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Radiative decays, nonet symmetry, and SU„3… breaking
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We reexamine the problem of simultaneously describing in a consistent way all radiative and leptonic decays
of light mesons (V→Pg, P→Vg, P→gg, V→e1e2). For this purpose, we rely on the hidden local sym-
metry model in both its anomalous and non-anomalous sectors. We show that the SU~3! symmetry breaking
scheme proposed by Bando, Kugo and Yamawaki, supplemented with nonet symmetry breaking in the pseu-
doscalar sector, allows one to reach a nice agreement with all data, except for theK* 6 radiative decay. An
extension of this breaking pattern allows one to account for this particular decay mode too. Considered
together, the whole set of radiative decays provides a pseudoscalar mixing angleuP.211° and a value foruV

which is.3° from that of ideal mixing. We also show that it is impossible, in a practical sense, to disentangle
the effects of nonet symmetry breaking and those of glue inside theh8, using only light meson decays.
@S0556-2821~99!01013-9#

PACS number~s!: 12.39.Fe
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I. INTRODUCTION

Defining an accurate framework in which the study of
radiative decays of light flavor mesons can be perform
successfully is a long standing question. There are a
kinds of different models which have been proposed so
The most popular modelling is in terms of magnetic m
ments of quarks@1,2#. It includes, to some extent, SU~3!
breaking effects by having a magnetic moment for thes
quark, slightly different to that of thed quark. It also depends
on overlap integrals which are hard to estimate theoretica
and are thus arbitrarily chosen equal@3#. This, at least, al-
lows one to have a reasonable number of free parame
Another traditional approach is to use SU~3! relations among
coupling constants@4#. However, the assumption of exa
SU~3! symmetry still yields reasonable descriptions of rad
tive decays@5#, though the success is never complete.

Recently, several models including SU~3! symmetry
breaking effects have been proposed@6–8#, motivated in part
by effective Lagrangian approaches to the interactions
vector mesons@9,10#, sometimes with additional SU~2! sym-
metry breaking effects@7#. Including SU~3! symmetry break-
ing as per Bando, Kugo and Yamawaki~BKY ! @11,12#, these
models give a special role to all decay constants (f K , f h ,
f h8) in the breaking procedure; some additional correctio
are also allowed. More recently, a new kind of model h
been proposed@13#, where additional symmetry breaking e
fects are introduced by means of the~measured! leptonic
decay constants of vector mesons.

The study of radiative decays of light flavor mesons
also connected with the long standing problem ofh/h8 mix-
ing @5,8,14–17# and to its possible association with a glu
content@13,18#. The two–photon decay of theh(h8) is also
connected with the problem of anomalies@18–21#. Recent
developments seem to advocate a more complicatedh/h8
mixing scheme@22,23#, which has received support from
some phenomenological analyses@24,25#. Another approach
0556-2821/99/59~11!/114027~19!/$15.00 59 1140
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in the same vein has been proposed quite recently by Es
ano and Fre`re @26#, where the pseudoscalar mixing angleuP

is taken to be mass dependent. Practically, this leads to
different mixing anglesuh5uP(mh

2) and uh85uP(mh8
2 ) in

order to express the physical statesuh& and uh8& in terms of
the octet and singlet pseudoscalar fields. As a consequen
this assumption, however, the physical statesuh& and uh8&
are no longer orthogonal to each other. Similar discussi
can be found forp0-h mixing @27# and r-v mixing @28#,
where the latter is a necessary result of current conserva
@29#.

Among the models sketched so far, only the O’Donn
model @4# introduces, quite naturally, the effect of non
symmetry breaking, simply by its being SU~3! @but not U~3!#
symmetric in both the pseudoscalar and vector sectors
phenomenology tends to indicate the relevance of deviat
from nonet symmetry, it looks interesting to keep this pos
bility, in addition to conventional SU~3! breaking effects.

The purpose of the present paper is to propose a
model based on the successful approach of hidden local s
metry @9#, and particularly its anomalous sector@10#. As we
know that effects of SU~3! symmetry breaking are clearl
observed in the data@5#, they have surely to be introduced
We do it following the BKY mechanism@11#. This approach
reveals an interesting pattern for thes-q breaking (q or q8

stand foru or d quarks!. Indeed, decays involving a (qq8̄)
pseudoscalar meson have unchanged coupling cons
~they depend directly onf p), while decays involving a (sq̄)
or a (s̄q) pseudoscalar meson are renormalized byf p / f K ,
and the (ss̄) part ~only! of neutral meson couplings is cor
rected by (f p / f K)2, without any change for the additiona
(qq̄) parts.

This is automatically performed by a field renormalizati
@11,12#, which must be propagated@12# into the interaction
~non-anomalous and anomalous! Lagrangians. This breaking
scheme has the virtue of being both simple and success
©1999 The American Physical Society27-1



he
ts

ce

i

st
he

nd
in

n

th
th
s

te

d

tc
um

dd
o
a

is
e
s
wa
tio
s

Th
e
s

in
a

fit
ing

o

a
ie
es
-
d

he

y
he

ed

ive
ten-
e
t of
m

-
t

-

e
is-
ure-

f

ile
l of

rk
t

f.

ich
the
od-

-

tive

M. BENAYOUN et al. PHYSICAL REVIEW D 59 114027
predicting the magnitude and the functional form of t
breaking effects. In order to probe various kinds of effec
we supplement the BKY breaking by another one introdu
by Bramon, Grau and Pancheri@6# ~BGP! which acts directly
on the anomalous Lagrangian of Ref.@10#. Finally, we intro-
duce there the possibility of breaking the nonet symmetry
the pseudoscalar sector.

The net result of this breaking pattern is threefold. Fir
to explicitly construct a Lagrangian model which gives t
SU~3! model of Ref.@4# for VPg transitions. Secondly to
perform consistently the BKY and BGP breakings, a
thirdly to test against data each of the elementary break
schemes~BKY, BGP and nonet symmetry! separately. Fi-
nally, we will also examine the effects of a glue compone
coupled to theh andh8 mesons.

On another hand, using standard Feynman rules,
model also allows us to reconstruct the amplitudes for
anomalous decaysh/h8→gg. It so happens that it provide
the traditional mixing scheme with only one mixing angleuP
and with, additionally, expressions for the singlet and oc
decay constantsf 1 and f 8 in terms of f p , f K and the nonet
symmetry breaking parameter~namedx). We thus have an
access to testing whether radiative decays of typeVPg give
support to this traditional scheme@15–17,20,21#, or if there
is evidence for its failure, in connection with the recent mo
elling involving two mixing angles@22–26#.

The paper is organized as follows. In Sec. II, we ske
the present status of experimental data. In Sec. III we s
marize the standard exact SU~3! model of O’Donnell for
radiative decays and examine how the interplay of an a
tional singlet can be performed. Section IV is devoted t
brief reminder of the main tools: the HLS model, its anom
lous sector and the SU~3! symmetry breaking schemes. It
here ~Sec. IV D! that we exhibit the Lagrangian model w
use in order to describe the radiative and leptonic decay
light flavor mesons. We discuss here, and in Sec. V, the
nonet symmetry breaking is implemented and the connec
between the symmetry breaking parameters and the u
singlet and octet decay constantsf 1 and f 8. In Sec. VI, we
discuss the results of the fit using the proposed model.
analysis of nonet symmetry breaking versus glue compon
in the h andh8 mesons is discussed in Sec. VII. Problem
connected with the Primakoff measurement ofh decay width
are shortly discussed in Sec. VIII. Predictions for branch
fractions are presented in Secs. IX and X. Section XI de
with a special treatment for including theK* 6 radiative de-
cay mode inside the set of partial widths submitted to
Section XII is devoted to conclusions. For ease of read
most of the numerical results are gathered in tables and m
formulas are given in the Appendix.

II. THE DATA

Recently there have been a few improvements of the d
we analyze. Most of them have already been listed in Rev
of Particle Properties@30#. This concerns some decay mod
like r0→hg and r0→p0g which were previously some
what overestimated@31#. Results have also been improve
for the modev→hg and new results have increased t
11402
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quality of the information onf radiative decay toh @32,33#.
Moreover, the decay modef→h8g has been measured b
the two detectors mounted on the VEPP-2M collider. T
result of the CMD2 Collaboration@34# is the present refer-
ence@30# and corresponds to a branching ratio of (1.220.5

10.7)
31024. More recently, the SND Collaboration has report
@35# a slightly smaller~but consistent within errors! branch-
ing ratio of (6.722.9

13.4)31025.
Therefore, we have at our disposal the full set of radiat

decays of light mesons. One might, however, expect po
tial difficulties with some particular data. The first is th
disagreement between the Primakoff effect measuremen
G(h→gg), and the results which have been obtained fro
six e1e2 experiments~see Ref.@30# for references!. One
should note that the results provided by alle1e2 experi-
ments are statistically consistent with each other~mean
value: 0.51460.026 keV! whereas the Primakoff effect mea
surement (0.32460.046 keV! is statistically inconsisten
with e1e2 experiments by more than 3s. Therefore, it could
be considered unreliable to mix the results frome1e2 data
with those from the Primakoff effect. Hence, in the follow
ing, we use the mean value of thee1e2 measurements
(0.51460.026 keV!, which seems more reliable, due to th
number of experiments. We shall, however, somehow d
cuss the physical consequences of the Primakoff meas
ment (0.32460.046 keV!.

The second~potential! problem is the self-consistency o
the measured values for the partial widthsK* 6→K6g and
K* 0→K0g which have been recognized hard to reconc
with each other by several authors. For instance the mode
exact SU~3! symmetry @4# provides @5# a ratio G(K* 0

→K0g)/G(K* 6→K6g)54, as the@SU~3! broken symme-
try# model of Ref.@13#, while the reported data@30# rather
give 2.260.3. On the other hand, the model using qua
magnetic moments predicts@36# a ratio of 1.65. In these las
two cases, the reported value forG(K* 0→K0g) is well re-
produced, while the reported information@30# for G(K* 6

→K6g) is twice larger compared to the prediction of Re
@13# or 50% smaller compared to the prediction of Ref.@36#.
It is hard to determine the source of this discrepancy, wh
could conceivably be either due to systematic effects in
measurements or simply reflect the need for a refined m
elling.

