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The hadronic spectrum obtained in the framework of a QCD-inspired schematic model is presented. The
model is the extension of a previous version, whose basic degrees of freedom are constituent quarks, anti-
quarks, and gluons. The interaction between quarks and gluons is a phenomenological interaction and its
parameters are fixed from data. The classification of the states, in terms of quark and antiquark and gluon
configurations is based on symmetry considerations, and it is independent of the chosen interaction. Following
this procedure, nucleon andresonances are identified, as well as various penta- and hepta-quarks states. The
lowest pentaquarks state is predicted at 1.5 GeV and it has negative parity, while the lowest hepta-quarks state
has positive parity and its energy is of the order of 2.5 GeV.
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I. INTRODUCTION possible gluon states are considered as spectators.
In a series of previous publicatiorié—3], we have pro- The present work is organized as follows. Section Il gives

posed a schematic model to describe some features of tifePrief description of the model. We shall avoid as much as

nonperturbative regime of QCD. The main ingredients of theP0ssible the repetition of details which can be found in the

model can be found in Refl], where we have presented already published papefd-3], and focus on the aspects

some results on the meson spectrum of QCD. In R&fwe  Which are relevant for the description of the hadronic spec-

have studied the formation of fermion and boson condentrum. In Sec. lll we discuss the classification of many quark-

sates. A preliminary set of results, about the energy and pa@ntiquark states, and the classification of many gluon states

ity of systems of the typeP"(qo)™, was presented in Ref. [8]. In Sec. IV we show and discuss the hadronic spectrum

[3]. predicted by the model, as a natural step following the study
As it was discussed in Refl], the model describes, Presented in Refl], where the meson sector was analyzed.

qualitatively, the main features of the meson spectrum ofonclusions are drawn in Sec. V.

QCD. This is an encouraging result because it shows that,

even in the conditions of low energy QCD, e.g., large cou-

pling constants and nonconservation of particle number, the Il. THE MODEL

use of schematic models may be very useful to explore had- The basic degrees of freedom of the model are repre-

ronic properties. The model of Refl] belongs to the class sented by the level scheme shown in Fig. 1. The quarks

of algebraic modelg4] which describe the interaction be- chupy two levels+w;), of negative and positive energies.

tween fermions an_d b_osons. Some Othef examples, ntiqguarks are depicted as holes in the lower level. If the
fermion-boson Hamiltonians, can be found in Rgfs-7]. + i . .
operatorsc,; andc* create and annihilate quarks in the up-

The work of Ref[8] gives the classification of the spectrum per (i=1) and lower(i=2) level, the relation to quarkanti-

of many gluon states, by applying symmetry principles. In . A .
Ref. [8], the predictions of the model concerning states Withquarlg creation and annihilation operators is given by

exotic quantum numbers were tested. a=c, d,=cl,
The purpose of this work is to extend the model of Ref.
[1] to describe, qualitatively, the main structure of the had- a?=c?t o= (1)
ronic spectrum of QCD. The essentials of the model are the ' ’
following: where the indexx refers to color, flavor and spin quantum

(a) color, flavor, and spin degrees of freedom are takemumbers. Since three degrees of color, three degrees of flavor
explicitly into account to construct the configurations, both(only u, d, and s quarks are taken into accourdand two

in the quark and gluon sectors of the model, degrees of spin are considered, each level is 18-fold degen-
(b) the orbital part of the quark and antiquark wave erate. The energy of each level is one-third of the nucleon
functions is represented ywaves; and mass and it represents the constitugfitective) mass of the

(c) the interaction of the quarks with the gluons takesquarks. In this picture, quarks are confined to a sphere of
place via gluon pairs coupled to spin and color zero. OtheradiusR=1 fm thus the mass originates in the kinetic energy.
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where(b! 9)?=(b!s-b! ) is a short hand notation for the scalar
product.1 The factor(1-n;/2Q)) simulates the effect of the
1.5 1 terms which would appear in the exact boson mapping of the
quark-antiquark pairg9,7]. The operatorg' andb are boson
creation and annihilation operators of the gluon pairs with
spin and color zero.

