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Light meson spectra and chiral quark cluster models
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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 interc@fi556-28189)05301-7

PACS numbds): 12.39.Jh, 14.46:n, 24.85+p

Nonrelativistic quark models, relying on simple quark- Among these chiral quark models one finds mainly two dif-
qguark potentials inspired by QCD, provided a surprisinglyferent approaches. In the first one, QCD short-range pertur-
satisfactory description of baryons and mesons as bounbative effects are maintained through the OGE potential and
states of constituent quarks] as well as the main properties combined with the nonperturbative effects provided by the
of the baryon-baryon interactid2]. In fact, they work even breaking of chiral symmetry8,9,11,12. The second ap-
much better than one would naively expect by judging on theproach prefers to neglect the OGE and therefore its spin-
basis of the nonrelativistic approximation inherent to them.color dependence, the full interacting Hamiltonian being
Above all, they allow us to gain some insight into the naturegiven only by Goldstone boson exchan@#8,13. This sec-
of the forces between quarks beyond what can be learneshd approach has been successfully applied to study prob-
from just computing numerically a bound-state or a scatterlems that were previously understood based only on the OGE
ing problem. potential plus confinement, like, for example, the baryon

The basic idea of these models is to consider hadrons apectra. It has also been used to explain the short-range re-
clusters of confined nonrelativistic quarks carrying a confulsion of theNN interaction[10], usually attributed to the
stituent mass and interacting through residual interactionguark substructure of hadrons and explained some time ago
coming from QCD. This interaction was originally based onthrough OGE dynamicil4]. Therefore, it raises the question
perturbative QCD, realized through the one-gluon exchangef whether the spin-color operator is actually needed in a
(OGP potential[3], and later on it was obtained from non- Hamiltonian constructed at the level of quarks or if the Gold-
perturbative aspects through instanton-induced potefi@ls stone boson exchanges alone are able to provide a correct
The force which confines the quarks is still not well under-description of the hadron spectra and the baryon-baryon in-
stood, although it is assumed to come from the long-rangéeraction.
nonperturbative properties of QCIB]. Assuming that both the baryon spectra and the baryon-

Despite their success, all these models lack several impobaryon interaction can be equally well described within the
tant properties. From a phenomenological point of view, neitwo approacheglet us note that the only trials in this direc-
ther the OGE potential nor the instanton-induced forces protion have been based on chiral quark models including si-
vide the required medium- and long-range interaction tanultaneously OGE and Goldstone boson exchahggd 2)
explain the two-baryon experimental data. From a more funene has to resort to another system in order to disentangle
damental point of view, in their original formulation these whether only Goldstone boson exchanges can account for the
models violate an underlying symmetry of the QCD La-phenomenology. If the nonrelativistic realization of the low-
grangian: chiral symmetry. Nowadays it is recognized thaenergy QCD is valid, this system might be the meson spec-
the constituent quark mass and chiral symmetry are concepts.
closely related6,7]. The constituent quark mass appears as a Thus, our purpose in this work is to test these chiral quark
direct consequence of spontaneous chiral symmetry breaknodels, mainly used for the nucleon-nucleon interaction and
ing, being related to the generation of quark condensates dhe baryon spectra, in order to describe the meson spectra.
the QCD vacuum. An important effect of the spontaneousThis problem has been widely studied in the past by means
breakdown of chiral symmetry is the existence of Goldstoneof QCD-inspired models using either OGE potent{dlS] or
bosons which could provide the required missing parts of thénstanton-induced interactiorid6—18, but as stated before
interaction between quarks. none of these models is able to describe the baryon-baryon

