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D espite intensive experimental studies for half a century and the- 
I V  oretical work based on Quantum Chromodynamics (QCD) in 
the last 30 years, our understanding of nucleon structure is still far 
from being complete. This is reflected by the several competing 
models of nucleons or, more broadly, light baryons, as e.g. various 
constituent quark models with gluonic or chiral forces, or topolog
ical and non-topological solitonic models. There are also sum-rule 
approaches and lattice gauge calculations, which are less model 
dependent but not always reliable. This situation is unsatisfactory. 
Nucleons are the main building blocks of matter around us, they 
provide the mass for the baryonic (i.e. visible) matter of the universe, 
and we need to understand their structure and their dynamics.

In this situation the prediction and discovery of the narrow 
baryonic resonance 0 + with strangeness of+1, i.e. containing one 
excess strange anti-quark, may prove to be extremely important, 
since it perhaps indicates the existence of a new class of baryons, 
and this may shed a completely new light on the present models 
for baryon structure. Actually the Θ+ has a mass of 1530 MeV, 
compared e.g. to 938 MeV for the nucleon, and a decay width of 
the order of 1 MeV, which is two orders of magnitude smaller than 
expected for baryons in this energy region. It has in 2002 and 2003 
been identified by several groups [1] using different reaction 
processes. Such a state is extremely exciting because it is unam
biguously exotic in the sense that it cannot be a simple three-quark 
state. These experiments have been triggered by predictions of 
mass and decay width in the chiral quark soliton model (%QSM) 
by Diakonov, Petrov and Polyakov [2] in St.Petersburg and 
Bochum. An earlier estimate of the mass in the soliton approach 
of the Skyrme model was given by Praszalowicz [3] in Krakow. 
The discovery of Θ+ together with the accurate prediction of 
Ref. [2] have initiated considerable theoretical activity. The discus
sion got even very heated since several other experiments in the 
last year, mostly of higher energy, did not show any evidence of the 
 Θ+, see refs. [4]. Besides the  Θ+ there is perhaps an observation of 
an exotic state at 1860 MeV by the NA49 experiment at 
CERN [5], though it is still under debate. Much of the theoretical 
activity has been aimed at understanding the structure of these 
exotic states,  Θ+ in particular. Besides using the chiral solitonic 
approach the most common treatment of this problem has been 
based on extensions and variants of the constituent quark model 
[7] and of the Skyrme model [8]. While these approaches are all 
interesting, they all are also highly model-dependent and it is dif
ficult to assess in an a priori way their validity.

The analysis based on the SU(3) chiral soliton model [2] 
appears different from other treatments of the  Θ+ structure in 
a number of ways: I) Exotic SU(3) representations containing 
exotic baryonic states are naturally accommodated within the 
chiral soliton models [3]. II) The soliton approach was used to 
predict exotic states by linking their properties to the known 
baryons in octet and decuplet of SU(3)flvour. In contrast to the 
other treatments it preceded experimental discovery by many 
years. Ill) Despite some freedom as far as model parameters 
are concerned the predictions of the mass were very accurate 
[2,3]. IV) The width was predicted to be very small [2], which 
is consistent with the widths presently observed [9].

In the present paper we will in the first part review the quark 
model of baryons and give some historical background. Then we 
discuss the deficiencies of the quark model, consider sponta
neously broken chiral symmetry, and focus our attention on the 
solitonic (mean field) approach to the 0 + and the anti-decuplet in 
the framework of a relativistic quantum field theory [6]. A 
discussion of the decay width and a report on the discovery of  Θ+ 
finalizes the paper.

