalar mesons must be considered.
It is well known that for vector mesons the mixing angle
is quite close to the ideal nonet value 8~——35.3'
=arcsin(1/v 3). This results in a P bag made purely of
stran~e quarks and an co bag of nonstrange ones,
co = , (—ui7+dd). In practice, however, one knows that
there is a small violation of this value of 8& since the
(nonet-forbidden) tI}~pm, P~ny decays do occur. Thus,
we adopt here the mixing angle given by the quadratic
mass formula of 8r ——39' and we express our states by us-
ing the angle 5r expressing the deviation from pure nonet
states, 5& ——8r —8r ——3.7'. This allows us to calculate
P~ny. Here this is due to the ability of the small
(uu+dd) admixture in the P bag to emit a pion. We do
include this correction for all other decays involving co

and P bags.
The mixing angle of the pseudoscalars ri, r)' may be

determined from the quadratic mass formula or from the
two-photon decays of the three neutral pseudoscalar
mesons no, bio, ri'o. The first method leads to a mixing an-

gle of 5p ———10'. Using the values given for the two-
photon decays by the Particle Data Group, s one finds
5p ———9.5'+2.0'. It is convenient ' to define an g-g'
mixing angle given by 8p ——arc sin(1/v 3)—5p. Given the
above values of 5p, one sees that 8p is very close to 45'. It
is therefore natural to take 8p ——arc sin(1/~2). The phys-
ical ri, ri' states are then simply given by

TABLE II. The matrix elements for the transitions involving g and q decays. The results presented in Table I are calculated with
Hp ——45'; 5y ——3.T.

Transition Matrix elements
q value
(MeV}

Value of p
(fm}

Value of p8
(fm}

'9 P'V

'g ~CO/

V 3p~sin8p

p OPlf 2pg
sln8pcos5r — cos8psin5r

3
2pq

cos8pcos5r+ sin8psin5V
3 3

~3y,"Pcos8p

p7f Ol 2pg
cos8pcos5 y+ sln8psin5 r

3 3
—2pg

sin8pcos5p+ cos8psin5V
3 3

199

170

0.166

0.165

0.135

0.168

0.170

0.177

0.149

0.122

0.153

0.160
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ted photon as well as the numerical values of tu, ,p, cal-
culated from (44)—(46). p~ is the quantity of (44) when
i—=u, d and p, is the quantit obtained from (44) when

i =s—The moments of p ~„p,, differ slightly for the dif-
ferent P, V states, since these depend on the values of bag
radii and the available momentum for decay, q. The ex-

pressions given in Table II, when used in conjunction with

Eqs. (41) and (42), lead to our predictions for these decays,
as listed in Table I. For the radius 8 in (44), we use the
average value of the P, V bags involved.

C. Transitions invoking E mesons

There are two independent transitions in this class,
E'+~E~y and E'O~Koy, and it is particularly in
these transitions that large symmetry breaking is ob-

served. SU(3) flavor symmetry requires the neutral decay
mode to be four times larger than the charged one. Al-

though the measurements' of the neutral mode has a large
uncertainty, its rate is evidently only 1—2 times larger
than the more accurately measured 2 charged mode,
which is a strong indication of a large SU(3)-symmetry-
breaking effect. This suppression of the neutral K'o
mode was in fact predicted' a long time ago, from the
overall pattern of symmetry breaking in the radiative de

cays involving 'Q s.
In our model these decays belong to class (8), which has

contributions from all diagrams depicted in Fig. 1. We
turn now to the details of the calculation. As mentioned
previously, we perform the calculation in the quark basis.
All diagrams contributing at the quark level to the K' ra-
diative decays, in the "one-pion-in-the-air" approxima-
tion, are shown in Fig. 3.

The contribution of the quark current (28) [see also Fig.
1(a)], as detailed in Fig. 3(a), is calculated from formulas
(44)—(46) and one obtains

where we denote, as before, by p the moment induced

by massless u, d q~!arks and by p, the part due to the
strange quarks. The photon momentum (q value) in these

decays is 309 MeV and the explicit evaluation of expres-
s'x

sion (44) for p;, using R « =0.85 fm gives

p, =0 153 f. m, p,, =0.127 fm . (66)

Figure 3(b) represents radiation also induced by the
quark current, while the ( u, d) quarks emit and reabsorb a
pion. To evaluate this diagram, for which we need Eqs.
(19), (23)—(25), and (28), we treat the term of Fig. 3(b} as

an operator M $i acting on the u and d quarks. [The def-

inition of M gi parallels that of Eq. (45}.] In employing
this procedure, E -K energy differences in energy denom-
inators are neglected. Since there are no vanishing energy
denominators, this is a reasonable approximation. The
matrix element has thus the general form

M- (q (
HI"

~
q„ir, ) (q„n ( H@

~ q rr)
N~

x(q m ~Hi '~q)

(d) (e

FIG. 3. The contributions to the decays E ~Ky at the 1evel

at quark diagrams.

