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We brie y review the formulation of chiral quark soliton mod el and
explain the di erence and similarities with the Skyrme model. Next, we
apply the model to calculate non-exotic and exotic mass spé@. We con-
centrate on large N counting both for mass splittings and decay widths.
It is shown that pure large N arguments do not explain the small width
of exotic pentaquark states.

PACS numbers: 11.30.Rd, 12.39.Dc, 13.30.Eg, 14.20. c

1. Introduction

There is still a lack of consensus whether the lightest membbeof the ex-
otic antidecuplet has been discovered [1]. Four months aftehis conference
results from high statistics G11 experiment at CLAS have bee presented
at the APS meeting with negative result for the photoproduction of * on
proton [2]. Even more problematic is the sighting of the heaiest members
of 10 that were seen only by NA49 experiment at CERN [3]. These stats
were predicted within the chiral soliton models [4 8]. Early estimates of
the antidecuplet octet splitting, My5 g 600 MeV, obtained in a specic
modi cation of the Skyrme model can be found in Ref. [5]. The stimates
of both * and 15 masses from the second order mass formulae obtained
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in the Skyrme model in 1987 are in a surprising agreement witlpresent ex-
perimental ndings [6]. Already at that time, however, the d oubts whether
these predictions were trustworthy had been raised [5, 6, 11 Today they
were scrutinized and rephrased by other authors [12 14].

In 1997 the masses, as well as the decay widths of the exoticasts were
estimated within the chiral quark soliton model [7]. One of the most striking
predictions of this seminal paper by Diakonov, Petrov and Ptyakov [7] was
the small width of antidecuplet states. Despite some misprits in this paper
(seee.q. [9,10]) and the model dependent corrections, the narrow witl is
one of the key features of the chiral model predictions whichs in line with
recent experimental ndings.

In this paper we examine the successes and problems of chisdliton
models ability to predict properties of exotic baryons. In Sction 2 we ar-
gue that soliton modelsare in fact quark models and explain the di erence
between quark soliton models and Skyrme model. Then in Sect3 we list
di erent predictions for masses of exotic baryons and discss the N count-
ing for the mass splittings. In Sect. 4 we repeat the same angis for the
decay widths. Summary is given in Sect. 5.

2. Soliton models

Soliton models are often regarded as orthogonal to the quarkicture.
Very often they are generally referred to as Skyrme type mods where only
mesonic degrees are present. In this Section we will demonste that they
are deeply rooted in QCD, take into account quark degrees ofédedom maybe
even in a more complete way than the quark models themselveand that
they are fully operative providing predictions of static baryon properties,
structure functions, skewed and o -forward amplitudes andlight-cone dis-
tribution amplitudes for baryons (for review seee.g. Refs. [1517]), not
to mention properties of pseudoscalar mesons [18]. That ofoarse does
not mean that they capture all physics, since for example t hey do
not posses con nement. They rely on largeN. limit and chiral symmetry
breaking. We shall also make distinction between quark saton and Skyrme
model.

Let us take as a starting point the chiral Lagrangian densityof the form

L= (i@ MU ) (1)

which looks like a Dirac Lagrangian density for a massive fenion if not
for matrix U. Infact is a3-vector in avor space and also in color. Matrix

Us=glFF ) =5
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parameterized by a set of pseudoscalar elds has been introduced to restore
chiral symmetry given by a global multiplication of the fermion eld by a
phase factor

1 é s 2)
Indeed, the termM is not invariant under (2), however M U 5[] s,
provided we also transform meson elds

US[]! e "~ sUus[]e! ~s: (3)

Since matrix U lives in the avor space, the color indices are here con-
tracted producing simply an overall factor N in front of (1).

