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The vacuum of QCD is characterized by the Higgs mechanism. Color is “spontaneously broken” by a
guark-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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[. INTRODUCTION aspects the “strongly coupled electroweak theory” at high
temperaturé.

An understanding of the properties of the vacuum is a For strong interactions, the complementarity between the
central goal in the description of strong interactions by quanHiggs and confinement descriptions of the vacuum has been
tum chromodynamic6QCD). Recently, it has been proposed mainly discussed in toy models with additional fundamental
that the local color symmetry is broken spontaneously by #olored scalar field§6].” In contrast, our approach concen-
dynamical quark-antiquark condensaffié,2]. The Higgs trates on standard QCD with the gauge coupling and the
mechanism provides a mass for all gluons, thereby squeezirfg/frént quark masses as the only free parameters. Similarly
the gauge fields between color charges into flux tubes. ThE® chiral symmetry breaking the relevant dynamical conden-

separation of two color charges leads therefore to an increaS&t€ i provided by a quark-antiquark pair. The main differ-
ing potential until the string breaks due to particle produc-ence to the usual treatment of chiral symmetry breaking is

tion. This results in a simple picture of confinement. Thet.he assumption that both color singlet and octet composite

: . . . . ields acquire a vacuum expectation value.
Higgs mechanism also gives integer electric charge to aﬁ We propose that besides the effective running of the

physical particles. Furthermore, the expectation value of th%auge coupling the main ingredient of low-momentum QCD

guark-antiquark color octet breaks the global chiral Symme  cists of effective scalar fields representing  quark-

try. As a consequence the fermions become massive and theyiqark bound states. Once these composite operators are
spectrum contains light pions and kaons as pseudoGoldstoRg,ateq on the same footing as the quark and gluon fields, the
bosons. In the |Im|t. of equal masses for the three I'|ght quarkﬁescription of propagators and vertices in terms of an effec-
the global vectorlike SUB) symmetry of the “eightfold e action becomes again very simple. The long-sought dual
way” remains unbroken and can be used for a classificatiogjescription of long-distance strong interactions can be real-
of the particle spectrum. The nine quarks transform as afyed by the addition of fields for composites. This is very
octet and a singlet. We identify the octet with the low masssimilar to the asymptotically free nonlinear sigma model in
baryons—this is the quark-baryon duality. Similarly, thetwo dimensions where the addition of the composite “radial
eight gluons carry the quantum numbers of the light vectoexcitation” provides for a simple dual description of the low
mesons,K*, etc. The identification of massive gluons with momentum behavidi8]. We will call this particular version
the vector mesons is called gluon-meson duality. of duality where a simple effective action for the low mo-

Strictly speaking, local symmetries cannot be brokenmentum degrees of freedom can be achieved by the addition
spontaneously in the vacuum. This has led to the realizatiof fields for composite operators by the German wWokder-
that the confinement and the Higgs description are not nec«ollstandigung.”
essarily associated with mutually exclusive phases. They Spontaneous breaking of color has also been propg&ed
may only be different facets of one and the same physicdior situations with a very high baryon density, as perhaps in
state[3]. We stress that this observation is not only of formalthe interior of neutron stars. In this proposal a condensation
importance. For example, the high temperature phase trang¥f diquark operators is responsible for color superconductiv-
tion of electroweak interactions with a small Higgs scalarity and spontaneous breaking of baryon number. In particu-
mass ends for a larger scalar mass in a critical end pointar, the suggestion of color-flavor lockirid0] offers analo-
Beyond this end point the phase transition is replaced by an
analytical crossovdd]. In this region—which is relevant for
a realistic boson Higgs boson mass in the standard model—awyithout a direct connection to the standard model the
Higgs and a confinement description can be used simultasy(2)-vang-Mills theory with strong gauge coupling and funda-
neously. Our picture of the QCD vacuum resembles in manynental scalar has been first simulated on the lattid&]n

2See also Ref7] for early discussions of strong interactions with
additional fundamental colored scalar fields.
*Email address: C.Wetterich@thphys.uni-heidelberg.de 3To be translated roughly as “completion.”
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gies to our description of the vacuum, even though differentesponding to physical particles. This makes the complemen-
physical situations are describédacuum vs high density tarity between the “Higgs picture” and the “confinement
statg and the pattern of spontaneous color-symmetry breakpicture” manifest. In the nonlinear description the local color
ing is distinct(quark-antiquark vs quark-quark condensate;symmetry remains unbroken and all physical particles trans-
conserved vs. broken baryon numbérhis analogy may be form as color singlets. The remnant of the color symmetry
an important key for the understanding of possible phaséor the interactions of the physical particles is a nonlinear
transitions to a high density phase of QCD. local reparametrization symmetry. This is investigated in
After spontaneous color symmetry breaking by an octeSSec. V. After a gauge fixing consistent with a simple realiza-
quark-antiquark condensate all quantum numbers of the exion of parity we arrive at the effective action for the nonlin-
citations above the vacuum match with the observed speear “physical fields.” In Sec. VI we turn to the issue of
trum of low mass particlegsThese quantum numbers include baryon numbeB. We address the puzzle how quarks with
baryon number, strangeness, isospin and spin as well as p&8=1/3 and baryons witlB=1 can be described by the same
ity and C parity) We have therefore little doubt that such a field. In the Higgs language this issue is obscured by the fact
description of the QCD vacuum is, in principle, possible. Inthat the gauge fixing is not compatible with the global trans-
the present paper we investigate the more specific hypothesisrmation associated t8. A careful treatment reveals that
of “scalar Vervollstadigung.” This hypothesis states that the baryons carry indeed three times the baryon number of
effective action becomes simple once one adds to the quaruarks.
and gluon fields the scalar fields with the quantum numbers In Sec. VII we turn to the electromagnetic interactions for
of quark-antiquark pairs. More precisely, we assume that ithe nonlinear physical fields. They are largely governed by
leading order only invariants with mass dimension smaller othe nonlinear local reparametrization symmetry. We recover
equal to four have to be included, where the scalar fields arthe well established concept of vector dominance as well as
counted according to their canonical dimension. Thissuccessful relations between hadronic and electromagnetic
“renormalizablé effective action” is assumed to be valid for decays of thep meson. Some shortcomings of the scalar
low momenta. It exhibits a number of new couplings whichVervollstandigung concerning the physics of the vector me-
describe the scalar potential and the Yukawa couplings besons are listed in Sec. VIII. Here we also propose an exten-
tween scalars and quarks. In principle, these couplings arsion to “scalar-vector Vervollstadigung” by adding fields
calculable in QCD as a function of the gauge coupling orfor quark-antiquark bilinears in the vector and axial-vector
Aqcp- In this work we make no attempt of such a compu-channels. This completes the spectrum of light mesons by the
tation. (See Ref.[2] for first steps in this direction.We  ninth vector mesofithe SU(3)-singlef and the axial-vector
rather perform a phenomenological analysis treating the nexmesons. In Sec. IX we discuss the effective interactions be-
couplings as free parameters. We concentrate on the limit dfveen the pseudoscalar mesons which follow from the hy-
equal current quark masses. In addition to the explicit chirapothesis of scalar Vervollstaigung. Their generic form is
symmetry breaking by the current quark mass seven effectivéetermined by chiral symmetry and we compute some of the
couplings are relevant for our discussion. Four of them apeffective couplingd.; which appear in next-to-leading order
pear only in the mass formulas for the light baryon octet andn chiral perturbation theory. The agreement with observation
singlet and thep’ meson. The masses and interactidins  is very satisfactory. The weak interactions are introduced in
cluding interactions with baryonhof the pseudoscalar and Sec. X. There we show that tlid = 1/2 rule for the hadronic
vector mesons carrying isospin or strangeness are governédon decays arises naturally in our setting. In Sec. XI our
by only three effective parameters: the expectation values ddiscussion is extended to diquark fields which presumably
the scalar octety(y) and singlet o) and the effective gauge play an important role for QCD in a medium with high
coupling @). We fix xq,0 andg by the observed values of baryon density. This opens new perspectives on the qualita-
the vector meson mass, the pseudoscalar decay constant d@iwvé features of the QCD-phase diagram for large tempera-
the electromagnetic decays of the vector mesons. “Predicture and chemical potential. The short Sec. XIlI sketches the
tions” for other quantities in this sector like the decay width inclusion of the heavy quarks charm, beauty and top in our
for p— 24 involve then no further free parameters. We will approach. We finally present a summary and conclusions in
argue that the hypothesis of scalar Vervolstigung gives  Sec. XIII.
indeed a satisfactory description for long-distance strong in-

teractions in leading order. o _ Il. QUARK-ANTIQUARK CONDENSATES
In Sec. Il we describe our setting in more detail and _ _
specify the transformation properties of the fields under the A. Effective action

various symmetry transformations. In particular, the emer- | this section we describe the effective action for long-

gence of an integer electric charge for the excitations abovgistance strong interactions according to the hypothesis of

the vacuum(physical particlepis discussed in Sec. lll. Sec- scalar Vervollstadigung. By definition the effective action

tion IV introduces a nonlinear description for the fields COr-generates the one-particle-irreducilldl) correlation func-
tions and includes all quantum fluctuations. It therefore con-
tains the direct information about the propagators and proper

“4Renormalizability is here no fundamental property since the vaVertices.
lidity of the effective action need not cover a large range of mo- In addition to the quark and gluon fields we consider sca-
menta. lar fields with the transformation properties of quark-
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antiquark pairs. With respect to the color and chiral flavor L=iZ VD i+ 0Z b VEA:
rotations SU(3)cx SU(3), X SU(3)g the three light left- YOt 8Ly A
handed and right-handed quarks, ¢/ transform ag3,3,1) 1 .. po 1
and(3,1,3, respectively. Qﬂark—antiquark bilinears t@refore + §Gij Gji,ur T TH(D*%i)) "D yij}
contain a color singletb(1,3,3) and a color octef(8,3,3)

— ~  1tys
1 +FU(y)+Zy4 (h¢5ij+hXij)T
Yii=XijtT = $dij,
V3 O I X
—(he 5ij+hin)T lﬂj- (2.9
= ! =0 (2.1
J3 fie X = ' Here Gij .,=3,A;.,— d,A ) u— 10K Ao T 19AL AL

and the interaction between gluons gpdrise from the co-

Here we use a matrix notation for the flavor indices and writevarlant derivative

the color indicesi,j explicitly, €.9. xij ab=JXij  ®an= -
Then y;; contains 81 complex scalar fields. Similarly, the D %= 3,7 —19AIK . Vi T19 YikAkj,u - 2.7
quark fields are represented as three flavor vecipys

=4, Yia=¢;. The infinitesimal SU(3)cxXSU(3). In our notation the transposition acts only on flavor indices,
X SU(3)g transformations are given by e.g., (7)) ab= ¥} pa- The effective potential

(SYL) =iy (O8)i+iOL g, 1
U(y)=Uo(x, )~ 5 v(dets+deip)

(5¢R)i:iIPR,j(@(T:)jiH@Rl//R,i, (2.2

1
- EV’[E(¢,X)+E*(¢>,X)],
with

1 1 1
(Oc)ij=5 Ic(X) (N2, OLr=5 LRz, (2.3 E(h.X)= § €a1a,2,E0,0,03Pa;0,Xij agh,Xii aghs
(2.9

Here \, are the eight Gell-Mann matrices normalized ac- ) ,
cording to Trj\,\,)=28,, and O is a scalar in flavor CONServes axidl (1) symmetry except for the 't Hooft terms

space. Correspondingly, the scalar fietland y;; transform  [12] ~»,»". For the purpose of this section the only infor-
as mation we need fron ; concerns the expectation valueg

and y, for the singlet and octet in the limit of equal quark
masses. The hypothesis of scalar Vervolgigung states
that the leading behavior of low energy QCD can be directly
extracted from the propagators and vertices of the effective
action(2.6).

(2.4) Finally, explicit chiral symmetry breaking is induced by a
linear term[13]

0¢p=10rep—i¢0,
5Xij=i®RXij_iXij@L+i(®c)ikaj_iXik(®c)kj .

As usual we represent the eightJ(3)c-gauge fields by

1__ . .
L Li==35Z,"2Tr(|T o+ o)),
Aij = EAZ()\Z)H ,
j=j"=a,m=a,diagm,,mq,my), (2.9

1
(6A)ij, =10 ikAxj, = 1Ak, (Oc)j+ = 3,(O¢)j; - o _
g with m, the current quark masses normalized at some appro-
(2.9 priate scale, sayu=2 GeV. We note that the quark wave
. . . _ . function renormalizatiorZ,, can be absorbed by a rescaling
We consider a very simple effective Lagrangian containingof . We keep it here in order to discuss later a possible

only terms with dimension up to fotr simple bridge between our picture and the nonrelativistic
quark model.
Besides the explicit chiral symmetry breaking in E2.9)
SFor our conventions for fermions sg&l]. the model contains the seven real paramegehsh, o, xo,
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andv’. In fact, the effective actiof2.6) is the most general  physical particle spectrum should be extractedkfer0. For
one which contains only “renormalizable” interactions and short-distance scattering processes, however, one may ac-
is consistent witt5U(3)c X SU(3), X SU(3)g symmetry, as count for the momentum dependence of the vertices by using
well as with the discrete transformations parity and chargdor k an appropriate momentum scale. Our description should
conjugation € is the charge conjugation matyix coincide with perturbative QCD for large enoulgh

Let us look first at the range of validity of perturbative
QCD. For large k (say k=2 GeV) we expand U,
=m3 Tr'¢+m’ Try/xi;+ -+ and assume that botin’,
and mf( are large and positive. Then the additional scalar

Pr ——dr, dr—t¢r, Aju—Aju

d— o', Xij ,ab—>Xﬁ bas excitations will effectively decouple. They can be eliminated
by solving the scalar field equations in termsyafy and A
. - - and reinserting this solution into the effective action. kor
C: ¢—cidr, Yr—a—Ch, A= Ajiu 9 o

=y= 0,A,=0 the expectation valugy) vanishes. On the

other hand, one fin =1im>2z:%% and therefore effec-
=", Xij.ab— Xii ba- (210 g ORI~ 2, 2o ]
ij,ab™ Xji,ba tive quark masses

We will show that the masses and interactions of the lightest
octets of baryons as well as pseudoscalar and vector mesons m =Ehmg,22’l’2j (2.11)
are well described by the effective actidi@s6), (2.9). A few 4 2 e Jar '

shortcomings in the vector meson sector and a sketch of a o N
possible extension are discussed in Sec. VIII. This is the Only relevant Coupllng induced by the additional

Actually, there is no reason why only interactions be-degrees of freedom and exactly what is needed for perturba-

tween scalar and pseudoscalar quark-antiquark bilineatdve QCD. We have explicitly checked that in leading order
should be present as in EQ.6). Effective four-quark inter-  the running of the quark masses only arises from gluon dia-
actions(1PI) in the vector or axial-vector channel are cer- 9rams.(The sourceg are constant and the effects of the
tainly induced by fluctuations, and we will discuss them infunning scalar wave function renormalizatidg drop out)
Appendix A. There is also no need that the effective actiofcomparing with Eq.(2.9) we find for k=u=2 GeV the
has to be of the “renormalizable form(2.6). In fact, we  relation

have at present no strong argument why higher-order opera-

tors have to be small. In the _spirit that a .usefulldual (_jescri_p— aq(u)=Zmi(M)Z;’Z(u)h*l(m. (2.12
tion should not be too complicated, we simply investigate in

thjS paper to what extent the hypothesis of scalar VervollfFor A#:O the exchange of and y produces a correction
standigung(2.6) is compatible with observation. If success- A

ful, the neglected subleading terms may be considered later

for increased quantitative accuracy. Furthermore, we know
— 1= Vs 2 o N e 1+ Vs
Yia > Ppi | (MGy—343,,) ¢ij¢aj

that QCD contains higher resonances such asAthe the A p—p2
axial-vector mesons. They are not described by the effective
action (2.6). One may include them by the introduction of

additional fields for bound statésee Appendix A This is, +h2 Jajﬁ%i)(ﬁ_gug )—1(Zbi%¢aj)
however, not the purpose of the present paper. We only men- 2 X . 2

tion here that “integrating out” the missing resonances with 1/ 1—ys 1ty
lowest mass presumably gives the leading contribution to the - —( Yia ,!,bi> (m)Z(_ auaﬂ)1< ¢jb_¢aj) ] )
neglected higher-order operators. Those will typically con- 3 2 2

tain “nonlocal behavior” in the momentum range character- (2.13
istic for the resonances.
This corresponds to a one-particle irreducible effective four-
B. Connection to perturbative QCD quark interaction which can be computed perturbatively by

o evaluating the relevant box diagrams with two internal gluon
In a renormalization group framework the parameters apznqg quark lines. One finds

pearing in Eq.(2.6) can be considered as running coupling
constants. For instance, we may assoclate: [d*x£ with

the effective average actidii4] which exhibits an infrared h*(k) 235 g%k h(k) B 135 g*(k)
cutoff k. Then only quantum fluctuations with momenta m2 (k) 14472 K2 m2(k) 38472 K2
larger thank are included. The vacuum properties and the ¢ X (2.14

with I‘31 a constant of order one which depends on the precise
®The only exception is the omission of a possiblel),-violating  choice of the infrared cutof. We emphasize the composite
term cubic iny which is not present in the 't Hooft interactiph2] ~ character of the scalar fields which implies that the
and also not generated by one-loop fluctuations. k-dependence ofn,2 or h is essentially determined by the
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QCD-box diagrams ik is large. Since the sourges inde- We suggest that the essential features of confinement are
pendent of the renormalization scale one infers from Egs. described by nonzerfy). For equal quark masses we pro-
(2.9, (2.12, and(2.14 that thek-dependence of , obeys pose
for the perturbative range
( ) ! NENG ! 8iad, ! 5ii 0.

