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Light meson spectra and chiral quark cluster models

L. A. Blanco, F. Ferna´ndez, and A. Valcarce
Grupo de Fı´sica Nuclear, Universidad de Salamanca, E-37008 Salamanca, Spain

~Received 16 June 1998!

We study the low-energy spectra of light mesons in the framework of constituent quark models. Several
interactions including chiral symmetry breaking and designed for the description of the nucleon-nucleon
system and/or the baryon spectra are used. We find that chiral quark models only based on Goldstone boson
exchanges are not able to provide a reasonable description of the light meson spectra. However, if they are
supplemented with a color-spin term, like the one present in the one-gluon-exchange or instanton-induced
potentials, they reproduce in a satisfactory manner the light meson spectra at the same time that they are able
to explain the main features of the baryon spectra and the baryon-baryon interaction.@S0556-2813~99!05301-7#

PACS number~s!: 12.39.Jh, 14.40.2n, 24.85.1p
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Nonrelativistic quark models, relying on simple quar
quark potentials inspired by QCD, provided a surprising
satisfactory description of baryons and mesons as bo
states of constituent quarks@1# as well as the main propertie
of the baryon-baryon interaction@2#. In fact, they work even
much better than one would naively expect by judging on
basis of the nonrelativistic approximation inherent to the
Above all, they allow us to gain some insight into the natu
of the forces between quarks beyond what can be lea
from just computing numerically a bound-state or a scat
ing problem.

The basic idea of these models is to consider hadron
clusters of confined nonrelativistic quarks carrying a co
stituent mass and interacting through residual interacti
coming from QCD. This interaction was originally based
perturbative QCD, realized through the one-gluon excha
~OGE! potential@3#, and later on it was obtained from non
perturbative aspects through instanton-induced potentials@4#.
The force which confines the quarks is still not well und
stood, although it is assumed to come from the long-ra
nonperturbative properties of QCD@5#.

Despite their success, all these models lack several im
tant properties. From a phenomenological point of view, n
ther the OGE potential nor the instanton-induced forces p
vide the required medium- and long-range interaction
explain the two-baryon experimental data. From a more f
damental point of view, in their original formulation thes
models violate an underlying symmetry of the QCD L
grangian: chiral symmetry. Nowadays it is recognized t
the constituent quark mass and chiral symmetry are conc
closely related@6,7#. The constituent quark mass appears a
direct consequence of spontaneous chiral symmetry br
ing, being related to the generation of quark condensate
the QCD vacuum. An important effect of the spontaneo
breakdown of chiral symmetry is the existence of Goldsto
bosons which could provide the required missing parts of
interaction between quarks.

This theoretical progress has renewed interest for c
stituent quark models. Several groups have proposed di
ent schemes to derive models of constituent quarks includ
chiral symmetry breaking and applied them to the nucle
nucleon interaction@8–10# or to the baryon spectra@11–13#.
PRC 590556-2813/99/59~1!/428~7!/$15.00
nd

e
.

e
ed
r-

as
-
s

e

-
e

r-
i-
-

o
-

t
ts
a
k-
on
s
e
e

n-
r-
g
-

Among these chiral quark models one finds mainly two d
ferent approaches. In the first one, QCD short-range per
bative effects are maintained through the OGE potential
combined with the nonperturbative effects provided by
breaking of chiral symmetry@8,9,11,12#. The second ap-
proach prefers to neglect the OGE and therefore its s
color dependence, the full interacting Hamiltonian bei
given only by Goldstone boson exchanges@10,13#. This sec-
ond approach has been successfully applied to study p
lems that were previously understood based only on the O
potential plus confinement, like, for example, the bary
spectra. It has also been used to explain the short-rang
pulsion of theNN interaction@10#, usually attributed to the
quark substructure of hadrons and explained some time
through OGE dynamics@14#. Therefore, it raises the questio
of whether the spin-color operator is actually needed in
Hamiltonian constructed at the level of quarks or if the Go
stone boson exchanges alone are able to provide a co
description of the hadron spectra and the baryon-baryon
teraction.