3
P Ps

«++«+ —1
(2 «+«««) (65a)

(65b)

with HI ' of (23). Evaluating this expression and sum-

ming over the charges of the intermediate pions leads to
the following expression for M «,«.

'2 2j, (kR)
, Icr k[q. (Rx&)]cr kI,

8f~ R cok

wlilch, aftei' performing

J dkn k(n K)cr k=—
3

with K defined in (38) becomes

t

quark the two terms involving intermediate m+ and m

cancel exactly, while for the down quark there is only par-
tial cancellation. Note also from Eq. (67) that M~, is

Q
K E

essentially given by M,« times I' /9, where P„ is the
probability to have a pion, '

"g . «'«M «,«(q) =ip(q),
48 0—1

3 1 0 k ji (kR)dk
3

QPk

Observe that the —,'(1 —r3) factor of (67) gives zero
when acting on an up quark and is unity for a down
quark. This is an expression of the fact that for an up

when intermediate excitation energies are neglected. One
should observe that M, is included in our general defi-

nition (45) of MP~. It is that part of it which has one
pion in the air during the quark's interaction with the
electromagnetic field. Since I' is small in the CBM, we
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» k' kr]
'k'

l

(68)

where the sum subscript i denotes the quark and anti-
quark in the kaon. For the integral of (52} we get (using
8 =0.85 fm) the value

%=1.36 fm (69)

We see that the pionic contribution is negative for the
K"+ +K+y transition an—d positive for K' -+K y, thus
adding with the same sign to the quark contribution, an
important factor in the good agreement achieved. The to-
tal amplitude is thus

(70)

The use of Eqs. (46) and (51) as evaluated in this section
[see Eqs. (65), (66), and (69)] in Eq. (41) gives the rate
values shown in Table I. It is of interest to remark here,
that if we had used only p»~» to calculate the partial
widths, the results of 26 keV for E'+~K+y and 66 keV
for K' ~K y would be obtained. Thus, the virtual pion
contribution is very important in understanding these
decays. Vhthout the pion currents, the ratio

(c) (d)
FIG. 4. The four terms obtained by time ordering for the dia-

gram of Fig. 3(c).

expect the term (67} to be very small. Indeed, a numerical
evaluation of it shows it to be less than one percent of the
term given by Fig. 3(a).

A similar fate is reserved for the term corresponding to
Fig. 3(d), which, as we have already remarked, is
suppressed to a similar magnitude. As for the term corre-
sponding to Fig. 3(e), it does not contribute at all since it
is canceled by renormalization terms. We are thus left
with the pionic term of Fig. 3(c). This turns out [along
with that of Fig. 3(a)] to be an important term. To evalu-

ate the pionic term we neglect again the E'-E energy
differences in the energy denominators. The pion current
operator (33) contains implicitly four terms, correspond-
ing to the time ordering shown in Fig. 4. These terms add
coherently to produce a significant effect. Since the pho-
ton couples to pions, it aff x:ts the isovector part of the
transition.

The term to be evaluated, Mz, z, is given in general

form in Eqs. (49)—(53). For the case at hand, one has

R» I——'(K' ~K y)/I (K'+~K+y) would be R»-2.5.
The deviation from the symmetry value of 4 is the result

of the different values for p and p, [Eq. (66)]
caused by m, ~m„,m&. However, the CBM requires the
inclusion of the pion effects whereby SU(2) X SU(2) sym-
metry is implemented. With the inclusion of the pionic
exchanges, we obtain a further reduction of the ratio to
R» 2. This is in fair agreement with the present experi-
mental value of R» ——1.5+0.8. Needless to say, the good
results we obtain for the absolute values of these partial
decay widths are of equal importance.

D. Transitions involving pions in the final state

The class of transitions having pions in the final state is

given in the CBM by the diagram of Fig. 2(a). Such tran-
sitions are typical of a chiral bag myel. Our use of the
CBM allows its explicit calculation. We have shown
that the ropir vertex (as well as the other VVm and VPm

vertices) can be successfully calculated in the CBM and
the calculation reproduced the experimentally determined
widths within less than 10%. Moreover, it was shown in
Ref. 26 that following the procedures of Donoghue and
Johnson, and Wong of relating the bag state of indefi-
nite momentum to momentum eigenstates by a wave-

packet expansion, one can calculate the fz couplings
determining the strength of the electromagnetic transition
of a vector-meson bag to a photon.