40k Xij,ab/ = T XoNjiMab™ ~ = Xo| %ia%jb™ 3 %ij%ab />
9 (2.19 V24 V6 3
k?mg(k) (218

ZiAk)h(k)~
A small value of the scalar wave function renormalizationWith real xo>0. This expectation value is invariant under
z,, for largek is consistent with a composite scalar field. ~ vectorlike SU(3)y transformations by which identical left
From the exchange of we also obtain foA,#0 higher- and right fIav_or rotations and transposed co[or rotations are
order gluon interactions by expandingTrIn(mf(—Dz[A]) p_erformed W;th ozpposnezangzles. More explicitly, they are
with D2 the covariant Laplacian. All these corrections are9iven by 6;=6g= e?oe=06y with e@=-1 for z
nonrenormalizable interactions which are “irrelevant” by =1.34.68 and e®P=1  for z=257. The
standard universality arguments. This means precisely thatU(3)v-transformation properties of the various fields fol-
they are computable within the range of validity of perturba-low by inserting in Eqs(2.2), (2.4 and (2.5 0 =0g=
tion theory. In fact, the scalar fields I, may be viewed as — (0c)'=0y
a shorthand for the presence of these nonrenormalizable
quark and gluon interactions in the effective action. Sythai=1(OV) aptli— i Paj(OV);i
Because of the presence of quark fluctuations the mass
terms m3, and mf( decrease a& is lowered. Perturbation
theory typically breaks down oncmé, or mfv are of the same
size ask® Furthermore, the relative importance of the
anomaly terms increases. These cubic interactions tend to NP ap=1(O\) acthcr— 1 Pac(Ov)cp,
destabilize the minimum of the potential &t= =0 (for j
=0). It is our central postulate that in the nonperturbative Sovi o —i(® i (0
region of smalk the minimum of the effective potential is VXij.ab= 1 (Ov)ackij co~1Xij.ac Ov)eb
located at nonzero expectati_on vallés .both(qﬁ) and({x) —i1(OV)kiXkj.abT i Xik.ab(OV) jk - (2.19
even forj=0. A first dynamical analysis based on a mean
field approximation indeed sugge$ that this postulate is  The invariance of the expectation valég(x;j a») =0 is eas-
reasonable. ily checked. With respect to the transposed color rotations
the quarks behave as antitriplets. In consequence, under the
C. Spontaneous symmetry breaking combined transformation they transform as an octet plus a
singlet, with all quantum numbers identical to the baryon
For small enough and equal_quark masses the usual COI?)rc:tet or singlet. This is most obvious if we also use a matrix
singlet chiral quark condensafeiq) can be related to the potation for the fermionsy=y,; such thats,y=i[0y,¥].

SUA =1 (OV)iAg AT L(Oy)y,

expectation value o In particular, the electric charges, as given by the generator
Q=3\3+(1/2(3)Ag of SU(3)y, are integer. We therefore
(ab) = TSap, (2.16 identify the quark field with the lowest baryon octet and

singlet—this is quark-baryon duality. Similarly, the gluons
by saturating the expectation value of the explicit chiral sym+ransform as an octet of vector mesons, again with the stan-
metry breaking term. Fronf; =X m,(x)(qq)(u) and Eqs. dard charges for the,K* and o/¢ mesons. We therefore
(2.9), (2.11 one finds describe these vector mesons by the gluon field—this is
gluon-meson duality.
Due to the Higgs mechanism all gluons acquire a mass.

o U2\ -1
(9a)(r)==Z470)jqoomg( 1) For equal quark masses consen@t(3), symmetry im-
Zm?za(r“*) Z (1) 112 plies that all masses are equal. They should be identiﬁ_ed with
== h() | Z40) 0o- (217  the average mass of the vector meson muItipMﬁ

=2MZ. +5M2=(850MeV). One finds
The expectation valug.16) breaks chiral symmetry. It pre-
serves a vectorlike flavor symmet&U(3)y with transfor-

: ) M,=gxo=850 MeV. 2.2
mations given byg{ = 6% and color symmetry. p=9X0 (2.29

The breaking of chiral symmetry by, and x, also induces
masses for the baryon octet and singlet. kg# 0 the sin-
"The SU(3) color breaking by nonzer¢y) occurs only in a glet mass is larger than the octet mésse below.
gauge-fixed version, whereas an explicitly gauge-invariant formula- We note that gluon-meson duality is a necessary conse-
tion is used below. guence of the Higgs picture of QCD. It persists if additional
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vector-meson fields are introduced as color singlet quark- D =g —ieB O0—id8 3.
antiquark composite fields. There will simply be a mixing mooR #»Q~186,Qc, 39

between the “gluons” and the “composite vector fieldsee L~ “ ” ;
Sec. VIII). On the other hand, quark baryon duality stronegWIth 9=(y/3/2)g. Because of the “charged” expectation

depends on the proper assignment of the baryon number. Wélues(3.3) a linear combination 0B, andG, gets massive,
will discuss this issue in detail in Sec. VI. as can be seen from the quadratic Lagrangian

lll. INTEGER ELECTRIC CHARGES @) 1. - 1.
EemzzB’”Ber ZG“”GW
In order to get familiar with the Higgs picture of QCD, it

seems useful to understand in more detail the consequences >
of spontaneous color symmetry breaking for the electromag- +§X§(gG“+ eB*)(gG,+eB,). (3.6
netic interactions of hadrons. We start by adding to the ef-

Lectivekl__agr(;ingiartqgﬁ) a couplintg toaJ(1)-gauge fieldB,  The massive neutral vector mesBy and the massless pho-
y making derivatives covarian ton B, are related td&,, andB,, by a mixing angle

D,¢y=(d,—1eQB,)y, - -
wh=(0,~18QB )Y R,= COSOenG,+ SiNOerB,,

Duylj:auylj_la[éiylj]gu_1 (31) ~ . ~
B,= c0SbenB,— SinOenG,,,
with Q=3N3+(1/2y3)Ag=diag,—%,— 1) acting on the
flavor indices. Furthermore we supplement the Maxwell term 3
tg0em==, 3.7
1. . _ _ _ 9
L5=78""B,,, B,,=d,B,~dB,. (3.2 _
and we note that the mass of the neutral vector meson is

o~ . somewhat enhanced by the mixing
Whereas the quarks carry fractior@| the Abelian charges

of the scalars are integer. In particular, the expectation value
(¢) is neutral,[Q,(¢)]=0, whereas some components of
(xij.ab) carry charge, namely fdt=2,3

My, =9x0/COSOem. (3.9

The mixing is, however, tiny for the large valuiz g%l4m
~ _ ~ 3 that we will find below. In terms of the mass eigenstates
[Q.{X1k 5] = (X 1k, 1) the covariant derivativé3.5) reads now

[Q.(Xkik1) 1= — (Xkaka)- 3.3 DM=aM—ieQBM—i§ COSﬁem(QC*‘tgzﬁemé)R#

3.9
The expectation valu€2.18 therefore also breaks the local 3.9

U(1) symmetry associated wit. The Abelian color charge and we observe the universal electromagnetic coupling
(Qo)jj =%(A3)ij +(1/2\/§)()\8)ij of these fields is, however,
equal toQ. In consequence, a local Abelian symmetry with

< : e=eCoSfn (3.10
generatoiQ— Q¢ remains unbroken

of all particles with electric charg®=0—Q¢. This cou-

éac<Xij,cb>_<)(ij,ac>écb_(QC)iI<XIj,ab>+<XiI,ab>(QC)lj pling is exactly the same for the colored quarks and the col-
orless leptons as it should be for the neutrality of atoms. For
=0. (3.4 an illustration we show the charg€s ,© andQ for the nine

The corresponding gauge field corresponds to the photon. light quarks in Table |.

The situation encountered here is completely analogous to W€ note the difference between the coupliegwhich
the Higgs mechanism in electroweak symmetry breakingvould be computed in a grand unified theory and the true
The mixing between the hypercharge boson andwhebo- electromagnetic coupling. They are related by
son in the electroweak theory appears here as a mixing be-

tween~BM and a particular gluon fiel&u which corresponds 1 1 4

to Ajj .= (\/312) (9(:)”'6,,;- Let us restrict the discussion to 2 e 32 (313
the gauge bosor8, andG,, . Then the covariant derivative

for fields with a fixed value of andQc is given by For g=6 the relative correction is only of the order of 70
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TABLE I. Abelian charges of quarks and association with bary- 1
ons. The baryon singlet is denoted 8. oV,=i[Op,V, ]+ aaﬂG)p,
Q Qc Q
Uy 2/3 2/3 0 30A0,8° 5S=i[05,S]
U, 23 ~1/3 1 3 Pl
U 2/3 —-1/3 1 p
d, -1/3 2/3 -1 3" _ _ o
d, ~1/3 -1/3 0 307080 (6X)ij,ab=1(Op)acXij,cb—1Xij ac(Op)cb—1(Op)ikXyj,ab
ds —1/3 —-1/3 0 n . T
+iX; . :
S; ~1/3 213 -1 - i Xik,ab( @ p)kj 4.2
S, —-1/3 -1/3 0 =0
S3 —-13 —-13 0 A% We observe the appearance of a new local symmetry

U(3)p=SU(3)pXU(1)p under which the nucleons and

IV. NONLINEAR MESON INTERACTIONS the vector meson fieldg,, transform as octets and singlets
The interactions of the light mesons are most easily de-

s_cribed_ in a8n equivaltint gauge-inv_ariant pisture,_ using non- 1

linear fields® For the “Goldstone directions” we introduce p=§[9é(x))\z+ 6%(X)N o], A o=

; i . 4.3
unitary matricesV, ,Wg,v and define

% .

_-U U
=2, WiN, Yr=2y WeNgo, This symmetry acts only on the nonlinear fields whereas

#,A,, ¢ and x are invariant. It reflects the possibility of
local reparametrizations of the nonlinear fields. It will play
the role of the hidden gauge symmetry underlying vector
dominance. Furthermore, there is an additional local Abelian
symmetryU(1)y [not shown in Eq(4.2)]

W=Z, Y NW,  yr=2," NWE,

i
A,=—v"Viv*— aaMuTu*, U=wWgW/,

_ . 1
¢:WRSV\{, Xij,ab:(WR)acUI(XkI,chﬁ(WDdb- v—e My Noel*®™N, VvV, -V, ——d,a(X)
4.2 gooE g# "
4.4

Here we have again extended the matrix notation to the color

indices with the quark-baryon nonet represented by a com-

plex 3X 3 matrix ¢r=i; 1EE%a- The decomposition o and a global symmetrgwith charge denoted bB,,)

is such thatSis a Hermitian matrix. The restrictions 0

which are necessary to avoid double counting, play no role in

the present work. Except all nonlinear fields are color sin- y—e Py W g—e W ;. (4.5

glets. The field " transforms as a color antitriplet similar to ' '

a quark-quark pair or diquark. In consequence, the baryons

N~yv' transform as a color singlet. More precisely, the For the present investigation we omit the scalar excitations

SU(3)cXSU(3), X SU(3)g transformations of the nonlin- except for the “Goldstone directions” contained in

ear fields are given by W, ,Wg,v. We can therefore replacg o, by the expecta-
tion value(2.18 and use(S)= o such that

5W|_:i®|_WL_iWL®p, 6VVR:i®RWR_iWRP!
ov=i0pv+iv@®, SU=iOU—-IUO, d=0yU,

ON =i[Op,N. ], ONg=i[Op,Ng], 1 1
Xij,ab:%){o (WRU)ai(UTWDjb_guab5ij : (4.6

80n the level of the effective action the quantum fluctuations are
already included. Therefore Jacobians for nonlinear field transfor-
mations play no role. All “coordinate choices” in the space of In terms of the nonlinear field coordinates the Lagrangian
fields are equivalent. (2.6) reads
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_ — 1 2
. . - " 2.2 T Ul ’ 2 3
L=THiNy*(d,+iv,—iy’a,)N—gNy*NV, }+ ETr{V“ V.t +9 XOTr{V“VM}+(§v X000~ V0| Ccosé
+| hog— ix(, Tr{NysN} + ETrﬁySTrNJr o+ 1X2)Tr{a”UT(9 U}
36 J6 0" 36710 K
1 ~ ~ - ~
+ 1—2)(5(9#0&#9+ X5 Tr{v¥ v b+ 29x5 Tr{V# ), (4.7)
|
with From Eq.(4.7) one can directly read the average mass of
the baryon octet and singfet
v :—i—(WTa W, +Wha  Wg) h
# 2 LZwPEL ROpTIRS M8:h0'0_ _X0:115 GeV,
3.6
A= WTa W, —WEd, We) = — ~Wha UW 8 h
po  TLORTIL TIRTATIR 2 ROwETIL: Mi=hoot 5 —=x0=1.6(1.8) GeV. (4.1))
36
i The singlet-octet mass splitting is proportional to the octet
TrUlu: - E&M(ln detW,_+ In del\NR), Condensatqo
_ 3.
i ; 1 Ml—MgzﬁhXOZ%(XGSO) MeV. (4.12
Tra,=— ETrU U=~ Eaﬂa,
With Eq. (2.20 this determines the ratio
V=9,V,—3d,V,—ig[V,,V,] F
:ﬁ#vy_(?vvﬁ_ig[‘\“/lu ,'\71/], 520.430.62). (4.13
1 1 Similarly, one finds
V,u:VM_gTrV;u vﬂzvu—gTrvﬂ. (4.8

1
hoo=5(8Mg+M1)=121.22 GeV. (4.19

As it should be,L does not depend on and is therefore
invariant underSU(3) transformations. For a check of lo- V. LOCAL REPARAMETRIZATION SYMMETRY

cal U(3)p invariance we note ) ) )
Before extracting the couplings between the physical me-

) ) sons and the baryons we have to understand the role of the
6v,=i[Op,v,]-3,0p, ba,=i[Op,a,], (49  |ocal reparametrization transformationd(3)p=SU(3)p
XU(1)p. First of all, we note that Tw, can be eliminated
such thatv,, transforms the same asgV, andv,+gV, by U(1)p-gauge transformations and is therefore a pure
transforms homogeneously. One observes that the mass tegauge  degree  of  freedom.  Similarly, V=
for V, appears in theU(3)p-invariant combination —(i/g)d,Indetv is the gauge degree of freedom corre-
X% Tr{(Z”+gV/“)(5M+gV/M)}. The nonlinear fieldU only sponding tdJ(1)y transformations. This explains why &y,

appears in derivative terms except for the phésessociated and Trv,, only appear in the term bilinear in the nucleon

to the ' meson. We associatd in the standard way with fields. The vector fieIdQM are the gauge bosons 8tJ(3)p .
the pseudoscalar octet of Goldstone bosHAs The nucleons transform as an octet and a singlet under

SU(3)p and the same holds for the bilineay,. The fields

[ TIAA, i\~
U= exp<—§0 exp<| b ex;{—ge)u
4.10 %The lowest state with the appropriate quantum numbers for the
) singlet isA (1600. Since we expect a very broad decay width of the
singlet this assignment is very uncertain and we add in brackets a
where the decay constahwill be specified below. somewhat higher value.
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contained inW, ,Wg are antitriplets andJ is a singlet.
In a gauge-fixed version the vacuum correspondgVio
=Wg=v=1. The remaining global symmetfSU(3)y is a

linear combination of SU(3), ,SU(3)r,SU(3)c and
SU(3)p given by transformations obeying

Trv,=0, TrV,=0,
1 1
o=V, §jab= %Xo §ai§jb_§Uab5ij ,

Oy=0.=0g=—(0¢)"=0,=0p. (5.1

1 1

(Dux)ij,ab= %Xo : ‘9#( &aijp— §Uab5ij)
With respect toSU(3)y the nonlinear fields and bilinears
W ,Wg,v,U,N,V,,a,,v, transform all as octets or sin-
glets. On the level of the nonlinear fields the gloB&J(3)y
symmetry plays the same role &U(3), for the linear
fields. One may identifi5U(3),, andSU(3)y by specifying  This gauge is singled out by the fact that contains no term
the SU(3), transformations of the nonlinear fields by the linear inII* or
choice®p=0,,.

For a discussion of the mesons we have to eliminate the ~ i i y ,
redundance of the loc&l (3)p transformations. We first ar- Vp=Vp™ "~ E[H"%H]: - @D‘y”\zm O,
gue that the appropriate choice of a gauge fixing requires

. (5.5

+ ig[(gvy,)aigjb_ &ai(V,8)i0]

. (5.6
some care. As an example, one may explore the possible
gauge fixing Wg=v=1. Then U=W,u,=—a,=  where we have chosen the parametrization
—(i/2)Ug,U"=(i/2)9,UUT would yield _
~ i ~
7T rUTe U+ 1 “94 6+ Tr{v*v gzgexp(—ge - dete=1,
% Ho*U 9, Ut 950%00,0+Tr{v"v,,}
~ i i
4 &= exp == I1%A =ex4—l’[), (5.7
= §Tr{&“UTaMU}, (5.2 2f "2 f
o _ : As for any gauge where,, contains no term linear ihl or
2Tr{V¥y = —iTr{Ud,U V¥}. (53 ¢, the term~Tru#V,, contains only interactions and does

not affect the propagators. We can therefore assodidte

with the physical pions. Also the term 3t involves at
least four meson fields and is irrelevant for the propagator of
the pseudoscalar mesons.

The bilineara,, reads in the gaugé.4)

This is the language usEdn Ref[1]. If one would associate
the physical pions witdl,, one would obtain for the decay

constantf=2\/aoz+4)(02/9. We note, however, that in this
language the vector bilinear, has a contribution linear in
the pion fields, v,=—(1/2f)\,d,11°+3,0/6+---. The
term (5.3) leads therefore to a field mixing in quadratic order 1 1
~ 9*117V7, . We conclude that the propagators féf and V7, a,L:E)\z%HZ— 5(9#0+ o(I3, ...).
are not in standard diagonal form in this gauge. The corre-
sponding fields can therefore not be associated with physicathe effective actiori4.7) contains therefore a cubic coupling
particles in this language. This point was overlooked in Refpetween two baryons and a pion. As it should be for pseudo
[1]. Goldstone bosons, this is a derivative coupling. Actually, the
On the other hand, the gauge choice advantage of the gaug@B.4) can also be understood from the
point of view of the discrete symmetriésandC. A simple

(5.8

T \n _
Wi=Wg=¢, v=1 (5.4 realization of the discrete transformations on the level of
o nonlinear fields i¥
implies
. P NL—>_NR, NR—>NL,
i
U=¢£, v,=—5(£9,6+£9,8),
2 t t
WL_>WR! WR—>W|_,U_)U, Uu—u’, §_>§ ’
i i
a,=—5(¢'0,¢-¢0,6H=—5¢9,0¢", Op Vs B8 ViV,

C: N.—cNL, Ng—-cN/, W —Wg,
0The Abelian part of the symmetry will be discussed in detail in
Sec. VI.