Assuming that both the baryon spectra and the bary
baryon interaction can be equally well described within t
two approaches~let us note that the only trials in this direc
tion have been based on chiral quark models including
multaneously OGE and Goldstone boson exchanges@11,12#!
one has to resort to another system in order to disenta
whether only Goldstone boson exchanges can account fo
phenomenology. If the nonrelativistic realization of the low
energy QCD is valid, this system might be the meson sp
tra.

Thus, our purpose in this work is to test these chiral qu
models, mainly used for the nucleon-nucleon interaction a
the baryon spectra, in order to describe the meson spe
This problem has been widely studied in the past by me
of QCD-inspired models using either OGE potentials@15# or
instanton-induced interactions@16–18#, but as stated before
none of these models is able to describe the baryon-ba
phenomenology.

We will use three of the standard chiral quark clus
models present in the literature@8,9,13#. One can find the
rationale for these models in the instanton liquid picture
the QCD vacuum@19,20#. Light quarks interacting with the
428 ©1999 The American Physical Society
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PRC 59 429LIGHT MESON SPECTRA AND CHIRAL QUARK . . .
instanton vacuum develop a nonzero momentum-depen
dynamical~constituent! mass. It means that chiral symmet
breaks down spontaneously and does not manifest itse
multiplets of particles, but through the appearance of Go
stone fields. Calculatingn-point correlation functions of
pseudoscalar densities in the instanton vacuum, Diako
and Petrov@20# were able to construct an effective low
energy Lagrangian

Leff5C̄ f
a@ igbdb2M ~q2!eig5tWfW / f p# f gCg

a , ~1!

whereC f (g)
a is the spinor of the quark,a is the color index,

f andg are flavor indices, andM (q2) is the quark dynamica
mass. This mass can be parametrized as@8,11#

M ~q2!5 f pgchF LCSB
2

LCSB
2 1q2G1/2

, ~2!

whereLCSB acts as an ultraviolet cutoff of the~nonrenormal-
izable! effective theory@20#.

Working in the spirit of the SU~2!^SU~2! linear sigma
model, Ferna´ndezet al. @8# have derived from the Lagrang
ian of Eq.~1! a quark-quark interaction containing a pseud
scalar (VPS) and a scalar (VS) potential provided by the ex
change of Goldstone bosons. Besides, the potential m
includes an effective one-gluon exchange interaction wh
simulates the short-range perturbative QCD behavior an
confinement potential which provides the nonperturbat
QCD effects in the long distance and confines three quark
a baryon or aqq̄ pair to a meson. Theqq interaction in-
cludes the following terms:

Vqq~rW !5VOGE~rW !1VCON~rW !1VPS~rW !1VS~rW !, ~3!

where

VOGE~rW !5
1

4
as~l i

Wl j
W !F1

r
2

p

mimj
S 11

2

3
~s i
W
•s j
W ! D d~rW !G ,

~4!

VCON~rW !52ac~l i
Wl j
W !r 2, ~5!

VPS~rW !5ach

LCSB
2

LCSB
2 2mp

2

mp

3

3FY~mpr !2
LCSB

3

mp
3

Y~LCSBr !G
3~s i

W
•s j
W !~t i

W
•t j
W !, ~6!

