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EXOTIC BARYON STATES IN TOPOLOGICAL SOLITON MODELSH. Walliser a*, V. B. Kopeliovih b**a Fahbereih Physik, Universität SiegenD57068, Siegen, Germanyb Institute for Nulear Researh, Russian Aademy of Sienes117312, Mosow, RussiaSubmitted 7 April 2003The novel observation of an exoti strangeness S = +1 baryon state at 1:54 GeV is to trigger an intensi�edsearh for this and other baryons with exoti quantum numbers. This state was predited long ago in topologialsoliton models. We use this approah together with the new datum in order to investigate its impliations forthe baryon spetrum. In partiular, we estimate the positions of other pentaquark and septuquark states withexoti and with nonexoti quantum numbers.PACS: 12.39.D, 14.20.Jn, 14.20.Gk1. INTRODUCTIONIn a reent paper [1℄, Nakano et al. report on anexoti strangeness S = +1 baryon state observed as asharp resonane at 1:54�0:01 GeV in photoprodutionfrom neutrons. The on�rmation of this �nding wouldgive formidable support to topologial soliton models[2, 3℄ for the desription of baryons in the nonpertur-bative regime of QCD. Higher multiplets ontainingstates arrying exoti quantum numbers arise natu-rally in the SU(3) version of these models. These werealled exoti beause suh states annot be built fromonly three valene quarks within quark models, andadditional quark�antiquark pairs must be added. Theterms pentaquark and septuquark therefore harater-ize the quark ontent of these states. Stritly, thereis nothing exoti about these states in soliton models,they just ome as members of the next higher multi-plets.Indeed, beyond the minimal f8g and f10g baryons,a f10g baryon multiplet was also mentioned earlyby Chemtob [4℄. Within a simple SU(3) symmetriSkyrme model, Biedenharn and Dothan [5℄ estimatedthe exitation energy of the f10g multiplet with spinJ = 1=2 to be only 0:60 GeV (si!) above the nuleon.Both this multiplet and the f27g multiplet with spin*E-mail: walliser�physik.uni-siegen.de**E-mail: kopelio�al20.inr.troitsk.ru, kopelio�p.inr.a.ru

J = 3=2 ontain low-lying S = +1 states, alled Zand Z� in what follows. First numbers for these exotistates with the on�guration mixing aused by sym-metry breaking taken into aount were given in [6℄,although some 0:1 GeV is too high if the value found in[1℄ proves orret. Diakonov, Petrov, and Polyakov [7℄postulated the experimental P11(1:71) nuleon reso-nane a member of the f10g multiplet, and hene theZ state again with a low exitation energy (0:59 GeV).Weigel [8℄ showed that similar low numbers (0:63 GeV)an be obtained in an extended Skyrme model alula-tion that inludes a salar �eld.It should be added that the exitation energies ofsimilar exoti states have been estimated for arbitrarybaryoni numbers [9℄. All these states appear to beabove the threshold for the deay due to strong in-terations. In general, the exitation energies for theB > 1 systems are omparable to those for baryons,e.g., the S = 1 dibaryon state belonging to the f35gmultiplet was alulated to be only 0:59 GeV above theNN threshold [10℄.In this paper, we address the following questionsonerning the B = 1 setor. Is an exoti Z state at1:54GeV reported in [1℄ ompatible with soliton modelsand the known baryon spetrum? If Z is atually lo-ated at this position, what does it imply for the otherexoti states?483



H. Walliser, V. B. Kopeliovih ÆÝÒÔ, òîì 124, âûï. 3 (9), 20032. SU(3) SOLITON MODELThere exists a large number of di�erent soliton mod-els: pure pseudosalar ones, models with salar �eldsand/or vetor and axial-vetor mesons, and even mod-els that inlude quark degrees of freedom. There isalso a vast number of possible terms in the e�etiveation for eah of these models, partly with free ad-justable parameters. However, the SU(3)-symmetripart always leads to the same olletive Hamiltonianwith only two model-dependent quantities determiningthe baryon spetrum (Se. 2.1). The situation with thesymmetry breaking part is less advantageous, unfor-tunately, but still there appears one dominating stan-dard symmetry breaker, whih is to be the third model-dependent quantity needed (Se. 2.2). Thus, instead ofreferring to a spei� model (whih also involves