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Spontaneously broken color
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The vacuum of QCD is characterized by the Higgs mechanism. Color is ‘‘spontaneously broken’’ by a
quark-antiquark condensate in the octet representation. The massive gluons carry integer electric charges and
are identified with the vector mesons. The fermionic excitations consist of the low mass baryon octet and a
singlet. The interactions between these particles and the light pseudoscalar octet are largely determined by
chiral symmetry and a nonlinear local symmetry. A consistent phenomenological picture of strong interactions
at long distances arises from a simple effective action.
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I. INTRODUCTION

An understanding of the properties of the vacuum is
central goal in the description of strong interactions by qu
tum chromodynamics~QCD!. Recently, it has been propose
that the local color symmetry is broken spontaneously b
dynamical quark-antiquark condensate@1,2#. The Higgs
mechanism provides a mass for all gluons, thereby squee
the gauge fields between color charges into flux tubes.
separation of two color charges leads therefore to an incr
ing potential until the string breaks due to particle produ
tion. This results in a simple picture of confinement. T
Higgs mechanism also gives integer electric charge to
physical particles. Furthermore, the expectation value of
quark-antiquark color octet breaks the global chiral symm
try. As a consequence the fermions become massive an
spectrum contains light pions and kaons as pseudoGolds
bosons. In the limit of equal masses for the three light qua
the global vectorlike SU~3! symmetry of the ‘‘eightfold
way’’ remains unbroken and can be used for a classifica
of the particle spectrum. The nine quarks transform as
octet and a singlet. We identify the octet with the low ma
baryons—this is the quark-baryon duality. Similarly, t
eight gluons carry the quantum numbers of the light vec
mesonsr,K* , etc. The identification of massive gluons wi
the vector mesons is called gluon-meson duality.

Strictly speaking, local symmetries cannot be brok
spontaneously in the vacuum. This has led to the realiza
that the confinement and the Higgs description are not n
essarily associated with mutually exclusive phases. T
may only be different facets of one and the same phys
state@3#. We stress that this observation is not only of form
importance. For example, the high temperature phase tra
tion of electroweak interactions with a small Higgs sca
mass ends for a larger scalar mass in a critical end po
Beyond this end point the phase transition is replaced by
analytical crossover@4#. In this region—which is relevant fo
a realistic boson Higgs boson mass in the standard mode
Higgs and a confinement description can be used simu
neously. Our picture of the QCD vacuum resembles in m

*Email address: C.Wetterich@thphys.uni-heidelberg.de
0556-2821/2001/64~3!/036003~36!/$20.00 64 0360
a
-

a

ng
e
s-
-

ll
e
-

the
ne
s

n
n

s

r

n
n
c-
y

al
l
si-
r
t.
n

a
a-
y

aspects the ‘‘strongly coupled electroweak theory’’ at hi
temperature.1

For strong interactions, the complementarity between
Higgs and confinement descriptions of the vacuum has b
mainly discussed in toy models with additional fundamen
colored scalar fields@6#.2 In contrast, our approach concen
trates on standard QCD with the gauge coupling and
current quark masses as the only free parameters. Simi
to chiral symmetry breaking the relevant dynamical cond
sate is provided by a quark-antiquark pair. The main diff
ence to the usual treatment of chiral symmetry breaking
the assumption that both color singlet and octet compo
fields acquire a vacuum expectation value.

We propose that besides the effective running of
gauge coupling the main ingredient of low-momentum QC
consists of effective scalar fields representing qua
antiquark bound states. Once these composite operator
treated on the same footing as the quark and gluon fields
description of propagators and vertices in terms of an eff
tive action becomes again very simple. The long-sought d
description of long-distance strong interactions can be r
ized by the addition of fields for composites. This is ve
similar to the asymptotically free nonlinear sigma model
two dimensions where the addition of the composite ‘‘rad
excitation’’ provides for a simple dual description of the lo
momentum behavior@8#. We will call this particular version
of duality where a simple effective action for the low m
mentum degrees of freedom can be achieved by the add
of fields for composite operators by the German word3 ‘‘Ver-
vollständigung.’’

Spontaneous breaking of color has also been propose@9#
for situations with a very high baryon density, as perhaps
the interior of neutron stars. In this proposal a condensa
of diquark operators is responsible for color superconduc
ity and spontaneous breaking of baryon number. In parti
lar, the suggestion of color-flavor locking@10# offers analo-

1Without a direct connection to the standard model t
SU(2)-Yang-Mills theory with strong gauge coupling and fund
mental scalar has been first simulated on the lattice in@5#.

2See also Ref.@7# for early discussions of strong interactions wi
additional fundamental colored scalar fields.

3To be translated roughly as ‘‘completion.’’
©2001 The American Physical Society03-1
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CHRISTOF WETTERICH PHYSICAL REVIEW D64 036003
gies to our description of the vacuum, even though differ
physical situations are described~vacuum vs high density
state! and the pattern of spontaneous color-symmetry bre
ing is distinct ~quark-antiquark vs quark-quark condensa
conserved vs. broken baryon number!. This analogy may be
an important key for the understanding of possible ph
transitions to a high density phase of QCD.

After spontaneous color symmetry breaking by an oc
quark-antiquark condensate all quantum numbers of the
citations above the vacuum match with the observed sp
trum of low mass particles.~These quantum numbers includ
baryon number, strangeness, isospin and spin as well as
ity and C parity.! We have therefore little doubt that such
description of the QCD vacuum is, in principle, possible.
the present paper we investigate the more specific hypoth
of ‘‘scalar Vervollständigung.’’ This hypothesis states that th
effective action becomes simple once one adds to the q
and gluon fields the scalar fields with the quantum numb
of quark-antiquark pairs. More precisely, we assume tha
leading order only invariants with mass dimension smalle
equal to four have to be included, where the scalar fields
counted according to their canonical dimension. T
‘‘renormalizable4 effective action’’ is assumed to be valid fo
low momenta. It exhibits a number of new couplings whi
describe the scalar potential and the Yukawa couplings
tween scalars and quarks. In principle, these couplings
calculable in QCD as a function of the gauge coupling
LQCD. In this work we make no attempt of such a comp
tation. ~See Ref.@2# for first steps in this direction.! We
rather perform a phenomenological analysis treating the
couplings as free parameters. We concentrate on the lim
equal current quark masses. In addition to the explicit ch
symmetry breaking by the current quark mass seven effec
couplings are relevant for our discussion. Four of them
pear only in the mass formulas for the light baryon octet a
singlet and theh8 meson. The masses and interactions~in-
cluding interactions with baryons! of the pseudoscalar an
vector mesons carrying isospin or strangeness are gove
by only three effective parameters: the expectation value
the scalar octet (x0) and singlet (s0) and the effective gauge
coupling (g). We fix x0 ,s0 andg by the observed values o
the vector meson mass, the pseudoscalar decay constan
the electromagnetic decays of the vector mesons. ‘‘Pre
tions’’ for other quantities in this sector like the decay wid
for r→2p involve then no further free parameters. We w
argue that the hypothesis of scalar Vervollsta¨ndigung gives
indeed a satisfactory description for long-distance strong
teractions in leading order.

In Sec. II we describe our setting in more detail a
specify the transformation properties of the fields under
various symmetry transformations. In particular, the em
gence of an integer electric charge for the excitations ab
the vacuum~physical particles! is discussed in Sec. III. Sec
tion IV introduces a nonlinear description for the fields co

4Renormalizability is here no fundamental property since the
lidity of the effective action need not cover a large range of m
menta.
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responding to physical particles. This makes the complem
tarity between the ‘‘Higgs picture’’ and the ‘‘confinemen
picture’’ manifest. In the nonlinear description the local col
symmetry remains unbroken and all physical particles tra
form as color singlets. The remnant of the color symme
for the interactions of the physical particles is a nonline
local reparametrization symmetry. This is investigated
Sec. V. After a gauge fixing consistent with a simple realiz
tion of parity we arrive at the effective action for the nonli
ear ‘‘physical fields.’’ In Sec. VI we turn to the issue o
baryon numberB. We address the puzzle how quarks wi
B51/3 and baryons withB51 can be described by the sam
field. In the Higgs language this issue is obscured by the
that the gauge fixing is not compatible with the global tran
formation associated toB. A careful treatment reveals tha
baryons carry indeed three times the baryon number
quarks.

In Sec. VII we turn to the electromagnetic interactions f
the nonlinear physical fields. They are largely governed
the nonlinear local reparametrization symmetry. We reco
the well established concept of vector dominance as wel
successful relations between hadronic and electromagn
decays of ther meson. Some shortcomings of the sca
Vervollständigung concerning the physics of the vector m
sons are listed in Sec. VIII. Here we also propose an ex
sion to ‘‘scalar-vector Vervollsta¨ndigung’’ by adding fields
for quark-antiquark bilinears in the vector and axial-vec
channels. This completes the spectrum of light mesons by
ninth vector meson@the SU(3)-singlet# and the axial-vector
mesons. In Sec. IX we discuss the effective interactions
tween the pseudoscalar mesons which follow from the
pothesis of scalar Vervollsta¨ndigung. Their generic form is
determined by chiral symmetry and we compute some of
effective couplingsLi which appear in next-to-leading orde
in chiral perturbation theory. The agreement with observat
is very satisfactory. The weak interactions are introduced
Sec. X. There we show that theDI 51/2 rule for the hadronic
kaon decays arises naturally in our setting. In Sec. XI
discussion is extended to diquark fields which presuma
play an important role for QCD in a medium with hig
baryon density. This opens new perspectives on the qua
tive features of the QCD-phase diagram for large tempe
ture and chemical potential. The short Sec. XII sketches
inclusion of the heavy quarks charm, beauty and top in
approach. We finally present a summary and conclusion
Sec. XIII.

II. QUARK-ANTIQUARK CONDENSATES

A. Effective action

In this section we describe the effective action for lon
distance strong interactions according to the hypothesis
scalar Vervollsta¨ndigung. By definition the effective action
generates the one-particle-irreducible~1PI! correlation func-
tions and includes all quantum fluctuations. It therefore c
tains the direct information about the propagators and pro
vertices.

In addition to the quark and gluon fields we consider s
lar fields with the transformation properties of quar

-
-
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SPONTANEOUSLY BROKEN COLOR PHYSICAL REVIEW D64 036003
antiquark pairs. With respect to the color and chiral flav
rotations SU(3)C3SU(3)L3SU(3)R the three light left-
handed and right-handed quarkscL ,cR transform as~3,3,1!
and~3,1,3!, respectively. Quark-antiquark bilinears therefo
contain a color singletF(1,3̄,3) and a color octetx(8,3̄,3)

g i j 5x i j 1
1

A3
fd i j ,

f5
1

A3
g i i , x i i 50. ~2.1!

Here we use a matrix notation for the flavor indices and w
the color indicesi , j explicitly, e.g. x i j ,ab[x i j ,fab[f.
Then g i j contains 81 complex scalar fields. Similarly, th
quark fields are represented as three flavor vectorscai

[c i , c̄ ia[c̄ i . The infinitesimal SU(3)C3SU(3)L
3SU(3)R transformations are given by

~dcL! i5 icL, j~QC
T ! j i 1 iQLcL,i ,

~dcR! i5 icR, j~QC
T ! j i 1 iQRcR,i , ~2.2!

with

~QC! i j 5
1

2
uC

z ~x!~lz! i j , QL,R5
1

2
uL,R

z lz , ~2.3!

Here lz are the eight Gell-Mann matrices normalized a
cording to Tr(lylz)52dyz and QC is a scalar in flavor
space. Correspondingly, the scalar fieldsf andg i j transform
as

df5 iQRf2 ifQL ,

dx i j 5 iQRx i j 2 ix i j QL1 i ~QC! ikxk j2 ix ik~QC!k j .
~2.4!

As usual we represent the eightSU(3)C-gauge fields by

Ai j ,m5
1

2
Am

z ~lz! i j ,

~dA! i j ,m5 i ~QC! ikAk j ,m2 iAik,m~QC!k j1
1

g
]m~QC! i j .

~2.5!

We consider a very simple effective Lagrangian contain
only terms with dimension up to four5

5For our conventions for fermions see@11#.
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L5 iZcc̄ ig
m]mc i1gZcc̄ ig

mAi j ,mc j

1
1

2
Gi j

mnGji ,mn1Tr$~Dmg i j !
†Dmg i j %

1U~g!1Zcc̄ iF ~hfd i j 1h̃x i j !
11g5

2

2~hf†d i j 1h̃x j i
† !

12g5

2 Gc j . ~2.6!

Here Gi j ,mn5]mAi j ,n2]nAi j ,m2 igAik,mAk j ,n1 igAik,nAk j ,m
and the interaction between gluons andx arise from the co-
variant derivative

Dmg i j 5]mg i j 2 igAik,mgk j1 igg ikAk j ,m . ~2.7!

In our notation the transposition acts only on flavor indic
e.g., (g i j

† )ab5g i j ,ba* . The effective potential

U~g!5U0~x,f!2
1

2
n~detf1detf†!

2
1

2
n8@E~f,x!1E* ~f,x!#,

E~f,x!5
1

6
ea1a2a3

eb1b2b3
fa1b1

x i j ,a2b2
x j i ,a3b3

~2.8!

conserves axialU(1) symmetry except for the ’t Hooft term
@12# ;n,n8. For the purpose of this section the only info
mation we need fromU0 concerns the expectation valuess0
and x0 for the singlet and octet in the limit of equal qua
masses. The hypothesis of scalar Vervollsta¨ndigung states
that the leading behavior of low energy QCD can be direc
extracted from the propagators and vertices of the effec
action ~2.6!.

Finally, explicit chiral symmetry breaking is induced by
linear term@13#

Lj52
1

2
Zf

21/2Tr~ j †f1f† j !,

j 5 j †5aqm̄5aq diag~m̄u ,m̄d ,m̄s!, ~2.9!

with m̄q the current quark masses normalized at some ap
priate scale, saym52 GeV. We note that the quark wav
function renormalizationZc can be absorbed by a rescalin
of c. We keep it here in order to discuss later a possi
simple bridge between our picture and the nonrelativis
quark model.

Besides the explicit chiral symmetry breaking in Eq.~2.9!
the model contains the seven real parametersg,h,h̃,s0 ,x0 ,n
3-3
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CHRISTOF WETTERICH PHYSICAL REVIEW D64 036003
andn8. In fact, the effective action~2.6! is the most general6

one which contains only ‘‘renormalizable’’ interactions an
is consistent withSU(3)C3SU(3)L3SU(3)R symmetry, as
well as with the discrete transformations parity and cha
conjugation (c is the charge conjugation matrix!

P: cL→2cR , cR→cL , Ai j ,m→Ai j ,m ,

f→f†, x i j ,ab→x j i ,ba* ,

C: cL→cc̄R , cR→2cc̄L , Ai j ,m→2Aji ,m ,

f→fT, x i j ,ab→x j i ,ba . ~2.10!

We will show that the masses and interactions of the ligh
octets of baryons as well as pseudoscalar and vector me
are well described by the effective actions~2.6!, ~2.9!. A few
shortcomings in the vector meson sector and a sketch
possible extension are discussed in Sec. VIII.

Actually, there is no reason why only interactions b
tween scalar and pseudoscalar quark-antiquark bilin
should be present as in Eq.~2.6!. Effective four-quark inter-
actions~1PI! in the vector or axial-vector channel are ce
tainly induced by fluctuations, and we will discuss them
Appendix A. There is also no need that the effective act
has to be of the ‘‘renormalizable form’’~2.6!. In fact, we
have at present no strong argument why higher-order op
tors have to be small. In the spirit that a useful dual desc
tion should not be too complicated, we simply investigate
this paper to what extent the hypothesis of scalar Verv
ständigung~2.6! is compatible with observation. If succes
ful, the neglected subleading terms may be considered
for increased quantitative accuracy. Furthermore, we kn
that QCD contains higher resonances such as theD or the
axial-vector mesons. They are not described by the effec
action ~2.6!. One may include them by the introduction
additional fields for bound states~see Appendix A!. This is,
however, not the purpose of the present paper. We only m
tion here that ‘‘integrating out’’ the missing resonances w
lowest mass presumably gives the leading contribution to
neglected higher-order operators. Those will typically co
tain ‘‘nonlocal behavior’’ in the momentum range charact
istic for the resonances.

B. Connection to perturbative QCD

In a renormalization group framework the parameters
pearing in Eq.~2.6! can be considered as running coupli
constants. For instance, we may associateGk5*d4xL with
the effective average action@14# which exhibits an infrared
cutoff k. Then only quantum fluctuations with momen
larger thank are included. The vacuum properties and t

6The only exception is the omission of a possibleU(1)A-violating
term cubic inx which is not present in the ’t Hooft interaction@12#
and also not generated by one-loop fluctuations.
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physical particle spectrum should be extracted fork50. For
short-distance scattering processes, however, one may
count for the momentum dependence of the vertices by u
for k an appropriate momentum scale. Our description sho
coincide with perturbative QCD for large enoughk.

Let us look first at the range of validity of perturbativ
QCD. For large k ~say k>2 GeV! we expand U0

5mf
2 Tr f†f1mx

2 Tr x i j
† x i j 1••• and assume that bothmf

2

and mx
2 are large and positive. Then the additional sca

excitations will effectively decouple. They can be eliminat
by solving the scalar field equations in terms ofc,c̄ andA
and reinserting this solution into the effective action. Forc

5c̄50,Am50 the expectation valuêx& vanishes. On the
other hand, one findŝf&5 1

2 mf
22ZF

21/2j and therefore effec-
tive quark masses

m̄q5
1

2
hmF

22ZF
21/2j q . ~2.11!

This is the only relevant coupling induced by the addition
degrees of freedom and exactly what is needed for pertu
tive QCD. We have explicitly checked that in leading ord
the running of the quark masses only arises from gluon d
grams. ~The sourcesj are constant and the effects of th
running scalar wave function renormalizationZF drop out.!
Comparing with Eq.~2.9! we find for k5m52 GeV the
relation

aq~m!52mf
2 ~m!Zf

1/2~m!h21~m!. ~2.12!

For Am50 the exchange off and x produces a correction
DL

DL5h2S c̄ ia

12g5

2
cbiD ~mf

2 2]m]m!21S c̄ jb

11g5

2
ca j D

1h̃2H S c̄a j

12g5

2
cbiD ~mx

22]m]m!21S c̄bi

11g5

2
ca j D

2
1

3 S c̄ ia

12g5

2
cbiD ~mx

22]m]m!21S c̄ jb

11g5

2
ca j D J .

~2.13!

This corresponds to a one-particle irreducible effective fo
quark interaction which can be computed perturbatively
evaluating the relevant box diagrams with two internal glu
and quark lines. One finds

h2~k!

mf
2 ~k!

5
23l 3

4

144p2

g4~k!

k2
,

h̃~k!

mx
2~k!

5
13l 3

4

384p2

g4~k!

k2
,

~2.14!

with l 3
4 a constant of order one which depends on the pre

choice of the infrared cutoffk. We emphasize the composit
character of the scalar fields which implies that t
k-dependence ofmf2 or h is essentially determined by th
3-4
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SPONTANEOUSLY BROKEN COLOR PHYSICAL REVIEW D64 036003
QCD-box diagrams ifk is large. Since the sourcej is inde-
pendent of the renormalization scalem, one infers from Eqs.
~2.9!, ~2.12!, and ~2.14! that thek-dependence ofZf obeys
for the perturbative range

Zf
1/2~k!h~k!;

g4~k!

k2m̄q~k!
. ~2.15!

A small value of the scalar wave function renormalizati
Zf for largek is consistent with a composite scalar field.

