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SU„3… breaking and hidden local symmetry
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We study the various existing implementations of SU~3! breaking in the hidden local symmetry model for
the low energy hadronic sector following a mechanism originally proposed by Bando, Kugo and Yamawaki
~BKY !. We pay particular attention to Hermiticity and current conservation. Following this, we present a new
method for including symmetry breaking effects which preserves the BKY mass relation among vector mesons.
Symmetry breaking~SB! necessarily requires a transformation of the pseudoscalar fields, which, following
BKY, we refer to as field renormalization. We examine the consequences of propagating this through all
Lagrangian terms including the anomalous ones. We thus explore the consequences of these various SB
schemes for both charged and neutral pseudoscalar decay constants as measured in weak and anomalous
decays respectively.@S0556-2821~98!05219-9#

PACS number~s!: 12.39.Fe, 11.30.Hv, 11.30.Rd, 14.40.Aq
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I. INTRODUCTION

In a recent paper@1#, it has been shown that the pion for
factor is described in a perfectly coherent way by the hidd
local symmetry~HLS! model proposed in Ref.@2#. Notice-
ably, it has been shown that agp1p2 contact term is pre-
ferred in fits with a coupling strengthc given by

c512
f rggrpp

mr
2 ~1!

as predicted by the HLS model, wheref rg andgrpp are the
usual coupling constants to respectively the photon an
pion pair. In addition to providing a nice description of th
e1e2→p1p2data, it was also shown that the resultin
phase ofFp(s) accounted for the predictedpp phase shift
@3# up to about 1 GeV/c, without further constraint. More
over, the values ofFp(4mp

2 ) and for thep-wave scattering
length were found to agree perfectly with chiral perturbat
theory ~ChPT! predictions~see for instance Ref.@4#!. This
gives a hint that the HLS model could successfully descr
other scattering data and that its extension to the anoma
sector@5# could describe radiative decays of light flavor m
sons, with a very small number of free parameters.

In the sector explored by Ref.@1#, one does not expec
effects of the SU~3! symmetry breaking produced by th
large mass difference between thes quark and the lightu
andd quarks. Other sectors such as the kaon form factor
most radiative decays are surely more sensitive to t
Therefore, a study of symmetry breaking within the HL
model is ana priori condition toward a full study of its
relevance to low energy particle physics in sectors mix
vector and pseudoscalar mesons explicitly. In order to p
duce this breaking, Bando, Kugo and Yamawaki~BKY ! @6#

*Email address: benayoun@in2p3.fr
†Email address: hoc@pa.uky.edu
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proposed a way which leaves theu/d sector of pseudoscala
mesons unchanged while sharply breaking thes sector. We
will refer to this ~outlined in Sec. III! as the BKY mecha-
nism.

Much attention to this SU~3! symmetry breaking has fo
cused on its consequences for the anomalous meson s
@7–9# including proposed symmetry breaking variants@10#.
The aim of this paper is to study the consequences of
original BKY mechanism@6# in both the anomalous and non
anomalous sectors. We use the full pseudoscalar field ma
~i.e. including the isoscalar sector!, in order to examine the
Hermitian version of the original BKY Lagrangian@6#, as
well as one proposed by Bramon, Grau and Pancheri~BGP!
@8# and one we introduce here. Our scheme allows one
recover interesting properties of both the BKY and BG
schemes, namely the mass relation among vector meson
Ref. @6#, and the current structure and conservation prop
ties obtained with the BGP scheme. In this scheme the
rent coupling a vector meson to a pseudoscalar pair,PP8,
has a divergence proportional tomP

2 2mP8
2 which vanishes

for masslessP andP8. We shall refer to this throughout a
current conservation, because we only consider the cas
massless pseudoscalar mesons. Then in the physical ca
massive pseudoscalar mesons current conservation is br
in the appropriate way, i.e. only by terms proportional
mP

2 2mP8
2 .

As recognized by BKY, their symmetry breaking mech
nism leads to a redefinition~we shall call this renormaliza
tion! of the pseudoscalar fields, which has to be propaga
to all Lagrangian contributions. Focusing on the anomalo
~Wess-Zumino-Witten! WZW terms @11,12#, we show that
the symmetry breaking in the non-anomalous HLS Lagra
ian, produces in this way a new breaking of the anomal
terms and we illustrate why it does not exhaust all break
effects~for example, these do not include loop effects@13#!.
This is of relevance for the physics ofh/h8 mesons, which
has recently received much interest from various points
view @14–22#.
© 1998 The American Physical Society06-1
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The paper is organized as follows, in Sec. II we brie
review the basics of the HLS model. Section III is devoted
an analysis of three ‘‘natural’’ variants of the original BK
mechanism for SU~3! symmetry breaking. We show tha
even when made Hermitian, the BKY scheme does not se
rately conserve all currents occurring in the interaction L
grangian, in the sense given above, while the unbroken H
Lagrangian does. The variant proposed by BGP@8# does, but
gives the vector meson masses the standard Gell-Ma
Okubo formula. We propose another variant which allo
one to obtain the phenomenologically successful BKY m
formula (mfmv5mK*

2 ) and conservation of all currents. W
illustrate how the BKY mechanism, together with a dep
ture from idealv2f mixing, generates a mass differen
mv2mr which goes to zero with the symmetry breakin
parameter. In Sec. IV, we examine the consequences o
pseudoscalar field renormalization implied by the BK
mechanism, in~re-!deriving the decay constantf K and we
show how box and triangle anomalies are affected. M
lengthy expressions are left to the Appendix.

