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A review of the Pentaquark Properties
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Abstract— Although the ©" has been listed as a three star resonance in the 2004 PDG, its existence is still not completely established,
Whether the particle exist or not, but it is still of interest to see what QCD has tosayon the subject. For example, we should know why the

o'

width is extremely narrow. In this paper | review briefly the pentaquark

properties.

+
Index Terms— Baryon, Decay width, Multiquark, Pentaquark, © properties, QCD, Resonance.

1 INTRODUCTION

The year 2003 will be remembered as a renaissance of ha-
dron spectroscopy. At the early of that year (LEPS) collabora
tion, T. Nakano et al [1] reported the first evidence of a sharp
resonance Z*renamed to © at Mg+ =154+0.01Gev with a
width smaller than I'g < 25Mev .

The experiment performed at the Spring-8 facility in japan
and this particle was identified in K*N the invariant mass
spectrum in the photo-production reaction y" — K~ +6", which
was induced by a Spring-8 tagged photon beam of energy up
to 2.4 GeV.

The existence of ©* was soon confirmed by various
groups[2] in several photo-nuclear reactions including V.V
Barmin et al ITEP(DIANA) [3, 4], JLAB (CLAS) [5] and ELSA
(SAPHIR).

Perhaps the simplest data coms from SAPHIR detector [6] at
ELSA where the ©*is photo-produced of a simple target. The
final state contains nK*k? and the relevant system is identi-
fied in the missing mass spectrum of the k). The K is recon-
structed from its two 7z decay, preferentially in the forward
direction. These authors conclude the ©*is an isoscalar due to
the absence of a ©*" in the »p — pK*K~ channel.

After the Jefferson lab confirmation, it was observed in sev-
eral different experiences with a mass of 1%40+10 MeV and a
decay width of 1540+10 MeV.

Since 2003, January there have been several reports of exot-
ics. Because of the observation of such states in various reac-
tion channels, the existence of pentaquark baryons now be-
comes accepted. Such states are believed to belong to a multip-
let of states where the possible observability of the other
members has to be confirmed [8].

This discovery has triggered an intense experimental and
theoretical activity to understand the structure of the state.
With the conventional constituent quark model, the conserva-
tion rules guarantee that it has a strangenessS=1, baryon
number B=1and chargeQ=1, thus the hypercharge is
Y=B+S=2 and the third component of isospin is1=0. No
corresponding pK*(l3 =1) state is observed at the same mass,
due to absence of a ¢*" in the jp — pK*K™ channel and thus
the isospin of ©" is the same ! =0 and it also seems important
that no S =1 baryon states has been observed below the NK
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threshold and this state seems to be the ground state.

We have two decays A (1540) > KN and A (1600) - KN above
the threshold but both decays need qq pair production from
Vacuum, but we have for 6" decay: 6 -K*N and it seems
that no need qg pair production if ¢*is not a more compli-
cated object.

All known baryons with B=1 carry negative or zero
strangeness a baryon with strangeness S =1, it should contain
at least one S, cannot consist of three quarks, but must contain
at least four quarks and an antiquark ; in other words, must be
a pentaquark or still more complicated object. Now it is called
6" pentaquark in literature.

From the charge and the strangeness. u?d?sis a possibility
as the content of 9" which called the minimum quark content,
such state is exotic; in general states with the q having differ-
ent flavor than the other four quarks and their quantum num-
bers cannot be defined by 3 quarks alone are called exotics.
Thus we have an exotic 8% .

The discovery of 6" was followed by the discovery of yet
another exotic baryon, =7, found by the NA40 group at
CERN [7] with M =1862+0.02Mev , the particle (s?d°()is another
manifestly exotic baryon whose decay at =z~ has been ob-
served at the mass M =1.862+0.02Gevvyith a width T <18Mevand
the uuddc pentaquark as D P( 3100 ) observed at H1 [8], its
mass 3099+3+5 and width compatible with experimental reso-
lution, decaying to D P which search for but not seen by Zeus
[8].

Another report from WAS89 collaboration shows no evi-
dence for £(1860) in =~ -nucleus collisions [9], however higher
statistics experiments are required to firmly establish the ob-
served states. The possibility and the interest for S=1 baryons
(or Z baryons) has been recorded for many years by the PDG
up to 1986 but subsequently it was dropped because of lack of
clear evidence for their existence.

The efforts to search for pentaquark baryons until 1980’s
were summarized in Ref [11]. However this exotic baryon
with such a low mass and so narrow a width impose a big
challenge to hadron theories and its discovery shall be one of
the most important events in hadron physics.

If it is really a pentaquark state it will be the first multi-
quark states people found. Theoretical interest in exotic ba-
ryons has continued both for heavy and light quarks [12]. The
first prediction of the mass of #*is M, =1530Mev by M. presza-
lowicz at 1987 and the first prediction of width of ¢%is
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I'; <15Mev by M.Polyakov, D.Diakonov, and V. Petrov. At 1997.
The  averaged mass  value My =1536.2+ 2.6Mev and
Iy=12+9+3Mev and the world average is My =1538Mev. The
mass and the width of * and other exotic pentaquark baryons
has predicted by several hadron models. Its width (I’ <10Mev)
is exceptionally narrow as for a hadron resonance located at
110 MeV above the NK threshold usually referred to narrow
width puzzle.