From the exchange ofx we also obtain forAmÞ0 higher-
order gluon interactions by expanding2Tr ln(mx

22D2@A#)
with D2 the covariant Laplacian. All these corrections a
nonrenormalizable interactions which are ‘‘irrelevant’’ b
standard universality arguments. This means precisely
they are computable within the range of validity of perturb
tion theory. In fact, the scalar fields inGk may be viewed as
a shorthand for the presence of these nonrenormaliz
quark and gluon interactions in the effective action.

Because of the presence of quark fluctuations the m
terms mF

2 and mx
2 decrease ask is lowered. Perturbation

theory typically breaks down oncemF
2 or mx

2 are of the same
size as k2. Furthermore, the relative importance of th
anomaly terms increases. These cubic interactions ten
destabilize the minimum of the potential atf5x50 ~for j
50). It is our central postulate that in the nonperturbat
region of smallk the minimum of the effective potentialU is
located at nonzero expectation values7 for both ^f& and^x&
even for j 50. A first dynamical analysis based on a me
field approximation indeed suggests@2# that this postulate is
reasonable.

C. Spontaneous symmetry breaking

For small enough and equal quark masses the usual c
singlet chiral quark condensate^q̄q& can be related to the
expectation value off

^fab&5s0dab , ~2.16!

by saturating the expectation value of the explicit chiral sy
metry breaking term. FromLj5(qm̄q(m)^q̄q&(m) and Eqs.
~2.9!, ~2.11! one finds

^q̄q&~m!52Zf
21/2~0! j qs0m̄q~m!21

52
2mf

2 ~m!

h~m! S Zf~m!

Zf~0! D
1/2

s0 . ~2.17!

The expectation value~2.16! breaks chiral symmetry. It pre
serves a vectorlike flavor symmetrySU(3)V̂ with transfor-
mations given byuL

z5uR
z and color symmetry.

7The SU(3)C color breaking by nonzerôx& occurs only in a
gauge-fixed version, whereas an explicitly gauge-invariant form
tion is used below.
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We suggest that the essential features of confinemen
described by nonzerôx&. For equal quark masses we pr
pose

^x i j ,ab&5
1

A24
x0l j i

z lab
z 5

1

A6
x0S d iad jb2

1

3
d i j dabD ,

~2.18!

with real x0.0. This expectation value is invariant und
vectorlike SU(3)V transformations by which identical lef
and right flavor rotations and transposed color rotations
performed with opposite angles. More explicitly, they a
given by uL

z5uR
z 5e (z)uC

z [uV
z with e (z)521 for z

51,3,4,6,8 and e (z)51 for z52,5,7. The
SU(3)V-transformation properties of the various fields fo
low by inserting in Eqs.~2.2!, ~2.4! and ~2.5! QL5QR5
2(QC)T[QV

dVcai5 i ~QV!abcbi2 ica j~QV! j i ,

dVAi j ,m
T 5 i ~QV! ikAk j ,m

T 2 iAik,m
T ~QV!k j ,

dVFab5 i ~QV!acfcb2 iFac~QV!cb ,

dVx i j ,ab5 i ~QV!acx i j ,cb2 ix i j ,ac~QV!cb

2 i ~QV!kixk j ,ab1 ix ik,ab~QV! jk . ~2.19!

The invariance of the expectation valuedV^x i j ,ab&50 is eas-
ily checked. With respect to the transposed color rotatio
the quarks behave as antitriplets. In consequence, unde
combined transformation they transform as an octet plu
singlet, with all quantum numbers identical to the bary
octet or singlet. This is most obvious if we also use a ma
notation for the fermionsc[cai such thatdVc5 i @QV ,c#.
In particular, the electric charges, as given by the gener
Q5 1

2 l31(1/2A3)l8 of SU(3)V , are integer. We therefore
identify the quark field with the lowest baryon octet an
singlet—this is quark-baryon duality. Similarly, the gluon
transform as an octet of vector mesons, again with the s
dard charges for ther,K* and v/f mesons. We therefore
describe these vector mesons by the gluon field—this
gluon-meson duality.

Due to the Higgs mechanism all gluons acquire a ma
For equal quark masses conservedSU(3)V symmetry im-
plies that all masses are equal. They should be identified w
the average mass of the vector meson multipletM̄ r

2

5 2
3 MK*

2
1 1

3 M r
25(850MeV)2. One finds

M̄ r5gx05850 MeV. ~2.20!

The breaking of chiral symmetry bys0 andx0 also induces
masses for the baryon octet and singlet. Forx0Þ0 the sin-
glet mass is larger than the octet mass~see below!.

We note that gluon-meson duality is a necessary con
quence of the Higgs picture of QCD. It persists if addition
-
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vector-meson fields are introduced as color singlet qua
antiquark composite fields. There will simply be a mixin
between the ‘‘gluons’’ and the ‘‘composite vector fields’’~see
Sec. VIII!. On the other hand, quark baryon duality strong
depends on the proper assignment of the baryon number
will discuss this issue in detail in Sec. VI.

III. INTEGER ELECTRIC CHARGES

In order to get familiar with the Higgs picture of QCD,
seems useful to understand in more detail the conseque
of spontaneous color symmetry breaking for the electrom
netic interactions of hadrons. We start by adding to the
fective Lagrangian~2.6! a coupling to aU(1)-gauge fieldB̃m
by making derivatives covariant

Dmc5~]m2 i ẽQ̃B̃m!c,

Dmg i j 5]mg i j 2 i ẽ@Q̃,g i j #B̃m2•••, ~3.1!

with Q̃5 1
2 l31(1/2A3)l85diag(2

3 ,2 1
3 ,2 1

3 ) acting on the
flavor indices. Furthermore we supplement the Maxwell te

LB̃5
1

4
B̃mnB̃mn , B̃mn5]mB̃n2]nB̃m . ~3.2!

Whereas the quarks carry fractionalQ̃, the Abelian charges
of the scalars are integer. In particular, the expectation va

^f& is neutral,@Q̃,^f&#50, whereas some components
^x i j ,ab& carry charge, namely fork52,3

@Q̃,^x1k,1k&#5^x1k,1k&,

@Q̃,^xk1,k1&#52^xk1,k1&. ~3.3!

The expectation value~2.18! therefore also breaks the loc
U(1) symmetry associated withQ̃. The Abelian color charge
(QC) i j 5

1
2 (l3) i j 1(1/2A3)(l8) i j of these fields is, however

equal toQ̃. In consequence, a local Abelian symmetry w
generatorQ̃2QC remains unbroken

Q̃ac^x i j ,cb&2^x i j ,ac&Q̃cb2~QC! i l ^x l j ,ab&1^x i l ,ab&~QC! l j

50. ~3.4!

The corresponding gauge field corresponds to the photo
The situation encountered here is completely analogou

the Higgs mechanism in electroweak symmetry breaki
The mixing between the hypercharge boson and theW3 bo-
son in the electroweak theory appears here as a mixing
tweenB̃m and a particular gluon fieldG̃m which corresponds
to Ai j ,m5(A3/2)(QC) i j G̃m . Let us restrict the discussion t
the gauge bosonsB̃m andG̃m . Then the covariant derivative
for fields with a fixed value ofQ̃ andQC is given by
03600
k-

e

ces
g-
f-

e

to
.

e-

Dm5]m2 i ẽB̃mQ̃2 i g̃G̃mQC , ~3.5!

with g̃5(A3/2)g. Because of the ‘‘charged’’ expectatio
values~3.3! a linear combination ofB̃m andG̃m gets massive,
as can be seen from the quadratic Lagrangian

L em
(2)5

1

4
B̃mnB̃mn1

1

4
G̃mnG̃mn

1
2

3
x0

2~ g̃G̃m1ẽB̃m!~ g̃G̃m1ẽB̃m!. ~3.6!

The massive neutral vector mesonRm and the massless pho
ton Bm are related toG̃m and B̃m by a mixing angle

Rm5 cosuemG̃m1 sinuemB̃m ,

Bm5 cosuemB̃m2 sinuemG̃m ,

tguem5
ẽ

g̃
, ~3.7!

and we note that the mass of the neutral vector meso
somewhat enhanced by the mixing

MV0
5gx0 /cosuem. ~3.8!

The mixing is, however, tiny for the large valueās5g2/4p
'3 that we will find below. In terms of the mass eigensta
the covariant derivative~3.5! reads now

Dm5]m2 ieQBm2 i g̃ cosuem~QC1tg2uemQ̃!Rm
~3.9!

and we observe the universal electromagnetic coupling

e5ẽ cosuem ~3.10!

of all particles with electric chargeQ5Q̃2QC . This cou-
pling is exactly the same for the colored quarks and the c
orless leptons as it should be for the neutrality of atoms.
an illustration we show the chargesQC ,Q̃ andQ for the nine
light quarks in Table I.

We note the difference between the couplingẽ which
would be computed in a grand unified theory and the t
electromagnetic couplinge. They are related by

1

ẽ2
5

1

e2
2

4

3g2
. ~3.11!

For g56 the relative correction is only of the order of 1023.
3-6
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IV. NONLINEAR MESON INTERACTIONS

The interactions of the light mesons are most easily
scribed in an equivalent gauge-invariant picture, using n
linear fields.8 For the ‘‘Goldstone directions’’ we introduc
unitary matricesWL ,WR ,v and define

cL5Zc
21/2WLNLv, cR5Zc

21/2WRNRv,

c̄L5Zc
21/2v†N̄LWL

† , c̄R5Zc
21/2v†N̄RWR

† ,

Am52vTVm
Tv* 2

i

g
]mvTv* , U5WRWL

† ,

f5WRSWL
† , x i j ,ab5~WR!acv ik

T Xkl,cdv l j* ~WL
†!db .

~4.1!

Here we have again extended the matrix notation to the c
indices with the quark-baryon nonet represented by a c
plex 333 matrix c[cai ,c̄[c̄ ia . The decomposition off
is such thatS is a Hermitian matrix. The restrictions onX,
which are necessary to avoid double counting, play no rol
the present work. Exceptv all nonlinear fields are color sin
glets. The fieldv† transforms as a color antitriplet similar t
a quark-quark pair or diquark. In consequence, the bary
N;cv† transform as a color singlet. More precisely, t
SU(3)C3SU(3)L3SU(3)R transformations of the nonlin
ear fields are given by

dWL5 iQLWL2 iWLQP , dWR5 iQRWR2 iWRQP ,

dv5 iQPv1 ivQC
T , dU5 iQRU2 iUQL ,

dNL5 i @QP ,NL#, dNR5 i @QP ,NR#,

8On the level of the effective action the quantum fluctuations
already included. Therefore Jacobians for nonlinear field trans
mations play no role. All ‘‘coordinate choices’’ in the space
fields are equivalent.

TABLE I. Abelian charges of quarks and association with ba
ons. The baryon singlet is denoted byS0.

Q̃ Qc Q

u1 2/3 2/3 0 S0,L0,S0

u2 2/3 21/3 1 S1

u3 2/3 21/3 1 p
d1 21/3 2/3 21 S2

d2 21/3 21/3 0 S0,L0,S0

d3 21/3 21/3 0 n
s1 21/3 2/3 21 J2

s2 21/3 21/3 0 J0

s3 21/3 21/3 0 L0,S0
03600
-
-

or
-

in

ns

dVm5 i @QP ,Vm#1
1

g
]mQP ,

dS5 i @QP ,S#,

~dX! i j ,ab5 i ~QP!acXi j ,cb2 iXi j ,ac~QP!cb2 i ~QP
T! ikXk j ,ab

1 iXik,ab~QP
T!k j . ~4.2!

We observe the appearance of a new local symm
U(3)P5SU(3)P3U(1)P under which the nucleonsN and
the vector meson fieldsVm transform as octets and singlet

QP5
1

2
@uP

z ~x!lz1uP
0 ~x!l0#,l0[

2

A6
. ~4.3!

This symmetry acts only on the nonlinear fields where
c,Am ,f and x are invariant. It reflects the possibility o
local reparametrizations of the nonlinear fields. It will pla
the role of the hidden gauge symmetry underlying vec
dominance. Furthermore, there is an additional local Abe
symmetryU(1)N @not shown in Eq.~4.2!#

v→e2 ia(x)v, N→eia(x)N, Vm→Vm2
1

g
]ma~x!

~4.4!

and a global symmetry~with charge denoted byBV)

c→ei (g/3)c, WL,R→ei (g/3)WL,R . ~4.5!

For the present investigation we omit the scalar excitati
except for the ‘‘Goldstone directions’’ contained i
WL ,WR ,v. We can therefore replaceXkl,ab by the expecta-
tion value~2.18! and usê S&5s0 such that

F5s0U,

x i j ,ab5
1

A6
x0H ~WRv !ai~v†WL

†! jb2
1

3
Uabd i j J . ~4.6!

In terms of the nonlinear field coordinates the Lagrang
~2.6! reads

e
r-

-

3-7
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L5Tr$ iN̄gm~]m1 ivm2 ig5am!N2gN̄gmNVm%1
1

2
Tr$VmnVmn%1g2x0

2 Tr$ṼmṼm%1S 2

9
n8x0

2s02ns0
3D cosu

1S hs02
h̃

3A6
x0D Tr$N̄g5N%1

h̃

A6
Tr N̄g5 Tr N1S s0

21
7

36
x0

2DTr$]mU†]mU%

1
1

12
x0

2]mu]mu1x0
2 Tr$ṽmṽm%12gx0

2 Tr$Ṽmṽm%, ~4.7!
-
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of
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e-
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vm52
i

2
~WL

†]mWL1WR
†]mWR!,

am5
i

2
~WL

†]mWL2WR
†]mWR!52

i

2
WR

†]mUWL ,

Tr vm52
i

2
]m~ ln detWL1 ln detWR!,

Tr am52
i

2
Tr U†]mU52

1

2
]mu,

Vmn5]mVn2]nVm2 ig@Vm ,Vn#

5]mṼn2]nṼm2 ig@Ṽm ,Ṽn#,

Ṽm5Vm2
1

3
Tr Vm , ṽm5vm2

1

3
Tr vm . ~4.8!

As it should be,L does not depend onv and is therefore
invariant underSU(3)C transformations. For a check of lo
cal U(3)P invariance we note

dvm5 i @QP ,vm#2]mQP , dam5 i @QP ,am#, ~4.9!

such thatvm transforms the same as2gVm and vm1gVm
transforms homogeneously. One observes that the mass
for Ṽm appears in the U(3)P-invariant combination
x0

2 Tr$( ṽm1gṼm)( ṽm1gṼm)%. The nonlinear fieldU only
appears in derivative terms except for the phaseu associated
to the h8 meson. We associateU in the standard way with
the pseudoscalar octet of Goldstone bosonsPz

U5 expS 2
i

3
u DexpS i

Pzlz

f D5 expS 2
i

3
u D Ũ,

~4.10!

where the decay constantf will be specified below.
03600
rm

From Eq.~4.7! one can directly read the average mass
the baryon octet and singlet9

M85hs02
h̃

3A6
x051.15 GeV,

M15hs01
8

3

h̃

A6
x051.6~1.8! GeV. ~4.11!

The singlet-octet mass splitting is proportional to the oc
condensatex0

M12M85
3

A6
h̃x05450~650! MeV. ~4.12!

With Eq. ~2.20! this determines the ratio

h̃

g
50.43~0.62!. ~4.13!

Similarly, one finds

hs05
1

9
~8M81M1!51.2~1.22! GeV. ~4.14!

V. LOCAL REPARAMETRIZATION SYMMETRY

Before extracting the couplings between the physical m
sons and the baryons we have to understand the role o
local reparametrization transformationsU(3)P5SU(3)P
3U(1)P . First of all, we note that Trvm can be eliminated
by U(1)P-gauge transformations and is therefore a p
gauge degree of freedom. Similarly, TrVm5
2( i /g)]mln detv is the gauge degree of freedom corr
sponding toU(1)N transformations. This explains why Trvm
and TrVm only appear in the term bilinear in the nucleo
fields. The vector fieldsṼm are the gauge bosons ofSU(3)P .
The nucleons transform as an octet and a singlet un
SU(3)P and the same holds for the bilinearam . The fields

9The lowest state with the appropriate quantum numbers for
singlet isL~1600!. Since we expect a very broad decay width of t
singlet this assignment is very uncertain and we add in bracke
somewhat higher value.
3-8
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SPONTANEOUSLY BROKEN COLOR PHYSICAL REVIEW D64 036003
contained inWL ,WR are antitriplets andU is a singlet.
In a gauge-fixed version the vacuum corresponds toWL

5WR5v51. The remaining global symmetry10 SU(3)Ṽ is a
linear combination of SU(3)L ,SU(3)R ,SU(3)C and
SU(3)P given by transformations obeying

Q Ṽ5QL5QR52~QC!T5QV5QP . ~5.1!

With respect toSU(3)Ṽ the nonlinear fields and bilinear
WL ,WR ,v,U,N,Vm ,am ,vm transform all as octets or sin
glets. On the level of the nonlinear fields the globalSU(3)Ṽ
symmetry plays the same role asSU(3)V for the linear
fields. One may identifySU(3)V andSU(3)Ṽ by specifying
the SU(3)V transformations of the nonlinear fields by th
choiceQP5QV .

For a discussion of the mesons we have to eliminate
redundance of the localU(3)P transformations. We first ar
gue that the appropriate choice of a gauge fixing requ
some care. As an example, one may explore the poss
gauge fixing WR5v51. Then U5WL

† ,vm52am5
2( i /2)U]mU†5( i /2)]mUU† would yield

7

36
Tr$]mU†]mU%1

1

12
]mu]mu1Tr$ṽmṽm%

5
4

9
Tr$]mU†]mU%, ~5.2!

2Tr$Ṽmṽm%52 iTr$U]mU†Vm%. ~5.3!

This is the language used11 in Ref @1#. If one would associate
the physical pions withPz , one would obtain for the deca

constantf 52As0
214x0

2/9. We note, however, that in thi
language the vector bilinearvm has a contribution linear in
the pion fields, vm52(1/2f )lz]mPz1]mu/61•••. The
term ~5.3! leads therefore to a field mixing in quadratic ord
;]mPzVm

z . We conclude that the propagators forPz andVm
z

are not in standard diagonal form in this gauge. The co
sponding fields can therefore not be associated with phys
particles in this language. This point was overlooked in R
@1#.

On the other hand, the gauge choice

WL
†5WR5j, v51 ~5.4!

implies

U5j2, vm52
i

2
~j†]mj1j]mj†!,

am52
i

2
~j†]mj2j]mj†!52

i

2
j†]mUj†,

10The Abelian part of the symmetry will be discussed in detail
Sec. VI.

11The field Vm in Ref. @1# corresponds to2Vm
T in the present

notation.
03600
e

s
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-
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Tr vm50, Tr Vm50,

f5s0U, j i j ,ab5
1

A6
x0S jaij jb2

1

3
Uabd i j D ,

~Dmx! i j ,ab5
1

A6
x0 • F]mS jaij jb2

1

3
Uabd i j D

1 ig@~jṼm!aij jb2jai~Ṽmj! jb#G . ~5.5!

This gauge is singled out by the fact thatvm contains no term
linear in Pz or u

vm5 ṽm52
i

2 f 2
@P,]mP#52

i

8 f 2
@ly ,lz#P

y]mPz1•••,

~5.6!

where we have chosen the parametrization

j5 j̃ expS 2
i

6
u D , detj̃51,

j̃5 expS i

2 f
PzlzD5 expS i

f
P D , ~5.7!

As for any gauge wherevm contains no term linear inP or
u, the term;TrṽmṼm contains only interactions and doe
not affect the propagators. We can therefore associatePz

with the physical pions. Also the term Trṽmṽm involves at
least four meson fields and is irrelevant for the propagato
the pseudoscalar mesons.

The bilinearam reads in the gauge~5.4!

am5
1

2 f
lz]mPz2

1

6
]mu1O~P3, . . . !. ~5.8!