II. HIDDEN LOCAL SYMMETRY

We shall examine the low energy sector, including t
octet and singlet pseudoscalars within the context of the H
model. Here we present a brief account of the HLS@2,5,6#
model. The HLS model allows us to produce a theory w
t
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vector mesons as the gauge bosons of a hidden local s
metry. These then become massive due to the spontan
breaking of a chiralU(3)L ^ U(3)R global symmetry. Let us
consider the chiral Lagrangian@23#

Lchiral5
1

4
Tr@]mF]mF†#, ~2!

whereF(x)5 f PU(x) in normal notation andf P is a constant
with dimensions of mass. In practice, one identifies this
rameter with the pion decay constantf P5 f p593 MeV. This
exhibits the chiral U(3)L ^ U(3)R symmetry under U
→gLUgR

† . We can write this in exponential form and ex
pand

F~x!5 f Pe2iP~x!/ f P5 f P12iP~x!22P2~x!/ f P1¯ ~3!

therefore, substituting into Eq.~2! we see the vacuum corre
sponds toP50, U51. That is,F has a non-zero vacuum
expectation value which spontaneously breaks theU(3)L
^ U(3)R symmetry @24#. The massless Goldstone boso
contained inP, then correspond to the perturbations abo
the vacuum and we can think of expansions in this fi
given by the Hermitian matrixP5PaTa where the SU~3!
generators are normalized such that Tr@TaTb#5dab/2. Thus,
for the pseudoscalars one has
P5
1

& S 1

&

p01
1

A6
p81

1

)

h0 p1 K1

p2
2

1

&

p01
1

A6
p81

1

)

h0 K0

K2 K̄0 2A2

3
p81

1

)

h0

D , ~4!
ar

ual

tism
de-
where we have included the singlet fieldh0 assuming none
symmetry.1

However, in addition to the global chiral symmetry, QC
possesses a local symmetry. The HLS scheme includes
a symmetry in Eq.~2! in the following way. Let

U~x![jL
†~x!jR~x! ~5!

where thej fields undergo a local transformation,h(x),
which does not affect the chiral fieldU(x). In addition to

1One could allow for departure from nonet symmetry by affect
the h0 field by a multiplying parameterx to be fixed by the data
Moreover, we will not address here the problem of the renorm
ization scale dependence associated with the singlet pseudos
field ~see@21,22# for instance!.
ch

pseudoscalar fields,P(x), the j fields also possess a scal
constituentS(x), and are thus characterized by

jR,L~x!5eiS~x!/ f Se6 iP~x!/ f P, jR,L~x!→h~x!jR,L~x!gL,R
† .

~6!

As can be seen from Eq.~5!, Lchiral is obviously invariant
under this local transformation. From now on, as per us
@2#, we removeS(x) and thusjL

†5jR5j. We may rewrite
Lchiral explicitly in terms of thej components

Lchiral52
f P

2

4
Tr@~]mjLjL

†2]mjRjR
† !#2 . ~7!

The Lagrangian can be gauged for both electromagne
and the hidden local symmetry by changing to covariant
rivatives

l-
alar
6-2
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SU~3! BREAKING AND HIDDEN LOCAL SYMMETRY PHYSICAL REVIEW D 58 074006
DmjL,R5]mjL,R2 igVmjL,R1 iejL,RAmQ ~8!

whereAm is the photon four-vector andQ5diag(2/3,21/3,
21/3) the charge matrix. The vector field,V5V aTa, trans-
forming locally asVm→h(x)V mh†(x)1 ih(x)]mh†(x)/g, is
given by

V5
1

&

S ~r01v!/& r1 K* 1

r2 ~2r01v!/& K* 0

K* 2 K̄* 0 f
D . ~9!

In Eq. ~9! v and f correspond to the ideally mixed state
The HLS Lagrangian is then given byLHLS5LA1aLV
where

LA52
f P

2

4
Tr@DmjLjL

†2DmjRjR
† #2[2

f P
2

4
Tr@L2R#2

LV52
f P

2

4
Tr@DmjLjL

†1DmjRjR
† #2[2

f P
2

4
Tr@L1R#2

~10!

anda is a parameter which is not fixed by the theory. Ho
ever, settinga52 allows one to recover the usual express
for vector meson dominance~VMD ! @2# and moreover, there
is some experimental evidence@1# thata is slightly ~but sig-
nificantly! greater than 2. For this reason we shall keep tr
of a in the following expressions.

The full HLS Lagrangian is somewhat lengthy, so w
leave it to the Appendix, where it is given by Eq.~A1!. The
photon and vector mesons acquire Lagrangian ma
through an analogue of the Higgs-Kibble mechanism;
will refer to these masses as HK masses.2 The photon,
though, is seen to be massless once the vector meson co
tions to the vacuum polarization are included, thus prese
ing EM gauge invariance~for a fuller discussion of this poin
see, for example, Ref.@26#!. One should also notice that th
singlet fieldh0 does not appear in the SU~3! symmetric HLS
Lagrangian.