III. AN EXACT SU „3… SYMMETRY FRAMEWORK

The formalism which describes the decaysV→P g and
P→Vg within an exact SU~3! symmetry framework has
been given by O’Donnell in Ref.@4#. The corresponding de
cay amplitudes can be quite generally1 written as

T5gVPgemnrskmqn«r~V!«s~g! ~1!

using obvious notations. The coupling strengthsgVPg be-
tween physical vector and pseudoscalar mesons in radia
decays are expressed in terms of two angles (uV and uP)

1That is, independently of any specific Lagrangian.
7-2
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RADIATIVE DECAYS, NONET SYMMETRY, AND SU~3! . . . PHYSICAL REVIEW D59 114027
which describe the mixtures of singlet and octet compone
and of three coupling constants (gV8P8g , gV1P8g and

gV8P1g); indeed, assuming that the photon behaves like

SU~3! octet cancels out the possible couplinggV1P1g . We do

not reproduce here the expressions for thegVPg in terms of
the elementary couplingsgVi Pjg

and the mixing angles; the
can be found in Ref.@4# and in Appendix A7 of Ref.@5#,
where a misprint has been corrected. These formulas
mixing angles describing deviations from ideal mixing, i
troduced long ago in Ref.@37#, rather than the more custom
ary mixing angles relative to octet and singlet compone
The relevance of this angle definition has recently been
discovered@24,25# in connection with theh/h8 mixing prob-
lem.

At this point, it should be noted that exact SU~3! symme-
try is not in conflict with releasing the condition of non
symmetry@which corresponds to the stronger U~3! symme-
try# usually stated in effective Lagrangian models for bo
the vector and pseudoscalar meson sectors@8–10,38,39#.
Moreover, the O’Donnell formulation also treats the mixin
angles as free parameters to be determined.2

Then, assuming the existence of only one singlet for e
of the vector and pseudoscalar meson sectors, exact S~3!
symmetry gives a description which depends generally
five parameters. Reducing the number of free parameter
quires additional symmetries. In most traditional approac
to vector meson physics, nonet symmetry in the vector se
is assumed@8–10,38,39# once the vector meson field matr
has been written with idealv and f fields. A recent phe-
nomenological study of light meson radiative decays@5# has
concluded that all existing data highly favor nonet symme
in the vector meson sector. Practically, this means that
can limit oneself to only two independent couplings:G
5gV8P8g5gV1P8g and G185gV8P1g ; if we define x by G18

5xG, the result of the most likely fits to the data in Ref.@5#
~the so-called ‘‘internal fit’’ and ‘‘model M1’’!, tells thatx
.0.9, with a ~statistical! error makingx fully inconsistent
with 1. This would imply that nonet symmetry is signifi
cantly broken in the pseudoscalar sector. Whether this v
for x is a fundamental property of radiative decays, or
effective way to account for~ignored! SU~3! symmetry
breaking effects, is still an open question and partly mo
vates the present paper.
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The question of whether nonet symmetry in the pseu
scalar sector is fulfilled is intimately related to the U(1A
anomaly and recent accounts of this problem can be foun
Refs. @40,22,23#. At large Nc , the nine basic pseudoscala
mesons should form a nonet of degenerate Goldstone bos
and then one could expect that the parameterx defined above
should tend to 1. However, the precise value ofx should also
be related to the scale dependence of the singlet coup
constant @18,22,23#. Therefore, from a phenomenologic
point of view, it looks wise to letx vary and examine the
consequences of assigning it specific values~including 1!.

Moreover, recent theoretical developments tend to ad
cate that the singlet sector of pseudoscalar mesons could
be not saturated@13,18,22,40# by the standard singletv1

5(uū1dd̄1ss̄)/A3 only. One ~or more! of the glueballs
predicted by QCD could play a non-negligible role. Let
denote this additional statev185gg, exhibiting its possible
connection with glue. Actually such a state could be a co
pound of several SU~3! singlets, like several glueballs with
even, a possible admixture ofcc̄, as recently advocated in
order to account for the unexpectedly high rate ofB→h8K
observed at CLEO@41# ~see Refs.@42,24# and references
quoted therein!. The possibility that a part of the broad stru
ture seen in radiativeJ/c decays and presently named@30#
h(1440) could be a nearly pure glueball is still consider
@43# ~see Ref.@44# and the minireview in Ref.@30#!.

Then, it is meaningful to allow for the mixing ofv8

5(uū1dd̄22ss̄)/A6 with both singlet states already re
ferred to asv1 and v18 . This follows the proposal in Ref
@13#. We are not actually very dependent on an assump
about the precise content ofv18 , except that it is supposed t
be orthogonal tov1.

It is suitable, for later use, to choose a parametrization
the mixing of (v8 ,v1 ,v18) into physical pseudoscalar meso
states denoted (h,h8,h9). Using the symbolh9 for the third
partner of the doublet (h,h8) simply means that we don’
care to identify it , as we do not presently plan to describe
coupling to vector mesons and photons and, more gener
its physics. Any general parametrization of an orthogo
rotation matrix dependsa priori on 3 angles. One could fo
instance choose to express it in terms of the usual E
angles, however, an appropriate parametrization of this tra
form is represented by the Cabibbo–Kobayashi-Maska
matrix ~with the complex phase factord removed!
es
F h

h8

h9G5F cosu cosb 2sinu cosb sinb

sinu cosg2cosu sinb sing cosu cosg1sinu sinb sing cosb sing

2sinu sing2cosu sinb cosg 2cosu sing1sinu sinb cosg cosb cosgGF v8

v1

v18
G . ~2!

2The relation of mixing angles to meson masses, and thus to some SU~3! breaking effects, is ignored, allowing one to compare fit valu
with theoretical expectations.
7-3
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M. BENAYOUN et al. PHYSICAL REVIEW D 59 114027
Indeed, the vanishing ofb andg gives smoothly the usua
mixing pattern of the (h,h8) doublet~with u[uP) and the
decoupling of the additional singlet~which will be frequently
—and abusively—named glue!. Setting b50 cancels out
glue insideh only, while g50 removes any glue inside th
h8 only.

IV. THE HLS MODEL AND SU „3… SYMMETRY
BREAKING

In order to break SU~3! symmetry relations among cou
pling constants, it is convenient to refer to a well defin
framework, in which clear meaning can be ascribed to e
parameter, particularly to parameters which define the bre
ing procedure itself. In this way, fit parameters and valu
can be physically interpreted, which is a missing informat
noticed@13# for the parameters3 g, g1 andg18 of Ref. @5#.

A. The unbroken HLS model

We will partly work within the framework of the hidden
local symmetry model~referred to in the following as HLS!.
A full account of this can be found in Refs.@9,11# and, for
what concerns the anomalous sector, also in Ref.@10#. Brief
accounts can be found in Refs.@6,7,12,38# and will not be
repeated here. However, in order to fix—and modify
notations, a few points have to be recalled. The HLS
grangian can be writtenLHLS5LA1aLV where

LA52
f P

2

4
Tr@DmjLjL

†2DmjRjR
† #2

LV52
f P

2

4
Tr@DmjLjL

†1DmjRjR
† #2 ~3!

anda is a parameter which is not fixed by the theory. Sett
a52 allows one to recover the usual expression for vec
meson dominance~VMD ! @9# ~for a review of VMD see, for
example Ref.@45#!. However, some experimental eviden
@46,47# indicates thata is slightly ~but significantly! greater4

than 2. For this reason, we prefer to keepa free. After re-
moval of a scalar field matrix, we have

jL
†5jR5j5eiP(x)/ f P ~4!
11402
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whereP is the pseudoscalar field matrix andf P is usually
identified with the pion decay constantf p592.42 MeV@30#,
at least for phenomenological purposes. The HLS Lagra
ian above is gauged for both electromagnetism and the
den local symmetry through the covariant derivative

DmjL,R5]mjL,R2 igVmjL,R1 iejL,RAmQ ~5!

where Am is the electromagnetic field andQ5diag(2/3,
21/3,21/3) is the quark charge matrix.V is the vector me-
son field matrix

V5
1

A2S ~r01v I !/A2 r1 K* 1

r2 ~2r01v I !/A2 K* 0

K* 2 K̄* 0 2f ID .

~6!

Note the superscriptI for thev andf fields, which reminds
us that these fields correspond to ideal mixing; note also
sign in front off I which definesf I[2ss̄. There are some
reason to think that there is some admixture of non-stra
quarks inside the observedf meson~for instance, in order to
account for the large branching fractionf→p1p2p0). This
is quite traditionally treated by stating that the observed d
blet (v,f) ~denoted without superscripts! is obtained by ro-
tating the doublet (v I ,f I) in the following way~without any
additional change of sign, if we define the idealf as we did!:

S v

f D S cosdV sindV

2sindV cosdVD S v I

f I D . ~7!

Thus ideal mixing corresponds todV50; correspondingly,
the mixing angle of thev, f system with respect to thei
octet and singlet components is

uV5u01dV, tanu051/A2. ~8!

In terms of the singlet and octet fields, the pseudosc
field matrix can be written
anings for
P5
1

A2 S 1

A2
p01

1

A6
p81

1

A3
h0 p1 K1

p2
2

1

A2
p01

1

A6
p81

1

A3
h0 K0

K2 K̄0 2A2

3
p81

1

A3
h0

D , ~9!

3These parameters have already been renamed with the corresponding capital letters in order to avoid ambiguities with other me
the same symbols in use in the field of effective Lagrangian models.

4Reference@48# reached a similar conclusion when analyzing resonance parameters in a model close to HLS.
7-4
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RADIATIVE DECAYS, NONET SYMMETRY, AND SU~3! . . . PHYSICAL REVIEW D59 114027
where an explicit use of nonet symmetry fixes the relat
weights of the isoscalar terms. In a way analogous to
vector meson case, the connection ofh0 and p8 with the
observableh andh8 is defined by a rotation~i.e., defined by
a single angle5!

S h

h8D S cosuP 2sinuP

sinuP cosuP D S p8

h0D . ~10!

We define also the relation between6 h and h8 and the
non-strange (.v I) and strange (.f I) pseudoscalar field
combinations by relations analogous to Eq.~7! with a phase
dP analogous todV in Eq. ~8!.