The field V,, in Ref. [1] corresponds to-V, in the present
notation.

Note that in our matrix notatiorC acts asg —Cug,r—
,CEI
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Wr—W N

v—v*,

T T
—a,, VMH VM.

(5.9

_ T
Uy— U,u' aﬂ

The gauge conditior(5.4) can also be written a%V, Wg
=WRrW, =1 and is manifestly invariant undé&andC. The

coupling TIN y"“y5aMN is a standard coupling of baryons to

the axial vector current. In contrast, the gadyg=1 is not
compatible with the transformatio(b.9). (For this gauge
there exists an alternative realizationPandC on the level
of nonlinear fields. Under these modifi€dand C transfor-

mationsa,, andv, do not transform, however, as axial vec-

PHYSICAL REVIEW D64 036003

function renormalizations related to the strange quark

mass'® This has led to a phenomenological estimfts]
A?~0.452, k;~0.83. (5.14

The pseudoscalar decay constants provide now for a quanti-

tative estimate of the expectation valueg and x:

7
f0:2 \[ 0'(2)+ 3—6)((2)

2 1
=f/Kf=(—fK+§fw)/Kf=128 MeV. (5.15

3

tors and vectors, respectively. This can be seen from the

identificationv

= —8, in this gauge. Having found an ap-

In the approximation2.6) of scalar Vervollstadigung one

propriate gauge fixing for the reparametrization symmetrygnould use the leading order relatios f,, keeping in mind
we may now directly proceed to the analysis of the physicajpat nonleading effects lowdrto its physical value.

content of the effective actio@®.?).

We may also use this relation for a first estimate of the

The kinetic term for the pseudoscalar mesons can be insffective gauge coupling. Let us denote the relative size of

ferred from

7 1
Liia=| oo+ 3—6x§) TH{0*U"0,U}+ 5x50" 00,0
_2 2 1 “TTZ 10, 4, M
_f_2 oot 3—6)(0 el i | &MHZ+§ oot §X0 "6d,0.

(5.10

Its standard normalization fixes a combinationogfand g
in terms of the pseudoscalar decay constawhich corre-
sponds to an average in the ocféb] f=5f+3f, =106

the octet and singlet contributions to the squared meson de-
cay constant by

7 X fo
X= =2 go= . (5.16
3652 % 2(1+x

The combination of the relation®.20 and (5.15 yields a
bound for the effective gauge coupligg From

9(1+x
59 —
X

14+x 12

X

1/2|\7P
fo

(5.17

MeV. For an optimal quantitative estimate of the expectatiorone infersg>5.9. If the octet condensate dominatésrge
valuesoy, xo the partial Higgs effect should be included. As x) the effective gauge coupling ~6.

we show in Appendix A, the mixing between the pseudosca-

lars contained irU(~iZz,//) and those in the divergence of

the axial-vector current~ aM(Zy"ySw)] introduces an ad-
ditional negative contributioifpartial Higgs effects

2

AZ
ML=~ T{0%9,0}-2%0460,0. (5.1

The last field which needs a proper normalization is the
n»' meson. Including the partial Higgs effe@.11), the ki-
netic term for the pseudoscalar singlet has the standard nor-
malization for

4 1/2 2
7+ 3] —ZAE,} NE

2

3

4 1/2
og-i- §X(2)> Kg0.

(5.18

7' =

One infers a standard renormalization of the kinetic term fof |, the leading approximatiof2.6) one should, of course,

7 7
f2=40%+ §X%—A$=Kf2 4ol+ 5)(2), (5.12

with

—1/2

<]1.

(5.13

Af
f2

The deviation ofx; from one is one of the most important
effects of effective interactions not included in E8.6). The
effective interactions responsible foA? also induce

usexy=1.] Inserting Eq(5.18 into Eq.(4.7) and expanding
cosé in second order ind one finds the mass of the’
meson

4 -1
2 2 -2
oot §XO> )

3 1
Mf],Z(Evag—gv')(S)

B 3fy (7Tv—8xv")
4i2\1+x (7+16x)

(5.19

Its interactions can be extracted by inserting

SU(3)-violating contributions to the pseudoscalar wave *¥n the notation of Ref[15] one hasA?/f2=— X o3Z, .
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V6 [ 1+x \¥ 1

n="—7n.
16 ,
+7X H”

0= (5.20

- rofo

In the gaugd5.4) the nonlinear Lagrangiaf@.7) can now
be written in terms of the normalized physical fields

N,V,,IT andn’ as

‘C:‘CN+‘CU+‘CV’ (52])

&

[
d,+——y°d,n
" eH, " "

with

EN:i Tr

. i ,
dy—I ys'éﬂ—i- —75(9#77
6H77!

W8 7”(

+ MBTr{ﬁg'y5N8}+ |ﬁl'y’u

N

1

V3

+M1N1’)’5N1+ Tr{ﬁgy”ysaM}Nl

1_ -
+—Nyy*° Tr{a,Ng!. (5.22
N 17*y° Tr{a,Ng}

Here we use the octet and singlet fields

N ! N, Ng=N 1T N=N ! N
= — s = — —1r = —_ — ,
1 \/§ 8 3 \/§ 1
TrN8=0,
~ 1 1 3 ~
aﬂzaﬂ—gTraMZE)\zauﬁzﬁLO(H ), Tra,=0,
E,— s0,6=,— —— 5.2
a,=a, 5 u =a, 6H,,/77' (5.23
For the mesonic part one has
f2 T S
EUZZTr{&“U d,Ut+ Eo’"‘n d,m
2 2 '
—M”,Hn, cogn'/H,), (5.29
with
-~ TIA, -
U=¢&%=exp i |, detU=1 (5.25
and

PHYSICAL REVIEW [®4 036003
1_ o 2
Ly=5 VAV, b+ METHVAY )+ §|v|p V¥ ,}
1 - - — -
+ ?Mﬁ Tr{v*v .} —g Tr{Ng¥*NgV,}

g . — ~
— —=(Tr{NgV .} ¥*N1+Nyy* Tr{V,Ng})

V3
— . 1 —
—Tr{Ngy*v ,Ng} — E(TV{NBUM}Y’LNl
+Nyy* Tr{v ,Ng}). (5.26

In the effective actior(5.21) we have replaced the free pa-

rameters byMg,M4, M,,M,,,f andg. We note that the
number of parameters is reduced to six since only one par-
ticular combination ofv andv" appears irM,, . We recall

that we know the order of magnitude gfby Eq. (5.17),
which relates als@ to x. The proportionality constart ,,
appearing in the couplings ofy’ is then known by Eq.
(5.20. The interactions between physical baryons and me-
sons can be extracted by inserting the explicit representations

1
R mp—y \/§7T+, \/§K+
T \/§n
II==1I°\ :E \/577_ —770+i77 \/EKO
z 2 ' \/5 [l
2K, 2K°, -—
V2 V2 Nk
- 1,
VMIEVM)\Z
0o, 1 V8 25" \/EK*+
P,ﬁﬁ o Py “
u \/§ u
_ 2
V2K® V2K*0, —ﬁvi
1 1
—30+ —A°, P p
V2o e
1 1
N = 2’_1 __EO+ _AO, n )
° V2o e
2
e — =0 0
(= =5, ——A
J6
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1 — ~ 1
Er— 0 — 0 - = = = —
\/Ez + \/EA . E y =1 5em‘/’ IIBQ l,b, 5eme. 'é 0",11.31

1 — — R .~
N8: E+ __20+ _AO, EO . 5emWL,R:|B[Q1WL,R]1 5errp:|BQU (61)

guarantee that the quarks carry fractional electric ch@ge

P, n ——A° =diag(¢,— 3,—3%) and the gluons are neutral, whereas the

V6 pions in &, the baryons and the vector mesons are integer
(5.27) charged

It is obvious that the effective actiof5.21) predicts a mul- Semé=1P[Q,&],  SenN=1B[Q,N],

titude of different interactions between the low mass had- 1

rons. The electromagnetic interactions are incorporated by 5.V =iBOV 1+ =9 BE 6.2
covariant derivatives. We will discuss a few of these inter- emVu=1BLQ.V,.] g wBQ- 6.2

actions in Secs. VII-IX in order to check the validity of the ) ) ) )
hypothesis of scalar Vervollstdigung. Despite the fact that does not appear in the effective action

Finally, the addition of the explicit chiral symmetry (4.1@.,.its nontrivial eIe_ctric charge plays a crucial role i_n the
breaking by the current quark mass@s9) transition from the linear quark-gluon to the nonlinear
baryon-meson description.
1__., — N The situation is similar for the baryon number, which we
Li==524 g0 THmU+UD} (528 genote byB on the quark levelB(#)=1/3. The fieldv"
transforms as a color antitriplet. By triality it should there-
leads to mass terms for the pseudoscala€3 and contrib-  fore carry baryon numbés=2/3. The baryon number, elec-

utes to their interactions. tric charge and color transformations f coincide all with
the ones for a diquark field. As a simple consequence, the
VI. BARYON NUMBER baryonsN carryB=1 as it should be, consistent with triality.

The correct assignment of the baryon numBeis the [Triality requires that theSU(3): representations in ~the

central question for quark-baryon duality. Quarks cary Cclasses  (1,8..),(36 ...),(36,...) cary B
=1/3, whereas baryons hads=1. How can this be recon- =0,%,2 mod 1] We note thaty is bilinear inv andv’ and

ciled with a dual picture where one field describes quarks agerefore carrie®=0 as appropriate for a quark-antiquark
well as baryons in the appropriate momentum ranges? Igomposite. Besides the above consistency considerations a

principle, gluon-meson dualityor the Higgs picture of giract determination of the baryon number forbecomes
QCD) is consistent with two alternatives. In the first scenariogasy if some scalar fields are linearinin Sec. X1 we will

the nonlinear fermion fieldsl could transform as octets with oo how the association of with a nonlinear diquark field
integer charge anB=1/3. In this case separate baryon fields 5rises naturally in a language where linear diquark fields are
would be needed, with all quantum numbers identical to the,.oduced.

qu_a_rk'fields except for the baryon number. As in thg nonrel- | ot us next give the equivalent description of baryon
ativistic quark model or the parton model a baryon field may,,mber in the Higgs picture. In a language with gauge-fixed

then be thought of as the composite of three quark fields. Aenarametrization invariance the conditior 1 preserves a
important puzzle would_ remain, however, in this scenario:;ompination ofU(1)p and baryon number transformation,
Why should the color singlet integer charged fermion octe B LB(o)=0. Furth W dw ral
field N not be associated to physical particles? We will argu p(v) +B(v)=0. Furthermore W, and Wx are neutra

here in favor of the second alternative, namely that the nonwith respect to the Abelian chard®,+ By [cf. Eq. (4.4)].

linear fieldN indeed carrie8=1 (and notB=1/3). It can Alter spontaneous symmetry breaking the unbroken baryon
therefore be associated directly with the baryons. Possiblgumber—type charge is therefore

relations of this picture of quark-baryon duality with the non-
relativistic quark model will be discussed in this section and
Sec. XI. The crucial ingredient for the viability of this sec-

ond scenario are the nontrivial transformation properties o mplies that the “physical baryon numberB after sponta-

the various nonlinear fields. . .
e _ neous symmetry breaking is three tirffethe quark baryon
The determination of the baryon number of the nonlinear Y y g . g . i .
umberB. In Table Il we have listed the various Abelian

fields needs some care. To get familiar with the problem, wé'
first discuss the analogous problem for the electric charge.

The equivalence between the nonlinear language and the

Higgs picture discussed in Sec. Ill requires the nonlinear “Note that the normalization d is fixed by the requirement that
fields inv to carry electric charge. Indeed, the transformationa hypothetical particle carrying baryon number without strong in-
laws teractions(and thereforeB, = Bp=0) should have=B.

B=B+2Bp+2B,. 6.3

oth ¢ andN have the same char@s= 1. The Higgs picture
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TABLE Il. Abelian charges of linear and nonlinear fields. The consistency of Eq$6.5 and(6.7) with the definition of
the nonlinear fieldN (4.1) requires

B Bp B+ 2Bp By B By

1
Z,~=. (6.9
Y
¥ 3 0 i i 1 0 3
ol Z -3 0 0 0 1 _ _
N 1 0 1 0 1 1 This reflects in our language the fact that baryons carry three
1 2 1 times the baryon number of quarks. We emphasize that the
U X 0 0 0 0 0 0 choiceZ,=1/3 is not a pure convention but rather a neces-
" sity if 4 andN are normalized according to Ed$.5), (6.7).
ALV, 0 0 0 0 0 0

Quark-baryon duality has then the interesting consequence of
a nontrivial wave function renormalizatiafy, in the “quark

charges for the linear and nonlinear fields, including thenumber normalization,” since the kinetic terms fgrandN

. L= are directly related.
Shgrg;ngJr[;f. Eq. (4.4]. We note the linear relatiors The wave function renormalizatiod,, is related to the
— PP \% N -

full quantum theory in the low momentum limig,,=Z ,(k

In conclusion, the equivalence between the Higgs plcturgo): 1/3. In contrast, we expect that for largea pertur-

zﬁgv\tlzemr;%nI'gﬁuﬁggg%gefwvég E;erste)rr:/ii rlr(l)t;:grl ;zg]g:g{'ﬁﬁative picture is valid, witlZ ,(k>2 GeV)~1. This leads to
charge Ong difference remains hov)\//ever in the Higgs pic-8 si_mple §peculat?on how quark-baryon duality can be rec-
' o L onciled with the linear quark-meson moddl7,13,19 the
ture. Whereas somg IlneaI scalar expectation valyes nonrelativistic quark model and the parton model. The quark
carry nonzero electric charde [cf. Eq. (3.3)] they have all  model descriptions are valid in the range of large enoligh
B=0. The “spontaneous breaking” & occurs only on the (or large momentawhere Z,(k)~1. We speculate that
level of the nonlinear fields andW, g by the gauge fixing around some scal&g the wave function renormalization
uzl,W[:WR. Z,(k) drops rapidly to its nonperturbative valig,(k—0)

Let us next turn to the normalization of the fermion fields =1/3. This rapid drop is related to the binding of three
¢ andN and the associated relative wave function renormalquarks to a baryon in the nonrelativistic quark model. We
izationZ,, . In principle, we may normalize the fields accord- therefore associatkg to a characteristic scale where this
ing to some conserved charge or to some standard convehinding takes place. The fact thaf, drops precisely to the
tion for the kinetic term. For the quark field we choose a value 1/3 reflects the fact that three quarks are needed for a
normalization such that the quark number operadpihas a  baryon in the nonrelativistic quark model.
standard form We may further speculate that the “binding effect” es-

sentially only affects the quark wave function renormaliza-
o 3 -0 tion Z, and other wave function renormalizations related to
No= _If dXTr gy y. 6.4 it by \l///Vard identities. This has the interesting consequence
) L . that the drop inZ,, atkg results in a corresponding increase
More precisely, the normalization specifies the way how &y those renormalized couplings which involve negative
baryon-chemical potentigkg is introduced for snuaugns powers ofZ,. As an example, one may take the Yukawa
with nonvanishing baryon density. Since quarks calty coyplingsh,h in the effective action(2.6). If the “unrenor-

=1/3, we take malized couplings”Z,h and ZJ\ do not undergo a major
i _ change neakg the Yukawa couplings will increase rapidly
£(“)=§MB Tr % (6.5 by a factor three around this scale. Neglecting the running of
Z,h one obtaindi(k>~kg) = 1h(k=0) and similar forh. If
On the other hand, we have normalized the fidlduch that also the expectation valuasy(k) and xq(k) do not vary
its kinetic term has a standard fothi.e.,Zy=1). Since the much in this range, the effective fermion masseskirks
baryons are “physical fields,” we assume that this also cor-are one third the baryon masses. This is characteristic for
responds to a standard normalization of the baryon numbenodels with consituent quarks. A particular version of such
operator models, the linear quark meson model, has given a rather
satisfactory description of chiral symmetry breaking for two
. 3 — 0 flavors of light quarkg13]. The relevant range for its dy-
Ng= _IJ d™TrNy'N, 6.6 namics is 700 Me\>k>kg, and one may wonder how it is
related precisely to our scenario for=0.