III. FLAVOR SYMMETRY BREAKING

To account for deviations from SU~3! flavor symmetry in
the low energy sector Bando, Kugo and Yamawaki~BKY !
@6# introduced symmetry breaking terms to the HLS L

2In light of this model for low energy QCD it is interesting to no
the electric-magnetic duality where the elementary electric deg
of freedom become strongly coupled, leading to confinement.
magnetic degrees of freedom, which are in the Higgs phase, ca
described as composites of the electric ones. These magnetic
ticles typically include massless gauge bosons associated w
new magnetic gauge symmetry not present in the fundamental
tric theory @25#.
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grangian, as (3,3* )1(3* ,3) representations. However, the
is no unique way to do this, though naturally one has
recover the unbroken case smoothly when the symm
breaking parameter goes to zero. The initial BKY symme
breaking scheme was recognized as being non-Hermitian
BGP who proposed a variant which restores Hermiticity@8#.
We shall now discuss each variant of the original BKY sy
metry breaking scheme@6# in detail and present a new one

A. The BKY scheme

The BKY scheme introduces the symmetry breaking te
e5diag(0,0,c) through

L A~V!
BKY 52

1

4
f P

2Tr@~DmjLjL
†1DmjLeA~V!jR

† !

7~DmjRjR
†1DmjReA~V!jL

†!#2 ~11!

where the subscriptsA andV respectively correspond to th
2 and1 signs in the RHS of this expression. The releva
components are, definingXA,V5(11eA,V),

L A
BKY5Tr@~]PXA!22 i ~gV~PeA1eAP!

2e~PA2AP1PAeA1AeAP!!]PXA

1 i ~g~PeA1eAP!V

2e~AP2PA1PeAA1eAAP!!XA]P#

L V
BKY5Tr@ f P

2 ~gVXV2eAXV!2

12i ~gV2eA!XV]P~12eV!P

1 i ~eA2gV!XV~]PP1P]P!XV# ~12!

where we have assumed the appropriate contractions ove
Lorentz indices ofVm , Am and]m . Equation~12! can easily
be made Hermitian through the redefinition

LBKY→
1

2
~LBKY1LBKY

† ! ~13!

where one recovers smoothly the unbroken Lagrangian in
limit XA(V)→1, as desired. This Hermitian version of th
BKY Lagrangian is given in Eq.~A2!. One should note here
that the BKY implementation of flavor symmetry breakin
produces an interplay of the singleth0 field which is absent
in the unbroken Lagrangian. From Eq.~A2! we see the BKY
relation for the vector meson masses

mK*
mv

5
mf

mK*
5A11cV. ~14!

This is very well fulfilled by the Breit-Wigner~BW! masses
of the corresponding vector mesons@27# for cV;0.3.
Whether it should also be true for the HK masses is prese
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M. BENAYOUN AND H. B. O’CONNELL PHYSICAL REVIEW D 58 074006
an open question.3 One should also note that no mass sp
ting is generated among ther andv mesons.

In QCD the divergence of a general vector currentJm

5āgmb is proportional to the quark mass difference (ma
2mb). In ChPT@31# the squares of the pseudoscalar mas
are proportional to linear combinations of the quark mass
and hence to maintain this connection current divergen
should be of the form (MA

22MB
2) and so should vanish in th

absence of pseudoscalar meson mass terms. Therefore
reasonable to use current conservation~as defined above! to
constrain parameters and symmetry breaking mechanism
the interaction Lagrangian.4 Equation~A2! then leads first to
the condition

cA5acV ~15!

wherea52 reproduces VMD@2#. Usually, it is simplyas-
sumedthatcA5cV @6,7#. Examining the kaon form-factors a
s50 we find

FK1~0!511cA , FK0~0!50. ~16!

It is thus clear that field renormalization is required a
BKY @6# remarked that the appropriate field renormalizat
is

PR5~11eA!1/2P~11eA!1/2. ~17!

Indeed, in addition to normalizing the kaon charge@Eq. ~16!#
the pseudoscalar kinetic term is restored to its canonical f

L kinetic5]KR
2]KR

11]KR
0]K̄R

01]pR
1]pR

2

1
1

2
~]pR

0]pR
01]pR

8]pR
81]hR

0]hR
0 !, ~18!

where the subscriptR, stands for ‘‘renormalized.’’ Unfortu-
nately, this does not quite restore current conservation in
K* interactions terms as is clear from Eq.~A3!, which ex-
pressesL int(K* ,K,p8,h0), due to terms quadratic in th

3The vector meson masses reported by the Particle Data G
~PDG! are quite generally obtained from parametrizations assum
the ~Breit-Wigner! form s2mV

22 imVGV(s) for the vector meson
propagators in fitting expressions. In order to get an~approximate!
estimate of the HK masses, one should rather use propagators
ten like s2mV

22PV(s), wherePV(s) is the vector meson vacuum
polarization. Although there is some hint@28#, that the meson
masses defined in this way could be significantly different from
usual ~BW! masses, other studies predict negligible contributio
from the real part of pseudoscalar meson loops to vector me
masses, apart fromr→2p→r @29#. This is further complicated by
the model dependence of traditional mass extractions@30# and we
shall not discuss this matter any further here.