a num-ber of free parameters), we adjust these three quantitiesto the known f8g and f10g baryon spetra and to thereently reported Z state [1℄. Using this input, we tryto answer the questions posed in the Introdution. Wealso show that the values needed for the three quanti-ties are not too far from what an be obtained in thestandard Skyrme model.In the baryon setor, the stati hedgehog solitonon�guration loated in the nonstrange SU(2) sub-group is olletively and rigidly rotated in the SU(3)spae. There are other approahes like the soft rota-tor approah and the bound state approah, but therigid rotator approah is probably most appropriate forB = 1. 2.1. SU(3)-symmetri partThe SU(3)-symmetri e�etive ation leads to theolletive Lagrangian [11℄LS = �M + 12�� 3Xa=1(
Ra )2 ++ 12�K 7Xa=4(
Ra )2 � NCB2p3 
R8 (1)depending on the angular veloities
Ra , a = 1; : : : ; 8. Itis generi for all e�etive ations whose nonanomalouspart ontains at most two time derivatives, the termlinear in the angular veloity depends on the baryonnumber B and the number of olors NC , and it ap-pears due to the Wess�Zumino�Witten anomaly.The soliton mass M and the pioni and kaoni mo-ments of inertia�� and�K are model-dependent quan-tities. The latter two are relevant to the baryon spe-trum. The soliton mass M , subjet to large quantum

orretions, enters the absolute masses only. With theright and left angular momentaRa = � �L0�
Ra ; La = 8Xb=1DabRb; (2)whih transform aording to Wigner funtions Dab de-pending on the soliton orientation, the Hamiltonian ob-tained by the Legendre transfomationHS =M + 12��R2 ++ 12�K �C2(SU(3))�R2 � N2CB212 � (3)an be expressed by the seond-order Casimir operatorsof the SU(3) group and its nonstrange SU(2) subgroup,C2(SU(3)) = 8Xa=1R2a; R2 = 3Xa=1R2a: (4)For a given SU(3) irrep (p; q) with the dimensionN = (p+ 1)(q + 1)(p+ q + 2)=2the eigenvalues of these operators are given byC2(SU(3))jfNg(p; q); (YRJJ3)i == �p2 + q2 + pq3 + p+ q� jfNg(p; q); (YRJJ3)i;R2jfNg(p; q); (YRJJ3)i == J(J + 1)jfNg(p; q); (YRJJ3)i; (5)where (YRJJ3) denote the right hyperharge and thebaryon spin. The latter relation is due to the hedgehogansatz that onnets the spin to the right isospin. Thestates are still degenerate with respet to the left (�a-vor) quantum numbers (Y TT3) suppressed here. Theonstraint R8 = NCB=2p3�xes YR = NCB=3(see [11℄) and is written as the triality ondition [5℄Ymax = p+ 2q3 = B +m; (6)with Ymax representing the maximal hyperharge ofthe (p; q) multiplet. Thus, baryons belong to irrepsof SU(3)=Z3. With the otet being the lowest B = 1multiplet, the number of olors must be NC = 3. Wealso obtain the spin�statistis baryon number relation(�1)2J+B = 1;484
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Fig. 1. B = 1 baryon multiplets with the exitationenergy less than 2:5 GeV for �� = 5 GeV�1 and�K = 2:5 GeV�1. The number m is also givenwhih allows only half-integer spins for B = 1 [5℄.From the quark model standpoint, the integer m inombination with (p; q) is related to the number of ad-ditional q�q pairs present in the baryon state [9℄. WhenB = 1, we obtain the minimal multiplets f8g and f10gfor m = 0, the family of penta- and septuquark multi-plets f10g, f27g, f35g, and f28g for m = 1, and multi-plets f35g, f64g, and f81g for m = 2 (Fig. 1). For themasses of the multiplets f8g J = 1=2, f10g J = 3=2,f10g J = 1=2, f27g J = 3=2, and f35g J = 3=2, simplerelations Mf10g �Mf8g = 3=2��;Mf10g �Mf8g = 3=2�K;Mf27g �Mf10g = 1=�K ;Mf35g �Mf10g = 15=4�K (7)hold. We note that the mass di�erene of the minimalmultiplets depends on �� only1), whereas the mass dif-ferenes between minimal and nonminimal multipletsdepend on �K and ��. With the values �� � 5 GeV�1and �K � 2:5 GeV�1 from a naive Skyrme model, theestimate Mf10g �Mf8g � 0:60 GeV [5℄ was obtainedin agreement with (7). The mass of f27g then lies ap-proximately 0:10 GeV higher. In Fig. 1, we show thespetrum of all baryon multiplets with the exitationenergy up to 2:5GeV using these moments of inertia forillustration. The sequene of the lowest baryon multi-plets1) It was shown for arbitrary B [9℄ that the fator at 1=2�K in(3), C2(SU(3))�R2 � 3B2=4 = 3B=2 for any minimal multipletwith p+ 2q = 3B; N = 3.

