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We explore the phenomenology of, and models for, Zieresonances, the lowest of which is now well
established, and called tlé®. We provide an overview of three models which have been proposed to explain
its existence and/or its small width, and point out other relevant predictions and potential problems, for each.
The relation to what is known abo#iN scattering, including possible resonance signals in other channels, is
also discussed.
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. INTRODUCTION nances with isospin 0, 1, and 2 lie in tm_éF, 27, and35:
representations, respectivelin pentaquark models these are
Strangeness+1 baryon resonancesZt’s) have been the only representations with strangenesi) The existence
treated with considerable disdain i_n the péste, for ex- ¢ such aEF state was noted long ada0,11. Since such
ample, the comments by the Particle Data Gro@p for  re5onances did not correspond to 3-quark states they tended
1992, the last year they were discussdgven at that time () pe ignored. This changed with the work of REf2] and
there were candidates f@* resonancef2,3]. It is interest- o follow-up work of Refs[13,14) where a narrow state in
ing to notice that the papé#] following the latter of these he 1500-1600 MeV region was predictéske also Refs.
references increased the spin-orbit force by a factor of 3 in £15,16)). A narrow strangeness 1 state was then found ex-

cloudy bag model calculation in a desperate attempt to r€erimentally in this energy regidi7—23 generating a good
duce the need for thg* resonances. The results of the 1985 4o of subsequent theoretical discusgib, 16,2451, It is
analysis were largely confirmed in a later analy§isby the o\ necessary to understand the nature of this state and the
same group and are roughly consistent with R2f. More  jpjications of its existence. The existence of a new narrow
recently it was shown that the poles found in the 1992 analytegonance in a region of the baryon spectrum thought previ-
sis correspond to peaks in the time delay and speed[ibts 51y t0 be reasonably well understaid®] raises questions

~ Theoretically, multiquark states were considered long ag@ypout how good this understanding actually is. In particular,
in the bag model, and the masseszdf configurations cal- j; rajses the possibilityor, perhaps, likelihoodthat states
culated in some detail for the negative parity sedf®f.  ith nonexotic quantum numbers may be either structurally
However, these states typically suffer from the presence of @imiar to the recently observed exotjoentaquarkstate, or
fall-apart mode and are usually associated with poles imthe ¢,nain significant admixtures of such exotic configura-
matrix [8] rather than with real resonancgsoles in thet tion(s).

matrix). Even that association has been questidiegd In this paper we consider the phenomenology of Zfe

In the Skyrme and chiral soliton models of the nucleon, . : )
states with exotic quantum numbers occur naturally througﬁes’o_nan_C ©s, including the recently d|scov&ho\N(_a expl_ore
the presence of solutions corresponding to higher flavor rep'e |mpl|cat|ons*of a number of models compatible with the
resentations. In th8U(2), case, an early embarrassment for €XiStence of &* resonance in the region of t for the
these models, was the prediction bfJ=5/2,7/2..., asyetundetermined quantum numbers of eand con-
states. These states arise via projection from the same intrigider other potentially observable* states predicted by
sic state as the ground state. Sincelthdd=5/2Y=1 state, those models.
in particular, was not seen, it was assumed to be an artifact of The rest of the paper is organized as follows. In Sec. Il we
the model.(The model is natural in th&,= limit, but summarize the current experimental situation for #e
would in general require I, corrections in the real worlgd.  resonances and relaté scattering results. In Sec. Il we
The SU(3)g version of the model also predicts a numberdiscuss the results from various soliton model calculations,
of higher states, these occurring in various exotic multipletsyvith an emphasis on implications for possible states beyond
1_0F, 27-, 35, etc. TheSU(2) 1=J=5/2 state lies in an the ©(1540). In Sec. IV we discuss models based on an
SU(3)r 35 and thel=J=7/2 in an81-. The Z* reso- explicit pentaquark structure, involving interquark interac-
tions mediated by either effective Goldstone boson, or effec-
tive color magnetic, exchange, and compare the two ap-
*Electronic address: jennings@triumf.ca proaches. In Sec. V we discuss briefly recent QCD sum rule
"Electronic address: kmaltman@yorku.ca and lattice explorations of the=0,1 Z* sectors. Finally, in
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TABLE I. The experimentalZ* resonances. The mass range ye|| as in a recent reanalysis of oidv bubble chamber data
quote for the lowest resonance corresponds to the range of centrﬁél] The former findsn=1539+2 MeV, T<9 MeV [18§]
values found in the experiments of Ref$7—23. The limit on the the latter m=1533-5 MeV, I'<20 MeV [21]. The

width is a conservative one, compatible with the limits reported in - :
all of Refs.[29—-31]. The parameters of the higher states are fromHERMES Collaboration has also presented evidence for a

Ref.[5]. narrow ® " in eD—pKX at a beam energy of 27.6 GeV,
with m=1528+3+2 MeV, I'<20 MeV [23], and no sign
Mass Width Quantum of a ®* 7 signal. The failure to observe @ " in yp
(MeV) (MeV) numbers —K~K™p, in both the SAPHIR 20] and CLAS[22] experi-

ments, if correct, rules out the proposed isotensor assignment

- PY=(072,? ] ’ : .
1?22 1555 ;fo (. )Dég' ) suggested in Ref25]. An I =0 assignment is most natural in
1811 236 P13 light of these results. However, dr=1 assignment is still
1831 190 PO1 possible since, iyp— KKN, three different reduced isospin
2074 503 D15 matrix elements appear ify=1, allowing a cancellation to

occur in theK K *p production amplitude. The absence in
the HERMES experiment, however, is very unnatural for an
Sec. VI we draw conclusions and suggest directions for ful =1 © in the higher multiplicity production environment
ture work. and hence, it seems to us, strongly faver0.

In addition to the direct upper limits on the width already
noted, indirect upper limits have been obtained using infor-
mation from elastic scattering. Referen¢29] gives I

In this section we summarize the phenomenology of the<6 MeV, while Ref.[30] finds a limit of a few MeV, and
Z* resonances. We begin with a brief reminder of the basigrefers a width of an MeV or smaller. Bounds efl
results fromKN scattering. It is known that bots-wave —4 MeV (from a consideration ok “d scattering dateand
phase shifts are repulsive at low energjib This implies <0.9=0.3 MeV (from a consideration of the signal in the
that the central part of th€N interaction will produce n&N DIANA experiment[18]) have also been obtained in Ref.
potential model resonances. In thevave sector, the?01  [31].
and P13 waves are attractive while tH03 andP11 waves In settling on the entries for the mass and width of the
are repulsive. This suggests a spin-orbit potential with differ-® (1540) in Table |, we have taken a conservative approach
ent signs in the two isospin sectors. These qualitative feaand quoted the full range of central values for the mass ob-
tures are correctly described in a number of approaches: thained in the various experiments, and the largest of the re-
cloudy bag model4], the meson exchange picturg3,54, ported upper bounds. It is likely that the width is signifi-
and both the quark Born terfB5], and resonating groy®6]  cantly smaller than this upper bound.
approaches to the nonrelativistic quark model. The example of th@® shows that important information

The 1982 version of the “Review of Particle Properties” can be obtained from knowing that no resonance has been
[2] lists five Z* resonancesZy(1780) (P0JY), Z,(1865) seen in a given energy region in the existiidl database.
(D03), Z,(1900) (P13, Z,(2150), andZ,(2500). The last Indeed, we must take into account not only the resonances
two have no spin or parity assignment. An analysikdfp  that have been claimed, but also the absence of any other
scattering in 198%3] found evidence for three states: P13 atresonance signals. THeN phase shift analysig5] saw no
1780 MeV, P11 at 1720 MeV, and D15 at 2160 MeV. A moreresonances below 1788 MeV. A resonance could have been
complete analysi§5], going to higher energies and also in- missed if it was too narrojas in the case of th®(1540)]
cluding =0, found four resonances. Their properties areor if it was very wide. A medium-width resonance should
listed in lines 25 of Table I. For the last two experimentalhave been seen, if it exists. Similarly, R€f$9,20,22 would
determinations, the mass is the pole location, while for théhave seen a resonance if it were narrow, at least if its mass
first it is the Breit-Wigner peak location. The two should not were below~ 1800 MeV. Reference0,22, in particular,
be expected to be identical. Referefibgalso gives Argand were able to rule out=2 states in this range as a result of
plots which show strong forward looping for the first three of their increased sensitivity to th€2 charge state.
these states. Refereni@ shows speed and time delay plots  The nominal threshold for thKA channel is 1725 MeV.
which are also consistent with the resonance interpretationA state with a mass significantly below this value can decay

In addition to the phase shift analysis, there are a numbesnly to KN or, with additional phase space suppression,
of recent photoproduction experiments7,19,20,22 all of  KaN. We would expect such a state to have been seen, if it
which see a narrow resonance rat-1540 MeV, with a  exists. Above~1725 MeV, the opening of thKA channel
width consistent with experimental resolution. Explicitly the could make an =1 or 2 state broad. Thi€* N threshold is
results arem=1540+10 MeV, I'<25 MeV [17]; m=1543  at 1830 MeV and gives an additional open channel for higher
+5 MeV, I'<22MeV [19]; m=1540+5 MeV, T mass states with=0 or 1.
<25 MeV [20]; andm=1555+10 MeV, I'<26 MeV [22]. We conclude that below 1725 MeV there is likely only
Two of the experiments, Refg20,22, report negative results one Y=2 resonance, th€ (1540). Above~1725 MeV, a
in their searches for ® ** signal. A narrow signal in the resonance may have been missed only if it is very broad and
same region has also been seerkinXe scattering18], as  decays predominately into a channel other #t

Il. THE Z* PHENOMENOLOGY
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lll. THE CHIRAL SOLITON MODEL 10’s of MeV) width is natural, avery narrow (~1 MeV)
idth is less so, since it requires a rather close fine-tuning of

Here we review the results obtained from the Skyrme an he magnitudes of the paramet@s and G,.