4From a phenomenological point of view, this assumption
sures that the coupling of a vector meson to two pseudoscalars
be generally writtenem

l
•(p12p2)m, with the massive vector particle

having three polarization states~denoted byl!, as usual. The as
sumption about current conservation prevents to rather h
Aem

l
•(p12p2)m1Bem

l
•(p11p2)m.
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symmetry breaking parameters. There are two cases, w
current conservation~in the sense defined just above! can be
restored, as in the unbroken Lagrangian. The first one is
unphysical case whereh05&p8, the other case is ifa51,
the Georgi vector limit@32#. Pure VMD supposesa52,
while existing data prefer a slightly larger value@1# a
.2.4, inconsistent witha51 anyway. Stated otherwise, th
original BKY scheme, even if modified in order to resto
Hermiticity, does not completely maintain current conserv
tion under physically acceptable conditions.

B. The BGP scheme

Having noted the non-Hermiticity of the original BKY
Lagrangian, BGP@8# proposed the following variant to th
original BKY scheme:

L A,V
BGP52

f P
2

4
Tr@~DmjLjL

†7DmjRjR
† !2

3~11jLeA,VjR
†1jReA,VjL

†!# ~19!

yielding upon the relevant weak field expansion

L A
BGP5Tr@~]P]P2 ie~]P~AP2PA!

1~AP2PA!]P!!~112eA!# ~20!

L V
BGP5Tr@~ i /2$@]P,P#,~gV2eA!%

1eg fP
2 $V,A%1 f P

2g2V 2!~112eV!#. ~21!

The full BGP Lagrangian is given by Eq.~A4!. A check of
the K* interaction terms finds current conservation guar
teed, but as there is no connection betweencA andcV , they
remain independent parameters, at this stage. One sh
note that the BGP variant does not invoke the interplay of
singlet field h0 , as opposed to the original BKY schem
which does.

The other results of the BGP symmetry breaking sche
were alluded to in general by BKY for any Lagrangian lac
ing e2 terms, and the following relations are easily reco
nized as linear truncations of the BKY results. The vec
meson masses are given by the Gell-Mann–Okubo form

mK*
2

2mv
2 5mf

2 2mK*
2

5cVa fP
2g2 ~22!

which is less phenomenologically successful than the B
relation andmv5mr . Using the numerical values from PDG
@27#, this relation impliescV50.3;0.4.

It is clear from the expression of the pseudoscalar kine
energy term that the BKY prescription for field renormaliz
tion cannot change it to the canonical form. In order to g
this, one has to perform another change of fields. As
usual, we findpR5p and KR5K/A11cA, where the sub-
script R stands for ‘‘renormalized fields,’’ while for the iso
scalars, we have
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p85
1

3 F 2

A112cA

11GpR
81
&

3 F12
1

A112cA
GhR

0

h05
&

3 F12
1

A112cA
GpR

81
1

3 F 1

A112cA

12GhR
0

~23!

which has clearly a smooth limit forcA→0. Therefore, the
BGP prescription, even if slightly more complicated
renormalize than the BKY scheme, allows one to recover
expectations. We have already commented on the mass
mula, which cannot be presently considered as fully conc
sive.

C. An alternate scheme

We have shown that the BKY scheme~once made Her-
mitian! fails to preserve current conservation for the (p8,h0)
sector, whilst the BGP scheme, though ensuring current c
servation, seems less successful in reproducing the obse
accepted vector meson mass splitting@27#. We therefore in-
troduce breaking in the HLS Lagrangian in such a way t
the desirable features of both previous studies are re
duced, namely the BKY mass formula and current conse
tion in all interactions. We generalize Eq.~10! through

LA,V52
f P

2

4
Tr@~L7R!~11~jLeA,VjR

†1jReA,VjL
†!/2!#2

~24!

which has also a smooth unbroken limit. The terms we w
be interested in are then given by

LA,V52
f P

2

4
Tr@~L7R!XA,V~L7R!XA,V# ~25!

and hence

LA5Tr@]PXA]PXA12ie~PA2AP!XA]PXA# ~26!

LV5Tr@ f P
2 ~~gV2eA!XV!2

1 i ~gV2eA!XV~]PP2P]P!XV# . ~27!

It is obvious from these expressions that the field ren
malization prescription of BKY@6# is relevant in this new
scheme. The kinetic pseudoscalar term is renormalized
the same procedure as for BKY. The full expression for
corresponding Lagrangian is given in Eq.~A5!. We also see
the quadratic BKY relation between thev, K* andf masses
of Eq. ~14!. What is more, like BGP, current conservation
07400
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explicitly guaranteed. As for the BGP scheme, in contr
with that of BKY, the pseudoscalar singlet fieldh0 , does not
occur in the broken Lagrangian. This could be inferred
looking at Eqs.~26! and ~27! for which symmetry breaking
enters only through the combinationsXA,V unlike Eq. ~12!.
In this new scheme, as for BGP,cA andcV remain unrelated.
As a final check we examine the kaon form factors and fi
Eq. ~16! holds for generala.

