CLNS 03/1856 hep-ph/0312269

Exotic states of matter in heavy meson decays^1

Jonathan L. Rosner^2 Laboratory of Elementary Particle Physics Cornell University, Ithaca, NY 14850

The potential of decays of mesons containing heavy quarks [including B mesons and the Υ(1S)] for producing final states of matter with unusual quark configurations, such as qqq̄q̄ or qqqqq̄, is investigated. The usefulness of antineutron detection in such searches is stressed.

PACS Categories: 13.25.Gv, 13.25.Hw, 14.40.Gx, 14.40.Nd

I. INTRODUCTION

The decays of mesons containing heavy quarks provide carefully controlled environments for production of hadronic states with specific quantum numbers. Copious samples of such mesons accumulated at the BaBar, Belle, and CLEO detectors permit searches for interesting forms of matter, including mesons beyond the usual quark-antiquark and baryons beyond the usual three-quark configurations. Such hadrons (e.g., qqq̄q̄ mesons and qqqqq̄ baryons) are known as exotic. Their existence is not forbidden by quantum chromodynamics (QCD) as long as they maintain color-singlet configurations. They are predicted in a wide variety of schemes.

In the present paper, which follows up some suggestions made in Ref. [1] and presents others, we explore some ways in which the decays of mesons containing heavy (mainly b) quarks can help in the search for exotic hadrons. We focus on states which are manifestly exotic by virtue of their internal quantum numbers, bypassing the question of whether certain recently seen resonances are heavy quarkonium states or molecules of flavored mesons. Our discussion of decays of particles containing charmed (c) quarks will be brief since they are much lighter, thereby probing a much more limited mass range.

We review some of the theoretical framework for exotic states in Section II. We then discuss exotic meson and baryon final states of B decays in Sections III and IV, respectively. Section V is devoted to some specific signatures of a recently discussed candidate for a light uudds̄ baryon. Possibilities for exotic particle observation in Υ(1S) decays are noted in Section VI. Some remarks on charmed particle decays are made in Section VII, while Section VIII summarizes.

II. THEORETICAL SCHEMES

The duality of scattering amplitudes in crossed channels [2] was used [3] to argue in favor of the existence of qqq̄q̄ mesons coupling mainly to baryon-antibaryon final states.

1Submitted to Phys. Rev. D.

2rosner@hep.uchicago.edu. On leave from Enrico Fermi Institute and Department of Physics, University of Chicago, 5640 S. Ellis Avenue, Chicago, IL 60637

(For a recent review of this work, see Ref. [4].) These arguments are conveniently visualized using quark graphs [5]. Generalizations of the graphical arguments [6] lead to selection rules governing allowed transitions among exotic states.

The properties of qqq̄q̄ mesons were analyzed within a particular confinement scheme, known as the MIT Bag Model [7], by Jaffe [8]. Masses and couplings to meson pairs were calculated; there was no particular reason for such states to favor coupling to baryon-antibaryon channels.

A complementary approach investigated the properties of baryon-antibaryon bound states from a standpoint primarily motivated by nuclear physics arguments; see Ref. [9] for a brief historical review. Attempts to describe ordinary mesons such as the pion in terms of such bound states have a long and eminent history [10]. Recently a candidate for such a state near nucleon-antinucleon threshold has been reported in J/ψ decays [11]. Ref. [1] discusses possible interpretations of this state as well as some earlier candidates for nucleon-antinucleon resonances.

Bootstrap-like models of mesons and baryons, which predict properties of excited states by taking account of mesonic rather than quark degrees of freedom, generally do not limit the quantum numbers of states to those of qq̄ or qqq. An early example is the strong-coupling theory [12], generalizing Chew and Low’s theory of the Δ^{++} isobar [13]. States with I = J = 1/2, 3/2, 5/2. . . . are predicted in this approach. More recently, chiral soliton models of baryons [14] have taken account of mesonic rather than quark degrees of freedom. In flavor SU(3), several authors noted that these approaches led to an antidecuplet with J^P = 1/2^+ lying not far above the 1/2^+ octet and 3/2^+ decuplet [15, 16]. The lightest member of this 10 representation was expected to have strangeness S = +1, and a mass of 1530 MeV/c^2 was predicted [16, 17]. As will be noted in Sec. V, the search for this state has taken on new urgency as a result of several claims for its observation. First, however, we note some special features of heavy meson decays that make them particularly useful in the search for exotic mesons and baryons.