The unbroken~nonet symmetric! HLS Lagrangian is
given explicitly in Ref.@12#. In order to stay consistent with
the convention we have adopted above concerning thef I

field, all coefficients of terms involving a singlef I field in
Ref. @12# must change their sign.

B. Nonet symmetry breaking

As recalled in Sec. III, there is no experimental or ph
nomenological reason to suspect any failure of nonet@i.e.
U~3!# symmetry in the vector meson sector. However,
have also recalled that there are phenomenological and
oretical reasons to suspect that nonet symmetry in the p
doscalar sector might not hold exactly. In order to test this
is wise to allow for its possible violation in a way whic
permits a smooth connection from broken to unbroken no
symmetry. Having to introduce only one singlet combinati
~denotedv1 in Sec. III! might also be questioned@13,18# as
commented above.

The most straightforward way to include deviations fro
nonet symmetry is to do it from the very beginning in t
HLS non-anomalous Lagrangian by making the replacem
h0→xh0. As can be seen from Eq.~A1! in Ref. @12#, this
does not influence the interaction terms~which do not con-
tain any interaction with the singleth0), but only the~omit-
ted! kinetic energy term]p8]p81]h0]h0 which then be-
comes]p8]p81x2]h0]h0. This could imply a redefinition
of the singlet decay constant asf 85x fP along the lines of
Refs.@6,49#. However, if we replace thep8 andh0 fields by
the physicalh andh8, this anyway produces a term propo
tional to ]h]h8 which goes to zero whenx→1. Moreover,
as the mass associated with the singlet isa priori different
from that of the octet~see for instance Refs.@50,22#!, the
same rotation generates a term of the formm2hh8 propor-
tional to some mass squared~denotedm2). When assuming
x51, the diagonalization of this mass matrix gives a defi
tion of the mixing angle in terms of physical meson mass
If xÞ1, the situation is not completely clear.

5Reference@26# prefers changing this standard definition by intr
ducing two mixing anglesuh and uh8 instead ofuP ; we shall
briefly comment on this point later on.

6The states corresponding tov I andf I for the pseudoscalar iso
scalar mesons are named respectivelyhq andhs in Refs.@24,25#.
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Anyway, the problem we meet withh and h8 is tightly
connected with the difficultU(1)A anomaly problem, and
the present work cannot pretend to solve it. As our m
concern is to build a Lagrangian model which allows one
go beyond elementary SU~3! symmetry in describing radia
tive decays, we will simply assume that this part of the
netic energy term can be suitably arranged, even when br
ing nonet symmetry.

From the point of view of phenomenology, we could ju
as well introduce this specific breaking directly in the inte
action Lagrangian of relevance for our purpose~see below!.
When having to study possible effects of an additional s
glet ~namedv18 above! in the radiative decays involvingh
and h8, we will also assume that the corresponding kine
energy term can be safely introduced.7

C. SU„3… breaking mechanisms of the HLS model

Basically, the SU~3! breaking scheme we use has be
introduced by Bando, Kugo and Yamawaki@11# ~referred to
as BKY! and has given rise to a few variants@6,12#, as well
as to extension to SU~2! breaking@7#. We refer the reader to
Refs. @6,11,12# for detailed analyses of the properties
known variants of the BKY breaking scheme.

In the following, we use basic consequences common
the original BKY mechanism@11#, its Hermitized variant and
the so-called new scheme, both discussed in Ref.@12#. In
these cases, SU~3! symmetry breaking defines a renorma
ized pseudoscalar field matrixP8 in terms of the bare oneP
given above by

P85XA
1/2PXA

1/2, ~11!

where the breaking matrixXA writes diag(1, 1, 11cA) and
we have@11,12#

l A[11cA5S f K

f p
D 2

51.49560.030. ~12!

It should be noted@12#, that the field renormalization@Eq.
~11!# is requested in order to recover the charge normal
tion condition,FK1(0)51, expected for the kaon form fac
tor FK1(s), even in presence of SU~3! breaking. The numeri-
cal value just given is deduced from the experimen
information quoted in Ref.@30#.

Concerning vector mesons, apart from changing the c
plings of K* and f mesons to pseudoscalar pairs, SU~3!
breaking modifies the vector meson mass terms and t
coupling to the electromagnetic field in the following way

7At the computational level, it could be done by introducing ag
entry in the meson field matrices which thus become 434, filled
with zeros, except for thegg location of the pseudoscalar matri
which is filled with this additional term, and extending theQ matrix
by a fourth diagonal entry with zero charge.
7-5
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L5•••1
1

2
a fp

2 g2@~r0!21~v I !21 l V~f I !2#

2ae fp
2 gFr01

1

3
v I1 l V

A2

3
f I G•A1••• ~13!

in terms of ideally mixed states. We have defined8 l V[(1
1cV)2. Using Eq.~7!, we can reexpress the HLS Lagrangi
in terms of physical field combinations. The Lagrangi
piece given in Eq.~13! thus becomes

L5a fp
2 g2@~r0!21~cos2dV1 l Vsin2dV!v2

1~sin2dV1 l Vcos2dV!f2#1a fp
2 g2l Vv•f

2ae fp
2 gFr01

1

3
~cosdV1 l VA2sindV!v

2
1

3
~sindV2 l VA2cosdV!fG•A. ~14!

The coefficients affecting ther, v andf fields in the last
term, are commonly denoted2e frg , 2e fvg and 2e ffg .
They are estimated from the vector meson decay width
e1e2 by

G~V→e1e2!5
4paem

2

3mV
3

u f Vgu2 ~15!

~for a recent discussion of the determination of the ‘‘lepto
widths’’ of vector mesons, see Ref.@51#!. Following recent
evidence@46,47# that a could be somewhat different from 2
it should be noted thata influences the description of thes
decays.

One should note the occurrence of a direct transition te
v.f, generated by the rotationdV , which vanishes when the
masses of thev and f mesons become equal@no SU~3!
breaking#. This term plays an important role when compu
ing some matrix elements, as will be illustrated below.

Some connection between the value of vector me
masses and the value ofcV could be inferred@6,11,12#; how-
ever, given the possible definition dependence of the m
sured values for vector meson masses@39#, it cannot be con-
sidered securea priori. In most variants of the BKY
breaking mechanism,cA andcV remain unrelated, except fo
one of these variants@12# where the conditioncA5acV looks
desirable. The explicit expressions for the SU~3! broken HLS
Lagrangians using several breaking schemes can be fou
Ref. @12#.

D. A phenomenological Lagrangian for radiative decays

Following Fujiwara, Kugo, Terao, Uehara, and Yamawa
@10# ~FKTUY!, the anomalous, U~3! symmetric, Lagrangian
describingPVV interactions and, together with Eqs.~13! and
~14!, PVg andPgg transitions is given by

8Notice the square in the definition ofl V .
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L52
3g2

4p2f p

emnrs Tr@]mVn]rVsP#, ~16!

where the coefficient is such that thep0→gg amplitude has
the expression expected from the triangle anomaly@19–21#
(a/p f p). TheV andP matrices have been defined above
terms of singlet and octet fields~pseudoscalars mesons! or of
ideally mixed states~vector mesons!.

One should mention that using theV andP matrices de-
fined above, allows one to recover theVPg couplings of
Ref. @4# in the case of nonet symmetry in vector and pse
doscalar sectors. The most general form could be obta
by breaking quite generally the U~3! symmetry. This can be
achieved by weighting the singlet part of the matrixV by a
parametery and that ofP by another one,x. Therefore,
supplemented in this way, Eq.~16! is an appropriate La-
grangian representation for the amplitudes of Eq.~1!, in
which breaking procedures can be clearly implemented.

The field renormalization following the BKY SU~3!
breaking should be propagated down to the FKTUY L
grangian using Eq.~11!:

L52
3g2

4p2f p

emnrs Tr@]mVn]rVsXA
21/2P8XA

21/2#. ~17!

Then, the VVP Lagrangian is changed in a definite w
by the symmetry breaking parameterl A defined above@see
Eq. ~12!# and supposed to have a well understood numer
value~practically 1.5!. We also allow for slightly more free-
dom by introducing the possibility of another SU~3! breaking
mechanism, specific to the anomalous Lagrangian, initia
proposed by Bramon, Grau and Pancheri@6# ~referred to as
BGP!. This changes Eq.~17! to

L52
3g2

4p2f p

emnrs Tr@]mVnXW]rVsXA
21/2P8XA

21/2#

~18!

whereXW5diag(1, 1, 11cW) is a new symmetry breaking
matrix depending on a new~free! parameterl W511cW . In
Sec. V we shall provide this parameter with a physical me
ing analogous to the relation betweenl A and f K / f p .

The renormalizedP8 matrix is given in Eq.~9!, except
that we allow for nonet symmetry breaking by making t
replacementh0→xh0. Therefore, the Lagrangian which w
will first use to describe radiative decays dependsa priori on
the 2 ~free! mixing angles and 3 breaking parameters:l A
~expected to be of the order 1.5!, l W , andx @expected@5# to
be of the order 0.9, except if explicit SU~3! breaking is suf-
ficient to fully restore nonet symmetry#. The precise values
of the HLS parametera and ofl V only influence the descrip
tion of the leptonic decays of neutral vector mesons.

The explicit form of this Lagrangian is given in the Ap
pendix. In principle, from this Lagrangian and the no
anomalousLV Lagrangian piece given in Eq.~14!, one is
able to construct decay amplitudes for the processesV
→Pg, P→Vg, V→e1e2 andP→gg.
7-6
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V. RADIATIVE AND LEPTONIC DECAYS
OF LIGHT MESONS

Using the Lagrangian of Eq.~18! and the piece in Eq
~14!, we can get the coupling constants for the decaysV
→Pg and P→Vg, given by Eqs.~A3! and ~A4!. They are
related to the partial decay widths through

G~V→Pg!5
1

96p FmV
22mP

2

mV
G3

uGVPgu2

G~P→Vg!5
1

32p FmP
2 2mV

2

mP
G3

uGVPgu2.

~19!