1.0 1 The interaction describes scattering and vacuum fluctua-
tion terms of fermion and gluon pairs. The strenyily is the
same for each allowed value afand S, due to symmetry
reasons, as shown in R¢fl]. These parameters were deter-
0.5 - mined in Ref.[1] and they are taken as fixed values in the
present calculations. The matrix elements of the meson part
of the Hamiltonian are calculated in a seniority basis. For
details, please see R¢l]. The operators, , s, are num-

0.0 1 ber operators of the diquarks coupled to flavor-spin
(Mo, 10)S- The interaction does not contain terms which con-
nect states with different hypercharge and isospin. It does not

t contain flavor mixing terms, either. Therefore, in the com-

-0.5 - parison with data, the energies should be corrected by the

Quarks Gluons mass formula given in Ref10], with parameters deduced as

FIG. 1. Schematic representation of the model space. The feill Ref. [11] and turning off flavor mixing terms. The proce-
mion levels are indicated by their energies;xThe gluon-pairs are dure is explained in details in Reffl].
represented by the level at the enetgy The last two terms of Eq.2) are needed to describe the

) . o _interaction between valence quarks and meson-like states.
The model describes quarks and antiquarks moving in orbitaty,o parameters; and w, were fixed at 0.33 and 1.6 GeV

s states. Orbital excitations can be accounted for by increaﬁ’éspectively The parameteX s were adjusted to the me-

ing the number of degrees of freedom. . . o
To this system of quarks we add a boson, which repre-f%n(')cé’geég\lj@ a':'g f;e;; \éa;%/esaﬁﬁﬁo__%%e’f’???%z\//’vile
- V10— Y- ’ 11— Y- ’ -

sents pairs of gluons of color and spin zero. Its eneigyjs ' ' X

fixed as it was done in Ref8]. The coupling between quarks SPectively. This shows the strong effects of Wig interac-

and antiquarks and gluons includes only these gluon-paiion, which acts on pairs coupled to flavdr,1) and spin 0

configurations. The couplings to other pairs of gluons ardpion-like states The parameter®, andE, (k=1,2) are ad-

neglected because their contributions to the meson spectrujusted to the nucleon resonances a@ndesonances, respec-

are not importanf1]. tively. Their values ard,=-1.442 GeV,D,=-0.439 GeV,
The basic excitations in the fermion sector ag pairs, E,=-1.187 GeV, and,=-0.362 GeV.

which are described b}, 5\ andB"SM pair operatorg1],

wherex=0, 1 stands for flavor stat¢8,0) and(1,1), and the

spin S can be 0 or 1. These pair of fermions, a subclass of

bifermion operator$6,7], can be mapped onto a boson space Ill. THE MODEL SPACE

[9]. We denote the corresponding operatorsbbySM.

This is the basic structure of the model presented previ- Th lete classificati f th K-anti K
ously[1]. In order to extend it to the description of baryons, € complete classification of the many quark-antiquar

and because we work in the boson space of quark-antiqua®/Stem was given in Ref1]. Here we will summarize it and

pairs, one should add three valence quarks via the operatofScuss the aspects which are relevant for the present calcu-

[D(Ao,uo)SOXaT]E}xM) where twoideal quark operatorg! [9]  lations. The main idea about the classification of the many
m o

are coupled as a diqua@ého,uo)so:[afx a’r]]{xo,uo)so with fla-  Quark-antiquark system is to treat quarks in the two level
0 oMo i -
v, sin(ng, s eier 630 or 201 AR A A
The model Hamiltonian is written as in Rél.], with the u ituatior(zero i o Is giv y 1o qu

inclusion of new terms which are needed for the descriptioﬁ:lpring the lowest level. An particle-hole excitation of this
of baryons, namely ground state represents physical quarks and antiquarks.

Therefore, baryons are represented by three physical quarks

H = 200 + o + 3V b 2 + 2b by <+ (by )2 in the upper level. Particles with a structure of the form
@ @plho % XS{[( s rPrs+ (Brs)'] g3(qg)" are described by three valence quarks plpsirticle-

Energy [GeV]

N N hole excitations. The group chain, describing these states, is
X (1 - i)mtﬁ(l - ﬁ)[(b{s)z +2b! by s+ (bks)z]} given by

+N(g,1o[D1Np + Da(b" + )]+ N g1 [Esnp + Ex(b' + b)],
(2 ISimilarly for (b2 and (b] byg).
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[1M] [h]=[hyh,hs] [h"] TABLE I. Partial U(4) X U¢(3) content of theU(12) irrep [3%0°]
(color zero, meson-like statesThe flavor irrepg0,0), (1,1), (3,0),
u(4Q) ) U(—) ® u(12) (0,3), (2,2) describe the flavor singlet, octet, decuplet, antidecuplet,
3 and 27-plet, respectively. The multiplicity of th&4) X U¢(3) con-
U U tent in theU(1) irrep [3%06] is given in the last column.
()\CV/“LC)SUC(3) [01U2U3U4] U(4) ® SUf(3)()\fuuf) U(4) Uf(3) ()\v/-L) Mult
U
[881]] [666] (0,0 1
SW2SM, [8811] [765] 1,1 1
3 [es1y [864] 2,2 1
where the irreducible representati@irep) of U(4Q)) is the  [971]] [765] 1, 1
completely antisymmetric one and is the number of par- [9711] [774] 0,3 1
ticles involved.(2=9 is the degeneracy corresponding to 3[9711] [855] (3,0 1
degrees of freedom in the color sector and three degrees pfgy( [765] 1,0 1
freedom in flavor[1]. Similar group chains can be con- [8820] [774] 03 1
structed for larger values d. In Eq. (3), [h'] is the trans- ’