III. EXOTIC MESONS IN B DECAYS

We shall be concerned in this Section with the dominant subprocess b̄ → c̄ud̄ in B meson decays. The fact that this leads to three quarks of different flavor in the final state provides an immediate advantage in the search for exotic particles. (The favored decays of charm, c → sud̄, share this property.)

If a b̄ quark is bound to a u quark in a B^+ meson, the favored nonleptonic final state is then c̄ud̄u. This, by itself, is exotic. Thus one means of searching for exotics is simply the study of the missing mass of X^+_c in B^+ → (γ, π^0, η, η^′, . . .) + X^+_c . A quark diagram associated with this process is shown in Fig. 1. Another diagram can be drawn in which the final uc̄d̄ decay products of b̄ are incorporated into the X^+_c along with a u from uū production. Similarly, the subsystem X^+_c in B^0 → π^−X^+_c will be exotic, also carrying the quantum numbers of c̄ud̄u.

A B^+ decay involving b̄ → uc̄d̄ can produce an exotic meson consisting entirely of light quarks (uud̄d̄) if the uud̄ system picks up another d̄ quark in fragmentation, while the corresponding d quark accompanies the c̄ to form a D^− or D^{∗−}. This process is shown in Fig. 2. The detection of an exotic final state in the decay B^+ → X^{++}D^{(∗)−} might proceed in several ways.

Figure 1: Production of an exotic meson X^+_c = uuc̄d̄ in B^+ decays. The π^0 could also be a photon or any other neutral particle. Here and subsequently the weak vertex is denoted by ×.

(1) One could study the missing mass opposite the D^{(∗)−}, if the energy and momentum of the B^+ are known. Such information might be provided by reconstructing the opposite-side B^− in the decay Υ(4S) → B^+B^−.

(2) One could look for a mass peak in the decay products of X^{++}. If X^{++} indeed decays predominantly to baryon-antibaryon final states, as proposed in some schemes (e.g., [3]), one could look for X^{++} → Δ^{++}Δ̄^0 → pπ^+p̄π^+.

(3) One could use a combination of methods (1) and (2) if some of the decay products of X^{++} are difficult to observe, as in X^{++} → Δ^{++}n̄. Here one might look for annihilation of the n̄ in the detector. Such a signal has attracted attention as a possible background to b → sγ [18], and was utilized in a study of B^0 → D^{∗−}pn̄ [19]. While the energy of the n̄ might not be well-measured, one could use information about the remaining particles in the event to constrain it.

It is possible that X^{++} does not decay predominantly to baryon-antibaryon final states, for example if it lies in the below-threshold mass range predicted in Ref. [8]. One final state which has not been thoroughly explored for exotic mesons, and which is observable by modern detectors such as BaBar, Belle, and CLEO, is ρ^+ρ^+. An I = 2 meson with favored coupling to ρρ and mass 1.4–1.6 GeV/c^2 could help to explain the predominance of γγ → ρ^0ρ^0 over γγ → ρ^+ρ^− near threshold [20].

A strange exotic meson can be formed if the final uud̄ state picks up an anti-strange s̄ quark, so that the recoil system is (for example) D^−_s . This process is shown in Fig. 3.

Figure 2: Production of an exotic meson X^{++} = uud̄d̄ in B^+ decays. If the recoiling charmed meson is a D^{∗−}, identification may be easier through the decay D^{∗−} → π^−D̄^0.

Figure 3: Production of a strange exotic meson X^{++} = uud̄s̄ in B^+ decays.

Figure 4: Production of a charmed exotic baryon X^−_c = cdddū in B^− decays.

