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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 dirgehmrtype
equation with a semirelativistic Hamiltonian. The theoretical predictions are found to be in close agreement
with experiment]S0556-282(98)02619-§

PACS numbd(s): 12.40.Yx, 12.39-x, 14.20—c

An intricate question of low-energy quantum chromody-be included in the GBE interaction.
namics(QCD) involves the effective degrees of freedom that  In view of these considerations we propose a semirelativ-
govern the physics of light and strange baryons. The earlystic chiral constituent quark model that is based on the fol-
(naive quark model[1] was successful in classifying had- lowing three-quark Hamiltonian:
rons and describing some gross properties of their spectra but
no firm evidence on the dynamics of the valence quarks was 3 3
achieved. Even when motivated by QCD, the concept of one- 2 Vpi2+mi+ X V. 1
gluon exchangéOGE) [2] was introduced as an interaction - i<j=1
between confined constituent quarks, a number of delicate L o .
problems remained unsolved. In this context up until nowHere the relativistic form of the kinetic-energy operator is
one has not been able to explain, e.g., the correct level oemployed, withp; the three-momenta amd; the masses of
derings in light- and strange-baryon spediBad], the spin  the constituent quarks, and the dynamical part consists of the
content of the nucleofE], or the flavor asymmetry of the sea quark-quark interaction
in the nucleori6,7]. The shortcomings essentially stem from
the fact that the implications of the spontaneous breaking of Vij=VeontVy - 2
chiral symmetry(SByS) are not properly taken into account
in such a model, and as a consequence the pertinent interad/e take the color-electric confinement interaction in linear
tions between constituent quarks turn out to be inadequatéorm
Evidently, if one assumes constituent quarks of flawgtss
with masses considerably larger than the corresponding Veonirij)=Vo+Crjj, 3
current-quark masses, this already means that the underlying
chiral symmetry of QCD is spontaneously broken. As a conwith the color factor included in the strength parameter
sequence of SES, at the same time Goldstone bosons ap<string tension This represents a very good approximation
pear, which couple directly to the constituent qudi&s10.  of the regular Y-shape string configuration. The chiral poten-
Hence, beyond the scale of §8 one is left with constituent tial is derived from GBE. By far the most dominant contri-
quarks with dynamical masses related(tm) condensates bution to the hyperfine interaction in baryons is provided by
and with Goldstone bosons as the effective degrees of fredéts spin-spin component, which is manifested by the sum of
dom. This feature, that in the Nambu-Goldstone mode obctet and singlet pseudoscalar meson-exchange potentials
chiral symmetry constituent-quark and Goldstone-boson3,4l:
fields prevail together, is also well supported, e.g., bydhe
model[11] or the Nambu—Jona-Lasinio moddl2]. In the . . .
same framework also problems with the spin and flavor con- V(= > Vo (FANT + > V(AT
tent of the nucleon are naturally resolvglB]. As a conse- F=1 F=4
guence, baryons are to be considered as systems of three
constituent quarks that interact by Goldstone-boson ex- +V,7(Fij))\i8)\?+ 3V (rij) o0y, (4)
change(GBE) and are subject to confinemed®,4].

Goldstone bosons manifest themselves in the octet of .
pseudoscalar mesons (K, ). In the largeN¢ limit, when ~ whereo; and\[ represent the quark spin and flavor matri-
the axial anomaly vanish¢$4], the spontaneous breaking of ces, respectively. In the simplest derivation, when pseudo-
chiral symmetry U(3)XU(3)g—U(3)y implies a ninth  scalar or pseudovector couplings are employed at pointlike
Goldstone bosofl5], which corresponds to the flavor sin- meson-quark vertices and the boson fields satisfy the linear
glet ’. Under real conditions, foN-= 3, a certain contri- Klein-Gordon equation, one obtains, in a static approxima-
bution from the flavor singlet remains and thpé must thus  tion, the well-known meson-exchange potentials
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92 1 e Hyfij TABLE I. Parameters of the semirelativistic constituent-quark
2 -

r —4mw(rii) ¢, 5 model based on GBE.

Vil ") 4 m 12mim; Ky rij molrij) ®

. . s Fixed it
with w, (y=m,K,7n,7") being the individual phenomeno- xed parameters

logical meson masses alg@/47-r the meson-quark coupling  Quark massefMeV] Meson masseVieV]
constants. In general, the structure of this potential in a my, my mg Mw MK Ky Ky O5Am
momentum-space representation is
340 500 139 494 547 958 0.67
V,(Q)~0i-qo;-qD(g?)F2(g?), (6) Free parameters
where D(g?) is the dressed Green function for the chiral (90/9s) Ao [fm™] K Vo [MeV] C [fm~?
field, including both nonlinear terms of the chiral Lagrangian 134 287 0.81 416 2133