posed Young diagram ¢h] [13,16. Due to the antisymmet- [8820) (859 (3.0 1
ric irrep [1N] of U(4Q) the irreps ofUu(Q2/3) andU(12) are [9720 [666] 0.0 1
complementary and the irrep Bf(€2/3) has maximally three (9720 [765] @D 1
rows [13]. In the group chair(3) no multiplicity labels are [9720 (864] 2,2 1
indicated. There is a multiplicity; for (\¢, us) andpg for the  [9810 [769] (€ 1
spin S. The color labels(A¢,uc) are related to théy via  [9900] [666] (0,0 1

Ac=h;—h, and uc=h,—hs. The irrep of theU(4) group is
given by a Young diagram with four rows, i.e.,

[01,02,03,04]. The complete state is given by are considered which contain five quarks and two antiquarks.

In Table IV only the lowest states which contain unusual

IN,[v1020304](N e o), ps(N gy i) Y T T, psSM), (4)  flavor are listed. Th&J(12) irrep is given by[370°].

To extend the space of meson-like configuratigtis we
- shall include the flavor irrep&,0), (0,3), and(2,2), since all
component, For_ meson-like stat_es, the color quantum MUKt these contain at least two quark-antiquark pairs. The irreps
bers to be considered alkc, 1c)=(0,0). . . (3,0) and (0,3) have total spin 1 while the irref2,2) may

To obtain the values df; one has to consider all possible have total spin values 0, 1, and 2. Within our boson repre-
partitions ofN=h, +h,+hs. For colorless states we haWe  goniation of the quark—e{ntilquark pairs, tt&0) and (0,3)
=h,=hy=h. Each partition oN appears only once. The irrep o \s \ith spin 1 can be obtained via the coupling scheme
[hhh] of U(Q/3)=U(3) (2=9) fixes the irrep ofU(12), as e for (3,0)] [bf, ;- x b ](3'0)1|0) while the irre
indicated in Eq(3). For 2=9 and color zero the meson irrep '~ 2" ’ (D07 L fmed = 2 2s0.t P
of U(12) is given by[3°0°] and for baryons it i$370°]. (2,28=0,1,2 comes from [by 1, X by 1] s ™ q0),

In Table | we list the partiaU(4) X U4(3) content for me- [bzr1,1)o>< b{lyl)o]iﬁ%:%o). The two configurations witls=0
son states of the)(12) irrep[3%06] and in Table Il the partial
content of theU(4) irreps listed in Table I. The irreps which ~ TABLE Il. Quark-antiquark content of some(4) meson-like
are shown contain up to two quark-antiquarks pairs Onb)rreps. The tgble shows the irreps which contain at most two quarks
[12]. The U(4) irreps have in general four rows while the a"d two antiquarks.
U¢(3) of the flavor group have three rowp,p,ps]. The

whereY is the hyperchargel is the isospin and, its third

adopted notation for flavor i€\, x) wherex=p;—p, and u v (0] ne & [0l ng S S
=p,—ps. The minimal number of quarks in dn(4) irrep is  [8811] [11] 2 0 [88] 2 0 0
given by the sum of the last two rows of th#&(4) Young  [9717 [11] 2 0 [97] 2 1 1
diagram while the number of antiquarks is given by the dif-;ggoq) [20] 2 1 [88] 2 0 1
ference between(2=18 and the sum of the first two rows of [9720] [20] 5 1 [97] > 1 01,2
the U(4) Young diagram. In the spin representation for[9810] [10] 1 1 98] 1 1 0.1
quarks ([g,9,]), the sumng=q;+q, gives the number of 2 2 '
quarks ands;=(q,—0,)/2 is the spin carried by the quarks. (9810 [11] 2 0 [97] 2 1 1
Similarly, for antiquarks([0;,]) S=(0;-0)/2 and 2 9810 (1. 2 o [88 2 0 0
—ng=0,+0. This is related to the fact that the unperturbed(9810 200 2 1 [977 2 1 0,12
ground state, of the two level model space, contains 189810 [20] 2 1 [8g 2 0 1
quarks, as it was defined before. The total sfirof the  [9900 [o0] 0 0 [99] 0 0 0
system can be obtained via the conditi@—SEKSsSq [9900] [10] 1 % [98] 1 % 0,1
+& In Tables Il and IV the classification of some of the [g9gqq [20] 2 1 [97] 2 1 012

