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We reexamine the problem of simultaneously describing in a consistent way all radiative and leptonic decays
of light mesons Y—Py, P—Vy, P—yy, V—e*e™). For this purpose, we rely on the hidden local sym-
metry model in both its anomalous and non-anomalous sectors. We show that @)es$tdmetry 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 ¥t theadiative 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 mixingdargtel1® and a value fos,,
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 insideythesing only light meson decays.
[S0556-282199)01013-9

PACS numbd(s): 12.39.Fe

[. INTRODUCTION in the same vein has been proposed quite recently by Escrib-
ano and Free [26], where the pseudoscalar mixing angle
Defining an accurate framework in which the study of allis taken to be mass dependent. Practically, this leads to two

radiative decays of light flavor mesons can be performedifferent mixing angles, = Hp(mf,) and 0,7r=6’p(mfy,) in
successfully is a long standing question. There are a feWrder to express the physical states and| ') in terms of
kinds of different models which have been proposed so fafihe octet and singlet pseudoscalar fields. As a consequence of
The most popular modelling is in terms of magnetic Mo-hjs assumption, however, the physical statgs and | ')
ments of quarkg1,2]. It includes, to some extent, $8)  are no longer orthogonal to each other. Similar discussions
breaking_ effectg by having a magnetic moment for the can pe found form®-7 mixing [27] and p-w mixing [28],
quark, slightly different to that of the quark. It also depends \yhere the latter is a necessary result of current conservation
on overlap integrals which are hard to estimate theoretically;29].
and are thus arbitrarily chosen eqyal. This, at least, al- Among the models sketched so far, only the O’Donnell
lows one to have a reasonable number of free parametergodel [4] introduces, quite naturally, the effect of nonet
Another traditional approach is to use @Urelations among  symmetry breaking, simply by its being 8) [butnot U(3)]
coupling constant$4]. However, the assumption of exact symmetric in both the pseudoscalar and vector sectors. As
SU(3) symmetry still yields reasonable descriptions of radia-phenomenology tends to indicate the relevance of deviations

tive decayd5], though the success is never complete. from nonet symmetry, it looks interesting to keep this possi-
Recently, several models including &)Y symmetry bility, in addition to conventional S(3) breaking effects.
breaking effects have been propo$6d-8|, motivated in part The purpose of the present paper is to propose a new

by effective Lagrangian approaches to the interactions ofmodel based on the successful approach of hidden local sym-
vector meson§9,10], sometimes with additional S®) sym-  metry[9], and particularly its anomalous secfd0]. As we
metry breaking effectg7]. Including SU3) symmetry break- know that effects of S(B) symmetry breaking are clearly
ing as per Bando, Kugo and YamawdBiKY ) [11,17], these observed in the datgb], they have surely to be introduced.
models give a special role to all decay constarfig, (f,, We do it following the BKY mechanisril1]. This approach
f,:) in the breaking procedure; some additional correctionseveals an interesting pattern for they breaking ¢ or g’

are also allowed. More recer)t.ly, a new kind of mo_del hasstand foru or d quarks. Indeed, decays involving a€’)
been proposefiL3], where additional symmetry breaking ef- pseudoscalar meson have unchanged coupling constants

fects are introduced by means of tlmeasured leptonic (theygepend directly of._), while decays involving agg)

decay constants of vector mesons. d | lizedf byt
The study of radiative decays of light flavor mesons is®" @ (89) pseudoscalar meson are renormalizedfbyfy,

also connected with the long standing problemyf’ mix-  and the §s) part (only) of neutral meson couplings is cor-
ing [5,8,14—17 and to its possible association with a glue rected by €./fx)? without any change for the additional
content[13,18. The two—photon decay of the(#’) is also  (qq) parts.

connected with the problem of anomaligk8—21. Recent This is automatically performed by a field renormalization
developments seem to advocate a more complicategd [11,12], which must be propagatdd?] into the interaction
mixing scheme[22,23, which has received support from (non-anomalous and anomalgplsgrangians. This breaking
some phenomenological analyge4,25. Another approach scheme has the virtue of being both simple and successfully

0556-2821/99/5A.1)/11402719)/$15.00 59 114027-1 ©1999 The American Physical Society



M. BENAYOUN et al. PHYSICAL REVIEW D 59 114027

predicting the magnitude and the functional form of thequality of the information onp radiative decay tey [32,33.
breaking effects. In order to probe various kinds of effectsMoreover, the decay modé— 'y has been measured by
we supplement the BKY breaking by another one introducedhe two detectors mounted on the VEPP-2M collider. The
by Bramon, Grau and Panché@i] (BGP) which acts directly  result of the CMD2 Collaboratiof34] is the present refer-
on the anomalous Lagrangian of REf0]. Finally, we intro-  ence[30] and corresponds to a branching ratio of (152
duce there the possibility of breaking the nonet symmetry inx 10-4. More recently, the SND Collaboration has reported
the pseudoscalar sector. [35] a slightly smaller(but consistent within erroysoranch-

The net result of this breaking pattern is threefold. First,ing ratio of (6.7 3% x 1075
to explicitly construct a Lagrangian model which gives the  Therefore, we have at our disposal the full set of radiative
SU(3) model of Ref.[4] for VPy transitions. Secondly t0 decays of light mesons. One might, however, expect poten-
perform consistently the BKY and BGP breakings, andtja| difficulties with some particular data. The first is the
thirdly to test against data each of the elementary breakingisagreement between the Primakoff effect measurement of
schemes(BKY, BGP and nonet symmetyyseparately. Fi- [(;— yy), and the results which have been obtained from
nally, we will also examine the effects of a glue componentsix e*e~ experiments(see Ref.[30] for references One
coupled to thep and " mesons. should note that the results provided by alle™ experi-

On another hand, using standard Feynman rules, thigyents are statistically consistent with each otiterean
model also allows us to reconstruct the amplitudes for thegjue: 0.514- 0.026 ke whereas the Primakoff effect mea-
anomalous decayg/ 7' — yy. It so happens that it provides syrement (0.3240.046 keVf is statistically inconsistent
the traditional mixing scheme with only one mixing angle  ith e* e~ experiments by more thars3 Therefore, it could
and with, additionally, ex.pressions for the singlet and octehe considered unreliable to mix the results freffe~ data
decay constants, andfg in terms off;, fi and the nonet \yith those from the Primakoff effect. Hence, in the follow-
symmetry breaking parameténamedx). We thus have an jng we use the mean value of thes'e~ measurements
access to testing whether radiative decays of Ype give  (0.514+0.026 keV}, which seems more reliable, due to the
support to this traditional schenj&5-17,20,2}, or if there  nymbper of experiments. We shall, however, somehow dis-
is evidence for its failure, in connection with the recent mod-¢ss the physical consequences of the Primakoff measure-
elling involving two mixing angle$22—-24. ment (0.324-0.046 ke\J.

The paper is organized as follows. In Sec. Il, we sketch  The secondpotentia) problem is the self-consistency of
the present status of experimental data. In Sec. Ill we suMe measured values for the partial widtis* —K*y and
marize the standard exact &) model of O’Donnell for K*°_,K% which have been recognized hard to reconcile
radiative decays and examine how the interplay of an addigith each other by several authors. For instance the model of
tional singlet can be performed. Section IV is devoted 10 &yact SUY3) symmetry [4] provides [5] a ratio T'(K*°
brief reminder of the main tools: the HLS model, its anoma-_, KO9)/T(K**—K*y)=4, as the[SU(3) broken symme-
lous sector and the 38) symmetry breaking schemes. ItiS y] model of Ref.[13], while the reported datg0] rather
here (Sec. IV D that we exhibit the Lagrangian model we e 2 2+0.3. On the other hand, the model using quark
use in order to describe the radiative and leptonic decays Qhagnetic moments predici86] a ratio of 1.65. In these last
light flavor mesons. We discuss here, and in Sec. V, the way cases, the reported value B(K*°—K%y) is well re-
nonet symmetry breaking is implemented and the connectioB

! oduced, while the reported informatigB0] for I'(K**
between the symmetry breaking parameters and the USUiKiy) is twice larger compared to the prediction of Ref,

singlet and octet decay constaritsand fg. In Sec. VI, we  113] or 5096 smaller compared to the prediction of REH].
discuss the results of the fit using the proposed model. Thg is harg to determine the source of this discrepancy, which
analysis of nonet symmetry breaking versus glue componeni,,iq conceivably be either due to systematic effects in the

in the 7 and 7' mesons is discussed in Sec. VII. Problems,aaqrements or simply reflect the need for a refined mod-
connected with the Primakoff measurementyadecay width elling.

are shortly discussed in Sec. VIII. Predictions for branching
fractions are presented in Secs. IX and X. Section Xl deals
with a special treatment for including the* = radiative de-
cay mode inside the set of partial widths submitted to fit. The formalism which describes the decays:P y and
Section Xl is devoted to conclusions. For ease of readingP—V+y within an exact S(B) symmetry framework has
most of the numerical results are gathered in tables and mokken given by O’'Donnell in Ref4]. The corresponding de-
formulas are given in the Appendix. cay amplitudes can be quite generalyritten as

T:gVPyG,quO'quVSP(V)SU( 7) (1)

Ill. AN EXACT SU (3) SYMMETRY FRAMEWORK

Il. THE DATA

Recently there have been a few improvements of the datdSing obvious notations. The coupling strengs, be-
we analyze. Most of them have already been listed in Revie@Ve€n physical vector and pseudoscalar mesons in radiative
of Particle Propertieg30]. This concerns some decay modesd€Cays are expressed in terms of two anglég &nd 6p)
like p°— 7y and p®— %y which were previously some-
what overestimatefi31]. Results have also been improved
for the modew— 7y and new results have increased the That is, independently of any specific Lagrangian.
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which describe the mixtures of singlet and octet components, The question of whether nonet symmetry in the pseudo-
and of three coupling constantsg\p,,. 9v,p,, and scalar sector is fulfilled is intimately related to the U(1)

ngF’lv); indeed, assuming that the photon behaves like anomaly and recent accounts of this problem can be found in