Equation ~A5! gives the connection between the ma
coupling parameterG in Ref. @5# and more usual quantitie
like the pion decay constantf p and the universal vector me
son couplingg, introduced by the covariant derivative in E
~5!.

Some of these couplings are totally unaffected by a
breaking process~such as allGVpg), while some are affected
only by broken nonet symmetry~like Gr0hg andGr0h8g). In
couplings involving both isoscalar vector and pseudosc
mesons, the two SU~3! breaking mechanisms accounted f
above byl A ~BKY ! andl W ~BGP!, come mixed together in a
way which could prevent one from separately testing
relevance of the two kinds of breakings (Z5 l W / l A). How-
ever, in the radiative decays of theK* mesons, one is able t
extract information about these two parameters as they
differently for the two different charged modes. This is fo
tunate, since, otherwise, there would be no way to dis
tangle what comes froml A ~and thus fromf K) from what
comes froml W . In order to compare with recent modelling
we see for instance that the relationGr0hg /Gr0h8g5tandP
@25# is modified by nonet symmetry breaking.

One can check that the coupling constants deduced f
the Lagrangian in Eq.~16!, supplemented by the replaceme
h0→xh0, are in perfect agreement with the exact SU~3!
model of O’Donnell@4#. Indeed, settingl W5 l A51 in Eqs.
~A3! and ~A4!, allows one to recover the expected expre
sions for the coupling constants@4,5#, when assuming none
symmetry in the vector sector only. From this point of vie
the breaking scheme provided by the BKY and BGP mec
nisms, happens to be non-trivial, as can be seen from
~A3! and ~A4!. For instance, it should be noted that deca
involving h and h8 mesons are not simply rescaled in t
breaking procedure, but that the breaking procedure tr
differently strange and non-strange contributions to the c
pling constants.

Following standard rules, the same Lagrangian inform
tion allows us to reconstruct definite expressions@see Eq.
~A6!# for the two-photon couplings of the pseudoscalar m
sons; these are related to partial widths by

G~X→gg!5
MX

3

64p
uGXggu2, X5p0, h, h8. ~20!
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Let us first remark that the expression forGhgg compares
well with the corresponding expression of Ref.@52# deduced
from the Nambu–Jona-Lasinio model, showing that break
parameters in this reference, originally expressed as fu
tions of effective quark masses, also get an expression9 in
terms of f p / f K . More interesting is that we recover the tr
ditional form for these amplitudes~i.e. the one mixing angle
expressions@15–17,20,21#!. Using these standard expre
sions, one indeed gets through identification

f p

f 8
5

522Z

3
,

f p

f 1
5

51Z

6
x ~21!

whereZ5 l W / l A . This shows that, in the limit of SU~3! sym-
metry, we havef 85 f p and f 15 f p /x, and, thatf 15 f 85 f p

supposes that there is no symmetry breaking at all. It is
teresting to note that the FKTUY Lagrangian@10#, broken as
we propose, expresses all decay constants in terms off p ,
f K , x and the BGP breaking parameterl W ~if these last two
quantities are found to depart significantly from unity!. It
should anyway be noted thatf 1 and f 8 get expressions in
terms of parameters which can be calibrated outside the
of P→gg decays. Equation~21! shows that the BGP break
ing parameter is connected to the relation betweenf 8 , f K
and f p .

Concerning leptonic decay widths, if one relies on t
model described above and in the Appendix, a combina
of the f Vg is unaffected by SU~3! breaking and can be writ
ten f vgcosdV1ffg sindV5frg/3, or alternatively

f vgGvp0g1 f fgGfp0g5 f rgGr0p0g ~22!

in terms of measured quantities only. Correspondingly,
XV breaking is fully concentrated in another independ
combination f fgcosdV2fvg sindV5(A2 f rg/3)l V . This rela-
tion can be rewritten in terms of measured quantities onl

l V5
1

A2

f fgGvp0g2 f vgGfp0g

f fgGfp0g1 f vgGvp0g

. ~23!

Therefore, one has, as an alternative to mass relat
@11#, a coupling relation to definel V . Additionally, the HLS
parametera satisfies

a5
e

8p2f p
3

f rg

Gr0pg

~24!

and can be extracted in this way from data; however
seems more accurate to perform a global fit of all coupl
constants involving leptons or photons.

Before closing this section, one practical remark could
of interest. When computing, for instance, the decay am
tude p0→gg, one is tempted to consider only the leadin
order terms which can be written symbolically

9This might indicate that some relation exists connecting effec
masses of quarks and meson decay constants.
7-7
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A~p0→@r0→g#@v→g#!1A~p0→@r0→g#@f→g#!

and possibly add up the next order terms

A~p0→@r0→g#@v→f→g#!

1A~p0→@r0→g#@f→v→g#!,

by taking into account thev↔f direct transition term given
in Eq. ~14!. In doing this way, we reach the surprising co
clusion that the decay widthp0→gg is affected by breaking
the SU~3! symmetry. Actually, this is an artifact which ca
be circumvented by summing up~formally! the full series of
suchv↔f transitions and, in this case, we indeed get
third Eq. ~A6!, exactly as if one uses thev I andf I combi-
nations for virtual lines~i.e. for lines going from a decay
vertex to the transition to photons!. This remark applies in
computing any decay amplitude involvingv andf legs hid-
den beneath eachg external leg.

VI. FITTING DECAYS MODES WITH THE
BROKEN MODEL

In this section, we focus on the model for coupling co
stants given by Eqs.~A3! to ~A7!, i.e. we make the assump
tion that there is no glue hidden inside theh or h8 mesons.
The quantities submitted to fit are the~measured! coupling
constants which can be deduced from the partial widths
the Review of Particle Properties@30#, using formulas re-
called above.

A. Comments on radiativeK* decay measurements

As commented above~see Sec. II!, there are potentia
problems with bothK* decay modes. Therefore, we ha
followed the strategy of performing fits of all radiative dec
modes except for these two. Then, the fit values of the
parameters allow us to predict a value for the partial wid
K* 0→K0g andK* 1→K1g, making it possible to compar
the x2 distance of each these predicted values to the co
sponding measured values@30#. In all fits, we have found
that the prediction forK* 0→K0g is in fairly good agreemen
with the corresponding measurement, while the expec
value for K* 1→K1g is always at about 5s from the ac-
cepted value@30#, casting some doubt on the reliability o
this measurement. Therefore, in the fits referred to herea
the processK* 1→K1g has been removed. We shall neve
theless reexamine this question in detail in Sec. XI.

B. The HLS parameter a and the breaking parameter l V

from leptonic decays

Among the quantities we fit, most depend on onlyG, x,
l A , l W and the mixing anglesuV and uP : these are the ra
diative decaysV→Pg, P→Vg, and the decaysP→gg, and
they represent the most important part of the broken sym
try model we have built.

On another hand, the leptonic decay modes of the ve
mesons are interesting because they open a new window
estimating the HLS parametera and the breaking paramete
l V5(11cV)2. We could, as well, have used the combinati
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in Eq. ~22! which does depend neither onl V nor a. We have,
however, preferred keeping the three modesr0/v/f
→e1e2, in order to get new determinations ofl V anda.

Without going into too much detail, it happens@as could
been foreseen from the very existence of Eqs.~23! and~24!#,
that values for these parameters do not depend in any wa
assumptions about the other sectors, nor even on the gl
fit quality level.

In this way, the values provided by both radiative a
leptonic decays for these parameters are

a52.5060.03, l V51.3860.03 ~cV50.17360.013!.
~25!

This value fora ~quite inconsistent with the standard VMD
expectationa52) should be compared with the value r
ported from fittinge1e2→p1p2 data of Ref.@53# in Ref.
@46# (a52.3760.02), and with the fit of the preliminary dat
collected by the new CMD2 detector@47# a52.3560.02.
The final analysis of this last data set is now available@54#
and providesa52.3860.02.

Even if comparable, one observes a significant differe
~about 3s) and its origin is unclear. However, one shou
notice that the value ofa measured frome1e2→p1p2 is
determined by the magnitude of a non-resonant contribu
to the scattering amplitude, while the value in Eqs.~25! is
determined by meson decays. This could be a signal o
additional SU~2! breaking or of some systematic errors ha
to identify presently.

The value forcV differs by a factor of two from what
would be expected if we use the mass formulas@11#. How-
ever, it seems that the data on radiative and leptonic dec
favor the relation suggested in Ref.@12#, cA5acV . It should
be useful to check whether or not this is a numerical ac
dent, for instance, by a detailed study of the annihilat
processese1e2→KK̄.

C. The SU„3… breaking parameters l A and l W

Two of the key parameters in the broken SU~3! model we
use in describing the radiative decays of light flavor meso
are the BKY parameter@11,12# l A expected to be equal to
( f K / f p)2 and the BGP parameterl W .

As commented in the Appendix, the dependence uponl A
and l W is always through their ratio~which is already re-
ferred to asZ) except for theK* 0 decay mode.10 Therefore,
we expect large correlations betweenl A andl W . From a first
fit with these parameters both free, we obtain

l W215cW5~20.1720.35
10.59!31023 ~26!

with a nice fit probability (x2/DOF510.74/8). Therefore we
have performed the fit settingl W51 ~or cW50, i.e. no BGP
breaking!, and found unchanged fit quality (x2/DOF
510.74/9). Thus we may conclude that there is no need

10We remind the reader, thatK* 6 decay mode is anyway incon
sistent with the other data and has been removed from the fit s
7-8
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TABLE I. Fit results under various strategies. Parameter values written boldface means that they are not allowed to var
symmetry violation and glue in this table are exclusive of each other.K* 1→K1g is outside all fits; its distance to the value expected fro
fit is always about 5s.

h→gg h→gg
(e1e2→he1e2) ~Primakoff effect!

Breaking SU~3! Nonet symm. Glue Glue Nonet symm.
conditions only 1 SU~3! 1 SU~3! 1 SU~3! 1 SU~3!

