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1. Introduction

It is a long standing problem to define a frame-
work in which all radiative decays of light flavor
mesons can be accurately accounted for. A few
kinds of different models have been proposed so
far. The most popular modelling is in terms of
magnetic moments of quarks [1-3], which includes
some kind of SU(3) breaking effects by having a
magnetic moment for the s quark, slightly dif-
ferent to that of the d quark. SU(2) symmetry
breaking is implemented in some way, as the u
and d magnetic moments are not exactly in the
ratio of the corresponding quark charges [4].

Another traditional approach is to use SU(3)
relations among coupling constants [5]. This
yields reasonable descriptions of radiative decays
[6], though the success is not complete. The
O’Donnell model assumes exact SU(3) flavor sym-
metry, while nonet (or U(3) flavor) symmetry is
explicitly broken. As it follows from a quite gen-
eral conceptual framework, this model is widely
independent of detailed dynamical properties and
assumptions, except for its assumption of unbro-
ken SU(3) symmetry, of course. A priori, this
model depends on two mixing angles and, because
of its breaking nonet symmetry, it also depends on
three coupling constants (instead of one, if nonet
symmetry were to hold). This model covers all
couplings like PV'y but lacks to describe P+ de-
cays which remain unrelated.

Recently, several models have been proposed
[7-9], motivated by effective Lagrangian ap-
proaches to the interactions of vector mesons
[10,11], and including SU(3) symmetry breaking
as per Bando, Kugo and Yamawaki (hereafter
referred to as BKY) [12,13). More recently, a
new kind of model has been proposed [14], where
additional symmetry breaking effects are intro-

duced by means of the (measured) leptonic de-
cay constants of vector mesons. The study of ra-
diative decays of light flavor mesons is also con-
nected with the long standing problem of n/y’
mixing [6,9,15,16] and to its possible association
with a glue component inside light mesons [14,17].
Recent developments advocate a more compli-
cated n/n’ mixing scheme [18,19], which has re-
ceived support from some phenomenological anal-
yses [21,22]. Another approach in the same vein
has been proposed quite recently by Escribano
and Frére [23]. As effects of SU(3) symmetry
breaking are clearly observed in the data on ra-
diative decays of light mesons [6,14], they have
surely to be accounted for. We do it following
the BKY breaking mechanism [12,13]. In this
way, by means of the FKTUY Lagrangian and
of the BKY breaking scheme, we can construct a
Lagrangian formulation of the O’Donnell model
and extend it to the case where the SU(3) flavor
symmetry is broken. This additionally provides
an algebraic connection between V Py and Pyy
coupling constants.

What is presented here is mainly an account
of a work [24] devoted to a to the study of ra-
diative and leptonic decays of light flavor mesons
within the general VMD framework represented
by the hidden local symmetry model [10] (here-
after referred to as HLS) and its anomalous sector
[11] (hereafter referred to as FKTUY). All formu-
lae and technical details, which could be skipped
here, can be found in Ref. [24]. Some progress
has been made however in the qualitative under-
standing of the problem and of the solutions pro-
posed there ; this will reflect here by a somewhat
different perspective.

This work proposes a new model based on the
approach of the HLS model which describes the
mutual interactions of the electrom agnetic field,
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the vector and pseudoscalar mesons ; we will con-
centrate here mainly on its anomalous FKTUY
sector. A careful study of the HLS model, also in
its anomalous sector (the FKTUY Lagrangian), is
motivated by the successful description [25] pro-
vided by the HLS model of all published data
on the pion form factor [26]. This success has
been recently confirmed with the new data set
of the CMD-2 Collaboration [27,28]. Moreover,
as shown in Ref. [24], leptonic decays of vector
mesons gives an additional support to this model
in the non-anomalous sector. Namely, the basic
HLS parameter a extracted from the pion form
factor (a ~ 2.4), appears to be in good agree-
ment with radiative and leptonic decays of light
mesons, where it is found a =~ 2.5, instead of a = 2
as expected from standard VMD [10,29]. The
HLS model is an expression of the Vector Me-
son Dominance (VMD) assumption [29] ; it thus
gives a way to relate the radiative decay modes
V Py to each other and to the Pyy decays for
light mesons, by giving a precise meaning to the
equations shown in Fig. 1. One can try to es-
timate naively this relation by means of the re-
sults from recent fits [30] to the cross sections
ete~ — 7%y and ete~ — 7y, and by using other
information collected in the Review of Particle
Properties [31]. The results given in Table ??
are quite impressive ; this is indeed not a fit, but
mere algebra. Thus, all systematics can pill up
and, moreover, the meson masses used in order
to estimate the propagators at 3 = 0 are simply
the (Breit—-Wigner) accepted masses [31] ; this is
surely a very crude assumption, at least for the p°
meson. However, t his exercise teaches us that the
central hint of the Vector Meson Dominance as-
sumption is sharply grounded and this motivates
to try going beyond as much as possible.
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Figure 1. Graphical representation of the relation
among various kind of coupling constants.

V and V' stand for the lowest lying vector mesons
(p°, w, ¢); the internal vector meson lines are
propagators at s = 0 and are approximated by
the corresponding tabulated [31] masses squared.

A further comment is of relevance concerning
the VMD prediction for the 7° decay width. Ac-
tually, the two-photon width of the 7° can be

computed, as sketched in Fig. 1, from two differ-
ent ways since the basic V'V P diagram is 70 p0%1,
where w' is the ideal (purely non-strange) com-
bination of the (physical) w and ¢ fields. A first
estimate is thus obtained from the coupling 7°p%y
(here the hidden vector meson line is surely w’)
and is 12.79 4+ 2.59 eV ; a second estimate is ob-
tained from using instead the couplings 7%w~ and
7%¢+ (here the hidden vector meson line is surely
p° for both) and is 8.86 & 0.29 eV. The qualita-
tive difference of both estimates reflects problems
with the p mass definition which will not be ex-
amined here. What is given in Table 1 is simply
the mean value of both estimates.

2. An Exact SU(3) Symmetry Framework

The formalism which describes the decays V —
P v and P — V4 within an exact SU(3) fla-
vor symmetry framework has been given by P.
O’Donnell [5]. The corresponding decay ampli-
tudes can be quite generally written as

T= QVP'yf,uvpok“qusp(V)Eu (7) (1)

using obvious notations. This expression can
be found by relying entirely on gauge invariance
and does not require the help of any specific La-
grangian.