baryon states is given. In Table Il only(4) ® U«(3) states
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TABLE Ill. Partial U(4) X U¢(3) content of theU(12) irrep TABLE V. Quark-antiquark content of somé(4) baryon ir-
[370°] (color zero, baryon-like statgsThe flavor irrepg0,0), (1,1), reps. These irreps contain the nucleon @andesonancesglast two
(3,0), (0,3, (2,2, (4,1) describe the flavor singlet, octet, decuplet, rows) and penta- and heptaquark-states with unusual flavor. The
anti-decuplet, 27-plet, and 35-plet, respectively. The multiplicity offirst three rows shows the content of the irreps which are associated
the U(4) X U¢(3) content of theJ(1) irrep[370°] is given in the last  with flavor irreps(3,3) (see first three rows in Table }IIThe double
column. The first three rows give some higher lyibg4) irreps line separates high lying irreps from low lying ones.
which are associated with a flavor irrép,3).

u(4) [l ng & [wdl ng S S
U(4) Us(3) (N, ) Mult

[8832] [32] 5 L [88] 2 0 1
(8832 (1074 (3.3 1 [8841] [41] 5 % [88] 2 0 %
[8841] (1074 (3.3 1 [9737) 2 5 L (971 2 1 132
(9732 [1074 33 1 [983] [4] 5 2 [88] 2 0 g
(9822 (777 0.0 1 983 [32) 5 L [88] 2 0 1
[9822] (87€] @D 1 [9831] B2 5 L o7 2 1 i3
(9822 [966] 3.0 1 6850 [500 5 2 [88 2 0 s
9822 [979) (LD ! 9840 [50] 5 S [88] 2 0 3
o O - A RN §
%9831} {966% (3’ ) L [9840) (41 5 £ [977 2 1 332
9831 (885 Eo,g . [9831] [31] 4 1 [98] 1 2 3 2

’ (9840 [40] 4 2 [9§ 1 2 32
[9831] [975] 2.2 1 : 2 2:2
[9831] (1065 @1 . [9921] [21] 3 1 [0] 0 © 2
8850 (777 0.0 1 [9930] [s0] 3 3 (0] 0 0 s
[8850] [876] 1,1 1
[8850] [885] 0,3 1 flavor spin and seniority combinations will be identical to
[8850] [975] 2.2 1 another one corresponding to a different flavor spin but with
(9840 [876] 1’1 1 the same seniority. This leads to the appearance of a degen-
(L.3) eration in the spectrum.

[9840) [975] (2.2) 1 A similar classification can be given for the baryonic sec-
[9821] [876] (€O 1 tor. Within the boson representation, the ideal valence quarks
[9930) [966] (3.0 1 are added to describe baryons. One has to couple the meson-

like states with the stated,1)1/2 or with (3,0)3/2, to
which the three valence quarks can be coupled, to describe
are linear combinations of tHé(4) irreps[9720 and[881Y.  nucleon andA resonances, respectively. This implies a de-
For S=1 the coupling scheme i} 1% b(Tl,l)l]%'ﬁ):Ss:HO% generation of different flavor-spin irreps. As an example, if
wheref, denotes the flavor state with maximum weight. ~ the configuration(1,1)1/2* of the three valence quarks is

In the boson representation the states are given by theoupled to a meson irre[, 1)0" then the resulting allowed
direct product of the eigenstates of one-, three-, eight-, anflavor-spin irreps arg0,0)1/27, (1,1)1/27, (3,01/2",
24-dimensional harmonic oscillatofs]. For each harmonic (0,3)1/27, and(2,2)1/2".

oscillator the basis states are given by Another ingredient of the model is the nonconservation of
Ny 7y s the particle numbegguarks, antiquarks and glugnghis is a
My g dbrs b9 ™ 2 [msmns), (5)  fundamental property of a relativistic theory with large inter-

action constants. It means that physical particles, in general,
whereN,s is the number of bosons of tyga, S|, »sis the  do not contain a fixed number of quarks, antiquarks and/or
seniority, andVy, ,, . is @ normalization factor. The seniority gluons but rather an average number of them. In this picture,
is the number of uncoupletl,s bosons. The quantityy,s  the nucleons will not contain, mainly, three valence quarks
contains all other quantum numbers needed to specify a pabut also an average number of quark-antiquark and gluon
ticular harmonic oscillator. The stagg) is the superposition pairs. The mixing of particle number is needed to remove the
of a certain number of quark-antiquark pairs coupled to amultiplicity of states at low energy, a feature which any con-
given flavor spin. This number of quark-antiquark pairs will stituent quark model exhibits when the number of quarks,
be used to denote nontrivial configurations. antiquarks and gluons is fixed.

