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Nonperturbative treatment of gluons and pseudoscalar mesons in baryon spectroscop
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3Department of Physics, University of Washington, Box 351560 Seattle, Washington 98195
~Received 12 January 1996!

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
model that includes only gluon exchange cannot simultaneously describe the Roper andP-wave excitation
energies. Using only pseudoscalar meson exchange partially cures this problem, but at the cost of using
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 ofas'0.35. @S0556-2813~96!50205-0#

PACS number~s!: 12.39.Pn, 13.75.Gx, 14.20.2c, 21.30.2x
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Interest in studying baryon spectroscopy has been rev
ized by the recent work of Glozman and Riska@1–5#. These
authors point out the persistent difficulty in obtaining a
multaneous description of the masses of theP-wave baryon
resonances and the Roper-nucleon mass difference. In
ticular they argue@2# that ‘‘the spectra of the nucleons,D
resonances and the strange hyperons are well describe
the constituent quark model, if in addition to the harmon
confinement potential the quarks are assumed to interac
exchange of the SU~3! F octet of pseudoscalar mesons.’’ Fu
thermore, Ref.@5# states that gluon exchange has no relat
with the spectrum of baryons.

The ideas of Glozman and Riska are especially interes
because of the good descriptions of the spectra obtaine
Refs. @1–5#, and because of the contradictory long-stand
belief @6–9# that one-gluon exchange is a basic element
quantum chromodynamics~QCD! and the success of tha
interaction in baryon spectroscopy. Despite the lore, so
authors had noted the difficulty in obtaining a simultaneo
description of the Roper andP-wave resonances@10,11#.

The purpose of this paper is to include both effects
calculating the baryon spectra using a nonperturbative te
nique, and to show that both kinds of effects are required
a reasonable description of the data. Including the effect
pion clouds is known to lead to a good description
nucleon properties, as well as meson-nucleon and elect
nucleon scatterings@12,13#. We note that several previou
workers @14–17# have shown that including both pion ex
change and gluon exchange effects leads to an improved
scription of the data. Those calculations typically use a sh
model diagonalization procedure to determine t
eigenstates, with a truncation of states of greater than 2\v
excitation energy. Robson@18# and Glozman and Riska use
a technique in which the differences between baryon mas
is given by matrix elements of the meson exchange poten
However, nonperturbative calculations are required to han
the one-gluon exchange interaction@11,19,20#. It is therefore
natural to expect that if one used only pseudoscalar me
exchange to generate all of the mass splitting, a nonper
bative treatment would be necessary. Thus a nonperturba
all-orders treatment is needed to assess whether or not e
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of those two elements can be ignored. We employ the hyp
spherical methods of Fabre de la Ripelleet al. @21# to com-
pute the energies of the baryons.

We use a constituent quark model Hamiltonian that i
cludes the effects of one-gluon exchange~OGE! and the ex-
change of pseudoscalar mesons mandated by broken ch
symmetry,Vx , in addition to the kinetic energy and confine
ment terms. Thus

H5T1Vcon1VOGE1Vx , ~1!

where the kinetic energyT takes the nonrelativistic form

T5(
i

2
¹ i
2

2m
, ~2!

with the u or d quark mass taken as 336 MeV to represe
the nonperturbative effects that influence the properties o
single confined quark. We limit ourselves to light quarks
this first calculation, but note that the success in handli
strange baryons is an important part of the work of Glozm
and Riska.

Here we assume that the confining interactionVcon takes
on a linear (VL) form so that

VL5(
i, j

ALurW i2rW j u. ~3!

The parameterAL is to be determined phenomenologically
The one-gluon exchange interaction between differe
quarks is given by the expression

VOGE5(
i, j

S 2
2

3

as

r i j
1
2

3

pas

m2

1

4p

e2r i j /r0

r 0
2r i j

1as

4

9

p

m2

1

4p

e2r i j /r0

r 0
2r i j

sW i•sW j D , ~4!

wherer i j[urW i2rW j u, r 05 0.238 fm, andas is a parameter to
be determined phenomenologically. The value ofr 0 is that of
Refs. @16,17# who use 1/r 054.2 fm21. The replacement of
R2038 © 1996 The American Physical Society
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53 R2039NONPERTURBATIVE TREATMENT OF GLUONS AND . . .
the usuald function form by a Yukawa of ranger 0 is in-
tended to include the effects of the finite-sized nature of t
constituent quarks. We can use values ofr 0 between 0.2 and
0.3 fm without affecting the conclusions of the present wor
Note that 1/r 0'4p f p , the chiral symmetry scale.