Using SU(3) symmetry, the coupling strengths
gvpy between physical vector and pseudoscalar
mesons in radiative decays are expressed in terms
of two angles (fy and 6p) which describe the
mixtures of singlet and octet components, and
of three coupling constants (gv,psy, gv,Psy and
gvePry); indeed, assuming that the photon be-
haves like an SU(3) octet cancels out the pos-
sible coupling gv, p,y- We do not reproduce here
the expressions for the gy py in terms of the ele-
mentary couplings gv,p;y and the mixing angles ;
they can be found in Ref. [5] and in Appendix A7
of Ref. [6], where a misprint has been corrected.
These formulae use mixing angles describing de-
viations from ideal mixing, introduced long ago
in Ref. [32]. The vector meson field matrix V' is
usually written ! :

0% + T )3 ot K*t
ve— - =0 4uDyvi kv | @
K- ?0 _‘J’

in terms of ideally mixed states (w’, ¢). Corre-
spondingly the pseudoscalar field matrix is usu-

1 The sign in front of ' means that we define ¢! = —|s7 >.



ally defined as :
1r°+
vl »+ K+
+%»o
—#ro-r
2w é; L + wat K° » @
+ ,no
= —0 - i'--l»
K K Y

using the conventional octet and singlet compo-
nents (g, 7o) for the isoscalar mesons. The phys-
ical states (w, ¢, n, ') are generated from ide-
ally mixed states by means of standard rotations
of angles dy or dp for resp. vector and pseu-
doscalar mesons. Correspondingly, the rotation
angles from singlet and octet states to the phys-
ically observed mesons are traditionally named
fy and 0p. These well known relations can be
found in Refs. [5,13,24,31]. With these defini-
tions for the field matrices, the effective FKTUY
Lagrangian which describes the anomalous sector
of the HLS model is [11]

2
39 ewrorTx([8,V, 8,V P). (4)

L=—4W Ix

The parameter g is the universal vector meson
coupling and is tightly related to the coupling of
the p meson to a pion pair. fr = 92.41 MeV is
the pion decay constant. The partial widths for
all VPy and Pyy modes are derived herefrom,
using also the V4 transition amplitudes and the
expressions for the vector meson masses given in
the standard (non-anomalous) HLS Lagrangian
[10,11] by

L= ot §af3@l(°F + (@) + ()]~

—aef2g [o° + tw! + ¥2¢TA+- ®

expressed in terms of ideally mixed states and
of the electromagnetic field A. One should note
the occurence of the HLS parameter a expected
from standard VMD to fulfill @ = 2, while recent
fits of the pio n form factor [25,27,28] indicate
a preferred value a =~ 2.4. The coefficient in Rel.
(4) is fixed [11] in order that this Lagrangian, sup-
plemented with the relevant information in Rel.
(5), leads to the usual expression for the ampli-
tude of 7% = vy.

At this point, it should be emphasized that ex-
act SU(3) symmetry is not.in conflict with re-
leasing the condition of nonet symmetry (which
corresponds to the stronger U(3) symmetry) usu-
ally stated in effective Lagrangian models for both
the vector and pseudoscalar meson sectors [9-
11,33,34). The main problem concerns the part
of the Lagrangian which gives the kinetic energy
and mass terms of the pseudoscalar singlet field.
We will comment more on this point below, but
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will not try any approach to this specific prob-
lem. The field matrices above can be written
V = Vg + Vi and P = Ps + P;, which exhibits
their (matrix) octet and singlet mixtures. It can
be checked, that the O’Donnell model [5,24] can
be generated by simply replacing in Rel. (4) the
(nonet symmetric) vector and pseudoscalar field
matrices by

P= Pa + 2P1
{ V=Vat+¥i (6)
In this case, we have
3
GVePey = G= ——-—Z-‘q—-—
KL ™)
GViPyy = yG

gvepy = 2G

and the mixing angles, as free parameters to be
determined from fit to data. This identification
is already interesting, as it relates the main cou-
pling constant G in the O’Donnell model to more
usual quantities (g, fx). Finally, z and y are the
deviations from nonet symmetry in respectively
the pseudoscalar and vector sectors.

It was phenomenologically checked? [6], that
radiative decays of light mesons are consistent
with nonet symmetry in the vector sector; thus,
data accommodate y = 1 quite naturally. How-
ever, the same analysis concluded to a small but
significant departure (slightly more than 4¢) from
nonet symmetry in the pseudoscalar sector, which
corresponds to z =~ 0.90. From a physics point of
view, the resulting picture was close to be ac-
ceptable, as only two decay modes, K*® — K%y
and ¢ — 7y, were not satisfactorily accounted for
(see in Ref. [6] the “internal fit” entry of Table
8). Qualitatively, the former disagreement could
be due to SU(2) symmetry breaking because of
the K*° quark content®. However, the disagree-
ment about the later mode (more than a factor
of 2) is clearly a signal of unaccounted for SU(3)
breaking effects, since the branching fraction for
& — ny has been recently confirmed twice [35,36]
at the VEPP-2M collider. Moreover, the “inter-
nal fit” entry in Table 8 of Ref. [6] shows a good
prediction for ¢ — 7'y, if one refers to the recent
measurements of this mode, still at VEPP-2M,
by the CMD?2 [37] and SND [38] experiments.

Therefore the O’Donnell model [5,6] is already
close enough to observations that one may con-

2The quoted deviations of z and y from unity have been
confirmed by t he present analysis. For instance, releasing
y in the present U(3), SU(3) broken model leads to y =
0.996 - 0.033, quite consistent indeed with y = 1 and thus
with nonet symmetry.

3However, a factor of 1.5 at the rate level, i.e. a factor
1.25 at the level of coupling constants, could look somehow
beyond expectable SU(2) breaking effects.
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clude that nonet symmetry breaking is a work-
ing concept and that only some amount of SU(3)
breaking is needed in order to achieve a quite con-
sistent description of radiative decays. This is the
main purpose of the work presented here, and we
are to be valuably helped by the connection which
can be done between O’Donnell model and the
HLS approach [10,11], as illustrated above. It
should be re-emphasized, however, that the orig-
inal model of O’Donnell did not relate V Py and
P+~ modes, while the connection just sketched of
this model with the HLS approach provides the
lacking algebraic connection.

In the approach just sketched, we actually as-
sume the existence of only one singlet state for
pseudoscalar mesons,. constituted of u, d and s
quarks and their antiquarks. The modifications
of the P matrix performed in order to recon-
struct a SU(3) invariant, with broken U(3) model
from the FKTUY Lagrangian [11], implies that
the singlet component can be accounted for in the
non—anomalous Lagrangian. This difficult ques-
tion is intimately related to the U(1)4 anomaly,
(see Refs. [17,39,18,19] for recent accounts) and
we cannot pretend to solve it within the present
context. We shall only assume that there exists
a way to accommodate satisfactorily the singlet
part in the non-anomalous Lagrangian, namely
its mass term and its kinetic energy term (which
is affected by the parameter z introduced above).
Moreover, the problem should be qualitatively
different if breaking of nonet symmetry could be
fully replaced by an additional singlet state.

Recent theoretical developments indeed tend to
advocate that the singlet sector of pseudoscalar
mesons could well be not saturated [14,17] by the
standard singlet 7o = (uti+dd+s3)/v/3 only. One
(or more) of the glueballs predicted by QCD could
play a non-negligible role. With this respect, a
part of the broad structure named [31] (1440) is
still controversially considered as a glueball can-
didate (see the minireview in Ref. [31]). On the
other hand, following the measurement at CLEO
[40] of an unexpectedly high rate of B — 'K, a
¢¢ component in the ' meson is sometimes con-
sidered (see Refs. [41,21] and references quoted
therein). We shall discuss this question at the rel-
evant place, and its relation with nonet symmetry
breaking.

