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Unified description of light- and strange-baryon spectra
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We present a chiral constituent-quark model for light and strange baryons providing a unified description of
their ground states and excitation spectra. The model relies on constituent quarks and Goldstone bosons arising
as effective degrees of freedom of low-energy QCD from the spontaneous breaking of chiral symmetry. The
spectra of the three-quark systems are obtained from a precise variational solution of a Schro¨dinger-type
equation with a semirelativistic Hamiltonian. The theoretical predictions are found to be in close agreement
with experiment.@S0556-2821~98!02619-8#

PACS number~s!: 12.40.Yx, 12.39.2x, 14.20.2c
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An intricate question of low-energy quantum chromod
namics~QCD! involves the effective degrees of freedom th
govern the physics of light and strange baryons. The e
~naive! quark model@1# was successful in classifying had
rons and describing some gross properties of their spectra
no firm evidence on the dynamics of the valence quarks
achieved. Even when motivated by QCD, the concept of o
gluon exchange~OGE! @2# was introduced as an interactio
between confined constituent quarks, a number of delic
problems remained unsolved. In this context up until n
one has not been able to explain, e.g., the correct leve
derings in light- and strange-baryon spectra@3,4#, the spin
content of the nucleon@5#, or the flavor asymmetry of the se
in the nucleon@6,7#. The shortcomings essentially stem fro
the fact that the implications of the spontaneous breaking
chiral symmetry~SBxS! are not properly taken into accoun
in such a model, and as a consequence the pertinent int
tions between constituent quarks turn out to be inadequ
Evidently, if one assumes constituent quarks of flavorsu,d,s
with masses considerably larger than the correspond
current-quark masses, this already means that the under
chiral symmetry of QCD is spontaneously broken. As a c
sequence of SBxS, at the same time Goldstone bosons
pear, which couple directly to the constituent quarks@8–10#.
Hence, beyond the scale of SBxS one is left with constituen
quarks with dynamical masses related to^q̄q& condensates
and with Goldstone bosons as the effective degrees of f
dom. This feature, that in the Nambu-Goldstone mode
chiral symmetry constituent-quark and Goldstone-bo
fields prevail together, is also well supported, e.g., by ths
model @11# or the Nambu–Jona-Lasinio model@12#. In the
same framework also problems with the spin and flavor c
tent of the nucleon are naturally resolved@13#. As a conse-
quence, baryons are to be considered as systems of
constituent quarks that interact by Goldstone-boson
change~GBE! and are subject to confinement@3,4#.

Goldstone bosons manifest themselves in the octe
pseudoscalar mesons (p,K,h). In the large-NC limit, when
the axial anomaly vanishes@14#, the spontaneous breaking o
chiral symmetry U(3)L3U(3)R→U(3)V implies a ninth
Goldstone boson@15#, which corresponds to the flavor sin
glet h8. Under real conditions, forNC53, a certain contri-
bution from the flavor singlet remains and theh8 must thus
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-
t
ly

ut
s

e-

te

r-

of

ac-
te.

g
ing
-
-

e-
f
n

-

ree
x-

of

be included in the GBE interaction.
In view of these considerations we propose a semirela

istic chiral constituent quark model that is based on the
lowing three-quark Hamiltonian:

H5(
i 51

3

ApW i
21mi

21 (
i , j 51

3

Vi j . ~1!

Here the relativistic form of the kinetic-energy operator
employed, withpW i the three-momenta andmi the masses of
the constituent quarks, and the dynamical part consists of
quark-quark interaction

Vi j 5Vcon f1Vx . ~2!

We take the color-electric confinement interaction in line
form

Vcon f~r i j !5V01Cri j , ~3!

with the color factor included in the strength parame
~string tension!. This represents a very good approximati
of the regular Y-shape string configuration. The chiral pote
tial is derived from GBE. By far the most dominant contr
bution to the hyperfine interaction in baryons is provided
its spin-spin component, which is manifested by the sum
octet and singlet pseudoscalar meson-exchange poten
@3,4#:

Vx~rW i j !5F (
F51

3

Vp~rW i j !l i
Fl j

F1 (
F54

7

VK~rW i j !l i
Fl j

F

1Vh~rW i j !l i
8l j

81
2

3
Vh8~rW i j !GsW i•sW j , ~4!

wheresW i andl i
F represent the quark spin and flavor mat

ces, respectively. In the simplest derivation, when pseu
scalar or pseudovector couplings are employed at point
meson-quark vertices and the boson fields satisfy the lin
Klein-Gordon equation, one obtains, in a static approxim
tion, the well-known meson-exchange potentials
©1998 The American Physical Society30-1
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Vg~rW i j !5
gg

2

4p

1

12mimj
H mg

2 e2mgr i j

r i j
24pd~rW i j !J , ~5!

with mg (g5p,K,h,h8) being the individual phenomeno
logical meson masses andgg

2/4p the meson-quark coupling
constants. In general, the structure of this potential in
momentum-space representation is