. . Refs.[40,22,23. At large N, the nine basic pseudoscalar
SU(3) octet cancels out the possible couplggp, ,. We do  asons should form a nonet of degenerate Goldstone bosons,

not reproduce here the expressions for giye, in terms of  and then one could expect that the parametizfined above

the elementary Couplin@\,i Py and the mixing angles; they should tend to 1. However, the precise valueshould also

can be found in Ref[4] and in Appendix A7 of Ref[5],  be related to the scale dependence of the singlet coupling
where a misprint has been corrected. These formulas ug@nstant[18,22,23. Therefore, from a phenomenological
mixing angles describing deviations from ideal mixing, in- Point of view, it looks wise to lex vary and examine the
troduced long ago in Ref37], rather than the more custom- consequences of assigning it specific val(esluding 1.

ary mixing angles relative to octet and singlet components, Moreover, recent theoretical developments tend to advo-

The relevance of this angle definition has recently been recate that the singlet sector of pseudoscalar mesons could well

discovered 24,25 in connection with they/ %’ mixing prob- be not saturated13,18,22,4p by the standard singlet,
lem. =(uu+dd+ss)//3 only. One(or morg of the glueballs
At this point, it should be noted that exact @symme-  Predicted by QCD could pl‘"f‘y a non-negligible role. Let us
try is not in conflict with releasing the condition of nonet dénote this additional state, =gg, exhibiting its possible
symmetry[which corresponds to the strongef3) symme- connection with glue. Af:tually SL_Jch a state could be a com-
try] usually stated in effective Lagrangian models for bothPound of several Si3) singlets, like several glueballs with,
the vector and pseudoscalar meson secf8rs10,38,3% even, a possible admixture oft, as rece_ntly advocated in
Moreover, the O’Donnell formulation also treats the mixing ©rder to account for the unexpectedly high rateBof 'K
angles as free parameters to be determined. observed at.CLEC[41] (_sg(_; Refs[42,24) and references
Then, assuming the existence of only one singlet for eachuoted therein The possibility that a part of the broad struc-
of the vector and pseudoscalar meson sectors, exa(3) SU ture seen in radiativd/y decays and presently namggD]
symmetry gives a description which depends generally or7(1440) could be a nearly pure glueball is still considered
five parameters. Reducing the number of free parameters ré43] (see Ref[44] and the minireview in Ref.30)).
quires additional symmetries. In most traditional approaches Then, it is meaningful to allow for the mixing ofg
to vector meson physics, nonet symmetry in the vector sector (uu+dd—2ss)/\/6 with both singlet states already re-
is assumed8-10,38,39 once the vector meson field matrix ferred to asv, andv;. This follows the proposal in Ref.
has been written with ideab and ¢ fields. A recent phe- [13]. We are not actually very dependent on an assumption

nomenological study of light meson radiative declyshas  about the precise content of , except that it is supposed to
concluded that all existing data highly favor nonet symmetrype orthogonal te ;.

in the vector meson sector. Practically, this means that one |t js suitable, for later use, to choose a parametrization of

can limit oneself to only two independent couplingS:  the mixing of (vg,v;,v4) into physical pseudoscalar meson
=0vgrgy=Ov,pgy @Nd G1=0y,p ,; if we definex by G;  states denoteds(, ', %"). Using the symbob;” for the third
=XxG, the result of the most likely fits to the data in Ri5] partner of the doublets, ') simply means that we don’t
(the so-called “internal fit” and “model M1’), tells thatx  care to identify it , as we do not presently plan to describe its
=0.9, with a(statistical error makingx fully inconsistent coupling to vector mesons and photons and, more generally,
with 1. This would imply that nonet symmetry is signifi- its physics. Any general parametrization of an orthogonal
cantly broken in the pseudoscalar sector. Whether this valuetation matrix dependa priori on 3 angles. One could for
for x is a fundamental property of radiative decays, or aninstance choose to express it in terms of the usual Euler
effective way to account forignored SU(3) symmetry angles, however, an appropriate parametrization of this trans-
breaking effects, is still an open question and partly moti-form is represented by the Cabibbo—Kobayashi-Maskawa

vates the present paper. matrix (with the complex phase fact@ removed
7 cosé cosp —sind cosp sinB Ug
7’| | sindcosy—cos@singsiny cosf cosy+sinfsinBsiny cosBsiny || v @
7" —sin@siny—cos#sinBcosy —cosdsiny+sindsinBcosy cospcosy || vy

°The relation of mixing angles to meson masses, and thus to sorf® Bidaking effects, is ignored, allowing one to compare fit values
with theoretical expectations.
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Indeed, the vanishing g8 andy gives smoothly the usual whereP is the pseudoscalar field matrix arid is usually
mixing pattern of the §,%’) doublet(with #=6p) and the identified with the pion decay constaint=92.42 MeV[30],
decoupling of the additional singléwhich will be frequently  at least for phenomenological purposes. The HLS Lagrang-
—and abusively—named glueSetting 8=0 cancels out ian above is gauged for both electromagnetism and the hid-
glue inside#n only, while y=0 removes any glue inside the den local symmetry through the covariant derivative
7' only.

D& r=3d,6LrIQV & rTi€E RALQ 6)
IV. THE HLS MODEL AND SU (3) SYMMETRY
BREAKING where A, is the electromagnetic field anQ=diag(2/3,

) —1/3,—1/3) is the quark charge matri¥. is the vector me-
In order to break S(B) symmetry relations among cou- ggon field matrix

pling constants, it is convenient to refer to a well defined

framework, in which clear meaning can be ascribed to each (p0+w|)/\/§ pt K*+
parameter, particularly to parameters which define the break- B 0. 0
ing procedure itself. In this way, fit parameters and values = — P (=p%+ )2 K

can be physically interpreted, which is a missing information 2 K*— K*0 —¢'

noticed[13] for the parametefsy, g; andg; of Ref. [5].
(6)

) o . Note the superscrigtfor the w and ¢ fields, which reminds
We will partly work within the framework of the hidden ys that these fields correspond to ideal mixing; note also the
local symmetry moqleareferred to in t_he following as HLS sign in front of ¢' which defines¢'=—ss There are some
Ar:‘ull account OLth'S can lbe found in I?Ie@,ll] an%’ _fofr reason to think that there is some admixture of non-strange
what concerns the anomalous sector, aiso in Eiéﬂ ne guarks inside the observetimeson(for instance, in order to
accounts can be found in Re{§,7,12,38 gnd will not b_e account for the large branching fractign— 7+ 7~ 7°). This
rege?ted he:ce. HOW?Ve;’ In tor%er to fl'lxga_?ﬂ T—IOLdSI,fyL_ is quite traditionally treated by stating that the observed dou-
notations, a %W po_!; Sﬁ a\ieﬁ 0+ eﬁrecr;\] ed. the et (w,¢) (denoted without superscripts obtained by ro-
grangian can be wnttely s= La+aky Where tating the doublet®', ¢') in the following way(without any

f2 additional change of sign, if we define the idgahs we did:
La=— 27D L€~ Dl 9e ofsig gris we did

A. The unbroken HLS model

2 w) [cosé, sindy) [
P .

Ly=——THD & & +D érék] 3 ¢ || —sindy cossy || ¢' |- @)
andais a parameter which is not fixed by the theory. Setting _ o _
a=2 allows one to recover the usual expression for vectohus ideal mixing corresponds #,=0; correspondingly,
meson dominanc&/MD) [9] (for a review of VMD see, for  the mixing angle of thaw, ¢ system with respect to their
example Ref[45]). However, some experimental evidence octet and singlet components is
[46,47) indicates thag is slightly (but significantly greatef
than 2. For this reason, we prefer to keefiree. After re- O0y= 0+ by, tan00=1/\/§. (8)
moval of a scalar field matrix, we have

POOT In terms of the singlet and octet fields, the pseudoscalar
§ =&r=Eé=e P (4 field matrix can be written

1 1
—T

1
O —mgt+—
\/E \/6778 \/5770
a

3
'
A
3

1
- —=’+

% , (C)

778+

ol -
5l

K-

~

o

|

S
3
o0}
+
o

3

3These parameters have already been renamed with the corresponding capital letters in order to avoid ambiguities with other meanings for
the same symbols in use in the field of effective Lagrangian models.
“Referencd48] reached a similar conclusion when analyzing resonance parameters in a model close to HLS.
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where an explicit use of nonet symmetry fixes the relative Anyway, the problem we meet witly and %’ is tightly
weights of the isoscalar terms. In a way analogous to theonnected with the difficulty(1), anomaly problem, and
vector meson case, the connectiongf and 7g with the  the present work cannot pretend to solve it. As our main
observablep and %’ is defined by a rotatiofi.e., defined by  concern is to build a Lagrangian model which allows one to

a single angl® go beyond elementary $8) symmetry in describing radia-
tive decays, we will simply assume that this part of the ki-
7 ) ( cosfp —sin ap) ( 778) netic energy term can be suitably arranged, even when break-
"1 sing.  cos (100  ing nonet symmetry.
K P P 0 From the point of view of phenomenology, we could just

as well introduce this specific breaking directly in the inter-
We define also the relation betwden and 7’ and the action Lagrangian of relevance for our purpdsee below.
non-strange € ') and strange € ¢') pseudoscalar field When having to study possible effects of an additional sin-
combinations by relations analogous to Ef). with a phase glet (namedv; above in the radiative decays involving
dp analogous tady in Eqg. (8). and ', we will also assume that the corresponding kinetic
The unbroken(nonet symmetric HLS Lagrangian is energy term can be safely introduced.
given explicitly in Ref.[12]. In order to stay consistent with
the convention we have adopted above concerningdthe C. SU(3) breaking mechanisms of the HLS model
field, all coefficients of terms involving a singlké' field in

Ref. [12] must change their sign. Basically, the SB) breaking scheme we use has been

introduced by Bando, Kugo and Yamawakil] (referred to
as BKY) and has given rise to a few variafig12], as well
B. Nonet symmetry breaking as to extension to S) breaking[7]. We refer the reader to

As recalled in Sec. IlI, there is no experimental or phe-Refs. [6,11,13 for detailed analyses of the properties of
nomenological reason to suspect any failure of ndghet ~ known variants of the BKY breaking scheme.