VS~rW !52ach

4mq
2

mp
2

LCSB
2

LCSB
2 2ms

2
ms

3FY~msr !2
LCSB

ms
Y~LCSBr !G . ~7!
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-
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-
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Reference@9# employs a generalized chiral symmet
breaking scheme in SU~3! that brings some new isospin de
pendence. It also considers an effective one-gluon excha
interaction. The interaction is given by

Vqq~rW !5VOGE~rW !1Vconf~rW !1Vch~rW !, ~8!

whereVOGE(rW) andVconf(rW) are the same as in Eqs.~4! and
~5!, respectively. Besides, the generalization of chiral sy
metry breaking generates the following Goldstone boson
change interactions:

Vch~rW !5Vqq
p ~rW !1Vqq

h ~rW !1Vqq
s0~rW !1Vqq

s1~rW !, ~9!

whereVqq
p andVqq

s0 are the same interactions as Eqs.~6! and
~7!, respectively (ach is denoted bygch1

2 /4p andLCSB by L1

in the original reference!. The new isospin dependence
incorporated through the potentials

Vqq
h ~rW !5

gch2
2

4p

mh
2

4mq
2

L2
2

L2
22mh

2

mh

3 FY~mhr !2
L2

3

mh
3

Y~L2r !G
3~s i

W
•s j
W !, ~10!

Vqq
s1~rW !5

gch2
2

4p

L2
2

L2
22ms1

2
ms1FY~ms1

r !2
L2

ms1

Y~L2r !G
3~t i

W
•t j
W !. ~11!

In all these equations,

Y~x!5
e2x

x
. ~12!

When applied to baryons or mesons and in order to av
an unbound spectrum, the delta function in the one-glu
exchange potential has to be regularized@21#,

d~rW !5
1

4p

e2r /r 0

r 0
2r

. ~13!

Let us remark that the radial structure of the confining p
tential cannot be fixed from the baryon-baryon interactio
However, the hadron spectrum is strongly dependent on
confining potential. Baryon and meson spectroscopies
well as lattice calculations@22# suggest a linear confining
potential instead of quadratic, and therefore we will restr
ourselves to the use of a linear potential.

In Ref. @13# only a confining potential and a Goldston
boson exchange interaction are used, but the OGE and
scalar partners of the Goldstone bosons are not included.
interaction used is the following:

Vqq~rW !5Vx
octet1Vx

singlet1Vconf, ~14!

where
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Vx
octet~rW !5F (

a51

3

Vp~rW !l i
al j

a1 (
a54

7

VK~rW !l i
al j

a1Vh~rW !l i
8l j

8G
3s i
W
•s j
W , ~15!

Vx
singlet~rW !5

2

3
s i
W
•s j
WVh8~rW ! ~16!

Vconf~rW !5V01Cr ~17!

Vg~rW !5
g8

2

4p

1

12mimj
Fmg

2 e2mgr

r
24pd~rW !G , g5p,K,h,

~18!

Vh8~rW !5
g0

2

4p

1

12mimj
Fmh8

2 e2mh8r

r
24pd~rW !G . ~19!

In this case the delta function is regularized by

d~rW !5
1

4p
Lg

2 e2Lgr

r
, ~20!

Lg being dependent on the mass of the Goldstone boson
therefore different for each one.

From all these potentials theqq̄ interaction is obtained
through the transformation@23#

Vqq̄5(
a

~21!GaVqq~a!, ~21!

whereGa is theG parity of the exchanged fielda.
Our main concern in this context will be whether a re

istic description of deeply bound states, like the pion, is co
patible with a reasonable description of other observable
the one- and two-baryon systems. As we are only intere
in the gross features of the meson spectra we have om
the spin-orbit and tensor forces, which play a minor role
order to gain some simplicity.

Concerning the pion, some discussion about its natur
now in order. Chiral quark models treat the pion in two d
ferent approaches. The first one is described by Manohar
Georgi @6# when working in a nonlinear realization of th
theory. The pion is identified with the elementary Goldsto
boson and somead hoc mechanism should be included
push the pseudoscalarqq̄ state out of the Hilbert space. Th
main drawback of this scheme is that the physical pion is
longer aqq̄ pair, its nature being very different from, fo
example, ther meson. Nevertheless, one might have hop
that the only difference between the two mesons was
internal spin structure of the quarks@6#. Another possibility
would be to push the mass of the lighterqq̄ pseudoscalar
pair to thep8, its first radial excitation, but one again find
the same problem.