The effective action~4.7! contains therefore a cubic couplin
between two baryons and a pion. As it should be for pse
Goldstone bosons, this is a derivative coupling. Actually,
advantage of the gauge~5.4! can also be understood from th
point of view of the discrete symmetriesP andC. A simple
realization of the discrete transformations on the level
nonlinear fields is12

P: NL→2NR , NR→NL ,

WL→WR , WR→WL ,v→v, U→U†, j→j†,

vm→vm , am→2am , Vm→Vm ,

C: NL→cN̄R
T , NR→2cN̄L

T , WL→WR* ,

12Note that in our matrix notationC acts ascL→cc̄R
T ,cR→

2cc̄L
T .
3-9
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CHRISTOF WETTERICH PHYSICAL REVIEW D64 036003
WR→WL* , v→v* , U→UT, j→jT,

vm→2vm
T , am→am

T , Vm→2Vm
T . ~5.9!

The gauge condition~5.4! can also be written asWLWR
5WRWL51 and is manifestly invariant underP andC. The
coupling TrN̄gmg5amN is a standard coupling of baryons
the axial vector current. In contrast, the gaugeWR51 is not
compatible with the transformation~5.9!. ~For this gauge
there exists an alternative realization ofP andC on the level
of nonlinear fields. Under these modifiedP and C transfor-
mationsam andvm do not transform, however, as axial ve
tors and vectors, respectively. This can be seen from
identificationvm52am in this gauge.! Having found an ap-
propriate gauge fixing for the reparametrization symme
we may now directly proceed to the analysis of the phys
content of the effective action~4.7!.

The kinetic term for the pseudoscalar mesons can be
ferred from

L kin
(P)5S s0

21
7

36
x0

2DTr$]mU†]mU%1
1

12
x0

2]mu]mu

5
2

f 2 S s0
21

7

36
x0

2D ]mPz]mPz1
1

3 S s0
21

4

9
x0

2D ]mu]mu.

~5.10!

Its standard normalization fixes a combination ofs0 andx0
in terms of the pseudoscalar decay constantf which corre-
sponds to an average in the octet@15# f 5 2

3 f K1 1
3 f p5106

MeV. For an optimal quantitative estimate of the expectat
valuess0 ,x0 the partial Higgs effect should be included. A
we show in Appendix A, the mixing between the pseudos
lars contained inU(; i c̄c) and those in the divergence o
the axial-vector current@;]m(c̄gmg5c)# introduces an ad-
ditional negative contribution~partial Higgs effects!

DL kin
(P)52

D f
2

4
Tr$]mŨ†]mŨ%2Du

2]mu]mu. ~5.11!

One infers a standard renormalization of the kinetic term

f 254s0
21

7

9
x0

22D f
25k f

2S 4s0
21

7

9
x2D , ~5.12!

with

k f5F12
D f

2

4 S s0
21

7

36
x0

2D 21G1/2

5S 11
D f

2

f 2 D 21/2

<1.

~5.13!

The deviation ofk f from one is one of the most importan
effects of effective interactions not included in Eq.~2.6!. The
effective interactions responsible forD f

2 also induce
SU(3)-violating contributions to the pseudoscalar wa
03600
e

,
l

n-

n

-

r

function renormalizations related to the strange qu
mass.13 This has led to a phenomenological estimate@15#

D f
2'0.45f 2, k f'0.83. ~5.14!

The pseudoscalar decay constants provide now for a qu
tative estimate of the expectation valuess0 andx0:

f 052As0
21

7

36
x0

2

5 f /k f5S 2

3
f K1

1

3
f pD Y k f5128 MeV. ~5.15!

In the approximation~2.6! of scalar Vervollsta¨ndigung one
should use the leading order relationf 5 f 0, keeping in mind
that nonleading effects lowerf to its physical value.

We may also use this relation for a first estimate of t
effective gauge couplingg. Let us denote the relative size o
the octet and singlet contributions to the squared meson
cay constant by

x5
7

36

x0
2

s0
2

, s05
f 0

2A11x
. ~5.16!

The combination of the relations~2.20! and ~5.15! yields a
bound for the effective gauge couplingg. From

g5
A7

3 S 11x

x D 1/2M̄ r

f 0
55.9S 11x

x D 1/2

~5.17!

one infersg.5.9. If the octet condensate dominates~large
x) the effective gauge coupling isg'6.

The last field which needs a proper normalization is
h8 meson. Including the partial Higgs effect~5.11!, the ki-
netic term for the pseudoscalar singlet has the standard
malization for

h85F2

3 S s0
21

4

9
x0

2D22Du
2G1/2

u5A2

3S s0
21

4

9
x0

2D 1/2

kuu.

~5.18!

@In the leading approximation~2.6! one should, of course
useku51.# Inserting Eq.~5.18! into Eq.~4.7! and expanding
cosu in second order inu one finds the mass of theh8
meson

Mh8
2

5S 3

2
ns0

22
1

3
n8x0

2D S s0
21

4

9
x0

2D 21

ku
22s0

5
3 f 0

4ku
2A11x

~7n28xn8!

~7116x!
. ~5.19!

Its interactions can be extracted by inserting

13In the notation of Ref.@15# one hasD f
2/ f 252Xf

2s̄0
2Zm

21 .
3-10
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u5
A6

ku f 0 S 11x

11
16

7
xD 1/2

h85
1

Hh8

h8. ~5.20!

In the gauge~5.4! the nonlinear Lagrangian~4.7! can now
be written in terms of the normalized physical fiel
N,Ṽm ,P andh8 as

L5LN1LU1LV , ~5.21!

with

LN5 i TrH N̄8gmS ]m2 ig5ãm1
i

6Hh8

g5]mh8D N8J
1M8Tr$N̄8g5N8%1 iN̄1gmS ]m1

i

6Hh8

g5]mh8D N1

1M1N̄1g5N11
1

A3
Tr$N̄8gmg5ãm%N1

1
1

A3
N̄1gmg5 Tr$ãmN8%. ~5.22!

Here we use the octet and singlet fields

N15
1

A3
N, N85N2

1

3
Tr N5N2

1

A3
N1,

Tr N850,

ãm5am2
1

3
Tr am5

1

2 f
lz]mPz1O~P3!, Tr ãm50,

am5ãm2
1

6
]mu5ãm2

1

6Hh8

h8. ~5.23!

For the mesonic part one has

LU5
f 2

4
Tr$]mŨ†]mŨ%1

1

2
]mh8]mh8

2Mh8
2 Hh8

2 cos~h8/Hh8!, ~5.24!

with

Ũ5 j̃25 expS i
Pzlz

f D , detŨ51 ~5.25!

and
03600
LV5
1

2
Tr$ṼmnṼmn%1M̄ r

2 Tr$ṼmṼm%1
2

g
M̄ r

2 Tr$Ṽmṽm%

1
1

g2
M̄ r

2 Tr$ṽmṽm%2g Tr$N̄8gmN8Ṽm%

2
g

A3
~Tr$N̄8Ṽm%gmN11N̄1gm Tr$ṼmN8%!

2Tr$N̄8gmṽmN8%2
1

A3
~Tr$N̄8ṽm%gmN1

1N̄1gm Tr$ṽmN8%!. ~5.26!

In the effective action~5.21! we have replaced the free pa
rameters byM8 ,M1 , M̄ r ,Mh8 , f and g. We note that the
number of parameters is reduced to six since only one
ticular combination ofn andn8 appears inMh8 . We recall
that we know the order of magnitude ofg by Eq. ~5.17!,
which relates alsog to x. The proportionality constantHh8
appearing in the couplings ofh8 is then known by Eq.
~5.20!. The interactions between physical baryons and m
sons can be extracted by inserting the explicit representat

P5
1

2
Pzlz5

1

2S p01
1

A3
h, A2p1, A2K1

A2p2, 2p01
1

A3
h A2K0

A2K2, A2K̄0, 2
2

A3
h

D ,

Ṽm5
1

2
Ṽm

z lz

5
1

2S rm
0 1

1

A3
Vm

8 , A2rm
1 , A2Km*

1

A2rm
2 , 2rm

0 1
1

A3
Vm

8 A2Km*
0

A2Km*
2 , A2K̄m*

0 , 2
2

A3
Vm

8

D ,

N85S 1

A2
S01

1

A6
L0, S1, p

S2, 2
1

A2
S01

1

A6
L0, n

J2, J0, 2
2

A6
L0

D ,
3-11
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N̄85S 1

A2
S̄01

1

A6
L̄0. S̄2, J̄2

S̄1, 2
1

A2
S̄01

1

A6
L̄0, J̄0

p̄, n̄, 2
2

A6
L̄0

D .

~5.27!

It is obvious that the effective action~5.21! predicts a mul-
titude of different interactions between the low mass h
rons. The electromagnetic interactions are incorporated
covariant derivatives. We will discuss a few of these int
actions in Secs. VII–IX in order to check the validity of th
hypothesis of scalar Vervollsta¨ndigung.

Finally, the addition of the explicit chiral symmetr
breaking by the current quark masses~2.9!

Lj52
1

2
Zf

21/2aqs0 Tr$m̄~U1U†!% ~5.28!

leads to mass terms for the pseudoscalars@16# and contrib-
utes to their interactions.

VI. BARYON NUMBER

The correct assignment of the baryon numberB is the
central question for quark-baryon duality. Quarks carryB
51/3, whereas baryons haveB51. How can this be recon
ciled with a dual picture where one field describes quarks
well as baryons in the appropriate momentum ranges?
principle, gluon-meson duality~or the Higgs picture of
QCD! is consistent with two alternatives. In the first scena
the nonlinear fermion fieldsN could transform as octets wit
integer charge andB51/3. In this case separate baryon fiel
would be needed, with all quantum numbers identical to
quark fields except for the baryon number. As in the non
ativistic quark model or the parton model a baryon field m
then be thought of as the composite of three quark fields.
important puzzle would remain, however, in this scena
Why should the color singlet integer charged fermion oc
field N not be associated to physical particles? We will arg
here in favor of the second alternative, namely that the n
linear field N indeed carriesB51 ~and notB51/3). It can
therefore be associated directly with the baryons. Poss
relations of this picture of quark-baryon duality with the no
relativistic quark model will be discussed in this section a
Sec. XI. The crucial ingredient for the viability of this se
ond scenario are the nontrivial transformation properties
the various nonlinear fields.

The determination of the baryon number of the nonlin
fields needs some care. To get familiar with the problem,
first discuss the analogous problem for the electric cha
The equivalence between the nonlinear language and
Higgs picture discussed in Sec. III requires the nonlin
fields inv to carry electric charge. Indeed, the transformat
laws
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demc5 ibQ̃c, demB̃m5
1

ẽ
]mb,

demWL,R5 ib@Q̃,WL,R#, demv5 ibQ̃v ~6.1!

guarantee that the quarks carry fractional electric chargQ̃

5diag(2
3 ,2 1

3 ,2 1
3 ) and the gluons are neutral, whereas t

pions in j, the baryons and the vector mesons are inte
charged

demj5 ib@Q̃,j#, demN5 ib@Q̃,N#,

demVm5 ib@Q̃,Vm#1
1

g
]mbQ̃. ~6.2!

Despite the fact thatv does not appear in the effective actio
~4.10!, its nontrivial electric charge plays a crucial role in th
transition from the linear quark-gluon to the nonline
baryon-meson description.

The situation is similar for the baryon number, which w
denote byB̃ on the quark level,B̃(c)51/3. The fieldv†

transforms as a color antitriplet. By triality it should ther
fore carry baryon numberB̃52/3. The baryon number, elec
tric charge and color transformations ofv† coincide all with
the ones for a diquark field. As a simple consequence,
baryonsN carryB̃51 as it should be, consistent with triality
@Triality requires that theSU(3)C representations in the
classes (1,8, . . . ),(3,6̄, . . . ),(3̄,6, . . . ) carry B̃

50,1
3 , 2

3 mod 1.# We note thatx is bilinear inv andv† and

therefore carriesB̃50 as appropriate for a quark-antiqua
composite. Besides the above consistency consideratio
direct determination of the baryon number forv becomes
easy if some scalar fields are linear inv. In Sec. XI we will
see how the association ofv† with a nonlinear diquark field
arises naturally in a language where linear diquark fields
introduced.

Let us next give the equivalent description of bary
number in the Higgs picture. In a language with gauge-fix
reparametrization invariance the conditionv51 preserves a
combination ofU(1)P and baryon number transformation
2BP(v)1B̃(v)50. Furthermore,WL and WR are neutral
with respect to the Abelian chargeBP1BV @cf. Eq. ~4.4!#.
After spontaneous symmetry breaking the unbroken bar
number-type charge is therefore

B5B̃12BP12BV . ~6.3!

Both c andN have the same chargeB51. The Higgs picture
implies that the ‘‘physical baryon number’’B after sponta-
neous symmetry breaking is three times14 the quark baryon
numberB̃. In Table II we have listed the various Abelia

14Note that the normalization ofB is fixed by the requirement tha
a hypothetical particle carrying baryon number without strong

teractions~and thereforeBV5BP50) should haveB5B̃.
3-12
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charges for the linear and nonlinear fields, including
chargeBN @cf. Eq. ~4.4!#. We note the linear relationB̃
5BP1BV1BN .

In conclusion, the equivalence between the Higgs pict
and the nonlinear language with preserved local symme
shows many similarities between baryon number and elec
charge. One difference remains, however, in the Higgs
ture. Whereas some ‘‘linear’’ scalar expectation valuesx

carry nonzero electric chargeQ̃ @cf. Eq. ~3.3!# they have all
B̃50. The ‘‘spontaneous breaking’’ ofB̃ occurs only on the
level of the nonlinear fieldsv andWL,R by the gauge fixing
v51,WL

†5WR .
Let us next turn to the normalization of the fermion fiel

c andN and the associated relative wave function renorm
izationZc . In principle, we may normalize the fields accor
ing to some conserved charge or to some standard con
tion for the kinetic term. For the quark fieldc we choose a
normalization such that the quark number operatorNq has a
standard form

Nq52 i E d3x Tr c̄g0c. ~6.4!

More precisely, the normalization specifies the way how
baryon-chemical potentialmB is introduced for situations
with nonvanishing baryon density. Since quarks carryB̃
51/3, we take

L (m)5
i

3
mB Tr c̄g0c. ~6.5!

On the other hand, we have normalized the fieldN such that
its kinetic term has a standard form15 ~i.e.,ZN51). Since the
baryons are ‘‘physical fields,’’ we assume that this also c
responds to a standard normalization of the baryon num
operator

NB52 i E d3x Tr N̄g0N, ~6.6!

such that

L (m)5 imB Tr N̄g0N. ~6.7!

15This should hold at least in the vicinity of on-shell momenta

TABLE II. Abelian charges of linear and nonlinear fields.

B̃ BP B̃12BP
BV B BN

c 1
3 0 1

3
1
3 1 0

v† 2
3 2

1
3 0 0 0 1

N 1 0 1 0 1 1
WL,R 0 2

1
3 2

2
3

1
3 0 0

U,S,X 0 0 0 0 0 0
Am ,Vm 0 0 0 0 0 0
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The consistency of Eqs.~6.5! and~6.7! with the definition of
the nonlinear fieldN ~4.1! requires

Zc5
1

3
. ~6.8!

This reflects in our language the fact that baryons carry th
times the baryon number of quarks. We emphasize that
choiceZc51/3 is not a pure convention but rather a nec
sity if c andN are normalized according to Eqs.~6.5!, ~6.7!.
Quark-baryon duality has then the interesting consequenc
a nontrivial wave function renormalizationZc in the ‘‘quark
number normalization,’’ since the kinetic terms forc andN
are directly related.

The wave function renormalizationZc is related to the
full quantum theory in the low momentum limit,Zc[Zc(k
→0)51/3. In contrast, we expect that for largek a pertur-
bative picture is valid, withZc(k@2 GeV)'1. This leads to
a simple speculation how quark-baryon duality can be r
onciled with the linear quark-meson model@17,13,15# the
nonrelativistic quark model and the parton model. The qu
model descriptions are valid in the range of large enougk
~or large momenta! where Zc(k)'1. We speculate tha
around some scalekB the wave function renormalization
Zc(k) drops rapidly to its nonperturbative valueZc(k→0)
51/3. This rapid drop is related to the binding of thre
quarks to a baryon in the nonrelativistic quark model. W
therefore associatekB to a characteristic scale where th
binding takes place. The fact thatZc drops precisely to the
value 1/3 reflects the fact that three quarks are needed f
baryon in the nonrelativistic quark model.

We may further speculate that the ‘‘binding effect’’ e
sentially only affects the quark wave function renormaliz
tion Zc and other wave function renormalizations related
it by Ward identities. This has the interesting conseque
that the drop inZc at kB results in a corresponding increas
of those renormalized couplings which involve negati
powers ofZc . As an example, one may take the Yukaw
couplingsh,h̃ in the effective action~2.6!. If the ‘‘unrenor-
malized couplings’’Zch and Zch̃ do not undergo a majo
change nearkB the Yukawa couplings will increase rapidl
by a factor three around this scale. Neglecting the running
Zch one obtainsh(k.;kB)5 1

3 h(k50) and similar forh̃. If
also the expectation valuess0(k) and x0(k) do not vary
much in this range, the effective fermion masses fork)kB
are one third the baryon masses. This is characteristic
models with consituent quarks. A particular version of su
models, the linear quark meson model, has given a ra
satisfactory description of chiral symmetry breaking for tw
flavors of light quarks@13#. The relevant range for its dy
namics is 700 MeV.k.kB , and one may wonder how it is
related precisely to our scenario fork50.

On the other hand, it has been pointed out@18# that fluc-
tuations with momenta in the range 0,k,kB play an impor-
tant role for the chiral properties at large baryon density. T
transition from effective nucleon degrees of freedom
quark degrees of freedom is directly linked to the phase tr
sition from a hadron gas to nuclear matter at vanishing
3-13
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low temperature. A change ofZc by a factor of three would
precisely account for the enhancement of the contribu
from baryon fluctuations as compared to quark fluctuati
to the dependence of the effective potential on the bar
chemical potential@18#.

Another interesting quantity is the running renormaliz
gauge couplingg(k). If we push perturbation theory to it
limit we obtain

g~850 MeV!5A4pas~850 MeV!52.26, ~6.9!

where the numerical value corresponds to the two-loop va
in the modified minimal subtraction (MS)-scheme.16 Ne-
glecting the running ofZcg for scales below the mass of th
vector mesons and accounting for a drop ofZc by a factor of
three atkB , this yields the ‘‘perturbative estimates’’

g(pt)56.8, x0
(pt)5125 MeV,

x(pt)53.1, s0
(pt)531 MeV. ~6.10!

With such an estimate the free parameters of our sim
model would be fixed in terms off andM̄ r .

In order to test the consistency of these ideas, it is instr
tive to couple a hypothetical massless ‘‘baryophoton’’C̃m to
the quarks and baryons. This would be needed if the Abe
symmetry corresponding to baryon number is gauged.17 Ac-
cording to the ‘‘quark number’’ normalization~6.4!, the cou-
pling of the hypothetical ‘‘baryophoton’’ is

L (C)5
1

3
eB Tr c̄gmcC̃m , ~6.11!

with eB some arbitrarily small gauge coupling which ma
depend onk. With Zc51/3 for k50 this corresponds to a
covariant derivative]m2 ieBC̃m for the quark fieldc. Insert-
ing the relation~4.1! betweenc and N, the coupling~6.11!
becomes

L (C)5
1

3Zc
eB Tr N̄gmNC̃m . ~6.12!

For 3Zc51 this is indeed the expected coupling of t
‘‘baryophoton’’ to a baryon@cf. Eq. ~6.6!#.