The recoil D^−_s could be replaced by a K̄D̄ system. The X^{++}_s can decay, for example, to Λ̄pπ^+ if baryon-antibaryon channels are favored, or to K^+π^+(mπ^0) or K^+π^+(mπ^+mπ^−) (m = 0, 1, 2, . . .) if the lighter exotics of Ref. [8] are favored.

If the final uud̄ state picked up a ū during fragmentation, we would not be able to tell the exotic nature of the final product. That is why we have focused on fragmentation mechanisms involving d̄ or s̄.

The presence of baryon-antibaryon pairs in B decays is well-documented. Channels which have been seen include B → D̄^{(∗)}NN̄ [19, 21], B^+ → K^+pp̄ [22], B^0 → Λ̄pπ^− [23], B^+ → pp̄π^+, pp̄K^0, and pp̄K^{∗+} [24], and B → Λ^+_c p̄(mπ) (m = 0, 1, 2, 3) [25, 26]. Theoretical investigations of such decays include [1, 27, 28, 29, 30]. The decays being considered here may involve somewhat higher multiplicities than those reported so far.

IV. EXOTIC BARYONS IN B DECAYS

As in exotic meson production, several fragmentation mechanisms can produce exotic baryons in B decays. One, leading to an exotic charmed baryon, is illustrated in Fig. 4 for a non-strange charmed baryon X^−_c = cdddū and in Fig. 5 for a strange charmed baryon X^−_{cs} = cddsū. Here the baryon contains all three quarks produced in the decay b → cūd as well as two more quarks (e.g., dd or ds) picked up during fragmentation. (If a u quark were picked up during fragmentation, we would not be able to tell that the state was exotic.)

A state composed of cdddū has the same quantum numbers as Σ^0_c π^− or Λ^+_c π^−π^−. In Fig. 4 this state is shown recoiling against an antineutron, the importance of whose

Figure 5: Production of a charmed-strange exotic baryon X^−_{cs} = cddsū in B^− decays.

detection we have discussed above. Of course, one could replace n̄ by p̄π^+, looking at the missing mass X^− in B^− → p̄π^+X^−. Indeed, the decay B^− → Λ^+_c p̄π^+π^−π^−, permitting the study of this final state, has been reported by the CLEO Collaboration [25].

The corresponding charmed-strange state composed of cddsū has the same quantum numbers as Ξ^0_c π^−, and is shown in Fig. 5 recoiling against a Λ̄. Thus, a useful missingmass search involves the decay B^− → Λ̄X^−.

Another type of fragmentation involves a baryon containing only a subset of the quarks in the final state of b̄ → c̄ud̄. An example in which the baryon contains the c̄u, a spectator u from the decaying B^+, and two additional d quarks picked up during fragmentation, is shown in Fig. 6.

In the example shown here, the exotic baryon recoils against d̄d̄d̄ = Δ̄^+ which decays to n̄π^+. If one dd̄ pair in fragmentation is replaced by an ss̄ pair, the exotic baryon recoils against d̄d̄s̄ = Σ̄^+ (or Λ̄π^+), while if both dd̄ pairs are replaced by ss̄, the exotic baryon recoils against d̄s̄s̄ = Ξ̄^+. It may be easier to look directly for decay products of the Θ^0_c = uuddc̄, which could be pD^− if the state is above that threshold. If the state decays weakly via c̄ → s̄dū, the quantum numbers will be the same as those of dddus̄, i.e., I_3 = −1, S = 1. This is still manifestly exotic. Karliner and Lipkin [31] have predicted such a state to have a mass of 2985 ± 50 MeV/c^2 and to show up as a narrow peak in D̄^0n and D^−p spectra. The decay D^{∗−}p, which has certain advantages for identification, also may be kinematically allowed. If the mass is light enough, a weak decay can occur involving a detached proton vertex [32].

Our examples have clearly not exhausted nearly all the possibilities for exotic mesons

Figure 6: Production of a charmed exotic baryon Θ^0_c = uuddc̄ in B^+ decays.

and baryons in B decays. Those will be determined as much by experimental opportunities as by a systematic listing of decay and recoil modes. Now, however, we turn our attention to a state which has been the subject of much recent interest.