A different point of view is that of Suzuki and Weise@24#.
It consists in keeping the quarks and the Goldstone bos
structureless at the tree level, the dressing due to higher o
nd
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corrections of the effective Lagrangian being responsible
theqq̄ structure of the physical pion. Therefore, the physi
pion has aqq̄ structure while the Goldstone boson fields a
structureless virtual modes@25#.

These two interpretations could be distinguished throu
the interacting Lagrangian. The first one would be justifi
by aqq̄ interaction that pushes theqq̄ pseudoscalar configu
ration out of the Hilbert space. The second one implies
existence of aqq̄ interaction that deeply binds the pseud
scalar mode to reproduce the pion mass. The paramete
the models of Refs.@8#, @9#, and@13# are mainly determined

FIG. 1. ~a! Comparison of experimental~shadow boxes and thin
solid lines quoted with the name of the state appearing in the
ticle Data Book! and calculated~solid lines! spectra of isovector
mesons for the model of Ref.@8#. Experimental data are taken from
Ref. @32#. n stands foru or d quarks. The lines labeled with a ‘‘! ’’
represent states where the calculated and the experimental data
not be distinguished. The experimental data for the3PJ states cor-
respond to the centroid of the multiplet.~b! Same as~a! but without
including the OGE interaction.
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from the one- and two-baryon problems. Therefore, throu
its application to theqq̄ sector one can check if they ar
compatible with the existence of a deeply boundqq̄ pseudo-
scalar mode that could be identified as the physical pion

We have solved the Schro¨dinger equation for the thre
types of interactions using a standard Numerov algorith
The quality of the results of the nonrelativistic treatment
mesons has been discussed in the literature and even
pared in a very detailed way with respect to the results
semirelativistic and relativistic descriptions@26#. In particu-
lar, it has been demonstrated that there is not any advan
in a semirelativistic treatment, suggesting that this proced
must be completed by some relativization mechanism at
level of the potential@26#. Only those observables dependin
on the wave function atrW50 need a fully relativistic treat-
ment, like the two photon decay widths@27#.

Let us first of all analyze the results of the models of Re
@8# and @9#. In Figs. 1~a! and 2 we present the results of th
model of Ref.@8# for the low-energy spectra of the isovect
and isoscalar mesons, respectively. In Fig. 3~a! we show the
results for the isovector mesons of the model of Ref.@9# ~the
results for the isoscalar mesons are similar and therefore
not shown!. For the sake of consistency the results are p
sented using the same notation as in Ref.@18#. In both cases
we have used the Yukawa-type regularization of Eq.~13! for
the delta function of the OGE with a parameterr 0
50.145 fm and a strong coupling constantas50.7. The
best fit to the experimental data is obtained with a sm
cutoff for the pseudoscalar interactionLCSB53.15 fm21,
although with the standard valueLCSB54.2 fm21 the fit is
still good. ~Although we will return to these tables later o
Tables I and II illustrate the fact that the results are to a la

FIG. 2. Comparison of experimental~shadow boxes and thin
solid lines quoted with the name of the state appearing in the
ticle Data Book! and calculated~solid lines! spectra of isoscala
mesons for the model of Ref.@8#. Experimental data are taken from
Ref. @32#. n stands foru or d quarks. The lines labeled with a ‘‘! ’’
represent states where the calculated and the experimental data
not be distinguished. The experimental data for the3PJ states cor-
respond to the centroid of the multiplet.
h
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extent independent of the value of this parameter.! As men-
tioned above, the confining potential is linear in both ca
and the confining constant is taken to beac5140
MeV fm21. As can be seen both models provide a satisf

r-

an-

FIG. 3. ~a! Same as for Fig. 1~a! but for the model of Ref.@9#.
~b! Same as for Fig. 1~b! but for the model of Ref.@9#.