In conclusion, quark-baryon duality may well be comp
ible with a picture where baryons are composed of th
quarks. At least we have found no obvious contradiction. T
quantum numbers match. A crucial ingredient for dynami
considerations seems to be the valueZc51/3 for k→0 and
Zc'1 for k@kB . A more detailed dynamical understandin
why and how the binding of three quarks to a baryon in
nonrelativistic quark model is related to the drop ofZc by a
factor 1/3 in the language of quark-baryon

16We useLQCD5 250 MeV. The variation ofg in this momentum
region is still moderate, withg(1 GeV)52.12,g(700 MeV)52.48.

17In absence of weak interactions baryon number is free
anomalies and permits therefore a consistent local gauge symm
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duality would be of great value. For the present paper
take this as a working hypothesis and explore phenome
logical consequences of quark-baryon duality. A discuss
of linear diquark fields in Sec. XI will shed a little more ligh
on this issue.

VII. ELECTROMAGNETIC INTERACTIONS

As a first probe of our picture we may use the electrom
netic interactions of mesons and baryons. The electrom
netic interactions of the mesons are all contained in the
variant kinetic term for the scalars

~Dmg i j ,ab!* Dmg i j ,ab

5x0
2 Tr$~ v̂m1gṼm2ẽB̃mQ̃!~ v̂m1gṼm2ẽB̃mQ̃!%

1
f 2

4
Tr$~DmU !†DmU%1

1

12
x0

2]mu]mu. ~7.1!

HereDmU5]mU2 i ẽB̃m@Q̃,U# and the covariant vector cur
rent reads~with D̃mj5]mj2 i ẽB̃m@Q̃,j#)

v̂m52
i

2
~WL

†D̃mWL1WR
†D̃mWR!

52
i

2
~j†D̃mj1jD̃mj†!

5vm2
ẽ

2
B̃m~j†Q̃j1jQ̃j†22Q̃!. ~7.2!

Observing that bothv̂m andgṼm2ẽB̃mQ̃ transform homoge-
neously with respect to the electromagnetic gauge trans
mations

demv̂m5 ib@Q̃,v̂m#,

dem~gṼm2ẽB̃mQ̃!5 ib@Q,~gṼm2ẽB̃mQ̃!#, ~7.3!

the gauge invariance of Eq.~7.1! can be easily checked. Th
particular combination of vector currents in Eq.~7.1! is dic-
tated by the combination of electromagnetic gauge inv
ance and local reparametrization symmetry. Only this co
bination transforms homogeneously with respect to b
U(3)P local reparametrizations and electromagneticU(1)
gauge transformations. In particular, one has

d~ v̂m2ẽB̃mQ̃!5 i @QP ,~ v̂m2ẽB̃mQ̃!#

1 i ẽB̃m@Q̃,~ v̂m2ẽB̃mQ̃!#2]mQP2]mbQ̃.

~7.4!

The interactions~7.1! coincide with those of a ‘‘hidden loca
chiral symmetry’’@19# if one replacesv̂m by vm . The differ-
ence between our result and the ‘‘hidden symmetry’’ a
proach is due to the different electromagnetic transforma
properties, cf. Eqs.~6.1!, ~6.2!. If one restricts the discussio
to r-mesons and pions,Ṽm5 1

2 rW VmtW ,P5 1
2 pW tW , and neglects

f
try.
3-14
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the difference betweenẽ ande, one finds for the term involv-
ing the vector mesons and currents

LVV5a fp
2 TrS v̂m1

1

2
grrW VmtW2

1

2
eB̃mt3D 2

5a fp
2 TrF 1

4 f p
2 @~pW 3]mpW !tW #1

1

2
gr~rW VmtW !2

1

2
eB̃mt3

2
e

4 f p
2
B̃m@p3~pW tW !2~pW pW !t3#G 2

1•••. ~7.5!

For the second equality in Eq.~7.5! we have only retained
terms quadratic inp in an expansion ofv̂m and we have
replacedf by f p . The first expression in Eq.~7.5! is actually
more general than the result of the particular effective ac
~2.6! for which one has

gr5g,

a5
x0

2

f p
2

5
9

7k f
2

x

11x

f 2

f p
2

'2.4
x

11x
. ~7.6!

In consequence of the symmetries, additional interacti
will change the values of aa and gr without affecting the
structure of the invariant. Such additional interactions w
also generate new invariants involving higher derivativ
We give an example in Appendix A.

The contributions in Eq.~7.5! with canonical dimension
<4 can be written in the form

LVV5
1

2
M r

2rW V
mrW Vm2egrgrV3

m B̃m1
1

2
mB

2B̃mB̃m

1grpprW V
m~pW 3]mpW !1ggpp

(V) B̃m~pW 3]mpW !3

1grgppB̃m@~pW pW !rV3
m 2~rW V

mpW !p3#

2
1

2
ae2B̃mB̃m@~pW pW 2p3

2!#1•••, ~7.7!

with

M r
25agr

2f p
2 , grg5agr f p

2 , grpp5
1

2
agr ,

mB
25ae2f p

2 , ggpp
(V) 52

1

2
ae, grgpp5

1

2
aegr .

~7.8!

We recover the very successful Kawarabayashi-Suz
Riazuddin-Fayyazuddin~KSRF! relation @20,19#

grg52 f p
2 grpp , ~7.9!
03600
n

s

l
.

i-

which relates the decayr→2p ~with grpp'6, see next sec-
tion! to the eletromagnetic properties of ther meson, in par-
ticular the decayr0→e1e2 @with G(r0→e1e2)56.62 keV
andgrg50.12 GeV2].

The relation

M r
25

4

a
grpp

2 f p
2 ~7.10!

requiresa52.1, implying

x05135 MeV. ~7.11!

One may use Eq.~7.6! for an estimate of the relative octe
contribution to the pion decay constant and Eq.~2.20! or
~5.19! for an estimate ofg

x57, s0522 MeV, g56.3. ~7.12!

It is striking how close these values are to the ‘‘perturbat
values’’ ~6.10!. This should, however, not be taken too lite
ally in view of possible substantialSU(3)V-violating effects
from the nonzero strange quark mass. Also higher order
erators may affect the relation~7.6!. Furthermore, one should
include the corrections from additional invariants~see Ap-
pendix A!. A phenomenological discussion including th
properties of the axial-vector mesons@21# favors a'1.64.
Relation~7.6! implies then

x52.16, x05119 MeV, s0536 MeV, g57.1,

~7.13!

again close to the ‘‘perturbative values’’~6.10!. We point out
that the minimal effective action~2.6! with k f51 and f p

5 f leads to a bounda,9/7. We will discuss this issue an
modifications of the relation~7.6! in the next section and
Appendix A. The additional invariants encountered in A
pendix A only affect the cubic and higher vertices, but n
the mass terms. In particular, the relation

grg5gx0
25

M̄ r
2

g
~7.14!

will only be modified bySU(3)-violating effects. It can be
used for an independent estimate ofg, yielding

g56 ~7.15!

close to Eq.~7.12! and the saturation of the bound implied b
Eq. ~5.17!.

The electromagneticgpp and ggpp vertices also re-
ceive contributions from

1

4
f p

2 Tr$DmU†DmU%5
1

2
]mpW ]mpW 1eB̃m~pW 3]mpW !3

1
1

2
e2B̃mB̃m~pW pW 2p3

2!1•••.

~7.16!
3-15
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One sees that fora52 the two contributions~7.7! and~7.16!
to the directgpp vertex cancel. The electromagnetic inte
actions of the pions are then dominated byr-exchange~vec-
tor dominance!, in agreement with observation. Otherwi
stated, our model leads for the directgpp coupling to the
realistic relation

ggpp5eS 12
2grpp

2 f p
2

M r
2 D . ~7.17!

The vertex ;grgpp contributes18 to rare decays liker0
→p1p2g, with

grgpp5egrpp . ~7.18!

We conclude that the electromagnetic interactions of
pseudoscalars as well as the vector mesons can be consi
as a successful test of our simple model. The appearance
local nonlinear reparametrization symmetry is a direct c
sequence of the ‘‘spontaneous breaking’’ of color. This sy
metry, combined with the simple effective action~2.6!, has
led to the KSFR relation~7.9! and to vector dominance
~7.17!. At this stage the relations of the above discuss
should be taken with a 20–30 % uncertainty. In particu
the SU(3)-violation due to the nonzero strange quark m
needs to be dealt with more carefully. Nevertheless, thr
→2p decay and the electromagnetic decays are all con
tent and have allowed us a first determination of the size
the octet condensatex0, which we may take in the rang
between the estimates~7.11! and ~7.13!, i.e., 119 MeV
,x0, 135 MeV. The octet condensate is larger than
singlet condensate and dominates the pseudoscalar d
constantf.

Finally, the connection of the above discussion to
Higgs picture developed in Sec. III is easily established
one realizes that the field

Gm52A3 Tr$Q̃Ṽm%5A3 TrH Q̃S vAm
Tv†1

i

g
]mvv†D J

52SA3

2
rm

0 1
1

2
Vm

8 D ~7.19!

is the nonlinear correspondence ofG̃m in Sec. III. It trans-
forms inhomogeneously

demGm52
2

A3g
]mb52

1

g̃
]mb ~7.20!

such that the linear combinations~3.7! Rm5 cosuemGm

1 sinuemB̃m ,Bm5 cosuemB̃m2 sinuemGm have the transforma
tion properties of a heavy neutral boson and a photon

demBm5
1

e
]mb, demRm50. ~7.21!

18This vertex is absent in Ref.@19#.
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Inserting inLV ~5.26! Ṽm52(A3/2)GmQ̃,ṽm50 and adding
terms from covariant derivatives~3.1! involving B̃m @cf. Eq.
~7.5!#, we recoverL em

(2) ~3.6! with G̃m replaced byGm . The
~extended! electromagnetic interactions of the baryon octe19

read

LVN,05eBm Tr$N̄8gm@Q̃,N8#%1g̃ cosuemRm

3Tr$N̄8gm~N8Q̃1tg2uemQ̃N8!%. ~7.22!

One finds the standard coupling between the photonBm and
the baryons according to their charge. More generally,
conclude from

ẽB̃m5e~Bm1tguemRm!,

g̃Gm5g̃ cosuemRm2eBm ~7.23!

that the charged leptons have a small direct coupling t
linear combination of ther0,v andf vector mesons corre
sponding to the termetguemRm in ẽB̃m . Similarly, the pho-
ton has a hadronic coupling from the term2eBm in g̃Gm .
These mixing effects are governed by the couplingggr ~7.9!.

VIII. VECTOR MESONS

The vector mesons acquire a mass through the Hi
mechanism. They are also unstable due to the decay into
pseudoscalar mesons. Their interactions are contained inLV
~5.26!. In particular, the cubic vertex between one vec
meson and two pseudoscalars is

LVpp52gx0
2 Tr$Ṽmṽm%

52
igx0

2

f 2
Tr$@P,]mP#Ṽm%

522igrpp Tr$@P,]mP#Ṽm%, ~8.1!

with

grpp5
g

2

x0
2

f 2
5

M r
2

2g f2
. ~8.2!

Considering only the effective action~2.6!, one hask f51
and infers

grpp5
9x

14~11x!
g'4.6S x

11xD 1/2

. ~8.3!

If we restrict these interactions to ther-mesons Ṽm

5 1
2 rW VmtW and pionsP5 1

2 pW tW ,vm5(1/4f 2)(pW 3]mpW )tW , we
obtain the familiar form

19We omit here terms involving the baryon singletN1 and take
P50.
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Lrpp5
gx0

2

2 f 2
e i jkp i]mp jrV

km5grpp~pW 3]mpW !rW V
m . ~8.4!

It is straightforward to compute the decay rater→2p as

G~r→pp!5
grpp

2

48p

~M r
224Mp

2 !3/2

M r
2

.150 MeV ~8.5!

and one infers the phenomenological valuegrpp.6.0. The
discrepancy with Eq.~8.3! reflects the difference between th
realistic valuea'2 and a value ofa which results from Eq.
~7.6! for k f51,f p5 f . The estimate~8.3! receives, however
important corrections. OmittedSU(3)V-violating effects
from the strange quark mass result in corrections;30%.
Furthermore, since Eq.~7.6! is no symmetry relation, it is
subject to modifications from the inclusion of addition
fields. @We have already included in Eq.~7.6! the presum-
ably most important modification in the form ofk f,1.#

The effective coupling betweenr-mesons and baryon
~5.26! obeys

LN̄Nr
52

g

2
Tr$N̄8gmN8tW%rW Vm , ~8.6!

where we omit from now on electromagnetic effects. T
implies that the effective action~2.6! does not contain a di
rect coupling of ther-mesons to protons and neutrons. T
r-mesons only couple to strange baryons. In the approxi
tion of the effective action~2.6! possible contributions to the
nucleon-nucleon interactions in the isospin triplet vec
channel could only arise through two-pion interactio
;Tr$N̄8gmṽmN8%. For the computation of the effectiv
nucleon-nucleon interactions one should solve the field eq
tions for P andṼm as functionals of the baryon fieldsN8 in
bilinear order;N̄8N8. The solution has to be reinserted in
the effective action. As a result of this procedure one fin
nucleon-nucleon interactions in the pseudoscalar channe
in the isospin-singlet vector channel mediated by the
change ofV8m but not in the isospin-triplet vector channe
~Thes exchange term in the scalar channel is also contai
in our model once the non-Goldstone scalar excitations if
and x are included.! This absence of isospin-triplet vecto
channel nucleon-nucleon interactions seems not to be co
tent with observation@22#.

In summary, three shortcomings indicate that the effec
action~2.6! gives only an insufficient picture of the hadron
interactions in the vector channel:~i! the absence of a phys
cal SU(3)-singlet vector state~the ninth vector meson!, ~ii !
the inaccurate estimate of the parametera in Eq. ~7.6! for
k f51, and~iii ! the absence of nucleon-nucleon interactio
in the isospin-triplet vector channel. In addition, no axi
vector mesons are present. These shortcomings can be
come once we include the effective four-quark interactions
the color singlet vector and axial-vector channel. The s
cessful relations~7.9!, ~7.17! and ~7.18! can be maintained
whereas the parametera and the relation betweenM r ,grpp
03600
s

a-

r
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and f p will be modified. Mixing effects with the divergenc
of the axial vector induce the correction~5.11! and therefore
k f,1.

The effects from vector and axial-vector four-quark inte
actions are discussed in detail in Appendix A. Besides
‘‘partial Higgs effect’’ ~5.11! they account for the missing
nucleon-nucleon interactions in the isospin triplet chann
They also contain the missing ninth vector meson, i.e.,
SU(3)C-singlet state, as well as the axial-vector mesons. U
fortunately, the additional effective interactions are para
etrized by new unknown couplings. We will retain here on
the ‘‘partial Higgs effect,’’ the singlet vector mesonSm with
massmV

2 and the effective vector channel four-quark intera
tion. We omit the physics of axial-vector mesons. The r
evant interactions discussed in Appendix A lead then to
addition to the effective action~2.6! of the form (Smn

5]mSn2]nSm)

Lr5
1

4
SmnSmn1

mV
2

2
SmSm1

1

A6
c̃rq̄qSm Tr N̄gmN1DL kin

(P)

1yN Tr $N̄gmg5ã̂mN%2tV Tr$N̄gmlzN%Tr$N̄gmlzN%,

~8.7!

where the partial Higgs effects results inDL kin
(P) as given by

Eq. ~5.11! and the term;yN with

ã̂m52
i

2
~j†Dmj2jDmj†!2

1

3
Tr am . ~8.8!

The couplingsc̃rq̄q ,yN andtV may be determined from phe
nomenology and we assumemV

2'M̄ r
2 . There is actually no

symmetry argument whymV
2 should equalM̄ r

25g2x0
2 . In

particular, mV
2 is not related to chiral and color symmetr

breaking. We speculate that a partial fixed point in the ren
malization flow of the ratiomV

2/(g2x0
2) could lead to an un-

derstanding of the puzzle of the phenomenologically
quired approximate ‘‘ninefold degeneracy’’ of the ligh
vector meson masses.

All other effective interactions discussed in Appendix
will be considered as subleading and neglected. Some o
couplings can be estimated from observations like the de
rates of axial-vector mesons into vector mesons and pse
scalars. This may later be used for an estimate of the typ
size of the neglected subleading terms.

IX. INTERACTIONS OF PSEUDOSCALAR MESONS

The cubic interactions between the pseudoscalar and
baryon octets are usually parametrized by

L N
(p)5F Tr$N̄8gmg5@ ãm ,N8#%1D Tr$N̄8gmg5$ãm ,N8%%.

~9.1!

Experimental values areF50.45960.008 andD50.798
60.008. The effective action~2.6! leads to@cf. Eq. ~5.22!#
F5D50.5. This can be considered as a good achievem
3-17
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since the reparametrization symmetry does not restrict
coupling constantsF and D. ~This contrasts with the cou
pling of the vector currentṽm .) In our context the relation
F5D50.5 is directly connected to the origin of these co
plings from the quark kinetic term and therefore to qua
baryon duality. The term;yN from the partial Higgs effect
~8.7! provides for a correctionF1D511yN and one infers
yN'0.26. Contributions toD2F'0.34 have to be generate
from other higher-order invariants, as, for example,
momentum-dependent Yukawa coupling involvingDmx. We
note thatD2F contributes to theh-nucleon coupling but no
to the interaction between protons, neutrons and pions.
latter can be written in a more conventional form with t
nucleon doubletN T5(p,n) andãm restricted to a 232 ma-
trix ~by omitting the last line and column!

L N
(p)5gAN̄gmg5ãmN,

gA5F1D. ~9.2!

The inclusion of weak interactions will replace the derivati
in the definition~5.5! of ãm by a covariant derivative involv-
ing a coupling to theW-boson~see next section!. The con-
stant gA will therefore appear in theb-decay rate of the
neutron.

For a discussion of the self-interactions of the pseu
scalar mesons we first expand Eq.~5.24! in powers ofP
5 1

2 Pzlz

L (p)5
f 2

4
TrH ]m expS 2

2i

f
P D ]m expS 2i

f
P D J

5Tr$]mP]mP%1
1

f 2
TrH ]mP2]mP2

2
4

3
]mP]mP3J 1•••. ~9.3!

Similarly, the current quark mass term~5.28! contributes

Lj5Tr$M (p)
2 P2%2 TrH M (p)

2

3 f 2
P4J 1•••,

M (p)
2 52Zf

21/2aqs0f 22m̄. ~9.4!

This yields the low-momentum four-pion interactions. Fu
ther effective interactions arise from the exchange of vec
mesons according to Eq.~5.26!. They are obtained by sub
stituting for the vector mesons the solution of the field eq
tion in presence of pseudoscalars

Ṽm52
M̄ r

2

g
Gm

(r)nṽn1•••, ~9.5!

with the vector meson propagatorG(r) obeying

Gm
(r)n@~M̄ r

22]2!dn
s1]n]s#5dm

s . ~9.6!
03600
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One obtains

LV5x0
2 Tr$ṽm~dm

s2M̄ r
2Gm

(r)s!ṽs%1••• ~9.7!

and we note that the termx0
2 Tr$ṽmṽm% in the expression

~5.26! is cancelled by the lowest order of a derivative expa
sion of G(r). It should be remarked that Tr$ṽmṽm% is invari-
ant under the chiral transformations. It involves only tw
derivatives and cannot be reduced to the term Tr$]mU†]mU%
which appears in chiral perturbation theory. It is, howev
not consistent with the local reparametrization symmetry

The next order in a derivative expansion of Eq.~9.7! reads

LV5
1

2g2
Tr$ṽmnṽmn%1•••, ~9.8!

where

ṽmn5]mṽn2]nṽm1 i @ ṽm ,ṽn# ~9.9!

has been completed to a covariant ‘‘field strength’’ such t
Eq. ~9.8! is invariant under the local reparametrization sy
metry. With

ṽmn52
i

4
j†~]mU]nU†2]nU]mU†!j, ~9.10!

one obtains

LV5
1

16g2
Tr$]mU†]mU]nU†]nU2]mU†]nU]mU†]nU%

5
1

32g2
@6 Tr$]mU†]mU]nU†]nU%2~Tr$]mU†]mU%!2

22 Tr$]mU†]nU%Tr$]mU†]nU%#. ~9.11!

One can infer the contribution ofLV to the parametersLi
appearing in next to leading order in chiral perturbati
theory @23#

L1
(V)5

1

32g2
, L2

(V)5
1

16g2
, L3

(V)52
3

16g2
. ~9.12!