We ignore the spin-orbit and tensor terms because o
first calculation is intended to be a broad comparison of t
nonperturbative effects of gluon and meson exchange. Is
and Karl @24# found that including the tensor hyperfine
forces with relative strengths predicted by the one-gluon e
change interaction is necessary to produce the splitting
tween theJp51/22 andJp53/22 nucleonic states as well as
to understand their separate wave functions and consequ
decay properties. Therefore we do not expect our calcu
tions to reproduce those features. The issue of the spin-o
interaction between quarks is a complicated one. There
many different contributions: Galilei invariant and nonin
variant terms arising from one-gluon exchange see, e.g.@25#,
a Thomas precession term arising from the confining inte
action @7#, effects of exchange of scalar mesons, and t
instanton induced interaction@26#. The above cited authors
show that some of the various terms tend to cancel wh
evaluating the baryon spectra. A detailed study of the infl
ence of the various contributions to the spin-orbit force
beyond the scope of the present work.

The effects of pseudoscalar meson octet exchange are
scribed by the interaction@1–5#

Vx5(
i, j

aqp

sW i•sW j

3

lW i
F
•lW j

F

4m2 S m2
e2mr i j

r i j
2
e2r i j /r0

r 0
2r i j

D , ~5!

wherer 0 is again taken to be 0.238 fm@16#. We shall allow
the strength of the meson exchange potential,aqp , to vary
away from the expected@2# value of 0.67. This is in the spirit
of the work of Refs.@1–5# who fit a very few matrix ele-
ments ofVx to a few mass differences and predict the r
mainder of the spectrum. The values of the flavor SU~3!
matrix elements are taken from Eq.~5.1! of Ref. @2#. We
neglect the tensor force generated by the exchange of ps
doscalar mesons, as do Glozman and Riska. Similarly, re
dation effects and the influence of the baryonic mass diffe
ences are neglected.

Next we turn to a brief description of the hyperspheric
method, which has been in use for some time@21,27#. The
idea is that the Schro¨dinger equation for three particles ca
be simplified by expressing the usual Jacobi coordina
jW15rW12rW2 and jW2[1/A3(rW11rW222rW3) using the hyper-
spherical coordinates defined by a radial distan
r5Aj1

21j2
2, polar anglesv i5(u i ,f i) of jW i , and the addi-

tional anglef defined as tanf5j2 /j1 . The hyperspherical
harmonics consist of a complete set of angular functions
the five-dimensional hypersphere. Hence the wave funct
and potential can be expressed in terms of linear combi
tions of these functions. Furthermore, Ref.@28# has shown
how to construct linear combinations of these functions th
form irreducible representations of the permutation group
three particles in theS state. This enables one to construc
wave functions that are consistent with the Pauli exclusi
principle. In particular, the requirement of constructin
color-singlet states is met by treating the wave function as
e
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product of the standard SU~6! spin-flavor wave functions, by
symmetric spatial wave functions, and by the antisymme
color wave function.

This approach means that we shall ignore the effects
mixed symmetry states. This is a reasonable starting po
since here we focus on the difference between bary
masses. The result of including the effects of the the mix
symmetric SU~3! 28 state is to cause only a 40 MeV down
shift in the nucleon mass and a 20 MeV downshift in t
Roper mass in calculations using only one-gluon excha
@21#. Moreover, such a state would be an admixture to
Roper resonance as well. Our calculations indicate that
Roper mass is shifted down by a similar amount. Howev
including mixed-symmetry states is important for treating t
charge radius of the neutron@22# and we shall do so else
where.