G @GeV#21 0.70360.002 0.70460.002 0.70460.002 0.70460.002 0.70460.002
x 1. 0.91760.017 1. 1. 0.85460.025
b @deg.# 0. 0. 0. 21.3424.06

13.43 0.
g @deg.# 0. 0. 26.3822.79

12.51 21.2822.36
12.30 0.

l A 1.4120.41
10.60 1.50 1.50 1.50 1.62460.059

l W @120.2431023#20.30
10.42 1. 1. 1. 1.

l V 1.37660.031 1.37660.031 1.37660.031 1.37660.031 1.37460.031
a @HLS# 2.50360.033 2.50260.034 2.50360.034 2.50360.034 2.50660.034
uV @deg.# 31.9260.17 31.9260.17 31.9260.17 31.9060.17 31.8860.17
uP @deg.# –13.9460.94 211.5960.76 –10.6760.79 2 6.0461.36 2 5.5362.08
x2/DOF 31.9/9 10.9/10 11.1/10 6.3/9 10.1/9
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the BGP breaking mechanism at a level visible in the ex
ing data.11 In this last fit, we also get

l A51.48020.047
10.049 ~27!

which is almost exactly the value expected from the kno
ratio f K / f p @see Eq.~12!#. This gives, of course, a stron
support to the breaking mechanism proposed by Ban
Kugo and Yamawaki@11,12#. Indeed, the relation betweenl A
and f K / f p , which is mandatory within the BKY breaking
scheme in order to fulfillFK1(0)51, even after SU~3!
breaking, is found here to hold numerically to quite a n
precision. It should be noted that it comes together with
ther nonet symmetry breaking (xÞ1) or glue inside the sys-
tem h/h8, as will be commented on below.

At this point, a comment is of relevance about the resu
reported in Ref.@6#. Our result in Eq.~26!, means that taking
into account all radiative decay modes of light meso
forces one to remove the data forK* 6 decay mode as it is
inconsistent with all the rest; in this case the BGP break
practically cancels out. By taking a part of the decay mo
only, the relative inconsistency of the data for bothK* ’s is
not obvious and explains the result of Ref.@6#.

One could consider the result in Eq.~27! as providing an
interesting estimate off K / f p , independent of measuremen
of K andp decays

f K

f p
51.21720.019

10.021. ~28!

The results metioned above suggest that one can rea
ably fix lA51.50~at its physical value!, and remove the BGP
breaking (l W51) which happens to be useless, as soon
the BKY breaking is correctly set up. Then, the single fr

11See however Sec. XI.
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breaking parameter which influences the coupling consta
in radiative decays, beside mixing angles, is the nonet s
metry breaking parameterx.

D. The nonet symmetry breaking parameterx

Therefore, the preliminary fits sketched above allow us
conclude that the only actual free symmetry breaking para
eter isx, once we do not consider a coupling of theh/h8
doublet to glue. Stated otherwise, except for the two mix
angles, we only have two free parameters to fit the data
as in the unbroken case@5#. One, namedG, is connected with
the vector meson universal couplingg, the other is the none
symmetry breaking parameterx. The former is clearly fun-
damental~G! while it is uncertain whether or not the latte
should be considered fundamental.

We give in the first data column of Table I, the fit resu
assuming nonet symmetry (x51), and leaving free all othe
model parameters. The bestx2/DOF we reach is 30/9, show
ing that the BKY and BGP breaking mechanisms alone
unable to mimic a violation of nonet symmetry in the pse
doscalar sector. The mixing angle is at a value frequen
obtained in this case@5,8,13,55,56#; however, the fit prob-
ability is low enough (531024), that the assumption of ful
nonet symmetry can be considered sharply disfavored.

In the second data column in Table I, we display the
results, assumingfixed SU~3! breaking conditions @ l A
5( f K / f p)2 and l W51]; in this case, we get instead a ve
nice fit probability (44%). This fit providesx50.9260.02,
and indicates a significant departure from nonet symme
(.4s). More appealing is the mixing angle of pseudosca
mesons coming out from fit:uP5211.59°60.76°, in per-
fect agreement with the linear mass formula, which pred
210.1°.

One should also notice that the vector mixing angle
found to be 3.4° smaller than its ideal value, in agreem
with the prediction of Ref.@57# and previous fit results@5#,
7-9
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keeping in mind, however, that this sign for departure re
tive to ideal mixing depends on the definition of the idealf,

and that we usef I52ss̄.
The value forG50.70460.002 GeV21 is remarkably

stable, independently of fit conditions, as can be seen
Table I. We shall discuss later on~see Secs. IX and X!, other
consequences of the value found forG, which is also in
perfect agreement with the result obtained@5# assuming no
SU~3! breaking symmetry. This is not surprising, asG is
practically determined by allr decay modes and thef andv
decays top0g, that is from a large number of processes n
affected by SU~3! breaking@see Eqs.~A3! and ~A4!#.

E. The one angleh/h8 mixing scheme from VMD

As discussed above, and in the Appendix, the model
propose, which relies on the VMD approach of Refs.@9,10#,
with fixed SU~3! breaking in the manner of BKY@11,12#,
leads to~one angle! formulas for theh/h8→gg decay am-
plitudes, which can be identified with the corresponding c
rent algebra standard expressions. This justifies the iden
cation shown in Eq.~21! for the singlet and octet couplin
constants. One should note that nonet symmetry brea
does not conceptually modify the formulas substantially.

In this case, we obtain, together withuP5211.59°
60.76°,

f 8

f p
50.8260.02,

f 1

f p
51.1560.02 ~29!

using Eq.~27!, and the fit result forx.
One should note that the value obtained forf 8 / f p is not

in agreement with the chiral perturbation theory~ChPT! nu-
merical expectation@50,58#. This is a quite mechanical con
sequence of the low value we get from our fit for the mixi
angle, as can be read off Fig. 1 in Ref.@13#. However, this
does not prevent vector meson dominance~VMD ! from pro-
viding quite a satisfactory description of all observables
sociated with light meson decays, including a nice fit va
of l A. f K / f p , as seen above and as will be illustrated belo

One should also note that relatively low values ofuP have
been advocated~or found! in analyzing similar data, for in-
stance in Refs.@13,24,56#. It can thus be remarked that in th
one mixing angle approach, it is only the addition ofJ/c
decays which pushesuuPu to larger values.

F. Radiative decays versusgg decays

The results reported in the previous subsections mixPVg
and Pgg couplings. In connection with recent work
@22,23,26#, one could ask whether the good description o
tained using only one mixing angle,uP , is not merely an
artifact produced by merging these two kinds of couplings
a single fit procedure. In order to test this point, we ha
performed fits of thePVg processes in isolation.

In a first fit, we removed theK* 0 mode, in order to have
a reference without any influence ofK* decay modes. Fix-
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ing, as usual12 l A51.5 and l W51, we get a nice fit
(x2/DOF58.6/7), finding that the observed value forK* 0

→K0g was only 0.57s from the predicted value, while the
data for K* 6→K6g was 4.84s from expectation. There-
fore, it was indeed meaningful to include theK* 0 data in the
fit, which is practically unchanged (x2/DOF58.9/7).

In this case, we also found that the measured value
h→gg was 2.18s from the prediction of Eq.~A6!, while the
data forh8→gg was 0.50s from the corresponding predic
tion. In this last fit, the parameter values we get are pra
cally indistinguishable from the information in the seco
data column of Table I; the value foruP was, by far, the most
sensitive13 and moved to210.41°61.21°, that is only by
;0.5s.

From this we can conclude that the two-photon decays
h andh8 are fully predicted fromVPg processes, which can
be considered as a considerable success of the FKTUY
grangian@10#, supplemented by the BKY breaking mech
nism @11,12# set at a fixed value, and of broken nonet sy
metry.

One might ask oneself whether our result aboutf 8 ~which
mechanically follows from simply the BKY breaking
scheme! is really in contradiction with the ChPT expectatio
f 8.1.25f p . The answer is presently unclear because
definition we use for the decay constants proceeds from
Wess-Zumino-Witten Lagrangian@20,21#, as reexpressed in
Refs.@15–17#, and not on the coupling of pseudoscalar m
sons to an axial field. This question will be examined in
forthcoming paper.

As a conclusion, within the context of light meson deca
we find no failure of the VMD approach sketched above14

and no need for a second angle@22,23,26# arises naturally
from the data examined so far. However, one cannot excl
that nonet symmetry breaking is somehow equivalent to
second angle. This does not seem easy to prove from s
dard algebra.

VII. NONET SYMMETRY BREAKING VERSUS GLUE

Up to now, we have clearly illustrated that the BK
breaking was a fundamental tool in order to describe all d
concerning radiative and two-photon decays of light meso
Correspondingly, we have shown that, at the level of refi
ment allowed by the data, there was no need for the a
tional BGP breaking.

Another central result of our fitting model concerns t
unavoidable need of about 10% breaking of nonet symm
in the pseudoscalar sector (x.0.9). Even if small, this
should be considered significant, as it is more than as
effect. This could well be a property that has to be accoun
for at a fundamental level. However, nonet symmetry bre

12In this case, we are actually only sensitive to theratio of break-
ing parametersZ5 l W / l A .

13This simply reflects that Eqs.~A6! only depend on the mixing
angle.

14The problem with theK* 6 radiative decay can be solvedad
minimaas will be shown in Sec. XI.
7-10
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TABLE II. Main fit results fixing the nonet symmetry violation parameterx to various fixed values. The
BKY parameter is fixed to standard SU~3! breakingl A51.5, the BGP parameter is fixed to its no-breaki
value l A51.0 and the processK* 1→K1g is outside all fits. Parameter values written boldface means
they are not allowed to vary.

Breaking
conditions x50.7 x50.9 x51 x51.1 x51.3

b @deg.# 20.9122.57
12.30 @20.231022#69.09 3.7627.59

16.04 5.5526.81
15.22 7.4525.76

14.50

g @deg.# –18.7063.67 @2.5631024#611.87 23.6724.87
16.23 33.5123.67

14.78 44.9522.64
13.32

uP @deg.# 28.7561.01 211.33600.73 210.0760.79 29.7060.72 28.2360.61
x2/DOF 148.5/9 11.9/9 10.9/9 10.9/9 10.9/9
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ing could well be an effective way to account~maybe partly
at least! for another physical effect, ignored in the mod
presented above.