On the other hand, it has been pointed [dl&] that fluc-
tuations with momenta in the range<&<kg play an impor-
tant role for the chiral properties at large baryon density. The
transition from effective nucleon degrees of freedom to
quark degrees of freedom is directly linked to the phase tran-
5This should hold at least in the vicinity of on-shell momenta. sition from a hadron gas to nuclear matter at vanishing or

such that

L™ =iug TrNy°N. (6.7)
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low temperature. A change @, by a factor of three would duality would be of great value. For the present paper we
precisely account for the enhancement of the contributiortake this as a working hypothesis and explore phenomeno-
from baryon fluctuations as compared to quark fluctuationgogical consequences of quark-baryon duality. A discussion
to the dependence of the effective potential on the baryoof linear diquark fields in Sec. X1 will shed a little more light

chemical potentia[18]. on this issue.
Another interesting quantity is the running renormalized
gauge couplingy(k). If we push perturbation theory to its VIl. ELECTROMAGNETIC INTERACTIONS

limit we obtain ) _
As a first probe of our picture we may use the electromag-

g(850 MeV) = J4may (850 MeV) =2.26, (6.9 netic interactions of mesons and baryons. The electromag-
netic interactions of the mesons are all contained in the co-
where the numerical value corresponds to the two-loop valugariant kinetic term for the scalars
in the modified minimal subtractionMS)-schemé?® Ne- i
glecting the running oZ ,g for scales below the mass of the (D*%ij,a0)* D w¥ij ab
vector mesons and accounting for a droiZgfby a factor of o A ~ e~ A o o~ o~
three atkg, this yields the “perturbative estimates” =Xo T (v*+gV*—eB*Q)(v,+gV,—eB,Q)}
f2 1
t)_ (pH) _
gP=6.8, xf"=125 MeV, + 4 TH(D#U)'D, U+ 55x50409,0. (7.0

xPV=31, oPY=31 MeV. (6.10 -~ ,
HereD,U=4,U—ieB,[Q,U] and the covariant vector cur-

With such an estimate the free parameters of our simpleent readswith D &= d,£—ieB,[Q,£])

model would be fixed in terms dfandM , . i

_ In order to test the con_5|stency of these ideas, |t~|s instruc- ;M: _ E(WIBMWﬁWEBMWR)

tive to couple a hypothetical massless “baryophot@); to

the quarks and baryons. This would be needed if the Abelian P B

symmetry corresponding to baryon number is gaudgekt- =— E(gTDM§+ §DM§T)

cording to the “quark number” normalizatiof®.4), the cou-

pling of the hypothetical “baryophoton” is P

. =v,~ 5Bu(E'QE+EQE-2Q). (7.2
£(°)=§eB Tryy*yC,,, (6.1 ) o

Observing that both , andgV,—eB,Q transform homoge-

with ez some arbitrarily small gauge coupling which may neously with respect to the electromagnetic gauge transfor-

depend ork. With Z,=1/3 for k=0 this corresponds to a mations

covariant derivative,, — iegC . for the quark fieldy. Insert-

ing the relation(4.1) betweeny andN, the coupling(6.11) Sent w=1B[Q.v ],
becomes e o~ - e~
1 —
ﬁ(c)zfes TrNy*NC,, . (6.12  the gauge invariance of E({Z.1) can be easily checked. The
v particular combination of vector currents in E@.1) is dic-
For 3Z,=1 this is indeed the expected coupling of the tated by the combination of electromagnetic gauge invari-
“baryophoton” to a baryor{cf. Eq. (6.6)]. ance and local reparametrization symmetry. Only this com-

In conclusion, quark-baryon duality may well be Compat_bination transforms homogeneously with respect to both
ible with a picture where baryons are composed of thred)(3)p local reparametrizations and electromagnédil)
quarks. At least we have found no obvious contradiction. Thé/auge transformations. In particular, one has
quantum numbers match. A crucial ingredient for dynamical . __ . e
considerations seems to be the valljg=1/3 fork—0 and ~ 9(v,—€B,Q)=i[Op,(v,—€B,Q)]

Z,~1 for k>kg. A more detailed dynamical understanding R O ~
Wﬁy and how the binding of three quarks to a baryon in the +ieB,[Q.(v,—eB,Q)]=3,0p=3,BQ.
nonrelativistic quark model is related to the dropZgf by a (7.9
factor 1/3 in the language of quark-baryon
The interactiong7.1) coincide with those of a “hidden local
chiral symmetry”[19] if one replaces?n by v, . The differ-
Bwe useA gcp= 250 MeV. The variation o in this momentum ence b?‘twee” our re,su" and the “hidden, symmetry” ap-
region is still moderate, witlg(1 GeV)=2.12g(700 MeV)=2.48. proach is due to the different eIectromagnetlc tra_nsform_atlon
n absence of weak interactions baryon number is free ofProperties, cf. EQi-G-l).N(G.Z). II one restricts the discussion
anomalies and permits therefore a consistent local gauge symmetri@ p-mesons and pions/, = %pVMT,H =17, and neglects
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the difference betweemande, one finds for the term involv-
ing the vector mesons and currents

~ 1 L L1 )2
LVV:afETTr(UM‘FEgppV#T_EeBMT3)

) 1 - - .1 I
=af7TTr P[(’]Txalu’ﬂ)?']'i‘ Egp(pV’U'T)_EeB/'LTs

w

2
4+

(7.9

e - N O
_PB,L[Ws,(?TT)_(WW)Ts]

For the second equality in Eq47.5 we have only retained

terms quadratic inr in an expansion of}# and we have
replaced by f_.. The first expression in Eq7.5) is actually

more general than the result of the particular effective action

(2.6) for which one has

9,=9,
X6 9 x f? ) X 7.6
a=—=—-——=~24—. )
fi 7Kf21+Xf§T 1+x

PHYSICAL REVIEW [®4 036003

which relates the decgy— 27 (with g,,,~6, see next sec-
tion) to the eletromagnetic properties of theneson, in par-
ticular the decay,—e"e™ [with I'(pp—e* e~ )=6.62 keV
andg,,=0.12 GeV].

The relation
4
requiresa=2.1, implying
xo=135 MeV. (7.11

One may use Eq(7.6) for an estimate of the relative octet
contribution to the pion decay constant and E2.20 or
(5.19 for an estimate of

X=7,

00=22 MeV, g=6.3. (7.12

It is striking how close these values are to the “perturbative
values” (6.10. This should, however, not be taken too liter-
ally in view of possible substanti&U(3)y-violating effects
from the nonzero strange quark mass. Also higher order op-
erators may affect the relatidi.6). Furthermore, one should
include the corrections from additional invariaritee Ap-
pendix A). A phenomenological discussion including the
properties of the axial-vector mesofl] favors a~1.64.

In consequence of the symmetries, additional interaction&elation(7.6) implies then

will change the values of a and g, without affecting the

structure of the invariant. Such additional interactions will
also generate new invariants involving higher derivatives.

We give an example in Appendix A.
The contributions in Eq(7.5 with canonical dimension
<4 can be written in the form

1 ... ~ 1 __ _
EVVZE M,%PGPV,L_ eg,,n{3B, T EszBMBM

+0pmapli(mX 3, m)+glY)

ymw

Br(mxd,m);

+ 0y Bl (77) plig— (plim) ]

1 - - ..
- EanBMB"[(mT— 7)1+, (7.7
with
Mi:agifi, gpy:agpf7271 gpﬁﬂziagp7
1 1
m3=ae’f2, g(,/\Q,,=—§ae, pyrn=>2EG,.
(7.9

x=2.16, xo=119 MeV, 0y=36 MeV, g=7.1,

(7.13

again close to the “perturbative value$8.10. We point out
that the minimal effective actio2.6) with «;=1 andf .

=f leads to a bound<9/7. We will discuss this issue and
modifications of the relatior{7.6) in the next section and
Appendix A. The additional invariants encountered in Ap-
pendix A only affect the cubic and higher vertices, but not
the mass terms. In particular, the relation

N2
_r

g (7.19

9p,=9X5=

will only be modified bySU(3)-violating effects. It can be
used for an independent estimategpfyielding

g=6 (7.15

close to Eq(7.12 and the saturation of the bound implied by
Eq. (5.17).

The electromagnetieyrm and yymm vertices also re-
ceive contributions from

1 1o e L
7 2T{D*U'D U= S 04 md, m+eBH(mx d,m);

We recover the very successful Kawarabayashi-Suzuki-

Riazuddin-FayyazudditKSRP relation[20,19

9,,=2f20) 7 (7.9

=

+>e’B BAmm—md)+- - .

N

(7.16
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One sees that fa=2 the two contribution$7.7) and(7.16  |nserting in£y, (5.26 V,=—(+/3/2)G,Q,v,=0 and adding
to the dlrfecrt]ym-r vertex %ancgl. The eldegromr?gneet{lc Nt~ terms from covariant derivative®.1) involving B,, [cf. Eq.
actions of the pions are then dominateddgxchangdvec- Lo

(7.95)], we recoverl ffr% (3.6) with G, replaced byG,,. The

tor dominancg in agreement with observation. Otherwise g :
stated, our model leads for the diregtr coupling to the (extendedl electromagnetic interactions of the baryon octet
y ead

realistic relation

92 f2 £VN10:eBIM Tl’{ﬁgy'“[é,Ns]}-l—a COSGemRM
g)/ﬂ"lT_e 1- P"T; z (717) — ~ 2 ~
Mp XTr{NB?’M(NBQ+tg 0emQN8)}' (7-22)

The vertex ~g,, . contribute$® to rare decays likep,  One finds the standard coupling between the ph&prand
— a1y, with the baryons according to their charge. More generally, we
conclude from
gpyﬂ'ﬂ':egpﬂ'ﬂ" (718) o
L . eB,=e(B,+tg6..R,),
We conclude that the electromagnetic interactions of the p= 8B 1g0enR,)

pseudoscalars as well as the vector mesons can be considered

as a successful test of our simple model. The appearance of a

Loec(qexliennocr:al|r;?rt;\r:er(iEsga:lgitgcz)ﬁg%r;e?{(rmgstg c'2| c?r d_:_rr(]aic;tsil%]_‘[.hat the cha_lrge_d leptons have a small direct coupling to a
. X . . o linear combination of the®,» and ¢ vector mesons corre-

metry, combined with the simple effective actiGh6), has ) o .

led to the KSFR relation7.9) and to vector dominance SPonding to the ternetgbe,R,, in eB, . Similarly, the pho-

(7.17). At this stage the relations of the above discussiorfon has a hadronic coupling from the terreB, in gG,, .

should be taken with a 20—-30 % uncertainty. In particular,These mixing effects are governed by the coupting (7.9).

the SU(3)-violation due to the nonzero strange quark mass

needs to be dealt with more carefully. Nevertheless,ghe VIll. VECTOR MESONS

— 2 decay and the electromagnetic decays are all consis-

tent and have allowed us a first determination of the size of 1N€ Vector mesons acquire a mass through the Higgs
the octet condensatg,, which we may take in the range mechanism. They are also unstable due to the decay into two

between the estimate.1]) and (7.13, i.e., 119 MeV pseudoscalar mesons. Their interactions are containég in
<xo< 135 MeV. The octet condensate is larger than thd®:26. In particular, the cubic yertex between one vector
singlet condensate and dominates the pseudoscalar decZfSon and two pseudoscalars is

constantf.

9G,=0cosbeR,—€B, (7.23

Finally, the connection of the above discussion to the Lynn=29x5 TH{V*v .}
Higgs picture developed in Sec. Ill is easily established if g2
one realizes that the field _ Xo Y
=——— Tr{[1L,0,11]V*}
~ ~ i
- _ — T t, T -
G, =~ 3THQV,) @Tr[Q(”Au” g ou )] — —2ig,,, TH[I1,d,[1V#}, (8.1)
V3 1 with
:_(7 M+ EVP“ (719)
i} _9x_ M 6.2
is the nonlinear correspondence @f, in Sec. ll. It trans- gﬂm_z £2 ngz' (8.2

forms inhomogeneously
Considering only the effective actiof2.6), one hask;=1

2 1 and infers
Oe GM:_T&M'BZ_:&WB (7.20
39 g 9x x |12
- - _ prr= a1y 940 0~ (8.3
such that the linear combination§8.7) R,= C0S0e,G,, 14(1+x) 1+x
+sin 0enBM B.= cos&enBM— Sin 6,,G,, have the transforma- _
tion properties of a heavy neutral boson and a photon If we restrict these interactions to thp-mesonsV,
L =3pv,7 and pionsIl=3}m7,v,=(1/4f%)(7xd,m)7, we
5emB,Fgﬁ,u31 SenR,=0. (7.21) obtain the familiar form

%We omit here terms involving the baryon singk{ and take
BThis vertex is absent in Reff19]. 1=0.
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ax?

‘c 7T7T=
T

eijkwié’ﬂﬂ'jpl\(/‘= Qprr(mXd,mp{. (8.4

It is straightforward to compute the decay rate>27 as

(M2—4Mm2)32
2
Mp

9o
487

T(p—mm)= =150 MeV (8.5

and one infers the phenomenological valyg,,=6.0. The
discrepancy with Eq8.3) reflects the difference between the
realistic valuea~2 and a value o& which results from Eq.
(7.6) for k;=1,f .=f. The estimatd8.3) receives, however,
important corrections. Omitteds U(3)y-violating effects
from the strange quark mass result in correctien30%.
Furthermore, since Ed7.6) is no symmetry relation, it is
subject to modifications from the inclusion of additional
fields. [We have already included in E¢7.6) the presum-
ably most important modification in the form af<1.]

The effective coupling betweep-mesons and baryons
(5.26) obeys

g_ — -
Lan, =~ 5 Tr{NgY*Ng7}py, (8.6

where we omit from now on electromagnetic effects. This

implies that the effective actiof2.6) does not contain a di-

rect coupling of thep-mesons to protons and neutrons. The

PHYSICAL REVIEW [®4 036003

andf . will be modified. Mixing effects with the divergence
of the axial vector induce the correcti®d.11) and therefore
Kf<1.

The effects from vector and axial-vector four-quark inter-
actions are discussed in detail in Appendix A. Besides the
“partial Higgs effect” (5.11) they account for the missing
nucleon-nucleon interactions in the isospin triplet channel.
They also contain the missing ninth vector meson, i.e., the
SU(3)c-singlet state, as well as the axial-vector mesons. Un-
fortunately, the additional effective interactions are param-
etrized by new unknown couplings. We will retain here only
the “partial Higgs effect,” the singlet vector mes@#t with
mass,u\z, and the effective vector channel four-quark interac-
tion. We omit the physics of axial-vector mesons. The rel-
evant interactions discussed in Appendix A lead then to an
addition to the effective action2.6) of the form (S,,
=3,5,—3,S,)

2

v Hv P
§'8,,+ & §'S,+ ("

kin

1

L,=7 S*TrNy,N+AL

l -~ —
%Cpqq
+yn Tr{Ny,,y®a#N} — 7, THNy*\ N} Tr{Ny AN},
(8.7

where the partial Higgs effects resultsAnC {7) as given by

Eqg. (5.11) and the term~yy with

a,= 8.8

i !
—5(§'D,¢-¢D &N~ 3Tra,.

p-mesons only couple to strange baryons. In the approxima-

tion of the effective actiori2.6) possible contributions to the
nucleon-nucleon interactions in the isospin triplet vecto

r

The couplingévz,,aq ,Yn and ry, may be determined from phe-

. . . R N2 H
channel could only arise through two-pion interactions"0menology and we assume;~M}. There is actually no

~Tr{ﬁ8y“5MN8}. For the computation of the effective

symmetry argument why.& should equalM2=g?y3. In

. . . . 2 . .
nucleon-nucleon interactions one should solve the field equaarticular, uy is not related to chiral and color symmetry

tions for Il andT/M as functionals of the baryon fieldés in
bilinear order~NgNg. The solution has to be reinserted into

the effective action. As a result of this procedure one find
nucleon-nucleon interactions in the pseudoscalar channel arfty
in the isospin-singlet vector channel mediated by the ex

change ofVg, but not in the isospin-triplet vector channel.

(The o exchange term in the scalar channel is also containe

in our model once the non-Goldstone scalar excitationg in
and y are included. This absence of isospin-triplet vector

channel nucleon-nucleon interactions seems not to be consi

tent with observatioh22].

breaking. We speculate that a partial fixed point in the renor-
malization flow of the ratiqu2/(g%x3) could lead to an un-

Sderstanding of the puzzle of the phenomenologically re-

ired approximate “ninefold degeneracy” of the light
vector meson masses.

All other effective interactions discussed in Appendix A
H/ill be considered as subleading and neglected. Some of the
couplings can be estimated from observations like the decay
rates of axial-vector mesons into vector mesons and pseudo-
g(_:alars. This may later be used for an estimate of the typical
Size of the neglected subleading terms.

In summary, three shortcomings indicate that the effective

action(2.6) gives only an insufficient picture of the hadronic
interactions in the vector channéi) the absence of a physi-
cal SU(3)-singlet vector staté&he ninth vector meson(ii)
the inaccurate estimate of the parameten Eq. (7.6) for

IX. INTERACTIONS OF PSEUDOSCALAR MESONS

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

«;=1, and(iii) the absence of nucleon-nucleon interactions Ef\,p)=F Tr{ﬁgy"ﬁ[EN Ng]}+D Tr{ﬁgyﬂys{aﬂ Ngl}.

in the isospin-triplet vector channel. In addition, no axial-
vector mesons are present. These shortcomings can be over-

9.9

come once we include the effective four-quark interactions in
the color singlet vector and axial-vector channel. The sucExperimental values aré=0.45%-0.008 andD=0.798

cessful relationg7.9), (7.17) and(7.18 can be maintained,
whereas the parametarand the relation betweed ,,9,

+0.008. The effective actioR.6) leads to[cf. Eq. (5.22]
F=D=0.5. This can be considered as a good achievement
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since the reparametrization symmetry does not restrict th®ne obtains
coupling constant$ and D. (This contrasts with the cou-

pling of the vector currend,,.) In our context the relation Ly= x5 Tr{o"(8,-M2GP)o }+ - - - (9.7)
F=D=0.5 is directly connected to the origin of these cou-

plings from the quark kinetic term and therefore to quark-and we note that the tergg Tr{v*v,} in the expression
baryon dua“ty The term- N from the part|a| H|ggs effect (5 2@ is cancelled by the lowest order of a derivative expan-
(8.7) provides for a correctioff + D=1+yy and one infers  sion of G(?). It should be remarked that {E}”ZM} is invari-
yn=~0.26. Contributions t® — F~0.34 have to be generated ant under the chiral transformations. It involves only two
from other higher-order invariants, as, for example, aderivatives and cannot be reduced to the terl{mFﬂrJT&ﬂU}
momentum-dependent Yukawa coupling involvidgy. We ~ which appears in chiral perturbation theory. It is, however,
note thatD — F contributes to the;-nucleon coupling but not  not consistent with the local reparametrization symmetry.
to the interaction between protons, neutrons and pions. The The next order in a derivative expansion of £8.7) reads
latter can be written in a more conventional form with the

nucleon doubletvT=(p,n) anda,, restricted to a X2 ma- _ 1 v
trix (by omitting the last line and column Ev_zg Tr{v ot ©.8
LP=gaNy"y%a,N, where
ga=F+D. (9.2 V= 0,0,— 3,0, +i[v,,0,] (9.9

The inclusion of weak interactions will replace the derivativehas been completed to a covariant “field strength” such that
in the definition(5.5) of a,, by a covariant derivative involv- Eq. (9.8 is invariant under the local reparametrization sym-
ing a coupling to thaA-boson(see next section The con-  Metry. With
stantg, will therefore appear in the3-decay rate of the |
neutron. _ . _ V== 7E(9,U,UT-a,Ua, UM (9.10

For a discussion of the self-interactions of the pseudo- 4
scalar mesons we first expand H§.24) in powers of Il

=112\, one obtains
2 2i 2i _ 1 t g t g
(m—__ _2 < Ly=—-Tr{3,UT9*Ua,UT9*U—a,UT9,Us*UT9"U
L —4Tr(&”“ex;{ - H)aﬂex;{ r H)] v 1692 {04 u }
p ! “T120 TT2 —i[e T{9,UTo#Ug,UT9"Ul —(Tr{g,UTo*U})2
-2T9,U"9,UlTr{s*UT5"U}]. (9.11)

4 3
— 319,11 + 9.3

One can infer the contribution ofy to the parameter§;