3. SU(3) Breaking of the HLS-FKTUY
Model

SU(3) symmetry breaking of the HLS La-
grangian originates from Refs. [10,12]. A com-
prehensive account of the HLS model is given
in Ref. [10]. More globally, a recent review of

VMD can be found in Ref.[29]. Finally, briefs ac-
counts and some new developments can be found
in Refs. [7,8,13,33], connected more precisely with
the anomalous sector [11].

3.1. SU(3) Breaking Mechanism of the
HLS Model

Basically, the SU(3) breaking scheme we use
has been introduced by Bando, Kugo and Ya-
mawaki [12] (referred to as BKY) and has given
rise to a few variants [7,13], as well as to exten-
sion to SU(2) breaking [8]. We refer the reader to
Refs. [7,12,13] for detailed analyses of the prop-
erties of known variants of the BKY breaking
scheme. In the following, we use basic conse-
quences common to the original BKY mechanism
[12], its hermitized variant and the so-called new
scheme, both discussed in Ref. [13]. In these
cases, SU(3) symmetry breaking defines a renor-
malized pseudoscalar field matrix P’ in terms of
the bare one P given above by

Pl X3 Px5 8)

where the breaking matrix X, writes
diag(1, 1, 14 c4) and we have [12,13]

2
la=14cp= (f—") =14954+0030.  (9)

Ir

It should be noted [13], that the field renor-
malization (Eqs. (8) and (9)) is requested in or-
der to recover the charge normalization condition,
Fg+(0) = 1, expected for the kaon form fac-
tor Fi+(s), even in presence of SU(3) breaking.
The numerical value just g iven is deduced from
the experimental information quoted in Ref. [31].
Concerning vector mesons, beside changing the
couplings of K* and ¢ mesons to pseudoscalar
pairs, SU(3) breaking modifies the vector meson
mass terms and their coupling to the electromag-

- netic field in the following way

L= jofzg® [(0°) + (@) +tv(s')°] -

~aef2g [p" + k! +£v¥3'i¢f] A i

We have defined £y = (1 + cv)?. We refer

" to the BKY breaking in the vector sector as Xy

breaking. These notations (X4 and Xy ) are mo-
tivated by the fact that the BKY breaking scheme
[12,13,7] results in breaking matrices (X4 and
Xv) which come included in trace operators. We
have Xy = diag(1, 1, 1+ ey). Properties of this
parameter cy can be found in Refs. [12,13,24].
We can reexpress the HLS Lagrangian in terms of
physical field combinations, by rotating the ideal
fields by an angle dy. The Lagrangian piece given



in Eq. (10) thus becomes

L= afig? [(,«:a")2 + (cos? 8y + £y sin? &y )u+
+(sin? 8y + £y cos? Sy )¢9] . o
t+afig?tyw.d—- (11)
—aef2g [0° + L(cos v + Ly VZsinby)w—
- L(sindy — £y V/2cosby)g] .A

The coefficients affecting the p, w and ¢ fields
in the last term, are commonly denoted —ef,y,
—ef., and —efgy. They are estimated from the
vector meson decay widths to ete~ by

v A4ma?
(V= ete) = 5= fv,* (12)
My

One still observes, as in the unbroken case, the oc-
curence of the HLS parameter a. One should also
note the occurrence of a direct transition term
w.¢, generated by the rotation dy. This term
plays an important role when computing some
matrix elements [24].

3.2. A Phenomenological Lagrangian for
Radiative Decays

Following FKTUY [11], the anomalous U(3)
symmetric Lagrangian describing PVV. interac-
tions and, together with Egs. (5), PV and Pyy
transitions is given by Eq. (4). It full expansion
can be found in Ref. [13]. Postulating that the
same formulae apply when breaking nonet sym-
metry (z # 1), is confirmed by its formal agree-
ment with the O’Donnell derivation of the cou-
pling constant formulae. When breaking SU(3)
symmetry & la BKY [12], the vector meson part
of the non-anomalous HLS Lagrangian, of rele-
vance for our purpose, is given by Rels.(10) or
(11). However, breaking the SU(3) symmetry a
la BKY, also implies that we have to reexpress the
FKTUY Lagrangian in terms of the renormalized
matrix P’, instead of the bare one P; this is done
using Rel. (8), with the (fixed) parameter given
in Rel. (9). We remind that P’ is also modi-
fied by the replacement 79 — z10. Propagating
this field renormalization down to the FKTUY
Lagrangian writes

392
4 72 fg

Then, the VVP Lagrangian is changed in a def-
inite way by the symmetry breaking parameter
£4 defined above (see Eq. (9)) and supposed to
have a well understood numerical value (practi-
cally 1.5). The expanded f orm of this Lagrangian
is given in the Appendix of Ref. [24]. In principle,
from this Lagrangian and the non-anomalous Ly
Lagrangian piece given in Eq. (11), one is able to
construct the decay amplitudes for the V — P,
P — V+,V = ete” and P — vy processes. The

| ATVIER PO, VL0, Ve X TP X TP (13)
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coupling constants for the decays V — Py and
P — V4« are given by Egs. (A.1) and (A.2) in
the Appendix. They are related to the partial
decay widths through

1 [m} —-m? v 2
ki £l Sl @ e

1 m}-—-mﬁp : 2 ()
(P2 Vy)= e T] |Gveq|

The main coupling G of the O’Donnell model is
given by the first Rel.(7). It should be noted that
the expression for the coupling constants, when
SU(3) breaking is turned off, coincide with the
original O’Donnell formulae [5] with y = 1 ; they
are obtained continuously by making Z — 1,
or equivalently fx — fr. Some of these cou-
plings are totally unaffected by any breaking pro-
cess (such as Gvry), while some are affected
only by broken nonet symmetry (like G o,y and
G poniy). Couplings involving both isoscalar vec-
tor and pseudoscalar mesons are instead affected
in a non—trivial way. For instance, the coupling
constants for decays involving n and 7' mesons
are not simply rescaled in the breaking proce-
dure, but treated differently with respect to their
strange and non-strange contributions. In order
to compare with recent modellings, we see for in-
stance that the relation Gjopy/Gpony = tandp
is sharply modified by nonet symmetry break-
ing. It is interesting to note that the FKTUY
Lagrangian [11], broken as we propose, expresses
all radiative coupling constants in terms of f,
fx, = and of the two mixing angles 0p, fy.

3.3. The VMD Description of 5/ — v
Decays

Using standard rules, the same Lagrangian in-
formation allows to reconstruct definite expres-
sions (see Eqs.(A.4)) for the two-photon cou-
plings of the pseudoscalar mesons; computa-
tions are straightforward, even if somehow heavy.
These couplings relate to partial widths by

MS
(X —vy) = M—frlenl"’ , X =7° n, n.(15)

The expression for Gpyy in Eqs.(A.4) compares
well with the corresponding expression of Ref. [42]
deduced from the Nambu-Jona-Lasinio model.
This shows that breaking parameters in this refer-
ence, originally expressed as functions of effective
quark masses, also get an expression in terms of
fx/fK. More precisely, as remarked in Ref. [42],
in the (chiral) limit of vanishing meson masses,
their breaking parameter, which can be formally
identified to our Z = [fr/fx]?, is simply the ra-
tio mg/m, (q stands for either of u or d which
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have equal masses if SU(2) flavor symmetry is ful-
filled) of the relevant effective masses of quarks.
With this respect, a surprising connection could
be made with the traditional description of radia-
tive decays using quark magnetic moments [1-3].
Indeed, the present fit values for these are [4] :

o = 1.852 pg=—0.972 p, =—0.630 (16)

in units of Bohr magnetons. These magnetic mo-
ments corresponds to the following quark (effec-
tive) masses

my = 355.1 MeV
mg = 337.4 MeV (17)
m, = 522.8 MeV

It is indeed a point that m, /my = 1.47, m;/mq =
1.55 compare well with [fx/fr]?> = 1.495, as it
can be guessed from the remark by Takizawa et
al. [42]. Whether, this is accidental, or reveals a
deeper property is an open question.