Vg~qW !;sW i•qW sW j•qW D~q2!F2~q2!, ~6!

where D(q2) is the dressed Green function for the chir
field, including both nonlinear terms of the chiral Lagrangi
and fermion loops, andF(q2) is a meson-quark form factor
which takes into account the extended structure of the q
siparticles. In the limit qW→0, one has D(q2)→
2(qW 21m2)21Þ` and F(q2)→1, and consequentlyVg(qW
50)50. Therefore the pseudoscalar meson-exchange in
action has to satisfy the requirement of the volume integ
to vanish: *d3rVg(rW)50. Since at large distancesVg

;mg
2 e2mgr /r , there must be a strong short-range part of o

posite sign in order to guarantee the volume integral c
straint. Inside baryons this short-range part dominates o
the Yukawa tail and it becomes of crucial importance
reproduce the baryon spectra.

A suitable parametrization of the GBE potential, prese
ing a zero volume integral, is thus given by

Vg~rW i j !5
gg

2

4p

1

12mimj
H mg

2 e2mgr i j

r i j
2Lg

2 e2Lgr i j

r i j
J . ~7!

It involves the parametersLg corresponding to the indi
vidual exchanged mesons. Clearly the values ofLg should
vary with the magnitudes of the meson massesmg : with a
larger meson massmg alsoLg should become larger. Othe
wise the individual meson-exchange potentials in Eq.~7!
could receive unwarranted contributions~e.g., a certain
meson-exchange contribution could become attractive
stead of repulsive or vice versa at short distances!. In order to
avoid a proliferation of free parameters, by assuming f
independent values ofLg ~for each g5p,K,h,h8), we
adopt the linear scaling prescription

Lg5L01kmg , ~8!

which involves only the two free parametersL0 andk.
Because of the explicit chiral symmetry breaking in QC

the various quark-meson coupling constants could natur
be different. Again, we try to keep the number of free p
rameters as small as possible and assume a single octet-
couplingg8

2/4p for all octet mesons (p,K,h). Its value can
be extracted from the phenomenological pion-nucleon c
pling constant asg8

2/4p50.67 @3#. Because of the particula
character of theh8 meson~cf. the discussion above!, the
flavor-singlet coupling constant may well be different fro
the octet one. This assumption is also supported by the
cessful explanation of the flavor and spin content of
nucleon@13#. Therefore we treat the ratio (g0 /g8)2 as a free
parameter.
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For the constituent-quark masses we take the typical
ues mu5340 MeV and ms5500 MeV. Considering the
constituent-quark as well as meson masses and the octet
pling constant as predetermined, the GBE potentials of
~7! involve only three free parameters. Their values, toget
with the two free parameters of the confinement potent
were determined from a fit to the baryon spectra. The res
ing numerical values are given in Table I together with t
fixed model parameters. We remark that the parame
given in Table I are only one choice out of a possible set
others that lead to a similar quality of description of t
baryon spectra. In case the fixed parameters were ch
differently, e.g., with regard to the specific values of t
constituent-quark masses or the octet coupling constant
free parameters would get slightly changed but a similar
could be achieved. The baryon spectra alone simply do
guarantee a unique determination of the model parame
Further studies of other observables are necessary to
strain their values. Nevertheless, it is pleasing to find
present parameter values of reasonable magnitudes. Fo
ample, the confinement strength is comparable with
string tension extracted from lattice calculations@16# and it is
also consistent with the slopes of Regge trajectories.

The three-quark system with the Hamiltonian of Eq.~1! is
treated by solving the Schro¨dinger equation with the stochas
tic variational method@17#. This technique has been tested
a number of benchmark cases before. The results prove
able to an accuracy of better than 1% in the present calc
tion. In Fig. 1 we show the predictions of our model for a
light- and strange-baryon excitation levels up toM
&1850 MeV; the nucleon is normalized to its mass of 9
MeV ~which determines the value of the confinement pot
tial parameterV0). All masses corresponding to three- an
four-star resonances in the most recent compilation of
Particle Data Group~PDG! @18# are included.

From the results it is immediately evident that quite
satisfactory description of the spectra of all low-lying lig
and strange baryons is achieved in a unified framework
particular, the level orderings of the lowest positive- a
negative-parity states in the nucleon spectrum are reprodu
correctly, with the1

2
1 Roper resonanceN(1440) falling well

below the negative-parity12
2 and 3

2
2 statesN(1535) and

N(1520), respectively.
Likewise, in theL and S spectra the positive-parity12

1

excitationsL~1600! and S~1660! fall below the negative-

TABLE I. Parameters of the semirelativistic constituent-qua
model based on GBE.