Lagrangian (1) does not contain kinetic term for meson elds so*~'s are
expressed in terms of fermion elds themselves. The kinetiterm appears
only when we integrate out the quark elds. Then the resulting e ective ac-
tion contains only meson elds and can be organized in termsfa derivative
expansion

F2 %
Sell= 4 T @U @uy
1 < h iy
+—— T Y, oo+ + 4
2 @uU U”; @uu Wz , (4)

where constantsF- and e can be calculated from (1) with an appropriate
cut-o. wz is the Witten Wess Zumino term which takes into account axial
anomaly and does not require regularization. Perhaps the nst important

part are the ellipses which encode an in nite set of terms thaare e ectively

summed up by the fermionic model of Eq. (1). The truncated sees of Eq. (4)
is the basis of the Skyrme model. Hence the Skyrme model is (armewhat
arbitrary, because it does not include another possible 4 dwative term)

approximation to (1).

At this point both models, chiral quark model of Eq. (1) and Skyrme
model of Eqg. (4) (without the dots ), look like mesonic theories devised to
describe meson meson scattering, for example [19]. Baryorage introduced
in two steps, following large N strategy described by Witten in Refs. [20].
First, one constructs a soliton solution, i.e. solution to the classical equa-
tions of motion that corresponds to the extended con guration of the meson
elds, i.e. to matrix U which cannot be expanded in a power series around
unity. Second, since the classical soliton has no quantum mobers (except
baryon number, see below), one has to quantize the system. BP&aps this
guantization procedure, which reduces both models to the nwelativistic
guantum system analogous to the symmetric top [4,21] with t® moments
of inertia 11.2, makes chiral-soliton models look odd and counterintuitie.
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It is not our purpose to give the full review of the soliton mocels which
can be found elsewhere [15 17], especially their connectiowith QCD, to
some extent obvious from Eq. (1), was extensively reviewediRef. [22].
Here we want to discuss the interconnection of the chiral sabn models and
quark models. In fact Lagrangian (1)is an interacting quark model, despite
the fact that there are no gluons there. The interaction proeeds through
the chirally invariant coupling U 5 and information about gluons (which
are integrated out) is encoded in the coupling strengthM (constituent quark
mass).

For the purpose of illustration it is convenient to use the vaiational
approach for the soliton solution [23]. To this end one uses &edgehog
ansatz for the static Up eld:

eiﬁ ~P (r) 0

UO - 0 1 ’ (5)
where 2 2 matrix in the upper left corner depends on one variational
function P(r) = P(r=ro) characterized by an e ective sizerp and being a
subject to the boundary conditionsP(0) = andP(1)=0. Forrg=0
matrix Up =1 and the spectrum of the Dirac operator corresponding to (1)
looks like a spectrum of a free fermion of masM (see the right panel of
Fig. 1). Once we increase the sizey, the levels rearrange and one distinct
level sinks rapidly into a mass gap (see the left panel of K. 1).
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Fig.1. Spectrum of the Dirac operator in the presence of the &lence level and
without. The soliton energy is calculated as the regularizé di erence of two con-
tributions

The energy of thisinteracting fermionic system is given as a sum of the
valence level and the sea levels (lled levels of the Dirac e;a) calculated
with respect to the vacuum (ro = 0) con guration as depicted in Fig. 1.
Stable minimum is achieved for some intermediate soliton g rg = rgq),
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usually of the order of a fermi, as an interplay betweendecreasing energy
of the valence level andncreasing energy of the Dirac sea. In this case the
baryon number of the soliton is given simply as the baryon nurber of the
valence level.

An interesting limit can be considered byarti cially tuning the size of
the soliton to ro = 0 [24]. In this limit the valence level goes back to the
upper edge of the mass gap and the contribution of the sea legecancels
out. Hence the soliton in this limit looks like the constituent quark model.
Indeed, it has been shown that forg ! 0 many static observables calculated
in the soliton model are in agreement with the naive quark moél predictions.
These includega = 5=3; =land p=p= 23

In the Skyrme model the soliton is constructed purely from the mesonic
eld (5). The baryon number is given as a charge of the conseed topological
current. Stabilization is achieved by an interplay of the increasing energy
of the kinetic term and the decreasing energy of the Skyrme ten (4). This
re ects the main di erence between quark soliton and Skyrme-soliton. Had
we included all terms denoted by ellipses in Eq. (1) there wdd have been
no minimum of energy as a function ofrg.