3.4. The WZW Description of /7' — ¥y
Decays

More interesting is that, starting from broken
HLS and FKTUY, we recover the traditional form
for these amplitudes, (i.e. the one mixing angle
expressions of Current Algebra [15,16,43]). Us-
ing these standard expressions, one indeed gets
through identification with our Rels. (A .4 )

Jo _5-22 fr _5+2 h

fs Yot Sioa Y aiig :
where Z = [fx/fk]?. This shows that, in the
limit of SU(3) symmetry, we have fzg = fr and
fi = fo/z, and that f; = fs = fx supposes
that there is no symmetry breaking at all. Actu-
ally, these formulae mean that, instead of going
through the whole machinery of VMD by starting
from the broken FKTUY Lagrangian, one could
get these coupling constants for two-photon de-
cays of the pseudoscalar mesons by starting from
the WZW Lagrangian [44,45]. Indeed, this can
be written

(18)

P
4n? fr

where Q = diag(2/3,-1/3,-1/3) is the quark
charge matrix and P is the bare pseudoscalar
field matrix. Changing to P’ through Rel.(8),
allows indeed to recover directly (and trivially)
the couplings given in the Appendix*. Then,
the exercise of having derived these coupling con-
stants from the broken FKTUY Lagrangian sim-
ply proves that Rels. (A . 1) and (A . 2) are alge-
braically correct ...This illustrates clearly that,

Lwzw = — f'uupoapAuapAo‘Tr[Qz'P] (19)

4 Actually, these formulae have been already reached in
Ref. [13], but they were expressed in terms of ¢4, which
leads to non—tra nsparent formulae.

what is named fg in the Current Algebra [43] ex-
pressions for 1/n’ decays to two photons, can be
expressed solely in terms of fr and fx, in a way
which fixes its value to fas = 0.82f;. The fact that
the WZW Lagrangian leads to the same results
as the FKTUY Lagrangian simply states their ex-
pected equivalence when deriving two—photon de-
cays amplitudes for pseudoscalar mesons.

On the other hand, the SU(3) sector of Chi-
ral Perturbation Theory (ChPT) predicts [15,46]
fs/fxr =~ 1.25. One could thus think to a con-
tradiction [24] between VMD (or FKTUY) and
WZW on the one hand, and ChPT on the other
hand. However, it seems more likely to think
to different definitions of pseudoscalar parame-
ters and then to a misleading apparence. Indeed,
in the VMD procedure, the expressions for fg and
f1 rely on matrix elements for < yy|Lwzw|n >
and < yy|Lwzw|? >. In ChPT, the corre-
sponding quantities are rather defined through
other matrix elements < 0|0*A%'|n > and <
0|0 A%*|n' >, where the A’s are axial fields' of
the appropriate flavor.

There are algebraic relations between both sets
of definitions. Specifically, the quantities we have
denoted fg, fi and @p allow to define the two de-
cay constants Fy and Fg of Refs. [18,19] and their
two mixing angles 6y and f3. However, within
the context of radiative decays V Py and P77,
this complicates the picture, without providing a
deeper understanding of radiative decays, as will
be seen shortly. We shall nevertheless examine
this question elsewhere.

4. Fitting Decays Modes with the Broken
Model

In this section, we focus on the model for cou-
pling constants given by Egs.(A.1) to (A.4) and
we use them for a fit to radiative decays of light
mesons. the corresponding data are all taken®
from the Review of Particle Properties [31]. In
this section, we discuss only the fit information at
the level of the model parameters properties and
values. The detailed discussion about the predic-
tions for decay rates is postponed to Section 6.

4.1. Comments on Radiative K* Decay
Measurements
From what is reported several times in the lit-
erature [4,6,14], one might expect potential prob-
lems with one or both K* decay modes. There-
fore, we have followed the strategy of perform-

5We have however used in the fits [24], as partial width
for 7 = 77, the mean value of the measurements reported
by v experiments, instead of the PDG [31] value, which
is affected by the single existing Primakofl measurement.
We shall comment more on this below.



ing fits of all radiative decay modes except for
these two. Then, the fit values of the free param-
eters allow us to predict a value for the partial
widths K*© = K% and K*t — K%+, making
it possible to compare the x? distance of each
these predicted values to the corresponding mea-
sured values [31]. In all fits performed with the
model described above, we have found that the
prediction for K*° — K%y is in fairly good agree-
ment with the corresponding measurement, while
the expected value for K*+ — K*7 is always at
about 50 from the accepted value [31]. There-
fore, in the fits referred to hereafter, the pro-
cess K*+ — K%~ has been removed. The diffi-
culty met with this decay mode in several studies
mentioned above could cast some doubt on the
reliability of this measurement, performed using
the Primakoff effect. However, it cannot be ex-
cluded that this measurement is indeed correct
and that the reported disagreement simply points
toward the need of refining the models. Actually,
there indeed exists a way to accommodate this
measurement [24], at the expense of complicat-
ing somehow the model above. It happens that
it does not change anything to all the rest ; it is
the reason why we prefer working with the simply
model described above, where all parameters have
an intuitive meaning. We shall comment specif-
ically below on how the process K*t — Kty
can be accommodated, referring for details to Ref.
[24].

4.2. The SU(3) Breaking Parameter {4 and

the Value of fx

The key parameter associated specifically
with the breaking of SU(3) flavor symmetry is
the BKY parameter £4, expected to be equal to
[fx/fx]? (see Rel. (9)) . As starting point in
our fit, we have left free all parameters : G, z,
fv, 0p and £4. We thus got a nice fit probabil-
ity (x?/dof= 10.74/9) and the result we like to
mention from this fit is

24 = 14801009 (20)

which is almost exactly the value expected from
the known ratio fx/fr (see Eq. (9)). This
gives, of course, a strong support to the breaking
mechanism proposed by Bando, Kugo and Ya-
mawaki [12,13]. Indeed, the relation between £4
and fg/fx, which is mandatory within the BKY
breaking scheme in order to fulfill Fg+(0) = 1
even when SU(3) flavor breaking is turned on, is
found to hold numerically to quite a nice preci-
sion. One could consider the result in Eq. (20) as
providing an interesting estimate of fx / fx, inde-
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pendent of measurements of K and m decays

Ix _qiro0n (21)
fx

This result strongly suggests that one can rea
sonably fir £4 = 1.50 (at its physical value).
Then, the single free breaking parameter which
influences the coupling constants in radiative de-
cays, beside mixing angles, is the nonet symmetry
breaking parameter z.