U(3)] symmetry in the vector meson sector. However, we In the following, we use basic consequences common to
have also recalled that there are phenomenological and théhe original BKY mechanisriil 1], its Hermitized variant and
oretical reasons to suspect that nonet symmetry in the psethe so-called new scheme, both discussed in Red]. In
doscalar sector might not hold exactly. In order to test this, ithese cases, §8) symmetry breaking defines a renormal-
is wise to allow for its possible violation in a way which ized pseudoscalar field matriX’ in terms of the bare oné
permits a smooth connection from broken to unbroken nonediven above by
symmetry. Having to introduce only one singlet combination

(denotedv 4 in Sec. 1) might also be questiondd 3,18 as

commented above.

The most straightforward way to include deviations from . ] ) )
nonet symmetry is to do it from the very beginning in the Where the breaking matriX, writes diag(1, 1, c,) and
HLS non-anomalous Lagrangian by making the replacemeri¥e have[11,12
70— X1ng. As can be seen from E¢Al) in Ref.[12], this
does not influence the interaction terigvghich do not con-
tain any interaction with the singlet,), but only the(omit-
ted kinetic energy termymgdmg+ dngdny Which then be-
comesdmgdmg+ X2d 109 70. This could imply a redefinition
of the singlet decay constant &5=xfp along the lines of
Refs.[6,49]. However, if we replace the® and 7, fields by It should be notedl12], that the field renormalizatiofEq.
the physicaly and »’, this anyway produces a term propor- (11)] is requested in order to recover the charge normaliza-
tional to dndn’ which goes to zero whex—1. Moreover, tion condition,Fx+(0)=1, expected for the kaon form fac-
as the mass associated with the singled igriori different  tor F¢+(s), even in presence of §B) breaking. The numeri-
from that of the octeisee for instance Ref$50,22), the cal value just given is deduced from the experimental
same rotation generates a term of the fanfwyy»’ propor-  information quoted in Ref.30].
tional to some mass squarédenotedm?). When assuming Concerning vector mesons, apart from changing the cou-
x=1, the diagonalization of this mass matrix gives a defini-plings of K* and ¢ mesons to pseudoscalar pairs, (3U
tion of the mixing angle in terms of physical meson massesbreaking modifies the vector meson mass terms and their
If x+1, the situation is not completely clear. coupling to the electromagnetic field in the following way:

P'=X}PXx¥?, (11)

f 2
|\=1+cCp= (f—") =1.495+-0.030. (12)

w

SReferencd26] prefers changing this standard definition by intro-  “At the computational level, it could be done by introducing a
ducing two mixing angless, and 6, instead of#p; we shall  entry in the meson field matrices which thus become44 filled

briefly comment on this point later on. with zeros, except for thgg location of the pseudoscalar matrix
5The states corresponding & and ¢' for the pseudoscalar iso- which is filled with this additional term, and extending Qematrix
scalar mesons are named respectivgjyand 7, in Refs.[24,25. by a fourth diagonal entry with zero charge.
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1 302
L=+ 5afg (%)% + (@) 2+ 1y(¢)?] L=— 0 o Ta VNP (16

47f
—aefg| p°+ 1w' + IV\/—E ¢'|-A+---  (13)  where the coefficient is such that thd— yy amplitude has
3 3 the expression expected from the triangle anomaB~21|

(al/wf ). TheV andP matrices have been defined above in
terms of singlet and octet fieldpseudoscalars mesgr® of
ideally mixed stategvector mesons

One should mention that using theand P matrices de-
fined above, allows one to recover tMPy couplings of

w

in terms of ideally mixed states. We have deffhég= (1
+6y)? Using Eq.(7), we can reexpress the HLS Lagrangian
in terms of physical field combinations. The Lagrangian
piece given in Eq(13) thus becomes

£=afzgz[(p°)2+(cos°-5v+Ivsin25v)w2 Ref. [4] in the case of nonet symmetry in vector and pseu-
i doscalar sectors. The most general form could be obtained
+(sirPdy+1ycogdy) p?]+afig?llyw- ¢ by breaking quite generally the(B) symmetry. This can be

achieved by weighting the singlet part of the matviby a
parametery and that of P by another onex. Therefore,
supplemented in this way, Eq16) is an appropriate La-
grangian representation for the amplitudes of ER, in
A (14) which breaking procedures can be clearly implemented.
The field renormalization following the BKY SQ)

breaking should be propagated down to the FKTUY La-
The coefficients affecting the, » and¢ fields in the last  grangian using Eq(11):

term, are commonly denotedef,,, —ef,, and —ef,,.
They are estimated from the vector meson decay widths to

1
—aefg p°+§(cosé\,+ lyv/2sindy)

1
—3(sin Sy—Iy\2cossy) ¢

2

39

ete” by L=— "7 T3,V 0,V Xa V2P XA 2. (17)
A2
2
o
Vv—ete )= ;m|f\,y|2 (15 Then, the VVP Lagrangian is changed in a definite way
3my by the symmetry breaking paramelgr defined abovésee

Eqg. (12)] and supposed to have a well understood numerical
value (practically 1.5. We also allow for slightly more free-
dom by introducing the possibility of another 8)breaking
mechanism, specific to the anomalous Lagrangian, initially
proposed by Bramon, Grau and Panchéti(referred to as

(for a recent discussion of the determination of the “leptonic
widths” of vector mesons, see Rdb1]). Following recent
evidencg46,47] thata could be somewhat different from 2,
it should be noted thad influences the description of these

decays. BGP). This changes Eq17) to
One should note the occurrence of a direct transition term ) g 417
w. ¢, generated by the rotatiafy,, which vanishes when the 3g?
masses of theu and ¢ mesons become equbho SU3) L=———— """ TH[3,V,Xw apvoxgllzp/xxllz]
breakind. This term plays an important role when comput- A7ef .
ing some matrix elements, as will be illustrated below. (18

Some connection between the value of vector meson
masses and the value ©f could be inferred6,11,13; how-  whereXy=diag(1, 1, Hcy) is a new symmetry breaking
ever, given the possible definition dependence of the meanatrix depending on a neiree) parametet,,=1+cy. In
sured values for vector meson maskgg, it cannot be con- Sec. V we shall provide this parameter with a physical mean-
sidered securea priori. In most variants of the BKY ing analogous to the relation betwekpandf /f ..
breaking mechanisnt,, andcy remain unrelated, except for The renormalized®’ matrix is given in Eq.(9), except
one of these varianf42] where the conditioms=ac, looks that we allow for nonet symmetry breaking by making the
desirable. The explicit expressions for the(Slbroken HLS  replacementy,—Xn,. Therefore, the Lagrangian which we
Lagrangians using several breaking schemes can be found will first use to describe radiative decays depeagsiori on

Ref.[12]. the 2 (free) mixing angles and 3 breaking parametelg:
(expected to be of the order },%,y, andx [expected 5] to
D. A phenomenological Lagrangian for radiative decays be of the order 0.9, except if explicit $8) breaking is suf-

ficient to fully restore nonet symmeityThe precise values
of the HLS parametea and ofl, 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 non-
anomaloust,, Lagrangian piece given in Eq14), one is
able to construct decay amplitudes for the procesges
8Notice the square in the definition b§. —Pvy, P=Vy, Voete” andP— yy.

Following Fujiwara, Kugo, Terao, Uehara, and Yamawaki
[10] (FKTUY), the anomalous, (3) symmetric, Lagrangian
describingP V'V interactions and, together with E443) and
(14), PVy andPyy transitions is given by
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V. RADIATIVE AND LEPTONIC DECAYS Let us first remark that the expression f8r,,,,, compares

OF LIGHT MESONS well with the corresponding expression of Rig2] deduced
from the Nambu—Jona-Lasinio model, showing that breaking
parameters in this reference, originally expressed as func-
tions of effective quark masses, also get an expre3sion
terms off . /fx . More interesting is that we recover the tra-
ditional form for these amplitudes.e. the one mixing angle
expressiong 15-17,20,2)). Using these standard expres-

Using the Lagrangian of Eq18) and the piece in Eq.
(14), we can get the coupling constants for the dec¥ys
—Py andP—Vy, given by Eqs(A3) and (A4). They are
related to the partial decay widths through

1 [m2—m3]? ) sions, one indeed gets through identification
IV=PY=56-1"m |Gve,l
Y f, 5-2Z f, 5+Z -
2_ 213 fo 37 i 6 2
1 mp—my )
I'(P—Vy)= 327 mp |Gpyl*. whereZ=1,/l 5. This shows that, in the limit of S@3) sym-

(19 metry, we havefg=f_andf,=f_/x, and, thatf,=fg="f__
supposes that there is no symmetry breaking at all. It is in-
teresting to note that the FKTUY Lagrangigt0], broken as

Equation (A5) gives the connection between the main '
we propose, expresses all decay constants in ternfs, of

coupling paramete® in Ref. [5] and more usual quantities ’ X
like the pion decay constarfit. and the universal vector me- [k X and the BGP breaking paramety (if these last two

son couplingg, introduced by the covariant derivative in Eq. duantities are found to depart significantly from uhitjt
(5). should anyway be noted th&j and fg get expressions in

%erms of parameters which can be calibrated outside the set
of P— vy decays. Equatiof21) shows that the BGP break-
ing parameter is connected to the relation betwégnfy