Similarly, the current quark mass terf.28 contributes appearing in next to leading order in chiral perturbation

theory[23]
M) 1 1
_ 2 T2 P) 174
Li=Te{M{p L%} —= Try 1% +- -, L= - LYV = - L= — -, (9.12
329 169 169
(p)—22¢ aqaof ’m, (9.4  We observe that with the hypothesis of scalar Vervatidia

gung(2.6) the constants depend only on the effective gauge
This yields the low-momentum four-pion interactions. Fur-coupling g. For g=6 the valuesL{")=0.87x1073,L{"
ther effective interactions arise from the exchange of vectoe 1.74x 10*3,|_(3V)= —5.2x ~% compare well with the val-
mesons according to E¢5.26. They are obtained by sub- yes [24] extracted from observationlL,;=(0.7+0.3)
stituting for the vector mesons the solution of the field equa-x 1073, ,=(1.7+0.7)x 10 3,L3= — (4.4 2.5)x 3. This
tion in presence of pseudoscalars is consistent with the hypothesis that these constants are
dominated® by vector-meson exchand@6]. The momen-
tum dependence of the effective four-pion vertex extracted
from Eq. (9.7) describes the fact the— 7 scattering at in-

2

. M~
VM:_?GMP UV+-~', (95)

with the vector meson propagat6(”) obeying

(oyor 2 2 . 20Further contributions arise from the exchange of scalars and
G, [(M;=d%)67+3,07]= 6, . (96 have been estimatd@s] asL®=0,L=1.3x10"3
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termediate energies is dominated by theaesonance. We Also C and P need not be conserved separately any more,
conclude that the hypothesis of scalar Vervohsigung whereasCP is an exact symmetry if effects from the third
(2.6) gives a very satisfactory picture of the pion interac-generation quarks are neglected. Of course, I&d(2),
tions. symmetry requires the charmed quark. In this section we use
an effective action where the heavy charmed quark has been
X. WEAK INTERACTIONS integrated out. o
Local SU(2), XU(1)y gauge symmetry is easily imple-
Kaons decay into two pions by weak interactions. It is anmented by replacing all derivatives in the effective action
old puzzle how the strong enhancement of fle=1/2 de-  (2.6) by appropriate covariant derivatives. Besides this we
cays ong as compared to thal=3/2 decay ofK™ should have to include the effects from additional local interactions
be explained in QCD. The semileptonic weak decays of kawhich become possible due to the reduced flavor symmetry.
ons and pions are directly related to the corresponding decayhey arise from effective short distance four-fermion inter-
constantsy ,f .. These characteristic properties of the weakactions mediated by the exchangeVsf or Z° in loops(i.e.,
decays are described by our model once the weak interaépenguin diagrams’} and therefore are suppressed by in-
tions are incorporated. New parameters specify the strengtierse powers of the squar&dboson mas:M\'j,. As an ex-
of effective vertices which are one-particle irreducible withample, a new local mass term fgr reads for a vanishing
respect to cutting &V -boson line. Following the philoso- Cabibbo angle
phy underlying the effective actio2.6) we only include

“renormalizable” interactions with dimensios=4. These Ot +
invariants only contribute to thAl=1/2 decays. Compari- L= AM2 Tr{¢" Phg}. (10.3
son with thng decays determines the relevant parameter— w

ultimately it should be computed from QCD. The contribu-

tion of (one-particle reducibleW-boson exchange diagrams Here the weak gauge couplimgy andM,y are related to the
to the Al =3/2 processes is substantially smaller. The correFermi constant bysg=ga/(4y2M3,). The value of the pa-
sponding effective vertex fog) and x involves two more  rameterpu,,(k) can be computed for largee by translating
powers of these fields as compared to the leading invariankq. (10.1) into an effective four-quark interaction according
Together with higher 1PI-vertices it should be considered agy Sec. Il and comparing with the perturbatively computed
subleading. Scalar Vervollstdigung leads to a qualitative value. For the present purpose we traaj= 7y(k=0) and

understanding of tha| =1/2 enhancement. similar constants as free parameters. The mass (&)
violatesC andP and preserve€P. For a nonzero Cabibbo
A. Strangeness-violating local interactions angle the fieldg in (10.1) has to be replaced by the “weak

The exchange of the heawy and Z bosons in tree and interaction eigenstate’s, which is related to the basis of
loop diagrams produces multi-fermion interactions whichmass eigenstates by
may violate strangeness. On the momentum scale of interest

here these interactions can be taken as local. After bosoniza- 1 0 0

tion, they result in two extensions of the effective action -

(2.6). All diagrams which decay into pieces by cuttin§\eor dp=¢Ry=¢| 0 Cyp —Sy|. (10.2
Z propagator can be represented by the couplings of a heavy 0 s, Cy

boson to the fields present in the effective actii®). Those

are restricted by the weak gauge symmetry. Keeping only th
lowest dimension terms, we implement these couplings b
appropriate covariant derivatives. The semileptonic decay
are completely described by them. On the other hand, the

ﬁeresa andc, are the sine and cosine of the Cabibbo angle.
he mass ternf10.1) becomes

diagrams which are one-particle irreducible with respect to g2l
cutting aW or Z-boson line cannot be represented in this L= AMZ Tr{Tdrwt,

way. They result in additional local interactions which have w
to obey the appropriate symmetries.
First of all, the inclusion of weak interactions in our

2
framework requires the effective action to be invariant under Aw=R\gRI= ( 1— ? Ng+/3CySphg+ gséxa
local SU(2), X U(1)y symmetry. On the other hand, the glo-
bal flavor symmetry SU(3), XSU(3)gr is reduced to (10.3

SU(2)gXU(1)r. Here the globaSU(2)g transformations

act between right-handed down and strange quéaskéich  and we underline the strangeness-violating contribution
carry identical hyperchargeand U(1)g consists of phase ~\q. Inserting the nonlinear pseudoscal#s6) this term
rotations of the right-handed quarks with generaforin  vanishes, however, and does not contribute to strangeness
lowest order the strangeness-violating interactions obeyiolation in the sector of the Goldstone bosdibs

however, the largeBU(3)g flavor symmetry.(The latter is In leading ordeM ,? the terms involving two derivatives
broken by the couplings of th&-boson and the photon. of ¢ or y are given by
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gW,uW I R— 9L rT DELL’R)‘PL,Ry
‘C,u ,LL¢)\W}
W
L

+ 8u(D*X)7,ab(D )i .acMwles). (104 D=~ 50w,
The effective action(10.4) involves two additional real pa- 0,, cW' , s 0\7\/;
rametersud, and 8. It is invariant under the local symme- Ow -
try SU(3)eX SU(2), X U(1)y, global SU(3) flavor sym- =5 cW,, 0, 0 |, (108
metry andCP, whereas it violate$,C and strangeness. In 30\7\,— ' 0, 0
lowest order inM,? and neglecting electromagnetic effects
we may replaceD ,¢ by d,¢ and use Eq(2.7) for D . DELR)IO-

Furthermore, we will be interested only in strangeness-
violating effects and repladey, by V3c4s,\g. Concentrating  We have omitted in the explicit form ® 7 the couplings
on the pseudoscalar interactions we insert &¢p) and ob-  of the Z bosons since they do not contribute to strangeness-
tain violating interactions 3= 73). They can easily be inserted
in the formalism below. The weak coupling to the quark

1 . — : .
L= EAwgsf{ Tr{s"U T%U)\s} +4g, Tr{(gngTa,ug)\e;} bilinearsy;; ~ ;i j follows correspondingf by replacing

in Eq. (2.6)
4i R, _ .~ D)
+ 39,90 TF{ET%EM}}, (10.5 Duvii—=Duyi+D v =Dy’ (10.9
_ Finally, we add the mass terms for the gauge bogéns:
with
1
— M2 R+ i 2545
CySy02f2 L= MWW“‘WM + > M3Z¢Z,,. (10.10
Apw= W =3.98x10 8,
W Eliminating the fieldsWi ,Z,, by solving their field equa-
2 tions as functionals ofs, ¢ andy yields effective four Fermi
Js= \/_§ Hw 1—25yx/7 interactioné® relevant for weak interactions at low momenta
2 f2 1+x 7 as well as weak mesonic interactions. Furthermore, sponta-
neous color symmetry breaking by the octet expectation
95X value(x) (2.18 leads to a mixing betweew,Z-bosons and
9X=14_—45WX (10.9 gluons similar to the photon mixing discussed in Sec. lll.

The mixing angle is tiny due to the large masbbg, M. It
replacinguy, and 8. Adding the interactions with gluons needs, however, to be included for strangeness-violating pro-

leads to the replacements cesses. _ _
In the language of the nonlinear meson fields the weak
gt J,6—i(v, +9VM +a,) interactions add to the effective Lagrangian a tefly
=Lwnt Lwmt Lwut Luu

T N \ ) _ —
PEOES gV, gVt ). (10D TN D DN+ Ny e DR eNg,

This makes the local reparametrization invariance£gf, (10.1
manifest. We show in Appendix B that only derivative terms 1
contribute to strangeness-violating interactions for the pseu- ., =M?2 WWW +Z MZZ“Z —igx2 Tr{(gTD(R’g
doscalars. One infers that, (10.4 is the only relevant 2
bosonic term with dimensior=4. The invariant of dimen-

sion four for strangeness-violating fermionic interactions can +EDPDeNVr) -
be found in Appendix B. This should dominate the hyperon
decays.

5
oo+ 5;(3) Tr{D®M#D ()

R (R)
+D®rD Py +

1
200+ §Xg) Tr{U'D®+UD ()}
B. Vector-meson-W-boson mixing

We also have to include the effects of loc&MJ(2),

XU(1)y symmetry in the derivative terms of E.6). The ZiCovariant derivatives have also to be used in the additional in-
photon coupling has already been discussed in Sec. lll. Thgactions(8.7), (8.9).

coupling of the weak gauge bOSOW; to the quarks is  2?The kinetic terms for the weak gauge bosons and the Higgs
implemented by inserting in the effective acti¢®.6) the  sector are not important here.
appropriate covariant derivatives Z3n the full standard model this also involves the leptons.
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1
=27 D® TrpM)
+3xoTrD, " TrD,~, (10.12

Lwy=

1
205 5)(3) Tr{uTo*UD P +ua*UD P}

+ixg Tr{(v*+a*)D+ (v*—a*)DP}

2

_ 0

3H

n

g*n' T{DI-DR}, (10.13

!

with £, given above. These are the leading interactions foig

the strangeness-violating pseudoscalar meson decays.
other quantities like th&?—K2 mass difference they have
to be supplemented by interactions discussed in Appendix

For a computation of the mixing betweah’; ,p,, and
K** we can puté=1 and neglect the terms (D{®)2 in
Lwwm - Inserting

1 0. P KL
vV=—| p,, 0, 0 10.1
AN (1019
*= 0, 0

and combining with the vector-meson mass term one obtai
the squared mass matrifwith b=(p~,K* ~,W"),Ly
=b" M 2b]

M2, 0, Bg,
MZ=| 0, M., Bs,|,
Bcy,, Bsy, M3
1 2
B=—>9wIxo- (10.19

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

Pu=Pu=SWy, K,Z:KZ_SKWM’

PHYSICAL REVIEW [®4 036003

terms of the “physical fields” one finds the contribution of
charged spin-one bosons B3}” [cf. Eq. (10.8]

. 9w X6
T2 2

. Ow
D(L):_|_

X[Cy(N1F+iNo)+Se(Ng+iNg)]t+H.C.

5 (Cop,, 56K ™)
W
(10.18

Inserting this term inLyy, one sees that the meson
couples not only to baryon-bilinears with zero strangeness
but also has a small contribution of a coupling g& . It
therefore contributes to strangeness violating weak decays.
imilarly, the exchange op, and K; induce additional
l:é%Fangeness violating interactions for the pseudoscalar me-
sons. We note that the mixing effects of the neutral weak
CbosonZM do not lead to violations of quantum numbers and
can therefore be neglected. In summary, in leading order in
Gg the only relevant effect of the mixing between gluons
and weak gauge bosons is the expressih1§ for D).
From Lym we need then only to retain the piece
MGW ™ H#W, +3M2Z+Z .

C. Leptonic meson decays

Let us next turn to the leptonic decays of the pseudoscalar
gions and kaons. The relevant vertex for the couplingvof
n . o
to the charged leptorisand neutrinog, is given by

>

Gw

22

=Z vyH(1+ ¥l

Ty (1 Y5 W+ my (14 SR

Ow v, 9W9 X3

J’_
22 " 42 M3,

(Cop, +SoK% )t +H.c.

(10.19

The semileptonic pion decay can therefore in principle pro-
ceed via intermediaté/,p or K* exchange. In leading order
in an expansion i, however, only théV exchange con-
tributes. The relevant bilinear betwedh and W obtains
from

W, =W, +s,p,+scK*, (10.16
. i
with L\,\,szfa“HZTr{xzDE})}. (10.20
1 X(Z) S Aft - . . . .
s == 22, Se== A0 10.1 er eliminating W by the field equation, one finds the ef-
. ZQWQM\ZN oo Zgng\zN oo (101D ctive cubic vertex
~ o~ ~ 2
The mixing angless,,sx betweenp,K* and W are sup- _ gweof — ) 5 _
pressed by/M?, and therefore indeed tiny. The mass eigen- ey 4\/§M\2N’“7 (A+y)vudpm . (1021

values get only negligible corrections. Also the slight modi-

fication of the couplings of the physic# boson(the mass Comparison with the pion decay rate yieldls-f,.=92.5
eigenstate with mass'M,y) is of no importance. There re- MeV. In our approximation wher&U(3)-violating vacuum
mains, however, one relevant effect: The couplings of theexpectation values are neglected we also hbye f. We
physical p* and K** mesons acquire from the mixing a have therefore taken in E¢5.15 an average value. A de-
small strangeness-violating correction. Indeed, expressed tailed discussion of semileptonic decays including
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SU(3)-violating expectation values due to the nonvanishing 1 o
mass of the strange quark can be found in RE5). —(K°+K%=T118.

V2

i —
=E(K°—K°):H7, KP=
10.2
D. Nonleptonic kaon decays ( .

2 .
For the nonleptonic weak decays of the kaons four effect&valuated on mass-sheW{—M?), this vertex reduces to

need to be considered in linear orderGg . The most im- 1
portant coupling arises from the one particle irreducible cou- 1;553: T AW98| (3MZ—4M2)K %7t 7~
pling (10.5. This is the only contribution in leading order.

The second concerns the effective strangeness violating cu-

bic vertices induced by the exchangeWf . A third contri-
bution reflects the weak mixing between the pseudoscalars
7+ ,K* and the scalara™,K* *. This last effect needs in- o w0

formation about the effective potentidl(y) and we will not XK =K o) . (10.29
discuss it here in a quantitative way. Finally, one expects

“nonleading” strangeness violating vertices of the type Up to tiny isospin-violating corrections from the difference
(10.4 involving higher powers ofp, x or higher derivatives. between charged an neutral pion masses it only contributes
A combination of these effects should explain the observedp the decay(g_>2ﬂ-_ With

values

2

3
+ —Mﬁ—ZMET)ng°w0+i(Mi+—Mio)

F(3)(K2H27r°)=1“(3)(|<gﬂ ataT)

I'(KY— 7t 77)=5.061x 10" *? MeV,
Aw 2 2
~ 57 9s(3Mi—4M7)

I'(K2— 797%)=2.315¢ 1072 MeV, =-1.26x %gg MeV  (10.26

one obtains the partial width fd¢2— 27°
'K —7 7%=1.126<10 * MeV, (10.22
I'(K2-27%=2.66x10"%g2 MeV. (10.27)

which reflect the strong enhancement of thie=1/2 decays.

The cubic coupling for the pseudoscalar octet arising from
Eqg. (10.5 needs some care. At first sight the termg, gg=2.95. (10.28
seem to contribute. These terms generate, however, also

parity-violating mixings between the vector mesansand  This corresponds to a very reasonable vdluew~ 440
the pseudoscalara,~d,I1 [cf. Eq. (10.7]. Subsequent MeV. From Eq.(10.26 one also infers that the decay rate
“decay” of intermediate vector bosons into two Goldstone I'(K3— 7" 7~) is twice the one for the decay into neutral
bosons leads to contributions to the effective cubic vertexpions, in accordance with observatimee below Eq(10.41)
This issue is most easily dealt with by “integrating out” the for a correction to this relatign The vertex(10.5 does not
vector mesons, similar to Sec. IX. In lowest order in thecontribute to the charged kaon decay. The latter will only be

derivatives one hagf. Eq.(9.7)] v +gv =0.As a conse- induced by\7V exchange, pseudoscalar-scalar mixing and

guence one f|nds§w§’fa é—ata, and concludes that the nonleading 1PI vertices. We will see below that these effects

terms~g,, do not contribute to the strangeness-violating cu-are suppressed compared to the veftsx235. If a compu-

bic vertices. The effective cubic interaction therefore readdation of the effective couplingg from the standard model

(az—aﬂaﬂ) couplings yields indeed the vali&0.28 the dominance of
the Al=1/2 kaon decays can be naturally understood.