We have already discussed the possible interplay of
additional singlet component which could be present ins
the h/h8 system. This could be a gluonium component
coupling tocc̄ or a mixture of both. It is not the purpose o
the present paper to try identifying this third component a
the corresponding partner of theh andh8 mesons. Our con-
cern is rather to see whether a coupling to such an additi
singlet could play some role in the problem we examine.

The coupling to this additional state~hereafter named
glue, somehow abusively! has been presented in Sec. III an
is summarized by Eq.~2!. The corresponding coupling con
stants, as far as they are affected, are explicitly given by E
~A9! to ~A11!.

A preliminary study of these relations, which include bo
SU~3! breaking effects, nonet symmetry breaking and g
has been performed. The conclusions are twofold:

The previous conclusions concerning the BKY and BG
breaking mechanisms are unchanged. More precisely,
BKY breaking is found determined by the value off K / f p ,
while a possible BGP breaking is found too small to be o
served. Numerically, all conclusions of the previous sect
remain fully valid.

Nonet symmetry breaking and glue are intimately co
nected and reveal a correlation close to the 100% level.

The second point does not mean that nonet symm
breaking is physically equivalent to assuming coupling
glue, but numerically it is indeed so. It also tells that, if w
know what is the precise amount of glue, one can deduce
level of nonet symmetry breaking~or conversely!.

Table II displays the main results of fitting the data with
fixed level of symmetry breaking. We remind thatb governs
the level of glue inside theh meson, whileg governs the
level of glue inside theh8 meson. It is clear from this table
that x cannot be too small; forx.0.8 and smaller values
glue is unable to account for the two-photon decays15 of h
and h8. Values larger thanx.0.9 look all statistically ac-
ceptable, except thatuP becomes less and less negative, a

15At x50.7 the predicted amplitudes forh/h8→gg are both at
7s from the measured values; atx50.8, the disagreement is sti
about 4s each.
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even changes its sign. Moreover, the glue content neede
h increases slowly from zero~at x50.9) to an arbitrary
value.

This clearly illustrates that above some level forx ~about
0.85!, one cannot distinguish the effects of glue from tho
of a genuine nonet symmetry breaking effect.

Two interesting features are however visible in Table
At x.0.9 bothb and g are quite consistent with zero

This indicates thatx.0.9 implies a decoupling of the glu
from h and h8 mesons. This is the case developed in t
preceding section.

In the case of full nonet symmetryx.1.0, it is interesting
to remark thatb is still consistent with zero, pointing to th
fact that nonet symmetry implies thath couples only to the
standard quarkonium states namedv8 andv1 in Sec. III. In
this case however, the glue content of theh8 meson becomes
significant.

In view of these results, it looks justified to perform a fi
fixing ~as before! the SU~3! breaking effects tol A51.5, l W
51, x51 and alsob50 ~in order to lessen at most corre
lation effects!. In this case we have exactly the same num
of parameters as in the previous set of fits. The correspo
ing fit results are also displayed in Table I and show a n
quality (x2/DOF510.5/10), equivalent to the no-glue cas

The glue content this implies for theh8 meson can be
presented in several ways. Writingh85Xv81Yv11Zv18
~with X21Y21Z251), we haveAX21Y250.89 and Z
50.46. One can express the glue fraction asZ25cos2g
.0.20 ~at x51).

As major conclusions of this section, one can first ass
that a possible glue content inside theh is not requested by
the data. A significant glue content inside theh8 is however
subject to the actual level of nonet symmetry breaking.

We do not discuss any more values and meaning off 1
and f 8. Equation~A11!, indeed shows that the meaning
these has to be revisited. Moreover, the specific two-an
formulation of theh/h8→gg decays introduced by the glu
coupling (uP and g), appears quite different from the on
introduced in Refs.@22,23#.

VIII. PRIMAKOFF VERSUS e1e2INFORMATION
FOR h DECAY

All fit results presented so far, assumed the use of
partial width h→gg as obtained ine1e2 experiments. As
mentioned above, this looksa priori better grounded, as th
number ofe1e2 experiments is large; this kind of exper
7-11
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TABLE III. Branching fractions from fits for radiative decays under various conditions of symm
breakings. Note that the rate forK* 6 is a prediction in the first two data columns, while the correspond
data is included in the fit which leads to the third data column.

Nonet sym. Glue K* 6

Process 1 SU~3! 1 SU~3! breaking PDG

r→p0g (3104) 5.1660.03 5.1660.03 5.1660.03 6.861.7
r→p6g (3104) 5.1260.03 5.1260.03 5.1260.03 4.560.5
r→hg (3104) 3.2560.10 3.2860.10 3.3160.09 2.420.9

10.8

h8→rg (3102) 33.162.0 33.762.0 33.061.8 30.261.3
K* 6→K6g (3104) 5.6660.03 5.6660.03 9.8060.93 9.960.9
K* 0→K0g (3103) 2.3060.01 2.3060.01 2.3260.02 2.360.2
v→p0g (3102) 8.5060.05 8.5060.05 8.5060.05 8.560.5
v→hg (3104) 8.060.2 8.160.2 8.1260.19 6.561.0
h8→vg (3102) 2.860.2 2.960.2 2.860.2 3.0160.30
f→p0g (3103) 1.2760.13 1.2860.12 1.2660.13 1.3160.13
f→hg (3102) 1.2560.04 1.2560.05 1.2260.04 1.2660.06
f→h8g (3104) 0.6160.027 0.5560.03 0.6360.02 1.220.5

10.7

h→gg (3102) 40.561.7 40.861.8 41.561.4 39.2160.34
h8→gg (3102) 2.160.1 2.160.1 2.160.1 2.1160.13
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ments looks also more straightforward to interpret.
However, in case where the~single! measurement relying

on the Primakoff effect might have to be considered, it is
completely useless to examine rapidly its consequences

We have fit under the two assumptions of nonet symme
breaking~and no glue! and coupling to glue~with no nonet
symmetry breaking!. All other parameters have been set
their usual values. The results are given in the last two d
columns of Table I.

The first remark is that the fits in both cases work as w
as when using thee1e2 information forh. A few undesir-
able features are

The mixing angleuP is significantly smaller~in absolute
magnitude! with the Primakoff measurement than with th
e1e2 data.

Replacing nonet symmetry breaking by glue, leads to g
content inh as large as in theh8, if we estimate its fraction
by the anglesb andg).

The second item above might dismiss physically the r
ability of the Primakoff effect measurement ofh→gg.

IX. ESTIMATES FOR BRANCHING FRACTIONS
FROM FITS

The fits we have performed provide under various sy
metry breaking conditions, the parameter values and er
given in Table I. The cases we will discuss here corresp
to the second and third data columns in Table I, which b
give a very good fit quality. These are the cases withi/ nonet
symmetry breaking supplemented by a fixed SU~3! breaking
~BKY ! and ii/ a fixed SU~3! breaking~BKY ! with glue in-
side theh8 replacing nonet symmetry breaking. We no
compare the branching fractions predicted by these two
lutions to the accepted branching fractions as given in
Particle Data Group~PDG! book @30#. They are computed
using the formulas for coupling constants given in the A
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pendix and the relations defining the partial widths. The c
pling constants just referred to are computed from the ba
parameters (G, x, uP , uV , b, g), by identifying these with
Gaussian distributions having as mean values the central
ues in the fit and as standard deviations, the correspon
(1s) error.

In Table III, we first list the information for radiative
decays only. The first remark which comes to mind by co
paring the two models is that their predictions are close
gether. The relative disagreement withh8→r0g is actually
an artifact. Indeed, what has been fit is not the branch
fraction given in Ref.@30#, but the corresponding couplin
constant which has been extracted by the Crystal Barrel C
laboration in@60#. The reason for this is that the~published!
branching fraction forh8→r0g is influenced by the box
anomaly@5,15,17,20,21# for the vertexh8p1p2g which is
not accounted for in the VMD model of@10#; actually this
process contributes to thex2 for only .0.5.

On the other hand, the PDG information reported forh
→gg branching fraction is the official one@30#, somehow
influenced by the Primakoff measurement.

The single clear disagreement of model predictions w
data concerns the branching fraction forK* 6→K6g, that
we find about half of the reported value in the Review
Particle Properties@30#. We postpone to Sec. XI the reexam
nation of this question.

Otherwise, the largest disagreement is never greater
about 1.5s. At such a~non-significant! level, it is hard to
distinguish whether differences between predictions and d
are due to SU~2! breaking effects missing in the models,
systematic errors in the data or to the~unavoidable! influence
of the resonance models used to extract branching fract
from data. For instance, changing the model for ther line
shape in the cross section fore1e2→p0g allows to reduce
the branching ratio forr0→p0g from (6.861.7)31024 to
7-12
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TABLE IV. Branching fractions from fits under various conditions of symmetry breakings. Note
hadronic branching fractions forf are predictions and that the corresponding experimental values do no
any role in these predictions.

Nonet sym. Glue K* 6

Process 1 SU~3! 1 SU~3! breaking PDG

r→e1e2 (3105) 4.660.1 4.660.1 4.660.1 4.4960.22
v→e1e2 (3105) 7.060.2 7.060.2 7.060.2 7.0760.19
f→e1e2 (3104) 3.1060.16 3.1160.16 3.0860.16 2.9960.08
f→K6K7 (3102) 52.362.8 52.362.7 52.362.8 49.160.8

f→K0K 0̄ (3102) 34.061.7 34.061.7 34.161.7 34.160.6
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(6.161.5)31024 which compares better to the correspon
ing prediction (5.231024).

The new measurement forf→h8g is also well accepted
by the fit. However, the prediction tends to indicate that
central value found by SND Collaboration@35# is favored
compared to that of the CMD2 Collaboration@34#.

Additionally, Table IV shows that leptonic decays of ve
tor mesons are very well described.

From all this, we can conclude that the model of symm
try breaking, we have presented provides a consistent
scription of the data. At their present level of accuracy, th
do not seem to require additional symmetry breaking effe

An especially satisfactory conclusion is that SU~3! break-
ing effects are not left free in the fits and are practica
determined by the ratiof K / f p . Some nonet symmetry break
ing in the pseudoscalar sector is, however, requested by
data. This is fully or partly degenerated with a possible
mixture of glue, shown to~possibly! affect only theh8 me-
son. If this has to be seriously considered, the question i
identify the third partner to the (h,h8) doublet which has
been namedh9. For this purpose, a precise study of t
decay properties of theh(1440) meson could improve th
hint. One has also to mention that this glue component co
be acc̄ admixture.