The quantization on the other hand proceeds in both models ahost
identically [4]. The symmetric top Hamiltonian is supplemented by a con-
straint coming from the ;z term which selects SU(3) representations that
contain states ofY = 1. Octet, decuplet, exotic antidecuplet and eikosihep-
taplet (i.e. 27-plet) [25] are the lowest possible representations safying
this constraint. The di erence between the two models is buied in the an-
alytical form of the expressions for the symmetric top paraneters (overall
mass and moments of inertiagtc.). Some of them are identically zero in the
Skyrme model, whereas they are nonzero in the quark solitormodel due to
the valence level contribution.

Is the tower of representations satisfying constraintY = 1 in nite? For-
mally the answer is: yes, but physically: no, since we have toevise as-
sumptions which led us to the quantization of the soliton. Nanely, we have
assumedrigid rotation which is (classically) very unlikely when the soliton
angular velocities become large. Two phenomena are expedtedeformation
of the soliton and vibrations. Deformation will lead to instabilities resulting
in radiation of pions (Goldstone bosons in general). Fast rating solitons
will have a cigar-like shape and will lie on linear Regge tragctories [26].

As discussed above there is only one representation of giveimension in
the allowed series of representations selected by the We&umino constraint.
So there is only one (nonexotic) octet, while the quark modal inevitably
require a cryptoexotic octet together with antidecuplet. Of course, the octet
is not missing; it has to be of di erent origin. So far we have onstructed
only rotational states, however, there will be also vibratons.
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Explicit construction of the vibrational states in the Skyr me model (with
the dilaton eld) has been carried on by Weigel in Refs. [8]. h this approach
only one mode, namely the breathing mode of the soliton waguantized
and a subsequent mixing with other states was investigated.

3. Mass estimates

+

In order to estimate the mass of we have to know two quantities,
namely the strange moment of inertia,l , which contributes to antidecuplet

octet splitting 3
Mo s= 5 (6)

and the energy shift due to the nonzero strange quark mass. Ihas been
observed by Guadagnini [27] that the mass splittings in the Byrme model
are well described in terms of 2 parameter e ective Hamiltoman

0

H°=D @+ Y;

where N - However 0 in the minimal Skyrme model and the
spectrum cannot be well described in the rst order perturbaion in HC
Second order correction, which can be schematically writte as [6]

E, I, 2 (7)

mimics the nonzero . This second order correction cannot be smaller than
the typical mismatch of the rst order M. Therefore, there is a lower
bound on E», which translates into an upper bound on Mgy g. The
antidecuplet cannot be too heavy. On the other hand E, cannot be too
large for consistency reasons, hence too light antidecuplés also excluded.
This is how the original prediction M .  1535MeV was obtained [6]. The
updated results of this analysis are given in Table I.

In the quark soliton models one chooses di erent path. Insead of going
to the second order in perturbative expansion inmg one calculates nonlead-
ing terms in 1=N. [28]. This generates 6 0 from the beginning and the
lower bound onl , does not exist. One can try either to constrainl » by iden-
tifying some known nucleon resonance witiN; , as it was done in Ref. [7],
or resort to explicit model calculations which, however, ceer rather broad
range of allowed values [9].

In the original paper of Diakonov, Petrov and Polyakov [7] the value ofl ,
was xed by the identi cation of N5 with N (1710) and the equal spacing
in antidecuplet by adopting the value of 45 MeV for \ .