The Hamiltonian changes only the number of boson pairs We summarize, for completeness, the configurations
of the type(b{s-b;[s), and it leaves the seniority invariant. which may appear in the gluon sector of the theory. In the
The number of these boson pairs is not conserved. Thus, weodel of Ref.[8] the basic building blocks are effective
can divide the Hilbert space in seniority subspaces. Eachluons with color(1,1) and spin 1. In Table V we show all
subspace includes all combinations of quark-antiquark pairstates of glue-balls with color zero and maximally six effec-
of a given flavor spin. The spectrum obtained for a fixedtive gluons. The lowest glue-ball state is the first excited
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TABLE V. The classification of many-gluon states, with color cal implications. In Sec. IV B we present the results for
(0,0. The multiplicity of the configuratior(0,0) is one up to six  nucleon resonances, as well as some results about more ex-
gluons. For the notation of the groups, which appear in the manyptic states, like the predicted energy and parity of the lowest
gluons states, and their irreps see R8f, where the general clas- penta- and hepta-quarks states. Finally, in Sec. IV C we ana-

parity and charge conjugation of the gluon states, respectively. {zken from Refs[15].

u(®) (U(3)) o(8) SA3) (I P C A. Meson states
(2] (0000 0.2 +1 +1 In Table VI we list the quark-antiquark and gluon contents
[4] (0000 024 +1 +1 of some selected mesonic states. The quaniityis the av-
[27] (0000 0,2 +1 +1 erage number odiq pairs coupled to flavoiz , 1) and spinS.
(6] (0000 0,2,4,6 +1 +1 The quantityn, is the average number of gluon pairs coupled
[42] (0000 0,2,,3,4 +1 +1 to color singlet and spin zero. The seniority content is given
[29] (0000 0 el " by t_he_ vglue(v):(voo,vm,vlo,vn), wherev, g refers to the.
3] (3000 13 1 1 seniority in the channe{D\,)\?S Some.of the states sh_own in
(5] (3000 135 _1 1 Table VI belongs to flavor irreps which contain exotic com-
= binations of hypercharge and isospin not allowed in the sim-
[41] (3000 1234 -1 -1 plest gqq system. From the seniority content one sees that
[32] (3000 123 -1 -1 these states contain at least toyg pairs.
[17] (1110 0 -1 +1 While the states with flavof3,0) and(0,3) have energies
[317] (1110 0,2 -1 +1 of the order of 1.5 GeV, the state with flav@®,2) lies at
[212] (2110 1 +1 -1 very low energy, nearly at the same energy of tH€@80
[412] (2110 13 +1 -1 state. Experimentally, thk, state lies at approximately twice
[321] (2110 12 +1 1 the energy of thep(541) state. Their dominant decay into
[27] (2200 02 i1 11 K*K™ leads to the interpretation of these states as
' K*K™-molecules. Within our model th@,2)0" state is built
E:i]l] g;gg 0‘212’23‘4 : : upon the seniorityy=2 state[b; X bf; 1,1%7%0). The
(2] 2200 o " N highest weight state is given H;Zlyl)fmobflyl)foyo|oz, which is
[221] (2210 1 1 1 the'dlrect product. of two pairs of the tyg&,1)0". ThIS. can
(322] (3110 0.2 _1 1 be interpreted, within the present model, as a configuration
’ of two qg-like mesons. The difference between the mass of
(6] (6000 0,246 +1 +1 the two pairs and the mass of i@, 20" state is about
[42] (4200 0,234 +1 +1 0.4 GeV, which is larger than the observed value. One has to
[417] (4110 13 +1 -1 keep in mind that the present model is rather schematic and
[32] (3300 1,3 +1 -1 that it does not include a flavor mixing interaction which
[2°] (2220 0 +1 +1 could mix the(1,1)0" states with(2,2)0" states, and may

induce a coupling of thd, state to molecular states. The

model predicts also states of the tyg)? which can be

J™C=0"* state, where] is the angular momentumy is the  coupled to flavor irrep$3,0) and(0,3) (see Tables | and )

parity andC is the charge conjugation. For details, see Ref.The distribution of seniorities i€011) and the energy of the

[8]. states is of the order of 1.44 GeV. The irré@s0) and(0,3)
contain isospin-hypercharge configurations which cannot be
reached by a single quark-antiquark pair.