Some of these couplings are totally unaffected by an
breaking procesgsuch as alGy,), while some are affected
only by broken nonet symmeti§ike Go,, andG,,). In
couplings involving both isoscalar vector and pseudoscala‘?”dfw i i , i i
mesons, the two S@) breaking mechanisms accounted for ~COncerning leptonic decay widths, if one relies on the
above byl , (BKY) andl,, (BGP), come mixed together in a model des_crlbed above and in the Appendlx, a combmaﬂon
way which could prevent one from separately testing the?f the fv, is unaffected by SUB) breaking and can be writ-
relevance of the two kinds of breakingg€1,,/1y). How-  t€nf,,c08&+f,sind,=f,/3, or alternatively
ever, in the radiative decays of tK& mesons, one is able to fG LG —f G
extract information about these two parameters as they act 0yPondy™ 1y gnly™ Loy 2pOnly

differently for the two different charged modes. This is for- in terms of measured quantities only. Correspondingly, the

tnate, since, otherwise, there would be no way to dlsenxv breaking is fully concentrated in another independent
tangle what comes from, (and thus fromfy) from what

comes fromlyy. In order to compare with recent modellings, qomblnatlonf¢7c_osé\,.—fwsm 5V:(\/§f07/3)|V' Th'.s. rela-
tion can be rewritten in terms of measured quantities only

(22

we see for instance that the relati@)o,,/G 0, ,=tanédp
[25] is modified by nonet symmetry breaking. 156G t G
One can check that the coupling constants deduced from ly=— -2 orly” Twy2¢mly (23)
the Lagrangian in Eq16), supplemented by the replacement V2 f5,G 40yt F0,Gunoy
70— X1, are in perfect agreement with the exact (U
model of O’'Donnell[4]. Indeed, settindy=1,=1 in Egs. Therefore, one has, as an alternative to mass relations

(A3) and (A4), allows one to recover the expected expres{11], a coupling relation to defink,. Additionally, the HLS
sions for the coupling constani4,5], when assuming nonet parametem satisfies

symmetry in the vector sector only. From this point of view,

the breaking scheme provided by the BKY and BGP mecha- e f,,
nisms, happens to be non-trivial, as can be seen from Eqgs. a= 8213 G—o (24)
(A3) and (A4). For instance, it should be noted that decays T ey

\ \ ) . !
involving » and ' mesons are not simply rescaled in the ;4 can pe extracted in this way from data: however, it

breaking procedure, but that the breaking procedure realgems more accurate to perform a global fit of all coupling
differently strange and non-strange contributions to the COUzonstants involving leptons or photons

pling constants. Before closing this section, one practical remark could be

. Follli)wmg standard rules, thde fs_a_me Lagrangian |n'onrma-Of interest. When computing, for instance, the decay ampli-
tion allows us to reconstruct definite expressidase Ed. y,4e -0 ., one is tempted to consider only the leading

(A6)] for the two-photon coupli.ngs pf the pseudoscalar Me-rder terms which can be written symbolically
sons; these are related to partial widths by

3

X= 0 7 7. (20 This might indicate that some relation exists connecting effective

X
(X =—=|Gx,.|%,
(X=7y) 64«rr| le masses of quarks and meson decay constants.
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A(m0—[pP— Y[ w— y]) + A= [ p°— Y[ d— v]) in Eq. (22) which does depend neither éypinor a. We have,
however, preferred keeping the three mode¥ w/¢
—e*e™, in order to get new determinations kyf anda.
0 1,0, s Without going into too much detail, it happepss could
Alm—=lp = vllo—=d=7]) been foreseen from the very existence of Eg8) and(24)],
+A(m—[p°— y][ p— w— v]), that values for these parameters do not depend in any way on
assumptions about the other sectors, nor even on the global
by taking into account the« ¢ direct transition term given fit quality level.
in Eq. (14). In doing this way, we reach the surprising con-  |n this way, the values provided by both radiative and
clusion that the decay width®— yy is affected by breaking leptonic decays for these parameters are
the SU3) symmetry. Actually, this is an artifact which can
be circumvented by summing uformally) the full series of ~ a=2.50£0.03, 1,=1.38+0.03 (cy=0.173:0.013.
suchw+« ¢ transitions and, in this case, we indeed get the (25
third Eq. (A6), exactly as if one uses the' and ¢' combi- _ o _ _
nations for virtual lines(i.e. for lines going from a decay This vaIL_le fora (quite inconsistent with thg standard VMD
vertex to the transition to photonsThis remark applies in €XPectationa=2) should be compared with the value re-

computing any decay amplitude involvingand ¢ legs hid- ~ Ported from fittinge"e” — =" data of Ref[53] in Ref.
den beneath each external leg. [46] (a=2.37+=0.02), and with the fit of the preliminary data

collected by the new CMD2 detectpd7] a=2.35-0.02.
The final analysis of this last data set is now availdiaié|
and providesa=2.38+0.02.
Even if comparable, one observes a significant difference
In this section, we focus on the model for coupling con-(about 3r) and its origin is unclear. However, one should
stants given by EqSA3) to (A7), i.e. we make the assump- notice that the value ch measured frone* e  — 77~ is
tion that there is no glue hidden inside theor ' mesons. determined by the magnitude of a non-resonant contribution
The guantities submitted to fit are tiimeasurefcoupling to the scattering amplitude, while the value in E(5) is
constants which can be deduced from the partial widths imletermined by meson decays. This could be a signal of an
the Review of Particle Propertid80], using formulas re- additional SW2) breaking or of some systematic errors hard

and possibly add up the next order terms

VI. FITTING DECAYS MODES WITH THE
BROKEN MODEL

called above. to identify presently.
The value forcy differs by a factor of two from what
A. Comments on radiative K* decay measurements would be expected if we use the mass formutas|. How-

ever, it seems that the data on radiative and leptonic decays

'?JT’ commint;dhiEO\éésee Sec(.j ) tt:_ire ?re poten::al favor the relation suggested in Rgi2], c,=acy . It should
problems with bot ecay modes. Iherelore, we Nave \,o safyl to check whether or not this is a numerical acci-

followed the strategy of performing fits of all radiative decaydent for instance, by a detailed study of the annihilation
modes except for these two. Then, the fit values of the free '

parameters allow us to predict a value for the partial widthd
K*°— K% andK* *— K™y, making it possible to compare _
the x? distance of each these predicted values to the corre- C. The SUQ) breaking parameters|, and Iy
sponding measured vgguésoo]. In all fits, we have found Two of the key parameters in the broken SUmodel we
that the prediction foK**— K"y is in fairly good agreement se in describing the radiative decays of light flavor mesons,
with the corresponding measurement, while the expectedie the BKY parametefl1,17 |, expected to be equal to
value forK* *—K*y is always at about & from the ac- (f/f.)2 and the BGP paramety;.
cepted valug30], casting some doubt on the reliability of = As commented in the Appendix, the dependence Ugon
this measurement. Therefore, in the fits referred to hereafteg,q Iy is always through their ratigwhich is already re-
the proces&* " —K ™y has been removed. We shall never- torred to asZ) except for thek*® decay mode? Therefore,
theless reexamine this question in detail in Sec. XI. we expect large correlations betwegrand|, . From a first

fit with these parameters both free, we obtain

rocessege’e” —»KK.

B. The HLS parameter a and the breaking parameterl,,
from leptonic decays lw—1=cy=(—-0.17" 339 %103 (26)

Among the quantities we fit, most depend on o@yX,
I, lw and the mixing angle®,, and 65 : these are the ra-
diative decayy/— Py, P—Vy, and the decayB— yy, and b . ;
they represent the most important part of the broken symme?réaking, and found unchanged fit quality xt/DOF
try model we have built. =10.74/9). Thus we may conclude that there is no need for

On another hand, the leptonic decay modes of the vector
mesons are interesting because they open a new window for
estimating the HLS parametarand the breaking parameter 1%e remind the reader, th&* = decay mode is anyway incon-
ly=(1+cy)?. We could, as well, have used the combinationsistent with the other data and has been removed from the fit set.

with a nice fit probability §%/DOF=10.74/8). Therefore we
have performed the fit setting,=1 (or c,y,=0, i.e. no BGP
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TABLE |. Fit results under various strategies. Parameter values written boldface means that they are not allowed to vary. Nonet
symmetry violation and glue in this table are exclusive of each ofief.—K ™ y is outside all fits; its distance to the value expected from
fit is always about &.

n—yY n—yY
(eTe"—npete) (Primakoff effec}

Breaking SU3) Nonet symm. Glue Glue Nonet symm.

conditions only + SU(3) + SU®3) + SU_3) + SU(3)

G [GeVv] ! 0.703+0.002 0.704:0.002 0.704:0.002 0.704:0.002 0.704:0.002

X 1. 0.917+0.017 1. 1. 0.854+0.025

B [deg] 0. 0. 0. 21.34° 553 0.

y [deg] 0. 0. 26.38' 55 21.28 5% 0.

la 1.41°3%2 1.50 1.50 1.50 1.624+0.059

Iw [1-0.24x10 3]332 1. 1. 1. 1.