The quark model: history and presence
In 1963 Gell-Mann and Zweig suggested a model for the nucleon 
and the light baryons which was based on the concept of group 
theory. They were able to classify the baryons by the quantum 
numbers of isospin T, T3 and hypercharge Y, characteristic of the 
multiplets of the symmetry group SU(3)-flavour. The model was 
formulated in terms of quarks, that constituted the fundamental 
representation of SU(3). The model turned out to be highly suc
cessful and allowed Gell-Mann to predict the existence of a new 
particle, the Q“, which was rather soon identified experimentally. 
The model was then extended dynamically involving phenome
nological potentials, in which the quarks moved, or appropriate 
quark-quark interactions, which in the modem terminology con
sisted of confining potentials and gluon and/or meson exchange 
forces. The forces and quark masses were adjusted to observables 
of the baryons as masses, magnetic moments, radii, etc. In the 
end the following picture emerged: The nucleon and the light 
baryons consist of three quarks with spin =1/2 and with flavours 
up, down and strange. These have fractional charges Q = 2e/3, 
-e/3, -e/3 and masses of about 350 MeV for up- and down-quarks 
and for the strange quark about 100-200 MeV heavier. For ex
ample the proton consists in this scheme of two up-quarks and 
one down-quark (uud, see fig.la). The baryons can be arranged 
in octets and decuplets of the SU(3) flavour group, characterized 
by quantum numbers of isospin T, T3 and hypercharge Y and 
combined with an antisymmetric colour structure. All attempts to

Fig. 1 : (a)The structure of the proton with two up- and one 
down-quark (uud). (b)The structure of the  Θ+ with two up- 
quarks,two down-quarks and one strange anti-quark (uudds).
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find structures not belonging to this scheme, e.g. containing an
other number of quarks or besides quarks also a few anti-quarks, 
were in vain. This historical circumstance led to the wide-spread 
belief that ‘exotic’ baryons, which cannot be constructed of three 
quarks and belong to higher SU(3) multiplets, do not exist. This 
belief might be now discredited with the discovery of the  Θ+. It 
has the quark structure uudds and hence consists of five (Greek: 
penta) quarks rather than three, see fig. lb.

Concept of constituant quarks
In the 1970’s Quantum Chromodynamics (QCD) was formulat
ed as a relativistic quantum field theory of the strong interaction 
involving quarks as particles and gluons as interacting field quan
ta. As far as the up-, down- and strange sector was concerned, 
these quarks have small masses of mu = 4 MeV, md-7 MeV (and 
ms -  150 MeV) and are so called current quarks to be distin
guished from constituent quarks in the quark models of about 
350 MeV. For massless quarks (and even 150 MeV is nearly mass
less) the QCD-Lagrangian shows chiral symmetry. This means 
that in the QCD-Lagrangian right-handed quarks do not 
interact with left-handed ones and vice versa. However this sym
metry is not realized in nature but is spontaneously broken. This 
effect occurs analogously in ferromagnetism, where the forces 
which couple the electronic spins and hence the Hamiltonian of 
the system are rotationally invariant, whereas in the ground state 
the spins are aligned in some definite direction resulting in a non
zero magnetization and violation of the rotational symmetry.

For the structure of light hadrons this spontaneous breaking of 
chiral symmetry is probably the most important mechanism. This 
effect has its origin in the zero-point quantum fluctuations of the 
gluon field in the vacuum of QCD. Peculiar for QCD is that there 
are specific large fluctuations called instantons with average size 
and average separation of roughly 1/3 fin and lfm , respectively. If 
fight quarks propagate through this fluctuating gluon vacuum, 
“hopping” from one randomly situated instanton fluctuation to 
another, they behave like electrons in a lattice structure, i.e. they 
gain an effective mass which in the case of the quarks is a large dy
namical momentum dependent mass M(p) serving of equal im
portance as the quark-pion coupling constant. This dynamical 
mass is the key for understanding the properties of fight hadrons. 
Its value at zero momentum, M(0) = 350MeV, is what is usually 
called the “constituent” quark mass (to be distinguished from the 
small input “current” quark masses of the QCD Lagrangian). Thus 
spontaneous breaking of chiral symmetry results in the end in the 
following effect: The almost massless u, d, s current quarks ac
quire the dynamical momentum-dependent masses Mu, d, s(p) 
(constituent masses) and this is simultaneously connected with 
the occurrence of massless Goldstone bosons which are in nature 
the fight (nearly massless) pseudoscalar mesons π, K, η.