f8g J = 12 ; f10g J = 32 ; f10g J = 12 ;f27g J = 32 ; f35g J = 52 ; : : : (8)turns out to be unique within a large range of momentsof inertia ��=3 < �K < ��=2, overing the realistiases. Diagrams for the lowest nonminimal baryon mul-tiplets f10g and f27g that aomodate the interestingS = +1 states are shown in Fig. 2.So far, we have onsidered the SU(3)-symmetriase. To explain the splitting of baryon states withineah multiplet, we must take the expliit symmetrybreaking into aount.2.2. SU(3) symmetry breakingThe dominant standard symmetry breaker omesfrom the mass and kineti terms in the e�etive a-tion that aount for di�erent meson masses and deayonstants, e.g., mK 6= m� and FK 6= F�,LSB = �12�(1�D88)�� 3Xa=1D8a
Ra + : : : (9)(the �rst term). There an be further terms of minorimportane that depend on the spei� e�etive ationused. As an example, we optionally inlude suh a termarising from ��! mixing in vetor meson Lagrangians(the seond term). This an serve as a test for themodel dependene of our results. The orrespondingHamiltonian isHSB = 12�(1�D88)� ��� 3Xa=1D8aRa + : : : (10)The quantities � and � are again model-dependentquantities, they determine the strength of symmetrybreaking. We �rst onsider only the standard symme-try breaker �.It was notied early that a perturbative treatmentof this symmetry breaker leads to the splitting(M� �MN ) : (M� �M�) : (M� �M�) = 2 : 2 : 1for the f8g baryons [4, 11℄, in variane with observa-tion. Beause symmetry breaking is strong, Eq. (10)must be diagonalized in the basis of the unperturbedeigenstates of HS . By this proedure, the states of aertain multiplet aquire omponents of higher repre-sentations. We nevertheless address the mixed statesas f8g states, f10g states, et., aording to their dom-inant ontribution.485
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Fig. 2. The T3�Y diagrams for the baryon multiplets f10g and f27g that inlude the lowest S = +1 statesTable 1. Moments of inertia and symmetry breakersobtained from a �t to the baryon spetrum inludungthe novel Z datum��, GeV�1 �K , GeV�1 �, GeV ��t A 5:61 2:84 1:45 ��t B 5:87 2:74 1:34 0:40
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Fig. 3. The masses of the S = 1 baryons Zand Z� depending on the kaoni moment of inertia.�� = 5:87 GeV�1 and � = 1:34 GeV are kept �xedThe best values for the moments of inertia �� and�K and the symmetry breaker � are listed in Table 1(�t A). Optionally, the symmetry breaker � is also in-luded (�t B). In Fig. 3, we show the dependene ofthe Z and Z� energies on the kaoni moment of inertia

�K with the other parameters kept �xed. The sensitivedependene expeted from Eq. (7) persists when sym-metry breaking is inluded. If the experimental datumfor Z proves orret, a relatively large kaoni momentof inertia (Table 1) is required.We now ompare this with the impliations of thestandard Skyrme model [2, 3℄ with only one adjustableparameter e = 4:05. The mass and kineti symme-try breakers are inluded with mesoni parameters (theonly parameter of this model is e = 4:05). The kinetisymmetry breaker involves time derivatives that werenegleted in [6℄ (in the adiabati approximation), in a-ordane with the argument that they are suppressedby two orders in the 1=NC expansion and this ordermust inlude many other symmetry breaking termsthat are not taken into aount either. This leads to�� = 5:88 GeV�1, � = 1:32 GeV, and a relativelysmall kaoni moment of inertia �K = 2:19GeV�1 (on-neted with larger Z and Z� masses, Fig. 3). But thenonadiabati terms in the kineti symmetry breaker arenot small atually, and give a sizeable ontribution