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Nonperturbative treatment of gluons and pseudoscalar mesons in baryon spectroscopy
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We study baryon spectroscopy including the effects of pseudoscalar meson exchange and one gluon ex-
change potentials between quarks, using nonperturbative, hyperspherical method calculations. We find that a
model that includes only gluon exchange cannot simultaneously describe the Roperveanck excitation
energies. Using only pseudoscalar meson exchange partially cures this problem, but at the cost of using a
relatively large pion quark coupling constant. However, one gets a similar agreement with data in a model with
both effects by using a quark-meson coupling constant compatible with the measured pion-nucleon coupling
constant, and a value ef;~0.35.[S0556-28186)50205-0

PACS numbd(s): 12.39.Pn, 13.75.Gx, 14.26c, 21.30-x

Interest in studying baryon spectroscopy has been revitabf those two elements can be ignored. We employ the hyper-
ized by the recent work of Glozman and Rig{a-5]. These spherical methods of Fabre de la Ripe#eal. [21] to com-
authors point out the persistent difficulty in obtaining a si-pute the energies of the baryons.
multaneous description of the masses of Fheave baryon We use a constituent quark model Hamiltonian that in-
resonances and the Roper-nucleon mass difference. In patudes the effects of one-gluon exchari@¥sE) and the ex-
ticular they argug?2] that “the spectra of the nucleond,  change of pseudoscalar mesons mandated by broken chiral
resonances and the strange hyperons are well described Bymmetry,V, , in addition to the kinetic energy and confine-
the constituent quark model, if in addition to the harmonicment terms. Thus
confinement potential the quarks are assumed to interact by
exchange of the S@3) ¢ octet of pseudoscalar mesons.” Fur-
th_ermore, Refl5] states that gluon exchange has no relatlonwhere the kinetic energy takes the nonrelativistic form
with the spectrum of baryons.

The ideas of Glozman and Riska are especially interesting y2
because of the good descriptions of the spectra obtained in T:E -, 2
Refs.[1-5], and because of the contradictory long-standing i 2m
belief [6—9] that one-gluon exchange is a basic element of .
quantLEm c]hromodyngmiceQCD) angd the success of that With theu ord qyark mass take_n as 336 MeV to represent
interaction in baryon spectroscopy. Despite the lore, som&he nonper;urbatlve effects _thgt infiience the properties O.f a
authors had noted the difficulty in obtaining a simultaneou?'nglg confined quark. We limit ourselves to I|gh§ quarks n
description of the Roper an-wave resonance40,11]. this first calculat!on, byt note that the success in handling

The purpose of this paper is to include both effects inStrange baryons is an important part of the work of Glozman
calculating the baryon spectra using a nonperturbative tectﬁnd Riska. L !
nique, and to show that both kinds of effects are required for Hefe we assume that the confining interactig, takes
a reasonable description of the data. Including the effects ¢fn @ linear ¥,) form so that
pion clouds is known to lead to a good description of
nucleon properties, as well as meson-nucleon and electron- VLZE AL|Fi_FJ.|_ 3)
nucleon scatteringfl2,13. We note that several previous i<]
workers[14—17 have shown that including both pion ex- , ) ,
change and gluon exchange effects leads to an improved d&N® ParameteA, is to be determined phenomenologically.
scription of the data. Those calculations typically use a shell/ € One-gluon exchange interaction between different
model diagonalization procedure to determine theduarks is given by the expression
eigenstates, with a truncation of states of greater tham 2

H=T+VcontVoget Vy, 1)

2a; 2mag 1 e il

excitation energy. Robsdri8] and Glozman and Riska used Vo= Sl-==+2 e

a technique in which the differences between baryon masses i< 3rj 3 m® 4w rgry

is given by matrix elements of the meson exchange potential. 47 1 eilto

However, nonperturbative calculations are required to handle tUgm —5 o 0 T |, (4
the one-gluon exchange interactidii,19,2Q. It is therefore 9 m®4m rgr .