and fermion loops, anB(q?) is a meson-quark form factor,
which takes into account the extended structure of the qua-

siparticles. In the limit g—0, one has D(q%)— the |
—(62+M2)71¢°° and F(q%)—1, and consequently (a ues mu=340 MeV and mg=500 MeV. Considering the
—0)=0. Therefore th d cal “exchange i i constituent-quark as well as meson masses and the octet cou-
0.) 0. There ore the pseudoscalar meson-exchange in eFlmg constant as predetermined, the GBE potentials of Eq.
action has to satisfy the requirement of the volume integra 7) involve only three free parameters. Their values, together
to vanlsh Jd*V,(r)=0. Since at large distance¥,  with the two free parameters of the confinement potential,
~ 5 e #Ir, there must be a strong short-range part of op-were determined from a fit to the baryon spectra. The result-
posite sign in order to guarantee the volume integral coning numerical values are given in Table | together with the
straint. Inside baryons this short-range part dominates oveixed model parameters. We remark that the parameters
the Yukawa tail and it becomes of crucial importance togiven in Table | are only one choice out of a possible set of

For the constituent-quark masses we take the typical val-

reproduce the baryon spectra. others that lead to a similar quality of description of the
A suitable parametrization of the GBE potential, preserv-baryon spectra. In case the fixed parameters were chosen

ing a zero volume integral, is thus given by differently, e.g., with regard to the specific values of the
) - - constituent-quark masses or the octet coupling constant, the

(r )= g, 1 ,€ il —Aze v ) free parameters would get slightly changed but a similar fit

W 4 12m, im; ’“ rij Yoy ) could be achieved. The baryon spectra alone simply do not

guarantee a unique determination of the model parameters.
It involves the parameterd , corresponding to the indi- Further studies of other observables are necessary to con-
vidual exchanged mesons. Clearly the values\gfshould  strain their values. Nevertheless, it is pleasing to find the
vary with the magnitudes of the meson masges with a  present parameter values of reasonable magnitudes. For ex-
larger meson mass,, alsoA , should become larger. Other- ample, the confinement strength is comparable with the
wise the individual meson-exchange potentials in Ef. string tension extracted from lattice calculati¢@s] and it is
could receive unwarranted contributior(g.g., a certain also consistent with the slopes of Regge trajectories.
meson-exchange contribution could become attractive in- The three-quark system with the Hamiltonian of ED.is
stead of repulsive or vice versa at short distandesorder to  treated by solving the Schdinger equation with the stochas-
avoid a proliferation of free parameters, by assuming foutic variational method17]. This technique has been tested in
independent values of\, (for each y=m,K,7,7"), we anumber of benchmark cases before. The results prove reli-

adopt the linear scaling prescription able to an accuracy of better than 1% in the present calcula-
tion. In Fig. 1 we show the predictions of our model for all
Ay,=Aotkpu,, (8) light- and strange-baryon excitation levels up ftd
<1850 MeV; the nucleon is normalized to its mass of 939
which involves only the two free parameteks and «. MeV (which determines the value of the confinement poten-

Because of the explicit chiral symmetry breaking in QCD, tial parameteV,). All masses corresponding to three- and
the various quark-meson coupling constants could naturallfour-star resonances in the most recent compilation of the
be different. Again, we try to keep the number of free pa-particle Data GrougpPDG) [18] are included.
rameters as small as possible and assume a single octet-quarkFrom the results it is immediately evident that quite a
couplinggg/4 for all octet mesons+,K, 7). Its value can  satisfactory description of the spectra of all low-lying light
be extracted from the phenomenological pion-nucleon couand strange baryons is achieved in a unified framework. In
pling constant ag8/47r 0.67[3]. Because of the particular particular, the level orderings of the lowest positive- and
character of they’ meson(cf. the discussion aboyethe  negative-parity states in the nucleon spectrum are reproduced
flavor-singlet coupling constant may well be different from correctly, with the; © Roper resonandsd(1440) falling well
the octet one. This assumption is also supported by the subelow the negative-parity ~ and 3~ statesN(1535) and
cessful explanation of the flavor and spin content of theN(1520), respectively.
nucleon[13]. Therefore we treat the ratig§/gg)? as a free Likewise, in theA and spectra the positive-parity*
parameter. excitations A(1600 and X%(1660 fall below the negative-
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1600 FIG. 2. Level shifts as a function of the strength of the
1500 4 — Goldstone-boson-exchange interaction. Solid and dashed lines cor-
respond to positive- and negative-parity states, respectively.
1400
1300 = . . )
or close to experiment, the flavor singl&t1405; we men-
1200 7 tion a possible reason below.
1100 The remarkable successes of the GBE quark-quark inter-
1000 - = Q action of Eqs(4) and(7) are, of course, brought about by the
900 N : partlcular symmetry introduced through the spin-flavor op-
+ 1= 3+ 3— +