4.3. The Fit Parameter Values

Therefore, the preliminary fit sketched above
allows us to conclude that the only actual free
symmetry breaking parameter is z, once we do
not consider a coupling of the n/7’ doublet to
glue. Stated otherwise, except for the two mix-
ing angles, we only have two free parameters to
fit the data set, as in the unbroken case [6]. One,
named G, is connected with the vector meson uni-
versal coupling g, the other is the nonet symme-
try breaking parameter z. The former is clearly
fundamental (G) while it is uncertain whether or
not the latter should be considered fundamental,
or only effective. Under the conditions just out-
lined, the fit performed reveals a very good qual-
ity (x?/dof = 10.9/10), corresponding to a 44%
probability, and the best values and errors for the
main parameters (£4 is fixed to 1.5) are

G =0704£0002 [GeV]™!
z  =0917+0.017

by = 31.92+0.17 [deg]
0p = —11.50+0.76 [deg]

(22)

The nonet symmetry breaking parameter is z =
0.92 + 0.02, confirming a previous analysis [6].
This cannot be changed by leaving free £4. The
value for G is also in nice agreement with the pre-
vious analysis of Ref. [6]. The vector mixing an-
gle is found at 3.4 degrees below its ideal value®
and agrees with predictions [49]. More appeal-
ing is the mixing angle of pseudoscalar mesons
coming out from fit: fp = —11.59° £ 0.76°, in
agreement with the linear mass formula, which
predicts —10.1°.

4.4. The One Angle n/n' Mixing Scheme
from VMD

As discussed above the model we propose,
which relies on the VMD approach of Refs. [10,11]
with fixed SU(3) breaking & la BKY [12,13], leads
to (one angle) formulae for the /7" — vy decay
amplitudes. These can be identified with the cor-
responding Current Algebra standard expressions
and we have recalled that they can also be directly

8Let us, however, remind that this value relative to ideal
mixing is the consequence of our choice ¢l = —|s3 >.
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derived from the WZW Lagrangian. This justifies
the identification shown in Eq. (18) for the singlet
and octet coupling constants. One should note
that nonet symmetry breaking does not modify
the formulae substantially. In this case, we ob-
tain together with 8p = —11.59° + 0.76°

fs _osax002 . L=115+002 (23

fr fx
using Eq. (20), and the fit result for z. Actually, it
happens that a low value for fs/fr and a low ab-
solute value for the pseudoscalar mixing angle 6p
are correlated properties. Indeed, as can be read
off Fig.1 in Ref.[14], a low angle value (in abso-
lute magnitude) implies a low value for fg/fr as a
consequence of the partial width measured values
of /g’ = 4v. What is interesting, in the VMD
approach developed above, is that this result is
tightly connected with the BKY breaking, inde-
pendently of any reference to two—photon decays.
Moreover, the value for what should be [fx /fx]?,
fit in radiative decays solely, confirms this expec-
tation.

Connected with this remark, one can perform
a fit of the V Py processes in isolation in order
to get estimates for z and fp, free of any influ-
ence of the Pyy processes. This allows to check
the concept ual relation between V Py and Pyy
which can be inferred from VMD. Using the for-
mulae given in the Appendix, one can indeed
reconstruct the VMD expectations for the Pyy
modes. The interesting point here, compared
with what is shown in Table 1, is that the fit pro-
cedure improve the parameter values associated
with the V Py modes. The results are shown in
Table 2. An unexpected result here is that the
value favored for n radiative decay width is the
PDG mean value; this could indicate that vy and
Primakoff measurements (which are statistically
inconsistent) both suffer from systematic effects,
equal in magnitude and opposite in signs. Then,
the HLS approach we have developed, even re-
stricted to the V Py processes is indeed able to
predict quite nicely the Py partial widths. The
effects of fitting can easily be understood by com-
paring the corresponding information and accu-
racies in Tables 1 and 2. Thus, the VMD formu-
lae (which are also those obtained [13] by break-
ing a4 la BKY the Wess-Zumino Lagrangian) pro-
vide a quite consistent picture. An additional
improvement comes from expressing the vector
mesons masses and their couplings to ete™ as
functions of the basic HLS parameters (a, g, fx),
in accordance with the internal structure of the
HLS model. One should also note that relatively
low values of 6p have been advocated (or found)
in analyzing similar data, for instance in Refs.

[14,21,47,48]. It can thus be remarked that in the

one mixing angle approach, it is only the addition
of J/v decays which pushes |0p| to larger values.

As conclusions, within the context of light me-
son decays, we find no failure of the VMD ap-
proach sketched above” and no need for a second
angle [18,19,23] arises naturally from the data ex-
amined so far. However, one cannot exclude that
nonet symmetry breaking is somehow equivalent
to this specific second angle. This does not seem
easy to prove from standard algebra.

5. Is There a Glue Component Coupled to
n/n'?

As stated in the Introduction, the precise con-
tent of the pseudoscalar singlet component in /7’
mesons is somehow controversial. One cannot in-
deed exclude the interplay of the usual singlet
1o = (uT + dd + 55)/+/3 with other SU(3) singlet
states [14,17], which could be glueballs or some
¢¢ admixture, or both. Let us assume the exis-
tence of such an additional singlet state that will
be denoted gg, in order to make formally the con-
nection with its possibly being a gluonium.

5.1. The n/n’ Mesons in Terms of Octet and
Singlet States

It is thus meaningful to allow for the mixing
of mg = (uW + dd — 255)/v/6 with both singlet
states referred to just above as no and gg. This
follows the proposal in Ref. [14]. We are not actu-
ally very dependent on an assumption about the
precise content of gg, except that it is supposed
orthogonal to np. An appropriate parametriza-
tion for the mixing of (s,no,g9) into physical
pseudoscalar meson states denoted (n,7’,7") is
needed. Using here the symbol 5" for the third
partner of the doublet (n,n’) simply means that
we consider premature to try identifying it, and
we do not plan to describe its couplings. Any
general parametrization of an orthogonal rota-
tion matrix depends a priori on 3 angles. One
could for instance choose to express it in terms
of the usual Euler angles, however, an appropri-
ate parametrization of this transform is repre-
sented by the Cabibbo-Kobayashi-Maskawa ma-
trix (with the complex phase factor 4 removed,

TThe problem with the K** radiative decay can be solved
ad minima as shown in Ref. [24], and briefly sketched in
Section 7.
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Indeed, the vanishing of # and v gives smoothly
the usual mixing pattern of the (n,7') doublet
(with @ = 8p) and the decoupling of the addi-
tional singlet. Setting # = 0 cancels out glue
inside n only, while ¥ = 0 removes any glue inside
the ' only. Therefore, the transform (24) above
allows for analyzing the interplay of an additional
singlet (named here glue) in a continuous way for
both the 7 and the ' mesons. The practical use
of this formula is obvious : by inverting it, we get
expressions for the 7s and o fields of the matrix
P’ in terms of n and 7’ fields ; of course, we can
forget about couplings to .