natural to expect that if one used only pseudoscalar meson L

exchange to generate all of the mass splitting, a nonpertuwherer;;=|r;—r;|, ro= 0.238 fm, andu is a parameter to
bative treatment would be necessary. Thus a nonperturbativbe determined phenomenologically. The valuegis that of
all-orders treatment is needed to assess whether or not eithBefs.[16,17] who use W,=4.2 fm~ 1. The replacement of
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the usualés function form by a Yukawa of rangg, is in-  product of the standard §8) spin-flavor wave functions, by
tended to include the effects of the finite-sized nature of thesymmetric spatial wave functions, and by the antisymmetric
constituent quarks. We can use values pbetween 0.2 and color wave function.
0.3 fm without affecting the conclusions of the present work. This approach means that we shall ignore the effects of
Note that Wy~4f ., the chiral symmetry scale. mixed symmetry states. This is a reasonable starting point,
We ignore the spin-orbit and tensor terms because owsince here we focus on the difference between baryon
first calculation is intended to be a broad comparison of thenasses. The result of including the effects of the the mixed-
nonperturbative effects of gluon and meson exchange. Isgusymmetric SW3)28 state is to cause only a 40 MeV down-
and Karl [24] found that including the tensor hyperfine shift in the nucleon mass and a 20 MeV downshift in the
forces with relative strengths predicted by the one-gluon exRoper mass in calculations using only one-gluon exchange
change interaction is necessary to produce the splitting bé21]. Moreover, such a state would be an admixture to the
tween thel™=1/2- andJ™=3/2" nucleonic states as well as Roper resonance as well. Our calculations indicate that the
to understand their separate wave functions and consequeRbper mass is shifted down by a similar amount. However,
decay properties. Therefore we do not expect our calculancluding mixed-symmetry states is important for treating the
tions to reproduce those features. The issue of the spin-orbitharge radius of the neutrd22] and we shall do so else-
interaction between quarks is a complicated one. There anghere.
many different contributions: Galilei invariant and nonin-  The basis of hyperspherical harmonics has a large degen-
variant terms arising from one-gluon exchange see[24),  eracy, which can be handled by using the optimal sul2git
a Thomas precession term arising from the confining interwhich is constructed as linear combinations of potential har-
action [7], effects of exchange of scalar mesons, and themonics, i.e., those states generated by allowing the potential
instanton induced interactidi26]. The above cited authors V o+ Voget V), to act on the hyperspherical harmonics of
show that some of the various terms tend to cancel wheminimal order allowed by the Pauli exclusion principl8ee
evaluating the baryon spectra. A detailed study of the influRef.[27] for a detailed discussion of the general formalijsm.
ence of the various contributions to the spin-orbit force isThe convergence properties of the expansion and the accu-

beyond the scope of the present work. racy of using a single optimal state have been studied by
The effects of pseudoscalar meson octet exchange are deeveral author§30,31 with the result that the overlap be-
scribed by the interactiofil—5] tween the approximate and exact eigenfunctions is generally
greater than 99.5%.
VoS (;i.(;j ):iF_):jF e i el Irg : aTg fbic?'rc))iziﬁ%h;v?] (iilzp())lsy the ?pecti_fic nucl_eon tz)md
= - wave functions. u wave function is given
A T L T Ea rori /) ® g y
1

wherer  is again taken to be 0.238 ffi6]. We shall allow IIIN:E(XPWP_FX)\ PHun(r)r 52 (6)

the strength of the meson exchange potentigl,, to vary

away from the expectd@] value of 0.67. This is in the spirit ) ) ) )

of the work of Refs[1-5] who fit a very few matrix ele- Where x,(7”) are the mixed antisymmetric spifilavor)
ments ofV, to a few mass differences and predict the re-Wave functions ang*,(7"), are the mixed-symmetric spin
mainder of the spectrum. The values of the flavor(®U (flavor) wave functions. Thel wave function is given by
matrix elements are taken from E¢p.1) of Ref. [2]. We N 5

neglect the tensor force generated by the exchange of pseu- Y= XU () @)
doscalar mesons, as do Glozman and Riska. Similarly, retar- ) ) _ )
dation effects and the influence of the baryonic mass differ] he radial wave functionsy andu, are obtained by solving