tothe kaoni moment of inertia �K = 2:80 GeV�1 to-gether with symmetry breaking terms and even termsthat are nondiagonal in the angular momenta. Beausethe latter were never properly treated, these numbersshould be ompared with those in Table 1 with reserva-tion. Nevertheless, it seems that the standard Skyrmemodel an potentially provide values lose to �t B. Rel-ative to �t A, the standard symmetry breaker from theSkyrme model appears too weak, indiating that animportant symmetry breaking piee is missing in thismodel. Conluding this disussion, we emphasize thatthe nonadiabati terms in the kineti symmetry breakerare of ourse not the only possibility to obtain larger486
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Fig. 4. The lowest rotational states in the SU(3) soliton model for �ts A and B. The experimental masses of the f8g andf10g baryons are depited for omparison. Not all states of f35g are shownTable 2. Rotational states of nonminimal multiplets with exoti quantum numbers below 2 GeV inluding all members off10g and f27g. The experimental Z datum enters the �ts. The lowest exoti Y = �3 baryon states are also inludedJ Y T Deay modes Estimated energy, GeVA BZ f10g 1=2 2 0 KN 1:54 1:54Z� f27g 3=2 2 1 KN 1:69 1:65f27g 3=2 0 2 ��, ���, ��� 1:72 1:69X f35g 5=2 1 5=2 ��, ��N 1:79 1:76f10g 1=2 �1 3=2 ��, ���, �K� 1:79 1:78f27g 3=2 �1 3=2 ��, ���, �K� 1:85 1:85f35g 5=2 0 2 ��, ��� 1:92 1:90f35g 5=2 2 2 K�, K�N 2:06 1:96f27g 3=2 �2 1 �
, �K�, �K�� 1:99 2:02f35g 5=2 �3 1=2 �K
, �K �K� 2:31 2:36Z�� f35g 3=2 3 1=2 KKN , KK� 2:41 2:38487



H. Walliser, V. B. Kopeliovih ÆÝÒÔ, òîì 124, âûï. 3 (9), 2003kaoni moments of inertia. Inlusion of other degreesof freedom or of additional terms in the e�etive ationin�uenes this quantity sensitively. In this respet, theposition of the exoti Z baryon proves an importantonstraint on soliton models.The resulting baryon spetrum is shown in Fig. 4.It an be seen that for �t A, with the standard symme-try breaker alone, the ���mass di�erene is too large,the splitting in the J = 1=2 multiplets relative to thatin the J = 3=2 multiplets is overestimated, and theorresponding SU(2) symmetry breaker an aountfor only half the neutron�proton split (not shown here,see, e.g., [6℄). All the three de�ienies an be uredby inluding the seond symmetry breaker, �t B. Ofourse, this does not mean that the additional symme-try breaker must be exaly of form (10); other operatorstrutures are possible. As mentioned, we inlude �t Bmainly to illustrate the model dependene of our re-sults. It seems that the levels of the f10g multipletare relatively stable in ontrast to the f27g multiplet,whose states depend sensitively on the spei� form ofthe symmetry breakers suh that even the ordering ofthe levels is hanged.All omponents of the f10g and f27g multiplets arelisted in Tables 2 and 3. We distinguish states with ex-oti quantum numbers from those with nonexoti quan-tum numbers �2 � Y � 1 and T � 1 + Y=2. Gener-ally, the former are �leaner�, beause they annot mixwith vibrational exitations (apart from their own ra-dial exitations). Beause additional vibrations on topof these states an only enhane the energy, these turnout to be the lowest states with exoti quantum num-bers starting with the S = 1 baryon states Z and Z�.The latter are experimentally aessible via the rea-tions N ! �KZ ! �KKN;�N ! �KZ ! �KKN;NN ! (�;�)Z ! (�;�)KN;and in KN sattering. The novel measurement [1℄ wasa photoprodution experiment of the �rst type. TheS 6= 1 exoti states are more di�ult to measure, e.g.,X in Table 2 via the reations�N ! �X ! ���;NN ! �X ! ���:We also inluded the lowest exoti states withstrangeness S = +2 and S = �4 with the main ompo-nents in the respetive multiplets f35g and f35g. TheS = +2 state Z�� an still be produed in binary rea-tions, e.g., K0p! K�Z��;++;