Today we would take a dierent approach. We would use rather
than N to x the average 10 mass. In a recent paper [9] it has been shown

+
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TABLE |

Masses of baryons obtained by minimizing the square deviatin with respect to
Msori; 11 1o for xed

exp. =720 MeV  push
N 939 915 23
1116 1090 26
1193 1214 +21
1318 1323 +5
1232 1231 1
1385 1389 +4
1533 1535 +2
1672 1662 10
* 1540 1535 5
N 1667
o 1751
g 1862 1784 78
® Q
fixesl,
| - O--0 -
fixed bys d'
oOYo O

Fig.2. Antidecuplet of SU(3) avor including *. In Ref. [7] I, was xed by
N (1710)and the splitting by xing .

that the set of parameters of the symmetry breaking Hamiltorian

Ho=D &+ v + p—éDgf)éi €)

(where Dg88) are SU(3) Wigner matrices, Y is hypercharge and$; is the
collective spin operator [28]) which reproduces well the neexotic spectra,
as well as the measured mass of the * (1540), can be parametrized as
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follows!:
=336:4 129 |y ; = 3364+4:3 n; = 47594+86 | :
Moreover, the inertia parameters which describe the represtation splittin(ggs)
M108=%; M1 8=T32 (10)
take the following values (in MeV)
1 1
o =152:4, o =608:7 29 y : (11)

If, furthermore, one imposes additional constraint thatM _ = 1860 MeV,
then N =73 MeV [9] (see also [30]) in agreement with recent experimenita
estimates [31].

Hamiltonian (8) introduces mixing between dierent representations
[9,32]:

Bai = 8108 + & 0B + &) 21nB

jBioi = 1035;B + a3; 273;B + af5 35,;B ;

JBﬁl = 1_01:2;8 + dg 81:2;8 + d§7 271:2;8 + d5—5 3_51:2;8 X (12)

wherejBri denotes the state which reduces to the SU(3) representatioR
in the formal limit mg ! 0. The mg dependent (through the linear mg
dependence of , and ) coecients cB, d8 and a8 in Eqg. (12) can be
found e.g. in Ref. [9].

Although the model seems to describe the spectrum of antideplet
rather well (assuming that * and 15 exist and have masses as discussed
in the Introduction), we encounter here the rst potential p roblem. Namely,
the exotic nonexotic mass splitting (6) reads in fact

N
M s= 5. O @ (13)
whereas 3
M1 8= Tl O (N, 1)3 (14)

This N¢ counting is in fact born by experiment

Mio ' 230MeV; Mg g' 600MeV, (15)

1 We use herems=(my + mgq) = 12:9 [29].
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however, it poses a serious problem to the validity of the quatization pro-
cedure for exotic states in largeN¢ limit. Indeed, in the imaginary world of
very large N all nonexotic states are degenerate, whereas exotic onesear
split by a quantity of the order O(1), similarly to the vibrations with which
they will mix. This fact although known already in the late 80's have been
recently revised critically in the literature [12,13]

4. Decay widths

In the decay of * ! NK the kaon momentum in the rest frame of the
decaying particle

pk =267 MeV (16)
is almost identical to the pion momentum in  decay
p =225 MeV. 17)

One would, therefore, naively expect that the decay width of * should be at
least as large as the one of or even larger, since no suppression coming from
the overlap of the wave functions is expected. Indeed, pentmark states
have naively so called fall-apart modes. One of the chief p redictions
of the quark soliton models is that the * width, contrary to the naive
expectations, is very small [7]. This prediction stimulatel experimental
searches.

Whilst the mass spectra discussed in the previous section @rgiven as
systematic expansions in bothN and ms in a theoretically controllable way,
reliable predictions for the decay widths cannot be organied in a similar
manner. In fact the decay width is calculated by means of thedrmula for
the decay width forB ! BO+ ' :

1 p — 1 pP —
B! BO+' = 8_Mp|\/| OM 2= 8_|V| M 0A2
up to linear order in mg. The bar over the amplitude squared denotes av-
eraging over initial and summing over nal spin (and, if explicitly indicated,
over isospin). Anticipating linear momentum dependence othe decay am-
plitude M we have introduced reduced amplitudeA which does not depend
on the kinematics, i.e. on the meson momentump: . For the discussion of
the validity of (18) see [9].
Soliton models can be used to calculate the matrix elemeri¥l . In order
to match former normalization [7] we shall de ne the decay arplitude as

(18)