D. The r-v mass splitting

All symmetry breaking schemes outlined above, pred
no mass splitting of ther andv mesons~loop effects could
be important here@28,29#!. It should however be remarke
that what have been called, up to now,f andv are ideally
mixed states, wherev is purely non-strange andf is purely
strange. There is however, strong experimental evide
that, even if the mixing is close to ideal, it is not exact
ideal. Then the question arises as to whether a depar
from ideal mixing can~or should! be accounted for at the
level of the Lagrangian itself and if the BKY symmetr
breaking mechanism is able to contribute tor-v mass split-
ting. As ideal mixing is not a fundamental symmetry, th
may not be actually considered as a symmetry breaking
fect.

For v andf being considered as the ideally mixed stat
we can define, the physical states5 vP andfP , by

vP5v cosd1f sin d, fP5f cosd2v sin d
~28!

where d can be determined by the ratio of the measu
coupling constants@16# gfp0g andgvp0g which is found to
correspond to tand and gives about 3.25 degrees@9,15,33#.
The corresponding vector mixing angleuV is therefore of the
order 32 degrees, slightly smaller than its ideal value.

If one performs this change of variables in the unbrok
HLS Lagrangian@see Eq.~A1!#, the mass term is strictly
conserved, and only couplings of the physicalvP andfP to
pseudoscalar mesons are changed by terms of the o
sind.631022 or higher. In the broken Lagrangians, th
situation looks slightly different. The transformation gene
ates ar-v mass difference

~mr
22mv

2 !/mr
25cV~21cV!sin2d BKY, new scheme

52cV sin2d BGP ~29!

5In order to stay consistent with the usual custom in the effec

Lagrangian community, we shall use the idealf to be1uss̄&, while

another usual custom@15,27# prefers2uss̄&, which allows one to
get these ideally mixed states from the standard isovector sin
and octet states by a normal rotation matrix, without any chang
sign.
6-5
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M. BENAYOUN AND H. B. O’CONNELL PHYSICAL REVIEW D 58 074006
while leaving thefP mass modified, with respect to the ide
f, by a negligible amount~a factor of the order cosd!. If one
considers likely values forcV (.0.3), this generates ar-v
mass splitting of about 2 to 3 MeV.

However, the original mass term for vector mesons in
broken Lagrangians also generates a transition term fromvP
to fP :

2vPfPsin 2d3cV~21cV! BKY, new scheme

32cV BGP ~30!

which addsvP2fP direct transitions to the usualg to vector
meson direct transitions. It should be noted that such a t
~which vanishes in the unbroken limiting case!, is small~its
coupling is of the order 1% ofmr

2!, and probably inefficient
because of the large mass difference between these me
Moreover, it comes supplementing already existing transit
effects by means of theKK̄ loop effects. Whether such
term could be experimentally visible is thus not obvious
answer. It is however interesting to see that a very sm
admixture ofss̄ inside thev is able to generate and expla
a small mass splitting between ther andv mesons by mean
of the BKY symmetry breaking mechanism, which vanish
with the symmetry breaking parameter.

IV. PSEUDOSCALAR DECAY CONSTANTS
AND ANOMALIES

We are now in a position to determine the pseudosc
decay constants, and examine some consequences o
pseudoscalar field renormalization implied by the BKY sy
metry breaking mechanism. We have of course to distingu
the case ofp0, h andh8, which proceed from the low en
ergy anomalous Lagrangians@11,12#, from p6, K6, K0 and
K̄0 mesons, which can be determined from the pseudosc
meson coupling to an axial vector field.

A. Decay constants from non-anomalous sector

The charged pseudoscalar decay constants are mea
in weak decaysP6→ l 61n l andP6→ l 61n lg @27#. There-
fore to examine this in the HLS model we need to inclu
axial vectors,Am , through@34#

DmjL5~]m2 igVm1 igAAm!jL ,

DmjR5~]m2 igVm2 igAAm!jR . ~31!

The pseudoscalar decay constants defined through~note that
unlike the mini-review of Suzuki in Ref.@27# we include&!

^0uAmuP~q!&5 i& f Pqm ~32!

are determined from theA m]mP interaction ~set gA51!,
which for L BKY andL new is given by
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LA]P
BKY,new522 f PTr@A~11eA!]P~11eA!# ~33!

while for L BGP one has

LA]P
BGP52 f PTr@~]PA1A]P!~112eA!#. ~34!

Constructing axial currents of the appropriate quark fla
one finds, for the renormalized pion and kaon fields in
three models,

LA]P52& f P@~]mpR
21]mpR

1!A m~ud!

1A11cA~]mKR
11]mKR

2!A m~us!# ~35!

and hence

f p15 f P , f K5~11cA!1/2f p1 ~36!

and we see thatf P is just the usual pion decay consta
;93 MeV. For the BKY scheme this gives a prediction f
the kaon decay constant

f K5~11cA!1/2f p15~112cV!1/2f p1;1.26f p1 ~37!

which is in very good agreement with experiment@27#. For
both our new scheme and that of BGPcA is a parameter to fit
to data, thus using the experimental resultf K / f p151.22 we
find cA50.49. It is likely thatcA can also be derived from
scattering data like the kaon form factors or radiative deca

B. The anomalous sector

The neutral decay constants, however, are measured in
anomalous processesP0→gg. Therefore we cannot obtain
them in the previous manner but rather from analyzing
anomalous Lagrangians. We shall not consider explicit sy
metry breaking terms in the anomalous action, but rat
propagate the pseudoscalar field renormalization into
anomalous Lagrangian. As will be seen, this induces sym
try breaking effects in a way not previously reported. T
field renormalization are given by Eq.~17! for the original
BKY scheme and our proposed method, and by Eq.~23! for
the BGP variant@8#.