ly 1.376+0.031 1.376:0.031 1.376:0.031 1.376:0.031 1.374:0.031

a [HLS] 2.503+0.033 2.502-0.034 2.50%0.034 2.50%0.034 2.506:0.034

6y [deg] 31.92-0.17 31.92-0.17 31.92-0.17 31.9@:0.17 31.880.17

6p [deg] -13.94-0.94 —11.58-0.76 -10.6%0.79 — 6.04:1.36 — 5.53+2.08

x?/DOF 31.9/9 10.9/10 11.1/10 6.3/9 10.1/9

the BGP breaking mechanism at a level visible in the existbreaking parameter which influences the coupling constants
ing data'! In this last fit, we also get in radiative decays, beside mixing angles, is the nonet sym-
metry breaking parametex
| =1.480" 5057 27)

which is almost exactly the value expected from the known D. The nonet symmetry breaking parameterx

ratio f /f, [see Eq.(12)]. This gives, of course, a strong  Therefore, the preliminary fits sketched above allow us to
support to the breaking mechanism proposed by Bandqyoncjude that the only actual free symmetry breaking param-
Kugo and Yamawaki11,12. Indeed, the relation betwe€f  eter isx, once we do not consider a coupling of thyéz’
and f /f, which is mandatory within the BKY breaking gouplet to glue. Stated otherwise, except for the two mixing
scheme in order to fulfillF¢+(0)=1, even after SB)  angles, we only have two free parameters to fit the data set,
breaking, is found here to hold numerically to quite a nicegg in the unbroken ca$B]. One, named, is connected with
precision. It should be noted that it comes together with eithe vector meson universal coupliggthe other is the nonet
ther nonet symmetry breaking ¢ 1) or glue inside the sys-  symmetry breaking parameter The former is clearly fun-
tem »/ ', as will be commented on below. damental(G) while it is uncertain whether or not the latter
At this point, a comment is of relevance about the resultshould be considered fundamental.
reported in Ref[6]. Our result in Eq(26), means thattaking e give in the first data column of Table I, the fit results
into account all radiative decay modes of light MesOoNSgssuming nonet symmetryx£ 1), and leaving free all other
forces one to remove the data fié* = decay mode as it is mpodel parameters. The best DOF we reach is 30/9, show-
inconsistent with all the rest; in this case the BGP breakingng that the BKY and BGP breaking mechanisms alone are
practically cancels out. By taking a part of the decay modegnable to mimic a violation of nonet symmetry in the pseu-
only, the relative inconsistency of the data for béth's i goscalar sector. The mixing angle is at a value frequently
not obvious and explains the result of REg]. o obtained in this casg5,8,13,55,56 however, the fit prob-
One could consider the result in E@7) as providing an  gpjlity is low enough (5¢10~4), that the assumption of full
interesting estimate dffy /f ., independent of measurements nonet symmetry can be considered sharply disfavored.
of K and 7 decays In the second data column in Table I, we display the fit
results, assumingfixed SU(3) breaking conditions[I
f_K=1 9170021 (28) =(fx/f,)? andly=1]; in this case, we get instead a very
f, ~ 0 00 nice fit probability (44%). This fit provides=0.92+0.02,
and indicates a significant departure from nonet symmetry
The results metioned above suggest that one can reasof=4¢). More appealing is the mixing angle of pseudoscalar
ablyfix |,=1.50(at its physical valug and remove the BGP mesons coming out from fit9p=—11.59°+0.76°, in per-
breaking (w=1) which happens to be useless, as soon afect agreement with the linear mass formula, which predicts
the BKY breaking is correctly set up. Then, the single free—10.1°.
One should also notice that the vector mixing angle is
found to be 3.4° smaller than its ideal value, in agreement
Hsee however Sec. XI. with the prediction of Ref[57] and previous fit resultgs],
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keeping in mind, however, that this sign for departure relaing, as usuaf I,=1.5 andl,=1, we get a nice fit
tive to ideal mixing depends on the definition of the ideal  (x?/DOF=8.6/7), finding that the observed value fisi°
and that we use'=—ss. — K%y was only 0.5% from the predicted value, while the

The value forG=0.704-0.002 GeV'! is remarkably data forK**—K<y was 4.84 from expectation. There-
stable, independently of fit conditions, as can be seen ifore, it was indeed meaningful to include ti¢ © data in the
Table I. We shall discuss later ¢see Secs. IX and )Xother ~ fit, which is practically unchangedy/DOF=8.9/7).
consequences of the value found 18r which is also in In this case, we also found that the measured value for
perfect agreement with the result obtair{&d assuming no 7~ ¥y Was 2.1& from the prediction of EqAG), while the
SU(3) breaking symmetry. This is not surprising, @sis ~ data fory’—yy was 0.50- from the corresponding predic-
practically determined by aji decay modes and the andw tion. In this last fit, the parameter values we get are practi-
decays tor®y, that is from a large number of processes notcally indistinguishable from the information in the second

; dat I f Table I; th lue f , by far, th t
el by 18 rakolses o) amdAd).  Soe T of Tl e 0 e b e s

~0.50.

From this we can conclude that the two-photon decays for
As discussed above, and in the Appendix, the model wey and#’ are fully predicted fronV Py processes, which can
propose, which relies on the VMD approach of R¢&510], be considered as a considerable success of the FKTUY La-
with fixed SU3) breaking in the manner of BKY11,12,  grangian[10], supplemented by the BKY breaking mecha-
leads to(one angle formulas for they/ 7’ — yy decay am- nism[11,12 set at a fixed value, and of broken nonet sym-

plitudes, which can be identified with the corresponding curmetry. .

rent algebra standard expressions. This justifies the identifi- One might ask oneself whether our result abigutwhich
cation shown in Eq(21) for the singlet and octet coupling Mechanically follows from simply the BKY breaking
constants. One should note that nonet symmetry breakin hemeis really in contradiction with the ChPT expectation

does not conceptually modify the formulas substantially. 18=1-.2%-. The answer is presently unclear because the
In this case, we obtain, together withp=—11.59° definition we use for the decay constants proceeds from the

+0.76° Wess-Zumino-Witten Lagrangidi20,21], as reexpressed in

' Refs.[15-17], and not on the coupling of pseudoscalar me-
sons to an axial field. This question will be examined in a

1.15+0.02 (29 forthcoming paper.

As a conclusion, within the context of light meson decays,
we find no failure of the VMD approach sketched abdve
and no need for a second angk?,23,2§ arises naturally
from the data examined so far. However, one cannot exclude
that nonet symmetry breaking is somehow equivalent to this
second angle. This does not seem easy to prove from stan-
dard algebra.

E. The one anglen/#’ mixing scheme from VMD

fi

f

fg

- 0.82+0.02,

w m

using Eq.(27), and the fit result fox.

One should note that the value obtained fgff . is not
in agreement with the chiral perturbation thedGhPT) nu-
merical expectatiof50,58. This is a quite mechanical con-
sequence of the low value we get from our fit for the mixing
angle, as can be read off Fig. 1 in REt3]. However, this
does not prevent vector meson dominafi®ID ) from pro- VII. NONET SYMMETRY BREAKING VERSUS GLUE

viding quite a satisfactory description of all observables as- Up to now, we have clearly illustrated that the BKY
sociated with light meson decays, including a nice fit valueyreaking was a fundamental tool in order to describe all data
of |,=f«/f, as seen above and as will be illustrated below concerning radiative and two-photon decays of light mesons.
One should also note that relatively low valuesgpthave  correspondingly, we have shown that, at the level of refine-
been advocatecbr found in analyzing similar data, for in-  ment allowed by the data, there was no need for the addi-
stance in Refd.13,24,58. It can thus be remarked that in the tjonal BGP breaking.
one mixing angle approach, it is only the addition J3#) Another central result of our fitting model concerns the
decays which pushd@p| to larger values. unavoidable need of about 10% breaking of nonet symmetry
in the pseudoscalar sectox=£0.9). Even if small, this
o should be considered significant, as it is more thanca 4
F. Radiative decays versusyy decays effect. This could well be a property that has to be accounted
The results reported in the previous subsectionsiiy  for at a fundamental level. However, nonet symmetry break-
and Pyy couplings. In connection with recent works
[22,23,28, one could ask whether the good description ob-—
tained using only one mixing angl@p, is not merely an 12, this case, we are actually only sensitive to thtio of break-
artifact produced by merging these two kinds of couplings ining parameterg=1,,/1,.
a single fit procedure. In order to test this point, we have L3rhjs simply reflects that Eq¢A6) only depend on the mixing
performed fits of thePVy processes in isolation. angle.
In a first fit, we removed th&*° mode, in order to have  The problem with thek** radiative decay can be solveati
a reference without any influence K decay modes. Fix- minimaas will be shown in Sec. XI.
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TABLE II. Main fit results fixing the nonet symmetry violation parametdo various fixed values. The
BKY parameter is fixed to standard 8) breakingl = 1.5, the BGP parameter is fixed to its no-breaking
valuel,=1.0 and the proceds* " —K™ y is outside all fits. Parameter values written boldface means that
they are not allowed to vary.

Breaking

conditions x=0.7 x=0.9 x=1 x=1.1 x=1.3

B [deg] 2091°2%  [-0.2x1072]*9.09 3.76'5% 5.55' 222 7.45'232

y [deg] -18.70-3.67 [-.56x10 *]+11.87  23.67°52% 33.51° 5% 44.95 3%

6p [deg] —8.75-1.01 —11.33-00.73 -10.07+0.79 —9.70+0.72 —8.23+0.61
x?/DOF 148.5/9 11.9/9 10.9/9 10.9/9 10.9/9

ing could well be an effective way to accoumbaybe partly even changes its sign. Moreover, the glue content needed in
at least for another physical effect, ignored in the model » increases slowly from zergat x=0.9) to an arbitrary
presented above. value.

We have already discussed the possible interplay of an This clearly illustrates that above some level fofabout
additional singlet component which could be present insidé).89, one cannot distinguish the effects of glue from those
the 5/5’ system. This could be a gluonium component, aof @ genuine nonet symmetry breaking effect.

coupling tocc or a mixture of both. It is not the purpose of ;\t/vglzn(t)egeﬁg?r? ﬁfe:rt]gresa?;eqhu(?;gezgrzsvi'sst'grlﬁ witﬁagé?o”'
the present paper to try identifying this third component andThis indicétes thak~0 97i/mplies a decoupling of the glue;
the corresponding partner of theand »’ mesons. Our con- from 7 and 7' mesoné This is the case developed in the
cern is rather to see whether a coupling to such an addition?j '

) . ) receding section.
singlet could play some role in the problem we examine. In the case of full nonet symmetsy=1.0, it is interesting

The coupling to this additional statthereafter named 4 remark thatg is still consistent with zero, pointing to the
glue, somehow abusivelyas been presented in Sec. lll and t5¢t that nonet symmetry implies thatcouples only to the

is summarized by Eq2). The corresponding coupling con- standard quarkonium states nameganduv; in Sec. Iil. In
stants, as far as they are affected, are explicitly given by Eqshjs case however, the glue content of temeson becomes
(A9) to (Al11). significant.