V. A uudds̄ STATE IN B DECAYS

A narrow S = 1 baryon resonance was observed recently in photoproduction from the neutron on^{12}C [33] and deuterium [34] targets, and in photoproduction from the proton [35]. It was also reported in K^+ collisions with Xe nuclei [36], in neutrino interactions as a K_S p resonance [37], and in the mass spectrum recoiling against Σ^+ in pp → pK^0Σ^+ [38, 39]. It has figured prominently in a recent conference devoted to multiquark hadrons, where further references may be found [40]. The state has been dubbed Θ^+. Its minimal quark content would be uudds̄.

The mass of the reported state (around 1540 MeV/c^2) is close to that anticipated from chiral soliton models [16, 17] for a J^P = 1/2^+ state. (The prediction of Ref. [16] relies to some extent on identification of an SU(3) partner of the state with an observed 1/2^+ nucleon resonance at 1710 MeV/c^2.) A J^P = 1/2^+ quark configuration is proposed in Ref. [41]. Another (in which the state involves two I = 0 ud diquarks bound to an s̄ quark with total J^P = 1/2^+) appears in [42]; see [4] for other references. The state appears to have zero isospin, showing up only in the K^0p and K^+n final states. Its spin and parity are not yet known [43] (see also [39]), and a lattice QCD calculation [44] (see also [45]) predicts negative parity. The direct examination of K^+ charge-exchange and total cross sections on xenon and deuterium, however, shows that if such a resonance exists, its total width must be less than of the order of an MeV [46], considerably less than the value of 15 MeV predicted in Ref. [16]. (See Ref. [47] for a recent discussion of the width prediction.) Partial-wave analyses of K^+N data [48] also exclude a resonance more than a few MeV wide, and other analyses come to similar conclusions [49]. The suggestion has been made that the observed effect may be a kinematic reflection [50].

Part of the difficulty in pinning down such a resonance comes from its decay products. Direct observation of a decay to K^+n requires detection of the neutron, while direct observation of a decay to K^0p is difficult since one only sees the K_S decay mode of K^0. The potential for confusion with the non-exotic K̄^0p channel thus exists. (On the other hand, there is no known evidence for a K̄^0p resonance [a Σ^∗] at 1540 MeV/c^2.)

Another potential source of a low-mass kinematic enhancement in the K^+n channel occurs in K^+K^− photoproduction on nuclei. While this mechanism does not apply to all the channels mentioned above, it is a source of concern for some claims for a Θ(1540).

If the photoproduction of K^+K^− pairs is dominated by a virtual transition in which the pair is kicked into a low-M(K^+K^−) state (e.g., the ϕ) by diffraction, the K^+ and K^− will tend to have equal velocities v with respect to the nucleus. Neglecting nuclear Fermi momentum, the center-of-mass (c.m.) energy of each kaon with respect to each nucleon in the nucleus is roughly the same. The K^− can form a prominent resonance Λ(1520) of spin-parity J^P = 3/2^− with any proton in the nucleus. This resonance decays approximately 45% of the time back to K̄N [51], and is quite prominent in the K^−p mass spectra in the aforementioned photoproduction experiments. The emerging K^− from decay of this resonance can have a quite different direction in the c.m. from the initial one, so it no longer will form a state of low effective mass with the K^+.

Meanwhile the K^+, having approximately the same velocity in the laboratory frame as the K^−, is necessarily forced to have the same effective mass in combination with any other nucleon in the nucleus as the K^− with the proton. The argument is simplest for the deuteron, in which the binding energy is particularly small. Thus, when M(K^−p) ≃ 1520 MeV/c^2, one will necessarily have a low-mass peak in M(K^+n) near the same value. A more explicit calculation should be performed to see whether this is indeed a problem for deuterium or other nuclei.