but the energy of this state is already quite onsider-able, approximately 2:4 GeV. On the other hand, theS = �4 state is more di�ult to produe, but detetionseems to be simpler beause �nal 
� and K� are easyto see.In ontrast, the states with nonexoti quantumnumbers in Table 3 mix strongly with vibrational exi-tations of the f8g and f10g baryons. For example, theN� rotational state, identi�ed with the nuleon reso-nane P11(1:71) in [7℄, mixes strongly with a 2~! radialexitation, whih an even lead to a doubling of statesfound in [8℄. This situation renders an easy interpre-tation di�ult. Probably the leanest of these stateswith nonexoti quantum numbers is the one alled ��,whih predominantly ouples to the nonresonant mag-neti dipole mode. But even here, it is not exludedthat the good agreement with the position of the ex-perimental � resonane P03(1:89) is aidential. Also,there is not even a andidate for the rotational statealled �� listed by the PDG in the required energy re-gion with the empirial � resonane P33(1:92) lyingapproximately 0:1 GeV too high. On the other hand,we do have andidates lose to the estimated energiesin �ve ases. There is ertainly some evidene that thenumbers presented are not unreasonable.It should be added that the energies for the f10gbaryons presented here di�er substantially from thoseobtained in Ref. [7℄ using simple perturbation theory.Their f10g total splitting is overestimated by a fatorgreater than 2.3. THE S = 1 BARYON SPECTRUMSo far, we have onsidered only the rotationalstates. The real situation is ompliated beause thereis an entire tower of vibrational exitations onnetedwith eah of these rotational states. We brie�y addressthis issue on a quite qualitative level, partiularly forthe S = 1 setor. This may possibly be of help forexperimentalists in searh for further exoti baryons.The lowest states in the S = 1 setor are the rota-tional states Z and Z� disussed in the previous se-tion. As mentioned, we believe that the energies ofthese two states must be lose to eah other and theenergy of Z� somewhat larger (about 0.10�0.15 GeV).Suh rotational states appear as sharp resonanes withsmall widths relative to the broader vibrational states.The width of Z was given in [1℄ to be smaller than25 MeV, and that of Z� must be somewhat larger dueto phase spae arguments. The Z� state will probablybe the next exoti state deteted.488



ÆÝÒÔ, òîì 124, âûï. 3 (9), 2003 Exoti baryon states in topologial soliton modelsTable 3. Rotational states of higher multiplets with nonexoti quantum numbers below 2 GeV inluding all membersof the f10g and f27g multipletsJ Y T Candidate Estimated energy, GeVA BN� f10g 1=2 1 1=2 N P11(1:71) � �� 1:66 1:65�� f10g 1=2 0 1 �P11(1:77)� 1:77 1:75�� f27g 3=2 1 3=2 1:83 1:75f27g 3=2 1 1=2 N P13(1:72) � � � � 1:78 1:76f27g 3=2 0 1 �P13(1:84)� 1:90 1:86�� f27g 3=2 0 0 �P03(1:89) � � � � 1:88 1:87f27g 3=2 �1 1=2 � ?? (1:95) � �� 1:97 1:97KN S = 1
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Fig. 5. Tentative baryon spetrum for the S = 1 se-torIn soliton models, there ertainly exist radial ex-itations (breathing modes) for eah rotational state.For most of the f8g and f10g baryons, suh exita-tions orrespond to the well-known resonanes, e.g.,the Roper resonane for the nuleon. The breathingmode exitation energy of Z alulated in [8℄ is approxi-mately 0.45 GeV, and that of Z� should be onsiderablysmaller beause the latter objet is more extended dueto entrifugal fores related to a larger spin (similarlyto the Roper and the � resonane P33(1:60)). We antherefore expet the exited P01 and P13 states to o-ur lose to eah other, as indiated in Fig. 5 (the ordermay be reversed!).In addition, there must be strong quadrupole ex-itations, as those obtained in soliton models [12℄ and