This theoretical progress has renewed interest for conphenomenology.
stituent quark models. Several groups have proposed differ- We will use three of the standard chiral quark cluster
ent schemes to derive models of constituent quarks includingiodels present in the literatuf&,9,13. One can find the
chiral symmetry breaking and applied them to the nucleonsationale for these models in the instanton liquid picture of
nucleon interactiof8—10] or to the baryon spectfd1-13. the QCD vacuuni19,2Q. Light quarks interacting with the
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instanton vacuum develop a nonzero momentum-dependent Reference[9] employs a generalized chiral symmetry
dynamical(constituent mass. It means that chiral symmetry breaking scheme in SB) that brings some new isospin de-
breaks down spontaneously and does not manifest itself ipendence. It also considers an effective one-gluon exchange
multiplets of particles, but through the appearance of Goldinteraction. The interaction is given by

stone fields. Calculatingh-point correlation functions of
pseudoscalar densities in the instanton vacuum, Diakonov
and Petrov[20] were able to construct an effective low-
energy Lagrangian

Vq(1)=VOCKr) +Vveori(r) + Vven(r), ®

whereVOC®Er) andVe(r) are the same as in Eq@l) and
- oL (5), respectively. Besides, the generalization of chiral sym-
Ler=W{[i ¥#85—M(g?) €757 =] e, (1)  metry breaking generates the following Goldstone boson ex-
change interactions:
where\lff(g) is the spinor of the quarky is the color index,
f andg are flavor indices, ant¥l(q2) is the quark dynamical VEF) = VT (F)+ V7 (7) +V7O(7) + VIL(7) ©
mass. This mass can be parametrizefi8atl] aq qq aq qqL

whereV, andV”O are the same interactions as E@®.and

, 7) (7), respectlvely @Ch is denoted b)gch1/47r andAcggby A g
in the original referenge The new isospin dependence is
incorporated through the potentials

2
ACSB

AGsgT 9

1/2
M(q ) fﬂ'gch

whereA cgg acts as an ultraviolet cutoff of tHeonrenormal-

izable effective theory[20]. s 5
Working in the spirit of the S(2)@SU(2) linear sigma /7 () — Genz M; A3

model, Fernadezet al.[8] have derived from the Lagrang- 49 4 4m§ A2—m?

ian of Eq.(1) a quark-quark interaction containing a pseudo- o

scalar {/p9 and a scalar\{g) potential provided by the ex- X(ai- o)), (20

change of Goldstone bosons. Besides, the potential model

includes an effective one-gluon exchange interaction which 5

2
simulates the short-range perturbative QCD behavior and a o1y = Ocha A2 m [Y(m r)— A Y(A r)}
2 o, oy m 2
m, 71

A3
?’7 Y(m,r)——5 Y(A,r)
m77

confinement potential which provides the nonperturbative Aar A%—
QCD effects in the long distance and confines three quarks to !
a baryon or agq pair to a meson. Thegq interaction in- x(ﬁ-?}). (12

cludes the following terms:
In all these equations,

Vao(1)=Voeer) + Vo) +Ved N +V(r),  (3)

e
where Y=~ (12

When applied to baryons or mesons and in order to avoid
1+ (0'| o,))é(r)} an unbound spectrum, the delta function in the one-gluon

1
Voee(N) =+ asO\ A )[

mmy @ exchange potential has to be regularizad],
. . R 1 efr/ro
Veon(h) = —ac(\njr?, 5 or)=—4———>—. (13

A2 m Let us remark that the radial structure of the confining po-
Vpdr)= achi —, tential cannot be fixed from the baryon-baryon interaction.

cse™ m 3 However, the hadron spectrum is strongly dependent on the
3 confining potential. Baryon and meson spectroscopies as
x| v(m r)—AC Y(Acsd) well as Ia_lttlce calculat|0n$2_2] suggest a linear co_nfmmg_
g 3 CSE potential instead of quadratic, and therefore we will restrict

ourselves to the use of a linear potential.
X (a7 o) (7 7)), (6) In Ref. [13] only a confining potential and a Goldstone
boson exchange interaction are used, but the OGE and the