IV. APPLICATIONS

. . . B. Nuclear resonan nta- and hepta-quark
In this section we shall show and discuss the results of the uclear resonances, penta- and hepta-guarks

model introduced in the previous section, concerning baryon In Table VII we show the results for some selected
states. Since the Hamiltonian conserves flavor, spin, and panrucleon resonances, as they appear in the schematic model.
ity, all states belonging to the same flavor irrep are degenerFhe content ofyq pairs of the typg0,0)0” and(0,0)1" are

ate. In order to introduce a splitting in the isospin and hypernot listed because they are small for the considered cases.
charge the Gel’'man-Okubo interactigt¥] should be added. Since the Hamiltonian does not change spin, parity, color,
Otherwise, the parameters of the Hamiltonian should be adand flavor, all states belonging to the same flavor irrep are
justed to reproduce the corrected experimental masses. Thiegenerate. In order to remove the degeneracy one may still
is the procedure which we have adopted in the calculationsadd the Gel’'man-Okubo term plus a term describing the fla-
Next Sec. IV A is devoted to the results concerning mesonicor dependence. We follow the prescription of R&0] with
states, others than the ones reported in REf. like those the parameters given in Rgfl1].

with flavor (2,2). These states illustrate the role of some ad- The quark, antiquark, and gluon contents of the nucleon
ditional degeneracies of the model, and their possible physiare given in the first row of Table VII. The number qff

035208-5



NURNEZ et al. PHYSICAL REVIEW C 70, 035208(2004)

TABLE VI. Particle content for selected meson states. In the columns we indicate the theoretical energy,
Eineo the flavor,(\s, ut), spin,J, parity, 7r, seniority content(v)=(vo@ow1v11), the expectation value of the
boson pairs in the channe(®,0) 0~ (nyy), (0,017 (ngy), (1,1) 0~ (nyq), and(1,1) 1~ (nyy) and the total
number of gluon pairgng) with spin 0. In the last three rows some states, not reported in[Refre listed.

They contain exotic combinations of hypercharge and isospin. The experimental data are taken from Ref.
[15]. TheX(797) is interpreted as a molecular state. Note that, for the particles in th€Xi@st(1,1) 0~ and

(0,0, (1,1 1" irreps, we are listing the value of the mass without flavor mixing; they are marked by an
asterisk(see also Ref1] for further explanation

Particle Etheo \foup)  J7 (v) Noo No1 N1o N1p Ng

Vacuum 00 (00 0 (0000 000 003 311 003 1.705
fo(400—-1200 0.656 (0,0 o* (0000 0.00 0.01 0.46 0.01 0.32
(980 0797 (L)  0° (0020 000 002 378 002  1.49
£,(1420 1445 (0,0  1* (001D 000 002 239 102 090
£,(1270 1363 (L)  1* (0110 000 1.03 246 002 099
7' (958* 0.885 (0,0 0 (1000 1.01 0.02 2.51 0.02 1.29
7(1440 1.379 (0,0 0 (1000 1.00 0.01 0.77 0.01 0.44
7n(541* 0.602 1,1 0 (0010 0.00 0.02 2.71 0.03 1.16
7(1295* 1.428 (1,1 0 (0010 0.00 0.01 1.61 0.01 0.53
7(1760 1.671 1,1 0 (1020 1.01 0.02 3.53 0.02 1.25
w(782)* 0.851 (0,0 1 (0100 0.04 1.03 2.56 0.02 1.34
$(1020* 0.943 1,1 1 (0001 0.00 0.02 2.39 1.02 1.19
(1420 1.389 1,1 1 (0001 0.00 0.01 0.85 1.01 0.47
(1600 1.639 1,1 1 (0120 0.00 1.03 3.55 0.02 1.28
X(1440 1440 (3,0  1* (001) 000 002 239 102 090
X(1440 1440 (03 1* (001) 000 002 239 102 090
X(797) 0797 (22  0° (0020 000 002 378 002 149

pairs is about 0.5, i.e., including the three valence quarksesult which is expected from previous evidences. The theo-
there are in average 3.5 quarks and 0.5 antiquarks in theetical Roper resonance approaches the experimental energy
nucleon. The number of gluon pairs is approximately 1.4,0f 1.44 GeV. This is a nice result, which may be difficult to
i.e., in average there are nearly three gluons present. Thisbtain with other models, except for the constituent quark
implies a 59% quark content and a 41% gluon content, anodel of Ref[17]. In average, there are tvgm pairs and 1.9