We observe that with the hypothesis of scalar Vervollsta¨ndi-
gung ~2.6! the constants depend only on the effective gau
coupling g. For g56 the valuesL1

(V)50.8731023,L2
(V)

51.7431023,L3
(V)525.2323 compare well with the val-

ues @24# extracted from observationL15(0.760.3)
31023,L25(1.760.7)31023,L352(4.462.5)323. This
is consistent with the hypothesis that these constants
dominated20 by vector-meson exchange@26#. The momen-
tum dependence of the effective four-pion vertex extrac
from Eq. ~9.7! describes the fact thep2p scattering at in-

20Further contributions arise from the exchange of scalars
have been estimated@25# asL2

(S)50,L3
(S)51.331023.
3-18
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termediate energies is dominated by ther resonance. We
conclude that the hypothesis of scalar Vervollsta¨ndigung
~2.6! gives a very satisfactory picture of the pion intera
tions.

X. WEAK INTERACTIONS

Kaons decay into two pions by weak interactions. It is
old puzzle how the strong enhancement of theDI 51/2 de-
cays ofKS

0 as compared to theDI 53/2 decay ofK6 should
be explained in QCD. The semileptonic weak decays of
ons and pions are directly related to the corresponding de
constantsf K , f p . These characteristic properties of the we
decays are described by our model once the weak inte
tions are incorporated. New parameters specify the stre
of effective vertices which are one-particle irreducible w
respect to cutting aW6-boson line. Following the philoso
phy underlying the effective action~2.6! we only include
‘‘renormalizable’’ interactions with dimension<4. These
invariants only contribute to theDI 51/2 decays. Compari
son with theKS

0 decays determines the relevant paramete
ultimately it should be computed from QCD. The contrib
tion of ~one-particle reducible! W-boson exchange diagram
to theDI 53/2 processes is substantially smaller. The cor
sponding effective vertex forf and x involves two more
powers of these fields as compared to the leading invari
Together with higher 1PI-vertices it should be considered
subleading. Scalar Vervollsta¨ndigung leads to a qualitativ
understanding of theDI 51/2 enhancement.

A. Strangeness-violating local interactions

The exchange of the heavyW and Z bosons in tree and
loop diagrams produces multi-fermion interactions wh
may violate strangeness. On the momentum scale of inte
here these interactions can be taken as local. After boson
tion, they result in two extensions of the effective acti
~2.6!. All diagrams which decay into pieces by cutting aW or
Z propagator can be represented by the couplings of a he
boson to the fields present in the effective action~2.6!. Those
are restricted by the weak gauge symmetry. Keeping only
lowest dimension terms, we implement these couplings
appropriate covariant derivatives. The semileptonic dec
are completely described by them. On the other hand,
diagrams which are one-particle irreducible with respec
cutting a W or Z-boson line cannot be represented in th
way. They result in additional local interactions which ha
to obey the appropriate symmetries.

First of all, the inclusion of weak interactions in ou
framework requires the effective action to be invariant un
local SU(2)L3U(1)Y symmetry. On the other hand, the gl
bal flavor symmetry SU(3)L3SU(3)R is reduced to
SU(2)R3U(1)R . Here the globalSU(2)R transformations
act between right-handed down and strange quarks~which
carry identical hypercharge! and U(1)R consists of phase
rotations of the right-handed quarks with generatorQ̃. In
lowest order the strangeness-violating interactions ob
however, the largerSU(3)R flavor symmetry.~The latter is
broken by the couplings of theZ-boson and the photon.!
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Also C and P need not be conserved separately any mo
whereasCP is an exact symmetry if effects from the thir
generation quarks are neglected. Of course, localSU(2)L
symmetry requires the charmed quark. In this section we
an effective action where the heavy charmed quark has b
integrated out.

Local SU(2)L3U(1)Y gauge symmetry is easily imple
mented by replacing all derivatives in the effective acti
~2.6! by appropriate covariant derivatives. Besides this
have to include the effects from additional local interactio
which become possible due to the reduced flavor symme
They arise from effective short distance four-fermion inte
actions mediated by the exchange ofW6 or Z0 in loops~i.e.,
‘‘penguin diagrams’’! and therefore are suppressed by
verse powers of the squaredW-boson massMW

2 . As an ex-
ample, a new local mass term forf reads for a vanishing
Cabibbo angle

Lm̃5
gW

2 m̃W
4

4MW
2

Tr$f†fl8%. ~10.1!

Here the weak gauge couplinggW andMW are related to the
Fermi constant byGF5gW

2 /(4A2MW
2 ). The value of the pa-

rameterm̃W(k) can be computed for largek by translating
Eq. ~10.1! into an effective four-quark interaction accordin
to Sec. II and comparing with the perturbatively comput
value. For the present purpose we treatm̃W[m̃W(k50) and
similar constants as free parameters. The mass term~10.1!
violatesC andP and preservesCP. For a nonzero Cabibbo
angle the fieldf in ~10.1! has to be replaced by the ‘‘wea
interaction eigenstate’’f̂, which is related to the basis o
mass eigenstatesf by

f̂5fRu5fS 1 0 0

0 cu 2su

0 su cu

D . ~10.2!

Heresu andcu are the sine and cosine of the Cabibbo ang
The mass term~10.1! becomes

Lm̃5
gW

2 m̃W
4

4MW
2

Tr$f†flW%,

lW5Rul8Ru
T5S 12

3su
2

2 Dl81A3cusul61
A3

2
su

2l3

~10.3!

and we underline the strangeness-violating contribut
;l6. Inserting the nonlinear pseudoscalars~4.6! this term
vanishes, however, and does not contribute to strange
violation in the sector of the Goldstone bosonsP.

In leading orderMW
22 the terms involving two derivatives

of f or x are given by
3-19
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Lm5
gW

2 mW
2

4MW
2 @Tr$Dmf†DmflW%

1dW~Dmx! i j ,ab* ~Dmx! i j ,ac~lW!cb#. ~10.4!

The effective action~10.4! involves two additional real pa
rametersmW

2 anddW . It is invariant under the local symme
try SU(3)C3SU(2)L3U(1)Y , global SU(3)R flavor sym-
metry andCP, whereas it violatesP,C and strangeness. I
lowest order inMW

22 and neglecting electromagnetic effec
we may replaceDmf by ]mf and use Eq.~2.7! for Dmx.
Furthermore, we will be interested only in strangene
violating effects and replacelW by A3cusul6. Concentrating
on the pseudoscalar interactions we insert Eq.~5.5! and ob-
tain

LmU5
1

2
AWg8f 2FTr$]mU†]mUl6%14gx Tr$]mj†]mjl6%

1
4i

3
gx]mu Tr$j†]mjl6%G , ~10.5!

with

AW5
cusugW

2 f 2

4MW
2

53.9831028,

g85
A3

2

mW
2

f 2

122dWx/7

11x
,

gx5
9dWx

1424dWx
~10.6!

replacingmW and dW . Adding the interactions with gluon
leads to the replacements

i j†]mj→ i ~vm1gṼm1am!

]mj†]mj→~vm1gṼm1am!~vm1gṼm1am!. ~10.7!

This makes the local reparametrization invariance ofLmU
manifest. We show in Appendix B that only derivative term
contribute to strangeness-violating interactions for the ps
doscalars. One infers thatLm ~10.4! is the only relevant
bosonic term with dimension<4. The invariant of dimen-
sion four for strangeness-violating fermionic interactions c
be found in Appendix B. This should dominate the hyper
decays.

B. Vector-meson-W-boson mixing

We also have to include the effects of localSU(2)L
3U(1)Y symmetry in the derivative terms of Eq.~2.6!. The
photon coupling has already been discussed in Sec. III.
coupling of the weak gauge bosonsWm

6 , to the quarks is
implemented by inserting in the effective action~2.6! the
appropriate covariant derivatives
03600
-

u-

n
n

e

]mcL,R→]mcL,R1Dm
(L,R)cL,R ,

Dm
(L)52

i

2
gWW̃W mtWW

52 i
gW

A2 S 0m , cuW̃m
1 , suW̃m

1

cuW̃m
2 , 0, 0

suW̃m
2 , 0, 0

D , ~10.8!

Dm
(R)50.

We have omitted in the explicit form ofDm
(L,R) the couplings

of the Z bosons since they do not contribute to strangene
violating interactions (t3W5t3). They can easily be inserte
in the formalism below. The weak coupling to the qua
bilinearsg i j ;cRic̄L j follows correspondingly21 by replacing
in Eq. ~2.6!

Dmg i j →Dmg i j 1Dm
(R)g i j 2g i j Dm

(L). ~10.9!

Finally, we add the mass terms for the gauge bosons:22

LW5MW
2 W̃1mW̃m

21
1

2
MZ

2Z̃mZ̃m . ~10.10!

Eliminating the fieldsWm
6 ,Zm by solving their field equa-

tions as functionals ofc,f andx yields effective four Fermi
interactions23 relevant for weak interactions at low momen
as well as weak mesonic interactions. Furthermore, spo
neous color symmetry breaking by the octet expectat
value^x& ~2.18! leads to a mixing betweenW,Z-bosons and
gluons similar to the photon mixing discussed in Sec.
The mixing angle is tiny due to the large massesMW ,MZ . It
needs, however, to be included for strangeness-violating
cesses.

In the language of the nonlinear meson fields the we
interactions add to the effective Lagrangian a termLW
5LWN1LWM1LWU1LmU :

LWN5 i Tr$N̄LgmjDm
(L)j†NL1N̄Rgmj†Dm

(R)jNR%,
~10.11!

LWM5MW
2 W̃1mW̃m

21
1

2
MZ

2Z̃mZ̃m2 igx0
2 Tr$~j†Dm

(R)j

1jDm
(L)j†!Ṽm%2S s0

21
5

9
x0

2DTr$D (L)mDm
(L)

1D (R)mDm
(R)%1S 2s0

21
1

9
x0

2DTr$U†D (R)mUDm
(L)%

21Covariant derivatives have also to be used in the additional
teractions~8.7!, ~8.8!.

22The kinetic terms for the weak gauge bosons and the Hi
sector are not important here.

23In the full standard model this also involves the leptons.
3-20
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1
1

3
x0

2 Tr Dm
(R) Tr Dm

(L) , ~10.12!

LWU5S 2s0
22

1

9
x0

2DTr$U†]mUDm
(L)1U]mU†Dm

(R)%

1 ix0
2 Tr$~ ṽm1ãm!Dm

(L)1~ ṽm2ãm!Dm
(R)%

2
i

3

x0
2

Hh8

]mh8 Tr$Dm
(L)2Dm

(R)%, ~10.13!

with LmU given above. These are the leading interactions
the strangeness-violating pseudoscalar meson decays
other quantities like theKL

02KS
0 mass difference they hav

to be supplemented by interactions discussed in Appendi
For a computation of the mixing betweenWm

6 ,rm
6 and

Km*
6 we can putj51 and neglect the terms;(Dm

(L,R))2 in
LWM . Inserting

Ṽm5
1

A2 S 0, r̃m
1 , K̃m*

1

r̃m , 0, 0

K̃m*
2 0, 0

D ~10.14!

and combining with the vector-meson mass term one obt
the squared mass matrix@with b5( r̃2,K̃* 2,W̃2),LM

5b†M b
2b]

M b
25S M r

2 , 0, Bcu

0, MK*
2 , Bsu

Bcu , Bsu , MW
2
D ,

B52
1

2
gWgx0

2 . ~10.15!

In a good approximation the fields (r,K* ,W) for the physi-
cal spin-one bosons, i.e., the mass eigenstates, obey

r̃m5rm2srWm , K̃m* 5Km* 2sKWm ,

W̃m5Wm1srrm1sKKm* , ~10.16!

with

sr5
1

2
gWg

x0
2

MW
2

cu , sK5
1

2
gWg

x0
2

MW
2

su . ~10.17!

The mixing anglessr ,sK betweenr̃,K̃* and W̃ are sup-
pressed byB/MW

2 and therefore indeed tiny. The mass eige
values get only negligible corrections. Also the slight mo
fication of the couplings of the physicalW boson~the mass
eigenstate with mass'MW) is of no importance. There re
mains, however, one relevant effect: The couplings of
physical r6 and K* 6 mesons acquire from the mixing
small strangeness-violating correction. Indeed, expresse
03600
r
For

C.

ns

-
-

e

in

terms of the ‘‘physical fields’’ one finds the contribution o
charged spin-one bosons toDm

(L) @cf. Eq. ~10.8!#

Dm
(L)52 i

gW

2A2
FWm

11
gWg

2

x0
2

MW
2 ~curm

11suKm*
1!G

3@cu~l11 il2!1su~l41 il5!#1H.c. ~10.18!

Inserting this term inLMN , one sees that ther meson
couples not only to baryon-bilinears with zero strangen
but also has a small contribution of a coupling top̄S. It
therefore contributes to strangeness violating weak dec
Similarly, the exchange ofrm and Km* induce additional
strangeness violating interactions for the pseudoscalar
sons. We note that the mixing effects of the neutral we
bosonZm do not lead to violations of quantum numbers a
can therefore be neglected. In summary, in leading orde
GF the only relevant effect of the mixing between gluo
and weak gauge bosons is the expression~10.18! for Dm

(L) .
From LWM we need then only to retain the piec
MW

2 W1mWm
21 1

2 MZ
2ZmZm .

C. Leptonic meson decays

Let us next turn to the leptonic decays of the pseudosc
pions and kaons. The relevant vertex for the coupling ofW6

to the charged leptonsl and neutrinosn l is given by

Ll5(
l

gW

2A2
$ l̄ gm~11g5!n l W̃m

21 n̄ lg
m~11g5!lW̃m

1%

5(
l

n̄ lg
m~11g5!l

3H gW

2A2
Wm

11
gW

2 g

4A2

x0
2

MW
2 ~curm

11suKm*
1!J 1H.c.

~10.19!

The semileptonic pion decay can therefore in principle p
ceed via intermediateW,r or K* exchange. In leading orde
in an expansion inGF , however, only theW exchange con-
tributes. The relevant bilinear betweenP and W obtains
from

LWP5
i

2
f ]mPz Tr$lzDm

(L)%. ~10.20!

After eliminating W by the field equation, one finds the e
fective cubic vertex

Lpmn5
gW

2 cu f

4A2MW
2

m̄gr~11g5!nm]rp2. ~10.21!

Comparison with the pion decay rate yieldsf 5 f p592.5
MeV. In our approximation whereSU(3)-violating vacuum
expectation values are neglected we also havef K5 f . We
have therefore taken in Eq.~5.15! an average value. A de
tailed discussion of semileptonic decays includi
3-21
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SU(3)-violating expectation values due to the nonvanish
mass of the strange quark can be found in Ref.@15#.

D. Nonleptonic kaon decays

For the nonleptonic weak decays of the kaons four effe
need to be considered in linear order inGF . The most im-
portant coupling arises from the one particle irreducible c
pling ~10.5!. This is the only contribution in leading orde
The second concerns the effective strangeness violating
bic vertices induced by the exchange ofW̃6. A third contri-
bution reflects the weak mixing between the pseudosca
p6,K6 and the scalarsa6,K* 6. This last effect needs in
formation about the effective potentialU(g) and we will not
discuss it here in a quantitative way. Finally, one expe
‘‘nonleading’’ strangeness violating vertices of the ty
~10.4! involving higher powers off,x or higher derivatives.
A combination of these effects should explain the obser
values

G~KS
0→p1p2!55.061310212 MeV,

G~KS
0→p0p0!52.315310212 MeV,

G~K2→p2p0!51.126310214 MeV, ~10.22!

which reflect the strong enhancement of theDI 51/2 decays.
The cubic coupling for the pseudoscalar octet arising fr

Eq. ~10.5! needs some care. At first sight the terms;gx

seem to contribute. These terms generate, however,
parity-violating mixings between the vector mesonsṽm and
the pseudoscalarsam;]mP @cf. Eq. ~10.7!#. Subsequent
‘‘decay’’ of intermediate vector bosons into two Goldsto
bosons leads to contributions to the effective cubic vert
This issue is most easily dealt with by ‘‘integrating out’’ th
vector mesons, similar to Sec. IX. In lowest order in t
derivatives one has@cf. Eq. ~9.7!# vm1gṼm50. As a conse-
quence one finds]mj†]mj→amam and concludes that th
terms;gx do not contribute to the strangeness-violating c
bic vertices. The effective cubic interaction therefore rea
(]25]m]m)

L mU
(3) 5

2i

f
AWg8Tr$@]mP]mP,P#l6%

5
1

2 f
AWg8$KS

0@6]mp1]mp213]mp0]mp01p1]2p2

1p2]2p11p0]2p0#1 iK L
0@p2]2p12p1]2p2#

2 ip0@K1]2p22K2]2p1#

1 i ]2p0@K1p22K2p1#%. ~10.23!

Here we have only retained terms involving one kaon a
two pions in the second expression and we use
03600
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05

i

A2
~K02K̄0!5P7, KL

05
1

A2
~K01K̄0!5P6.

~10.24!

Evaluated on mass-shell (]2→M2), this vertex reduces to

L mU
(3) 52

1

2 f
AWg8H ~3MK

2 24Mp
2 !KS

0p1p2

1S 3

2
MK

2 22Mp
2 DKS

0p0p01 i ~Mp1
2

2Mp0
2

!

3~K2p1p02K1p2p0!J . ~10.25!

Up to tiny isospin-violating corrections from the differenc
between charged an neutral pion masses it only contrib
to the decayKS

0→2p. With

G (3)~KS
0→2p0!5G (3)~KS

0→p1p2!

52
AW

2 f
g8~3MK

2 24Mp
2 !

521.26324g8 MeV ~10.26!

one obtains the partial width forKS
0→2p0

G~KS
0→2p0!52.66310213g8

2 MeV. ~10.27!

Comparison with the experimental value requires

g852.95. ~10.28!

This corresponds to a very reasonable value24 mW' 440
MeV. From Eq.~10.26! one also infers that the decay ra
G(KS

0→p1p2) is twice the one for the decay into neutr
pions, in accordance with observation@see below Eq.~10.41!
for a correction to this relation#. The vertex~10.5! does not
contribute to the charged kaon decay. The latter will only
induced by W̃ exchange, pseudoscalar-scalar mixing a
nonleading 1PI vertices. We will see below that these effe
are suppressed compared to the vertex~10.25!. If a compu-
tation of the effective couplingg8 from the standard mode
couplings yields indeed the value~10.28! the dominance of
the DI 51/2 kaon decays can be naturally understood.

In order to compute the contribution ofW̃-exchange to the
effective strangeness-violating cubic vertex we need
strangeness-violating two-point functions~10.20! (P
5 1

2 Pzlz)

LWP5
gWf

A2
Tr$]mPl̂1%~Wm

11srrm
11sKKm*

1!1H.c.

~10.29!

24For udWxu!7/2 the contribution;dW is small. We have used
x54,dW50 for the numerical value. NegativedW lead to smaller
values ofmW .
3-22
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and the cubic vertex

LWPP5
115x/14

11x
Tr$@P,]mP#Dm

(L)%

52
igW

A2

115x/14

11x
Tr$@P,]mP#l̂1%Wm

11H.c.1•••,

~10.30!

with

l̂15
1

2
cu~l11 il2!1

1

2
su~l41 il5!. ~10.31!