) scalar partners of the Goldstone bosons are not included. The

- 4mg ACSB interaction used is the following:
Vo =—ach—% 5 3Ms
2 Alsg—m

A Vq(1) =V Vg v (14)
CSB
X1Y(mgr)— m

Y(Acse) |- (7)
o where
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R 3 R 7 R R corrections of the effective Lagrangian being responsible for
VI =] 2 VA(OAA+ 2 Vi OAA+V (DA the qq structure of the physical pion. Therefore, the physical
a=1 a=4 ) — _ )
pion has aqq structure while the Goldstone boson fields are
% (}’i . (;’]. , (15) structureless virtual modg¢&5].
These two interpretations could be distinguished through
5 the interacting Lagrangian. The first one would be justified
Viing'e{ r=-o;- ;iVn’(F) (16) by aqqinteraction that pushes tlyg pseudoscalar configu-
3 ration out of the Hilbert space. The second one implies the
existence of ayq interaction that deeply binds the pseudo-
Veonl 1) =Vo+Cr (177  scalar mode to reproduce the pion mass. The parameters of
the models of Refd.8], [9], and[13] are mainly determined
. g5 1 [ ,e™ -
VNFE 12mim,-[m7 ; —4ws(r)|, y=mK,n, 2500 —| nd (S=0 T=1) ni(S=1 T=1)

(18)

—m. 2000 —
gg 1 { 2em,yr

V,,]/(l')— i - (1700
2777777227777 77778

e —4775(F)}. (19)

In this case the delta function is regularized by 1300 — e
7 P (1450)
/A b | (1235)

S

7 (1300)

.

—Ayr

- 1 e
5(”:@/\7 e (20 1000 —|

A, being dependent on the mass of the Goldstone boson, an

therefore different for each one. 500 —|
From all these potentials thgq interaction is obtained

through the transformatiof23] _T

(a)

Vog= 2 (—1)%Vgq(a), 1)

2500 — nn ($=0 T=1) nn (S=1 T=1)
whereG,, is the G parity of the exchanged field.

Our main concern in this context will be whether a real-
istic description of deeply bound states, like the pion, is com-
patible with a reasonable description of other observables o
the one- and two-baryon systems. As we are only intereste .
in the gross features of the meson spectra we have omitte -
the spin-orbit and tensor forces, which play a minor role in _ '3 7 ”
order to gain some §|mpI|C|ty. . _ . 2 i /////%

Concerning the pion, some discussion about its nature is= 7.(1300)
now in order. Chiral quark models treat the pion in two dif- 1000 —
ferent approaches. The first one is described by Manohar an
Georgi[6] when working in a nonlinear realization of the T e
theory. The pion is identified with the elementary Goldstone
boson and somad hoc mechanism should be included to

push the pseudoscalqﬁstate out of the Hilbert space. The . x
main drawback of this scheme is that the physical pion is na (®

longer aqa pair, its nature being very different from, for L=0 L=l L=0 L=l
example, thep meson. Nevertheless, one might have hoped _ , .
that the only difference between the two mesons was the [ 'C: 1 (@ Comparison of experimentahadow boxes and thin

. . - solid lines quoted with the name of the state appearing in the Par-
internal spin structure of the quarks]. Anolher possibility ticle Data Boolk and calculatedsolid line9 spectra of isovector

would be to push the mass of the lightgq pseudoscalar mesons for the model of Rei8]. Experimental data are taken from

pair to thes’, its first radial excitation, but one again finds Ref.[32]. n stands fow or d quarks. The lines labeled with ax*

the same problem. represent states where the calculated and the experimental data can-
A different point of view is that of Suzuki and Wei24].  not be distinguished. The experimental data for iRg states cor-

It consists in keeping the quarks and the Goldstone bosongspond to the centroid of the multipléh) Same aga) but without

structureless at the tree level, the dressing due to higher ordercluding the OGE interaction.