TABLE I. Mass difference, in MeV, between thep and ther
mesons within the model of Ref.@8# when the OGE potential is
switched off, as a function of the cutoff mass of the pseudosc
exchange LCSB. The value used in this reference isLCSB

54.2 fm21. The experimental mass difference ismr2mp

5630 MeV.

LCSB (fm-1) mr2mp

2.0 28.69
3.15 47.02
4.2 60.94
5.0 70.23
6.0 80.88
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tory description of the meson spectra for the two secto
They give the correct order between the states and rea
able splittings.

Although Figs. 1~a! and 3~a! look pretty similar, they are
different by some MeV. The reason for the similarity b
tween the results obtained with the models of Refs.@8# and
@9# is that the only difference between the potentials is giv
by the additional exchange of two fields denoted bys1 and
h in Ref. @9# and given by Eqs.~10! and~11!, but they give
a very small contribution to the meson spectrum. Both m
els provide a fit of the light meson spectra with a simi
quality to that obtained with potentials specifically design
to fit the meson spectra as is the case of Refs.@15# and@18#.
To illustrate this point we reproduce in Figs. 4 and 5 t
results obtained in Refs.@18# and @15# for the isovector me-
sons, respectively. Figure 4 corresponds to Fig. 1 on p.
of Ref. @18#, and Fig. 5 is taken from Fig. 3 on p. 194 of Re
@15#. The validity of the model of Ref.@8# ~and therefore also

FIG. 4. Figure 1 of Ref.@18#. Comparison of the spectra o
isovector mesons for the model of Ref.@18# ~solid lines! and ex-
perimental data~shadow boxes and thin solid lines! taken from Ref.
@32#. n stands foru or d quarks. The lines labeled with a ‘‘! ’’
represent states where the calculated and the experimental data
not be distinguished.

TABLE II. Mass difference, in MeV, between thep and ther
mesons within the model of Ref.@9# when the OGE potential is
switched off, as a function of the cutoff masses of the Goldst
boson exchangesL1 andL2 . The values used in this reference a
L154.2 fm21 andL255.0 fm21. The experimental mass differ
ence ismr2mp5630 MeV.

L1 (fm21) 2.0 3.0 4.0 5.0 6.0
L2 (fm21)

3.0 16.21 31.68 45.09 56.94 67.8
4.0 12.38 27.45 40.35 51.59 61.7
5.0 9.44 24.15 36.59 47.25 56.7
6.0 7.28 21.71 33.74 43.90 52.7
7.0 5.76 19.96 31.69 41.43 49.8
s.
n-

n

-
r
d

0

Ref. @9#! for higher angular momenta is checked in Fig.
where we show the Regge trajectories for the pion and
the rho mesons@28#.

Therefore, constituent quark models with chiral symm
try, which combine the short-range dynamics obtained fr
QCD together with the long-range aspects generated by
ral symmetry breaking, have enough structure to allow for
understanding of the general features of the light me
spectra. Some general problems are still present in th

an-

FIG. 5. Figure 3 of Ref.@15#. Comparison of the spectra o
isovector mesons for the model of Ref.@15# ~solid lines! and ex-
perimental data~shadow boxes and thin solid lines! taken from Ref.
@32#. n stands foru or d quarks. The lines labeled with a ‘‘! ’’
represent states where the calculated and the experimental data
not be distinguished.

FIG. 6. Regge trajectories for the pion~solid line! and for the
rho meson~dashed line! obtained with the model of Ref.@8#. Ex-
perimental data~circles and triangles! are taken from Ref.@32#.
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simple approaches, as, for example, the fact that they do
describe correctly the splitting between thep andh andh8
mesons, although it is known that these masses are re
duced if one considers, for example, an instanton-ba
model obtained from the ’t Hooft interaction even in a no
relativistic reduction@27,29#. This type of interaction in-
cludes a color-spin-dependent term similar to the OGE@30#.