TABLE VII. Particle content for selected baryon states. In columns we indicate the theoretical energy,
Eiheo the flavor,(\p, wm), Spin,J,, and parity,sr, for the meson part; the final flavor irre@\, w), and spin,
J, and parity; the seniority contenty)=(vo@owiv11), the expectation value of the boson pairs in the
channelg1,1)0™ (ny9) and(1,1)1" (nyy), and the total number of gluon paifsy) coupled to spin 0. In the
last four rows some additional particles are listed which contain unusual combinations of hypercharge and
isospin. The®*(1540 is the reported pentaquarks state. Another pentagquarks state, according to our notation,
is calledX(1510 while Hy (k=1,2) are the lowest heptaquarks states of unusual flavor.

Particle Etheo (N ) In NG (v) Nio N1 Ng
Nucleon 0.950 (0,0 o+ 1, 1)% * (0000 0.47 0.05 1.40
Roper 1.49 0,0 o+ (1,1)% * (0000 1.91 0.04 1.92
N(1650 151 1,2 0" (1,1)% - (0010 3.14 0.03 2.81
N(1535 1.79 1,2 1~ (1,1)%', g‘ (000D 0.38 1.00 1.04
0%(1540 151 1,2 0" (0,3)% - (0010 3.14 0.03 2.81
X(1510 151 1,2 0" (2,2)5 - (0010 3.14 0.03 2.81
H,(245)) 2.45 1, 1* (0,0, (1,1 (0110 2.87 0.03 2.27
(3,0, (0,3

1+ 3+

22
H,(2529 2.53 2,2 o+ (4,1, %* (0020 2.73 0.03 1.24
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TABLE VIII. Particle content for selected states. In columns we indicate the theoretical endegy,
the flavor,(\,, um), SPIN,Jym, @nd parity,7r, for the meson part. The other quantities are the final flavor irrep,
(N, ), the spin,J, parity, 7, the seniority contentv)=(vowov1gv11), the expectation value of the boson
pairs in the channelgl, 1)0™ (ny) and (1,11 (nyy) and the total number of gluon paifgg) with spin 0.
Particles(X andH) with unusual combinations of hypercharge and isospin are listed in the last two rows. The
state in the last row can be interpreted as a heptaquarks state. The *, on some states, indicates that the
particular state is obtained via a combination with three valence quarks coup(lﬂadl)é T

Particle Etheo Ay tm) In (N, m)J7 (v) N1o Ny Ny

A(1232 1.248 (0,0 o' (3,037 (0000 0.33 0.03 0.67
A(1600 1.57 (0,0 o (3,037 (0000 1.93 0.04 1.60
A(1620* 1.51 (1,2 0 (3,03~ (0010 3.14 0.03 2.81
A(1700* 1.79 (1,2 1 (30,3, % (0009 0.38 1.00 1.04
A(1750* 2.49 (1,2 o (3,03" (1010 2.85 0.03 2.19
A(1900* 2.09 (1,1 0- (3, 0)§ - (0010 1.40 0.02 0.68
X(1640 1.64 (1,2 0 40,22, 3" (0010 3.00 0.03 2.18
H(2530 2.53 2,2 o 4,137 (0020 2.67 0.02 0.97