Next we turn to a brief description of the hyperspherical ) )
method, which has been in use for some tif@#&,27. The h_ _ d_+ 3’4 FVya(r)—E|una(r)=0, (8)
idea is that the Schdinger equation for three patrticles can m dr? = r? N.A N.A '

be simplified by expressing the usual Jacobi coordinates

£=r,—r, and &=1/\3(r,+r,—2r3) using the hyper- Where the potentialy ,(r) are obtained by reexpressing
spherical coordinates defined by a radial distancéhe interactions above in terms of a quark-quark interaction
r= &+ £, polar anglesw;= (6, ,¢;) of &, and the addi- Yaa Such that

tional angle¢ defined as tah=¢&,/&,. The hyperspherical - - . e -
harmonics consist of a complete2 selt of angl)J/IF;\r fupnctions on Vaa(ri)) =Vo(rip) + V(rij)ai- o+ VX(rij)oj- o)k A .

the five-dimensional hypersphere. Hence the wave function ©)

and potential can be expressed in terms of linear combina- 0 - .
tions of these functions. Furthermore, REI8] has shown The term V© includes both ' the cqnflmng. and spin-
how to construct linear combinations of these functions tha{ndepe_ndent part of th? ql_Jark-quark interaction. Then the
form irreducible representations of the permutation group ofotentialV(r) of Eq. (8) is given by

three particles in thé& state. This enables one to construct 48 (1

wave functions that are conssten; with the Pauli excluslor\/N(r): _f [Vo(ru)—VS(ru)+CNVX(ru)]Wuzdu,
principle. In particular, the requirement of constructing mJo

color-singlet states is met by treating the wave function as a (10
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S B wpeN T e 7 The results of Fig. (& show that the model can account for
L all mass differences except for the splitting between the
= P-wave resonance and the nucleon. A large value of
ag~2.2 is used to obtain the fit with=0.10 GeV/fm. If one
uses insteadh=0.45 GeV/fm, one is able to account for the
A-nucleon andP-wave nucleon splitting but not the Roper
05 . . mass, as shown in Fig(ld). This agreement is obtained also
0.0 1.0 2.0 3.0

for a large value ofxg~1.4 that roughly corresponds to the
original theory of Refs[6,7], which works reasonably well

FIG. 1. Baryon mass splitting versus;, with VX=0. Differ- except for the :?oper masf]' . . .
ences between the computed and measured values of the mass split-O"€ May also study the converse situation of keeping

ting A (in GeV) are shown(a) A=0.10 GeV/fm;(b) A=0.45 GeV/ pseudoscalz_ir meson exchange and ignoring the gluonic ex-
m. change, which represents a nonperturbative treatment of the

Glozman-Riska theory. The results, shown in Fig. 2, indicate
that this version of the nonrelativistic quark model is very
successful if one allows the freedom to vary the value of
a4, away from the expected value of 0.67 anticipated in Ref.
[2]. Using a factor of two increase so thaf,~ 1.4 improves
where Cy=14/3 andC,=4/3 are obtained by taking the immensely the agreement with experiment. No such agree-
matrix elements of the flavor-spin matrix - 5j):iF.):jF inthe ment can be obtained if one insists on using the value 0.67.