2000 —

MeV

500 —
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FIG. 2. Comparison of experimenté@hadow boxes and thin
solid lines quoted with the name of the state appearing in the Par
ticle Data Book and calculatedsolid lineg spectra of isoscalar
mesons for the model of R€#8]. Experimental data are taken from
Ref.[32]. n stands fom or d quarks. The lines labeled with ax”
represent states where the calculated and the experimental data ce
not be distinguished. The experimental data for 1Rg states cor-
respond to the centroid of the multiplet.

V)

from the one- and two-baryon problems. Therefore, throughz
its application to theqqg sector one can check if they are -

compatible with the existence of a deeply bougipseudo-
scalar mode that could be identified as the physical pion.
We have solved the Schiimger equation for the three
types of interactions using a standard Numerov algorithm.
The quality of the results of the nonrelativistic treatment for
mesons has been discussed in the literature and even cor
pared in a very detailed way with respect to the results of
semirelativistic and relativistic descriptioh&6]. In particu-
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lar, it has been demonstrated that there is not any advantage FIG. 3. (a) Same as for Fig. (&) but for the model of Ref[9].
in a semirelativistic treatment, suggesting that this proceduré) Same as for Fig. (b) but for the model of Ref{9].

must be completed by some relativization mechanism at the

level of the potentia]26]. Only those observables depending extent independent of the value of this paramgtés. men-
on the wave function at=0 need a fully relativistic treat- tioned above, the confining potential is linear in both cases
ment, like the two photon decay widtha7]. and the confining constant is taken to Iee,=140

Let us first of all analyze the results of the models of RefsMeVfm™*. As can be seen both models provide a satisfac-
[8] and[9]. In Figs. Xa) and 2 we present the results of the
model of Ref[8] for the low-energy spectra of the isovector
and isoscalar mesons, respectively. In Fi@g) 3ve show the

TABLE I. Mass difference, in MeV, between the and thep
mesons within the model of Ref8] when the OGE potential is

results for the isovector mesons of the model of Ref.(the switched off, as a function of the cutoff mass of the pseudoscalar
results for the isoscalar mesons are similar and therefore aﬁé(:ga?g‘?fcs_ﬁ The value t“Ted " th(fﬁ reference iicse

not shown. For the sake of consistency the results are pre-;G'30 me\} € experimental mass difierence 11,—m,
sented using the same notation as in R&8]. In both cases '

we have used the Yukawa-type regularization of @@®) for

-1
the delta function of the OGE with a paramete Acse (fM7) M~ M
=0.145 fm and a strong coupling constamt=0.7. The 2.0 28.69
best fit to the experimental data is obtained with a small 3.15 47.02
cutoff for the pseudoscalar interactiohcgg=3.15 frm 1, 4.2 60.94
although with the standard valuecgg=4.2 fm ! the fit is 5.0 70.23
still good. (Although we will return to these tables later on, 6.0 80.88

Tables | and Il illustrate the fact that the results are to a large
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TABLE Il. Mass difference, in MeV, between the and thep
mesons within the model of Ref9] when the OGE potential is 2500 —| na (§=0 T=1) nn (S=1 T=1)
switched off, as a function of the cutoff masses of the Goldstone
boson exchangeA; andA,. The values used in this reference are |
A;=4.2 fm ! andA,=5.0 fm L. The experimental mass differ- 2000
ence ism,—m, =630 MeV.
Ay (fm™) 20 30 40 50 60 e
A2 (fm*l) _ 1500 — G
z 7777
3.0 16.21 31.68 45.09 56.94 67.84 = 1 Y T
4.0 12.38 27.45 40.35 5159 61.77 1000
5.0 9.44 2415 36.59 47.25 56.74
6.0 7.28 21.71 33.74 4390 52.78 .
7.0 576 19.96 31.69 41.43 49.80
500 —
tory description of the meson spectra for the two sectors. -
They give the correct order between the states and reasor 0 - o o o

able splittings.
Although Figs. 1a) and 3a) look pretty similar, they are FIG. 5. Figure 3 of Ref[15]. Comparison of the spectra of

different by some MeV. The reason for the similarity be-isovector mesons for the model of REL5] (solid lineg and ex-

tween the results obtained with the models of RE8$.and  perimental daté&shadow boxes and thin solid linesken from Ref.