It has been claimed@7# that the singlet and octet deca
constants can be determined by renormalizing thep8 andh0

fields with the~square root of! the coefficients in front of
(]p8)2 and (]h0)2 in Eq. ~A2!, leaving aside the mixed term
]p8]h0. Even if, numerically, the results could look inte
esting@7# compared with expectations@31,35#, the procedure
6-6
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seems questionable, as any reference to the triangle anom
which controls the two-photon decays ofp0, h and h8, is
missing.

A convenient form of the Wess-Zumino anomalous act
@11# was constructed by Witten@12#, and although this has
been generalized to include vector mesons@5,9,10# we shall
here consider only the soft limit in which they play no rol
However, the field renormalization performed in the HL
Lagrangian has clearly to be propagated to all poss
~anomalous! terms. The two relevant interactions aregPPP
andggP. For the first we have

LgPPP5
ieNc

3p2f P
3 «mnabAmTr@Q]nP]aP]bP# ~38!

where our f P is half Witten’s Fp @12#. Renormalizing the
bare pseudoscalar fields through Eq.~17! or Eq. ~23! we
express Eq.~38! in terms of the physical pseudoscalar field

L gp1p2P052
ieNc

12p2f P
3 «mnabAm

3F ]npR
01

1

)

]npR
81A2

3
]nhR

0 G
3]apR

1]bpR
2 . ~39!

No symmetry breaking results from field renormalization
any of the three implementations of symmetry breaking
all gp1p2P0 vertices; things are, of course, different
other sectors. This is easily understood in terms of the
derlying quark substructure for such a process in which ths
quark responsible for symmetry breaking cannot contribu
More precisely, this follows from the fact that all variants
the BKY symmetry breaking, leave invariant the combin
tion of p8 andh0 fields ~or of h andh8 fields! which cor-
responds to theuū1dd̄ field component. This is indeed
specific feature of all implementations of symmetry break
discussed here.

The anomalous Lagrangian for the decayP→gg, is
given by @12#

LggP52
Nce

2

16p2f P
«mnabFmnFab Tr@Q2P#. ~40!

In the original BKY scheme, as well as the new scheme,
find

L ggP
BKY,new52

Nce
2

48p2f P
«mnabFmnFab

3FpR
0

2
1

315cA

6A3~11cA!
pR

81
615cA

3A6~11cA!
sR

0 G ,

~41!
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using Eqs.~17!, while using Eqs.~23!, the BGP variant gives

L ggP
BGP52

Nce
2

48p2f P
«mnabFmnFab

3FpR
0

2
1

5A112cA22

6)A112cA

pR
81

5A112cA11

3A6A112cA

hR
0 G .

~42!

Therefore the BKY mechanism for U~3! breaking leads to
a new modification of the anomaly equations which leav
the usual box anomaly termsgp2p1(p0/h/h8) and the
couplingggp0 unchanged, while changing only slightly th
triangle anomaly equations forgg(h/h8) ~see below for nu-
merical estimates!. This is in contrast with Kisselev and
Petrov@21# who find a stronger breaking affecting both th
anomalous triangle and box couplings of pseudoscalar
sons, keeping them structurally unchanged. Leutwyler on
other hand predicts a deep change in the structure of
triangle anomaly matrix element@22#. Feldman and Kroll
@20# also break deeply the structure of the triangle anoma

Examining the full effect of the BKY symmetry breakin
schemes requires a refitting of all data on the box anomal
order to stay consistent with the HLS model and accura
test all its assumptions in the anomalous sector@5#. This
work, which goes far beyond the aim of this paper, is pr
ently under way@33#.

Equation~39! clearly shows that the change of fields r
quired by the BKY breaking mechanism does not exhaust
expected symmetry breaking effects as this would implyf 0
5 f 85 f p . Therefore higher order effects have to be a
counted for when using Eq.~39!; they can formally be de-
scribed by changing appropriately a factor off P to f p , f 8
and f 0 depending on the~renormalized! field it multiplies
(pR

0 , pR
8 , hR

0), while the two remaining powers off P have
to be changed tof p . Consistency then implies the corre
sponding changes in the relations for the triangle anom
couplings~41! and ~42!.

Then, the couplings occurring in theggP sector are to be
affected by weighting factors, relative to the unbroken ca
which result in

1

f p
→

1

f p
,

1

f 8
→

1.22

f 8
,

1

f 0
→

0.94

f 0
, BKY, new scheme

1

f p
→

1

f p
,

1

f 8
→

1.19

f 8
,

1

f 0
→

0.72

f 0
, BGP ~43!

usingcA50.49.
Using Eqs.~39! and ~41! @or ~42!#, one can easily write

down the matrix elements forgp1p2(p0/h/h8) and
gg(p0/h/h8) after introducing the physicalh andh8 fields
through@13,17,19,27#
6-7
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h[cosupR
82sin uhR

0 , h8[sin upR
81cosuhR

0 , ~44!

which leaves the pseudoscalar kinetic energy term with
canonical form~no h2h8 mixing is introduced! for each
variant of the BKY SU~3! breaking schemes. This breaks t
anomaly set of equations in an original way, i.e. the b
anomaly equations~involving gp1p2P0! are strictly un-
changed, while triangle anomaly couplings undergo mod
symmetry breaking effects under realistic conditions. This
indeed obtained by including thes quark symmetry breaking
while keeping theu andd degenerate. Of course, all anom
lous terms within the HLS approach@5#, undergo breaking
by this field renormalization.