Chiral soliton models. We rely on Reff12-16,36,38,4D . )
Our aim is(i) to explore the extent to which these models In addition to the lowest-lying, POly=2 st_ate, there
make predictions different from those of the pentaquaricnould be other nearby members of th@ multiplet. The
models presented in the next section &fidl to see what first state of interest here is the PMs>=1 member, having
additional experimental information would serve to best tesP'UC/€0N quantum numbers. _
the soliton model approach. In the original work of Ref[12] (DPP), the 10- N state
It is worth noting that there has been some recent debat¢as identified with theN(1710), which identification was
over the validity of the rigid rotor approximation for the used to fix the average mass of tt@ multiplet. (This is no
guantization of the relevant collective modes in the solitonlonger true of the most recent updd#9]; we will discuss
picture, in particular concerning the relation of this approxi-the updated version belowThe splitting within thelO: was
mation to the largé\, limit of QCD [37,39,41,42 Potential  determined by the then-current value 45 MeV [61]) of the
problems with the rigid rotor approximation f&=+1 ex-  npycleon sigma term. Th&0: assignment for thél(1710) is
otic states were noted long affsb]. More recently, the ques- gypject to several possible objections. In Réf3], for in-
tion of whether it is safe to neglect the couplings betweergtance, onc&U(3)e breaking was taken into account, tNe

collective rotational modes and other degrees of freedom aly,q i, this region was found to have sizable components not
large N, was raised in connection with the observation that

the splitting of exotic from nonexotic baryon states does nognIy of the 1G: configuration, but also of the radially excited

go to zero adN.— o [37]. That the rigid rotor approximation ; state, aslwell ?S f_taltes It?l . and 35{ ?UIFEﬁI?;S'
is not necessarily exact in the exotic sector, even in the larg eré are aiso potenual problems associated wi e pre-

Lo ot icted decay widths: the soliton model predicts the de-
N, limit, is seen explicitly in the toy model constructed by icted
Pobylitsa [41]. Cohen[42] has also provided arguments cay width to be a factor of 2.2 smaller than tNe; decay

showing that, in general, in the exotic sector, the exotic colWidth for a purel0: state, whereas thie(1710) has a large
lective rotational modes need not decouple from the vibrad 7 but smallN branching fractior{62]. (A large relative
tional modes, even adN.—c. Significant vibrational- N# branching fract_lon is also pred|cte_d_|n the positive parity
rotation coupling was also seen explicitly, filg=3, in the pentaquark scenario of R¢R8].) In addition, the more com-
results of Ref[13]. None of these observations, however, Plete calculation of Refd14,15 shows two states close to-
rules out the possibility that treating the collective rotationsg€ther in this mass range, one coming from the rotation, and
as the dominant degrees of freedom in the low energy part e from the vibration of the solitoiiThe claim of Ref[28]
the spectrum might be a good phenomenological approximadhat the soliton model does not have a neapyvith which
tion. Vibrational-rotational mixing is, in fact, likely to be the 10- can mix ignores the presence of the vibrational
most important for states with nonexotic quantum numbersstates. The Roper would be predominately a vibrational state
where nonexotic radially excited configurations and low-in the soliton picturg. The vibrational g¢) and rotational
lying exotic configurations with the same quantum numberg10:) states mix strongly in the analysis of Ref43,15.
may lie close together. This expectation is borne out in thélhis mixing will, no doubt, have an important effect on the
explicit calculations of Ref[13]. predicted branching ratios. The analysis of R68] does, in
There is a consensus among the various soliton moddéct, suggest that there are tWbstates in this region. Two
calculations that a state with POY=2 quantum numbers states are probably necessary in both the soliton and positive
and a relatively narrow width should occur in the 1500—-1600parity pentaquark modelsee the next section for a discus-
MeV mass range. This state lies inl8-. A relatively nar-  sion of the pentaquarks
row result for the width of this state was reported in Ref. ~ The recent report by the NA49 Collaboration of an exotic
[12], though the precise value quotét’5 MeV) has been =~ state withm=1862+2 MeV and I'<18 MeV [60],
subsequently questiond7]. A corrected version of the DPP necessitated a refitting of t18U(3)-breaking parameters of
calculation, given by Jaffe[58], vyields instead I', the original DPP analysi$40]. This refitting turns out to
~30 MeV. The narrow width results in part from a cancel- require a different assignment for thg1710), which is per-
lation [12,13 between the contributions of operators propor-haps welcome in light of the comments above. The reason is
tional to parameter§, andG; which are, respectively, lead- as follows. The NA49 state can be naturally interpreted as
ing and next-to-leading order in theNl/ expansion. It has the |=3/2 S=—2 10: partner,=Z3,,, of the ®. This state
been shown, however, that in the lalyg counting, the co- Wwas originally predicted to have a mass of 2070 MeV by
efficient of the 1N. operator matrix element receives an DPP. Assuming thé&0: assignment is correct, and taking the
O(N.) enhancement relative to the leading order operato® andZ=;, masses as input, one obtains a alternate solution
contribution, so the two canceling contributions are formallyfor the symmetry-breaking parameters of the model. Taking
of the same order il [43]. A width for the ® significantly  the result of the ChPT analysis for the light quark mass ratio
less than the width of thA is, therefore, quite natural in the 2mg/(my+m,)=24.4+1.5[64] as input, this solution cor-
soliton picture[43]. To satisfy thel'g<6 (~17?) MeV ex- responds to a nucleon sigma term oft75 MeV, somewhat
perimental bound, however, the numerical cancellation has thigher than, though not incompatible with, the more recent
be rather close. Thus, though a relatively narrow few  experimental determination of R€65], ony=64+7 MeV.
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TABLE IlI. Predictions for the masses of exotic states in the  TABLE Ill. Results for the masse@n MeV) of the nearby ex-
JP=3/2", 27- multiplet in the DPP implementation dU(3)g otic states lying above th®. Results in the column labeled “Lin-
breaking in the soliton model picture. The results of R&6J, given ear” correspond to the linear-imy treatment with the updated val-
in the third column, are based on the original DPP parameter set, thees of the fit parameters obtained using éend =3, masses as
results denoted “updated” on the modified set obtained usingthe input. Results in the column labeled “All Orders” are those from
and = 3, masses as input. Masses are given in MeV. Ref. [15], and correspond to the all-orders+im- diagonalization
explained in the text.

State (.S Ref. [36] Updated
State €,J%.1,9) Linear All orders
0, (0] 1595 1628
T2 (2-1) 1904 1727 Eae (103+,3,—2)  1862(fit) 1780
Ear ¢,-2) 2052 1908 0, (273 1,1) 1628 1650
Q7 (1,-3) 2200 2088 Iy 273+ 2,-1) 1727 1690
=P (273+,3,-2) 1908 1850
The interpretation of the NA49 signal as thé- partner of Qa7 (2757.1-3) 2089 2020

the © is thus phenomenologically acceptable in the soliton
picture. With this interpretation, thEQ- N state lies between
1650 and 1690 MeV, once one takes into account mixingsU(3)g breaking, we compare the results of the updated fit
with the ground state nucleon, and hence is no longer to babove to those of Ref15]. The latter were obtained using
identified with theN(1710) [40] (though mixing with the the same leading-order-iz O(m) SU(3)g-breaking op-
radially excited8¢ state, not considered in R€#0], may erator as in DPP, and one of the two next-to-leading-order-in-

complicate this picture N. O(ms) operators, but diagonalizing to all orders rather
It is worth stressing that, in the approach of R¢12,40,  than truncating at first order im;.
once the® and =3, masses are employed as inpaif, pa- The comparison of the results for the nearby exotic states