gluon pairs. Thus, the Roper resonance, in the present mod¢H;(2451)] (see Table VI). It has a content of 2.8dq pairs
contains an average number of 5 quarks, 2 antiquarkef the type(1,1)0” (n;p coupled with three ideal valence
[*(qg)?] and 3.8 gluons. This implies a 65% content of quarks to the unusual flavor irrep of the ty(B0) with spin-
quarks and a 35% content of gluons. The quark-gluon conparity 2*. This implies a quark content of 78% and a gluon
tent of the Roper resonance differs from that of the nucleongontent of 22%. There are several other heptaquarks states
It has more particles, a fact which is reflected in its largerear the same energy, or at slightly higher energies, which
collective nature and low energy. The first negative paritycontain oneqq pair of the type(1,1)0” and one of the type
resonance appears at about 1.5 GeV, corresponding to the 1)1~ Also their gluon content is higher by about one
configuration(1,1)5 ", and the next one at 1.79 GeV shows aextra gluon. Within our model, the parity of the heptaquarks
degeneracy between the configurations V\Zi’(hZ%_ andg'. state is positive. Because we are working in a boson space,
The state at 1.51 GeV contains a large amourtgcppairs of ~ we should be careful about the appearance of unphysical
the type(1,1)0~ while the states at 1.79 GeV are nearly purestates[9]. For example, the three valence quarks can be
qog? configurations. These states are good candidates to repoeupled with the meson background with flay@r2), e.g., to
resent hybrid baryons. In Table VI, states with flay6r3)  the flavor irreps(3,3), (4,1, and (1,4). However, only the
and(2,2) are also listed. These have the same meson conter(#,1), irrep appears in the list of allowed states related to low
They are coupled with the three ideal valence quarks, leadintying U(4) irreps (see Tables Il and Iy The others are,
to unusual combinations of hypercharge and isospin. Thesierefore, unphysical. Th@,3) irreps belong to higher con-
configurations may be associated to pentaquarks states, lifigurations ofU(4), with S=% andg. This shows the impor-
0©7(1540 [18], whose position have been predicted in Ref.tance of the complete classification, because only a compari-
[19]. Other states of the pentaquarks type may exist, whiclson of the states in the boson space with the list of irreps in
have in common the same quantum numbers in hyperchargke fermion space gives the possible allowed states.
and isospin as other nucleon resonances, and, therefore, they
may be difficult to identify experimentally. The interpretation C. A resonances
of these states as pentaquarks is based on the value of the
the thrce ical valonce cuarks nave o be added. n[@p, "UCleoN resonances, we can traaesonances. In Table VIl
we have presented a compilation of results about penWe list the results of our calqulatlons. .
taquarks states, as they are predicted by our model. Within. The smplest forrr; 0 _obtaln a resonance is to_coupl_e a
the model, the lowest pentaquarks has negative parity in a@iduarks with (3,0); with the meson-like configuration
cordance with QCD sum rules and lattice gauge calculations3: 0J- In general, more than one value3df|§ allowed,
[20-23. If the orbital spinL is included, pentaquarks states depending on the meson state. Coupliig0); with (0,00"
with positive parity may exist with.=1. However, these leads to theA(1232 resonance. The quark-antiquark and
states include an orbital excitation and should appear agluon content of the\(1232 is somewnhat lower than that of
higher energies. the nucleon. The structure of the theoretical state at
The model contains also heptaquarks, which are charad.57 GeV can be compared to the Roper resonance in the
terized by twoqq pairs added to the three ideal valencenucleon channel. The first negative parity state with flavor
quarks. The lowest one with unusual flavor, which cannot bg3,0) and spin% is predicted at the energy 1.79 GeV, and it
described by a plain three-quark system, is at about 2.5 Ge¥ontains nearly ongq pair with flavor-spin(1,1)1".

In a similar manner, as it was discussed in the section of
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nances. The schematic model presented in this work does not
conserve the number of quarks, antiquarks, and gluons. Since
we are dealing with a model for strong interactions, only the
average number of these particles can be extracted from the
calculations. It is found that the nucleon has nearly 50% of
gluon content, as expected from previous evidences. The de-
generacy of states of the tyjpiq™2g™ is removedsee Ref.
[1]), but a degeneracy related with the seniority still remains.
The Hilbert space is divided into subspaces labeled by the
seniority of the differentyq pairs involved. Subspaces with
the same seniority but different flavor and spin are degener-
ate. This property leads to the prediction of unusual flavor-
spin combinations which cannot be obtained by working
with just oneqq pair or three quarks. We gave a complete
classification for the quarks, antiquarks, and gluons states.
The quarks interact with pairs of gluons coupled to spin zero.
Other types of gluons are present as spectd@jtsThe re-
sults of the model are in good agreement with data. The
lowest pentaquarks state is predicted at 1.51 GaVIt has
an unusual combination of fIaV(Qt),S)%_ and(2,2)%_, and
it has negative parity. Low lying heptaquarks states are pre-
dicted, with positive parity, at energies of the order of
2.5 GeV. Similar conclusions were reached from the analysis
of the results of calculations a&f resonances.

As said before, these are features which cannot be ob-
tained by working with three quarks or with one quark-
antiquark pair, only. We think that the present results support

group. At the right side of each level are given the assigned spirthe notion that the degrees of freedom included in the model

and parity (J7), and the total quark and antiquatky+ng) and

may indeed be adequate to describe the low-energy spectrum

gluon (ny) contents(see the teytThe list is not complete. Only of QCD. The present conclusions are limited, naturally, by

some selected states, of physical interest, are listed.

To conclude with this section, we show in Fig a com-
pilation of the previously reported results.

V. CONCLUSIONS

We have extended the schematic model of REfto the
description of meson states, nucleon resonancesiAaego-

the schematic nature of the proposed Hamiltonian.
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