B meson decays provide a potentially useful source of kaons and baryons whose final-state interactions may be examined for evidence of the Θ^+. (See Ref. [52] for the suggestion that this state be looked for in nucleon-antinucleon interactions.) We consider charmless decays, in which a b̄ → s̄ penguin amplitude appears to play a large role. Several examples illustrate the power of these decays in searches.

Consider, for example, the process B^0 → pp̄K^0 reported in Ref. [24]. If one were able to flavor-tag the B^0 so as to be sure it was not a B̄^0, one would have an indication of the strangeness of the neutral kaon, since B^0 decays generally lead to S = 1 and not S = −1 states. One could then examine the K^0p effective-mass spectrum for a low-mass peak.

No flavor tagging would be needed if one were to observe B^0 → K^+np̄. Given an observation of the neutron, one could then directly plot the K^+n effective mass. However, neutrons are elusive in all detectors.

The charge-conjugate mode B̄^0 → K^−n̄p produces an antineutron whose annihilation in the calorimeter of the detector may provide enough of a constraint to permit kinematic

Table I: Possible decay modes of a Θ^+ = uudds̄ observable in B decays. Decay products of the Θ^+ are indicated in square brackets.

Decaying Mode Comments particle B^+ [K^0p]n̄ See n̄ annihilate [K^0p]p̄π^+ Full reconstruction [K^+n]p̄π^+ Only missing neutron B^− [K̄^0p̄]n Only missing neutron [K̄^0p̄]pπ^− Full reconstruction [K^−n̄]pπ^− See n̄ annihilate B^0 [K^0p]p̄ Need to flavor tag [K^+n]p̄ Only missing neutron B̄0 [K̄0p̄]p Need to flavor tag [K^−n̄]p See n̄ annihilate

reconstruction, especially if the opposite-side B^0 is reconstructed as well. One then would search the K^−n̄ effective-mass spectrum for evidence of the Θ̄^−.

If one can identify an antineutron in B^+ → K^0pn̄, one can plot the K^0p effective mass with reasonable confidence that the neutral kaon is not a K̄^0, since a B^+ charmless decay is much more likely to yield an anti-strange s̄ quark than an s quark. If one replaces the n̄ in this case with p̄π^+, the reconstruction of the decay is much more straightforward.

We summarize some decay modes of B mesons useful for searching for the Θ^+ in Table I. Examples of quark diagrams associated with the production of Θ^+ in B decays are given in Figs. 7 and 8. The weak subprocess of interest is b̄ → s̄qq̄, where q = u, d.

These figures are clearly very similar to those associated with the production of the charmed exotic baryon depicted in the previous Section. There may be some differences associated with differences in the structure of the corresponding weak vertices. In particular, in the penguin diagrams it is not clear how directly the light qq̄ pair can be associated with the weak vertex; it may arise as a result of rescattering from the b̄ → s̄cc̄ subprocess, in which case Figs. 7 and 8 may represent an oversimplification.

VI. SPECIAL FEATURES OF Υ(1S) DECAYS

The decays of Υ(1S) lead to large numbers of baryons in the final state [53], and even (anti)deuterons have been observed [54]. Thus, it is reasonable to expect Υ(1S) decay products to include multi-quark states beyond qq̄ and qqq if they exist.

The neutral light-quark quantum numbers (isospin and strangeness) of the Υ(1S) are an asset in searching for exotic states via missing-mass techniques. One simply looks for a decay Υ(1S) → X + Y , reconstructing all particles in Y and plotting the missing mass in X. If desired, X or Y may be selected for the presence of a baryon or a baryon-antibaryon pair. Or, one may simply plot a mass of the appropriate subsystem.

Suppose one is looking for an exotic meson with quark content X = uud̄d̄. One can reconstruct the subsystem Y in any of a number of ways, such as ρ^−ρ^− or pp̄π^−π^−,

Figure 7: Production of an exotic baryon Θ^+ = uudds̄ in B^+ decays.