The standard belief is that a linear confining potential pro
vides the mechanism to bind constituent quarks to baryons and 
mesons. The confining potential is supposed to show some 1/r
dependence for small distances and a linear rise r at large ones. 
However, in the real world with very fight pions this cannot be 
correct because while increasing the distance between two quarks 
it is energetically favorable to create quark-antiquark pairs from 
the vacuum and to screen the confinement potential. The screen
ing is so strong that in the end all that is left are constituent 
quarks with a dynamical momentum dependent mass M(p) 
interacting with a mean field with the quantum numbers of the 
pseudoscalar Goldstone bosons, i.e. π, K and η. Actually there is 
not much freedom in formulating this in terms of a field theory 
since the interaction of pseudoscalar mesons with constituent

quarks is to a large extent dictated by the chiral symmetry of 
QCD [10] yielding a well defined and more or less unique low- 
momenta effective theory.

Relativistic mean field approach to the nucleon
The low-momenta quark-pion effective theory described above 
is a big step forward, as compared to the original formulation of 
QCD: it operates with the adequate degrees of freedom, namely 
the dynamically-massive quarks and the fight pseudoscalar me
son field [6]. The transition to these new degrees of freedom is 
similar to the transition from Quantum Electrodynamics (i.e. the 
microscopic theory of the atoms) to the electrons in a material, 
whose mass is not the original 0.511 MeV but a heavier effective 
mass, and whose most important interaction at the atomic “low 
energies” is not the Coulomb (read: gluon) field but rather the 
phonon (read: pion) exchange. Phonons are collective excitations 
of atomic lattices, and they are Goldstone bosons associated with 
the spontaneous breaking of the translational symmetry by the 
lattice. Pions are collective excitations of the QCD ground state 
(vacuum), and they are Goldstone bosons associated with the 
spontaneous breaking of chiral symmetry. Continuing the anal
ogy, the Cooper pairing of electrons in a superconductor is due 
to phonon exchange that is much stronger than the Coulomb 
force between electrons (being actually a repulsion). Analogous
ly, the binding of quarks into a nucleon can be explained as due 
to their interaction with the pion field. Although the corre
sponding low-momenta effective theory is a great simplification 
as compared to the microscopic QCD, it is still a strong-coupling 
relativistic quantum field theory which is solved and applied to 
fight baryons in the chiral quark soliton approach (xQSM) [10] 
and variants of it [ 11 ]. In this approach the quarks with the mo
mentum-dependent mass M(p) move in a self-consistently gen
erated pseudo-scalar mean field similarly to the Hartree-Fock 
potential in nuclear and atomic physics.

In contrast to the naive quark models, the %QSM is relativis
tic-invariant. Being such, it necessarily incorporates quark-anti
quark admixtures to the nucleon. Quark-antiquark pairs appear 
in the nucleon on top of the three valence quarks as particle-hole 
excitations of the Dirac sea distorted by its interaction with the 
pion mean field [remember: the Dirac sea comprises all the lev
els with negative single particle energy since they always appear 
as solutions of the Dirac equation]. In addition there will be vi
brations of the multitude of quarks moving in the self-consis
tent field and the reaction of the self-consistent field to this move
ment. These excitations should be described by means of rela
tivistic random-phase-approximations, which, however, are not

Fig. 2: The lowest baryon multiplets which can be 
interpreted as rotational states in ordinary and 3-flavour 
spaces,shown in the hypercharge-isospin Y-T3 plane.
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considered in the present context. In fact this mean field approx
imation with successive quantization of collective rotations in 
coordinate space and flavour space is known to be very successful, 
since it has described many properties of light baryons, as e.g. 
mass splittings and form factors of octet baryons, and parton 
distributions and generalized parton distributions of the nucleon.