5.2. Nonet Symmetry Breaking versus
Glue

Up to now, we have illustrated that the BKY
breaking was a fundamental tool in order to de-
scribe all data concerning radiative and two-
photon decays of light mesons. The other central
result of our fitting model concerns the unavoid-
able need of about 10% breaking of nonet sym-
metry in the pseudoscalar sector (z ~ 0.9). This
could well be a fundamental property. However,
the observed nonet symmetry breaking could also
be an artefact of the model above, reflecting phys-
ical effects intrinsically ignored. In this Sec-
tion we examine the interplay of nonet symme-
try breaking and a possible glue component. The
V Py coupling constants in this case can be found
in Ref. [24] ; we give in the Appendix the formu-
lae for P~y couplings for illustrative purposes (see
Rels.(A.5). A phenomenological study of these re-
lations, which include SU(3) breaking, nonet sym-
metry breaking and glue has been performed with
the following conclusions : 1 The BKY breaking
is still found determined by the value of fx /fx;
it can thus be fixed as previously done. 2 Nonet
symmetry breaking and glue are intimately con-
nected and reveal a correlation close to the 100%
level. This second remark does not mean that
nonet symmetry breaking and glue (or any addi-
tional singlet) are physically equivalent. The sin-
gle appropriate conclusion is rather that, in order
to conclude firmly about about each of these twin
phenomena, one needs relatively precise informa-
tion on the other.

However, a few additional remarks can be

111

Figure 2. The angles providing the coupling of 7
and 7' to glue (actually, to any singlet state not
constituted of u, d and s quarks) as a function
of the symmetry breaking parameter z. z = 1
corresponds to exact nonet symmetry for the
pseudoscalar mesons couplings. A non-zero g is
tightly connected with glue in the n meson, while
a non-zero v is tightly connected with glue in the
n' meson.

drawn [24]. One can analyze how coupling to
glue evolves as a function of a fixed nonet symme-
try breaking level. This is shown in Fig 2. One
clearly sees there that no need for glue is exhib-
ited by the data if z ~ 0.9 (2 and ¥ can be chosen
equal zero without hurting the data). At z =~ 1
and somewhat above, the angle 2 is still consis-
tent with zero, pointing to the fact that one can
hardly claim the need for glue in the 7 meson.
However, somewhat above z =~ 0.9, the level of
glue in 7' is a rising function of z, as shown by
the steep dependence of 4 upon z. In order to
fix one’s idea, if for some reason z ~ 1 has to be
prefered, then it implies a sensible content of gl ue
in the /. Writing ' = Xng + Yno + Z(gg) (with
X24Y?42% =1),wehave VX2 +Y? = 0.89 and
Z = 0.46. One can then express the glue fraction
in g’ by Z? = cos?vy ~ 0.20 (at z = 1). The cor-
relation between glue and nonet symmetry break-
ing is not however complete. Below some value
(z ~ 0.85), the model fails completely to reach
an acceptable probability and no glue contribu-
tion (as defined above) helps for recovering. More
information can be found in Ref. [24].

In view of all this, beside the model with no
glue and with a small breaking of nonet symme-
try, we have studied the case of glue in only the 7’
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meson (setting 3 = 0) and no breaking of nonet
symmetry. Moreover, the above remarks justify
to perform a fit by fixing (as before) the SU(3)
breaking at its expected value (€4 = 1.5), choos-
ing also z = 1 and also # = 0 (in order to lessen
at most correlation effects). In this case we have
exactly the same number of parameters as in the
previous set of fits. The corresponding fit results
show a nice quality (x?/dof = 10.5/10), quite
equivalent to the no-glue case. The predicted
branching fractions are discussed in Section 6 be-
low.

As major conclusions of this section, one can
first assert that a possible glue content inside the
1 is not requested by the data. A significant glue
content inside the 7’ is possible, however subject
to the actual level of nonet sy mmetry breaking
for which nothing is presently ascertained. We
do not discuss any more values and meaning of f;
and fz. Eq. (A . 5), indeed shows that the mean-
ing of these has to be revisited. Moreover, the
specific two—angle formulation of the n/7" — ¥y
decays introduced by the glue coupling (f7 and
7), appears quite different from the one intro-
duced in Refs. [18,19,23].

6. Estimates for Branching Fractions from
Fits

We give and discuss here the reconstruction
properties of the two variants of our model, both
discussed above. These are i/ nonet symmetry
breaking supplemented by a fixed SU(3) break-
ing (BKY) and ii/ a fixed SU(3) breaking (BKY)
with glue inside the 7’ replacing nonet symmetry
breaking. We now compare the branching frac-
tions predicted by these two solutions to the ac-
cepted branching fractions as given in the PDG
[31]. They are computed according to the formu-
lae for coupling constants given in the Appendix
and the relations defining the partial widths. The
coupling constants just referred to are computed
from the basic parameters (G, z, 0p, fv, 7), by
identifying these with gaussian distributions hav-
ing as mean values the central values in the fit and
as standard deviations, the corresponding (1) er-
ror.

In Table T3 we list the information for radiative
decays. The first remark which comes to mind by
comparing the two model reconstructions is that
their predictions are close together (see the first
two data column). This illustrates clearly the nu-
merical equivalence of coupling to glue and nonet
symmetry breaking. The relative disagreement of
7' — p®y with accepted values [31] is actually an
interesting artefact. Indeed, what has been sub-
mitted to fit is not the branching fraction given

in Ref. [31], but the corresponding coupling con-
stant ext racted by the Crystal Barrel Collabo-
ration in [50]. The reason for this is that the
(published) branching fraction for # — p%y is
influenced by a non-resonant contribution origi-
nating from the box anomaly [6,43,16,44,45] for
the vertex #'m*tn—+. This is not accounted for
in the VMD model of [11] and has thus to be re-
moved. Actually this process contributes to the
total 2 by only =~ 0.5. Moreover, its importance
is not that decisive that it influences the fit re-
sults dramatically. This last information, which
has been tested by removing the 1 = p°y decay
from fit data, substantiates the relevance of de-
scribing [6] this decay mode by a coherent sum of
a resonant (p) contribution and a non-resonant
contribution, whatever is the precise meaning of
this last (phase space) contribution [6]. This re-
sult also shows that the corresponding coupling
constant is indeed consistent with the estimates
of Refs. [6,50], which exhibited a weak model
dependence with respect to various p® resonance
lineshapes.

On the other hand, even if quite acceptable,
the reconstruction for n — <7 branching frac-
tion is influenced by having used for this decay
mode the mean value of the measurements ob-
tained in vy experiments, while the PDG infor-
mation reported for 5 — v branching fraction is
the official one [31], somehow influenced by the
Primakoff measurement. We have already com-
mented on the result for this decay width in re-
lation with Table 2. The single clear disagree-
ment of model predictions with data concerns the
branching fraction for K** — K*y, that we find
about half of the reported value in PDG [31]. We
postpone to Section 7 the reexamination of this
question.