A preliminary study of these relations, which include both |n view of these results, it looks justified to perform a fit,
SU(3) breaking effects, nonet symmetry breaking and gluefixing (as beforg the SU3) breaking effects tdo=1.5, I,y
has been performed. The conclusions are twofold: =1, x=1 and alsgB=0 (in order to lessen at most corre-

The previous conclusions concerning the BKY and BGPlation effects. In this case we have exactly the same number
breaking mechanisms are unchanged. More precisely, thef parameters as in the previous set of fits. The correspond-
BKY breaking is found determined by the value ff/f ,, ing fit results are also displayed in Table | and show a nice
while a possible BGP breaking is found too small to be ob-quality (y?/DOF=10.5/10), equivalent to the no-glue case.
served. Numerically, all conclusions of the previous section The glue content this implies for thg’ meson can be

remain fully valid. presented in several ways. Writing' =Xvg+Yv,+Zv;
Nonet symmetry breaking and glue are intimately con-(with X?+Y?+2z?=1), we have yX?>+Y?=0.89 andZ
nected and reveal a correlation close to the 100% level. =0.46. One can express the glue fraction Zs=cosy

The second point does not mean that nonet symmetry=0.20 (atx=1).
breaking is physically equivalent to assuming coupling to As major conclusions of this section, one can first assert
glue, but numerically it is indeed so. It also tells that, if we that a possible glue content inside thes not requested by
know what is the precise amount of glue, one can deduce thiée data. A significant glue content inside theis however
level of nonet symmetry breakin@r conversely. subject to the actual level of nonet symmetry breaking.
Table Il displays the main results of fitting the data witha We do not discuss any more values and meaning,of
fixed level of symmetry breaking. We remind thaigoverns and fg. Equation(A11), indeed shows that the meaning of
the level of glue inside they meson, whiley governs the these has to be revisited. Moreover, the specific two-angle
level of glue inside the;” meson. It is clear from this table, formulation of thes/ 7’ — yy decays introduced by the glue
that x cannot be too small; fok=0.8 and smaller values, coupling (¢, and vy), appears quite different from the one
glue is unable to account for the two-photon de¢ays 5  introduced in Refs[22,23.
and 7'. Values larger tharx=0.9 look all statistically ac-

ceptable, except that» becomes less and less negative, and VIl PRIMAKOFF VERSUS  e*e”INFORMATION
FOR 7 DECAY

All fit results presented so far, assumed the use of the
15t x=0.7 the predicted amplitudes foj/ ' — yy are both at  partial width »— yy as obtained ire*e™ experiments. As
70 from the measured values; at=0.8, the disagreement is still mentioned above, this looks priori better grounded, as the
about 4 each. number ofe*e” experiments is large; this kind of experi-
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TABLE llI. Branching fractions from fits for radiative decays under various conditions of symmetry
breakings. Note that the rate f&* = is a prediction in the first two data columns, while the corresponding
data is included in the fit which leads to the third data column.

Nonet sym. Glue K*=
Process + SU(3) + SU(3) breaking PDG
p— 0y (X10% 5.16+0.03 5.16-0.03 5.16-0.03 6.8-1.7
p—mEy (X109 5.12+0.03 5.12-0.03 5.12-0.03 4.5-0.5
p—ny (X10% 3.25+0.10 3.28:0.10 3.31£0.09 24798
7' —py (X107 33.1+2.0 33.72.0 33.0:1.8 30.2:1.3
K** K™y (x10% 5.66+0.03 5.66-0.03 9.80-0.93 9.9-0.9
K*0—-K% (x10°) 2.30+0.01 2.36:0.01 2.32-0.02 2.30.2
w— 1y (X109 8.50+0.05 8.50-0.05 8.50:0.05 8.5-0.5
o—ny (X109 8.0+0.2 8.1+0.2 8.12-0.19 6.5-1.0
7' —owy (X100 2.8+0.2 2.9-0.2 2.8-0.2 3.0x0.30
o— 70y (X10°) 1.27+0.13 1.28-0.12 1.26-0.13 1.310.13
d—ny (X109 1.25+0.04 1.25-0.05 1.22-0.04 1.26-0.06
d—75'y (X10Y 0.61+0.027 0.55-0.03 0.63-0.02 1.2°91
n—yy (X107 40.5+1.7 40.8-1.8 415-1.4 39.21-0.34
7' —vyy (X109 2.1+0.1 2.1-0.1 2.1-0.1 2.110.13
ments looks also more straightforward to interpret. pendix and the relations defining the partial widths. The cou-

However, in case where thgingle measurement relying pling constants just referred to are computed from the basic
on the Primakoff effect might have to be considered, it is nofparameters @, x, 6p, 6\, B8, ), by identifying these with
completely useless to examine rapidly its consequences. Gaussian distributions having as mean values the central val-

We have fit under the two assumptions of nonet symmetryjes in the fit and as standard deviations, the corresponding
breaking(and no glug¢ and coupling to gluéwith no nonet (1) error.
symmetry breaking All other parameters have been set at |5 Taple 111, we first list the information for radiative

their usual values. The results are given in the last two dat@ecays only. The first remark which comes to mind by com-

Co'_ﬁfﬂmﬁ Otf Tablekl.. that the fits in both K IIparing the two models is that their predictions are close to-
€ first remar +'S that Ihe TS in both cases work as we gether. The relative disagreement witti— p°y is actually
as when using the™e™ information for . A few undesir-

an artifact. Indeed, what has been fit is not the branching
able features are fraction given in Ref[30], but the corresponding couplin
The mixing angledp is significantly smallerin absolute 9 e P 9 ping

magnitude with the Primakoff measurement than with the constapt W.h'Ch has been extracted-b)-/ the Crystal I_Barrel Col-
ete- data. laboration in[60]. The reason for this is that tHpublished

. . ’ O . .
Replacing nonet symmetry breaking by glue, leads to glu@ranching fraction fory’—pZy is mflu/engeo[ by the box
content iny as large as in they', if we estimate its fraction anomaly[5,15,17,20,2} for the vertexy' s~ ™y which is

by the angles3 and y). not accounted for in the VMD model ¢fL0]; actually this
The second item above might dismiss physically the reliProcess contributes to the for only =0.5.
ability of the Primakoff effect measurement gf- yy. On the other hand, the PDG information reported for

— v branching fraction is the official on80], somehow
influenced by the Primakoff measurement.

The single clear disagreement of model predictions with
data concerns the branching fraction #f*—K=*y, that

The fits we have performed provide under various symWe find about half of the reported value in the Review of
metry breaking conditions, the parameter values and error8article Propertief30]. We postpone to Sec. XI the reexami-
given in Table I. The cases we will discuss here correspongation of this question.
to the second and third data columns in Table |, which both Otherwise, the largest disagreement is never greater than
give a very good fit quality. These are the cases Wittonet  about 1.%. At such a(non-significant level, it is hard to
symmetry breaking supplemented by a fixed(®Wreaking distinguish whether differences between predictions and data
(BKY) andii/ a fixed SU3) breaking(BKY) with glue in-  are due to S(2) breaking effects missing in the models, to
side the ' replacing nonet symmetry breaking. We now systematic errors in the data or to thumavoidabl¢influence
compare the branching fractions predicted by these two sasf the resonance models used to extract branching fractions
lutions to the accepted branching fractions as given in thérom data. For instance, changing the model for ghéne
Particle Data GrougPDG) book [30]. They are computed shape in the cross section fef e — 7%y allows to reduce
using the formulas for coupling constants given in the Ap-the branching ratio fop®— 7%y from (6.8+1.7)x10 * to

IX. ESTIMATES FOR BRANCHING FRACTIONS
FROM FITS

114027-12



RADIATIVE DECAYS, NONET SYMMETRY, AND SUQ3) ... PHYSICAL REVIEW D59 114027

TABLE IV. Branching fractions from fits under various conditions of symmetry breakings. Note that
hadronic branching fractions f@¥ are predictions and that the corresponding experimental values do not play
any role in these predictions.

Nonet sym. Glue K*=*
Process + SU(3) + SU(3) breaking PDG
p—ete” (X107 4.6+0.1 4.6-0.1 4.6-0.1 4.49-0.22
o—ete” (X10°) 7.0+0.2 7.0:£0.2 7.0:0.2 7.07:0.19
p—ete (X109 3.10+0.16 3.110.16 3.08:0.16 2.99-0.08
d—KTKT (X107 52.3+2.8 52.3-2.7 52.3-2.8 49.1-0.8
¢—>K°K—°(><102) 34.0=£1.7 34.0:1.7 34.x+1.7 34.1+0.6

(6.1 1.5)x 10" * which compares better to the correspond-pling constants for thes carry the same information g=.

ing prediction (5.X 10 %). Indeed, it is easy to get, using R¢L2],
The new measurement fg¥— %’ v is also well accepted ag
by the fit. However, the prediction tends to indicate that the Gykk=— F[sin Sy— \/EI vCOSdy | (30
central value found by SND CollaboratidB5] is favored A -
compared to that of the CMD2 Collaboratifd4]. for both possible final state®*K~ and K°K°. From stan-
Additionally, Table IV shows that leptonic decays of vec- dard formulas this coupling constant provides the branching
tor mesons are very well described. fractions shown in Table IV which compare quite well to the

From all this, we can conclude that the model of symme-ata.
try breaking, we have presented provides a consistent de- Therefore, in contrast with the hadronic width of the
scription of the data. At their present level of accuracy, thesgnhe hadronic width of is in nice agreement with the value
do not seem to require additional symmetry breaking effectSound for g when fitting radiative decays (5.69.02), with