Rotational excitations
A mean field solution as such does not provide the quantum 
numbers of the baryon yet. This is well known from nuclear 
many body physics, where e.g. the Hartree-Fock solution of a de
formed nucleus has to be projected by Peierls-Yoccoz techniques 
on good angular momentum. There the results are multiplets 
characterized by the total angular momentum J and dimension 
of d = 2/ + 1. The states inside a multiplet are \J,K > with pro
jection K of the angular momentum in the body fixed frame with 
K = In the present case for each J the members of each
multiplet are characterized by two quantum numbers, i.e. the 
isospin T3 and hypercharge Y. The reason lies in the more 
complicated structure of the symmetry group, which for three 
flavours of the quarks (up, down, strange) is SU(3). If one de
notes the SU(3)-multiplets by their dimension and their angular 
momentum and parity one obtains (8, 1/2+) , (l0,3/2+) , (10,1/2+ 
(27,3/2+) , (27,1/2+)... They are ordered  by increasing mass, see Fig. 
2. The first two (the octet and the decuplet) are indeed the lowest 
baryonic multiplets in nature. They are also the only ones whose 
states can be composed of just three quarks in an orbital s-state, ac
cording to the quantum numbers. All other multiplets need ex
plicitly the inclusion of the negative-energy single quark orbits 
(Dirac sea) and their distortion due to the interaction with the 
mean field. If one disentangles this distortion by means of the 
Thouless-Theorem it corresponds to lp -  lh-excitations (or quark- 
antiquark excitations) with respect to the unperturbed Dirac sea. 
Hence e.g. the states in the anti-decuplet (lO,1/2+) have structure 
with dominating components uuddü or uudds. Here the uuddü 
has in (lO,1/2+) the same quantum numbers as udd of the ordinary 
octet and hence would fit into a pure 3-quark scheme. On the 
other hand, the uudds is truly exotic, since it cannot be formed 
by three quarks and has no counterpart in the octet.

An interesting question is where to stop in this fist of multi
plets of the soliton. Apparently for sufficiently high rotational 
states the rotations become too fast: the centrifugal forces will 
rip the baryon apart. Also the radiation of pions and kaons by a 
fast-rotating body is so strong that the widths of the corre
sponding resonances blow up. Actually one needs to compute 
their widths in order to make a judgement. If the width turns 
out to be in the order of hundreds of MeV, one can say that this 
is where the rotational sequence ceases to exist.

An estimate of the width of the lightest member 0 + of the an- 
tidecuplet, shown at the top of the anti-decuplet, gave a surpris
ingly small result: ΓΘ < 15 MeV. This result, obtained in the chi
ral quark soliton model, immediately gave credibility to the ex
istence of the anti-decuplet and motivated the experimentalists 
to search for this new baryonic particle .

Prediction and observation of the Θ+
In 1997 Diakonov, Petrov and Polyakov [2] summarized the results 
on the antidecuplet obtained in a collaboration between theory 
groups of the University of Bochum and of the Petersburg Nuclear 
Physics Institute in Gatchina. There were two striking features: Θ+ 
had to be relatively fight (1540 MeV) and surprisingly narrow (ΓΘ+ 
<15 MeV). This prediction has to be contrasted with naive quark 
model expectations where such a state should be as heavy as 1.7 - 
1.9 GeV, broader than 100 MeV and of negative parity.

On the experimental side, from 1960’s till early 80’s there have 
been intensive searches for exotic S = +1 baryons in 1.7 -1.9 GeV 
energy range with no convincing results. After 1986 the Particle 
Data Group stopped mentioning these searches. The 1992 partial 
wave analysis of the KN scattering data concluded that there 
might be broad resonances but, if there were any, they ought to 
be in a high-mass range. In fact, today we know that those KN- 
data are consistent with the present finding of the Θ+ if this has 
a width of about one MeV [9].