Comparison with the experimental value requires

2i In order to compute the contribution @-exchange to the
ES&ZTAWQSTF{[WH&MH,H]M} effective strangeness-violating cubic vertex we need the
strangeness-violating two-point function$10.20 (II
1 :%szz)
:2fAng{KS[60"“Tr d,m +39* 709, 70+ mt P
owf -
+ 7 Pt + 7P a0 +iK [ m Pat — T P EWH:ﬁTr{UWH)‘Jr}(W,I"—SppM +SKK*+)+ H.c.
—im (KT @7 —K ™ ¢?m"] (10.29
+iPa KT r =K 7" ]}, (10.23

2%For | 6yx|<7/2 the contribution~ 6,y is small. We have used
Here we have only retained terms involving one kaon anck=4,5,,=0 for the numerical value. Negativ&, lead to smaller
two pions in the second expression and we use values ofuyy .
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and the cubic vertex We observe that in the approximaticmi—azz Mi* —4?
14 5x/14 = I\Wﬁ the cubic verteX10.39 is proportional to Eq(10.33,
L= 1—1- {[11, a"H]D(L)} with a relative factor (8/14+5x). In this limit the total

strangeness-violating contribution to the cubic vertex from
W,p andK* exchange

|gW 1+5x/14 N
T[T, MR WS + Hoet -
V2 1 LW Wy ok = 'gsvfz 10.3
+ —ji— .
(1030 AS 2 \2N AS ( 6
with does not deperidon x. From Eq.(10.36 we can extract the

1 1 contributions to the on-shell cubic vertices
Ao =5CAi+ikg)+ 58y(Aatikg).  (10.3D

T (K =7 0=~ —F(W)(KO ot
Consider first the contribution frordlV exchange. Inserting
the solution of the field equation g\ZNf
8M2 CGSQ( K T
gw 1+5x/14 - w
== —=—Tr{| fg, 11— ————[I1,d,I1]|\! 5
" \/EMW 1+x " + =4.2X10"> MeV,
(10.32
Ty (K3— 7070 =0. (10.37)
into Egs.(10.29, (10.30, (10.12, one finds
5 We finally have to inlcude the contributions from scalar
w_ . 9wl 1+5x/14, pseudoscalar mixing and from nonleading 1PI vertices. As
Lyg=i oM2,  1+X Las, discussed in Appendix B, the interesting contribution can be
w parametrized as
Las=Tr{g"TIN }Tr{[I1,5,IT]A 1} ey
. IW -
- A AL s=— i —=2zwLas, 10.3
+Tr{*TIN TR 11,0, 111K ,} AST Tomg,TTes (10.39
1 . .
_ chsg{ZKW?"w’&MwoJr 2K+777f7”(7u770 wlth Zy of order one. In consequence, this leads to the mul-
tiplication of theW-exchange contributio10.36 by a fac-
Cktomg =0 Oop,— o —+ tor (1—2zy).
KEoRd,m 22K 9 Iu™ The partial decay width foK — 7r7r is given by
+\2K%# g, m~ m T} —c.c. (10.33

(K= 77) =F | TO(K— ) |2,
In the last expression we again have only listed the vertices

involving one kaon and two pions. Another contribution ||5 | . .
arises from the exchange of and K* mesons due to the Knn™ g =3.347<10°° MeV ™+,
strangeness-violating mixingl0.29. It is computed simi- K2 (10.39
larly by inserting '

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

~ gwf _ . _
2= = 4 [S,(ME= ) T+ iNg) +Sc(Mige =) L, 714 ,
MK =7 7%=5.92x10"*(1-2,)? MeV.
X (Ng+iNg) ]THo#TINT  +c.c. (10.34 (10.49

For the reasonable valugy,=0.56 this is compatible with
observation. The same parametgralso determines the ra-
tio (for w3,>0)

into Egs.(8.1), (10.29. One finds

% 99)( N1 FiN
Lok —; Iwd Xo 2

2 2 1
CoM2—i?) 1=

[[Ha 1]

f w
Zplternatively, the effective |nteract|0n@ s can be evaluated by

Na+iN -
+5,(M i* —3%)" 1%} ] Tr{aﬂm\ﬂ} +c.c. first integrating out the vector bosoki:; . The leading term follows
from inserting convariant derivatives iy, (5.24) and then integrat-

(10.35 ing out theW bosons.
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F(Ko_m+ ) 0.841—27y) )2 partial cancellation of the\l =3/2 amplitude. This further
SO—Oz ( —W) =22 reduces the decay width for the hadronic decays of the
I'(Ks—27") 3.71 charged kaons. The small parameter appearing in the relative

(10.4)  suppression of the\i=3/2 amplitude is the size of chiral

t king~f divi ical h [ |
This is in perfect agreement with the observed value 2.19iymme ry breaking- divided by a typical hadronic scale

reflecting the fact that the kaon decays are governed by only Hw:
two independent amplitudes.

The overall scales appearing in the kaon decays can be XI. DIQUARK CONDENSATES
visualized easily from the effective vertex which obtains

from “integrating out” the one-particle reduciblé/-boson At high baryon density one expects quark pairs to conden-

sate[9]. In particular, the color-flavor locking10] at high

exchange . .
density resembles in several aspects the spontaneous color

B o2 symmetry breaking in the vacuum discussed in the preceding
LW = W (670, 0—a,0"d)n sections. In this section we reformulate the diquark conden-

As \ZN { # . wl sation in terms of effective bosonic diquark fieltls- . In

- contrast to the color octey~ ¢ the diquark fields carry
Tom g T / ;

XTr{(¢'d*p—d"¢ d)rwi+---, (1042 nonzero baryon number. If diquark condensation occurs at

. . . , high density, the global symmetry corresponding to baryon
where the dots stand for terms involvigg Comparison with number is spontaneously broken. There is therefore an order

the leading invarian{10.4 shows that essent@lly\z,\, IST€- parameter which distinguishes the high density phase with
placed by two powers ofg or xo. The resulting relative (A)#0 from the low density phase withA)=0. This im-
suppression factof?/ u%, accounts for most of the relative plies the existence of a true phase transition.

suppression of thel=3/2 amplitude. A smaller additional | addition to the fields discussed previously we consider
suppression arises from the partial cancellatiorzl,  in this section scalar fields with the transformation properties
=0.44. We observe that the suppression is not visible on thgf quark-quark pairs. In our notation, these additional scalar
level of chiral perturbation theory. The invariant relevant for fie|ds are represented by complex<3 matricesA, ,Ag

the A1 =3/2 decays obeying
1 w
Lai=3=(1=2zw)L zs 5AL=—iEAL—iAL®L, 6AR=—i®£AR—iARR.
(1—2zy)95f* R R
- waﬂ{u TomU 7 TH{U 9, UT 7 (11.1
32M2,

(10.43  The “quark pairs” A gy~ ¥ (r)¥1(r) belong to a color an-
) o ) titriplet and carry baryon number 2/3. The discrete symme-
contains two derivatives just as the ofi.5 relevant for  trjes act asP: A —Ag, C: A A% . For an appropriate
the Al'=1/2 decays. scaling of the fields, the most general effective Lagrangian

In summary, theAl=1/2 enhancement of the hadronic consjstent with these symmetries and containing operators up
kaon decays can be qualitatively explained by two ingreditg dimension four is

ents. Since for the pseudoscalar interactions only derivative
terms are relevant, the leading dimensionless operator con-

_ t_; TaA* ; T T
sistent with the symmetries is quadratic dnor y. On the La=Tr(*AL—IgALAL) (9, AL +IgAA) +(9#AR

quark level it corresponds to diagrams involving two left- CiaATA*Y (9 AatigATALL+ U A, A
handed quarks. These penguin-type diagrams contribute only GARAL (9, AR TIOALARI T Us(dx0AL AR)
to A1=1/2 decays. On the other hand, the diagrams contrib- +[hy Tr{AﬁLJFA’FQER}jLC,C]_ (11.2

uting to Al=3/2 decays involve at least four left-handed

quarks. On the mesonic level they correspond to effective - - - ]
operators involving at least four powers ¢f or y. Such  Here the quark-quark bilinearsy(), , (9r)ia are defined as
higher dimension operators are suppressed according to the

hypothe5|s.of scalar Vervolllsldlgungl. Operators of this (5L,R)ia:(¢L,R)bjﬁcﬁy( YL R)ckyEijk€ane- (113
type can arise from one particle reducibleboson exchange

or from box-type diagrams where ti-boson exchange is , , .
supplemented by gluon exchange. An estimate of the direéfhey transform .under aIITcontln#Jous symmetries precisely
W exchange does not involve unknown parameters an#ke (bosonig antiquarks (;)ia,(4Rr)ia - [HereB,y=1,2 are
shows indeed a smalll =3/2 amplitude. The box-type 1PI (Weyl-)spinor indices andc’”=ef” is the appropriate
diagrams have the same structure asWhexchange contri- charge conjugation matrix. Our conventids] are chosen
bution. Their negative relative sign is related to the sign ofsuch that parity transformég_« dg.] One observes that,
the appropriate anomalous dimension of the relevant fourtransforms as, and similarly forAg and 6g. The addition
quark operator. The corresponding factor{(4,,) leads to a to the effective potential
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Ua=Va(AL,AR) + 74 Tr( ¢TALAL+ ¢AIAR) Typically, the masses and couplings will depend on the
; R baryon chemical potentiatg . Baryon number conservation
+ 7, L(AR)iaXij ab(A Dpj+ (AL iaX iba(AR)bj] in the vacuum requirel!3>0 for ug=0. In the spirit of the
discussion in Sec. Il the couplings also depend on the renor-
+ T T
el (ALdDiaxi an(ALb; * (Ard)iaXjival AR)bi malization scalek. In particular, for largek (and ug=0)
+(AL)iaXﬁba(¢ADbj+(AR)iaXijab((ﬁTA;)ij e perturbative QCD should lead to a positig, and one can

neglectoy and xo. In presence of quarks the field equation
(114 for A g becomes theffor q2<m3)

involves real parameterg,,y,, ande. The dots stand for
terms involvingA, A" and two powers o# or two powers of A o= EE (11.19)
x. The additional potential, conserves the axiall(1) R m R '
symmetry. Electromagnetic and weak interactions are imple-
mented by inserting the appropriate covariant derivatives. This shows the connection between the composite fields
In order to visualize the physical content in this regime, itA,  and quark-quark bilinears.
is convenient to use nonlinear coordinates in field space, Fork=0 and large baryon densitlarge ug) one expects
given by Hermitian matrice® ,Dg, the minimum ofU , to occur for8y#0. The particle content
in the sectors of pseudoscalars, vector mesons and fermions
A=v'DW],  Ar=0"DRWg. (115 may again be obecained from a nonlinear representation by
settingD, =Dgr= 4y in Eg. (11.5. As before, the fieldv
disappears from the effective action and only color singlets
for possible physical excitations remain. Inserting Bd..5
5D, =i[@p,D.], Dr=i[Op,Dg]. (11.6  into Eq.(11.2 leads to expressions that are similar to Secs.
IV and V in many respects. This is not surprising—except
With respect to the local reparametrization symmetry and théor the spontaneous breaking of baryon symmetry the sym-
physical globalSU(3)-symmetryD, and Dy transform as metries are the same.
singlets plus octets. A possible expectation value of the sin- At this place we note that faf,# 0 there are terms in the

Both D, andDg are color singlets with the transformation
properties

glets (proportional to the unit matrjx effective potential linear iry. They arise from the cubic term
~ v, or the quartic term- € in Eq.(11.4. As a consequence,
(D)=(Dr)= 60 (117 no solutionyy=0 is possible fors,#0—the diquark con-

densation necessarily induces a color o¢ifet;) condensate.
[In the limit where the nonlinear part of the effective poten-
tial for xo Iis dominated by a quadratic term
~ ~ 1 2 2 : H : _
SemA L r=—1BAL RO, SenDL r=18[0,D| &l ~313(00,00) Xo. the expectation value is given by,=
| | | T —16y,(1+2e00) 65/ (V6 45) ]

In our scenario the octet condensatgis therefore dif-
one infers that the electromagneti¢1)-symmetry is modi-  ferent from zero both for small and large baryon density. The
fied in the Higgs picturg(similar to the octet condensate only qualitative change at high density is the spontaneous
whereas the electric charge 8§ is zero. breaking of baryon number by,#0. A second- or first-

The diquarksA | g carry baryon numbeB = 2/3. From order phase transition line separates the low density phase
with 8,=0 from the “quark matter” phase at high density.
AlA =W, DIW], ALAR=WgDEZWL (11.9  Due to the spontaneously broken Abelian baryon number
_ symmetry quark matter is a superflyitD]. If the phase tran-
and the fact thatV, g haveB=0, one concludes th&i and sition is of second order it belongs to the universality class of
Dg cannot carry nonzerB. The definition of the nonlinear theO(2)-Heisenberg model. It is plausible that the transition

fields (11.5 implies then directly tha " must haveB=2/3 line to quark matter could bifurcate from the line of first
in accordance with the discussion in Sec. VI. In fact, up tgorder transitions between a nucleon gas and nuclear matter
reparametrization transformations the decomposition ofucleon liquid. (This latter transition line ends in an end-

#,A, andAg into the nonlinear fields is unique, except of point with critical Ising behavioy.If so, there is no distinc-
special points in field space where some fields are not inverfion between nuclear matter and quark matter at low enough

ible or degenerate. Fdd, =Dg= 5, 5+0 the association of temperature. Fof =0 both nuclear and quark matter would

T ; i o i ; be superfluids with spontaneously broken baryon number.
v'=A_W,_/§ with a diquark field is particularly apparent. X o _ )
ForL sLmaII A =Agr=56=6* one may expandV, They should be identified thus leading to a further manifes-

—m2Tr{A] A, +ARAR) such thatU,=1M28%+ - - - with tation of quark-baryon duality.

also preserves parity and charge conjugation. Bg#0
baryon number is, however, spontaneously broken. From

32 XIl. HEAVY QUARKS
M3=12m3+ 12y 400+ %W(O(Hzmow .

In this short section we extend our description to the
(11.10 heavy quarks carrying quantum numbers of charm, beauty
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and topness. These quarks are neutral under the globhl the limit of equal (curren} masses for the three light
SU(3) X SU(3)r symmetry. With respect to the physical quarks the masses of all gluons are equal. This leads to a
SU(3)y symmetry they therefore transform as antitriplets.simple picture of confinement: If one places color charges at
The physical electric charge has a contribution fi@gsimi-  different positions in the vacuum, the gauge fields cannot
lar to Table I. In consequence, the charmed fermions carryanish. Due to the nonzero mass of the gauge fields, the
electric charge 0, 1, 1. In complete analogy with the discusenergetically most favorable configurations are color-
sion in Sec. VI they also carry integer baryon number. Wemagnetic and color-electric flux tubes. This is in complete
identify them with the charmed baryon antitriplet analogy with the Meissner effect in superconductors, with
E2(2472 MeVdso), E; (2466 MeV,usc) andA; (2284  the additional ingredient that the Yang-Mills self-interactions
MeV, udc) where we have given the mass and the standartink color-electric and color-magnetic fields. The string ten-
quark content in brackets. In the nonlinear language thgjon of the flux tubes provides for a simple mechanism for
charmed baryons consist of tliequark and the nonlinear the confinement of color charges. More precisely, these state-
diquark fieldv" which carries the quantum numbers of two ments hold only as long as string breaking due to quark-
light quarks. Similarly, the fermions with beauty carry elec- antiquark pairs is energetically suppressed. One may attempt
tric charge—1,0,0. They are identified withdsb),(usb) and  a computation of the string tension appearing in the heavy
Ag (5641 MeV,udb). The quantum numbers of the fermi- quark potential by solving the field equations derived from
ons with topness are the same as the charmed baryons. Tthe effective action(2.6) in presence of static color charges.
weak interactions follow from the standard assignment into (ii) The physical fermion fields are massive baryons with
doublets with the appropriate Kobayashi-Maskawa matrix. integer electric charge. The low mass baryons form an octet
The description of the charmed mesons needs the introwith respect to th& U(3)-symmetry group of the “eightfold

duction of scalar fields for the bilineagc,qc,cc with q ~ Way” In a gauge-invariant language the baryons are quarks
representing the three light quarks,@,s). As for the light ~ With a dressing of nonlinear fields. In a gauge-fixed version
quark-antiquark pairs these scalars transform as singlets @arks and baryons can be described by the same field. This
octets with respect to the color symme8y(3)c. From the IS quark-baryon duality. The main contribution to the mass
transformation properties with respect $aJ(3), X SU(3)g of these baryons_ arises from ch|ra! symmetry 'breakmg
X SU(3)c we can read the representations of the physicaihrough guark-antiquark condensates in the color singlet and

SU(3)y group octet channels. These considerations extend to the heavy
quarksc,b,t, except that the mass is now dominated by the
(qa. (3,1,8+ 1)—-3+3+6+15 current quark mass. The lightest charmed bary¢asd

t-baryons belong to aSU(3)-antitriplet with electric charge
0,1,1. Correspondingly, thBU(3)-antitriplet of the lightest
b-baryons carries electric chargel,0,0.
_ (iii ) Our scenario shares the properties of chiral symmetry
(cc): (1,1,8+1)—8+1. (12.1 breaking with many other approaches to long-distance strong
. interactions. In particular, chiral perturbation theory is recov-
Only the singlet ¢c) can acquire a vacuum expectation ered in the low energy limit. This guarantees the observed
value consistent witls U(3),, symmetry. We also note that a mass pattern for pions, kaons and theneson and the struc-
direct Yukawa coupling of the charmed quarkdoor y is  ture of their(low momentun interactions.
not allowed by the chiraBU(3), X SU(3)g symmetry. The (iv) Spontaneous color symmetry breaking generates a
relation between current quark mass and baryon nass nonlinear local SU(3)p-reparametrization symmetry. The
constituent quark massmay therefore differ between gauge bosons of this symmetry originate from the gluons.
charmed quarks and up, down, or strange quarks. In sumFhey form the octet of low masses physical vector mesons.
mary, the charmed particles do not constitute an obstacle fdiThe singlet discussed in Sec. VIl can be associated with the
the picture of spontaneous breaking of color. The quantungauge boson of the Abeliad(1)p-symmetry and the ninth
numbers of the physical fields agree with those of observetlector mesorj. The symmetry relations following from

(1,3,8+1)—3+3+6+15,

particles. The same holds for beauty and top. SU(3)p symmetry appear in the electromagnetic and strong
interactions of the vector mesons. They are compatible with
XIIl. CONCLUSION observation and provide for a successful test of our scenario.