seen empirially in the well-studied S = 0 and S = �1setors (with roughly 0:4 and 0:6 GeV exitation en-ergy). In these setors, there also appear a num-ber of S-wave resonanes through �KN , K�, K�, andK� bound states just below the orresponding thresh-olds [12℄. Although suh an interpretation seems lesslear in the S = 1 setor, a low-lying S01 resonane isnevertheless expeted, just by inspetion of the othersetors.Tentatively, this leads to an S = +1 baryon spe-trum depited in Fig. 5. The T -matrix poles P01(1:83),P13(1:81), D03(1:79), and D15(2:07) extrated fromearly KN sattering experiments [13℄ qualitatively�t suh a sheme, but the spaings are onsiderablysmaller than in Fig. 5. Therefore, if these T -matrixpoles prove orret, a strong quenhing of the spetrumshown in Fig. 5 has to be understood. The existeneof suh poles, partiularly in the D-waves, would like-wise favor the loation of Z onsiderably below theseresonanes, ompatible with the datum 1:54 GeV.4. CONCLUSIONSWe have shown that a low position of the exotiS = +1 baryon Z with quantum numbers J = 1=2and T = 0 at the reported energy 1:54 GeV is ompa-tible with soliton models and the known baryon spe-trum. For all members of the f10g and f27g multipletswith nonexoti quantum numbers, we �nd andidateslose to the estimated energies, with one exeption:the empirial� resonane P33(1:92) lies approximately489



H. Walliser, V. B. Kopeliovih ÆÝÒÔ, òîì 124, âûï. 3 (9), 20030.1 GeV too high. A strong mixing of these stateswith vibrational modes of the f8g and f10g baryonsmay lead to onsiderable energy shifts and even to adoubling of states. Also the T-matrix poles of earlyKN sattering experiments favor a low Z baryon suf-�iently below these resonanes, with the aveat thatwhen these poles are orret, a strong quenhing of theS = 1 baryon spetrum ompared to other setors hasto be explained.However, the soliton model by itself does not ex-lude a Z baryon at higher energies. Con�rmationof this datum, whih proves a stringent onstraint onthese models, is therefore most important.Under the assumption that the exoti Z baryon isatually loated at the reported position, we have es-timated the energies of other exoti baryons. First ofall, there is a further S = +1 baryon Z� with quantumnumbers J = 3=2 and T = 1, some 0:10 � 0:15 GeVabove Z. This will probably be the next state to bedisovered in similar experiments also as a sharp reso-nane with a somewhat larger width. Moreover, therewill be a tower of vibrational exitations built on thesetwo exoti states, whih should appear as broader res-onanes several 0:1 GeV above these energies.There are also several low-lying S 6= 1 baryonswith exoti isospin, starting with a J = 1=2 state withquantum numbers S = 0 and T = 2 at approximately1.7 GeV. These states are more di�ult to aessexperimentally. The lowest S = +2 and S = �4baryon states may also be of some interest, althoughthey are already expeted at high energies about2.3�2.4 GeV.V. B. K. is indebted to B. O. Kerbikov, A. E. Kud-ryavtsev, L. B. Okun', and other partiipants of theITEP Thursday seminar for useful questions and dis-ussions; his work was supported by the RFBR (grant� 01-02-16615).
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