Consider first the contribution fromW exchange. Inserting
the solution of the field equation

Wm
152

gW

A2MW
2

TrH S f ]mP2 i
115x/14

11x
@P,]mP# D l̂1

† J
~10.32!

into Eqs.~10.29!, ~10.30!, ~10.12!, one finds

L DS
(W)5 i

gW
2 f

2MW
2

115x/14

11x
L̂DS ,

L̂DS5Tr$]mPl̂1%Tr$@P,]mP#l̂1
† %

1Tr$]mPl̂1
† %Tr$@P,]mP#l̂1%

52
1

4
cusu$2K1]mp2]mp012K1p2]m]mp0

2K1]m]mp2p012A2K0]mp2]mp1

1A2K0]m]mp2p1%2c.c. ~10.33!

In the last expression we again have only listed the vert
involving one kaon and two pions. Another contributio
arises from the exchange ofr and K* mesons due to the
strangeness-violating mixing~10.29!. It is computed simi-
larly by inserting

Ṽm
DS52

gWf

4
@sr~M r

22]2!21~l11 il2!1sK~MK*
2

2]2!21

3~l41 il5!#Tr$]mPl̂1
† %1c.c. ~10.34!

into Eqs.~8.1!, ~10.29!. One finds

L DS
r,K* 5 i

gW
2 g2x0

4

4 f MW
2

TrH @P,]mP#Fcu~M r
22]2!21

l11 il2

2

1su~MK*
2

2]2!21
l41 il5

2 G J Tr$]mPl̂1
† %1c.c.

~10.35!
03600
s

We observe that in the approximationM r
22]25MK*

2
2]2

5M̄ r
2 the cubic vertex~10.35! is proportional to Eq.~10.33!,

with a relative factor (9x/1415x). In this limit the total
strangeness-violating contribution to the cubic vertex fro
W,r andK* exchange

L DS
W̃ 5L DS

W 1L DS
r,K* 5 i

gW
2 f

2MW
2
L̂DS ~10.36!

does not depend25 on x. From Eq.~10.36! we can extract the
contributions to the on-shell cubic vertices

iG (W̃)
(3)

~K1→p1p0!52
1

2
G (W̃)

(3)
~KS

0→p1p2!

5
gW

2 f

8MW
2

cusu~MK
2 2Mp

2 !

54.231025 MeV,

G (W̃)
(3)

~KS
0→p0p0!50. ~10.37!

We finally have to inlcude the contributions from scal
pseudoscalar mixing and from nonleading 1PI vertices.
discussed in Appendix B, the interesting contribution can
parametrized as

DLDS52 i
gW

2 f

2MW
2

zWL̂DS , ~10.38!

with zW of order one. In consequence, this leads to the m
tiplication of theW-exchange contribution~10.36! by a fac-
tor (12zW).

The partial decay width forK→pp is given by

G~K→pp!5FKppuG (3)~K→pp!u2,

FKpp5
1

8p

upW pu

MK2

53.34731025 MeV21,

~10.39!

with an additional factor 1/2 for two identicalp0. One finds

G~K2→p2p0!55.92310214~12zW!2 MeV.
~10.40!

For the reasonable valuezW50.56 this is compatible with
observation. The same parameterzW also determines the ra
tio ~for mW

2 .0)

25Alternatively, the effective interactionsL DS
W̃ can be evaluated by

first integrating out the vector bosonsṼm . The leading term follows
from inserting convariant derivatives inLU ~5.24! and then integrat-

ing out theW̃ bosons.
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G~KS
0→p1p2!

G~KS
0→2p0!

52S 11
0.84~12zW!

3.71 D 2

52.2.

~10.41!

This is in perfect agreement with the observed value 2
reflecting the fact that the kaon decays are governed by
two independent amplitudes.

The overall scales appearing in the kaon decays can
visualized easily from the effective vertex which obtai
from ‘‘integrating out’’ the one-particle reducibleW-boson
exchange

L DS
W̃ 5

gW
2

8MW
2

Tr$~f†]mf2]mf†f!tWW%

3Tr$~f†]mf2]mf†f!tWW%1•••, ~10.42!

where the dots stand for terms involvingx. Comparison with
the leading invariant~10.4! shows that essentiallymW

2 is re-
placed by two powers ofs0 or x0. The resulting relative
suppression factorf 2/mW

2 accounts for most of the relativ
suppression of theDI 53/2 amplitude. A smaller additiona
suppression arises from the partial cancellation 12zW
50.44. We observe that the suppression is not visible on
level of chiral perturbation theory. The invariant relevant f
the DI 53/2 decays

LDI 53/25~12zW!L DS
W̃

5
~12zW!gW

2 f 4

32MW
2

Tr$U†]mUtWW%Tr$U†]mU†tWW%

~10.43!

contains two derivatives just as the one~10.5! relevant for
the DI 51/2 decays.

In summary, theDI 51/2 enhancement of the hadron
kaon decays can be qualitatively explained by two ingre
ents. Since for the pseudoscalar interactions only deriva
terms are relevant, the leading dimensionless operator
sistent with the symmetries is quadratic inf or x. On the
quark level it corresponds to diagrams involving two le
handed quarks. These penguin-type diagrams contribute
to DI 51/2 decays. On the other hand, the diagrams cont
uting to DI 53/2 decays involve at least four left-hande
quarks. On the mesonic level they correspond to effec
operators involving at least four powers off or x. Such
higher dimension operators are suppressed according to
hypothesis of scalar Vervollsta¨ndigung. Operators of this
type can arise from one particle reducibleW-boson exchange
or from box-type diagrams where theW-boson exchange is
supplemented by gluon exchange. An estimate of the di
W exchange does not involve unknown parameters
shows indeed a smallDI 53/2 amplitude. The box-type 1P
diagrams have the same structure as theW-exchange contri-
bution. Their negative relative sign is related to the sign
the appropriate anomalous dimension of the relevant fo
quark operator. The corresponding factor (12zW) leads to a
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partial cancellation of theDI 53/2 amplitude. This further
reduces the decay width for the hadronic decays of
charged kaons. The small parameter appearing in the rela
suppression of theD i 53/2 amplitude is the size of chira
symmetry breaking; f divided by a typical hadronic scal
;mW .

XI. DIQUARK CONDENSATES

At high baryon density one expects quark pairs to cond
sate@9#. In particular, the color-flavor locking@10# at high
density resembles in several aspects the spontaneous
symmetry breaking in the vacuum discussed in the preced
sections. In this section we reformulate the diquark cond
sation in terms of effective bosonic diquark fieldsD;cc. In
contrast to the color octetx;c̄c the diquark fields carry
nonzero baryon number. If diquark condensation occurs
high density, the global symmetry corresponding to bary
number is spontaneously broken. There is therefore an o
parameter which distinguishes the high density phase w
^D&Þ0 from the low density phase witĥD&50. This im-
plies the existence of a true phase transition.

In addition to the fields discussed previously we consi
in this section scalar fields with the transformation propert
of quark-quark pairs. In our notation, these additional sca
fields are represented by complex 333 matricesDL ,DR
obeying

dDL52 iQC
TDL2 iDLQL , dDR52 iQC

TDR2 iDRQR .

~11.1!

The ‘‘quark pairs’’ DL(R);cL(R)cL(R) belong to a color an-
titriplet and carry baryon number 2/3. The discrete symm
tries act asP: DL↔DR , C: DL↔DR* . For an appropriate
scaling of the fields, the most general effective Lagrang
consistent with these symmetries and containing operator
to dimension four is

LD5Tr$~]mDL
†2 igDL

†Am* !~]mDL1 igAm
TDL!1~]mDR

†

2 igDR
†Am* !~]mDR1 igAm

TDR%1UD~f,x,DL ,DR!

1@hD Tr$DL
†d̃L1DR

† d̃R%1c.c#. ~11.2!

Here the quark-quark bilinears (d̃L) ia ,(d̃R) ia are defined as

~ d̃L,R! ia5~cL,R!b jbcbg~cL,R!ckgei jkeabc . ~11.3!

They transform under all continuous symmetries precis
like ~bosonic! antiquarks (cL

†) ia ,(cR
†) ia . @Hereb,g51,2 are

~Weyl-!spinor indices andcbg5ebg is the appropriate
charge conjugation matrix. Our conventions@11# are chosen
such that parity transformsd̃L↔ d̃R .# One observes thatDL
transforms asdL and similarly forDR anddR . The addition
to the effective potential
3-24
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UD5VD~DL ,DR!1gf Tr~f†DR
†DL1fDL

†DR!

1gx@~DR! iax i j ,ab~DL
†!b j1~DL! iax j iba* ~DR

† !b j#

1e@~DLf†! iax i j ,ab~DL
†!b j1~DRf! iax j iba* ~DR

† !b j

1~DL! iax j iba* ~fDL
†!b j1~DR! iax i jab~f†DR

† !b j#1•••

~11.4!

involves real parametersgf ,gx , ande. The dots stand for
terms involvingD,D† and two powers off or two powers of
x. The additional potentialUD conserves the axialU(1)
symmetry. Electromagnetic and weak interactions are im
mented by inserting the appropriate covariant derivatives

In order to visualize the physical content in this regime
is convenient to use nonlinear coordinates in field spa
given by Hermitian matricesDL ,DR ,

DL5v†DLWL
† , DR5v†DRWR

† . ~11.5!

Both DL and DR are color singlets with the transformatio
properties

dDL5 i @QP ,DL#, dDR5 i @QP ,DR#. ~11.6!

With respect to the local reparametrization symmetry and
physical globalSU(3)-symmetryDL and DR transform as
singlets plus octets. A possible expectation value of the
glets ~proportional to the unit matrix!

^DL&5^DR&5d0 ~11.7!

also preserves parity and charge conjugation. Ford0Þ0
baryon number is, however, spontaneously broken. From

demDL,R52 ibDL,RQ̃, demDL,R5 ib@Q̃,DL,R#
~11.8!

one infers that the electromagneticU(1)-symmetry is modi-
fied in the Higgs picture~similar to the octet condensate!
whereas the electric charge ofd0 is zero.

The diquarksDL,R carry baryon numberB̃52/3. From

DL
†DL5WLDL

2WL
† , DR

†DR5WRDR
2WR

† ~11.9!

and the fact thatWL,R haveB̃50, one concludes thatDL and
DR cannot carry nonzeroB̃. The definition of the nonlinea
fields ~11.5! implies then directly thatv† must haveB̃52/3
in accordance with the discussion in Sec. VI. In fact, up
reparametrization transformations the decomposition
f,DL and DR into the nonlinear fields is unique, except
special points in field space where some fields are not inv
ible or degenerate. ForDL5DR5d, dÞ0 the association o
v†5DLWL /d with a diquark field is particularly apparent.

For small DL5DR5d5d* one may expand VD

5mD
2 Tr$DL

†DL1DR
†DR% such thatUD5 1

2 M d
2d21••• with

M d
2512mD

2 112gfs01
32

A6
gxx0~112es0!1•••.

~11.10!
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Typically, the masses and couplings will depend on
baryon chemical potentialmB . Baryon number conservatio
in the vacuum requiresM d

2.0 for mB50. In the spirit of the
discussion in Sec. II the couplings also depend on the re
malization scalek. In particular, for largek ~and mB50)
perturbative QCD should lead to a positivemD and one can
neglects0 andx0. In presence of quarks the field equatio
for DL,R becomes then~for q2!mD

2 )

DL,R52
hD

mD
2
d̃L,R . ~11.11!

This shows the connection between the composite fie
DL,R and quark-quark bilinears.

For k50 and large baryon density~largemB) one expects
the minimum ofUD to occur ford0Þ0. The particle content
in the sectors of pseudoscalars, vector mesons and ferm
may again be obtained from a nonlinear representation
setting DL5DR5d0 in Eq. ~11.5!. As before, the fieldv
disappears from the effective action and only color singl
for possible physical excitations remain. Inserting Eq.~11.5!
into Eq. ~11.2! leads to expressions that are similar to Se
IV and V in many respects. This is not surprising—exce
for the spontaneous breaking of baryon symmetry the s
metries are the same.

At this place we note that ford0Þ0 there are terms in the
effective potential linear inx. They arise from the cubic term
;gx or the quartic term;e in Eq. ~11.4!. As a consequence
no solutionx050 is possible ford0Þ0—the diquark con-
densation necessarily induces a color octet^c̄c& condensate.
@In the limit where the nonlinear part of the effective pote
tial for x0 is dominated by a quadratic term
; 1

2 mx
2(s0 ,d0)x0

2 , the expectation value is given byx05

216gx(112es0)d0
2/(A6mx

2).#
In our scenario the octet condensatex0 is therefore dif-

ferent from zero both for small and large baryon density. T
only qualitative change at high density is the spontane
breaking of baryon number byd0Þ0. A second- or first-
order phase transition line separates the low density ph
with d050 from the ‘‘quark matter’’ phase at high density
Due to the spontaneously broken Abelian baryon num
symmetry quark matter is a superfluid@10#. If the phase tran-
sition is of second order it belongs to the universality class
theO(2)-Heisenberg model. It is plausible that the transiti
line to quark matter could bifurcate from the line of fir
order transitions between a nucleon gas and nuclear m
~nucleon liquid!. ~This latter transition line ends in an end
point with critical Ising behavior.! If so, there is no distinc-
tion between nuclear matter and quark matter at low eno
temperature. ForT50 both nuclear and quark matter wou
be superfluids with spontaneously broken baryon numb
They should be identified thus leading to a further manif
tation of quark-baryon duality.

XII. HEAVY QUARKS

In this short section we extend our description to t
heavy quarks carrying quantum numbers of charm, bea
3-25
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CHRISTOF WETTERICH PHYSICAL REVIEW D64 036003
and topness. These quarks are neutral under the gl
SU(3)L3SU(3)R symmetry. With respect to the physic
SU(3)V symmetry they therefore transform as antitriple
The physical electric charge has a contribution fromQc simi-
lar to Table I. In consequence, the charmed fermions c
electric charge 0, 1, 1. In complete analogy with the disc
sion in Sec. VI they also carry integer baryon number. W
identify them with the charmed baryon antitripl
Jc

0(2472 MeV,dsc), Jc
1 ~2466 MeV,usc) andLc

1 ~2284
MeV, udc) where we have given the mass and the stand
quark content in brackets. In the nonlinear language
charmed baryons consist of thec-quark and the nonlinea
diquark fieldv† which carries the quantum numbers of tw
light quarks. Similarly, the fermions with beauty carry ele
tric charge21,0,0. They are identified with (dsb),(usb) and
Lb

0 ~5641 MeV,udb). The quantum numbers of the ferm
ons with topness are the same as the charmed baryons
weak interactions follow from the standard assignment i
doublets with the appropriate Kobayashi-Maskawa matri

The description of the charmed mesons needs the in
duction of scalar fields for the bilinearsqc̄,q̄c,c̄c with q
representing the three light quarks (u,d,s). As for the light
quark-antiquark pairs these scalars transform as singlet
octets with respect to the color symmetrySU(3)C . From the
transformation properties with respect toSU(3)L3SU(3)R
3SU(3)C we can read the representations of the phys
SU(3)V group

~qc̄!: ~3,1,811!→31316̄115

~1,3,811!→31316̄115,

~cc̄!: ~1,1,811!→811. ~12.1!

Only the singlet (cc̄) can acquire a vacuum expectatio
value consistent withSU(3)V symmetry. We also note that
direct Yukawa coupling of the charmed quark tof or x is
not allowed by the chiralSU(3)L3SU(3)R symmetry. The
relation between current quark mass and baryon mass~or
constituent quark mass! may therefore differ between
charmed quarks and up, down, or strange quarks. In s
mary, the charmed particles do not constitute an obstacle
the picture of spontaneous breaking of color. The quan
numbers of the physical fields agree with those of obser
particles. The same holds for beauty and top.

XIII. CONCLUSION

We conclude that the ‘‘spontaneous breaking’’ of color
compatible with observation. The simple effective acti
~2.6! gives a realistic approximate description of the mas
of all low-lying mesons and baryons and of their intera
tions. Gluon-meson duality is associated to the well-kno
Higgs phenomenon with colored composite scalar fields, c
responding to quark-antiquark pairs.

The most important characteristics of our scenario can
summarized in the following points.

~i! The Higgs mechanism generates a mass for the glu
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In the limit of equal ~current! masses for the three ligh
quarks the masses of all gluons are equal. This leads
simple picture of confinement: If one places color charges
different positions in the vacuum, the gauge fields can
vanish. Due to the nonzero mass of the gauge fields,
energetically most favorable configurations are col
magnetic and color-electric flux tubes. This is in comple
analogy with the Meissner effect in superconductors, w
the additional ingredient that the Yang-Mills self-interactio
link color-electric and color-magnetic fields. The string te
sion of the flux tubes provides for a simple mechanism
the confinement of color charges. More precisely, these st
ments hold only as long as string breaking due to qua
antiquark pairs is energetically suppressed. One may atte
a computation of the string tension appearing in the he
quark potential by solving the field equations derived fro
the effective action~2.6! in presence of static color charge

~ii ! The physical fermion fields are massive baryons w
integer electric charge. The low mass baryons form an o
with respect to theSU(3)-symmetry group of the ‘‘eightfold
way’’ In a gauge-invariant language the baryons are qua
with a dressing of nonlinear fields. In a gauge-fixed vers
quarks and baryons can be described by the same field.
is quark-baryon duality. The main contribution to the ma
of these baryons arises from chiral symmetry break
through quark-antiquark condensates in the color singlet
octet channels. These considerations extend to the he
quarksc,b,t, except that the mass is now dominated by t
current quark mass. The lightest charmed baryons~and
t-baryons! belong to aSU(3)-antitriplet with electric charge
0,1,1. Correspondingly, theSU(3)-antitriplet of the lightest
b-baryons carries electric charge21,0,0.

~iii ! Our scenario shares the properties of chiral symme
breaking with many other approaches to long-distance str
interactions. In particular, chiral perturbation theory is reco
ered in the low energy limit. This guarantees the obser
mass pattern for pions, kaons and theh-meson and the struc
ture of their~low momentum! interactions.

~iv! Spontaneous color symmetry breaking generate
nonlinear local SU(3)P-reparametrization symmetry. Th
gauge bosons of this symmetry originate from the gluo
They form the octet of low masses physical vector meso
@The singlet discussed in Sec. VIII can be associated with
gauge boson of the AbelianU(1)P-symmetry and the ninth
vector meson.# The symmetry relations following from
SU(3)P symmetry appear in the electromagnetic and stro
interactions of the vector mesons. They are compatible w
observation and provide for a successful test of our scena

~v! The DI 51/2 rule for the weak hadronic kaon deca
arises naturally once weak interactions are incorporated
our picture. It is a consequence of the properties of the lo
est dimension operators which are consistent with the s
metries.

Beyond the important general symmetry relations aris
from the nonlinear local reparametrization symmetry t
simple effective action~2.6! leads to particular predictions
They are related to the assumption that the effective ac
can be described in leading order by effective couplings w
positive or zero mass dimension. This should hold once co
3-26
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posite scalar fields are introduced for quark-antiquark bi
ears and counted according to the canonical dimension
scalar fields. Expressed in other words we assume tha
dominant nonperturbative effects in QCD result in the f
mation of scalar and pseudoscalar bound states and in
effective couplings. This assumption of scalar Vervollsta¨ndi-
gung can be tested by comparing the predictions of the
fective action~2.6! with observation. For this purpose we fi
the parametersx0 ,s0 and g by M r , f p and G(r→e1e2).
More precisely, we use here Eqs.~5.16!, ~5.17! ~7.14! with
M̄ r5 850 MeV, f 05 128 MeV, grg50.12 GeV2. ~With g
56 we may take the limitx→` for many expressions, keep
ing in mind that the precise value ofx is needed mainly for a
determination ofs0.! In addition, the Yukawa couplingsh,h̃
are fixed by the baryon massesM8 ,M1 @cf. Eq. ~4.10!#
whereas the strength of the chiral anomalyn and n8 deter-
mines Mh8

2 by Eq. ~5.19!. ~The precise ration8/n is not
relevant here.! We concentrate on the following prediction
of scalar Vervollsta¨ndigung which are not dictated purely b
symmetry considerations:

~1! The pion nucleon couplings are found asF5D50.5
to be compared with the observed valuesF50.459
60.008,D50.79860.008.