appropriate wave functions. The differential equations are The third model we consider is the most general, in which
solved using the renormalized Numerov method formulatedPoth the color magnetic and pseudoscalar meson exchange
by Johnsor32]. terms are included. Both of these terms contribute to the
Let us now turn to the numerical results. We shall calcu-N-A splitting [12], so that including both effects can be rea-
late the masses of the ground-state and first-radial excitatiopPnably expected to lead to smaller valuesagfand ay,
for S, P, andD waves in the nucleon anfl channels and than used in Figs. 1 and 2. The results for this general model
compare our predictions with all of these nonstrange fourare shown in Fig. 3. One obtains a good description of the
and three-star baryon resonances with masses below 180@ta, with the energy of th&P state as the expected single
MeV found in the particle data tabl¢83]. For the purpose exception. Furthermore, the value @f is about 0.35 instead
of clarity, our procedure will be to show only five mass of about 2 required if this is the sole physics responsible for
differences in the figures: those between the nucleon and tHBe A-nucleon mass splitting. A small value is preferred be-
A(1232), RopeiN(1440, A(1600), %P, and ?D. We use cause this interaction is derived using perturbation theory.
the standard spectroscopic notat®n® 1L, Afinal com-  Still another nice feature is that the value @f,~ 1, which
parison of our predictions with all of the lowest 13 states williS close to the value expect¢@3] from the measured pion
be presented later. nucleon coupling constantg.y. The relation between
The first model we shall consider includes the one-gluorthe pion-quark coupling constang, and g,y iS 9.
exchange but neglects the effects of the meson exchange(m,/gamy)g [2]. Using the experimentally measured
interactionV, . The differences between the computed andaxial coupling constang, = 1.26 along with our quark mass
measured values of the mass splittialyl = M™Meov— et m,= 336 MeV and g2,/4m=14.2 gives aq,=0%4m
are shown as a function afg in Fig. 1. A curve passes =1.15. The use ofj,=1.26 accounts for known relativistic
through the horizontal line when the computed value of theeffects, which change the quark wave functions but do not
indicated mass difference is equal to the experimental valusodify the spectrunj8]. The use ofry,~1 to reproduce the
of that difference. This notation is used in each of the figuresdifferences between baryon masses therefore represents a

V,(r)= 4?Sfol[vo(ru)JrVS(ru)wLCAV’((ru)]\/l—uzuzdu,
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FIG. 3. Baryon splitting with the complete Hamiltonian. The N A
mass differencesX in GeV) are shown as a function afs.

FIG. 4. S, P- and D-wave energy levels—complete Hamil-
significant improvement in the theory. tonian with a=0.35, ay,=1.15, andA =0.20 GeV/im. Bars
As shown in Fig. 4, the masses of th¢1232),N(1440,  (theory, boxes(experiment

2
A(1600), and the“D are very well reproduced. The masses This brings us to a summary of the effects of one-gluon

of the P-wave states are off by at least 50 MeV. Neverthe-and one-pseudoscalar meson exchange interactions. If we in-
less, this is good agreement considering that there are esse P 9 y

tially only two free parameters in this third model. Further- clude only the effects of one-gluon exchange, we do not get

more, in addition to the interactions mentioned above, th a good description of the even and odd parity resonant states.

effects of including the mixed-symmetric states lowers th((:rhls description is improved if we include only the effects of

mass of the nucleon by about 40 Md¥1], but is not ex- meson exchange. However, both gluonic and pseudoscalar

. B meson exchange are expected from the underlying theory.
pected to influence the masses of vave states. Thus we Thus although we verify several of the statements of Refs.
expect that theP-wave states can ultimately be reasonably

well described. [1-5], a theory that includes both gluon and meson exchange

We have obtained a reasonably good description of thgeems somewhat more plausible. Indeed, our most general

i o : L ._odel is defined by using a value af;, equal to that pro-
energies of states, so that it is worthwhile to begin discussing. ; .
) ) ided by the pion-nucleon coupling constant and a value of
some of the properties of the wave functions. We note thal

the value ofA,=0.20 GeV/fm, which yields a nucleon rms as=0.35 about equal to that provided by perturbation theory.

radius of 0.46 fm is significantly smaller than the experimen—W'th this model, nonrelativistic calculations including con-

tal value~0.8 fm, but much larger than obtained0.3 fm, finement, one-gluon and pseudoscalar meson exchange can

in work using only one-gluon exchange such as that of Refs(.jescrlbe the light-quark baryon spectrum reasonably well.
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