[9] is that the only difference between the potentials is giverf32]. n stands foru or d quarks. The lines labeled with ax*

by the additional exchange of two fields denoteddyyand represent states where the calculated and the experimental data can-

7 in Ref.[9] and given by Eqs(10) and(11), but they give  not be distinguished.

a very small contribution to the meson spectrum. Both mod-

els provide a fit of the light meson spectra with a similarRef. [9]) for higher angular momenta is checked in Fig. 6,

quality to that obtained with potentials specifically designedwhere we show the Regge trajectories for the pion and for

to fit the meson spectra as is the case of R@fs] and[18].  the rho meson§28].

To illustrate this point we reproduce in Figs. 4 and 5 the Therefore, constituent quark models with chiral symme-

results obtained in Ref§18] and[15] for the isovector me- try, which combine the short-range dynamics obtained from

sons, respectively. Figure 4 corresponds to Fig. 1 on p. 47QCD together with the long-range aspects generated by chi-

of Ref.[18], and Fig. 5 is taken from Fig. 3 on p. 194 of Ref. ral symmetry breaking, have enough structure to allow for an

[15]. The validity of the model of Ref8] (and therefore also understanding of the general features of the light meson
spectra. Some general problems are still present in these

2500 — nn (S=0 T=1) nn (S=1 T=1)
4 LA
2000 — T i L7
_ 3 — A’
[ Zr7rrr7rzr 77777773 7
1500 — v _ L
= AN ' .
§ i ////////% _ , ’
2 — A7
1000 — L, 4
500 —| | — LA
0
L=0 L=1 L=0 L=1
0 T | T | T | T
FIG. 4. Figure 1 of Ref[18]. Comparison of the spectra of 0 ) 5 3 4
isovector mesons for the model of R¢L8] (solid lineg and ex- M2(Gev 2)

perimental datéshadow boxes and thin solid lingsken from Ref.

[32]. n stands foru or d quarks. The lines labeled with ax” FIG. 6. Regge trajectories for the pidsolid line) and for the
represent states where the calculated and the experimental data cahe meson(dashed ling obtained with the model of Ref8]. Ex-
not be distinguished. perimental datdcircles and trianglesare taken from Ref.32].
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TABLE lIl. Mass difference, in MeV, between the and thep
2500 — nn (S=0 T=1) nn (§=1 T=1) mesons within the model of Ref13] as a function of the cutoff
mass of thez’'. The value used in this reference &,
=6.8 fm 1. The experimental mass difference i9,—m,

oo | =630 MeV.

. A, (fm™ m,—m,

1500 — 7(1300) S 4.0 30.17

2 1 e | ™ I > 202
O S 7.0 21.87
8.0 20.71

p (770)

500 —
able to produce the correct splitting between H$g and the

. . 33, states with a reasonable set of parameters.

- Responsible for the success of the models of R&fsand

[9] is the color-spin structure of the residual interaction, usu-

ally attributed to the OGE, which is not present in the model
FIG. 7. Same as for Fig.(8) but for the model of Ref{13]. of Refs.[10] and[13]. This dependence is able to explain the

simple approaches, as, for example, the fact that they ,do nc?ﬁ ;nt:g dbaeltg’/:/)etehnattrl)taehp:vseeeund?sga(l)a;?é(t)agg dvzztgépﬁgfzgns

g]eessc(;lr?se catl)trggﬁgyr/] tir:e}ssilrl]t(t)lcv% t:ﬁgﬁﬁgstgﬁgigezn:rz reprbfiryons.[g'l]' One should take into account that any other

duced i;‘ one considers, for example, an instanton-basegfte.racuon with this color-spin structure lwould generate a

. 7, . . ; imilar effect. For example, the instanton-induced interaction
model obtained from the 't Hooft interaction even in a non- yoquced in Ref[30], although with a different origin than

::(Iellj?jtlevslsg(::()rlig-us(:tilr?-nd[g7,e2nsc§1|.er-::[htIer;yz?mﬁzfirl?(get?ecgg{lﬂm- the OGE, has its same characteristic color-spin structure and
P P " therefore similar results are obtaingt8].