Figure 8: Production of an exotic baryon Θ^+ = uudds̄ in B^0 decays.

and plot the missing mass in X, or one can directly plot M(ρ^+ρ^+) or M(pp̄π^+π^+). In searching for X_s = uus̄d̄ one can choose Y to be (e.g.) Λp̄π^− or K^−π^−(mπ^0) (m = 0, 1, 2, . . .). One can select for a system X with strangeness S = 1, baryon number B = 1, and charge Q = 1 (the quantum numbers of the reputed Θ^+) by choosing the subsystem Y to have S = −1, B = −1, and Q = −1, for instance by taking Y = p̄K^−π^+.

The CLEO Collaboration has recently amassed a sample of 21 million Υ(1S) decays, far exceeding that available previously [55]. With the enhanced particle identification capabilities and excellent neutral particle detection of the CLEO-III Detector, this sample should be an excellent one in which to search for exotic systems with internal quantum numbers beyond those of qq̄ and qqq.

VII. POSSIBILITIES WITH CHARM

The Cabibbo-favored decays of a charmed quark, c → sud̄, lead to a state with three quarks of distinct flavor. The decay D^+ = cd̄ → sud̄d̄ leads to an exotic state. The weakness of final-state interactions in such states may be one reason why the lifetime of the D^+ is longer than that of the D^0 or D^+_s , for which the Cabibbo-favored final states are not exotic [56].

One can then look directly for exotic final states in the decays D^+ → X^0 + Y^+_{S=−1}, where X^0 = γ, π^0, . . . is used to measure the missing mass of the strange subsystem Y^+_{S=−1}. One has to ensure that Y^+ has negative strangeness since if it is non-strange, it will not be exotic. Similarly, the decay D^0 → π^−Y^+_{S=−1} can be used to probe the missing mass of the subsystem Y . Although D decays do not involve enough energy to produce exotic resonances decaying to baryon-antibaryon pairs, they should be able to populate the lighter mass ranges proposed in Ref. [8].

Decay of the J/ψ into light-quark states may allow probes of the lower mass range for exotic systems, using techniques mentioned in the previous Section. Even the decay J/ψ → Θ^+Θ̄^− would be just barely kinematically allowed for a Θ of mass 1540 MeV/c^2. A search for the Θ in J/ψ and ψ(2S) decays has revealed no evidence for the state so far [57].

VIII. SUMMARY

Systems containing heavy quarks are potentially a rich source of information on exotic mesons and baryons containing lighter quarks. We have shown how such information may be obtained from B, Υ(1S), and charm decays. Both B decays and Υ(1S) provide unique advantages in searching for the Θ^+(1540) recently reported in several experiments, since the final states of interest – K^0p or K^+n – can be easily identified under some cirumstances. For example, B decays favor a particular strangeness (b quarks give rise to s quarks, while b̄ quarks give rise to s̄ quarks). The nearly hermetic detectors constructed to study B physics have some sensitivity to antineutrons, allowing the study of the K^−n̄ final state. (Note added: The reader’s attention should also be drawn to the recent Refs. [58, 59, 60] which cite the present work and offer further suggestions.)

ACKNOWLEDGMENTS

I thank Roy Briere, Sasha Glazov, Bob Jaffe, Marek Karliner, Igor Klebanov, Peter Lepage, Harry Lipkin, Jim Napolitano, Shmuel Nussinov, Shoichi Sasaki, Gregg Thayer, Jana Thayer, Bruce Yabsley, and John Yelton for discussions, and the Laboratory of Elementary Particle Physics at Cornell for hospitality during this research. This work was supported in part by the United States Department of Energy through Grant No. DE FG02 90ER40560.

References

[1] J. L. Rosner, Phys. Rev. D 68, 014004 (2003) [arXiv:hep-ph/0303079].

[2] P. G. O. Freund, Phys. Rev. Lett. 20, 235 (1968); H. Harari, Phys. Rev. Lett. 20, 1395 (1968).

[3] J. L. Rosner, Phys. Rev. Lett. 21, 950 (1968).

[4] D. P. Roy, J. Phys. G 30, R113 (2004) [arXiv:hep-ph/0311207].