MB! BO+' = Boé(s)jBl
=3 B%GoDi  Gidpc.DYS, g—%D@géijBi P (19
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where the sum over the repeated indices is assumed:= 1;2;3 and b;c=
4;:::7. Itis assumed that coupling constantsGg:1.» can be related to the el-
ements of the axial current by means of the generalized Goldyger Treiman
relations [7]. Explicitly

3G%
8M gMpgo

R 3.
Bl BO+' = Cgi gosr P

For antidecuplet decays R = 10):

1 10 1
Gp = Go G1 3Gq; Clo, yik = c; (20)
whereas for decuplet R = 10):
1 1
Gio = Go+ EGZ; ClO! N+ = g: (21)

Hence the suppression of antidecuplet decay width may comenly from the
cancellation betweenGg;1;» entering Gg. Indeed, in the nonrelativistic small
soliton limit discussed above one can show thaG,:=Gy = 4=5, G,=Gy = 2=5
and Gz 0! Although nonintuitive this cancellation explains the small
width of antidecuplet as compared to the one ofL0 for example.

One problem concerning this cancellation is that formally

Go O (NF?)+ O(NF?); Gz O (NP (22)

and it looks as if the cancellation were accidental as it oces between
terms of dierent order in N.. That this is not the case was shown in
Ref. [33]. Indeed for arbitrary N, antidecuplet 10 = (0; 3) generalizes to
\10" = (0; Nef2), decuplet\10" = (3 ; Ner-2) and octet \8" = (1 ; NeL) [34],
and the pertinent Clebsch Gordan coe cients in fact depend on Ng:

Ne+1 1
°4 G1 =Gj: (23)

G\E" = GO 2

So the subleadingGi-term is enhanced by additional factor of N and the
cancellation is consistent withN; counting. Moreover

C\E” - 3(Nc+1) i .
HNTKET (Ne+3)(Ne+7) Ne
C\10" — (Nc 1)(Nc+5) o) (1) (24)

PN T 2(Ng+1)(Ne+7)
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and it looks like the antidecuplet width were suppressed wih respect to de-
cuplet. Unfortunately the phase space factop® spoils this counting. Indeed,
because of (13) and (14)

1
p O & i O (25)
C
and consequently
1
N+ O NZ ciNn+k O (D) (26)
Cc

in the chiral limit. This N counting contradicts experimental ndings which
suggest  +; n+k I N+ -

Fig. 3. The correction factors RM™> due to SU(3)-breaking representation mixing
for the decays discussed in the text, as functions of the paraeter G1=Gp.

A few comments are in order. Firstly, let us note that in Nature neither

nor K mesons are massless and both and px are of the same order
of 230 MeV (16), (17) and the scaling (25) does not hold. So fom 6 0
and mx 6 0 both meson momenta scale adl?, however does not decay,
because in the largeN limit it is degenerate with nucleon and cannot emit
a massive particle, whereas * does decay. It is an instructive example how
subtle is an interplay of theoretical limits Nc!'1 and mq! 0. Secondly,
(25) holds only if the cancellation Gg5 = 0 is not exact. Let us suppose

that the leading N power cancels in such a way thaG;z O (Nclzz) rather
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than O(Nfzz). That would make  +, y+k O (1=N2), i.e. of the same
orderas | N+ . Finally let us remark that there is further suppression of
+1 N+K coming from the mixing (12). This is illustrated in Fig. 3 where
we plot multiplicative correction factor R™MX) as a function of the parameter
G1=Gy. Phenomenological value of 0.5 [9].