It should be remarked that our diagram of Fig. 2(a) is
reminiscent of the Gell-Mann —Sharp —Wagner (GSW)
model' of vector dominance for the co~my decay. How-
ever, while in GSW this is an effective phenomenological
diagram, which allows one to relate co~a y to
co~(p)m~3m, our process of Fig. 2(a) emerges naturally
from the CBM Lagrangian to first order in electromagne-
tism and the quark-pion interaction.

We present now the calculation for co~my. The modes

penny and P~ny are obtained by the same procedure.
In considering these decays, a problem arises from the
fact that co,p, P bag states are not momentum eigenstates.
The square of the total momentum operator p does not
vanish when acting on

~
V)b,s, so that the m and y are

not necessarily emitted with equal and opposite momenta.
The suin of the pion and photon energy is indeed Mi, but
there are no other constraints on the momenta. Thus,
since transitions that are not really allowed are neverthe-
less admitted, an overestimate of these partial decay
modes is bound to occur.

Instead of obtaining the decay rates directly from the
calculated matrix element, as we did for the decays to V,

E, and q bags, we proceed to estimate the decays to pions
by considering the self-energy term Xi ~ of co,p, P due to
a pion and y, from which we extract the partial width by
using [see Fig. 2(b)]

I v ~———,ImXv~ . (71)

We estimate that this procedure will minimize the effect
of the nonallowed states. One should also remark that for
transitions to heavy bags like V, g,E this problem is less
severe, since these particles have much smaller Compton
wavelengths.

The relevant self-energy term is given by
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x„=,gI,+{a(q)~a,M M, &{M,~H., ~M. &

(25 } ~ (2q)(2k } vari~
—q ~k (m —mp —cok)

(72)

where a is the (virtual) photon polarization state, q and k are the momenta of the (intermediate) photon and pion, and

M&,M„are the magnetic spin quantum numbers of the intermediate p and initial co mesons. The pion emission matrix
element is given by Eqs. (22) and (23) of Ref. 26 and after summing over Mz and performing the angular integration

dQ dk one obtains using Eq. (71)

I cy 4@= 2 2 I 2 (~k ms')'"(iii~ —~k}ji'[(~k'—~~')'"~]F (m~ —~k) .
24 8f 8 ~~ cok

(73)

F (q) expresses the strength of the vector-meson
bag~photon transition, which is defined as

{a(q)
~
HEM ~ Mp) =0 Sg(q)

=(—1) ~e ~ 5M~ F(q)
P

(74)

U. DISCUSSION

A new approach to the calculation of Ml radiative
transitions among vector and pseudoscalar mesons, based
on the formalism of the cloudy bag model is presented
here. Our results, summarized in the fifth column of
Table I, reproduce remarkably well the available experi-
mental data. The remaining discrepancies are most prob-
ably related to the roughness of the present calculation.
The inclusion of several corrections is discussed below.
Recall also that the experimental figure for some of these
decays is due to a single measurement. This is the case,
for instance, for the p~ily and co~qy decay modes.
The first of these modes shows indeed the largest apparent
discrepancy between our calculation and existing experi-
ment. A glance at the history of the measurements of the
Ml mesonic transitions reveals that for some of the
modes, like K'+~K+y, P~gy, the presently available
rate (based on several measurements} differs substantially
from the result of the first measurement. Thus, it is pru-
dent to compare columns five and six of Table I with
these remarks in mind.

Our approach is to use a dynamical model of quarks,
gluons and pions, the cloudy bag model, endowed with

This strength, usually expressed by fz,f„,f& was deter-
mined in Ref. 26 where a detailed discussion of its evalua-
tion is presented [see Eqs. (8)—(17) of Ref. 26] and shown

to agree well with the value determined from leptonic de-

cay of the vector meson. Using

F(q)=v'3/2X I r dr(jo —,ji )jo—(qR), (75)

where E is a known constant [compare to Eq. (13) of
Ref. 26], we finally obtain by numerical evaluation
I'„~m y=1.18 MeV. The result for penny and tI}~my
is obtained by a similar procedure. The small value of the
vector mixing angle, together with the effect of the CBM
form factor, combine to give the small value of the
/~my width, which agrees well with experiment.