~2! The decay widthG(r→2p)5115 MeV turns out to
be somewhat lower than the observed value of 150 M
@Note that we use here directly Eq.~8.2! andk f equals one in
leading order, such thatgrpp54.6.#

~3! The direct coupling of the photon to pions is su
pressedggpp /e50.04 @by virtue of Eq. ~7.17! with M r

→M̄ r , f p→ f 0]. This phenomenon of vector dominance d
scribes well the observations.

~4! The effective next-to leading order coupling
L1 ,L2 ,L3 of chiral perturbation theory come out compatib
with observation. In particular, scalar Vervollsta¨ndigung pre-
dicts L251.731023,L352(3.925.2)31023.

~5! The inclusion of weak interactions leads to a suppr
sion of theDI 53/2 hadronic kaon decays compared to t
ones withDI 51/2. A realistic picture of the three hadron
kaon two-body decays is obtained. This involves, howev
two additional parameters.

For a first approximation we consider the effective act
~2.6! as very satisfactory. Corrections arise from tw
sources:~a! The nonvanishing quark masses, in particular
strange quark mass, break the physical glo
SU(3)-symmetry.~b! Higher order invariants are certainl
present in the full effective action. One important sour
relevant for the vector mesons is discussed in Appendix
Some of the corrections are known phenomenologically
for example, the partial Higgs effect which reduces the
erage meson decay constant fromf 0 to the mean valuef
5( f p12 f K)/35106 MeV. Together with the further lower
ing of f p as compared tof by SU(3)V violation this leads to
a realistic value ofG(r→2p). The neglected higher-orde
invariants can be used to improve the agreement with ob
vation. Typically, these corrections are below 30%.

Once the singlet vector mesonSm is added@cf. Eq. ~8.7!#
the effective action~2.6! may be viewed as the lowest ord
of a twofold systematic expansion. First, higher~‘‘non-
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renormalizable’’! invariants involving additional powers o
f or x lead to corrections; f 2/ms

2'0.1– 0.3 withms a typi-
cal strong interaction scale. We have encountered this fa
in hadronic weak decays (msm̂W), the partial Higgs effects
~5.11!, ~A41! (ms5̂mr /erpp) or the coupling between
nucleons and the axial vector pion currentgA21;yN ~9.2!,
~A45! (ms5̂mr /Acrq̄qerpp). Second, the expansion in th
number of derivatives involves some characteristic squa
momentumq2/Ms

2 as a small parameter. TypicallyMs may
be of the size of the mass of particles not included in o
description, i.e., Ms'1 GeV. A typical operator is
(Zc /Ms)c̄ i@gm ,gn#Gi j

mnc j . This is responsible for the
anomalous magnetic moment of the nucleons via the mix
between the photon and the gluonG̃m ~see Secs. III and VII!.
We observe a typical relationMs /ms5cs with cs around
three a dimensionless coupling constant of the typeerpp .
Furthermore, the expansion inSU(3) violating effects origi-
nating from the strange quark mass is governed@15# by
( f K2 f p)/ f '0.2. This last expansion may remain within th
hypothesis of scalar Vervollsta¨ndigung.

The parameters of the model being fixed additional p
dictions become possible. An example are the rare elec
magnetic decays of mesons. Particularly interesting is
strangeness splitting of masses of the variousSU(3)V mul-
tiplets. This involves, however, some additional paramet
of the effective scalar potential~2.8!. On a phenomenologi-
cal basis theSU(3)V violation will appear in the form of
different expectation values off and x in the strange and
nonstrange directions.

The present framework opens new perspectives for a
culation of the properties of hadronic matter at high tempe
ture and density. Especially for high density the issue
baryons vs quarks plays a crucial role due to the differ
Fermi surfaces@18#. Quark-baryon duality allows for a
simple approach to this problem by using only one field.

Quark-baryon duality has profound implications. Th
nonrelativistic quark model where baryons are bound sta
of three quarks is now supplemented by the view of bary
as ‘‘dressed quarks.’’ In a high energy scattering proc
‘‘physical quarks’’ will come out, but they will come ou
with the quantum numbers and masses of baryons. In
sense, quarks are not confined particles, despite the fact
color charges remain exactly confined and cannot app
connected with free particles. When leaving the interact
region, the physical particles~asymptotic states! acquire al-
ways a dressing by~nonlinear! fields that makes them colo
neutral and integer charged.~In precise formulations of
quantum field theory this also happens to electrons—
physical particles being neutral with respect to the elec
magnetic gauge symmetry.! This view may have importan
consequences for our picture of the parton model, both
structure functions at smallQ2 and for fragmentation.

Let us finally address this perhaps most important op
issue in our approach, i.e., its connection to the parton mo
at highQ2 and to the nonrelativistic quark model which d
scribes rather well the higher bound states. In short, one
to understand the correspondence between quarks dress
a cloud of diquarks and bound states of three quarks.
3-27
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effective action~2.6! is thought to be valid at low momenta
Going to higher momenta, the couplings become typica
momentum-dependent. This also holds for the definition
the nonlinear fields, e.g.Zc→Zc(2DmDm) in Eq. ~4.1!.
Along the lines of the discussion in Sec. II the effecti
action at high momentum~or, more precisely, large off-she
momentum! should be given by perturbative QCD, withg
the perturbative gauge coupling andZc(2D2)'1. The sca-
lar part of the effective action should express appropriate
contributions in the perturbative quark-gluon language.
high momentum scattering the dominant effect of sponta
ous color symmetry breaking is then the mass term for
gluons which provides for an infrared cutoff. ‘‘Infrared safe
quantities which can be reliably described by perturbat
QCD are not very sensitive to this mass.

In a momentum basis the nonlinear field decomposit
~4.1! reads forZc(2D2)51 „with *p5*@d4p/(2p)4#…

cL~ p̃!5E
p
E

p8
WL~ p̃2p2p8!NL~p!v~p8!. ~13.1!

This may be inserted, for example, into the electromagn
vertex

;ẽ Tr$c̄~ p̃1q!gmQ̃c~ p̃!%B̃m~q!. ~13.2!

The scattering of an off-shell photon with momentumq and
an off-shell quark with momentump̃ to an off-shell quark
with momentump̃1q describes the annihilation of an on
shell protonN with momentump and simultaneous produc
tion of the fields contained in the ‘‘spectator jet’’Y(p2 p̃).
Here the spectators consist of the particles described by
nonlinear fieldsY;W†sv†, with s denoting the appropri-
ate algebra for the particular combination relevant for
proton. The ‘‘parton’’c( p̃) carries a~longitudinal! fraction

x52q2/@2(pq)#'( p̃W pW )/(pW 2) of the spacelike momentum
of the proton. Similarly, the produced quarkc( p̃1q) ‘‘frag-
ments’’ into the hadronsX contained in its nonlinear decom
position ~13.1!. In a process with high off-shell parton mo
menta final states involving many on-shell hadrons beco
kinematically accessible. On a hadronic level, this cor
sponds to inelastic multihadron productionN1g* →X1Y.
If the parton structure functions can be suitably implemen
in this setting26 the conservation of global quantum numbe
should lead to the appropriate sum rules. A deviation ofZc
from one modifies the composition ofX and Y without ef-
fecting the general setting.

Instead of the momentum dependence of the effec
couplings one may also investigate the related~but not iden-
tical! dependence of the effective actionGk on an appropriate
infrared cutoff k ~see Sec. II!. The use of nonperturbativ

26It is conceivable that the nonlinear constraintsv†v51,W†W
51 are not appropriate at high off-shell momenta. Fluctuatio
away from the nonlinear constraints may have to be included.
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flow equations@14# for Gk may hopefully permit to connec
perturbative QCD with the effective actionG0 ~2.6!.

These last ideas are only sketches for further deve
ments. The phenomenological success of the simple low
mentum effective action proposed in this paper should m
vate a serious investigation in these directions. We hope
quark-baryon duality will permit further insights into th
connection between the parton model and the QCD vacu
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APPENDIX A: FOUR-QUARK INTERACTIONS
IN THE COLOR SINGLET VECTOR CHANNEL

In this appendix we discuss the effects of four-quark
teractions in the color singlet vector and axial vector ch
nels. As for the scalar and pseudoscalar channels the e
tive action is described in a partially bosonized form. For t
purpose we introduce fields for the composite qua
antiquark bilinearsrL

m ,rR
m which correspond toc̄ ig

m(1
6g5)c i .

Let us add to the effective action~2.6! a piece accounting
for the four-quark interactions in the vector channel. We e
press it in terms of effective interactions27 for left-handed
and right-handed vector fieldsrL

m ,rR
m :

Lr5Lrq̄q1L r21L f2r1L f2r21L x2r1L x2r21LrB ,

~A1!

Lrq̄q5A2Zccrq̄q Tr$c̄Lgmr̃L
mcL1c̄Rgmr̃R

mcR%

1
A2

3
Zcc̃rq̄q~Tr$c̄LgmcL%Tr rL

m

1Tr$c̄RgmcR%TrrR
m!, ~A2!

L r25F1

2
Tr$~DmrLn2DnrLm!~DmrL

n2DnrL
m!%

1
1

ar
Tr$~Dmr̃L

m!~Dnr̃L
n !%1

1

3ar8
~]mTrrL

m!2

1mr
2 Tr$r̃Lmr̃L

m%1~L↔R!G
1

1

6
mA

2 Tr$rL
m2rR

m%Tr$rLm2rRm%

s

27We follow here closely Appendix B of Ref.@15#. The normal-
ization of the matrix-valued fieldsrL,R

m used here differs by a facto
of two from @15#.
3-28
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1
1

6
mV

2 Tr$rLm
m 1rR

m%Tr$rLm1rRm%, ~A3!

L f2r5 iA2crpp Tr$~Dmf†f2f†Dmf!r̃L
m

1~Dmff†2fDmf†!r̃R
m%1 i

A2

3
c̃rpp

3Tr$Dmf†f2f†Dmf%~Tr rL
m2Tr rR

m!, ~A4!

Lf2r252~crpp
2 1 f 1!~Tr$f†fr̃L

mr̃Lm%1Tr$ff†r̃R
mr̃Rm%!

24~crpp
2 1 f 2!Tr$f†r̃R

mfr̃Lm%

2
4

3
f̃ 2~Tr$f†f%23s0

2!Tr rR
mTr rLm

14 f 3~Tr$f†f%23s0
2!Tr$r̃L

mr̃Lm1 r̃R
mr̃Rm%

1
4

3
f̃ 3~Tr$f†f%23s0

2!~Tr rL
mTr rLm

1Tr rR
mTr rRm!, ~A5!

L x2r5 iA2erpp$@~Dmx! i jab* x i jac2x i jab* ~Dmx! i jac#~ r̃L
m!cb

1@~Dmx! i jabx i jcb* 2x i jab~Dmx! i jcb* #~ r̃R
m!ca%

1 i
A2

3
ẽrpp@~Dmx! i jab* x i jab2x i jab* ~Dmx! i jab#

3~Tr rL
m2Tr rR

m!, ~A6!

L x2r25e1@x i jab* x i jac~ r̃L
m!cd~ r̃Lm!db

1x i jabx i jcb* ~ r̃R
m!cd~ r̃Rm!da#

1e2x i jab* ~ r̃R
m!acx i jcd~ r̃Lm!db

1
1

3
ẽ2S x i jab* x i jab2

4

3
x0

2DTr rR
mTr rLm

1e3S x i jab* x i jab2
4

3
x0

2DTr$r̃L
mr̃Lm1 r̃R

mr̃Rm%

1
1

3
ẽ3S x i jab* x i jab2

4

3
x0

2D ~Tr rL
mTr rLm

1Tr rR
mTr rRm!, ~A7!

LrB5
1

6
ergg Tr$]mrLn2]nrLm1]mrRn2]nrRm%B̃mn.

~A8!

Here we have defined

r̃L,R
m 5rL,R

m 2
1

3
TrrL,R

m 5
1

2
r̃L,R

zm lz ~A9!

and the electromagnetic covariant derivatives read
03600
DmrL,R
n 5]mrL,R

n 2 i ẽBm@Q̃,rL,R
n #. ~A10!

Up to omitted terms involving three or four vector fieldsrL,R
m

this is the most general effective action with terms up
dimension four and consistent with chiral, color, electroma
netic and discrete symmetries. The fieldsrL,R

m are color-
neutral and transform with respect to chiralSU(3)L

3SU(3)R as octetsr̃L,R
m and singlets TrrL,R

m

drLm5 i @QL ,rL
m#, drR

m5 i @QR ,rR
m#, ~A11!

whereas the discrete transformations read

P: rL
m↔rR

m ,

C: rL
m→2~rR

m!T, rR
m→2~rL

m!T.
~A12!

As discussed in Sec. II, the effective four-quark intera
tions in the vector channel~as well as other multiquark in
teractions! can be recovered from Eq.~A1! by solving the
field equations forrL

m andrR
m as functionals ofc,f andx. It

is obvious that the reinsertion of this solution into the effe
tive action produces an addition to the effective action~2.6!
for c,f,x andAm which now also contains terms of dimen
sions larger than four. In this sense the piece~A1! can be
interpreted as a suggestion for the most important hig
order operators not yet contained in Eq.~2.6!. In particular,
the induced effective four-quark interaction for low momen
reads

DLr52Zc
2@tV Tr$c̄gmlzc%Tr$c̄gmlzc%

2tA Tr$c̄gmg5lzc%Tr$c̄gmg5lzc%#

2
Zc

2 c̃rq̄q
2

12mV
2

Tr$c̄gmc%Tr$c̄gmc%

2
Zc

2 c̃rq̄q
2

12mA
2

Tr$c̄gmg5c%Tr$c̄gmg5c%, ~A13!

with

tV5
crq̄q

2

8MV
2

, tA5
crq̄q

2

8MA
2

. ~A14!

The first term contributes to the isospin triplet vector chan
for the nucleon-nucleon interactions~with MV andMA given
below!.

The effective interactions in Eq.~A1! involve many new
parameters. We concentrate here only on the most impor
modifications as compared to the effective action~2.6!. First
of all, the fieldsrL

m and rR
m contain vector (r V

m) and axial
vector (rA

m) degrees of freedom

r V
m5

1

A2
~rR

m1rL
m!, rA

m5
1

A2
~rR

m2rL
m!. ~A15!
3-29
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The squared mass for the axial vector octet obtains as

MA
25mr

212s0
2~2crpp

2 1 f 11 f 2!1S 2

9
e11

1

36
e2Dx0

2 ,

~A16!

whereas the axial vector singlet mass term is given bymA
2 .

The vector fieldr V
m provides now for the missing single

vector meson

Sm5A2

3
Tr r V

m , ~A17!

with squared massmV
2 . We note that the axial vectors cann

mix with the vectors because they have different parity. A
the singlets cannot mix with the octets in the limit of a
unbroken physicalSU(3) symmetry. On the other hand, th
octet in r V

m has the same transformation properties with
spect to the physical global symmetries as the gluons.
therefore expects a mixing with the fields inṼm.

For an investigation of the interactions with the pseud
scalar mesons we introduce again nonlinear fields

TL
m5WL

†rL
mWL , TR

m5WR
†rR

mWR ~A18!

and we replace Eq.~A15! by

r V
m5

1

A2
~TR

m1TL
m!, rA

m5
1

A2
~TR

m2TL
m!. ~A19!

These fields transform homogeneously as octets and sin
under the local reparametrization symmetry

dTL,R
m 5 i @QP ,TL,R

m # ~A20!

and are neutral with respect toSU(3)L3SU(3)R
3SU(3)C . They also transform homogeneously with r
spect to the electromagnetic gauge symmetry

demr V
m5 ib@Q̃,r V

m#, demrA
m5 ib@Q̃,rA

m#. ~A21!

If we define

D̂mr Vn5]mr Vn2 ieB̃m@Q̃,r Vn#1 i @ v̂m ,r Vn#1 i @ âm ,rAn#,

D̂mrAn5]mrAn2 ieB̃m@Q̃,rAn#1 i @ v̂m ,rAn#1 i @ âm ,r Vn#,

~A22!

âm52
i

2
~WR

†DmWR2WL
†DmWL!, ~A23!

the terms quadratic inr read
03600
o

-
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-

ets

L r25
1

2
Tr$~D̂mr Vn2D̂nr Vm!~D̂mr V

n 2D̂nr V
m!%

1
1

2
Tr$~D̂nrAn2D̂nrAm!~D̂mrA

n 2D̂nrA
m!%

1
1

ar
Tr$~D̂mṽr V

m!21~D̂mr̃A
m!2%

1
1

2ar8
@~]mSAm!21~]mSm!2#1mr

2~Tr$ r̃ V
m r̃ Vm%

1Tr$r̃A
mr̃Am%!1

1

2
mA

2SA
mSAm1

1

2
mV

2SmSm , ~A24!

with

r̃ V
m5r V

m2
1

3
Tr r V

m , r̃A
m5rA

m2
1

3
Tr rA

m , SA
m5A2

3
Tr rA

m .

~A25!

The existence of an additional homogeneous vector fi
r V

m allows us to construct new invariants and leads to mixi
Indeed, the invariant for the vector currents in Eq.~7.1! is
now enlarged by a piece

LVV5x0
2 Tr$~ v̂m1gṼm2eB̃mQ̃!~ v̂m1gṼm2eB̃mQ̃!%

1MV
2 Tr$ r̃ Vm r̃ V

m%12nr Tr$~ v̂m1gṼm2eB̃mQ̃! r̃ V
m%,

~A26!

with

MV
25mr

212s0
2~ f 12 f 2!1S 2

9
e12

1

36
e2Dx0

2 . ~A27!

The mixing term;nr arises from the covariant derivative i

the cubicx2x2r term (ã̂m5âm2 1
3 Trâm)

L x2r522erppx0
2FTr$~ v̂m1gṼm2eB̃mQ̃! r̃ V

m%

1
7

9
Tr$ ã̂mr̃A

m%G , ~A28!

nr52erppx0
2 . ~A29!

The low mass vector meson octetr̃V
m and a heavy stateH̃V

m

r̃V
m5 costṼm1 sint r̃ V

m ,

H̃V
m5 cost r̃ V

m2sintṼm ~A30!

are the mass eigenstates with mass eigenvalues

M r
25

1

2
~g2x0

21MV
22A~MV

22g2x0
2!214g2nVr

2 !,
3-30
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MH
2 5

1

2
~g2x0

21MV
21A~MV

22g2x0
2!214g2nVr

2 !

~A31!

and mixing angle

tg~2t!52
2gnr

MV
22g2x0

2
. ~A32!

For the interactions it is most convenient to eliminater̃ V
m

by its field equation. In the local approximation, where t
kinetic term for r̃ V

m is small compared to the mass term (q2

!MV
2), one finds

r̃ V
m52

nr

MV
2 ~ v̂m1gṼm2eB̃mQ̃! ~A33!

and therefore

LVV5S x0
22

nr
2

MV
2 D Tr$~ v̂m1gṼm2eB̃mQ̃!

3~ v̂m1gṼm2eB̃mQ̃!%. ~A34!