X. HADRONIC DECAYS OF VECTOR MESONS

From the above fits of radiative decays, we get sta
estimates for the HLS parametersa (2.560.03) and g
(5.6560.02) and also for the breaking parameterl V (1.38
60.03). The deviation from ideal mixing isdV523.33
60.16 degrees. In this section, we use the fit results obta
assuming nonet symmetry breaking and SU~3! breaking with
l A51.5 ~second data column in Table I!.

If one relies on the SU~3! broken HLS non-anomalou
Lagrangian@12#, using these parameter values, one can
tract the coupling constantsgrpp and also, for instance, th
coupling constantsgfK1K2 and gfK0K̄0 and compare to the
corresponding data.

A value for g can be extracted from fit to thee1e2

→p1p2 data @46#, using Grpp5ag/2 and one getsg
55.1860.02. This value compares poorly to the value
just get using radiative decays of light mesons (5
60.02). This means that, from radiative decays, one m
expect a broader width for ther meson. However, the cou
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pling constants for thef carry the same information asr0.
Indeed, it is easy to get, using Ref.@12#,

GfKK̄52
ag

4l A
@sindV2A2l VcosdV# ~30!

for both possible final states,K1K2 andK0K̄0. From stan-
dard formulas this coupling constant provides the branch
fractions shown in Table IV which compare quite well to th
data.

Therefore, in contrast with the hadronic width of ther,
the hadronic width off is in nice agreement with the valu
found for g when fitting radiative decays (5.6560.02), with
symmetry breaking parameters only influenced by lepto
decays of vector mesons.

One can attempt the same comparison withK* hadronic
decays toKp ~as studied in Refs.@38# and@59#!. In this case,
the coupling constants can be read off the Lagrangian gi
in Ref. @12#. Expliciting the breaking parameter dependen
they are

gK* 0K0p05
gK* 0K1p2

A2
5

ag

4
Al V

l A

~31!

gK* 6K6p05
gK* 6K0p6

A2
5

ag

4
Al V

l A
.

Using the experimental data@30#, l A51.5, and the fit val-
ues for the parametersa and l V , one can extractg55.86
60.10~neutralK* ) andg55.9860.11~chargedK* ) which
compare relatively well to our fit value (5.6560.02), even if
it is not as good as for thef meson hadronic decays.

This quite unexpected situation seems likely to be c
nected to the issue of defining masses and widths for br
resonances like ther and K* mesons. To be more precis
this addresses the question of the connection between t
physical parameters extracted from data, obtained us
Breit-Wigner resonance line shapes, and the correspon
quantities occurring in a Lagrangian for broad resonan
@61#. This question will be studied in a forthcoming paper

XI. THE K* 6 RADIATIVE DECAY PROBLEM

The question of whether the radiative decayK* 6

→K6g is definitely beyond the scope examined so
should be answered.

The first point which comes to mind is whether the d
7-13
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agreement reported above~a factor of two between predic
tion and measurement! could be explained by breaking th
SU~2! flavor symmetry. The answer is seemingly no; inde
taking into account the quark content of theK* ’s, one could
rather guess that a significant unaccounted for SU~2! break-
ing would affect the quality of predictions forK* 0 rather
than for K* 6. However, the absolute partial width of th
K* 0 is well predicted by our modellings@flavor SU~3! and
nonet symmetry breakings and/or glue#.

This possibility seeming unlikely, the question becom
can the modelling developed in the Appendix be modified
order to account for this mode within an extended SU~3!
breaking framework? The reply is positive and is the follo
ing.

Within the spirit of the BKY mechanism, the~unbroken!
FKTUY Lagrangian given in Eq.~16! can be broken
straightforwardly in three different ways. The first mean
the pseudoscalar field renormalization@see Eq.~17!#, which
leads to introduce the matrixXA and thus the breaking pa
rameterl A expected@11# and found@see Eq.~27!# equal to
( f K / f p)2. It has been supplemented with nonet symme
breaking for reasons already presented and with the suc
we saw.

The second mean is the BGP breaking@6# of the anoma-
lous FKTUY Lagrangian illustrated by Eq.~18!, which turns
out to introduce a breaking matrixXW and a new breaking
parameterl W . Within the schemes presented up to now,
fit value found for this parameter~practicallyl W51) cancels
out such a possibility, leaving us with only16 nonet symmetry
breaking and thefixed original BKY breaking scheme@ l A
[( f K / f p)2#.

A third mean is however conceivable which has not
been explored to our knowledge. One should note that
BKY breaking mechanism@11# implies a renormalization~or
redefinition! of the pseudoscalar field matrix express
throughXA ; however, theXV breaking does not end up wit
a renormalization of the vector field matrix, which remai
unchanged in the breaking procedure. In order to go on
uspostulatethat the vector meson field matrix has also to
SU~3! broken, and that this can be done by performing
change

V→XTVXT @XT5diag~1,1,11cT!# ~32!

in Eq. ~18!, in complete analogy with the renormalization
the P matrix. One could as well assume that this break
affects directly the FKTUY Lagrangian, however one cann
avoid remarking that this looks indeed like a field renorm
ization, exactly as forP. Doing this way, we havea priori 3
parameters at our disposal in order to describe the full se
data of relevance:l A , l W , and17 l T5(11cT)2.

The Lagrangian corresponding to this case is given in
~A14!. The coupling constants in Eqs.~A3! are unchanged in
this new scheme except forK* ’s which become

16Of course, the mixing angles are to be fit, as seen above.
17Notice the square in the definition forl T .
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GK* 0K0g52G
AK8

3
~11 l Wl T!

~33!

GK* 6K6g5G
AK8

3
~22 l Wl T!

where K85 l T / l A . Equations~A4! and ~A5! are also un-
changed, provided one replaces thereZ by Z85ZlT

2 . Equa-
tions ~A7! are, of course, unchanged.18

Assuming no coupling to glue, we have performed the
and found a perfect fit quality (x2/DOF510.9/9); in this
case, theK* 6 is found to contribute to the fullx2 for 1.63
31023, while theK* 0 contribution increases with respect
previous modelling and becomes 0.68, i.e. unsignifican
The fit parameters common to the previous~no-glue! model
are found unchanged~see second data column in Table!,
except foruP5211.91°61.10°, which thus has moved b
only 0.3s. This fit provides

l T51.2460.06 ~cT50.11360.025!
~34!

l W50.6660.06 ~cW520.34060.058!

with a large correlation coefficient (l T ,l W)520.935. This
can easily be understood: the pseudoscalar mixing ang
practically fixed by the set of~single photon! radiative de-
cays. Then, as shown indirectly by Fig. 1 in Ref.@13#, a
mixing angle of uP.211° forces the value ofZ8 to be
practically 1/l A ; thus,h/h8 decays to two photons forcel T

and l W to satisfyl Wl T
2.1.

Therefore, it is indeed possible to accommodate all
cays we examine. However, there is an additional price
pay in order to include theK* 6 inside the fit set of data: we
need to renormalize the vector field matrix~introduction of
l T) and simultaneously break the FKTUY Lagrangian in t
manner of BGP, in such way that these parameters satisf
interesting condition

l Wl T
251. ~35!

Stated otherwise: accounting for this measurement
plies to include one more parameter. However, this ad
tional parameter plays in opposite directions for bothK*
radiative decays as illustrated by Eqs.~33!. Assuming the
validity of the condition proposed by Eq.~35!, implies a
highly non-trivial relation between theK* 6 andK* 0 radia-
tive decay widths~or coupling constants!, which can hardly
be accidental if it is satisfied. The relation just above b

18If XT actually follows from a renormalization of the vector fie
matrix, it might affect the expression for the leptonic decay wid
considered. In this case, the values we get fora and l V account
effectively for this.
7-14
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tween l W and l T is however a numerical property and do
not a priori mean thatXW andXT are connected from som
basic principle.

Therefore we have redone the fit described just abo
requiring Eq.~35! among the corresponding fit paramete
We got a good fit quality (x2/DOF511.07/10) with exactly
the same parameter values as given in the second data
umn of Table I and additionally

l T51.1960.06 ~cT50.10960.024! ~36!

which turns to fix the BGP breaking parameter tol W50.71
60.07.

Thus, in order to account forK* radiative decays, two
elementary breaking mechanisms interplay with algeb
ically related strengths. Even if somehow non-trivial, th
procedure works without destroying the reconstruction qu
ity of the K* 0 radiative decay, which was not obviou
knowing that we were looking for a factor of 2 for one on
of these two modes. The prediction of this last model
branching fractions are listed in Tables III and IV under t
entry name ‘‘K* 6 Breaking.’’ All predictions are clearly in
nice agreement with all accepted data@30#.

Nevertheless, this mechanism clearly complicates the
breaking picture which is otherwise quite simple. One c
hope that new measurements for theK* 6 radiative decay
will come soon from the CLEO, BaBar and BELLE dete
tors through the decay processt6→K* 6nt . This, anyway,
would clarify the nature of the problem. If confirmed, th
branching fraction would raise the question of whetherXT
can be a renormalization of the vector field matrix; if t
relation betweenXT andXW ~the BGP breaking! is probably
accidental, a connection betweenXT and XV ~the second
breaking matrix in the BKY breaking mechanism! is not ex-
cluded.

We do not discuss at length, the correlation between g
component and nonet symmetry, the conclusions repo
above remain fully valid.

XII. CONCLUSION

We have built a model aimed at describing the radiat
and leptonic decays of light flavor mesons, including t
two–photon decays of pseudoscalar mesons. This mode
lies heavily on the HLS model supplemented with the BK
breaking mechanism in order to account for SU~3! symmetry
breaking. It has been shown that this is not enough to p
vide a satisfactory description of the available data, even
leaving free this breaking parameter and, even, by allow
for an additional breaking scheme~BGP!.

A nice agreement is however reached by allowing, ad
tionally, either nonet symmetry breaking in the pseudosc
sector or having an additional singlet which affects ess
tially the h8 meson. This has been named glue, but could
as well any additional kind of SU~3! singlet~a cc̄ component
for instance!.