rameters in the model are fully determined. Precise predicin the two approaches is given in Table lll. We see that the
tions then follow for the locations of other exotic baryon sensitivity to the treatment o8U(3)r breaking is rather
states. Of particular interest for testing the soliton picture arenodest, the largest discrepancy being 82 MeV. This occurs
thpo_se ei(OtIC states lying in the next lowest multiplet, havm_gfor the case of'theop 53,2 statg, Which comes out somewhat
J"=3/2", 27 quantum numbers. These states were considpw in comparison with experiment in the approach of Ref.
ered in detail in Ref|36], using the original DPP parametri- [15]. One should, however, bear in mind that fHg,, mass
zation for the symmetry-breaking terms. It turns out that thgyas ysed as input in fixing the model parameters in Rk
modified fit necessitated by the NA49 observation signifi-yhile the value, 1780 MeV15], obtained in Ref[15] was a
cantly alters the predictions for most of these exotic statesprediction, made in advance of the NA49 observation. The
The results for the masses from RES6], together with the vajue of Ref. [15] is rather similar to the estimate,
modified results obtained using the updated parametrization 1750 Mev, given in the pentaquark model of REZ8].
of Ref. [40], are given in Table 1[66,67. We note thali)  The agreement between two such apparently different mod-
the 1=1 JP=3/2" Z* resonance, denote@, lies rather gls is quite surprising. One should also bear in mind that the
close to the® (mg, —Me<90 MeV), (i) while the position  «3|-orders” treatment of Ref[15] includes only the higher-
of the ®, is only modestly altered by the updated parametri-order-inimg effects generated by diagonalizing the lead-
zation, the masses of the remainiig: ,3/2" exotics are all  order-inimg operators. Additional effects associated with
significantly lowered, andii) with the updated parametriza- higher-order-inmg effective operators have been neglected.
tion, the exoticJ®=3/2" |=3/2 cascade statE,; is pre-  For the sake of botki) verifying that it is possible to repro-
dicted to lie only 46 MeV above the analogo@i§: E,, duce the observed s, mass in the all-orders-diagonalization
state. The lowering of the masses of 2@ exotics will — approach andii) determining the size of the shifts in the
have a significant impact, through reduced phase space, dnasses associated solely with the higher order diagonaliza-
the prediction for the widths of these sta{@6]. The pres- tion corrections, it would be interesting to add the remaining
ence of a27: E g, state should be detectable through thenext-to-leading-order-itN, SU(3)g-breaking operator em-
existence of &* 7 decay branch, which iSU(3) forbid-  ployed in DPP to the analysis of Rdfl5]. Note that any
den for al0: state, but allowed for 27 state. pentaquark model which predicts tRewill also predict ex-
While fitting the ® and =4/, masses fixes the parameters Otic = states obtained from th® by interchanging the
of the DPP version of the soliton approach, one should beastrange quark and one species of light qusstku, u=s or
in mind thatSU(3)g breaking is treated only to first order in similarly for the d. The existence of such states thus does
ms in Refs.[12,36,4Q. It has been argued elsewhere thatnot, by itself, distinguish between the soliton and pentaquark
higher-order-inmg corrections may not be negligibjé5,16.  pictures.
The somewhat high value afy obtained from the updated Let us return to th®,, which is the next lowest lying*
linear-inmg fit may also argue for the presence of higherresonance after th® in all of the soliton model analysis. We
order corrections. In order to get a feel for the uncertaintiehave seen that there is only very modest sensitivity to the
associated with such differences in implementation oftreatment ofSU(3)r breaking in the predicted mass of the
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®, in the two rigid rotor approaches discussed above. Aonexotic channels, that the D03 and D15 resonances may
somewhat higher mass; 148 MeV above th®, is obtained be quadrupole excitations of the lower PO1 and P13 reso-

in the bound state approach to strangeness in the solitorances. It alséi) suggests that the 1831 P01 state may be the

model[38], though one should bear in mind, as pointed outradial excitation of theé® and(ii) argues for the presence of

by the authors of Ref[38], that somewhat larger-than- @ low-lying SO1 resonance, which has not been seen. More

expectedSU(3)g-breaking modifications of the parameters detailed calculations of the excited exotic states in the soliton

of the model are necessary to accommodate@hin this ~ Model are needed in order to see whether these expectations

approach. An interesting observation made in R88] is arngctHally borne O#t' in quangitgtive terms. tor th
that, independent of the details of the implementation of the inally, apropos the proposed isotensor assignment for the

bound state approach, a particular linear combination of thg) [25], WF.“ cqmment that the lowest-lyinig=2 ;tate comes
splittings of thFe)Ipzl 27, JpP:3/2+ and27., JP=1/2" z* out very high in the soliton mode~1950 MeV in Ref[15]

resonances from th® is determined solely by the pionic and 2035 MeV in the bound state approd@8]). Rather

moment of inertia) .., which is very well constrained by the Sémlga: vallé)es 6’1982 MeV) arel obtamedt_m enﬁer the
A-N splitting. One thus has the following sum rule relating oldstone-boson-exchange or color-magnetic-excnange ver-

the Z* splittings to theA-N splitting sions of the pentaquark p_icture. T_hus in all o_f these ap-
proaches the isotensor assignment is strongly disfavored.
1 In summary, the soliton model accounts fairly well for the
§[mz7F,3/2+—m@]+ §[m27F,1/2+—m@] observed properties of th®, provided the resonance quan-
tum numbers turn out to bel (F)=(0,1/2"). Potential
2 problems for the approach are the need for a second nucleon
=3[my—my]=195 Mev. (1) state near 1710 MeV, and the location of tfie=2, (I,J7)
=(1,3/2") state. The exotiE , is predicted to lie some-
Since the27:, 1/2° Z* state lies significantly above tf#¥- ~ What low in one version of the modEl5] but can be accom-
3/2° (®,) state, for any phenomenological acceptable pamodated with not-unreasonable parameter values. Improved
rametrization of the model, ah=1 @, partner of the®@  experimental data in the energy region of the problematic
appears unavoidable below1700 MeV in this framework. States would be useful, as would experimental searches for
This feature is thus common to both the bound state and rigiéhe other predicted exotics, and explicit calculations for the
rotor versions of the chiral soliton model. location of the lowest exotic negative parity states.

Whether or not a relatively low-lying state such as the If the quantum numbers of th®(1540) are other than
should be observable in existirigr future experiments de- (1,J7)=(0,1/2") the soliton model is in serious, and prob-
pends on its width. If one employs only the leading-order-in-ably terminal, trouble: not only will it have predicted a state
N operator of DPP, one obtains an estimBig, ~80 MeV that has not been found, it will have failed to predict a state

[36]. It seems to us it would be surprising ifS= +1 state that has been.

with F~SQ MeV haq not begn seen in either the _productiqn IV, Z* RESONANCES AS PENTAQUARKS
or scattering experiments discussed in the previous section
[68]. Even the higher estimates 6f1650—1690 MeV for In order to construct &@* state similar to thed (1540)

the mass are likely to be problematic, since the fifst2, one in the quark model, one requires a configuration with a

P13 state seen in the data is the one at 1811 MeV. The spifminimum of four light (,d) quarks and one quark. There
isospin excitation energy for th® thus appears to be a js a long history of interest in, and quark-model-based stud-
factor of ~2 or more too small in the soliton model ap- ies of, channels where such pentaquark configurations might
proach, assuming the earlier experimental results are corre@eccur [4,7,54—56,69—7B The discovery of the® has
As we will see in the next section, the pentaquark picturesparked renewed interest in thjg4,27-29,32-35,46 as
also predicts a low lying=1 excitation of the®, and hence  well as other[26,44,47-5, approaches. We discuss here
suffers from the same apparent problem. two versions of the quark model approach: one in which the
The nextZ* state, with (,J7)=(1,1/2") quantum num-  spin-dependentjq interactions are generated by effective
bers, is predicted to lie significantly higher than the corre-Goldstone boson exchange between constituent qui@ds
sponding (1,3/2) state(for example, at 2030 MeV in the (the GB casg and one in which they are generated by effec-
rigid rotor approximation using the original DPP parametertive color-magnetic exchandéhe CM casg The bag model
set[36], 1861 MeV using the updated parameter values, an@dnd nonrelativistic constituent quark model represent two
1830 MeV in the bound state approaf3s]). Its width is  different implementations of the CM approach. We refer to
likely to be rather larg¢68]. With a large width, it would the interactions in both the GB and CM cases, collectively, as
become important to consider corrections to the rigid collec*hyperfine” interactions.
tive coordinate rotation approximation, which might signifi-  |n the GB case, the effective interaction has the form
cantly affect the prediction for the mass. A broad state could
also easily have escaped detection in the scattering experi- Hep=

ments. i<j=1,..., 4
Whether or not the soliton model can quantitatively ac-
commodate the putative D03 and D15 resonances is not yet e cF CFqr T
: =— AN NTI[op- o ]fR(rii), (2
clear. Referenc¢15] suggests, based on an analogy with GBi<j:;._,4F[ Ao olte(ry), ()
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where the sum on,j runs over the four light quarks, that on expectation is that this mixing might turn out to be “ideal,”