eratorSUI aj)\ )\ and by the short-range part of the inter-
action with a proper sigh3,4]. This makes the GBE poten-
FIG. 1. Energy levels of the lowest light- and strange-baryontial just adequate for the level structures found in
states with total angular momentum and padfy; The nucleon experiment, and thus a unified description of all light- and
ground state is 939 MeV. The shadowed boxes represent the expestrange-baryon spectra is possible, even though our model in
mental values with their uncertainties. TheX*, and=* ground-  the present simplest version involves only a handful of free
state levels practically fall into their rather tight experimental boxes-parameters. The action of the chiral potent@l on the en-
ergy levels becomes especially transparent when the cou-

parity 1--3~ states A(1670-A(1690 and the 1~ state pling constant is gradually increaséskte Fig. 2 Starting out

S (175 2 velv. In the\ h . from the case with confinement only, one observes that with
(1750, respectively. In t spectrum, at the same time, increasing coupling the inversion of the lowest positive- and

the negative-parity; -3~ statesA(1405-A(1520 remain  negative-parity stateld(1440) andN(1535)N(1520) in the
the lowest excitations above the ground state. By correct N spectrum is achieved. At the same time the level crossing
level orderings of the positive- and negative-parity states af the corresponding statég1600 and A(1409-A(1520 in
long-standing problem of baryon spectroscopy is resolvedthe A spectrum is avoided, just as demanded by phenom-
At this stage, only one state is not reproduced in agreemernology.

(ST
N
N

D=

1
2

094030-3



GLOZMAN, PLESSAS, VARGA, AND WAGENBRUNN PHYSICAL REVIEW D568 094030

While other existing types of hyperfine interactions, suchalso from phenomenology that tensor forces can play only a
as the color-magnetic interaction motivated by one-gluon exsubordinate role as the splittings of correspondir® mul-
change(OGE) or the instanton-induced 't Hooft interaction, tiplets are generally small.
can explain the octet-decouplet splittings in baryf249], So far, the constituent-quark model derived from GBE
they usually fail in reproducing the correct orderings ofprovides a reasonable description of light- and strange-
positive- and negative-parity excitations; see, e.g., the corrddaryon spectra. Nevertheless, it needs further improvement
sponding works in Refs20,21]. These problems are suc- in Many respects. For example, the coupling to decay chan-
cessfully solved by the flavor-dependent GBE interaction. 1f€!S should be explicitly included by providing in addition to
is important to realize that this achievement is not a matter of’® QQQ Fock component furthgr ones such @QQr,
the parametrization of the radial dependence of the quark? QQK, QQQ7, andQQQy’. This will affect especially
quark potential but notably a consequence of the flavor-spiff’0S€ States lying close to continuum thresholds. One may
operators in the GBE interactid3,4]. Their structures are ©XPECt: in particular, that thereby the(1409 level will be
naturally obtained by assuming that beyond the scale ofhifted down since it lies close to th€N threshold[23].
(SBYS) constituent-quark and Goldstone-boson fields are th&urthermore, such a refinement, leading to a unitary model,

relevant degrees of freedom in light and strange baryons. Will éspecially influence also high-lying resonances. On the
At this instance. a remark is in order about the necessit ther hand, these resonances are mostly sensitive to the con-

of employing a relativistic kinetic-energy operator in the inement and not so much to the hyperfine interaction. There-

three-quark Hamiltoniakl). Certainly. this is only an inter- fore a reasonable description of high-lying resonances re-

mediate step towards a fully covariant treatment but it al_quires in addition a more realistic confinement model, where

dv all 1o include ki tical relativistic effect string breakup is implemented. It is thus premature to con-
ready allows one to include xinematical refalivVisuc flectS.qiqar these states in the context of the present model. How-

In any nonrelativistic approach these effects get compensateler, the GBE quark-quark interaction can and should be
by the potential parameters, which will not only assume Unyegieq with regard to observables other than the spectra in
realistic values(cf., e.g., our previous nonrelativistic model qrqer to obtain additional constraints. It will be interesting to

[22]) but one is also faced with such disturbing consequencesaa how far the description of light and strange baryons in

asv/c>1 (wherev is the mean velocity of the constituent orms of constituent quarks and Goldstone bosons as effec-

quark andc is the velocity of ligh. _ tive degrees of freedom can be driven.
At the present stage, tensor forces are not yet included in

our model. However, we have already made estimates and The authors acknowledge valuable discussions with D. O.
numerical tests of their influence. They turn out to be muchRiska and M. Rosina on several aspects of the GBE interac-
less important for baryon masses, as compared to the spition. This work was supported by the Paul-Urban foundation
spin part, at least for the states considered in Fig. 1. It is cleaand by OTKA Grant No. T17298.
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