The picture that emerges from there is quite consis
and tends to indicate that present data do not require
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breaking of the SU~2! symmetry at a visible level in only
radiative decays of light mesons.

We thus find that the radiative decays of the kindV
→Pg and P→Vg allow one to predict quite precisely th
decay widths forP→gg. We also found, as expected from
the BKY breaking mechanism, that the relation between
breaking parameter andf K / f p is perfectly fit from data.

As a side result, we have shown that the HLS model in
anomalous sector leads to the traditional one angle mix
pattern for the (h,h8) system. In this case, the pseudosca
mixing angle isuP5211.5960.76 degrees in nice agree
ment with the value expected from linear mass formulas,
in poor agreement with ChPT expectations. This value foruP
is, however, practically determined by only the radiati
one-photon decays of light flavor mesons and therefore
lows closely VMD expectations.

The single data which could require a special break
procedure is theK* 6 radiative decay, if expected measur
ments confirm the present accepted data. The existing m
surements can, however, be accommodated at the expen
complicating somehow the SU~3! breaking scheme in ou
VMD model. New measurements of this mode can be
pected fromB factories in a near future; this should tell de
nitely if such complications are really needed.

Finally, we have shown that effects due to nonet symm
try breaking and glue~and/orcc̄ admixture! cannot be prac-
tically disentangled, and then, in order to guarantee prese
or absence of glue inside light mesons, one has first to as
tain the level of nonet symmetry breaking.
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APPENDIX A

1. The standard brokenVVP Lagrangian

Expressed in terms ofl A andl W defined in the body of the
text, the SU~3! broken FKTUY Lagrangian of relevance fo
us

L52
3g2

4p2f p

emnab Tr@]mVnXW]aVbXA
21/2P8XA

21/2#

5CemnabFmnab ~A1!

can be developed in the following way:
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Fmnab5]mrn
0F 1

2Al A

~]aKb*
2K11]aKb*

1K22]aK̄b*
0K02]aKb*

0K̄0!1]avbp01]arb
0S p8

2A3
1

xh0

A6
D G

1]mvnF 1

2Al A

~]aKb*
2K11]aKb*

1K21]aK̄b*
0K01]aKb*

0K̄0!1~]arb
1p21]arb

2p1!1]avbS p8

2A3
1

xh0

A6
D G

1]mfnF l W

A2l A

~]aKb*
2K11]aKb*

1K21]aK̄b*
0K01]aKb*

0K̄0!1
l W

l A
]afbS 2

1

A3
p81

1

A6
xh0D G

1
1

A2l A

@]mrn
1~]aKb*

0K21]aKb*
2K0!1]mrn

2~]aK̄b*
0K11]aKb*

1K̄0!#12]mrn
1]arb

2S p8

2A3
1

xh0

A6
D

1
l W

A2
~]mKn*

2]aKb*
0p11]mKn*

1]aK̄b*
0p2!1]mKn*

2]aKb*
1F1

2
p02

22R

2RA3
p81

11R

RA6
xh0G

1]mK̄n*
0]aKb*

0F2
1

2
p02

22R

2RA3
p81

11R

RA6
xh0G ~A2!

whereR5 l Al W andC523g2/(8p2f p). The expression for the functionalF in terms of the physical fieldsv, f, h andh8
can be trivially deduced.

2. Matrix elements with SU„3… and nonet broken symmetries

In terms of the angles (dV , dA) of physical states with respect to ideal mixing, as defined in Sec. IV, the coupling cons
at verticesVPg which can be deduced from the Lagrangian in Eq.~A2! are

Gr0p0g5
1

3
G

Gr6p6g5
1

3
G

GK* 0K0g52G
AK

3
~11 l W!

GK* 6K6g5G
AK

3
~22 l W!

~A3!
Gr0hg5

1

3
G@A2~12x!cosdP2~2x11!sindP#

Gr0h8g5
1

3
G@A2~12x!sindP1~2x11!cosdP#

Gvp0g5G cosdV

Gfp0g52G sindV

and

Gvhg5
1

9
G@2~2x11!cosdVsindP22Z~21x!sindVcosdP12A2Z~12x!sindVsindP1A2~12x!cosdVcosdP#

Gvh8g5
1

9
G@~2x11!cosdVcosdP22Z~21x!sindVsindP22A2Z~12x!sindVcosdP1A2~12x!cosdVsindP#

~A4!

Gfhg5
1

9
G@~2x11!sindVsindP22Z~21x!cosdVcosdP12A2Z~12x!cosdVsindP2A2~12x!sindVcosdP#

Gfh8g52
1

9
G@~2x11!sindVcosdP12Z~21x!cosdVsindP12A2Z~12x!cosdVcosdP1A2~12x!sindVsindP#
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where the breaking parameters come through the combinationsK51/l A and Z5 l W / l A . The dependence upon the non
symmetry breaking parameterx is explicit. The basic parameterG yields the following expression:

G5
Ce

2g
52

3eg

8p2f p

~A5!

which depends on the vector meson universal couplingg and the pion decay constantf p . We will fit the absolute value ofG.
Correspondingly the matrix elements for the decaysp0/h/h8→gg are

Ghgg52
aem

pA3 f p
F522Z

3
cosuP2A2

51Z

3
x sinuPG

Gh8gg52
aem

pA3 f p
F522Z

3
sinuP1A2

51Z

3
x cosuPG ~A6!

Gp0gg52
aem

p f p
.

Finally theV2g couplings which enter Eq.~15! are constant within this framework and are

f rg5a fp
2 g

f vg5
f rg

3
@cosdV1 l VA2sindV# ~A7!

f fg52
f rg

3
@sindV2 l VA2cosdV#.

We have defined aboveK andZ in terms of the breaking parameters of Bando Kugo Yamawaki~BKY ! @11#, and of that of
Bramon, Grau and Pancheri~BGP! @6#:

l A511cA , l W511cW , l V5~11cV!2. ~A8!

3. Matrix elements with all breakings and coupling to glue

By inverting Eq.~2!, we get expressions forp8 andh0 in terms of the three mixing angles (uP , b, g) and of theh and
h8 fields.19 From these expressions and the phenomenological Lagrangian of Eq.~A2!, we can recompute the expressio
corresponding to Eqs.~A3!, ~A4! and ~A6!.

Of course, allGVPg’s, whereP is neither one ofh andh8, are unchanged and coincide with the corresponding express
given in Eqs.~A3!. The other expressions become

Gr0hg5
cosb

3
G$A2~12x!cosdP2~2x11!sindP%

~A9!
Gr0h8g5

cosg

3
G$@A2~12x!1~2x11!sinb tang#tandP1@~2x11!2A2~12x!sinb tang#cosdP%

Gvhg5
cosb

9
G$2~2x11!cosdVsindP22Z~21x!sindVcosdP12A2Z~12x!sindVsindP1A2~12x!cosdVcosdP%

Gvh8g5
cosg

9
G$@~2x11!2A2~12x!sinb tang#cosdVcosdP22Z@~21x!1A2~12x!sinb tang#sindVsindP

22Z@A2~12x!2~21x!sinb tang!#sindVcosdP1@A2~12x!1~2x11!sinb tang#cosdVsindP%
~A10!

Gfhg5
cosb

9
G$~2x11!sindVsindP22Z~21x!cosdVcosdP12A2Z~12x!cosdVsindP2A2~12x!sindVcosdP%

Gfh8g52
cosg

9
G$@~2x11!2A2~12x!sinb tang#sindVcosdP12Z@~21x!1A2~12x!sinb tang#cosdVsindP

12Z@A2~12x!2~21x!sinb tang#cosdVcosdP1@A2~12x!1~2x11!sinb tang#sindVsindP%.

19We ignore the spurioush9 as long as we do not know what particle it could correspond to.
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Correspondingly the matrix element for the decayp0→gg is not affected, while the amplitudes forh/h8→gg become

Ghgg52
aemcosb

pA3 f p
H 522Z

3
cosuP2A2

51Z

3
x sinuPJ

~A11!

Gh8gg52
aemcosg

pA3 f p
H F522Z

3
1A2

51Z

3
x sinb tangGsinuP1FA2

51Z

3
x2

522Z

3
sinb tangGcosuPJ

4. The K* broken VVP Lagrangian

In order to describe fully theK* sector of light meson radiative decays, we propose to use the Lagrangian given
~A1!, supplemented with the replacementV→XTVXT , with

XT5diag~1,1,11cT! ~A12!

where the breaking parameter, expected to be small, has been denotedcT . In the following we use the definition

l T5~11cT!2 ~A13!

together with the breaking parameters already defined by Eqs.~A8! and the nonet symmetry breaking factorx.
The expanded expression for the FKTUY Lagrangian broken in this way is still given by Eq.~A1! with

Fmnab5]mrn
0F1

2
Al T

l A
~]aKb*

2K11]aKb*
1K22]aK̄b*

0K02]aKb*
0K̄0!1]avbp01]arb

0S p8

2A3
1

xh0

A6
D G

1]mvnF1

2
Al T

l A
~]aKb*

2K11]aKb*
1K21]aK̄b*

0K01]aKb*
0K̄0!1~]arb

1p21]arb
2p1!1]avbS p8

2A3
1

xh0

A6
D G

1]mfnF l WA l T
3

2l A
~]aKb*

2K11]aKb*
1K21]aK̄b*

0K01]aKb*
0K̄0!1

l Wl T
2

l A
]afbS 2

1

A3
p81

1

A6
xh0D G

1A l T

2l A
@]mrn

1~]aKb*
0K21]aKb*

2K0!1]mrn
2~]aK̄b*

0K11]aKb*
1K̄0!#12]mrn

1]arb
2S p8

2A3
1

xh0

A6
D

1
l Wl T

A2
~]mKn*

2]aKb*
0p11]mKn*

1]aK̄b*
0p2!1 l T]mKn*

2]aKb*
1F1

2
p02

22R

2RA3
p81

11R

RA6
xh0G

1 l T]mK̄n*
0]aKb*

0

3F2
1

2
p02

22R

2RA3
p81

11R

RA6
xh0G ~A14!

whereR5 l Al W , as in Eq.~A2!.
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