5. Summary

The solitonic approach to baryons is very successful, as itedcribes not
only spectra and other static properties, but also structue functions, skewed
and nonforward parton distributions and also ligth-cone dstribution ampli-
tudes. However, it relies on many approximations. Firstly,it is based on an
ansatz and as such one must check the self-consistency of thgproach. Ev-
idently, following arguments by Witten [20], solitonic solutions are justi ed
only for large N.. Indeed, looking e.g. at Eq. (1) a calculation of bary-
onic properties requires functional integration over bothbosonic ( ) and
fermionic ( ) degrees of freedom. In order to apply the stationary phase
approximation, as it is commonly done in the soliton models,one has to
omit the bosonic functional integral, using instead thebackgroundbosonic
eld that minimizes the e ective action of the system. This is only justi-
ed for large N¢, where the bosonic uctuations are suppressed. Secondly,
soliton quantization proceeds by quantizing the rotationsin space and a-
vor space. To this end one assumes the rotational motion to bediabatic.
This means that angular velocities go likeJ=I  1=N. yielding frequencies
(and hence excitation energies) of orde©(N. ). This, in turn, implies a
Born Oppenheimer separation of the slow collective rotational motion from
the faster modes associated with vibrations. Because of thiscale separation
the collective rotational modes can be quantized separatglfrom the intrin-
sic vibrations. While this procedure has been applied with geat success to
many properties of the nonexotic baryons it has been critided as far as
exotic multiplets are concerned.

The question [12, 13] here is whether the rigid-rotor type smiclassical
projection can be applied to exotic states. The fact that thestandard semi-
classical quantization gave excitation energies of the oat O(N?2) for exotic
states (13) means that the approach is not justi ed for such sates unless fur-
ther arguments can be invoked. In contrast, in view of Eq. (1% rigid-rotor
guantization is certainly justi ed for the non-exotic stat es.

Diakonov and Petrov [35] have argued that while it is true tha at large
N rotational excitations are comparable to vibrational or radial excitations
of baryons, both non-exotic and exotic, the corrections dugo the coupling
between rotations and vibrations die out as1=N.. The collective rotational
guantization description fails only when the exoticnessj.e. the number of
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gq valence pairs needed to construct the quantum numbers of agn state,
becomes comparable tdN.. The newly discovered * baryon belongs to
the antidecuplet of exoticness= 1. The larger N, the more accurate would
be its description as a rotational state of a chiral soliton. Diakonov and
Petrov [35] support their estimates by considering a simplenodel consisting
of a charged particle in the eld of a monopole. However, if oe generalizes
the model by considering two charged particles interactingby a harmonic
potential and moving in the eld of a monopole, the coupling d rotational
and vibrational degrees of freedom of this system is by no mea vanishing
but strong [13].

As we have discussed in Sect. 4 largd: arguments apply also to the
width of the baryons considered, because if the approach izt ed, then
at a formal level the width must approach zero at largeN.. Of course, for
non-exotic states such as the decuplet, this is true. The reson is simply
phase space (25). Unfortunately, as shown recently in Ref38] the width
of the * as calculated via the standard collective rotational apprach is
of the order NQ in the chiral limit. This demonstrates that the procedure
is not self consistent on the basis of pure largdl. arguments. Thus, if the
width of the * is really small, as the experiments indicate, there must be
particular dynamical reasons for the smallness, which exion top of what
is required for the validity of the large-N. expansion alone. In this context
the cancellation leading toGy; = 0 in the small soliton limit is of particular
importance.

For completeness one should also mention another approach the quan-
tization of chiral solitons based on the assumption that SU8) symmetry is
strongly broken [14]. This approach, known as a bound-statapproach, was
recently applied to * by Klebanov et al. [11]. These authors reconsider
the relationship between the SU(3) rigid-rotator and the baind-state ap-
proach to strangeness in the chiral soliton models. For noexotic S = 1
baryons the bound-state approach matches for small kaon masng onto
the rigid-rotator approach, and the bound-state mode turnsinto the rota-
tor zero-mode. However, for smallmk , there are noS = +1 kaon bound
states or resonances in the spectrum (unlessik 0). This shows that
for large N and small (but non-zero) mg the exotic state is an artifact
of the rigid-rotator approach. An S = +1 near-threshold state with the
quantum numbers of the * pentaquark comes into existence only when
SU(3) breaking is su ciently strong or vector mesons are introduced [36].
Therefore, one argues that pentaquarks are not generic predions of the
chiral soliton models.

The present work is supported by the Polish State Committee dér Scien-
ti c Research (KBN) under grant 2 PO3B 043 24.
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