The important feature we want to emphasize is what hap- To conclude, if the OGE is not considered, chiral quark

pens if the color-spin-dependent interaction of the chiral . _
quark cluster models is not present. Then, we are led to a{mg\?:éioﬁr;de'g;ia;rtge dg%ﬂgiﬁgi?gﬁ? 2?t;j)sanld
unwanted situation that also takes place in models witho 9 gs. ), '
color-spin-dependent forces as, for example, that of Refs. e . . _
[10] and [13]. An interesting experimental finding for the hen the color-spin structure of the OGE is taken into ac

. ) : unt, theS=0 pseudoscalar mode is deeply boursge
light mesons is the constancy of the difference of the squared. :

: S L igs. 1@ and 3a)], allowing us to understand the presence
masses of the corresponding spin-singlet and spin-triplet =

statesAM2=M2(33,) — M2(1S,). As shown in Figs. @) of a qq pair with such a Ipw mass as Fhat of the pion. As a
and 3a), in the models of Refd8] and[9] this mass differ- consequence, the_most important point extracted from this
ence is reproduced. However, the model of REf€] and stu_dy has to d_o with the_ structure of the quark-quark_ inter-
[13] leads to degenerafiS, and 1S, states, as can be seen in action. In prmmple there is no reason to ru_Ie out or to justify
Fig. 7 where we show the results of the model of R&8] the inclusion of the exchange of gluons, instantons, or any
for the isovector mesons. degree of freedom related to the realization of QCD at low
The same effect is observed in the models of R@fsand ~ €Neragy- These tgrms of the interaction are found "[0 be fun-
[9] when the OGE interaction is switched off. We display in dame.ntal in the literature for o'Fher purposes, the.flrst one to
Figs. 1b) and 3b) the results for these two models when the €xplain the short-range behavior of theN interaction and
OGE is not considered. In this case, the mass difference bd€ second to solve the,(1) anomaly. We have found that
tween the ground state &=0 andS=1 is much smaller the main aspects of the meson spectra can be u_nderstood if
than the experimental one: in fact they have almost the sami§€ chiral quark models include the OGE due to its charac-
energy. Besides, this degeneracy, induced by the absence ifiStic color-spin structure. The presence of a QCD-inspired
color-spin-dependent forces, cannot be changed magnifyinprce like the OGE or the instanton-induced interaction
the spin-dependent interactions of the models, the only onex€€ms to be important to explain in this framework the exis-
which could solve this discrepancy. When the OGE is noténce of deeply bound states like the pion together with other
considered in the model of Refg8] and [9], we give in  Observables of one- and two-hadron systems.
Tables | and Il the dependence of the mass difference be-
tween thew and p mesons on the cutoff of the spin- and
spin-isospin-dependent interactions, when they are taken as ACKNOWLEDGMENTS
free parameters, trying to force the model to describe the
experimental mass difference. The same result is shown in This work has been partially funded by DirecgiGeneral
Table 11l for the model of Ref[13] (which never considers de Investigacin Cientfica y Tecnica(Spain under Contract
the presence of the OGkvhen the cutoff of they’ is taken  No. PB94-0080. L.A.B. acknowledges the Ministerio de
to be free. As can be seen, none of these type of forces Bducacim y Cultura(Spain for financial support.
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1, something for which there is no experimental evidence.
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