F runs over the octet of pseudo-Goldstone bosonge. to diagonalize thes pair number. As noted above, such
(m, K, n), and the form off(r;;) employed in the model mixing between members of exotic and non-exotic flavor
may be found in Ref[71]. Note that in Refs[24,35 an  multiplets also occurs in the soliton model, though the mul-
approximate, “schematic” version dfigg was employed, in tiplets corresponding to the degenerate sets of the pentaquark
which the spatial dependence of the interaction was omittedscenario are typically not exactly degenerate in the soliton
As we will see below, this approximation can lead to a sig-model case.

nificant overestimate of the hyperfine attraction available in  Second, note that, in the positive parity sector, where one
the positive parity sector, and hence should be treated withresumably has one unit of orbital excitation, one must com-
some caution(Referencd 33] performs a similar schematic pine the 5-quark total spiB; with the orbitalL=1 to form
treatment of the CM interactionAs in Ref.[71] we do not  the total angular momentumh In the absence of spin-orbit
include GB-induced interactions between the light quarksorces, the states of differedtformed from the sam8&; will

and s in the putative pentaquark states in order to avoidbe degenerate. Since, empirically, spin-orbit splittings in the
incorporating interactions which would correspond to the ex-baryon spectrum are typically rather small, there is a possi-
change of Goldstone bosons in the Goldstone boson twdiility of relatively nearby spin-orbit partners for any state in
particle subchanndls (¢=u,d). the pentaquark picture. A quantitative estimate has been

In the CM case, the effective interaction has the form  made in Ref[46], assuming thé - S forces to be generated
by effective gluon exchange plus scalar confinement. Assum-

Hoy= S Hil ing either of the scenarios of RefR7,28 for the ® struc-
Mg s M ture, a splitting of order 10’s of MeV between teand its
JP=3/2* partner is found, with a conservative upper bound

of 150 MeV.

Finally we comment on the expected widths of pen-
__ taquarkZ* states. Those states withwave NK quantum
where the sum now runs over all paiwith 5 labeling thes ~ numbers lying abovalK threshold have fall-apart modes and
quark, Ee=N;/2 fori=1, ... 4, andfgz —N&*/2. The fac- hence will not corr_espond to resonances. In contrast, for pen-
tor w;; is defined to be 1 ifj is a light quark pair. In the taquark states lying abovk&N threshold, but withp- or

o o~ . d-wave KN quantum numbers, the centrifugal barrier may
SU(3)r limit pis=p is also equal to 1. Phenomenologically, inhibit the decay t&KN. A p-waveKN state at 1540 MeV, in

one requires«=0.6 in order to account foh-X splitting in 3 square well of hadronic size<0.8 fm), for example, has a
the model. We will consider both zero range and finite rangunneling width of ~280 MeV, while a corresponding
versions off(r;;) in what follows. . N _ d-wave state has a width of only 20 MeV. Taking into
Before quoting results for the negative and positive paritysccount the square of the overlap WKIN, the width of a
hyperfine expectations in the models, it is worthwhile pomt'pentaquark state can be significantly smaller than Khe
ing out certain generic features associated with the penynneling width. However, especially in tipewave case, at
taquark picture. First note thal* resonances with=0,1,2 1540 MeV, one is relatively near the top of the barrier and so
lie in the 4q flavor multiplets[f]39=[22], [31] and[4],  states with significantly higher mass for which fall-apart
respectively. Combining these with the antiquark flavor tabp-wave modes exist are expected to be very broad. Note,

==Cen_ 2 [FPFilloroilf(rym;, O

leau[11] one obtains th&U(3)r representations however, that sucp-wave fall-apart modes are available in
_ the positive parity sector only for those states where the
[22]®[11]=108, quark spinS; is 1/2. Pentaquark states wit=3/2 or 5/2
would require a tensor interaction in order to deca)hbin
[31]®[11]=27®8 10, ap wave, and hence need not be undetectably broad, at least
if they do not lie too far above the relevamivave fall-apart
[4]®[11]=35®10. (4)  threshold AK or NK* for S;=3/2 andAK* for S;=5/2).

The Z* states lie in the first of the flavor multiplets on the Z*We now consider the hyperfine expectations for possible

. . . states in the GB and CM models, in both the negative and
rl_gbrlu-;fr}::i S|de(|RHS.)f.|n all cases.'glhe.sehare the only EO.S' positive parity sectors. In the negative parity case, all five
e e e o o e e e e TS ca b put n (e owestsptlcrbal, For posiv
the éntiquark and the quarkas ispthe case for both the GB rity, an orbital excitation is required, and we consider

. . . states for which the orbital symmetry, classified by $eof
and CM models outlined aboyeghe multiplets on the RHS'’s the four light quarks, i§31]
of Egs.(4) are degenerate in tf&U(3) limit. (If one allows ' L
configurations containings quarks, one also hag211] . )
®[11], which contains degenera® and 1 pentaquark A. Negative parity Z* pentaquarks
configurations. The nonexotic states of thed-, 27, and In the SU(3)r limit, with all five quarks in the lowest
35 will thus mix strongly with the corresponding members spatial orbital, one can factor out the common spatial matrix
of the accompanyin@: and/or10- multiplets onceSU(3)¢ element and determine the hyperfine expectations by stan-
breaking is turned on. As pointed out in RE28], a natural dard group-theoretic methods. These results are easily
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TABLE IV. The lowest eigenvalues ofHgp) and'<H.CM.) in  of these higher-spin channels is that withJ) =(1,3/2). It
those negative paritg* channels allowed by the Pauli principle for s however, impossible to assign tBeto this channel since,
the four light quarks. The results are in units of etz or Ccy if one did, the more attractivéd,1/2 channel would lie be-

times the common spatial matrix element. low KN threshold. This is ruled out experimentally. Thus, no

(1.9) GB M oM possible negative parity assignment for tha@emains in the
' R N CM case.
p=1 n=06 In the GB case, the most attractive hyperfine interaction

0,172 -9.33 —4.67 —-3.33 occurs for (,J)=(0,1/2) and(0,3/2, which are degenerate.
(0,3/2 —9.33 0.33 ~033 A (0,3/2) state, which requires @&waveKN decay, would be
(1,1/2 —8.00 —1.44 ~0.78 narrow if located at 1540 MeV. The accompanyit@1/2
(1,312 ~533 ~3.00 —1.27 configuration, with its fall-apars-wave KN mode would be
(1,52 0.00 3.33 280 non-resonant and not a classification problem. However, as
2,112 267 733 6.07 we will see in the next subsection, the optimal GB hyperfine

attraction in the positive parity sector is sufficiently strong
that the lowestZ* state has positive parity. Since
resonance is observed below e it follows that a negative
checked by direct computatio®U(3)r breaking may also parity assignment is ruled out also in the GB case.

be implemented by both group-theoretic methods and direct We conclude that, should tH@ turn out to have negative
computation, providing a check on the reliability of the cal- parity, it will be necessary to abandon both the CM and GB
culations. In quoting results, we will suppress the constantsnodels(as well as the current implementations of the soliton

(2,312 2.67 3.33 3.87

Csg.cm and spatial matrix elements throughout. mode) for any future applications in the multiquark sector.
The results for the GB case are given in column 2 of
Table IV. For reference, note that the expectation inNhe B. Positive parity Z* pentaquarks

—14, which corresponds to a hyperfine energy of
~—420 MeV with standard values for the parameters of th

model. The results for the CM case are given in columns il v, Si ; lor sinalefd state. the light
. L ital symmetry. Since, for a color singlet 4 state, the lig
and 4, which correspond to t#H8U(3)r. limit (x=1) and qguark color is necessarily211]c, the joint spin-isospin-

n=0.6, respectively. For reference, the corresponding eXgpital symmetry of the four light quarks must pal],s, .

pectations in theN andK are —2 and —4 for u=1 and  gpce one takes into account the coupling of the spin ofthe
—2 and —2.4 for n=0.6. Forl=1, where configurations to S, to form Sy, one finds 4 such independd®tl] s, states
with the spin of the four light quarks5,=0,1 or 2 are all  in the (I,S;)=(0,1/2) channel, 3 in thé,3/2 channel, 6 in
Pauli allowed, and hence two possible states Withl/2 or  the (1,1/2 channel, 5 in thg1,3/2 channel, 2 each in the
3/2 exist, we show only the lower of the two eigenvalues. (2,1/2 and(2,3/2 channels, and 1 each in tk@5/2), (1,5/2)