The basis of hyperspherical harmonics has a large deg
eracy, which can be handled by using the optimal subset@29#
which is constructed as linear combinations of potential h
monics, i.e., those states generated by allowing the poten
Vcon1VOGE1Vx to act on the hyperspherical harmonics
minimal order allowed by the Pauli exclusion principle.~See
Ref. @27# for a detailed discussion of the general formalism!
The convergence properties of the expansion and the a
racy of using a single optimal state have been studied
several authors@30,31# with the result that the overlap be
tween the approximate and exact eigenfunctions is gener
greater than 99.5%.

To be specific, we display the specific nucleon andD
wave functions. The nucleon wave function is given by

cN5
1

A2
~xrhr1xlhl!uN~r !r25/2, ~6!

where xr,(hr) are the mixed antisymmetric spin~flavor!
wave functions andxl,(hl), are the mixed-symmetric spin
~flavor! wave functions. TheD wave function is given by

cD5x3/2h3/2uD~r !r25/2. ~7!

The radial wave functionsuN anduD are obtained by solving
the differential equation

F\2

m S 2
d2

dr2
1
15/4

r 2 D1VN,D~r !2EGuN,D~r !50, ~8!

where the potentialsVN,D(r ) are obtained by reexpressin
the interactions above in terms of a quark-quark interact
Vqq such that

Vqq~r i j !5V0~r i j !1VS~r i j !sW i•sW j1Vx~r i j !sW i•sW jlW i
F
•lW j

F .
~9!

The term V0 includes both the confining and spin
independent part of the quark-quark interaction. Then
potentialV(r ) of Eq. ~8! is given by

VN~r !5
48

p E
0

1

@V0~ru !2VS~ru !1CNV
x~ru !#A12u2u2du,

~10!
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VD~r !5
48

p E
0

1

@V0~ru !1VS~ru !1CDV
x~ru !#A12u2u2du,

whereCN514/3 andCD54/3 are obtained by taking the
matrix elements of the flavor-spin matrixsW i•sW jlW i

F
•lW j

F in the
appropriate wave functions. The differential equations a
solved using the renormalized Numerov method formulat
by Johnson@32#.

Let us now turn to the numerical results. We shall calc
late the masses of the ground-state and first-radial excita
for S, P, andD waves in the nucleon andD channels and
compare our predictions with all of these nonstrange fou
and three-star baryon resonances with masses below 1
MeV found in the particle data tables@23#. For the purpose
of clarity, our procedure will be to show only five mas
differences in the figures: those between the nucleon and
D(1232), RoperN~1440!, D(1600), 22P, and 22D. We use
the standard spectroscopic notation2I11 2S11L. A final com-
parison of our predictions with all of the lowest 13 states w
be presented later.

The first model we shall consider includes the one-glu
exchange but neglects the effects of the meson excha
interactionVx . The differences between the computed a
measured values of the mass splittingdM5M theory2Mexpt

are shown as a function ofas in Fig. 1. A curve passes
through the horizontal line when the computed value of t
indicated mass difference is equal to the experimental va
of that difference. This notation is used in each of the figure

FIG. 1. Baryon mass splitting versusas , with Vx50. Differ-
ences between the computed and measured values of the mass
ting D ~in GeV! are shown.~a! A50.10 GeV/fm;~b! A50.45 GeV/
fm.
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The results of Fig. 1~a! show that the model can account fo
all mass differences except for the splitting between th
P-wave resonance and the nucleon. A large value
as'2.2 is used to obtain the fit withA50.10 GeV/fm. If one
uses insteadA50.45 GeV/fm, one is able to account for the
D-nucleon andP-wave nucleon splitting but not the Roper
mass, as shown in Fig. 1~b!. This agreement is obtained also
for a large value ofas'1.4 that roughly corresponds to the
original theory of Refs.@6,7#, which works reasonably well
except for the Roper mass.