Otherwise, the largest disagreement is never
greater than about 1.50. At such a (non-
significant) level, it is hard to distinguish whether
differences between predictions and data are due
to SU(2) breaking effects missing in the models,
to systematic errors in the data or to the (un-
avoidable) influence of the resonance models used
to extract branching fractions from data. For in-
stance, changing the model for the p lineshape
[30] in the cross section for e*e~ — 7y allows
to reduce the branching ratio for p® — x%y from
(6.841.7) 10~* to (6.1£1.5) 10~* which compares
better to the corresponding prediction (5.2 10~%).

The recent measurements for ¢ — 7’y are also
well accepted by the fit. However, the predic-
tion tends to indicate that the central value found
by SND [38] is favored compared to that of the
CMD-2 [37]. All this leads us to conclude that
the model of symmetry breaking we have pre-



sented provides a consistent description of the
data. At their present level of accuracy, these do
not seem to require additional symmetry break-
ing. An especially satisfactory conclusion is that
SU(3) breaking effects are not left free in the
fits and are practically determined by the ratio
fx/fx. Some nonet symmetry breaking in the
pseudoscalar sector is, however, requested by the
data. This is fully or partly degenerated with a
possible admixture of glue, shown to (possibly)
affect only the n’ meson. If this has to be se-
riously considered, the question is to identify the
third partner to the (n, n') doublet which has been
named n”. For this purpose, a precise study of the
decay properties of the 7(1440) meson could im-
prove the hint. One has also to remind that this
glue component could actually be a ¢ admixture,
even if 20% admixture could look a little bit too
much.

7. The K** Radiative Decay Problem

As shown by the two leftmost data columns in
Table 3, the two variants of the model presented
above do not account for the accepted [31] radia-
tive decay width K** — K*v. One cannot ex-
clude that this measurement might have to be im-
proved by other means that the Primakoff effect.
However, this decay mode has been measured sep-
arately for the two charged modes and found to
agree with each other. Therefore, the possibility
that this failure indicates that models have to be
refined cannot be avoided. The first point which
comes to mind is whether the disagreement re-
ported above (a factor of two between prediction
and measurement) could be attributed to (miss-
ing) SU(2) flavor symmetry breaking effects. If
one takes into account the quark content of the
K*’s, the answer is seemingly no. Indeed, in this
case, one could guess that significant unaccounted
for SU(2) breaking effects would rather affect the
quality of predictions for K*° rather than for
K**. However, the absolute partial width of the
K*° is well predicted by our modellings (flavor
SU(3) and nonet symmetry breakings or glue).
This possibility seeming unlikely, the question be-
comes : can the VMD modelling we developed be
modified in order to account for this mode within
an extended SU(3) breaking framework? The re-
ply is positive and is the following.

7.1. The K* Model

Within the spirit of the BKY mechanism, the
(unbroken) FKTUY Lagrangian given in Rel. (4)
can be broken straightforwardly in three differ-
ent ways. The first mean is the pseudoscalar field
renormalization (see Rel. (13)), which leads to in-
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troduce the matrix X4 and thus the breaking pa-
rameter £, found equal to (fx /fx)? as expected
[12]. It has been supplemented with nonet sym-
metry breaking (and/or glue) for reasons already
presented and with the success we saw. A sec-
ond mean has been introduced by Bramon, Grau
and Pancheri [7] (referred to hereafter as BGP
breaking). It turns to introduce a breaking ma-
trix Xw = diag(1, 1, 14+ cw ) and a new breaking
parameter £y = 1+cw in a symmetric way inside
the FKTUY Lagrangian® :

342

4ﬂ'szr

PPOTHB, Vi X 8pVe X 712 P X 7117] (25)

In Ref. [24], it has been shown that, supple-
menting the BKY breaking X4, the BGP break-
ing Xw alone is unable to account for the K**
radiative decays. Moreover, the constant £ is
pushed to 1 by the fit procedure, and then to
no BGP breaking (cw = 0). A third mean is
however conceivable. One should note that the
BKY breaking mechanism [12] implies a renor-
malization (or redefinition) of the pseudoscalar
field matrix expressed through X, ; however, the
Xy breaking does not end up with a renormal-
ization of the vector field matrix, which remains
unchanged in the breaking procedure. One can
then postulate that the vector meson field matrix
has also to be SU(3) broken and also in a symmet-
ric way. This is done by performing the change :

V— XrVXr , [Xr = diag(l,1,1+cr)](26)

in Rel. (25), in complete analogy with the renor-
malization of the P matrix. A lack of fancy (not
still a mathematical proof) seems to indicate that
no fourth mechanism can play. A detailed study
of the consequences of Lagrangian (26) has been
performed in Ref. [24] with an interesting conclu-
sion : if one fixes £4 = 1.5 as expected [12,13], the
Xr and Xw breaking are so sharply correlated
that they cannot be left free together. More in-
terestingly, it was found phenomenologically that
the additional breaking parameters fulfill :

(14ew)(l+er)=1 (27)

This tells us that the most general form of the
broken FKTUY Lagrangian accepted by the data
can be symbolically written :

L=CT{(X:'VXr)(X PP X (X2 VX7 )](28)

In this case, all couplings constants write as when
having solely the BKY breaking mechanism, sup-
plemented with nonet symmetry breaking and/or

8The symmetry can be made manifest. What is
written in Rel. (25), can be symbolically written

Te[VXw V(X7 /2PX ;'/?)] and is obviously identical to
X Pvx P Px M)




114

glue, except for the K* decay modes which be-
come :

JET
Ggeogoy= - G-3£(1 + %
(29)

VR 1

Gretgiy = G——(2- f;)

where K’ = f7/€4 and £p = (1 + er)®. Stated
otherwise, both K* couplings are changed :
the one correctly accounted for by the previ-
ous modellings (K*°), and the one poorly de-
scribed (K*%). Therefore, a fit value for £7 must
change G .+ while leaving Gg-o practically un-
changed, despite the functional relation among
them. Assuming no coupling to glue, we have
performed the fit and found a perfect fit quality
(x?/dof = 11.07/10) with practically the same
parameter values as in the models above and ad-
ditionally :

br=1.19+006 , (cr =0.109+0.024) (30)

The predicted branching fractions are given in
the third data column in Table 3. They indeed
show that all predictions (including for the K*°
mode) are unaffected except for the K** mode,
now in quite nice agreement with its accepted
value [31]. One may wonder that the K*° mode
is unchanged, while the K** mode is increased
by a factor ~ 2. For this purpose, one may com-

pare the values of the £r part of the couplings '

in Rels. (29) at &r = 1 and at €7 = 1.2. One
thus find that the former change is 2 — 2.01,
while the later change is 1 — 1.28. Therefore,
the change requested in order to account for the
K*% mode, results in an unsignificant change for
the K*° mode. Therefore, quite unexpectedly, a
tiny change in the VMD model we have shown is
enough to describe indeed all radiative decays at
their presently accepted values. Nevertheless, the
additional mechanism complicates the full break-
ing picture which is otherwise quite simple. One
can hope that new measurements for the K** ra-
diative decay will come soon and tell definetely
whether the picture has really to undergo this
complication. We do not discuss here, the cor-
relation between glue component and nonet sym-
metry, all conclusions reported above remain fully

valid.