From the table, we see that, in all channels, the hyperfing, o 5/2) channels. The's interactions in the CM model
expectation is either repulsive or significantly less attractivecoume states with the san%s , but differentS, , while such
than in KN. This is true for both the GB and CM cases. couplings are absent in the version of the GB model em-

Taking the nonhyperfine contributions into account, the mOdbloyed here. While one can simply construct the full set of

els both predict the negative pgrit_y_ states to lie considerabl¥i,ias in each channel, compute the hyperfine expectations,
aboveKN threshold, and also significantly above 1540 MeV. 5 giagonalize the resulting matrix, a physical understand-

One should of course bear in mind that the model treatmentiﬁg of the origin of the lowest possible eigenvalues, and a
qf the one—l_:)ody energies are subject to significant uncertaingq g approximation to the structure of the corresponding
ties. In particular, the response of the vacuum to the Presengg, est-lying eigenstates, can be obtained from simple physi-

of an additional quark-antiquark pair is modeled only ratherc, 4rguments based on a consideration of attractive correla-
crudely in the bag model, and not at all in the GB and CM

versions of the constituent quark model. However, even nuons accessible in the¢s sector. .
one is willing to argue that one-body energies are signifi- " e GB model, the only attractivewave (¢ correla-
cantly overestimated, there is no possible negative parit§ions are those with=S=0,C=3 and|=S=1,C=3. In
channel to which it is possible to consistently assign@he these configurations, the hyperfine pair expectations, sup-
for reasons which we now explain. pressingCgg and the spatial matrix elements, are8 and

For the CM case, the most attractive hyperfine expecta=4/3, respectively. There are no attracti¢é¢ configura-
tion occurs for (,J)=(0,1/2). Such a configuration has a tions, apart from the nucleon. Organizing the four light
potentials-wave KN fall-apart mode and hence must be ei- quarks into twol = S=0, C=3 pairs, thus takes optimal ad-
ther bound or nonresonant. Tk which is not bound, can vantage of the strong hyperfine attraction in that channel. As
therefore not be assigned to tt&1/2 channel. This argu- pointed out in Refs[28,29, such a two-cluster configura-
ment can be avoided only for states wil=3/2 or 5/2, tion, coupled to net color 3[the “Jaffe-Wilczek(JW) cor-
which require ad wave to decay t&KN. At 1540 MeV, such relation”], is forbidden unless the two clusters are in a rela-
a state would be very narrow, especially once the overlapive p wave. Neglecting interactions between the clusters, as
with KN was taken into account. The most attractive by farwell as further cross-cluster light-quark antisymmetrization

e In the positive parity sector, a large number of indepen-
3dent Pauli-allowed states exist havipgl], light quark or-
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effects(both suppressed by the relatipevave between the the SU(3)-broken casey = 0.6, where the JW and KL con-
clusters, the GB hyperfine expectation for such a configura-figurations are close to degenerate. The CM hyperfine matrix
tion is — 16, which is now more attractive than in theThis  jn the JW, KL subspace of thd ,&;)=(0,1/2) channel is,

configuration is possible only in thd,Sr)=(0,1/2) chan-  syppressingCcy and the spatial matrix elements
nel. The (,S,)=(0,0) configuration constructed from two

|=S=1,C=3 pairs, which is also present in the,$;) -4 —2\/5,&
=(0,1/2) channel, has a hyperfine attraction-a8/3 in the 7 10. |. ©6)
same approximation, and can mix with the JW correlated —2\/5,& -3 ?“

state to reduce the hyperfine expectation even further. We
thus expect the hyperfine expectation in the GB modéi)to ) ) R -
be minimized in the K,S;)=(0,1/2) channel(ii) be less The lowest eigenvalue is 8.4 for u=1 and —6.2 for u
than — 16, and(iii) correspond to a state dominated by the =0.6, in both cases significantly lower than expectation for
JW correlation. We will see that these expectations are born@ither the JW or KL configuration. The optimal combination
out by the results of the full calculations given below. In iS @ roughly equal admixture of the JW and KL correlations.
terms of the light quarks;| S,x S, substate labels in the The1SC overlap with N;,dNys for such a configuration is

spin, isospin, color and orbital sectors, the JW state, neglect= — 1/5 for our phase conventions, again providing a natural
ing cross-cluster antisymmetrization' is explanat|0n for the narrow width of a state dominated by

such a configuration and lying at 1540 MeV. The above re-

|[IW)=|[211]cAA)|[22],AA)|[22]AA)|[31].SS. (5)  sults of course neglect cross-cluster interactions, as well as

additional antisymmetrization-induced effects between the

With our phase conventions, tH&C overlap of this state clusters. They also neglect the presence of other attractive
with the (1,S;)=(0,1/2) N;,K 45 configuration is 1/26. configurationgfor example,f € ¢s with 1 =1/2, color 3and

The p-wave KN decay width will thus be naturally small  spin 1 produced by coupling theto a ¢£¢ configuration
[~280(1/24f* MeV=10f? MeV, wheref is a spatial over- yjth |=1/2, color8 and S,=1). These are less attractive
lap factof for a state at 1540 MeV dominated by the JW than the JW and KL configurations, but can also mix with the
correlation. The next most attractive correlation is that in-gpove combination of JW and KL states. As we will see
volving one|=S=0,C=3 and onel=S=1,C=3 light below, the results of the full calculatiofvhich includes all
quark pair. This configuration has,&,)=(1,1), and pro- cross-cluster interactions and is fully antisymmetrized in the
duces degeneraté,S;) =(1,1/2) and(1,3/2 configurations coordinates of the four light quarkare in good agreement
when combined with the quark. The hyperfine expectation With the estimates just given for the optimal hyperfine expec-
is —28/3, before additional mixing is included. tation. This observation suggests that the optimized combi-
The situation, though somewhat more complicated, id1ation of KL and JW correlations dominates the lowest-lying
similar in the CM case. Here the only attracti¢é correla- ~ State in the (,Sy)=(0,1/2) channel. _
tions are those with=S=0, C=3 and1=0, S=1, C=6. We now present the results obtained by constructing the
full set of completely antisymmetrized states allowed in each
channel for the light quark31], configuration and comput-

tial matrix elements, are-2 and —1/3, respectively. A . d di lizinal th itina h fi i | h
strongly attractive light quark configuration is again formeg'N9 and diagonalizing the resulting hypertiné matrix. In €act
case we quote only the lowest eigenvalue in the channel in

by constructing the JW correlation, whose CM hyperfine ex- ) i . . .
pectation is—4. The JW correlation had (S;)=(0,0), and question. Details of the construction and calculations will be
hence is present only in thd,&;)=(0,1/2) channel. The presented elsewhef@5].

_ ; - We first comment briefly on the structure of the spatial
(1,S)=(0,1) correlation produced by combining ohe S o010 monis in th§31], sector. Using thes}*x S3* la-

=0,C=3 and onel =0, S=1, C=6 pair has a less attrac- belin . :

o ' ! g, the[31]_ S, irrep has a basi§|SS,|SA),|AS)}.
tive I_|ght quark hyperfine expectatiof 7/3 ar_ld can also Writing the hyperfine matrix element between two fully an-
contribute to the I(;Sy) =(0,1/2) channel. As first noted by tisymmetrized state§n]) and|[m]) as

Karliner and Lipkin[27] (KL), however, with CM interac-

The hyperfine expectations, again suppres§igg and spa-

tions, coupling thes spin to theS=1 pair in such a way as to ([n]|Heg.cm[M]y=6([n]1|HZ cpl[m])
make the total spin of the three-quark correlation 1/2 leads to 1'15
a reversal of the ordering of the hyperfine energies of the two +4([n]|Hgg ol [m1), (7

correlated light quark states, once tfie interactions are

taken into account. Indeed, in t1&U(3), limit, the hyper one finds that the matrix elements involve the following, in
. y F ] -

fine qxpectation of the JW cqrrelated state, includingghe ?ﬁqu]f(rs S)rfomr;fe\;i)t,hsrgzitlglsrgitlxs,e;enrg?gngff ((rr jsz)) ||g] Z} arﬂ?
remains unchanged at4, while that of the KL correlated e «schematic” approximation all the diagonal matrix ele-
state is lowered to-17/3. Foru=0.6 the expectations are ments are set equal to 1 while the off-diagonal 45 matrix
—4 for the JW state and-13/3 for the KL state. Th&/s  element is set equal to zero. In general, however, the
interactions not only make the KL correlation lower in en-(ASf(r.,)|AS) matrix element will be suppressed relative
ergy than the JW correlation, but also couple the two correto the (SSf(r,,)|SS and(SAf(r1»)|SA matrix elements
lated configurations. This effect is especially important for(it, in fact, must vanish for zero range interactipns the

094020-8



Z* RESONANCES: PHENOMENOLOGY AND MODELS PHYSICAL REVIEW B9, 094020 (2004

TABLE V. The lowest eigenvalues dHgg) for positive parity ~ schematic limit to test the reliability of the calculation since,

Z* channels. The results are in units ©g(SSf(r12)|SS. The  in that limit, the expectations can again be determined using

heading “schematic” refers to the schematic treatm@meglecj of group-theoretic methods.

the spatial dependenceliyg, the heading “realistic” to the use of

the explicit spatial dependence described in Ref].