The full physics consequences of this breaking mec
nism is under consideration@33#.

V. CONCLUSION

We have shown that a few variants of the SU~3! breaking
mechanism proposed by BKY@6#, allow one to maintain
current conservation~in the sense defined in the Introductio
namely that currents arestrictly conserved for massless pse
doscalar mesons! in all sectors of the broken HLS Lagrang
ian. The original BKY breaking scheme, once Hermitize
achieves this symmetry breaking with a single parame
sincecA5acV , but current conservation in the full isoscal
sector implies the unrealistic condition thata51, in contra-
diction with VMD (a52) and data (a52.4). It remains to
find places where possible departures from the usual assu
tion of the current conservation~as we defined it! can be
tested, and which arises only from symmetry breaking
fects in the HLS Lagrangian.

However, the new scheme we propose, as well as
BGP scheme, maintain this current conservation. T
mainly differ from each other by the mass relation amo
07400
ts

x

st
s

-

,
r,

p-

f-

e
y

g

vector mesons once symmetry breaking has occurred.
broken Lagrangians in both cases depend on two indep
dent breaking parameterscA andcV . Data frome1e2 anni-
hilations could allow one to fix them with a consideration
radiative decays of light mesons to check their consisten
and thus the relevance of the BKY symmetry breaki
mechanism. Moreover, some work is still needed in orde
see whether the mass relation for vector mesons~Gell-
Mann–Okubo versus Bando-Kugo-Yamawaki! has to be
considered conclusive.

We have also shown that the field ‘‘renormalization’’~or
transformation! following from the BKY symmetry breaking
mechanism modifies in a very mild way the anomalo
WZW Lagrangian terms. This contrasts with several oth
proposed mechanisms.

A full phenomenological study of this symmetry breakin
mechanism may allow us to answer the question of the
perimental relevance of the HLS Lagrangian. The pres
hint, relying on several studies, is optimistic.
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APPENDIX: LAGRANGIAN EXPRESSIONS

Here we present expressions for the full Lagrangians.
all Lagrangians, especially the SU~3! broken ones, expres
sions are given in terms of bare fields in the sense of
BKY @6# pseudoscalar field renormalization.

Defining (P]JP8[P]P82P8]P) the original~unbroken!
HLS Lagrangian can be expanded as follows:
LHLS5
2

3
ae2f P

2A21
a fP

2g2

2
~r21v21f2!1a fP

2g2~r1r21K* 1K* 21K̄* 0K* 0!

2ae fP
2gFr1

v

3
2
&

3
fG•A1

i

2
@agr1e~22a!A#•@p2 ]Jp1#

1
i

4
@ag~r1v2&f!12e~22a!A#•@K2 ]JK1#1

iag

4
@r2v1&f#•@K0]JK̄0#

1
iag

2&
r1@K2 ]JK01&p0]Jp2#1

iag

2&
r2@K̄0]JK11&p1 ]Jp0#

1
iag

4
K* 0@K̄0]Jp01&p1 ]JK21)p8]JK̄0#1

iag

4
K̄* 0@p0]JK01&K1 ]Jp21)K0]Jp8#

1
iag

4
K* 2@K1 ]Jp01&K0]Jp11)K1 ]Jp8#1

iag

4
K* 1@p0]JK21&p2 ]JK̄01)p8]JK2#. ~A1!

The BKY Lagrangian, SU~3! broken as prescribed in Ref.@6# is, after Hermitization,
6-8
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L BKY
Herm5~11cA!]K2]K11~11cA!]K0]K̄01]p1]p21~1/2!]p0]p0