There is no direct measurement of its spin S and Isospin I
and its angular momentum J and parity P are different in vari-
ous theoretical works, however most of them postulated its
angular momentum ] to be J=1/2 but the possibility of ] = 3/2
and S=1/2 and P=+ is rather plausible.

If some of theoretical models is correct, there should be new
pentaquark states waiting for discovery. Are these new states
exists? The answer is experiment but in the experiment we see
a variety of mass for 8%, are they same particle and the differ-
ences are due to experimental errors?

Where else to look for ¢* pentaquark production.

1. Nucleon- Nucleon collisions:
2. Photon - Nucleon collisions:
3. Pion - Nucleon collisions:

Measurement of parity is crucial to test theories and there
are many suggestions on detecting the parity. Another test is
measurement of the isospin and spin of pentaquark states.

If 6* confirmed and established, a new landscape of multi-
quark hadrons is emerging from the horizon. We must answer
what is the underlying dynamics leading to its low mass, nar-
row width and special production mechanism?

Do other multiquark hadrons exist 4q, 6q, 7q, Nq? Is there
an upper limit for N? Study of these issues will deepen our
understanding of the low-energy sector of QCD.

QCD as the underlying theory of hadron theories predicts
beyond 3q or qq also multiquark states - quark gluon hybrids
- glueballs and so on but it is unperturbative at low-energy,
thus we need to understand the underlying dynamics of these
states and concepts such as confined quarks and gluons or
fundamental concepts such as spin and mass of a confined
quark and a free quark or the width of decay of a hadron.

Although 6* has been listed as a three star resonance in the
2004 PDG, its existence is still not completely established:

Whether 6% exist or not, but it is still of interest to see what
QCD has to say on the subject.

2 NARROW WIDTH PUZZLE

The pentaquark width (T <10) is exceptionally narrow as for
a hadron resonance located at 110 MeV above the NK thre-
shold .Both ¢*nd =7~ are very narrow states. 6" Is so narrow
that most of the experimental results show only an upper
bound around 20 MeV or from the recent KN scattering is less
than several MeV [13].

While the width of conventional exited hadrons always are
around one hundred MeV or even bigger, if they lie 100 MeV
above threshold and decay through S-wave or P-wave.

For comparison the S=1 hyperon A (1520) D3
state JP =3/27 and in the same mass region as the 6%, has do-
minant two-body decay D-wave with final states NK, with a
smaller phase space and higher partial wave, and its width is
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15.6-MeV [14], while 9" P-wave with a total width less than
several MeV, corresponding to negative or positive parity re-
spectively A (1520) decay to KN through D-wave and its
width is 7 MeV also A (1600 ) decay to KN through P-wave
and its width is 100 MeV this two decays need qq creation
and 6" is in the same phase space but its width is smaller than
10 MeV, there is a puzzle!

The question is the origin of narrow width of the penta-
quark which is the most peculiar feature of this new reson-
ance. In other words is there mysterious selection rule which
is absent from the conventional hadron interaction?

Since there is no known selection rule from symmetry to
make the width naturally small, the narrow width should
have dynamical origin. Can low-energy QCD describe the un-
derlying dynamical forces between quarks and gluons in such
states and generate their mass and width correctly?

There have been several attempts to explain the narrow
width from combinational suppression from the spin-flavor
and color factors or from the spatial structure due to diquark
correlations and from the theories which describe the behavior
of quarks and gluons like chiral soliton and instanton liquid
models.

Several attempts performed on confinement. However, no
definite conclusion has been reached yet.

A conventional dynamical mechanism for the long life time
of the pentaquark state is treating its hadronic decay on the
basis of the constituent quark model which is supported by
QCD as underlying theory and molecular dynamics. This me-
chanism suppose that the constituent quarks are well mixed in
the colors space inside the pentaquark and rearrangement of
their colors, flavors, spins and spatial positions into two color-
white clusters ( i. e. the Nucleon N and the Kaon K for THE-
TA pentaquark) takes a long time and thus gives a narrow
width for the pentaquark decay.

This rearrangement or regrouping is governed by the strong
Interactions among quarks and is not simply related to the
distance in color - flavor - space between the initial and final
states. This method is called color molecular dynamics (CMD).

In this method for example the wave function of a single
quark as a constituent one is parameterized by a Gaussian
wave pocket in coordinate space and by a color coherent state
in the SU ((3)and so on. Then by using of Hamiltonian com-
monly used in the standard constituent quark models, the
Time - dependent dynamics of the multiquark systems in
their clusters and decays are explained.

Because of the importance of strong forces in QCD, color
and spatial coordinates is more interesting and spin-flavors
and antisymmetrization sometimes are neglected, however
their effects on the width and mass of a state are not important
in QCD.

There have been several attempts to explain the narrow
width of the ¢* pentaquark [17]. For the ¢* the most efficient
decay mechanism is for the 5 quarks to regroup with each oth-
er into a three - quark baryon and a meson, that is in contrast
to the 3R; decay models of the ordinary hadrons [18].