C. Comments on the pentaquark results

(1,9) Schematic Realistic Although the crudeness of the treatment of vacuum re-
_ B sponse in the models prevents the one-body energies, and

(0,172 28.0 21.9 . .

hence also the absolute location of any particular state, from

Eggg 4?(')3 i'07'5 being reliably predicted, the relative orderings, as well as the
(1’1/2) 13 171 splittings, in the models are well determined, and hence ame-
' : ’ nable to comparison with experimental data. In the GB
(1,32 —213 -171 model, the excitation energy to promote one of the light

(1,52 0.0 —09 quarks to g wave is~250 MeV[71]. In the CM case, for
g;g’) Zé7o 0582 correlations of the type expected to dominate the most fa-

vored pentaquark channel, the excitation energy is expected
(2,512 —80 —6.2 to be ~210 MeV[27]. We find that, in both the GB and CM
cases, the increase in the hyperfine energy in going from the
. . negative to the positive parity sector is more than enough to
GB model, the explicit form of the spatial dependence use%ompensate for the orbital excitation energy. The lowest ly-

in the model results in a suppression ing pentaquark state in both models is thus predicted to have

(ASf(r1)|AS) positive parity. In both cases this state Has0, S;=1/2,
f—lzos ® andis to be identified with th@. Thus, depending on the
(S9f(r)|S9 sign of any possible spin-orbit force, the quantum numbers

- o . P .
if one employs a Gaussian wave function witwave exci- of the © are predicted to be=0, with J” either 1/2 or

" . ; L
tations in the light quark coordinates. This result is much3/2t 'tAS vvle va'” expltf;\]m ?elow, othe_r phenim_?ﬁog%ace;l in-
closer to the zero range than to the schematic limit. ThdUt strongly favors the former assignment. 1he ate

relations among the other matrix elements are also not, iRISO lies lowest for the quantitative estimate of thes split-
general, well-approximated by the schematic approximationting given in Ref.[46]. Note that the “schematic” approxi-

In generating results for the GB case we have employedhation is, in general, rather unreliable. In particular, in the
the actual spatial dependence employed by the proponents 0f Sr) = (0,1/2) channel, to which th® must be assigned, it
the model, but also quote the results in the “schematic” limit/€ads to a 77% overestimate of the size of the hyperfine
for comparison. The results are given in Table V. attraction, relative t&N, in the GB case.

For the CM case we quote results for both a “zero range” The next lowest positive parity states in the GB model
and “finite range” treatment of the spatial dependence. Foorrespond to the degenerate palirSy)=(1,1/2) and(1,
the zero range case we emplm;ij): 53(;”_), while for the 3/2), predicted to lie at-1685 MeV, before spin orbit inter-

finite range case we employ a Gaussian with Widthactions are taken into account. Spin orbit splitting will make
~1/3 fm. The results are then quoted with an overall factoreither the P11 or P13 state lowest in the first case, and either

of Com(SSf(r12)|S9 factored out. The results are given in the P11 or P15 state lowest in the second. No resonance has

Table VI. In both the GB and CM , thé)een reported in this _regior_1 in any of these channel_s, thoggh
able n o © an cases, one can use a KN P13 resonance is claimed at 1811 MeV. The first spin-

TABLE VI. The lowest eigenvalues dHcy) for positive parity isos_pin excitgtion of th® thus appears in the same vicinity
Z* channels. ZR and FR denote the zero range and finite rang®S N t_he soliton mO_deL_ and hence als_o corresponds to an
versions of the CM spatial dependence, respectively. The results afXcitation energy which is, on current evidence, too small by

in units of Ccu(SSf(r19)|S9. a factor of ~2. The other attractive hyperfine state is that
with (1,S7)=(0,3/2), predicted to lie at- 1855 MeV. Since
(1,3) a=1 a=1 ©=0.6 ©=0.6 a P01 resonance is seen in this redian1831 MeV, the GB
(ZR) (FR) (ZR) (FR) model naturally accommodates such a state, provided the
spin-orbit couplings favor the low spin state in the 0 sec-
0,172 —6.86 —8.26 -5.14 —6.23 tor. This identification would then simultaneously require
0,312 —-3.82 -3.11 —2.27 —2.01 identifying the® with the J°=1/2" configuration. The low-
(0,5/2 2.58 3.03 2.01 2.51 est of the negative parity configurations not having an
(1,1/2 —5.60 —7.84 -3.92 —5.81 s-wave fall-apart mode is predicted to have quantum num-
(1,32 -2.19 —2.66 —1.46 -1.78 bersl =0, J°=3/2" and a hyperfine expectation345 MeV
(1,512 2.58 3.09 2.22 2.61 less attractive than th®. Taking into account the orbital
(2,172 1.08 -0.49 1.88 0.19 excitation energy, one expects this state to lie at
(2,32 0.09 -2.02 1.17 —0.47 ~1640 MeV. The D03 resonance claimed experimentally is
(2,512 3.33 3.37 3.07 291 located at 1788 MeV, so the GB prediction gives a prediction

for the negative parity excitation energy which is a factor of
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>2 too small, though the quantum numbers of the lowestinvestigated. In most cases a single interpolating field was
lying negative parity state are in agreement with the experiused, but on the largest lattice, and at the largest quark mass,
mental claim. variable linear combinations of two interpolating fields were

In the CM model, the next lowest positive parity state employed. Studying the resulting<2 correlation matrix al-
after the® has (,S;)=(1,1/2). Depending on the range of lowed a convincing separation of the scattering state from
the effective interaction, it lies between30 and 95 MeV  the nonscattering state, at thig, [77]. In the full analysis,
above the®. Although it has ap-wave fall-apart mode, the lowestZ* resonance was found to occur in the0 JP
which is suppressed only by barrier penetration, the underly=1/2" channel. One should bear in mind that the result
ing KN tunneling width(at least for a square well of hadronic quoted in Eq(3.2) of Ref.[50],
size does not grow rapidly enough with energy to make such
a state broad unless it lies in the upper part of this range. For M| —oP=12-=153950 MeV, 9
what would appear to be the more realistfmite range
version of the model, therefore, one would expect to hav&Crresponds to the smallest valueayfandnot to the result
seen this state experimentally. The first spin-parity excitatiorpf the continuum extrapolation shown in Fig. 4 of Re0].
of the ® (which should correspond to either the P11 or p13The latter is not explicitly quoted but, reading from the fig-
wave is thus again predicted to lie significantly too low in Ure, would correspond to roughly
the spectrum, at least for the finite range version of the CM
model. The next positive parity state hasS;)=(0,3/2),
and is predicted to lie between 1755 and 1855 MeV, dependr,, continuum-extrapolateti=0, 1/2" state, again from
ing on the range of the interaction. If thk=1/2 state is Fia. 4. h

. . i ) g. 4, has a mass

favored by the spin-orbit couplings, then, as in the GB case,
this allows the identification of this state with the claimed
POl resonance at 1831 MeV, and forces the chaie

=1/2" for the spin parity of theéd on us. Finally, with the Referencd51] is also a quenched study with unimproved
CM interaction, the (,Sy)=(1,3/2) state is predicted to lie jlson gauge and fermion action. A single lattice spacing,
in the range 1815 to 1870 MeV. The lowest state, after spiny =g ggg fm, and lattice sizel.=2.2 fm were employed.
orbit coupling, will have either P11 or P15 quantum num-The values ofn, used correspond ton,, in the range 600—
b.e.rs. No such state is seen, though it is predicted to lie sigropp MeV and, again, a linear chiral extrapolation was as-
nificantly above thep-wave AK threshold, and so may be gymed. A single interpolating field with=0, coupling to
rather broad. The lowest negative parity configuration with-y5ih theP=1/2* channels, was employed and the projec-
out ans-wave fall-apart mode, as f(P)r the GB case, is pre-jon onto individual parities performed. It is claimed that two
dicted to have quantum numbersI")=(0,3/27). Taking  pjateaus are seen in the effective mass plot, one correspond-
into account the difference of the hyperfine splitting relatlveing| to the KN scattering state, and one to the relevaft

to the® and the estimated orbital excitation enefgy], itis  resonance, though this claim has been questiof¥#s].

expected to lie~240 MeV above thed, i.e., near 1780 again, the 1/2 mass is found to be the lower of the two,
MeV. It is thus natural to identify it with the claimed D03 yith

resonance at 1788 MeV.

m| =0JP=1/2" =1465+-115 MeV. (10)

Mo gP=1/2+=1.9 M_qyp_q/- [50]. (11

m|=0’JP=1/27:1760i 90 |\/|eV (12)
V. QCD SUM RULE AND LATTICE STUDIES

, . . . nd
In this section we comment briefly on the results obtalneda
in recent QCD sum rulp47-49 and lattice[50,51,78 stud- m =(1.5+0.1)m - 13
ies. Reference§49-51] all report evidence for a negative 1=0P=12t = (1.5 0-DMy 0,717 13
parity assignment for th®. The two analysis frameworks Note that the chirally extrapolatéd andK masses come out
both have a rigorous relation to QCD so, if all approxima-gomewhat high in the simulation (1050 and 520
tions were under control in these studies, the question of the 10 \ev, respectively so if one estimates th&* reso-

parity of the® would be settled, and all of the models dis- nance masses using the chirally extrapolated values of the
cussgd above would be ruled out. We show that it not yefatios to the threshold massy+my, as in Ref[50], thel
possible to reach such a conclusion. =0, 1/2" mass would be reduced to 1610 MeV, reducing the
disagreement with the estimate of RES0].