7.2. The K* Model and the WZW La-
grangian

In Section 3.4, we have remarked that imposing
the change of fields from P to P’ to the WZW La-
grangian (see Rel.(19)) provides the same descrip-
tion of radiative decays of pseudoscalar mesons
than the broken HLS-FKTUY model. Thus, one
has checked that that these two descriptions were

indeed equivalent. The VMD description is how-
ever able to connect the Pyy couplings to the
V Py ones with the success illustrated by Ta-
ble 2, while nothing analogous can be inferred
from the WZW Lagrangian. When introduc-
ing the additional breaking schemes in order to
construct the K* model sketched above (the ex-
panded Lagrangian can be found in the Appendix
of Ref. [24]), this property is formally lost, ex-
cept if additionally to the change P — P’, we
also perform the change Q* = XwX1Q?, eg.
if we “renormalize” the SU(3) charge matrix, or
the WZW Lagrangian as a whole. It happpens
that the condition in Rel. (27) prevents such an
ugly transform. Stated otherwise, phenomenol-
ogy forces a relation which is such that the two-
photon decays of pseudoscalar mesons are still
given by the Wess-Zumino-Witten Lagrangian
[44,7], with breaking only for the single occuring
matter field matrix. In order that the equivalence
between VMD and WZW is generally maintained,
the K* breaking should affect the K* couplings
only. If instead the other couplings V Py were af-
fected, this would propagate down to the Pyy
couplings. In this case, the equivalence state-
ment between (broken) VMD and (broken) WZW
would no longer hold. Thus, the K* breaking
scheme seems indeed to be the most general con-
sistent with this equivalence statement.

8. Conclusion

We have presented a VMD based model aiming
at describing the radiative decays of light flavor
mesons, including the two-photon decays of pseu-
doscalar mesons. This model relies heavily on the
HLS model supplemented with the BKY breaking
mechanism in order to account for SU(3) sym-
metry breaking. In order that this model gives
a satisfactory account of all observables it can
structurally cover, something additional has to
be introduced.

As a first way out, we have shown that a break-
ing of nonet symmetry for pseudoscalar mesons
(only) was able to explain all data, including two-
photon decays.

A second possibility has been to modify the sin-
glet sector of the pseudoscalar mesons, by allow-
ing the coupling of the 7)/n’ sector to a component
named glueball, which could also be a ¢ admix-
ture. Actually, radiative decays of light mesons
alone cannot provide a detailed information about
the possible content of this possible additional
singlet.

We have also shown that, if nonet symmetry
breaking and additional glue (or ¢g) admixture
can coexist, it is impossible to share the influ-



ence of each. This can only come from external .

(experimental or theoretic) information. One can
however assert that the coupling of this additional
singlet state to the  meson is not requested by
the data. Instead, depending on the actual level
of nonet symmetry breaking, this additional sin-
glet can represent up to about 20% in the ' me-
son.

The breaking mechanism proposed by Bando,
Kugo and Yamawaki is mandatory in the problem
of radiative decays. It should be stressed that
phenomenology indeed confirms the connection of
the corresponding breaking parameter with the
ratio fi /fr-

The picture that emerges from there is quite
consistent and tends to indicate that present data
do not require any breaking of the SU(2) symme-
try at a visible level in only radiative decays of
light mesons.

The single present data which requires a spe-
cial additional input is the K** radiative de-
cay. It can be done succesfully without destroying
an equivalence statement between VMD and the
WZW description of pseudoscalar meson decays
to two photons. However, a confirmation of the
present data for the K *£ radiative decay looks
desirable.

Anyway, whatever is the precise value of the
K** radiative width, VMD expressed through
the general concept underlying the HLS model
is able to provide a quite consistent picture of the
radiative decays of light mesons.
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1. Appendix A

1.1. Matrix Elements with SU(3) and
Nonet Broken Symmetries

In terms of the angles (dv, d4) of physical

states with respect to ideal mixing, as defined

in Section 3, the coupling constants at vertices

V P~ which can be deduced from the Lagrangian
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in Rel.(13) are:

i (;",,t:,l.qa_‘r = %G‘
1
Gp*w*-, = §G
GK»oKo., = —G'Z;g—...z.
Gx-txt., = Gg
ﬁ ) (A.1)
Gpa,n =t §G [ﬁ(l T I).COH dp—
—(2x + 1) sinép]
1 .
G oy K [V2(1 - z)sindp+
+(2z + 1) cosép]
G oy = Gcosdy
\ G¢t°1 = —GsinJv
f 1 L
§G [—(2:6 + 1) cosdy sindp—
Dy = ~2Z(2 + z)sindv cosdp+
+2v/22(1 — z)sindv sindp+
+v2(1 — z) cos by cos Jp]
%G [(213 + l)cosév cosdp—
qu’-y = _QZ(2+$)SiI}E5VSin5p-—
—24/2Z(1 - z)sin §v cos dp+
+v/2(1 - ) cos by sin bp)
! A (A.2)
§G' [(2z + 1) sindv sindp—
G = —2Z(2 + x) cos dv cos Sp+
+2v/2Z(1 — z) cos §y sin 6 p—
~V2(1 - z) by cos ip]
—%G [(2z + 1) sinév cosdp+
G,’"r.’ = +2Z(2+£) cosdy sindp+
+2v/2Z(1 — x) cos by cos Sp+
+VZ(1 — z)sin v sin dp]

where the SU(3) breaking parameter comes
through Z = 1/£4. The dependence upon the
nonet symmetry breaking parameter z is explicit.
The basic parameter G yields the following ex-
pression:

Ce 3eg

—2‘_;:_8#2)’, (A.3)

which depends on the vector meson universal cou-
pling g and the pion decay constant fr. We will fit
the absolute value of G. Correspondingly the ma-
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trix elements for the decays #°/n/n’ — yv are :

( e [5—2Z
cosfp—
Gvrr'v = ﬂ'\/-fn [ F
—\/_-J'—xsmﬂp]
! em 3222 Gngpt (A.4)
Gyiyy = 'ﬂ'\/—f’r
+\/_-—*-—:rcosap]

1.2. n/n' = 4y Decays With Coupling to
Glue

In this section, we display the expressxon of the
coupling constants for » = vy and ' — vy tran-
sitions. The a.uﬁes B and v have been defined
by Rel. e matrix element for the deca.y
™ = -77 is not affected by the a dditional sin-
glet (named glue in the body of the text). The
amplitudes for n/n' — v+ are :

e aemcosﬂ 5—-22

GYI“I"I = r\/_j.,r 3
-2 _:l'.l,; sinfp }

cosfp—

{ aemcos'y {{ (A.5)

+\/§§—§—msmﬁtm-ﬂsm Op+
+[\/‘_'L__-¢_
5_322 sin B tanv] cos 0 p }

Gnl‘v,,. =

Table 1

Partial decay widths of the pseudoscalar mesons,
as reconstructed from VMD, using the V Py mea-
sured couplings, and their direct accepted mea-
surements [31].

Mode VMD prediction PDG

70 = yy[eV] 10.73 £ 1.20 7.74 £ 0.50

n — yy[keV] 0.62+0.18 0.46 + 0.04

7 —vy[keV]  5.10+076  4.2740.19
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