The important feature we want to emphasize is what h
pens if the color-spin-dependent interaction of the ch
quark cluster models is not present. Then, we are led to
unwanted situation that also takes place in models with
color-spin-dependent forces as, for example, that of R
@10# and @13#. An interesting experimental finding for th
light mesons is the constancy of the difference of the squa
masses of the corresponding spin-singlet and spin-tri
statesDM2[M2(3S1)2M2(1S0). As shown in Figs. 1~a!
and 3~a!, in the models of Refs.@8# and@9# this mass differ-
ence is reproduced. However, the model of Refs.@10# and
@13# leads to degenerate3S1 and 1S0 states, as can be seen
Fig. 7 where we show the results of the model of Ref.@13#
for the isovector mesons.

The same effect is observed in the models of Refs.@8# and
@9# when the OGE interaction is switched off. We display
Figs. 1~b! and 3~b! the results for these two models when t
OGE is not considered. In this case, the mass difference
tween the ground state ofS50 andS51 is much smaller
than the experimental one; in fact they have almost the s
energy. Besides, this degeneracy, induced by the absen
color-spin-dependent forces, cannot be changed magnif
the spin-dependent interactions of the models, the only o
which could solve this discrepancy. When the OGE is
considered in the model of Refs.@8# and @9#, we give in
Tables I and II the dependence of the mass difference
tween thep and r mesons on the cutoff of the spin- an
spin-isospin-dependent interactions, when they are take
free parameters, trying to force the model to describe
experimental mass difference. The same result is show
Table III for the model of Ref.@13# ~which never considers
the presence of the OGE! when the cutoff of theh8 is taken
to be free. As can be seen, none of these type of force

FIG. 7. Same as for Fig. 1~a! but for the model of Ref.@13#.
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able to produce the correct splitting between the1S0 and the
3S1 states with a reasonable set of parameters.

Responsible for the success of the models of Refs.@8# and
@9# is the color-spin structure of the residual interaction, u
ally attributed to the OGE, which is not present in the mod
of Refs.@10# and@13#. This dependence is able to explain th
splitting between the pseudoscalar (p) and vector mesons
(r), and also that between the octet~N! and decuplet (D)
baryons@31#. One should take into account that any oth
interaction with this color-spin structure would generate
similar effect. For example, the instanton-induced interact
deduced in Ref.@30#, although with a different origin than
the OGE, has its same characteristic color-spin structure
therefore similar results are obtained@18#.

To conclude, if the OGE is not considered, chiral qua
models predict that the ground states of theS50 andS51
isovector mesons are degenerated@see Figs. 1~b!, 3~b!, and
7#, something for which there is no experimental eviden
When the color-spin structure of the OGE is taken into
count, theS50 pseudoscalar mode is deeply bound@see
Figs. 1~a! and 3~a!#, allowing us to understand the presen
of a qq̄ pair with such a low mass as that of the pion. As
consequence, the most important point extracted from
study has to do with the structure of the quark-quark int
action. In principle there is no reason to rule out or to just
the inclusion of the exchange of gluons, instantons, or
degree of freedom related to the realization of QCD at l
energy. These terms of the interaction are found to be f
damental in the literature for other purposes, the first one
explain the short-range behavior of theNN interaction and
the second to solve the UA(1) anomaly. We have found tha
the main aspects of the meson spectra can be understo
the chiral quark models include the OGE due to its char
teristic color-spin structure. The presence of a QCD-inspi
force like the OGE or the instanton-induced interacti
seems to be important to explain in this framework the ex
tence of deeply bound states like the pion together with ot
observables of one- and two-hadron systems.
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TABLE III. Mass difference, in MeV, between thep and ther
mesons within the model of Ref.@13# as a function of the cutoff
mass of the h8. The value used in this reference isLh8
56.8 fm21. The experimental mass difference ismr2mp

5630 MeV.

Lh8 (fm21) mr2mp

4.0 30.17
5.0 26.26
6.0 23.63
7.0 21.87
8.0 20.71
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