The third lattice study76] is again quenched, with only a
single lattice spacing, but employs, instead of Wilson fermi-

Referenceg50] is a quenched study with Wilson gauge ons, overlap fermions. Much lighter quark masses are
and fermion actiond. ~2 fm and lattice spacin@ varying  reached than in the other simulations, with a minimum pion
between 0.171 and 0.093 fm. Finite size effects were invesmass ofm, =180 MeV. Both thel =0, J°=1/2" channels
tigated and a linear extrapolation énperformed. The range were considered. ThEN scattering states, and also the ghost
of light quark masses, studied corresponds tm, in the  state in the positive parity channel, were all clearly identi-
range ~400—-650 MeV. A linear extrapolation to physical fied, but no signal for either a positiva negative parity®
m, was employed. Thé®=1/2*, 1=0,1 channels were all was seen.

A. Lattice studies
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We comment here that it is almost certainly crucial toemployed, with 1 Ge¥:M <2 GeV, and 3.24 Getks,
push the simulations down to the law, values reported in  <4.0 Ge\2. It is argued that n&* signal is seen in the
Ref.[76]. Given the expected intimate relation between Penpositive parity channel, while a mass 6f1500 MeV is
taquark configurations and states of the excited baryon SPeguoted in the negative parity channel.
trum, a natural place to look for guidance on this issue iS \We now comment on these analyses. The first point of
results of recent lattice studies of the S11 and Roper resgglevance is that, taking the expressions and OPE parameter
nances| 78]. If one takes only those parts of the results ofyalues given in each reference, and varygo look for a
Ref. [78] corresponding to the range of, employed in ei-  stapjlity window inM for the physical outputZ* mass, one
ther Ref.[50] or Ref. [51], one finds thati) the negative finds that no such stability window exists so long as one
parity N* lies significantly lower than the positive pariy*  imposes the constraint of spectral positivity. The absence of
for all suchm, and(ii) if one makes a linear extrapolation of such a stability window typically signals the existence of
the ratiosmg;1/my and Mgepe/ My to physicalmg, the re-  problems with the approximations used on either the OPE or
sulting “prediction” for the physical ratiomgepe/Ms11 IS spectral integral side of the sum rulés both. Such prob-
=1.32 for extrapolation based on the range employed in Refems can arise from an overly-simple form of the spectral
[51] and =1.25 for extrapolation based on the range em-ansatz and/or poor convergence with of the integrated
ployed in Ref.[50], in both cases in serious disagreementOPE series. One similarly finds no stability of the putative
with experimen{79]. The source of the problem turns out to z* mass with respect to the relative coefficient of the two
be the use of the linear chiral extrapolation: the results of thénterpolating fields used in Ref48], suggesting that the low-
actual simulation are far from linear below,=400 MeV,  est state has not been successfully separated from the other
displaying a crossover of the positive and negative parityspectral contributions. In the cases where no parity projec-
levels aroundn,=240 MeV and producing a central value tion has been performed, the lack of stability might result
for the mass rationgg,e/ Ms11=0.94 at physicai,, in ex-  from the presence of reasonably isolated low-lying states in
cellent agreement with experiment. Whether or not a similaboth parity channels. In such a situation, the form of the
low-my behavior is to be expected for tf& signals found spectral ansatz means that the spectral contribution of the
using pentaquark interpolating fields is not known at presentigher of the two low-lyingP= + states must be approxi-
TheN* results, however, clearly signal the potential dangersnated as part of the continuum contribution. Such an ap-
in assuming the validity of a linear extrapolation from the proximation can be rather inaccurate, especiallia for the
large quark masses used in the simulations of R&@51.  pentaquark correlatorshe continuum version of the spectral
This indicates to us that reaching a definitive conclusion orfunction is a strongly increasing function f In such a
the parity of the® is not yet possible on the basis of current situation, however, the results of the analysis could still be

simulations. interpreted, qualitatively, as indicating the need for low-lying
spectral strength, and hence of a low-lying pentaquark con-
figuration.

B. QCD sum rule studies . . . .
Q A more serious potential problem is the convergence with

All three QCD sum rule studies in the literature employ D of the integrated OPE series. In general, as the number of
the Borel transformed dispersive sum rule formulation, Withelementary fields in the composite interpolating operator
a single-pole-plus-continuum ansatz for the spectral functiogyrows, OPE contributions of a given dimension correspond
and factorization estimates for condensates of dimenBion to higher and higher numbers of loops, and hence receive
=6 and higher. Referendd7] considers the)=1/21=0,1  stronger and stronger numerical loop suppression factors in
and 2 channels. No parity projection is performed, so bothheir coefficients. At a given Borel mass, this means that
negative and positive pari@* states can, in principle, con- higher D contributions for pentaquark correlators will typi-
tribute to the spectral function of the correlators employedcally be much more important relative, for example, to the
The continuum threshold parametsg, is taken to lie be- well-determinedD=0 (perturbativé and D=4 contribu-
tween 3.6 and 4.4 GV while the Borel massl, is varied  tions than is the case for ordinary meson and baryon correla-
over the range 1.5-2.5 GeV. Singg@M? is less than or=1  tors. This is a significant potential problem since higBer
over much of this range, significant continuum contributionscondensates are typically not known phenomenologically
will be present. Masses of 1560, 1590, and 1530 MeV areind end up being estimated by the vacuum saturation/
quoted for thel=0,1 and 2Z* states, respectively, with factorization approximatiofVSA). This approximation is
errors of order 150 MeV in all cases. known to be rather crudébeing in error by a factor of

Referencd 48] considers thé =0, J=1/2 channel, again ~1.5—4 for theD =6 contributions to various combinations
without parity projection. Two interpolating fields, combined of vector and axial vector correlators for which reliable de-
with a variable relative coefficient, are employed. The Borelterminations from data exi$80,81]), and hence can be the
mass is varied over the range 2 Ge¥M?<3 Ge\?, while  source of significant theoretical systematic errors if higber
So=4.0+0.4 Ge\#, so continuum contributions will be less contributions are dominant. One can, of course, in principle,
significant than in Refl47]. A resultm= 1550+ 100 MeV is  simply go to large in order to further suppress highBr
quoted for the® mass. contributions relative to well-known low-dimension ones,

Reference[49] (SDO) also considers only thé=0, J but doing so without simultaneously increasigleads to a
=1/2 channel, but performs a parity projection to separatepectral integral dominated by continuum contributions, and
the P=+ and P=— cases. A single interpolating field is hence to large errors on any extracted resonance parameters.
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TABLE VII. Contributions to the OPE side of the sum rule of considered while the latter demonstrates unambiguously that
Eq. (14) for those terms P<6) included in the analysis of Ref. D>6 OPE contributions cannot be neglected in the positive
[49]. The upper sign for the chirally od@dd dimensioncontribu-  parity channel. Since those same contributions enter the
tions corresponds to the positive parity case, the lower sign to thﬁegative parity sum rule, with either the same or opposite

negative parity case. sign, the truncated series for the negative parity case is also
shown to be unreliable. Thus, unfortunately, at those scales
So (GeV) where one can hope to make a sensible ansatz forsthe
D 2.56 3.24 4.0 <s, part of the spectral function, the convergence of the
0 0.00016 0.00052 0.00138 OPE is too slow withD to allow a determination of the
1 +0.00009 +0.00027 +0.00065 separate negative ar_1d positive party masses using the
3 +000149  *000339  =000673 Borelsum rule technique. .
4 0.00040 0.00083 0.00149 Opg might consider trying to redo the sum rule analysis in
5 +£0.00315 +0.00576 +0.00943 the f|n|t§ energy sum'ruléFESR' framework where, through
6 0.00029 0.00047 0.00070 the choice of the weight function, one has control over the

dimensions of the terms in the OPE which contrib(iip to
corrections suppressed by additional powersagf. It is

. . . : : known that the “pinch-weighted” version of such FESR’s
Increasings,, however, is typically not an option since one are very well satisfied at the scales in question, in channels

requires a realistic ansatz for the spectral function in the .
region belows, and, if sy is large, that region of the spec- where they have been test¢fl1,863. However, with the

trum can no longer be sensibly approximated by a singlé"ghe.”.) chirally odd cpntnbuuons being nur_nerlcally domi- .