(v) The Al =1/2 rule for the weak hadronic kaon decays
We conclude that the “spontaneous breaking” of color isarises naturally once weak interactions are incorporated into
compatible with observation. The simple effective actionour picture. It is a consequence of the properties of the low-
(2.6) gives a realistic approximate description of the massesgst dimension operators which are consistent with the sym-
of all low-lying mesons and baryons and of their interac-metries.
tions. Gluon-meson duality is associated to the well-known Beyond the important general symmetry relations arising
Higgs phenomenon with colored composite scalar fields, corrom the nonlinear local reparametrization symmetry the

responding to quark-antiquark pairs. simple effective actior(2.6) leads to particular predictions.
The most important characteristics of our scenario can b&hey are related to the assumption that the effective action
summarized in the following points. can be described in leading order by effective couplings with

(i) The Higgs mechanism generates a mass for the gluonpositive or zero mass dimension. This should hold once com-
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posite scalar fields are introduced for quark-antiquark bilinHenormalizable’j invariants involving additional powers of
ears and counted according to the canonical dimension fap or y lead to corrections- f%/ u2~0.1-0.3 withu a typi-
scalar fields. Expressed in other words we assume that theal strong interaction scale. We have encountered this factor

dominant nonperturbative effects in QCD result in the for-in hadronic weak decaysu(uy), the partial Higgs effects
mation of scalar and pseudoscalar bound states and in Iargg 11, (A41) (MS;M le, ) or the coupling between
il p!=pmm

effective couplings. This assumption of scalar Vervohisia 1 ,,cleons and the axial vector pion currgnt-1~yy (9.2,

gung can be tested by comparing the predictions of the ef: B — o
fective action(2.6) with observation. For this purpose we fix (A45) (pts= 1,/ VCpaq€yrs). SCONG, the expansion in the

the parameterso, o0 andg by M, ., and I(p—e*e"). number of derivatives involves some characteristic squared

2/\2 :
More precisely, we use here Eq$.16), (5.17) (7.14) with momentumq /Ms as a small parameter. Typ_lcaIMS may

— ) be of the size of the mass of particles not included in our
M,= 850 MeV, fo= 128 MeV,g,,=0.12 GeVf. (With g

- . description, i.e., Mg=1 GeV. A typical operator is
=6 we may take the limix—c for many expressions, keep- 7 IMYu GHY This i onsible for the
ing in mind that the precise value ®fis needed mainly fora (Z4/Ms)#il7,..7,1G;"¢; . This is responsible =

o . L= anomalous magnetic moment of the nucleons via the mixing
determination ofr.) In addition, the Yukawa couplings,h

are fixed by the baryon massédg,M, [cf. EqQ. (4.10] between the photon and the gluGn, (see Secs. lll and V]I

whereas the strength of the chiral anomalyand v’ deter- :/r\wlreeeogsz?r{neer?sigﬁlgi rceolin(I)inMS/c %itgsntwgfhtﬁé ?round
mines Mf], by Eqg. (5.19. (The precise ratiov’/v is not ping Py -

. - Furthermore, the expansion 8U(3) violating effects origi-
relevant herg.We concentrate on the following predictions P (3) 9 9

L : . nating from the strange quark mass is goverfigé] by
of scalar Vervollstadigung which are not dictated purely by (fK—gf )/f~0.2. This Igst expansion may remain within the
symmetry considerations: g

: . hypothesis of scalar Vervollstdigung.
(1) The pion nucleon couplings are found es=D =0.5 Th t f th del being fixed additional pre-
to be compared with the observed valués=0.459 © paramerers of the modet heing T b

- 0.008D = 0.798+ 0.008 dictions become possible. An example are the rare el_ectro-
- - ShAay magnetic decays of mesons. Particularly interesting is the

(2) The decay width'(p—2) =115 MeV tums out to  yangeness splitting of masses of the varisu3), mul-
be somewnhat lower than the observed value of 150 MeVy, a5 This involves, however, some additional parameters
[Note that we use here directly E@.2) and« equals one in ¢ 1q effective scalar potentid2.8). On a phenomenologi-
leading order, such tha,,=4.6] o cal basis theSU(3)y violation will appear in the form of

(3) The direct coupling of the photon to pions is SUP- yiterent expectation values ab and y in the strange and
pressedg,,,/e=0.04 [by virtue of Eq. (7.17 with M, nonstrange directions.

—M,,f,—fo]. This phenomenon of vector dominance de-  The present framework opens new perspectives for a cal-
scribes well the observations. culation of the properties of hadronic matter at high tempera-

(4) The effective next-to leading order couplings ture and density. Especially for high density the issue of
L;,L,,L3 of chiral perturbation theory come out compatible baryons vs quarks plays a crucial role due to the different
with observation. In particular, scalar Vervollstiigung pre-  Fermi surfaces[18]. Quark-baryon duality allows for a
dictsL,=1.7x10 3L3=—(3.9-5.2)X10 3, simple approach to this problem by using only one field.

(5) The inclusion of weak interactions leads to a suppres- Quark-baryon duality has profound implications. The
sion of theAl =3/2 hadronic kaon decays compared to thenonrelativistic quark model where baryons are bound states
ones withAl=1/2. A realistic picture of the three hadronic of three quarks is now supplemented by the view of baryons
kaon two-body decays is obtained. This involves, howeveras “dressed quarks.” In a high energy scattering process
two additional parameters. “physical quarks” will come out, but they will come out

For a first approximation we consider the effective actionwith the quantum numbers and masses of baryons. In this
(2.6) as very satisfactory. Corrections arise from twosense, quarks are not confined particles, despite the fact that
sources(a) The nonvanishing quark masses, in particular thecolor charges remain exactly confined and cannot appear
strange quark mass, break the physical globakonnected with free particles. When leaving the interaction
SU(3)-symmetry.(b) Higher order invariants are certainly region, the physical particlegsymptotic statgsacquire al-
present in the full effective action. One important sourceways a dressing bynonlineay fields that makes them color
relevant for the vector mesons is discussed in Appendix Aneutral and integer chargedin precise formulations of
Some of the corrections are known phenomenologically agyuantum field theory this also happens to electrons—the
for example, the partial Higgs effect which reduces the avphysical particles being neutral with respect to the electro-
erage meson decay constant frdgto the mean valud magnetic gauge symmetyyThis view may have important
=(f,+2f)/3=106 MeV. Together with the further lower- consequences for our picture of the parton model, both for
ing of f . as compared tbby SU(3),, violation this leads to  structure functions at sma? and for fragmentation.

a realistic value ofl' (p—2). The neglected higher-order Let us finally address this perhaps most important open
invariants can be used to improve the agreement with obseissue in our approach, i.e., its connection to the parton model
vation. Typically, these corrections are below 30%. at highQ? and to the nonrelativistic quark model which de-

Once the singlet vector mes@®, is addedcf. Eq.(8.7)]  scribes rather well the higher bound states. In short, one has
the effective actior{2.6) may be viewed as the lowest order to understand the correspondence between quarks dressed by
of a twofold systematic expansion. First, highémnon-  a cloud of diquarks and bound states of three quarks. The

036003-27



CHRISTOF WETTERICH PHYSICAL REVIEW D64 036003

effective action(2.6) is thought to be valid at low momenta. flow equationg14] for I', may hopefully permit to connect
Going to higher momenta, the couplings become typicallyperturbative QCD with the effective actidr, (2.6).
momentum-dependent. This also holds for the definition of These last ideas are only sketches for further develop-
the nonlinear fields, e.gz,—Z,(-D#D,) in Eq. (4.1).  ments. The phenomenological success of the simple low mo-
Along the lines of the discussion in Sec. Il the effective mentum effective action proposed in this paper should moti-
action at high momenturtor, more precisely, large off-shell vate a serious investigation in these directions. We hope that
momentum should be given by perturbative QCD, with  quark-baryon duality will permit further insights into the
the perturbative gauge coupling aﬂg(—D2)~1. The sca- connection between the parton model and the QCD vacuum.
lar part of the effective action should express appropriate 1PI
contributions in the perturbative quark-gluon language. For ACKNOWLEDGMENTS
high momentum scattering the dominant effect of spontane-
ous color symmetry breaking is then the mass term for the This work was supported by the TMR-network FMRX-
gluons which provides for an infrared cutoff. “Infrared safe” CT97-0122 and by the Deutsche Forschungsgemeinschaft
guantities which can be reliably described by perturbative/Ve 1056/3-2.
QCD are not very sensitive to this mass.

In a momentum basis the nonlinear field decomposition APPENDIX A: FOUR-QUARK INTERACTIONS

(4.1 reads forz,(—D?) =1 (with [,= [[d*p/(27)*]) IN THE COLOR SINGLET VECTOR CHANNEL

5 5 In this appendix we discuss the effects of four-quark in-
zﬂ,_(p):f f W (p—p—p')NL(p)v(p’). (13.1) teractions in the color singlet vector and axial vector chan-

pJp’ nels. As for the scalar and pseudoscalar channels the effec-
tive action is described in a partially bosonized form. For this
This may be inserted, for example, into the electromagnetipurpose we introduce fields for the composite quark-

vertex antiquark bilinearsp{*,p& which correspond tog; y*(1
o R =) .
~eTr{y(p+aq)y*Qu(p)}B.(q). (13.2 Let us add to the effective actid@.6) a piece accounting
for the four-quark interactions in the vector channel. We ex-
press it in terms of effective interacticisfor left-handed

The scattering of an off-shell photon with momentgrand
g P a and right-handed vector fielgg*, pk:

an off-shell quark with momenturp to an off-shell quark

with momentumBJr q describes the annihilation of an on- L,=Lpgqt L2+ L y2,+ L y2,0+ L2,+ L 2,0+ L g,
shell protonN with momentump and simultaneous produc-
tion of the fields contained in the “spectator je¥(p—p). (A1)

Here the spectators consist of the particles described by the

nonlinear fieldsY ~W'Ou", with O denoting the appropri- — » — — 57 « — THwr v 5E + Doy L
ate algebra for the particular combination relevant for the ~ % V22, Tyt Y+ Uyl

proton. The “parton”(p) carries a(longitudina) fraction
x=—q%[2(pg)]=(pp)/(p?) of the spacelike momentum
of the proton. Similarly, the produced quagKp+q) “frag-
ments” into the hadronX contained in its nonlinear decom-
position (13.7). In a process with high off-shell parton mo-
menta final states involving many on-shell hadrons become v
kinematically accessible. On a hadronic level, this corre- L 2= ETr{(DMPLv_DVpL#)(DMPL_D i)}
sponds to inelastic multihadron productidht y* —X+Y.

\/E T = m ©
+ ?Zl/lcpqq(-rr{ 'r//L'y,u,l//L}TrpL

+Tr{ Yy, rl Trok), (A2)

If the parton structure functions can be suitably implemented 1 _ _ 1

in this setting® the conservation of global quantum numbers + a—Tr{(DMpf)(Dfo)}+ —,(ﬂMTl’pf_L)z
should lead to the appropriate sum rules. A deviatioZ pf P 3a,

from one modifies the composition & and Y without ef-

fecting the general setting. + gy Te{pLupt} +(LoR)

Instead of the momentum dependence of the effective
couplings one may also investigate the reldteat not iden-
tical) dependence of the effective actibp on an appropriate

1
. - + 02 TP — o)\ Tr _
infrared cutoffk (see Sec. )l The use of nonperturbative 6 1A Pl = PRITHPLL~ PR

29t is conceivable that the nonlinear constraint® =1,W'W Zi\We follow here closely Appendix B of Ref15]. The normal-
=1 are not appropriate at high off-shell momenta. Fluctuationgzation of the matrix-valued fields{’ ; used here differs by a factor
away from the nonlinear constraints may have to be included.  of two from[15].
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1
+ 5y Trlpl+ PRI TrpLL+ PRy}, (A3)
L 42,=1N2C, T{(D 0"~ $'D . $)pf"
- N2
+(DM¢¢T_ ¢D,U,¢T)lel;}+ I ?Cpﬂ'ﬂ'
XTHD @' ¢p— ¢'D ¢} (Tr pl'~Tr pfa), (A4)
Lp?p?=2(c2,  +T)(T{p bplpL .+ T pd ptipr,})
—4(c2, )T Pl dpL )
4 t 2 M
- §f2(Tr{¢; b} —300)TrprTrpL,
+4f3(Tr{ " ¢} —300) Tr{ptpL,+ PRORA)
4 t 2 m
+ §f3(Tr{¢ dt—30)(Trp{Trp.,
+TrpRTr pry), (A5)
£2,=72€,7.AL (D X FanXijac— Xian(D uX)ijac](p{')co
+[(DMX)ijabXﬁcb_Xijab(DMX)ﬁcb](;’é)ca}
N2 . .
+i ?epww[(DMX)ijainjab_Xijab(D,u)()ijab]
X (Trpf*—Tr pk), (A6)
£X2p2:el[Xﬁainjac(;f)cd(?’LM)db
+ XijabX eb(PB) cd(Pry) dal
+ X7 an(PB) acijed (PL) db

1.
+ 562

4
XijabXijab— 5)(3) TrpRTr pLy
x o _1_1 21T %) LS
*+€3| XijabXijab 3X0 ot PLut PRPRLY
L * 4 2 )
*+ 33| XijabXijab— 3 X0 | (TrPLTI pLy
+TrpRTr prp)s (A7)

1 ~
,CpB: geﬂ)'y Tr{&,uva_ &vpL,u—'_ &MPRV_ avaM} B~
(A8)

Here we have defined

P ) —ETr ® :E“‘ZM)\ (A9)
PLRTPLR 3 PLR 2pL,R z

and the electromagnetic covariant derivatives read
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D;LPE,R:(?MPII:,R_ieBM[vaE,R]' (Alo)
Up to omitted terms involving three or four vector fieldS
this is the most general effective action with terms up to
dimension four and consistent with chiral, color, electromag-
netic and discrete symmetries. The fielg§sy are color-
neutral and transform with respect to chir&@U(3),

XSU(3)g as octets}S‘L"R and singlets To{’

SpL,=i[OL.pl'], Spk=i[Or.pk],

whereas the discrete transformations read

(A11)

P: pl—pk,

“ "

C: pt'——(pB)", ph——(p)".

(A12)

As discussed in Sec. ll, the effective four-quark interac-
tions in the vector channéhs well as other multiquark in-
teraction$ can be recovered from E@A1l) by solving the
field equations fop{* andpk as functionals ofy, ¢ andy. It
is obvious that the reinsertion of this solution into the effec-
tive action produces an addition to the effective aciidr®)
for ¢, ¢,x andA,, which now also contains terms of dimen-
sions larger than four. In this sense the pi¢éd) can be
interpreted as a suggestion for the most important higher
order operators not yet contained in EQ.6). In particular,
the induced effective four-quark interaction for low momenta
reads

AL,= = Z5[ 7y Ty N Te{ gy N}

— A Ty YN T 0y VoM L4} ]
272

Zl/lcpqu o u -
———— Ty T by, b}
12uy
Ziziaq oA 5 "y 5
———— "y Ty, v ), (AL3)
120
with
Cz— Cz—
rqq rqq
r=—2 =t Al4

The first term contributes to the isospin triplet vector channel
for the nucleon-nucleon interactiofsith My, andM 4 given
below).

The effective interactions in EGAL) involve many new
parameters. We concentrate here only on the most important
modifications as compared to the effective acti@rg). First
of all, the fieldsp{* and pi contain vector ({) and axial
vector (p) degrees of freedom

1
ri= pfﬁ(p’é—pt‘)- (A15)

ol
~_~
©
pkS

+
©
—
p—
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The squared mass for the axial vector octet obtains as 1 . . . .
L 2= ETr{(D,,JvV— D,rv,)(D#ry—D"r{)}

2_ 2 2 2 1
MA—,LLP+20'O(2C +f1+f2)+ e1+ 3662 XO'

1 ~ ~ ~ ~
+ 5TH(D,pps— Do) (B¥pi— Do)}

(A16)
. . L 1 N~
whereas the axial vector singlet mass term is glvemﬁy + —Tr{(DMvr$)2+(DMpA)2}
The vector fieldr{ provides now for the missing singlet p

vector meson 1
+ ——[(3"Sp,) %+ (9"S,) 2]+ ui(Tr{r{ry,}

\/E § 2ap
S.= §Trrv, (A17) o 1, 1,

with squared maSﬁ\z,. We note that the axial vectors cannot

mix with the vectors because they have different parity. Alsowith
the singlets cannot mix with the octets in the limit of an
unbrokenﬂphysmaBU(S) symmetry. O_n the other_hand_, the Tlmrpo ETrr\’j, D= ph TTrpk, = \ﬁTer.
octet inr{, has the same transformation properties with re- 3 3

spect to the physical global symmetries as the gluons. One (A25)

therefore expects a mixing with the fields V. Th . f dditional h field
For an investigation of the interactions with the pseudo- e existence of an additional homogeneous vector fie

scalar mesons we introduce again nonlinear fields r{; allows us fo construct new invariants and Igads to mixing.
Indeed, the invariant for the vector currents in Eg.D) is
now enlarged by a piece

w|

TE=W/pfW,, TE=WpkWg (A18)
Lyv=x5Tr{(v,+9V,—eB,Q)(v*+gV*—eBQ)}

+METr{ry, 8} +2v, Tr{(v,,+9V,—eB,Q)ré},

and we replace EqA15) by

1
_ A26)
TE+TE), ph=-——(TE-TH). (AL9) (
\/—( RTIL Pa \/E R™IL '
with
These fields transform homogeneously as octets and singlets 2 1
under the local reparametrization symmetry M\2,=,u§+ 205(f,—f 2)+( &1~ 3582 X5. (A27)
OT{ r=1[Op, T{r] (A20)  The mixing term~ v, arises from the covariant derivative in

. the cubicy— x—p term @,=a,—1Tra
and are neutral with respect taSU(3) XSU(3)g XTXTP @,=a,~5Tra,)

XSU(3)c. They also transform homogeneously with re- R 5 o
spect to the electromagnetic gauge symmetry L 2,=— ZeP,TqT)(%{Tr{(uMwL gV,—eB,Q)r{}
SorlE=i B[O, 1], Surph=i A21 7_ = ~
em V B[Q V] emPA E[Q Pa ] ( ) + §Tr{aﬂpx} , (A28)
If we define
V= —€prnXs- (A29)

b r\/ =4 r\/ _|eE [Q,rv ]+|[l’; ,rvy]+i[é yPA ], _ _
S a ' a e The low mass vector meson ocigf and a heavy statel{;

f)/.LpAV: é),u.pAv_ ie’vB;J.[évav] +i [l’},u. 7pAV] +i [ép. =rVV]1 ’f; £ COSTV’U'+ sin Trv ,
(A22) H¢= cosrr{—sin7V, (A30)
A i . . .
3 =— _(WTD WR—W[D W,) (A23) are the mass eigenstates with mass eigenvalues

1
- 222
the terms quadratic ip read MP 2(g Xot M= (MY~ g%xp)*+4g° VVP)
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1
5 (@xg+M{+ V(M- g?x0)* +49714,)

(A31)
and mixing angle
2gqv

p
2 2
v—9

tg(27)=— (A32)

X5

For the interactions it is most convenient to eliminafe
by its field equation. In the local approximation, where the
kinetic term for?(j is small compared to the mass tero (
<MZ), one finds

~ 14 - ~ ~ o~
r=——5@*+gV*—eB'Q)
Ile

(A33)

and therefore

o A ~
— T{(v,+gV,
v

Lyy= Xc2>_ _eABMAQ’)

X (v +gV*—eBrQ)}. (A34)
This is the same structure as E@.1), leading for thep
— 7 interaction(7.5) to

2

Yp

Mv2

1

7l

:f2

X6~

(A35)

hereby lowering the value @f as compared to Eq7.6). The

kinetic term forV# also obtains a contribution from the in-

sertion of Eq.(A33) such that thep-mesons with a standard

normalization correspond to

~12
V-,

2.2

9%v;

1+—
v

= (A36)

After a replacement o¥ by py this modifies Eq(7.6) ac-
cording to

2 2\ 12

gV
M4

9,=9 (A37)
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Let us next turn to the contribution to the pseudoscalar

kinetic term(5.11) from the interactiomTr{f)ﬁZM}. In ad-
dition to Eq.(A28) such a term is also induced by

L y2,=—8C, 0o Tr{pha,}. (A39)

P:

With the electromagnetically covariant axial vector current

A e.
a,=a,+ 5B, (W QW ~ WEQWz)
bt
EWRDMUWL
i
_ t
=5 W(D,UWg,
= A 1 . -
aﬂzaﬂ—gTraﬂ, TraMZTra#——Eaﬂe,
(A40)

the term linear irp4 is also linear in the pseudoscalar fields.
It corresponds to a mixing between the pseudoscaldd in
and the pseudoscalar,piy (both are O * state$. This so-
called “partial Higgs effect” has been extensively discussed
in [15]. After elimination of the fielcp}y by virtue of the field
equation it leads to an additional negative contribution to the
pion decay constarit Indeed, for

EpA: M i Tr{;K;A/L} +2a Tr{BKéM}

pqur{Nyﬂ SpANY+ - - -,
a=—405(CprrtX€rs) (A41)
the insertion of the solution of the field equation
~ a = ac —
px=—W ak+ quTr{Nyﬂys)\ZN})\Z+~~- (A42)
A
yields the bosonic contribution
2 2
e W e —— v Vv Ry} o
vz {a*a,}+ = V2 { LU
(A43)

As announced before the structure of the interactions be-
tween vector mesons, pseudoscalar mesons and photonsTigis constitutes the contributioh? mentioned in Sec. V

dictated by the local(3)pX U (1), Symmetries. The low
momentum limit is not modified by the inclusion of addi-
tional interactions or degrees of freedom. In the following
we work in the approximation

MY
G

eZ

pmT

<

V2<xiM2, (A38)

such that the modifications @fandg, can be neglected.