In October 2002 T. Nakano [1] from LEPS collaboration re
ported the first evidence of the new baryon from the yC reac
tion. Independently, the DIANA collaboration led by A. Dolgo- 
lenko at ITEP, Moscow, looked into their K+Xe bubble chamber 
data. In December 2002 the group reported on the observation 
of a very narrow Θ+. The next groups, including two CLAS ex
periments {yd pnK+K~ and yp nn+K°K°) at Jefferson Lab., 
knew about these two experiments, and gave very important con
firmation using various reactions and final states [ 1 ], see fig. 3 for 
the reaction process at DESY. Later several experiments, mostly 
of higher energy, announced negative results [4],
It should be noted that all the experimental results (including 
the negative ones) came from reanalyzing the raw data of old 
experiments designed originally for other purposes. Recently 
LEPS (Spring8, Japan) and CLAS (Jlab, USA) have launched ded
icated high statistics programs searching for exotic baryons. 
While the first results from LEPS confirmed the existence of Θ+ 
in yd photoproduction, the analysis of (γd —> pnK+K~π-π0 and γp 
—> n π+π~K+) reactions at CLAS gave negative results. Prelimi
nary as they are, these findings show our ignorance as far as the 
production mechanism of Θ+ is concerned. Only when the full 
analysis including different final states is completed one can 
know whether these high statistics searches will invalidate or con
firm the first low statistics sightings announced over the last 3 
years. Therefore, one is now looking forward to the forthcoming 
results, for the issue to be finally resolved.
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 Fig.3:The reaction in which the Θ+ was found by the 
HERMES collaboration at DESY

The decay width of Θ+
All experiments giving evidence of the Θ+ see that it is narrow, the 
most stringent bound being Γ < 9MeV. The indirect estimates 
[9] show that it can be actually as small as 1MeV or even less. If 
correct, Θ+ would be the most narrow strongly decaying particle 
made of fight quarks. Any theoretical model of Θ+ has to explain 
the unusually small width first of all.

The Chiral Quark Sofiton Model, which motivated the exper
imentalists, gave an estimate Γ < 15MeV [2]. To understand the
oretically the small width it is helpful to go into a coordinate 
frame where it makes sense even for a relativistic system to talk
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of the number of particles. This is the infinite momentum frame. 
In this system the baryon wave function falls into separate sectors 
of the Fock space: three quarks, five quarks (i.e. three quarks plus 
one quark-antiquark pair), etc. The difference between the ordi
nary nucleon and the Θ+ is that the nucleon has mainly a three- 
quark component and a small five-quark component, while Θ+’s 
Fock space starts from the five-quark component with small sev
en-quark admixtures.
For the calculation of the decay width of Θ+ it is important that 
the 0 + decays only into n + K+ and p + K° and the kaon is not an 
arbitrary meson but a (nearly massless) Goldstone meson. 
Hence, it is in some approximation sufficient to evaluate gΘA~*NK 
as a transition matrix element of the axial charge between Θ+ 
and the nucleon states. In the infinite-momentum frame the op
erator of the axial charge does not create or annihilate quarks 
but only measures the axial charge of the existing quarks. Thus, 
the matrix element in question is non-zero only between the pen- 
taquark and the five-quark component of the nucleon, and this 
is known to be small. In addition there is a suppression in the 
overlap between Θ+ and the 5-quark component of the nucleon 
and there are also some phase space arguments. A crude prelim
inary estimate shows that the Θ+ width can be very small.

Summary
The discovery of the exotic 0 + with minimal quark structure 
uudds may provide a sensation since, if confirmed, it is the first 
baryonic particle that cannot be composed of three quarks. The 
chiral quark soliton description of baryons has predicted the 
mass and an upper limit for the decay width of this particle pri
or to the experiments and in agreement with the present data. 
The model corresponds to a relativistic mean field description 
of the nucleon, where the quarks move in a self-consistent mean 
field of pionic and kaonic character. It uses an effective chiral 
Lagrangian based on spontaneously broken chiral symmetry of 
the QCD. In a natural way the chiral quark soliton model de
scribes the well known lowest two multiplets (8,1/2+) , (l0,3/2+) and 
it predicts two more exotic particles being members of an anti- 
decuplet (lO1/2+) consisting of pentaquarks. The very narrow 
width of the Θ+ can be explained by the small overlap of the 5- 
quark light cone wave function of the Θ+ with the small 5-quark 
light cone component of the wave function of the nucleon.

If confirmed, Θ+ will not only be a new kind of subatomic 
particle but will seriously influence our understanding of the 
structure of ordinary nucleons. ■
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