SU(2) X SU(2) symmetry, as opposed to preceding
works' "based on a broken-SU(3) approach. As stressed
in the previous sections, we identify three general classes
of diagrams (cf. Sec. IV and Figs. 1 and 2) which contri-
bute singly or in combination to the eleven transitions
analyzed. The unified picture which SU(3)y models pro-
vide for these decays [though distortions occur because of
SU(3)y breaking], is replaced in our work by the detailed
dynamics provided by the Lagrangian of Eq. (17). Decays
like ~~my and p~gy or m~gy are no longer related by
a Clebsch-Gordan coefficient and arise now from dif-
ferent types of diagrams. The good overall results we ob-
tained are strong indication that these processes belong to
a regime ' where SU(2) X SU(2) symmetry is a satisfac-
tory symmetry. The large amount of SU(3)~ breaking ob-
served' " in these decays renders this latter symmetry
less useful for the processes at hand, as it is difficult to
control the syrnrnetry-breaking pattern in a perturbation-
like approach or otherwise. In this respect, we remark
that only the nonlinear CBM Lagrangian of Eq. (15) en-

joys the full SU(2) X SU(2) symmetry in the limit of van-

ishing rDasses. In practice, we work with a linearized ver-
sion (17), which is an expansion ' in the suitably small
quantity /If . This is different from the chiral perturba-
tion expansions in powers of momenta and masses of
quarks, the relation between the two approaches being
still a problem for further study.

In Table I, column four, we give the results obtained for
the Ml radiative decays by the use of the MIT bag model.
Hays and Ulehla' were the first to point out that the
model fails in this application by nearly an order of mag-
nitude. Hackman et al. ' and Chatley, Singh, and Khan-
na' have extended these calculations to the whole range
of radiative decays, after making certain improvements in
the basic model. Hackman et al. have added a new term
to the energy of the bag which allowed them to obtain the
correct value for the magnetic moment of the proton,
while Chatley, Singh, and Khanna allow for a state-
dependent bag pressure. However, when applied to the
Ml radiative decays, the original Hays-Ulehla results for
M1 radiative decays were not improved. In Table I we
present one of the solutions of Hackman et a/. , which is
typical of the MIT bag results. As shown in this paper,
the restoration of chiral symmetry leads to a suitable
framework to treat these transitions. A completely new
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dynamical picture emerges.
The use of the cloudy bag model, which treats the pion

as an elementary field, allows us to incorporate for the
first time the effects of the pion cloud in the radiative
meson decays. An important conclusion of our work is
that Uirtual pi-on effects are significant in the K'~Ky de-

cays, while they do not affect the V~my, V~riy, and
ri'~ Vy decays at the level of our approximation, namely,
intermediate bag states belonging to the multiplets of vec-
tor and pseudoscalar bags and no more than one pion in
the air when the photon couples to the bag. ' The
virtual pion effects [Figs. 3(b)—3(d)] raise the calculated
decay widths obtained from the quark contribution dia-

gram of Fig. 3(a) alone, from 26 to 47 keV for the
K'+~K+y mode and from 66 to 98 keV for the
E' ~E y mode. Recall that the exchange current gen-
erated by the pion cloud contributes solely to the isovector
part of the electromagnetic transition, whose strength is
thus sensibly altered by the presence of the pion cloud. In
contradistinction, in the transitions belonging to groups
(A) ( V~riy, etc.) and (C) (co~rry, etc.) there are no
long-range pion clouds present and the strength of the
transition is essentially governed by the quark current (32)
matrix elements. The small amount of pion-exchange
currents occurring in the transitions of groups (A) and
(C), which arises in the presence of high-spin intermediate
bags is neglected in our calculation. We shall return to
this point shortly.

In principle, there will be a contribution from the pion
cloud also to the isoscalar part of the transition. Howev-
er, this is small since the lowest intermediate state is then
due to the emission of three virtual pions annihilating into
a photon, which is proportional to (/If ) and hence of
higher order. The situation for the Ml transitions is
therefore similar to that encountered in the calculation
of the baryon magnetic moments, where the pion cloud
was also shown to contribute significantly to the isovector
part.

At this point, it is natural to inquire about the extension
of our approach to SU(3)XSU(3) symmetry. However,
the large difference between the i) and K masses on one
side and the pion mass on the other side, immediately
raises doubts about its applicability in the relatively low-
energy regime we investigate. Moreover, one should
remember that there is a large intrinsic asymmetry in
CBM between the massless u and d quarks and the s
quark which comes out to have a mass of 218 MeV.
Nevertheless, the extension of the chiral bag models to an
SU(3) X SU(3)-invariant bag has been formally investigat-
ed and such enlarged schemes have been used to esti-
mate the kaon and ri-cloud effects to the baryon magnetic
moments ' and to the semileptonic decays of baryons.
Not surprisingly, it was found that these additional con-
tributions do not change appreciably the results obtained
with the SU(2) X SU(2)-symmetric model. This reinforces
our view that for the low-energy processes under study,
the latter is the relevant and dominant symmetry.