This is the same structure as Eq.~7.1!, leading for ther
2p interaction~7.5! to

a5
1

f p
2 S x0

22
nr

2

MV2
D ~A35!

hereby lowering the value ofa as compared to Eq.~7.6!. The
kinetic term forṼm also obtains a contribution from the in
sertion of Eq.~A33! such that ther-mesons with a standar
normalization correspond to

r̃V
m5S 11

g2nr
2

MV
4 D 21/2

Ṽm. ~A36!

After a replacement ofṼ by r̃V this modifies Eq.~7.6! ac-
cording to

gr5gS 11
g2nr

2

MV
4 D 1/2

. ~A37!

As announced before the structure of the interactions
tween vector mesons, pseudoscalar mesons and photo
dictated by the localU(3)P3U(1)em symmetries. The low
momentum limit is not modified by the inclusion of add
tional interactions or degrees of freedom. In the followi
we work in the approximation

nr
2!x0

2MV
2 , erpp

2 !
MV

2

x0
2

, ~A38!

such that the modifications ofa andgr can be neglected.
03600
e-
s is

Let us next turn to the contribution to the pseudosca

kinetic term~5.11! from the interaction;Tr$r̃A
m ã̂m%. In ad-

dition to Eq.~A28! such a term is also induced by

L f2r528crpps0
2 Tr$r̃A

m ã̂m%. ~A39!

With the electromagnetically covariant axial vector curren

âm5am1
e

2
B̃m~WL

†QWL2WR
†QWR!

52
i

2
WR

†DmUWL

5
i

2
WL

†DmU†WR ,

ã̂m5âm2
1

3
Tr âm , Tr âm5Tr am52

1

2
]mu,

~A40!

the term linear inr̃A
m is also linear in the pseudoscalar field

It corresponds to a mixing between the pseudoscalar inU
and the pseudoscalar]mrA

m ~both are 021 states!. This so-
called ‘‘partial Higgs effect’’ has been extensively discuss
in @15#. After elimination of the fieldrA

m by virtue of the field
equation it leads to an additional negative contribution to
pion decay constantf. Indeed, for

LrA5MA
2 Tr$r̃A

mr̃Am%12a Tr$r̃A
mâm%

2crq̄q Tr$N̄gmg5r̃A
mN%1•••,

a524s0
2~crpp1xerpp! ~A41!

the insertion of the solution of the field equation

r̃A
m52

a

MA
2
ã̂m1

crq̄q

4MA
2

Tr$N̄gmg5lzN%lz1••• ~A42!

yields the bosonic contribution

L rA
(1)52

a2

MA
2
Tr$ ã̂m ã̂m%1•••52

a2

4MA
2
Tr$DmŨ†DmŨ%1•••.

~A43!

This constitutes the contributionD f
2 mentioned in Sec. V

D f
2

f 2
5

a2

MA
2 f 2

5
~crpp1xerpp!2

~11x!2

f 2

k f
4MA

2
'0.45. ~A44!

Similarly, the contribution quadratic in the baryon field
reads

L rA
(2)5yN Tr$N̄gmg5ã̂mN%,
3-31
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yN5
acrq̄q

MA
2

'0.45
crq̄qf 2

a
'20.31

crq̄q~11x!

crpp1xerpp
.

~A45!

There are similar contributions from the elimination of t
singlet axial vector Tram.

We finally note that the insertion28 of Eq. ~A42! into Eq.
~A24! introduces a term~after partial integration!

Lr2522i
a

MA
2
Tr$~Dmr V

n 2Dnr V
m!@ âm ,ân#%1•••

52i
a

MA
2 f 2

Tr$]2r VT
n @P,]nP#%1•••, ~A46!

with r VT
n the transversal part ofr V

n (]25]m]m)

r VT
n 5r V

n 2
]n]r

]2
r V

r . ~A47!

Using Eq.~A34!, this replaces for ther→2p decay rate

grpp→grpp1
nrag

MA
2 f 2

5grpp1
9

7
g

x

~11x!2

erpp~crpp1xerpp! f 2

MA
2k f

4
~A48!

5grpp10.45
nr

a
g5grpp10.58S 11

crpp

xerpp
D 21

g,

~A49!

where we have employed the on-mass-shell condition]2

→MV
2). As a result, the phenomenologically required va

of grpp in Eq. ~7.8! could be smaller than 6, and in cons
quence, the value ofa required by Eq.~7.10! could be some-
what lower than 2.

We observe that after eliminatingr V
m by Eq. ~A33! the

term ~A46! leads to an invariant

I 35Tr$~Dmv I
n2Dnv I

m!@ âm ,ân#%

v I
m5 v̂m1gṼm2eB̃mQ̃,

Dmv In5]mv In2 ieB̃m@Q̃,v In#1 i @ v̂m ,v In#. ~A50!

Sincev I
m and âm transform homogeneously with respect

U(3)P3U(1)em and Eq.~A50! involves a fully covariant
derivative, it is obvious thatI 3 adds a new invariant structur
to the terms contained in Eq.~7.1!. This invariant influences
the cubic and higher interactions but does not contribute
the two-point functions. Concerning Eq.~7.8!, it does not

28The contributions from inserting corrections;r Vâ to Eq.~A42!
into Eq. ~A41! vanish.
03600
to

affectM r
2 ,ggr andmB

2 , whereas quantities likegrpp or ggpp

receive corrections. One concludes that the KSFR rela
~7.9! is not a pure symmetry relation. Its validity also r
quires that the effective action forr mesons is dominated b
the invariantLVV ~7.5!. The observed success of the KSF
relation implies that corrections fromI 3 must be small. This
is the case forerpp!crpp /x, implying that the mixing be-
tween r̃ V

m and Ṽm can indeed be neglected@cf. Eq. ~A29!#.
For processes not involving axial vectors we therefore re
from Eq.~A1! only L r2 ~for the singlet vector meson!, L f2r

~for the partial Higgs effect! and Lrq̄q ~for the effective
nucleon interactions! in the vector channel~A13!. This leads
to the additional terms~8.7! displayed in Sec. VIII.

APPENDIX B

In this appendix we discuss invariants withSU(3)C
3SU(2)L3U(1)Y local andSU(3)R global symmetry be-
yond the ones mentioned in Sec. X. We first turn to ter
without derivatives. One may ask if local terms not involvin
derivatives could generate a term involving only one stran
meson as, for example, theCP-even stateKL

05(1/A2)(K0

1K̄0). Such terms would contribute to the weak kaon d
cays. The answer is negative, as can be seen by inserting
the infinitesimal transformation ofP up to linear order

dP5
f

2
~QR2QL!1 i ~QRP2PQL!10~P2! ~B1!

the appropriate globalSU(2)R3U(1)R or local SU(2)L
3U(1)Y transformations. In fact, the remaining symmetry
still powerful enough to forbid forsu50 any nonderivative
terms involving the pseudoscalarsp6,p0,h,K0,K̄0. Any
nonderivative coupling must therefore involve an even nu
ber of charged kaons of the form (K1K2)n. ForsuÞ0 this is
replaced by (cuK12sup1)•(cuK22sup2)n. On the other
hand, strangeness-violating processes always have to inv
chargedW6 bosons. In lowest order;MW

22 we can neglect
the exchange ofZ0. The strangeness-violating short-distan
four-quark interactions have then a globalSU(3)R flavor
symmetry. This forbids also the terms mentioned above. O
infers that there are no strangeness-violating nonderiva
interactions in orderMW

22 . We conclude that we can omit a
additional nonderivative interactions for a discussion of
weak decays of pseudoscalars.

We next turn to terms involving two derivatives and w
restrict the discussion for simplicity tof. It is straightfor-
ward to see that terms involving only one trace and only o
matrix lW lead to the same structure as Eq.~10.4! since
f†f5s0

2 as far as the pseudoscalars are concerned.
therefore omit such terms. The invariant involving four po
ers of f and one factor of lW is proportional
Tr$f†DmflW%Tr$f†Dmf% and does not contribute to th
hadronic kaon decays into two pions. This is obvious
expanding forq50
3-32
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f†Dmf5s0
2Ũ†]mŨ5

2s0
2

f S i ]mP1
1

f
@]mP,P# D1•••.

~B2!

A relevant invariant reads

L W,f
(4) 52

zW
f gW

2

8MW
2

Tr$~f†Dmf2Dmf†f!tWW%

3Tr$~f†Dmf2Dmf†f!tWW%, ~B3!

with

tW15cut11sul4 , tW25cut21sul5 , tW35t3 .
~B4!

Here the fact thattW3 is not rotated is related to the absen
of flavor-changing neutral currents.@The rotation of the type
~10.2! has to be realized by a four by four matrix includin
the charm quark.# Up to a factor2zW

f the invariant~B3! has
precisely the same structure as the one generated from
particle reducibleW exchange by inserting the field equatio
for W as a functional off. This is no surprise since th
underlying structure on the quark level corresponds to b
type diagrams where the exchange of aW boson is supple-
mented by gluon exchange. A similar argument holds
operators involvingx. The effects of the weak mixing be
tween scalars and pseudoscalars may also be represent
effective higher-order operators of the type~B3! which ob-
tain after elimination of the scalar fields via their field equ
tion. We include all these effects29 by multiplying the
W-boson exchange contribution~10.36! by a factor (1
2zW). The relative minus sign (zW.0) reflects the negative
sign of the corresponding anomalous dimension in pertu
tion theory.

Strangeness-violating local interactions can also app
on the level of the Yukawa couplings between quarks a
mesons

Lb5Zcc̄RiS gW
2 bW

2 h

4MW
2

fd i j 1
gW

2 b̃W
2 h̃

4MW
2

x i j D lWcL j1H.c.

~B5!

The interaction~B5! is the only dimensionless invariant con
tributing to strangeness-violating baryon interactions. A
cording to the hypothesis of scalar Vervollsta¨ndigung it
should dominate the hyperon decays. It has to be sup
mented by strangeness-violating mixings of the pseudo
lars discussed in Appendix C.

We recall that we work in a basis where both the kine
and the mass term for the quarks conserve strangeness.
imposes constraints on the effective strangeness-viola
couplings. As discussed in Sec. II, we can recover the mu
quark interactions by inserting the solutions of the field eq

29There are also contributions to theDI 51/2 amplitude which
may be absorbed by a small change inmW .
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tions for f and x as functionals ofc̄c. The terms~10.3!,
~10.4!, ~B5! result in a shift of the solutionf@c#5f0@c#
1df@c#. For large enoughk this reads approximately

dfab5
gW

2

4MW
2 ~mf

2 2]2!21@ZcbW
2 hc̄L,ic~lW!cbcR,ai

2~m̃W
4 2mW

2 ]2!~f0lW!ab#, ~B6!

with

~f0!ab5Zch~mf
2 2]2!21c̄LibcRai1

1

2
Zf

21/2j ab . ~B7!

Insertion in the effective action@including the source term
~2.9!# leads to a strangeness-conserving quark mass
only for bW

2 5m̃W
4 mf

22 . A similar, but more complicated re
lation exists between the strangeness violation in the ef
tive potential forf,x and the strangeness violation in th
Yukawa-type couplings.

The insertion of Eq.~B6! in the effective action leads to
four-quark interactions involving two left-handed and tw
right-handed quarks. Assume thatm̃W(k50) can be related
to m̃W(k) at a typical transition scale around 1 GeV by fo
lowing the renormalization group flow of the effective a
tion. It can then be matched to the perturbatively~RG-
improved! computed value of the corresponding four-qua
interaction. Since a tree exchange ofW bosons always in-
volves at least four left-handed fermions, it is obvious th
the four-quark interaction of interest can only be genera
by aW-boson loop, as appropriate for a one-particle irred
ible contribution. We will not pursue this road for a comp
tation of the effective couplingsmW ,m̃W , etc. in the presen
work.

APPENDIX C: KL
0ÀKS

0-MASS DIFFERENCE

For the discussion of the mass difference betweenKS
0 and

KL
0 one needs the one-particle irreducibleDS52 contribu-

tions in orderMW
24

L m
(DS52)5

gW
4 mW,2

2

16MW
4 ~h1 Tr$f†DmflWf†DmflW%

1h2Tr$f†DmflW%Tr$f†DmflW%!1•••.

~C1!

Here the dots stand for terms involvingx. This effective
interaction corresponds to an eight-quark interaction. It
related to a vertex with four left-handed quarks~e.g., box
diagrams with exchange of twoW-boson lines! by supple-
menting the four right-handed quarks needed to form scal
For the kinetic term of the pseudoscalar mesons it reduce

L m
(DS52)5

3

16
AW

2 mW,2
2 @h1 Tr$]mUl6]mUl6%

1h2 Tr$]mUl6%Tr$]mUl6%#1¯. ~C2!
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This induces a difference in the wave function renormali
tion for KL

0 andKS
0

Lkin5
ZL

2
]mKL

0]mKL
01

ZS

2
]mKS

0]mKS
01•••,

ZL2ZS52
3

2

AW
2 mW,2

2

f 2
h̄,

h̄5h11h21¯, ~C3!

where the dots inh̄ stand again for contributions from in
variants involving the octetx. We normalizemW2

2 such that

h̄51. Using a normalization withZS51,MKS
5MK , one has

MKL
5MKZL

21/2 or

~MKL
2MKS

!d5
3

4

AW
2 mW2

2 MK

f 2
50.59•10212 MeVS mW

2

f 2 D
~C4!

to be compared with the observed value

MKL
2MKS

53.522310212 MeV. ~C5!

The indexd in Eq. ~C4! indicates that this is only the direc
contribution from the 1PI effective vertices. A further cont
bution arises from mixing effects of the pseudoscalar mes
in first order inDS. In fact, due to weak interaction effec
the fields in Eq.~5.27! have small off-diagonal corrections i
their propagators. ExpandingLmU ~10.5! in second order in
P,u, one finds

L mU
(2) 52AWĝ8FTr$]mP]mPl6%

2
f

3

11dWx

115dWx/14
]mu Tr$]mPl6%G

5AWĝ8F ]mK̃1]mp̃21]mp̃1]mK̃22]mp̃0]mK̃L
0

2
1

A3
]mh̃]mK̃L

0G2g̃8]mh̃8]mK̃L
0 ,

ĝ85
1415dWx

1424dWx
g8 , g̃85

2 f

3Hh8

11dWx

122dWx/7
g8 .

~C6!

Here we use a tilde for the fields appearing in Eq.~5.27!
which correspond to the basis where the quark mass t
~2.9! is diagonal. The physical meson fieldsp0,KL,S

0 ,h,h8
andp6,K6 obtain after diagonalization of the inverse prop
gator. The total quadratic term for the neutral mesons re
03600
-

ns

m

-
s

L (2)
0 5

1

2
~]mp̃0]mp̃01]mh̃]mh̃1]mh̃8]mh̃81]mK̃L

0]mK̃L
0

1]mK̃S
0]mK̃S

0!2AWĝ8S ]mp̃0]mK̃L
01

1

A3
]mh̃]mK̃L

0D
2AWg̃8]mh̃8]mK̃L

01
1

2
„Mp

2 ~p̃0!21Mh
2 h̃21Mh8

2 h̃82

1MK
2 @~K̃L

0!21~K̃S
0!2#… ~C7!

and the ‘‘physical fields’’ are given by

p̃05p01
MK

2

MK
2 2Mp

2
AWĝ8KL

0 ,

h̃5h2
MK

2

Mh
22MK

2

AWĝ8

A3
KL

0 ,

h̃85h82
MK

2

Mh8
2

2MK
2

AWg̃8KL
0 ,

K̃L
05KL

02
Mp

2

MK
2 2Mp

2
AWĝ8p01

Mh
2

Mh
22MK

2

AWĝ8

A3
h

1
Mh8

2

Mh8
2

2MK
2

AWg̃8h8,

K̃S
05KS

0 . ~C8!

In terms of the physical fields the relevant contributions
L (2)

0 read

L (2)
0 5

1

2
@]mp0]mp01]mh]mh1]mh8]mh81]mKS

0]mKS
0

1~11AW
2 QZ!]mKL

0]mKL
0#1

1

2
@Mp

2 ~p0!21Mh
2h2

1Mh8
2 h821MK

2 ~KS
0!21MK

2 ~11AW
2 QM !~KL

0!2#,

~C9!

where we note the difference in the kinetic and mass te
betweenKS

0 andKL
0 , with

QZ52
MK

2 ~MK
2 22Mp

2 !ĝ8
2

~MK
2 2Mp

2 !2
1

1

3

MK
2 ~2Mh

22MK
2 !ĝ8

2

~Mh
22MK

2 !2

1
MK

2 ~2Mh8
2

2MK
2 !g̃8

2

~Mh8
2

2MK
2 !2

, ~C10!

QM5
MK

2 Mp
2 ĝ8

2

~MK
2 2Mp

2 !2
1

1

3

MK
2 Mh

2 ĝ8
2

~Mh
22MK

2 !2
1

MK
2 Mh8

2 g̃8
2

~Mh8
2

2MK
2 !2

.

~C11!
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In consequence, the renormalized masses forKL
0 ,KS

0 read
without the 1PI-irreducible contribution~C3!

MKL

2 5MK
2 S 11AW

2 QM

11AW
2 QZ

D , MKS

2 5MK
2 . ~C12!

This corresponds to a contribution of the mixing effect to t
mass difference

D~MKL
2MKS

!

5
AW

2 MK

2
~QM2QZ!

5
AW

2 MK

2 S MK
2 ĝ8

2

MK
2 2Mp

2
2

1

3

MK
2 ĝ8

2

Mh
22MK

2
2

MK
2 g̃8

2

Mh8
2

2MK
2 D

52
AW

2 MK

2
~0.465ĝ8

21g̃8
2!. ~C13!

Summing Eqs.~C4! and ~C13! we obtain

MKL
2MKS

~MKL
2MKS

!obs
50.17S mW2

2

f 2
20.31ĝ8

22
2

3
g̃8

2D .

~C14!

With typical valuesĝ8'1.5 @cf. Eq. ~10.28!#, andg̃8'1 this
would imply mW2'300 MeV. This is of the order of the
expected characteristic mass scale.

We complete this appendix by a discussion of the eff
tive mixing betweenK6 andp6. The relevant contribution
of W̃ exchange to the pseudoscalar kinetic term is given
the square of the term linear in]mP in Eq. ~10.29!

DL kin
(W)52MW

2 ~Wm
1!(1)~W2m!(1)

52
gW

2 f 2

2MW
2

Tr$]mPl̂1
† %Tr$]mPl̂1%

52
gW

2 f 2

4MW
2

]m~cup̃11suK̃1!]m~cup̃21suK̃2!.

~C15!
e
,
.
,
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This has to be combined with similar terms in Eq.~C6!. Here

we use againK̃6,p̃6 for the fields appearing in Eq.~5.27!
which correspond to the basis where the quark mass t
~2.9! is diagonal. In presence of weak interactions the fie

K̃6,p̃6 have to be related to the fieldsK6,p6 for the physi-
cal pseudoscalar mesons. The latter have diagonal prop
tors. If we only consider effects linear inGF , the relevant
bilinear

L (2)
Kp5]mp̃1]mp̃21]mK̃1]mK̃21Mp

2 p̃1p̃21MK
2 K̃1K̃2

1AW~ ĝ821!~]mK̃1]mp̃21]mp̃1]mK̃2! ~C16!

is diagonalized by

p̃15p12
MK2

MK22Mp2

AW~ ĝ821!K1,

K̃15K11
Mp2

MK22Mp2

AW~ ĝ821!p1,

~C17!

such that

L (2)
Kp5]mp1]mp21]mK1]mK21Mp

2 p1p21MK
2 K1K2.

~C18!

This mixing effect is not relevant for the hadronic kaon tw
body decays since there are no cubic vertices involving o
pseudoscalars in the absence of weak interactions. It con
utes, however, to the decay ofKL

0 into three pions. Further-
more, it leads to an additional contribution to th
strangeness-violating vertices between baryons and pse
scalars.
.
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