1
1

2 S 11
4

3
cA1

2

3
cA

2 D ]p8]p81
1

2 S 11
2

3
cA1

1

3
cA

2 D ]h0]h02
&

3
cA~21cA!]h0]p8

1ae2f P
2A2F2

3
1

2cV

9
1

cV
2

9 G1ag2f P
2 ~r1r21~11cV!~K* 2K* 11K̄* 0K* 0!!

1
1

2
ag2f P

2 ~r02
1v21~11cV!2f2!2aeg f2AFr01

1

3
v2
&

3
~11cV!2f G

1
ie

3
A@~3~12a/2!1acV/21~3cA2cA

2 !/2!K2 ]JK11~acV1cA
2/2!K0]JK̄0#

1 ie~12a/2!Ap2 ]Jp11
ig

4
r0@~a~12cV!1cA!~K2 ]JK11K0]JK̄0!12ap2 ]Jp1#

1
ig

2&
r1@~a~12cV!1cA!K2 ]JK01&ap0]Jp2#2

ig

2&
r2@~a~12cV!1cA!K1 ]JK̄01&ap0]Jp1#

1
ig

4
v~a~12cV!1cA!@K2 ]JK12K0]JK̄0#2

ig

2&
f~a~11cV!1cA1cA

2 !@K2 ]JK12K0]JK̄0#

1
ig

4
K* 0@~a1cA!~K̄0]p02&K2]p1!2a~11cV!~p0]K̄02&p1]K2!#

2
ig

4
K̄* 0@~a1cA!~K0]p02&K1]p2!2a~11cV!~p0]K02&p2]K1!#

1
ig

4
K* 2@~a1cA!~K1]p01&K0]p1!2a~11cV!~p0]K11&p1]K0!#

2
ig

4
K* 1@~a1cA!~K2]p01&K̄0]p2!2a~11cV!~p0]K21&p2]K̄0!#1L int~K* ,K,p8,h0! ~A2!

where

L int~K* ,K,p8,h0!5 igK* 0F 1

4)
$~3a14cA2acV!p8]K̄02~3~a1cA!12~cA

22acV
2 !!K̄0]p8%

1
1

2A6
$~cA

22acV
2 !K̄0]h022~cA2acV!h0]K̄0%G

2 igK̄* 0F 1

4)
$~3a14cA2acV!p8]K02~3~a1cA!12~cA

22acV
2 !!K0]p8%

1
1

2A6
$~cA

22acV
2 !K0]h022~cA2acV!h0]K0%G

1 igK* 2F 1

4)
$~3~a1cA!12~cA

22acV
2 !!K1]p82~3a14cA2acV!p8]K1%

1
1

2A6
$2~cA2acV!h0]K12~cA

22acV
2 !K1]h0%G

2 igK* 1F 1

4)
$~3~a1cA!12~cA

22acV
2 !!K2]p82~3a14cA2acV!p8]K2%

1
1

2A6
$~2~cA2acV!h0]K22~cA

22acV
2 !!K2]h0%G . ~A3!

The HLS Lagrangian broken following the BGP prescription of Ref.@8# is given by
074006-9
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L BGP5
1

2 F ~]p0!21S 11
4cA

3 D ~]p8!21S 11
2cA

3 D ~]h0!22
4&cA

3
]p8]h0G

1~11cA!]K2]K11~11cA!]K0]K̄01]p1]p2

1
2ae2f P

2

3
~11cV/3!A22aeg fP

2AFr01
v

3
2~112cV!

&

3
fG

1 ieAF S 12
a

2
1cA2

acV

3 DK2 ]JK11
acV

3
K0]JK̄01S 12

a

2Dp2 ]Jp1G
1ag2f P

2 F1

2
~r02

1v21~112cV!f2!1r1r21~11cV!~K* 1K* 21K̄* 0K* 0!G
1

iag

4
@r0~K2 ]JK11K0]JK̄012p2 ]Jp1!1v~K2 ]JK12K0]JK̄0!#

1
iag

2&
@r1~K2 ]JK01&p0]Jp2!2r2~K1 ]JK̄01&p0]Jp1!#1

iag

2&
~112cV!f@K1 ]JK21K0]JK̄0#

1
iag~11cV!

4
K* 0@K̄0]Jp01&p1 ]JK21)p8]JK̄0#1

iag~11cV!

4
K̄* 0@p0]JK01&K1 ]Jp21)K0]Jp8#

1
iag~11cV!

4
K* 2@K1 ]Jp01&K0]Jp11)K1 ]Jp8#1

iag~11cV!

4
K* 1@p0]JK21&p2 ]JK̄01)p8]JK2#.

~A4!

The HLS Lagrangian broken as proposed following our new scheme, Eq.~24!, is given by

Lnew5~11cA!]K2]K11~11cA!]K0]K̄01]p1]p21~1/2!]p0]p0

1
1

2 F S 11
4

3
cA1

2

3
cA

2 D ]p8]p81S 11
2

3
cA1

1

3
cA

2 D ]h0]h0G2
A2cA

3
~21cA!]h0]p8

1ae2f P
2A2F2

3
1

2cV

9
1

cV
2

9 G2aeg fP
2AFr01

1

3
v2~11cV!2

&

3
fG

1 ieAF ~12a/21cA2acV~21cV!/6!K2 ]JK11
acV~21cV!

6
K0]JK̄01~12a/2!p2 ]Jp1G

1
1

2
a fP

2g2@r02
1v21~11cV!2f212r1r212~11cV!~K* 1K* 21K̄* 0K* 0!#

1
iag

4
@r0~K2 ]JK11K0]JK̄012p2 ]Jp1!1v~K2 ]JK12K0]JK̄0!#

1
iag

2&
@r1~K2 ]JK01&p0]Jp2!2r2~K1 ]JK̄01&p0]Jp1!#1

iag~11cV!2

2&
f@K1 ]JK21K0]JK̄0#

1
iag~11cV!

4
K* 0@K̄0]Jp01&p1 ]JK21)p8]JK̄0#1

iag~11cV!

4
K̄* 0@p0]JK01&K1 ]Jp21)K0]Jp8#

1
iag~11cV!

4
K* 2@K1 ]Jp01&K0]Jp11)K1 ]Jp8#1

iag~11cV!

4
K* 1@p0]JK21&p2 ]JK̄01)p8]JK2#.

~A5!
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