An especially satisfactory conclusion is that@Wbreak-  symmetry breaking parameters only influenced by leptonic
ing effects are not left free in the fits and are practicallydecays of vector mesons.
determined by the ratiby /f .. Some nonet symmetry break-  One can attempt the same comparison wth hadronic
ing in the pseudoscalar sector is, however, requested by thfecays t 7 (as studied in Ref$38] and[59)). In this case,
data. This is fully or partly degenerated with a possible adthe coupling constants can be read off the Lagrangian given

mixture of glue, shown tgpossibly affect only then’ me- in Ref.[12]. Expliciting the breaking parameter dependence,
son. If this has to be seriously considered, the question is tthey are

identify the third partner to thes,»') doublet which has

been namedy”. For this purpose, a precise study of the O 0K0,0= 9k*ok*+»- _ ag I_V

decay properties of they(1440) meson could improve the K V2 4 Nlp

hint. One has also to mention that this glue component could (32)

be acc admixture. L Gkx=xor _ag ly
OK* tK* 70 :
J2 4 N,

X. HADRONIC DECAYS OF VECTOR MESONS Using the experimental daf&0], | ,= 1.5, and the fit val-
] o ues for the parameters and I, one can extracg=5.86
From the above fits of radiative decays, we get stable; 0.10(neutralkK*) andg=5.98+0.11 (charged<*) which

estimates for the HLS parametees (2.50.03) andg  compare relatively well to our fit value (5.69.02), even if
(5.65:0.02) and also for the breaking parameligr(1.38 i js not as good as for thé meson hadronic decays.
+0.03). The deviation from ideal mixing i$y=-3.33 Thjs quite unexpected situation seems likely to be con-
+0.16 degrees. In this section, we use the fit results obtainggkcted to the issue of defining masses and widths for broad
assuming nonet symmetry breaking and$breaking with  resonances like thp and K* mesons. To be more precise,
|a=1.5 (second data column in Tablg | this addresses the question of the connection between these
If one relies on the S(B) broken HLS non-anomalous physical parameters extracted from data, obtained using
Lagrangian[12], using these parameter values, one can exXgyeit-Wigner resonance line shapes, and the corresponding
tract the coupling constants, . and also, for instance, the gyantities occurring in a Lagrangian for broad resonances

coupling constantg 4+ - andggkoko and compare to the [61]. This question will be studied in a forthcoming paper.
corresponding data.

A value for g can be extracted from fit to thee™
—a 7 data[46], using G,,,=ag/l2 and one gety
=5.18+0.02. This value compares poorly to the value we The question of whether the radiative dec#y**
just get using radiative decays of light mesons (5.65—-K®*y is definitely beyond the scope examined so far
+0.02). This means that, from radiative decays, one mighshould be answered.
expect a broader width for the meson. However, the cou- The first point which comes to mind is whether the dis-

XI. THE K** RADIATIVE DECAY PROBLEM
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agreement reported abova factor of two between predic- JK”

tion and measurementould be explained by breaking the Gk#0k0,= —GT(1+IWIT)

SU(2) flavor symmetry. The answer is seemingly no; indeed,

taking into account the quark content of té&’s, one could

rather guess that a significant unaccounted fot2$Ureak-

ing would affect the quality of predictions fd¢*© rather

than for K**. However, the absolute partial width of the

K*? is well predicted by our modellingiflavor SU3) and  \yhere K'=1,/1,. Equations(A4) and (A5) are also un-

nonet symmetry breakings and/or gjue _ changed, provided one replaces th&rby Z' =ZI3. Equa-
This possibility seeming unlikely, the question becomesy;\« (A7) are, of course, unchang&d.

can the modelling developed in the Appendix be modified in Assuming no coupling to glue, we have performed the fit

order to account for this mode within an extended(HU and found a perfect fit qualityX(,Z/DOF= 10.9/9): in this

preaking framework? The reply is positive and is the fOIIOW'case, the<* * is found to contribute to the fulk? f'or 1.63

ng. o : X 103, while theK*© contribution increases with respect to
Within the spirit of the BKY mechanism, theinbroken previous modelling and becomes 0.68, i.e. unsignificantly.

FKT_UY Lagrangi_an given. in Eq.(16) can b? broken ._The fit parameters common to the previdus-glue model
straightforwardly in three different ways. The first mean IS re found unchangetbee second data column in Table |

the pseudoscalar field renormalizatimee Eq.(17)], which except forfp=—11.91° 1.10°, which thus has moved by
leads to introduce the matriX, and thus the breaking pa- only 0.3r TT1is fit provides '

rameterl , expected 11] and found[see Eq.(27)] equal to
(fx/f,)?. It has been supplemented with nonet symmetry

(33

JK”

GK*thy:GT(Z_IWIT)

breaking for reasons already presented and with the success [t=1.24£0.06 (cy=0.113t£0.025

we saw. (34)
The second mean is the BGP breakjlg of the anoma-

lous FKTUY Lagrangian illustrated by E¢18), which turns lw=0.66-0.06 (cy=—0.340+0.058

out to introduce a breaking matriX,, and a new breaking
parametet,,. Within the schemes presented up to now, the . . -~ _ .
fit value found for this parametépracticallyl,,= 1) cancels with a "'?“ge correlation cF)eff|C|enﬂ1(,IW)— 0'9.3.5' This :
out such a possibility, leaving us with oAfynonet symmetry can eas'ly t_)e understood: the_pseudoscalar mixing angle is
breaking and thdixed original BKY breaking schemél practically fixed by the set ofsingle photoh radiative de-
—(f /T2 A~ cays. Then, as shown indirectly by Fig. 1 in Rgf3], a
—\IK T . HH — ) '

A third mean is however conceivable which has not yetm'x"g.g ﬁngllf" thgp_ /11, dforces tth?anlur:e toZ ]Eo (?e
been explored to our knowledge. One should note that thgré:jcl ically Lia, | Lﬁ’j’ 77 decays 1o two photons lorde
BKY breaking mechanisri 1] implies a renormalizatiofor ~ @nd!w to satisfylyly=1. ,
redefinition of the pseudoscalar field matrix expressed |nerefore, it is indeed possible to accommodate all de-
throughX , ; however, thexX, breaking does not end up with cays we examine. Howevirl Fhe_re is an additional price to
a renormalization of the vector field matrix, which remainsP@Y in order to include th&* = inside the fit set of data: we
unchanged in the breaking procedure. In order to go on, |dpeed to r.enormahze the vector field mat(mtroduct.lon _of
us postulatethat the vector meson field matrix has also to be! T) @nd simultaneously break the FKTUY Lagrangian in the

SU(3) broken, and that this can be done by performing thgnanner of BGP, in such way that these parameters satisfy an
change interesting condition

V—-X{VXr [Xy=diag1,1,1+c¢7)] (32 lwl3=1. (35

in Eqg. (18), in complete analogy with the renormalization of
the P matrix. One could as well assume that this breakin
affects directly the FKTUY Lagrangian, however one canno
avoid remarking that this looks indeed like a field renormal-
ization, exactly as foP. Doing this way, we have priori 3
parameters at our disposal in order to describe the full set
data of relevancd:s, |y, and’ l:=(1+cq)2

The Lagrangian corresponding to this case is given in E
(A14). The coupling constants in Eq#3) are unchanged in
this new scheme except f&*'s which become

Stated otherwise: accounting for this measurement im-
lies to include one more parameter. However, this addi-
ional parameter plays in opposite directions for béth
radiative decays as illustrated by Ed83). Assuming the
alidity of the condition proposed by Ed35), implies a
ighly non-trivial relation between thi€* = andK*° radia-
tive decay widthgor coupling constaniswhich can hardly
Ye accidental if it is satisfied. The relation just above be-

18f X+ actually follows from a renormalization of the vector field
matrix, it might affect the expression for the leptonic decay widths
160f course, the mixing angles are to be fit, as seen above. considered. In this case, the values we getdaand |, account
YNotice the square in the definition fbs . effectively for this.
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tweenly, andl; is however a numerical property and doesbreaking of the S(2) symmetry at a visible level in only
not a priori mean thatx,, and X are connected from some radiative decays of light mesons.
basic principle. We thus find that the radiative decays of the kiWd

Therefore we have redone the fit described just above,~Py and P—Vy allow one to predict quite precisely the
requiring Eg.(35) among the corresponding fit parameters.decay widths folP— yy. We also found, as expected from
We got a good fit quality 2/DOF=11.07/10) with exactly the BKY breaking mechanism, that the relation between the
the same parameter values as given in the second data cblreaking parameter arf /. is perfectly fit from data.
umn of Table | and additionally As a side result, we have shown that the HLS model in its
anomalous sector leads to the traditional one angle mixing
pattern for the ¢, ') system. In this case, the pseudoscalar
mixing angle isfp=—11.59+0.76 degrees in nice agree-
ment with the value expected from linear mass formulas, but
which turns to fix the BGP breaking parameter §p=0.71  in poor agreement with ChPT expectations. This value/for
+0.07. is, however, practically determined by only the radiative

Thus, in order to account fok* radiative decays, two one-photon decays of light flavor mesons and therefore fol-
elementary breaking mechanisms interplay with algebralows closely VMD expectations.
ically related strengths. Even if somehow non-trivial, this The single data which could require a special breaking
procedure works without destroying the reconstruction qualprocedure is th&* = radiative decay, if expected measure-
ity of the K*© radiative decay, which was not obvious, ments confirm the present accepted data. The existing mea-
knowing that we were looking for a factor of 2 for one only surements can, however, be accommodated at the expense of
of these two modes. The prediction of this last model forcomplicating somehow the $B) breaking scheme in our
branching fractions are listed in Tables Il and IV under theVMD model. New measurements of this mode can be ex-
entry name ‘K** Breaking.” All predictions are clearly in  pected fromB factories in a near future; this should tell defi-
nice agreement with all accepted daBa]. nitely if such complications are really needed.