S nant it is almost certainly the case that the integrated contri-

narrow resonance contribution. butions associated with the radiative corrections in the Wil-
In discussing the question of the convergence iitiof

the OPE series, we concentrate on the SDO analysis sincsecL)j ?ne?’ﬁ:eaflfllure]gtsli ];(kj)lre tg?,i?] ipg::?watsetr:rr?js:]”!chg?:/e?eht in
the projection onto the separate parity channels makes guch away thagt t%e Ie’adin contribution integrates to zgro It
more likely that the single-pole-plus-continuum ansatz ca y 9 9 :

be safely employed. After transferring “continuum” spectralqhus appears to us unlikely that the results of such a FESR

contributions to OPE side, the SDO sum rules are of theanaly&s would.be free of sizable theoretical systematic un-
certainties. In view of the above comments, we conclude that

form it is not possible to fix the parity of th® through the argu-
ments which currently exist in the literature based on QCD
I\ |26 MM 1 {Oo) (Oo) sum rules.

M2 0S5, P MP T o1 OmO+L|
(14 VI. SUMMARY AND DISCUSSION
wherem.. is the mass of th@®=1/2" zZ* state,\.. is the Although there exist quantitative differences among the
strength of its coupling to the interpolating field and thi¢  three models discussed above, we have seen that their pre-
depend ors,/M?2. A similar relation holds for the derivative dictions for the spectrum of* resonances are, somewhat
with respect to W12, The ratio of these two expressions, surprisingly, in qualitative agreement. Specificaly the
from which |\ ..|2 cancels, is used to determine. . In SDO  lowest lyingZ* state is predicted to have positive, not nega-
the sums on the RHS include terms up to and including tive, parity;(ii) the most natural quantum number assignment
=6. We will now argue that, at the scales employed in thefor this state id =0, J°=1/2"; (iii) the first positive parity
analysis, large contributions &> 6 arenecessarilypresent, excitation of the® is predicted to lie significantly lower than
so that the conclusions based on including terms only up tindicated by current experimental data; and the lowest-

D=6 are not reliable. lying | =2 Z* excitation is predicted to occur rather high in
To see this, recall that spectral positivity requires that thehe spectrum, near 2 GeV.
coefficient of the exponential on the left-hand sitlélS) of Although, the arguments presented so far do not rule out a

Eq. (14) is positive. If the spectral ansatz is sensidenec- JP=3/2" assignment for the® in either the GB or CM
essary condition for the extracted resonance parameters t@rsions of the pentaquark picture, such an assignment
have physical meaninga negative value for the truncated would create problems in accounting for the claimed P01
sum on the OPE side of the equatioecessarilymplies that  state at 1831 MeV. An even more compelling argument in
numerically non-negligible positive OPE contributions havefavor of theJP=1/2" assignment is given below. Quantum
been neglected in the truncation employed. In Table VII wenumbers other thanl (J°)=(0,1/2") for the ® would thus

list the contributions to the OPE side of E(l4) for M represent a terminal problem for all three models.

=1.5 GeV (the midpoint of the SDO rangend alls, em- We reiterate that existing lattice and QCD sum rule analy-
ployed by SDO. We see thdt) the D=5 contribution is ses do not yet provide a reliable framework for establishing
dominant andii) the truncated OPE sum is negative fgr  the parity of the®. In the case of the lattice simulations, a
=2.56 and 3.24 Ge¥/ The former observation shows that crucial improvement will be future work at ligh,, . This is

the series of the dominant chirally odddd dimensiopcon-  necessary in order to avoid relying on a linear extrapolation
tributions shows no sign of convergence for any of gge  of results obtained using, values for which the analogous
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extrapolation is known to be unreliable in th& sector. In @, and is a natural candidate to dominate the Rdp#étich
the case of the sum rule analyses, the issue is the converemes out consistently high ing3quark model treatments
gence inD of the integrated OPE contributions. We havewhile the orthogonal combination should have hidden
explained why we are pessimistic about the possibility ofstrangeness and lie a similar distanmgovethe ©. This
improving the current situation and obtaining a reliable sunsecond state should, however, as in the soliton model case,
rule analysis in thé@ channel. decay dominantly to states containing strange particles. An-
Even if the quantum numbers of ti& do turn out to be other N state with these properties is thus required in the
correctly predicted, a significant potential problem, commorVicinity of the N(1710). TheN(1710) might then be domi-
to all three models, is the small predicted excitation energy’@ted by a three-light-quark radial excitation configuration.
for the first spin-isospin excitation. That ar1 Z* excita- N €ither picture one sees that the positive parity excited
tion is expected no more than 150 MeV above then all baryon spectrum becomes considerably more complicated
versions of the chiral soliton approach, as well as in botfan previously thought, once one takes the existence of the
versions of the pentaquark approach, represents a surprisifg INto account. _
commonality between the models. However, it appears to ug /e would like to stress that the existence of flavor mul-
unlikely that such a low-lying state would have escaped dellPlets degenerate in th8U(3)g limit is a very general fea-
tection in both the<N scattering experiments and recent pho-tUré, common tany version of the pentaquark picture hav-

toproduction experiments, especially since it is not expected'd €ffective quark-antiquark interactions independent of
to be particularly broad in either the soliton or pentaquarkflavor. The existence of th®, combined with the observa-
pictures. It would, of course, be highly desirable to perform &lion that the nonstrange, ideally mixed combination ofgpe
dedicated search fa&&* states |y|ng above tl’@, not on|y to and 10|: must lie below the® makes it inevitable that the
verify that such a low-lying state has not, in fact, beenPentaquark configuration will play a major role in the struc-
missed, but also to expand our empirical knowledge of théure of the Roper. In fact, since there are no states signifi-
Z* spectrum. It would also be useful to have predictions incantly below 1540 MeV except for the Roper and ground
the soliton picture for the locations of any negative pazity ~ State nucleon, both of which hawé=1/2", this argument,
states. in combination with thel =0 classification, seems to us to

A way in which the soliton and pentaquark predictions!eave no option other thand'=1/2" assignment for th€
may differ lies in the potential existence of spin-orbit part- in the pentaquark picture. In addition, with typical
ners of the pentaquark states. However, in those cases wheienstrange-strange splittings, one would expect the non-
the pentaquark decay is inhibited 0n|y by tpgvave cen- Strange state to lie somewhat below the actual R@éea'
trifugal barrier, the spin-orbit splitting may push the partnerture seen also in the soliton mod&b]). To move it up to the
states up sufficiently far that either the width becomes verypbserved location would then require some mixing with a
large or the higher state no longer resonates. Whether sud@wer state, i.e., the ground state This then implies that
additional states should actually show up in the spectrum ofome level of pentaquark admixtuneustbe present in the
not is thus likely dependent on specific details, rather thaiN(939). A mixing of thel0: into the nucleon is also seen in
the basic qualitative features, of the underlying models. Arthe soliton mode(see, e.g., the results quoted in Ref6]).
understanding of the source of the spin-orbit splitting isSimilar arguments will hold for the\, % and E channels
probably required to make any progress on this question. (and even thel channel if we take the degener&@ @ 8¢

The soliton and pentaquark approaches have many simi» 10- excited states into accoynAgain we expect the first
larities outside th&* sector as well. Both predict an exotic positive parity excited states to have large pentaquark com-
|=3/2 E state lying in the samd0r as the®. Both ap- ponents, and the ground states to have at least some level of
proaches also require more than dwstate in the vicinity of ~ pentaquark admixture. The existence of eeems to us to
the PDGN(1710). In the case of the soliton model, the leave no way out of these conclusions. This implies that the
lowest vibrational excitation is expected to dominate thequark model treatment of the positive parity baryons must be
Roper. Mixing between another vibrational excitation andrevisited; certainly for the excited states and probably also
the 10: rotational excitation is likely required in order to for the ground states.
account for the dominantly nonstrange decay modes of the
N(1710). In the pentaquark picture, as pointed out by Jaffe
and Wilczek[28], one expectsi) degenerat@: and 10 N We thank the Natural Sciences and Engineering Research
states in the&sU(3)g limit and (ii) (probably ideal mixing of  Council of Canada for financial assistance, and Jean-Marc
these states aft&@U(3)g breaking is turned on. The combi- Sparenberg for providing us with results for the tunneling
nation with no hidden strangeness should then lie below thavidths of thep-wave andd-wave KN configurations.
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