AZ g2 txe, )% f2
—=— 2—( P & r ~0.45. (A44)
2 M2f (1+x)2  «M2

Similarly, the contribution quadratic in the baryon fields
reads

LR=ynTr{Ny,y*a"N},
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_ _ 2 _
Y= acpqq%OAECpqqf ~_03 Cpqa(1 %) _
M2 a CprrtX€,rr
(A45)

There are similar contributions from the elimination of the

singlet axial vector Ta*.
We finally note that the insertidhof Eq. (A42) into Eq.
(A24) introduces a ternfafter partial integration

o ~ ~
£p2: —2i WTr{(DMr\v/_ Dvr\l;)[a,u, lav]}+ e
A

a
=20 ——TH{ry11,0,11]} + - - -, (A46)
Mif
with ry the transversal part of(9%=9,,5")
v 9" dP P

Using Eq.(A34), this replaces for the— 27 decay rate

v,ag
Oprr— prnt
P P Mifz
9 x e, . (c,_+xe )f?
_ ﬂ.ﬂ.‘l‘ e pTT\ Y pTT pITT (A48)
9 79(1+x)2 Mak?
—g,,.+0.452g=g, +0.58 1+ " -
_gp7T’7T . @ g_gpww . xe o g,
(A49)

where we have employed the on-mass-shell conditiéh (
—>M\2,). As a result, the phenomenologically required value
of g, in Eq. (7.8) could be smaller than 6, and in conse-

guence, the value @ required by Eq(7.10 could be some-
what lower than 2.

We observe that after eliminating; by Eq. (A33) the
term (A46) leads to an invariant

l3=Tr{(D*v{~D"vf)[a,,a,]}
vf'=0r+gVr—eB Q,

D,vi,=d,v,,—i€B,[Qu,]+i[v,.v,]. (A50)

Sincev{* and a* transform homogeneously with respect to

U(3)pXU(1)em and Eq.(A50) involves a fully covariant

derivative, it is obvious thdt; adds a new invariant structure

to the terms contained in E¢7.1). This invariant influences

the cubic and higher interactions but does not contribute t

the two-point functions. Concerning E¢7.8), it does not

28The contributions from inserting correctionsrvé to Eq.(A42)
into Eq. (A41) vanish.
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affectM?,g,, andmg , whereas quantities likg, . or g,
receive corrections. One concludes that the KSFR relation
(7.9 is not a pure symmetry relation. Its validity also re-
quires that the effective action fprmesons is dominated by
the invariantZy (7.5). The observed success of the KSFR
relation implies that corrections fromy must be small. This

is the case foe,,,.<c,,,/x, implying that the mixing be-
tweenr/ and V* can indeed be neglectddf. Eq. (A29)].

For processes not involving axial vectors we therefore retain
from Eq.(A1) only £ 2 (for the singlet vector mesonl 42,

(for the partial Higgs effegtand £,qq (for the effective
nucleon interactionsin the vector channdlA13). This leads

to the additional term$8.7) displayed in Sec. VIII.

APPENDIX B

In this appendix we discuss invariants witBU(3)c
XSU(2),XU(1)y local andSU(3)g global symmetry be-
yond the ones mentioned in Sec. X. We first turn to terms
without derivatives. One may ask if local terms not involving
derivatives could generate a term involving only one strange
meson as, for example, tH@P-even statek?=(1/,/2)(K°

+?O). Such terms would contribute to the weak kaon de-
cays. The answer is negative, as can be seen by inserting into
the infinitesimal transformation dfl up to linear order

f
51'[=§(®R—®L)+i(@RH—H®L)+O(H2) (B1)

the appropriate globaBU(2)gxXU(1)g or local SU(2),
X U(1)y transformations. In fact, the remaining symmetry is
still powerful enough to forbid fos,=0 any nonderivative

terms involving the pseudoscalars™, 7, 7,K%K°. Any
nonderivative coupling must therefore involve an even num-
ber of charged kaons of the foriK { K ™)". Fors,#0 this is
replaced by ¢,K™—s,m%)-(c,K™—s,7)". On the other
hand, strangeness-violating processes always have to involve
chargedW™ bosons. In lowest order M\j\,z we can neglect
the exchange af®. The strangeness-violating short-distance
four-quark interactions have then a glofaU(3)g flavor
symmetry. This forbids also the terms mentioned above. One
infers that there are no strangeness-violating nonderivative
interactions in ordeM,,?. We conclude that we can omit all
additional nonderivative interactions for a discussion of the
weak decays of pseudoscalars.

We next turn to terms involving two derivatives and we
restrict the discussion for simplicity te. It is straightfor-
ward to see that terms involving only one trace and only one
matrix A\ lead to the same structure as H{0.4) since
%qu):ag as far as the pseudoscalars are concerned. We
therefore omit such terms. The invariant involving four pow-
ers of ¢ and one factor of Ay Iis proportional
Tr{¢'D A} Tr{¢'D ¢} and does not contribute to the
hadronic kaon decays into two pions. This is obvious by
expanding forg=0
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N ot 203 ) 1 tions for ¢ and y as functionals of%//. The terms(10.3),
¢ Dy¢p=0oU d,U=——|id M1+ [, ILI] |+ (10.4, (B5) result in a shift of the solutior[ ¢]= o[ /]
(B2) + 6¢[ &]. For large enouglk this reads approximately

2

A relevant invariant reads W 5 g -
5¢abzm(m¢_‘7) [Zwﬂwh‘ﬂL,ic()\W)cb‘ﬂR,ai

W __ A t ) N
o= gy T Dud =D d)rud ~ (Bl 1) (Sohwas], (86)
XTr{(¢'D*p—D " $) 7, (83 Wit
. — 1
with (b0)ab=Z (M=) " Hivibrait 524 Fan- (B7)

Tw1=CgT1tSpNs, Tw2=CyTot+Syhs, Tyw3=T3- ) ) ) o )
e e e monz Eeme e (B4)  Insertion in the effective actiofincluding the source term
(2.9] leads to a strangeness-conserving quark mass term
Here the fact thaty; is not rotated is related to the absenceonly for IB\ZN::Lch:/)z- A similar, but more complicated re-

of flavor-changing neutral curren{She rotation of the type |ation exists between the strangeness violation in the effec-
(10.2 has to be realized by a four by four matrix including tive potential for ¢,y and the strangeness violation in the
the charm quark.Up to a factor—z% the invariant(B3) has Yukawa-type couplings.

precisely the same structure as the one generated from one- The insertion of Eq(B6) in the effective action leads to
particle reducibleé/ exchange by inserting the field equation four-quark interactions involving two left-handed and two
for W as a functional of¢. This is no surprise since the right-handed quarks. Assume thag,(k=0) can be related
underlying structure on the quark level corresponds to box,E0 Ti(K) at a typical transition scale around 1 GeV by fol-

'%r:]tg(lja%ramls ;vnheerec;gen egcrflgri.g’rvagfso:]éztsﬁgﬂg'fmlowing the renormalization group flow of the effective ac-
o} erators);n?/cljlvin ) Thegeﬁects IofI the wgelfslk mixing be- tion. It can then be matched to the perturbativéRG-

tvf/)een scalars andg)ééeudoscalars may also be repregsentedimt)éii)roved computed value of the corresponding four-quark
effective higher-order operators of the tyf#3) which ob- interaction. Since a tree exchange \Wfbosons always in-

tain after elimination of the scalar fields via their field equa—VOIVeS at least four left-handed fermions, it is obvious that
tion. We include all these effe@® by multiplying the the four-quark interaction of interest can only be generated

Weboson exchange contributiofl0.36 by a factor (1 by aW-boson loop, as appropriate for a one-particle irreduc-

. . . ; ible contribution. We will not pursue this road for a compu-
—2zw). The relative minus signz(,>0) reflects the negative ) f the effecti i ~ in th
sign of the corresponding anomalous dimension in perturbatv—\‘;‘t'On of the effective couplingay, uw, €tc. in the present

tion theory. ork.
Strangeness-violating local interactions can also appear o o
on the level of the Yukawa couplings between quarks and APPENDIX C: K[ —Kgs-MASS DIFFERENCE
mesons For the discussion of the mass difference betw¢gmnd
o282 h 272 K? one needs the one-particle irreducidl&=2 contribu-
— WPW wRPW i i —4
Lp=Zyri| ——5 b8+ ———xij | Awibj+ H.C. tions in orderM,,
4Myy, 4Myy,
(BS) (AS=2) QQ/M\ZN,Z Tty t
L, :?(7]1-”{¢ D*dAwed'D  dAw}
The interactionB5) is the only dimensionless invariant con- 16Myy
tributing to strangeness-violating baryon interactions. Ac- + TS DEONATH ATD . Al ) + - - -
cording to the hypothesis of scalar Vervolistiigung it 72T ¢ DAl TH Dy Phw) '
should dominate the hyperon decays. It has to be supple- (CY

mented by strangeness-violating mixings of the pseudosca- . . . .
lars discussed in Appendix C. Ef—|ere the dots stand for terms involving This effective

We recall that we work in a basis where both the kineticinteraction corresponds to an eight-quark interaction. It is

and the mass term for the quarks conserve strangeness. Tla?ated to a vertex with four left-handed quartesg., box

imposes constraints on the effective strangeness-violatin ag;amihw';h exphrﬁnr?e gf (;[I\AM/-bEson I'Se:’j :Jyfsupple-l
couplings. As discussed in Sec. Il, we can recover the multi- enting the four right-nanded quarks needed to form scaiars.

quark interactions by inserting the solutions of the field equa—':or the kinetic term of the pseudoscalar mesons it reduces to

3
AS=2 2 2
ﬁEL ):1_6AW,U«W,2[ 7, Tr{d*UNgd, UNg}
2’There are also contributions to thel =1/2 amplitude which

may be absorbed by a small changeuif . + 17, T{*UNg}Tr{d ,UNg}]+---.  (C2)
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This induces a difference in the wave function renormaliza- A o o ~0. =0
tion for K? andK$ Ly=5 (9" md,m+ *nd,nt+dn'd,n' + "KL, KL
Z Zs ~n o~ - ~ o~ 1 -
Lyin= 70“KE%KE+ 707"K(s’<9qu+ R +9"K29,KY — Augs| 0#7%, KD+ ﬁfwna#KE
3 A2 ul o — AT T 9 ’RO+E(M2(’%O)2+M2~2+M2"’;2
ZL_ZS:_E = “n, wds?™ 7 du KT 5 (M5 27 Y
— +MEL(KD)?+ (KD )
=pi+ ot C3 ) i .
ENEE €3 and the “physical fields” are given by
where the dots irﬁ stand again for contributions from in- M2
variants involving the octeg. We normalizeuf;, such that 0= 70+ FKZAWQBKE-
n=1. Using a normalization witds=1,M ks=Mk, one has K m
Mg =Mz Y2 or ~
t KoL ';]_ n— Mﬁ AWg8 0
22 A b
3 AlmieMk " i M5-Mg V3
(MKL_MKS)d_Zf—Z_O'sglo MeV Ty 5
~, , K ~
n'=n-— 5 AwdsK?
(Ca M —Mic
to be compared with the observed value - 2 . 2 A
RP=K?- AnGor®+ — 2 e,
L L M2 — M2 2_M2 \/§
My —My_ =3.522<10 12 MeV. (CH KoM 7 K
L S
MZ
The indexd in Eq. (C4) indicates that this is only the direct +———Anls7’,
contribution from the 1PI effective vertices. A further contri- M 7 M
bution arises from mixing effects of the pseudoscalar mesons ~ _
in first order inAS. In fact, due to weak interaction effects K2=KQ. (C9

the fields in Eq(5.27) have small off-diagonal corrections in . . o
their propagators. Expanding,, (10.5 in second order in [N terms of the physical fields the relevant contributions to
I1,6, one finds Ly read

1
~ 0o _— 0 0 ’ ’ 0 0
£f&=2Ang[Tr{0"Ho7#H7\6} E(z)—z[&”“ﬂ' dum+ o nd, m+d n' d,n +0"Ksd, Ksg

f 1+ 6pX

1
T dowx +(1+A\2NQZ)(9“KE(9MKE]+E[Mi(wo)er M? 7?
3 1+55,x/14

aﬂaTr{a#er}}

+M2, 72+ ME(KQ2+ ME(1+AZQu) (KD)Z],
=Awgs| K, 7 +o* 19, K™ —a*m%,K? (C9)
1 where we note the difference in the kinetic and mass terms
_ ﬁ,;u;}a#[{(a ~ s’ 3,K?, betweenk andK?, with

0 Mi(Mﬁ—zMi)é§+1 ME(2M2—M§)g5
= =
EJ:14-1-55\,\,Xg a _ 2f 1+ spX g (Mi_Mi)Z 3 (Mf]—Mﬁ)z

8 14-45,x°% *B 3H,, 1—28ux/7 8

C6) MZ(2M?, —M)g;
+ (M2 _Mz)z
7' K

, (C10

Here we use a tilde for the fields appearing in E5§27

which correspond to the basis where the quark mass term A A 2~
; ; MEM2GE 1 MEM2GE | MEM2G

(2.9 is diagonal. The physical meson fieldz§,KEvs,77,77’ Qu= —Z 5 )
and=*,K™ obtain after diagonalization of the inverse propa- (Mg=M%)? 3 (M2-MZ)? (M}, —Mg)?
gator. The total quadratic term for the neutral mesons reads (C1)
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In consequence, the renormalized massesKiprk2 read
without the 1PI-irreducible contributiofC3)

This has to be combined with similar terms in EG6). Here
we use agairK*, 7™ for the fields appearing in Eq5.27)
which correspond to the basis where the quark mass term
(2.9 is diagonal. In presence of weak interactions the fields

K*,7* have to be related to the fieltfs", = for the physi-

. o . cal pseudoscalar mesons. The latter have diagonal propaga-
This corresponds to a contribution of the mixing effect to the;y.¢ £ we only consider effects linear i@, the relevant

mass difference

1+A3,Qu

C12
1+A%Q; (€12

Mg =M

., Mg =Mg.

bilinear
A(My, =My
_A\ZNMK(Q ~0,) LG=d"n"d,m +"K 9, K +Mir 7 + MK K™
2 Moz . — o~ -~ -
+AW(gg— 1)(*KT 9,7 + a7 9,K") (C16
AWM Mggs 1 Mggs  Mgog
) 2_ 12 3M2_M2 M2 a2 o )
Mi—M7 M5 =Mic M5, =M is diagonalized by
A2 M .y
== ©(0.46%2+32). (€13
~ MKZ ~
+ __ +_ N _ +
Summing Eqs(C4) and (C13 we obtain T MKz—MWzAW(gs DK™,
My, —Mg z e 2~
T s o B2 32— Sg2).
(MKL_MKs)obs f2 3 ~ M 2 .
(C14 Kf=K"+ ————A(gs— 17",
k2= WVl 72
With typical valuesgg~1.5[cf. Eq.(10.28], andgg~1 this (C17

would imply uw,~300 MeV. This is of the order of the
expected characteristic mass scale.
We complete this appendix by a discussion of the effecsuch that
tive mixing betweerK= and 7. The relevant contribution
of W exchange to the pseudoscalar kinetic term is given by K L N B ’ . 2
the square of the term linear in,IT in Eq. (10.29 Lyy=d*m"d,m +*K"9, K +Mom 7" + MK K",

(C18
AL = =MW DWW ®
. g\z,\,f2 arrst - This mixing effect is not relevant for the hadronic kaon two-
- ZM\ZNTr{a TN 3T g, TN} body decays since there are no cubic vertices involving only
pseudoscalars in the absence of weak interactions. It contrib-
g\ZNf2 . =, - o utes, however, to the decay Kﬁ into three pions. Further-
=- 4M\2N(9 (Com™ +5,K™)d,(Com™ +54K™). more, it leads to an additional contribution to the

strangeness-violating vertices between baryons and pseudo-
scalars.
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