One may also study the converse situation of keepin
pseudoscalar meson exchange and ignoring the gluonic
change, which represents a nonperturbative treatment of
Glozman-Riska theory. The results, shown in Fig. 2, indica
that this version of the nonrelativistic quark model is ver
successful if one allows the freedom to vary the value
aqp away from the expected value of 0.67 anticipated in Re
@2#. Using a factor of two increase so thataqp'1.4 improves
immensely the agreement with experiment. No such agre
ment can be obtained if one insists on using the value 0.6

The third model we consider is the most general, in whic
both the color magnetic and pseudoscalar meson excha
terms are included. Both of these terms contribute to th
N-D splitting @12#, so that including both effects can be rea
sonably expected to lead to smaller values ofas and aqp

than used in Figs. 1 and 2. The results for this general mod
are shown in Fig. 3. One obtains a good description of th
data, with the energy of the22P state as the expected single
exception. Furthermore, the value ofas is about 0.35 instead
of about 2 required if this is the sole physics responsible f
theD-nucleon mass splitting. A small value is preferred be
cause this interaction is derived using perturbation theor
Still another nice feature is that the value ofaqp'1, which
is close to the value expected@33# from the measured pion
nucleon coupling constant,gpN . The relation between
the pion-quark coupling constant,g, and gpN is gpN
5(mu /gAmN)g @2#. Using the experimentally measured
axial coupling constantgA51.26 along with our quark mass
mu5 336 MeV and gpN

2 /4p514.2 gives aqp5g2/4p
51.15. The use ofgA51.26 accounts for known relativistic
effects, which change the quark wave functions but do n
modify the spectrum@8#. The use ofaqp'1 to reproduce the
differences between baryon masses therefore represen

split-

FIG. 2. Baryon splitting Glozman-Riska model, neglecting th
one-gluon exchange interaction,VOGE50. The mass differences
(D in GeV! are shown as a function ofaqp .
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53 R2041NONPERTURBATIVE TREATMENT OF GLUONS AND . . .
significant improvement in the theory.
As shown in Fig. 4, the masses of theD(1232),N~1440!,

D(1600), and the22D are very well reproduced. The mass
of the P-wave states are off by at least 50 MeV. Neverth
less, this is good agreement considering that there are es
tially only two free parameters in this third model. Furthe
more, in addition to the interactions mentioned above,
effects of including the mixed-symmetric states lowers t
mass of the nucleon by about 40 MeV@21#, but is not ex-
pected to influence the masses of theP-wave states. Thus we
expect that theP-wave states can ultimately be reasonab
well described.

We have obtained a reasonably good description of
energies of states, so that it is worthwhile to begin discuss
some of the properties of the wave functions. We note t
the value ofAL50.20 GeV/fm, which yields a nucleon rm
radius of 0.46 fm is significantly smaller than the experime
tal value;0.8 fm, but much larger than obtained,'0.3 fm,
in work using only one-gluon exchange such as that of R
@19,20#. Including the relativistic recoil correction, also in
voked by Capstick and Isgur, is known to increase the co
puted value of the radius. Similar effects occur by includi
the influence of the meson cloud on the nucleon radius,
the effects of other components of the wave function. W
plan to include such effects, along with tensor and spin-o
forces and retardation effects, in future work. This wou
enable us to obtain a realistic treatment and to compute
decay properties of the excited states. We also plan to c
sider strange baryons.

FIG. 3. Baryon splitting with the complete Hamiltonian. Th
mass differences (D in GeV! are shown as a function ofas .
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This brings us to a summary of the effects of one-gluo
and one-pseudoscalar meson exchange interactions. If we
clude only the effects of one-gluon exchange, we do not g
a good description of the even and odd parity resonant sta
This description is improved if we include only the effects o
meson exchange. However, both gluonic and pseudosc
meson exchange are expected from the underlying theo
Thus although we verify several of the statements of Re
@1–5#, a theory that includes both gluon and meson exchan
seems somewhat more plausible. Indeed, our most gen
model is defined by using a value ofaqp equal to that pro-
vided by the pion-nucleon coupling constant and a value
as50.35 about equal to that provided by perturbation theor
With this model, nonrelativistic calculations including con
finement, one-gluon and pseudoscalar meson exchange
describe the light-quark baryon spectrum reasonably well
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the national INT at the University of Washington. We than
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FIG. 4. S-, P- and D-wave energy levels—complete Hamil-
tonian with as50.35, aqp51.15, andAL50.20 GeV/fm. Bars
~theory!, boxes~experiment!.
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