Carlson et al. constructed a special pentaquark wave func-
tion which is totally symmetric in the flavor-spin part and an-
tisymmetric in the color-orbital part [19], with this wave func-
tion they found the overlap probability between the penta-
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quark and the nucleon kaon system is 5/94.

Taking into account of orbital wave function in JW s di-
quark model further reduces the overlap probability to 5/594.
The small overlap probability might be responsible for the
narrow width of pentaquark.

Another approach to this puzzle is a SUSY [29,30] based
model in which we use a broken dynamical supersymmetry
between an antiquark and a diquark by replacing two anti-
quarks in an antibaryon by two diquarks to form a pentaquark
and relating their mass to each other.

Using this technique, we find that the mass of an exotic pen-
taquark with strangeness S=1 is at least 200 MeV larger than
that of the reported " pentaquark.

Furthermore, there is no reason for the pentaquark to be
narrow, and the pentaquark should have such a broad width
as to make it hard to observe as a resonance, even in the case
with orbital angular momentum1=0.

It seems if we use another unknown dynamical interactions
between quarks in diquark after replacing it, we will be able to
decrease the mass and decay width of the pentaquark, if this
replacement occur in color space only, we can use the QCD
based behavior of spin, flavors and antisymmetrization of di-
quarks to describe such dynamical interactions.

A few years ago similar ideas were used to predict the
masses of exotic mesons and baryons but not for the proper-
ties of pentaquarks.

The standard constituent quark model is the next approach
to this puzzle, at the symmetry limit the selection rules are
exact and the narrow width of the pentaquarks come from the
symmetry breaking.

Buccella and sorba suggested [20] that the four quarks are in
the L =1 state and the anti- quark is in the S-wave state inside
the 9" and="".

There are four anti - symmetric four quark SUg(6) wave func-
tions that are
M Bls 225 [215s

In the diquark model (JW) the four quarks are not complete-
ly antisymmetric, thus the third one correspond to this model.

The narrow width of ¢* pentaquark may favor the last two
wave functions [31].

The reason is as follows: when the anti-quark picks up a
quark to form a meson, two of the other three quarks remain
in the SUg(6)totally symmetric representation[3]for the
nucleon octet.

If SUg(6) symmetry is exact, thel0 pentaquarks will not de-
cay at all, this selection rule is exact in the symmetry limit, the
narrow width of the¢"and ="~ pentaquarks come from the
SU¢ (3) symmetry breaking.

In order to refine our understanding of quark dynamics at
low energy where it is not perturbative we review some gen-
eral features of the dynamics of a K*N resonance, 6" lies about
100 MeV above K*N threshold at a center of mass momentum
K=270 MeV, the characteristic parameter KR is 6.4 if we use a
typical Range R=1 F for this interaction.

Assuming isospin zero with KR=1.4only the S or P- wave is
likely and the spin S=1/2 is plausible.

QCD features are:

1- Because of low center of mass momentum and no other ha-
dronic channels coupling to K*N below Ka threshold at 1725
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MeV we are at nonrelativistic region.

2- 9*is an exotic particle and in its scattering to K*N there is
no quark- antiquark annihilation graphs, thus we no have con-
fined states that couple by qq annihilation.

3- The wave function of K* and N or final states differ from
each other in space, color, and spin.

According to this features of QCD in the region of 6" we
lead to a nonrelativistic potential scattering description of it,
but this description cannot reproduce its mass and width se-
mioultaneously correctly the reason is as follows:

The resonance are related through the range and depth of
the potential, for a simple attractive potential of Range 1 F, the
width of a P-wave resonance 100 MeV above threshold is
above 175 MeV but this range of a potential brings in a high
energy scale, far from the 6* P-wave resonance.

Thus one can choose the potential Range to be 1 F and de-
crease the mass of " by some additional dynamics beyond
nonrelativistic potential scattering, for example: hyperfine
interactions such as flavor-spin and color-spin interactions
between quarks inside the pentaquark and confinement ef-
fects.

Although this is our understanding of quark dynamics at
low energy there is various attempts to refine it.

We can produce the mass of 6% by decoupling of decay
modes through mass matrix diagonalization between penta-
quark states for example two degenerate pentaquark octet and
antidecouplet.

However in JW’s model * is not the lightest pentaquark due
to the ideal mixing between the octet and anti-decuplet the
ideal mixing will split the spectrum and produce two nucleon
-like states (Ng (1710), N;(1440)) wilczek identified Ny as the well-
known Ropper resonance N(1440), which is a very broad four-
star resonance [32] with a width around (250 to 450 MeV).

However, it will be very demanding to explain Ropers large
decay width and 6*’s extremely narrow width simultaneously
[33] which excludes Nj (1440) as a pentaquark state, Ng (1710)
has a large branching ratio into channel and it should be ex-
cluded as a pure antidecuplet state.

This is because, within SU (2) symmetry, antidecouplet does
not couple to decouplet and meson octet, therefor mixing with
other multiplets is required if one want to identify N¢ (1710) as
a pentaquark Crypto-exotic [22-28] states.
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