There are several corrections to our approach which
ought to be included and which might change the results
by 10—l5%. However, their inclusion requires further
basic studies before truly proved calculations are feasible.

FIG. 5. Pion-cloud diagrams in the decays p~qy and
q'~py involving high-spin intermediate bags ( A2).

We only mention some general points here. First, there is
the question of the higher-spin excited states. In our cal-
culations, the intermediate particles were taken to be pseu-
doscalar and vector bags. The higher-spin intermediate
states, like the spin-parity-2+ tensor mesons are also pos-
sible intermediate states. Their inclusion will allo~ us to
treat the supposedly small effects due to the pion cloud, in

decays belonging to class (A) ( V~riy and ri' —+ Vy). In
Fig. 5 we indicate the diagrams which provide for the in-

clusion of the pion-cloud effects in the modes p~riy and

Ir
The inclusion of these diagrams requires the develop-

ment of the adequate formalism for the vertices contain-
ing tensor-meson bags. Such 2+ states are solutions of the
MIT bag static equation with the quark-antiquark system
in an S&/2I'3/2 state. From previous work one knows
that there are difficulties in extending the bag model to
the excited states, particularly concerning the number of
states and their location. Nevertheless, it is possibly of
relevance that the decays p~gy and g'~py, the only
ones of class (A) which acquire pion clouds when 2+ in-

termediate bags are included, are those which show the
largest discrepancy between the CBM calculation and ex-

periment. The inclusion of the pion-cloud effect is ex-

pected to ameliorate this.
Two other corrections which might be included are the

renormalization of the wave function and of the vertices
and the center-of-mass correction. In the CBM, the phys-
ical particles are "dressed" bags. Because of the coupling
to the pion field, the physical

~
c0), for example, will be

part of the time (Z„) a bare quark-antiquark
~
co)0 state

and part of the time will be a bare
~ p) 0 bag with one pion

in the air, etc. In addition to the wave-function renormal-
ization thus required, there is also an appropriate renor-
malization (Z~ii) of the VVm and VPm vertices. We cal-
culated the wave-function-renormalization factors Zi, Zi
and vertex-renormalization factor (Z„& for the aipm ver-
tex, Z, for the K'Em vertex, etc.) using the detailed

formalism (for baryons) of Refs. 21, 23, and 24. We find
that in all cases of interest here (Z~,Z„,Z „Zx,Z
Zx+x, Zx,x, ), these factors differ from one by a few per-

cent only, in accordance with previous findings ' ' for
baryons.

A more difficult and controversial point is the estimate
of center-of-mass corrections. The use of procedures
developed in Refs. 44, 60, and 61 has been shown ' ' ' to
change results for magnetic moments and form factors of
baryons by up to 10—15%%uo. It is reasonable to expect that
similar shifts will occur in the values we obtained for the
Ml radiative decays. However, the existing treatments of
these corrections are not completely satisfactory. Here we
take the position that the results presented in Table I are
the unambiguous predictions of the "first-order" CBM,
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namely, within the working approximation of the model

we described (i.e., linearization, one pion in the air, pseu-

doscalar and vector bags in the intermediate states only,
etc.). Corrections to our results, which we enumerated
above, should preferably be treated together in order to
achieve a reliable estimate of their combined effect on the
"first-order" results.

To conclude, we reemphasize that the use of the cloudy
bag model, which provides a calculational framework for
implementing a chiral SU(2) XSU(2) QCD model includ-

ing the pion-cloud effects, leads to a satisfactory treat-
ment of the eleven possible radiative transitions among
pseudoscalar and vector rnesons. There are certain correc-
tions which we analyzed in this section and which will

possibly shift our results to some extent, of the order of
10—15%. In particular, we have some understanding of
the major deviations from experiment which we encoun-
tered in our calculation. Our treatment of the co,p, t)) ~my
do:ays allows for the inclusion of transitions which do not
actually occur, thus overestimating somewhat the rates.
On the other hand, our inability to treat the intermediate

excited bags, like the spin-2+ meson A2, leaves out a
pion-cloud contribution to p~gy and g'~~y which
hopefully will close the gap with experiment.

We conclude with a strong appeal for an experimental
effort to ineasure these transitions with improved accura-
cy. This will provide an inducing factor for the detailed
calculation required for the inclusion of those effects
neglected in the present work.
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