Fixed parameters

Quark masses@MeV# Meson masses@MeV#

mu , md ms mp mK mh mh8 g8
2/4p

340 500 139 494 547 958 0.67

Free parameters

(g0 /g8)2 L0 @ fm21# k V0 @MeV# C @ fm22#

1.34 2.87 0.81 2416 2.33
0-2
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parity 1
2

2- 3
2

2 states L~1670!-L~1690! and the 1
2

2 state
S~1750!, respectively. In theL spectrum, at the same time

the negative-parity1
2

2- 3
2

2 statesL~1405!-L~1520! remain
the lowest excitations above theL ground state. By correc
level orderings of the positive- and negative-parity state
long-standing problem of baryon spectroscopy is resolv
At this stage, only one state is not reproduced in agreem

FIG. 1. Energy levels of the lowest light- and strange-bary
states with total angular momentum and parityJP. The nucleon
ground state is 939 MeV. The shadowed boxes represent the ex
mental values with their uncertainties. TheD, S* , andJ* ground-
state levels practically fall into their rather tight experimental box
09403
a
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or close to experiment, the flavor singletL~1405!; we men-
tion a possible reason below.

The remarkable successes of the GBE quark-quark in
action of Eqs.~4! and~7! are, of course, brought about by th
particular symmetry introduced through the spin-flavor o
eratorssW i•sW jlW i

F
•lW j

F and by the short-range part of the inte
action with a proper sign@3,4#. This makes the GBE poten
tial just adequate for the level structures found
experiment, and thus a unified description of all light- a
strange-baryon spectra is possible, even though our mod
the present simplest version involves only a handful of f
parameters. The action of the chiral potentialVx on the en-
ergy levels becomes especially transparent when the
pling constant is gradually increased~see Fig. 2!. Starting out
from the case with confinement only, one observes that w
increasing coupling the inversion of the lowest positive- a
negative-parity statesN(1440) andN(1535)-N(1520) in the
N spectrum is achieved. At the same time the level cross
of the corresponding statesL~1600! andL~1405!-L~1520! in
the L spectrum is avoided, just as demanded by pheno
enology.

n

ri-

.

FIG. 2. Level shifts as a function of the strength of th
Goldstone-boson-exchange interaction. Solid and dashed lines
respond to positive- and negative-parity states, respectively.
0-3
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While other existing types of hyperfine interactions, su
as the color-magnetic interaction motivated by one-gluon
change~OGE! or the instanton-induced ’t Hooft interaction
can explain the octet-decouplet splittings in baryons@2,19#,
they usually fail in reproducing the correct orderings
positive- and negative-parity excitations; see, e.g., the co
sponding works in Refs.@20,21#. These problems are suc
cessfully solved by the flavor-dependent GBE interaction
is important to realize that this achievement is not a matte
the parametrization of the radial dependence of the qu
quark potential but notably a consequence of the flavor-s
operators in the GBE interaction@3,4#. Their structures are
naturally obtained by assuming that beyond the scale
~SBxS! constituent-quark and Goldstone-boson fields are
relevant degrees of freedom in light and strange baryons

At this instance, a remark is in order about the neces
of employing a relativistic kinetic-energy operator in th
three-quark Hamiltonian~1!. Certainly, this is only an inter-
mediate step towards a fully covariant treatment but it
ready allows one to include kinematical relativistic effec
In any nonrelativistic approach these effects get compens
by the potential parameters, which will not only assume
realistic values~cf., e.g., our previous nonrelativistic mod
@22#! but one is also faced with such disturbing consequen
as v/c.1 ~wherev is the mean velocity of the constituen
quark andc is the velocity of light!.

At the present stage, tensor forces are not yet include
our model. However, we have already made estimates
numerical tests of their influence. They turn out to be mu
less important for baryon masses, as compared to the s
spin part, at least for the states considered in Fig. 1. It is c
ts
,
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also from phenomenology that tensor forces can play on
subordinate role as the splittings of correspondingLS mul-
tiplets are generally small.

So far, the constituent-quark model derived from GB
provides a reasonable description of light- and stran
baryon spectra. Nevertheless, it needs further improvem
in many respects. For example, the coupling to decay ch
nels should be explicitly included by providing in addition
the QQQ Fock component further ones such asQQQp,
QQQK, QQQh, and QQQh8. This will affect especially
those states lying close to continuum thresholds. One m
expect, in particular, that thereby theL~1405! level will be
shifted down since it lies close to theK̄N threshold@23#.
Furthermore, such a refinement, leading to a unitary mo
will especially influence also high-lying resonances. On
other hand, these resonances are mostly sensitive to the
finement and not so much to the hyperfine interaction. The
fore a reasonable description of high-lying resonances
quires in addition a more realistic confinement model, wh
string breakup is implemented. It is thus premature to c
sider these states in the context of the present model. H
ever, the GBE quark-quark interaction can and should
tested with regard to observables other than the spectr
order to obtain additional constraints. It will be interesting
see how far the description of light and strange baryons
terms of constituent quarks and Goldstone bosons as e
tive degrees of freedom can be driven.
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