Nevertheless, this mechanism clearly complicates the full Finally, we have shown that effects due to nonet symme-

breaking picture which is otherwise quite simple. One canry preaking and gluéand/orcc admixture cannot be prac-
hope that new measurements for t& ™ radiative decay fically disentangled, and then, in order to guarantee presence
will come soon from the CLEO, BaBar and BELLE detec- or absence of glue inside light mesons, one has first to ascer-

tors through the decay proces$—K* “v_. This, anyway, tain the level of nonet symmetry breaking.
would clarify the nature of the problem. If confirmed, this

branching fraction would raise the question of whetier

can be a renormalization of the vector field matrix; if the ACKNOWLEDGMENTS
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breaking mechanism in order to account for(SJusymmetry APPENDIX A
breaking. It has been shown that this is not enough to pro-
vide a satisfactory description of the available data, even by
leaving free this breaking parameter and, even, by allowing EXpressed in terms ¢} andl,y defined in the body of the
for an additional breaking schentBGP). text, the SW3) broken FKTUY Lagrangian of relevance for
A nice agreement is however reached by allowing, addiUs
tionally, either nonet symmetry breaking in the pseudoscalar
sector or having an additional singlet which affects essen- _ 39
tially the ' meson. This has been named glue, but could be - Am2f

as well any additional kind of S@3) singlet(acc component
for instancé.

The picture that emerges from there is quite consistent
and tends to indicate that present data do not require angan be developed in the following way:

1. The standard brokenVVP Lagrangian

2

T BT,V XwdV pXa V2P X, ]

=Cet"*PF (A1)

pvap
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0
F,uva,BZ ap.pv

L(a K% "K' +d,K% K™ —d,K5K— 9, K%OKO) + 9 0+ 9,0 ™ X
2\/E a'™ g a'™B a'™B a'™B awﬁﬂ- apﬁ

25 6

8
_ _ — — _ _ 7 X170
* + * + * 01,0 * 010 + +
—ZM(aQKﬁ K* 4 0,K% K™ +9,K5KO+,KEKO) + (9,0 1 +duppm )+aawﬁ<—+—

23 6

+(9va

lw

_ _ 1 1
0 hs| o (9K K + 0, KA K™+ 0, K5OKO+ 0, K5 KO + 9, | — —=m8+ —=xg
V2In

A V3 e

+ \/T[ﬁﬂp:(ﬂaKEOK_ +3,K% KO+ 3,0, (9,K5°K +9,KETKO)1+20,p7 9,05
A

’7T8 Xﬂo)

2 V6

_ 1 2—R 1+R
w - 0_+ *+ *0 _— *— *+ 0 8
+—=(9,K* "9, K5 7" +9,KE "9, K ' m ) +9,KE 9 K| 70— —=7°+ ——=x

2—R 1+R
__770 8

- —— a8+ ——=x
2" TRy Ry

whereR=1,l\, andC= —3g?/(8x?f ). The expression for the functionglin terms of the physical field®, ¢, » and 5’
can be trivially deduced.

+3,K3%9,K%°

(A2)

2. Matrix elements with SU(3) and nonet broken symmetries
In terms of the angles&,, &4) of physical states with respect to ideal mixing, as defined in Sec. IV, the coupling constants
at verticesV Py which can be deduced from the Lagrangian in E&R) are
1
G,0,0,= §G

1

Gptﬂ.t.y: §G

VK

GK*OKO'y: _G?(l‘l‘lw)

VK

GK* ¢K17=G?(2—|W)

1 (A3)
G0y~ 3 Gl V2(1-x)c0s8p— (2x+ 1)sin 5]

1 .
G0, = 3Gl V2(1-x)sin8p+ (2x+ 1)cossp]

G, r0,=G COSSy
Gyr0,=—Gsindy
and
GwW:%G[ —(2x+1)cosdysindp—2Z(2+x)sin 6,,c086p+ 2\2Z(1-x)sin SySindp+ V2(1— X)C0S46yCOSSp |
1

Gy =g GL(2X+1)c0S8,C0STp—2Z(2+X)sin Sysin dp— 22Z(1—x)sin 8,c0s8p+ \/2(1—X)CcOSS\Sin 5p]

Ad)
1 (
G¢W=§G[(2x+ 1)sin 6ysin dp— 2Z(2+ x)C0S6,,C0SSp + 2\/§Z( 1—x)coséySindp— \/5(1— X)Sin ,,c0Sdp |

1
Gypy=— §G[(2x+ 1)sin 6,,c088p+ 2Z(2 + X)C0SdySin Sp+ 2\/52(1— X)C0S6yC0SSp+ \/5(1— X)sin éysin ép |
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where the breaking parameters come through the combinaiien$/ , and Z=I,/l». The dependence upon the nonet
symmetry breaking parametgris explicit. The basic paramet@ yields the following expression:
G Ce_ 3eg (A5)
29 82t
which depends on the vector meson universal cougiagd the pion decay constaht. We will fit the absolute value o&.
Correspondingly the matrix elements for the decayéy/»' — yy are
5-27

5+7
Tcosap— NA TX sinfp

Qem
G =—
7YY 3t

tem [5-2Z 547
fy=— — | = sinfp+ 2 ——X cOS@
7" yy 7T\/§f,.,[ P P

G (A6)

3 3

Aem

Gr0,,=— et
m

Finally theV— vy couplings which enter Eq15) are constant within this framework and are

—af2
f,,=af.g

f
fwzg[cos(sw lyv2sindy] (A7)

f
fgy=— %[sin Sy—ly\2cossy].

We have defined abow€ andZ in terms of the breaking parameters of Bando Kugo YamawBKiY ) [11], and of that of
Bramon, Grau and PanchéBGP) [6]:

IA:1+CA1 IW:l+CW1 IV:(1+C\/)2 (A8)

3. Matrix elements with all breakings and coupling to glue

By inverting Eq.(2), we get expressions fafg and 7, in terms of the three mixing angle®{, B, 7y) and of they and
n' fields® From these expressions and the phenomenological Lagrangian ¢AEx.we can recompute the expressions
corresponding to EqgA3), (A4) and (A6).

Of course, allGyp,'s, whereP is neither one ofy and 7', are unchanged and coincide with the corresponding expressions
given in Egs.(A3). The other expressions become

cosp )
G0yy= TG{ﬁ(l—x)cosap—(zH 1)sin 8p}

cosy . . (A9)
Gyo,y= 5 Gl V2(1—x)+ (2x+1)sin B tany]tandp+[ (2x+ 1) — y2(1—x)sin 8 tany]cossp}
cospB ) . . .
Gw,?,/=TG{— (2x+1)coséysin §p—2Z(2+x)sin 6,c085p + 2\/52( 1—-x)siné,sindp+ \/5(1— X)C0S8\,C0SOp}
cosy , . . .
Gy y=—g Gll(2x+1)— J2(1—x)sin B tany]coss,cosdp— 2Z[ (2+X) + \/2(1—x)sin 8 tany]sin 8ysin 5p
—-2Z[ \/5(1— X)—(2+x)sinBtany)]sin 6,c088p+[ \/5(1— X)+(2x+ 1)sin B tany]cosé,sin Sp}
0sB (A10)
G(/,,”,:TG{(ZX-I— 1)sinéysin dp—2Z(2+ x)Cc0S5,,c0SSp+ 2\/§Z( 1—Xx)coséysindp— \/5(1— X)sin 8yC0SSp}

cos
Gyyy=— TYG{[(2x+ 1) — v2(1—x)sin B tany]sin 8,c0s8p+ 2Z[ (2 +X) + /2(1—x)sin B tany]cossdysin 5p

+2Z[ V2(1—x)— (2+x)sinB tany]cos&vcosﬁp+[\/§(1—x) +(2x+1)sin B tan+y]sin 8ysin 8p}.

e ignore the spurioug” as long as we do not know what particle it could correspond to.
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Correspondingly the matrix element for the deed}— yy is not affected, while the amplitudes faf »'— yy become

aemcos,B[S—ZZ 5+Z7 ]
G,,,=— Cc0SOp— 2 ——Xxsing
Yy 77\/§f17 3 P \/— 3 P
(A11)
oy COS 5-27 5+7 5+7 5-27
Gn,wz_ emC 71 3 \/——xsmﬁtany sinfp+ \/——x— 3 sinBtany|cosfp
77\/§f7,

4. The K* broken VVP Lagrangian

In order to describe fully th&* sector of light meson radiative decays, we propose to use the Lagrangian given in Eq.
(A1), supplemented with the replacemafit> X1V X, with

Xr=diag1,1,1+cy) (A12)
where the breaking parameter, expected to be small, has been denotiedthe following we use the definition
l+=(1+cq)? (A13)
together with the breaking parameters already defined by @@&3.and the nonet symmetry breaking factor

The expanded expression for the FKTUY Lagrangian broken in this way is still given bgAEgwith

1 IT — — ’778 X7]O
Forvag=20 8—\/:(&QK*_K++&QK*+K‘—aaK*°K°—aaK*OK°)+aaw 7O+ 3,00 —+—
wraB= CuPy 3 N T B B B B B P ARG

1 — — e X
+d,0, E\ﬁ(&aK’é_K++ﬂaK2+K—+ﬁaKzOKO+&aKZOKO)+((9ap;7T_+&apg'if')-i-(?awﬁ( 5 \7_0
A
|3 - + 0y 0 0o I 1 8 1
T0udyl lwV 1 (a Kb “K*+3,K5 K™ +9,K5°K0+9,K%K )+ a¢ﬁ 5" +%X7,O

i M oK~ KO ~ (9. K*OK+ +10 + m® X7Io
+\/TA[&MPV(«9QK; K™+ 3,K% KO +d,p, (0,K5° K" +0,K5 " K)]+2d,p, dups \/_ %

. 2-R , 1+R
T (9,K% 7 9,KE0mt 43, KE 9, KE0m )+ 119, KE ™ 0,KE | S5m0 w8+

W
"z 2" " 2RB"T RY6

+170,K%%9,K3%°

1 o 2—-R 1+R
i~ (Al4)

2 2R\/— \/— X7g

whereR=1,l\y, as in Eq.(A2).
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