[5] H. Harari, Phys. Rev. Lett. 22, 562 (1969); J. L. Rosner, Phys. Rev. Lett. 22, 689 (1969).

[6] D. P. Roy and M. Suzuki, Phys. Lett. B 28, 558 (1969); P. G. O. Freund, R. Waltz and J. L. Rosner, Nucl. Phys. B 13, 237 (1969); J. L. Rosner, Phys. Rev. D 6, 2717 (1972).

[7] A. Chodos, R. L. Jaffe, K. Johnson, C. B. Thorn and V. F. Weisskopf, Phys. Rev.

D 9, 3471 (1974).

[8] R. L. Jaffe, Phys. Rev. D 15, 267 (1977); ibid. 15, 281 (1977).

[9] J. M. Richard, Nucl. Phys. Proc. Suppl. 86, 361 (2000) [arXiv:nucl-th/9909030].

[10] E. Fermi and C. N. Yang, Phys. Rev. 76, 1739 (1949); Y. Nambu and G. Jona- Lasinio, Phys. Rev. 122, 345 (1961); ibid. 124, 246 (1961).

[11] J. Z. Bai et al. [BES Collaboration], Phys. Rev. Lett. 91, 022001 (2003) [arXiv:hepex/0303006].

[12] C. J. Goebel, Phys. Rev. 109, 1846 (1958); in Quanta (Essays in Theoretical Physics Dedicated to Gregor Wentzel), edited by P. G. O. Freund, C. J. Goebel, and Y. Nambu (University of Chicago Press, 1970), p. 20.

[13] G. F. Chew and F. E. Low, Phys. Rev. 101, 1570 (1956).

[14] T. H. R. Skyrme, Proc. Roy. Soc. (London) A 260, 127 (1961); Nucl. Phys. 31, 556 (1962); E. Witten, Nucl. Phys. B 223, 433 (1983).

[15] A. V. Manohar, Nucl. Phys. B 248, 19 (1984); M. Chemtob, Nucl. Phys. B 256, 600 (1985); M. Praszałowicz, in Workshop on Skyrmions and Anomalies, edited by M. Jeżabek and M. Praszałowicz (World Scientific, 1987), p. 112.

[16] D. Diakonov, V. Petrov and M. V. Polyakov, Z. Phys. A 359, 305 (1997) [arXiv:hepph/9703373]. See also: D. Diakonov and V. Petrov, preprint LNPI-967 (1984), published in Elementary particles, Moscow, Energoatomizdat (1985), v. 2, p. 50 (in Russian) for an early prediction of the low mass of an SU(3) multiplet (the 10) containing a Θ^+.

[17] M. Praszałowicz, Ref. [15]; Phys. Lett. B 575, 234 (2003) [arXiv:hep-ph/0308114].

[18] S. Chen et al. [CLEO Collaboration], Phys. Rev. Lett. 87, 251807 (2001) [arXiv:hepex/0108032].

[19] S. Anderson et al. [CLEO Collaboration], Phys. Rev. Lett. 86, 2732 (2001) [arXiv:hep-ex/0009011].

[20] N. N. Achasov, S. A. Devyanin and G. N. Shestakov, Phys. Lett. B 108, 134 (1982) [Erratum-ibid. B 108, 435 (1982)]; Z. Phys. C 16, 55 (1982); Z. Phys. C 27, 99 (1985); N. N. Achasov and G. N. Shestakov, Sov. Phys. Usp. 34, No. 6, 471 (1991) [Usp. Fiz. Nauk 161, No. 6, 53 (1991)].

[21] K. Abe et al. [Belle Collaboration], Phys. Rev. Lett. 89, 151802 (2002) [arXiv:hepex/0205083].

[22] K. Abe et al. [Belle Collaboration], Phys. Rev. Lett. 88, 181803 (2002) [arXiv:hepex/0202017].

[23] M. Z. Wang et al. [Belle Collaboration], Phys. Rev. Lett. 90, 201802 (2003) [arXiv:hep-ex/0302024].

[24] M. Z. Wang et al. [Belle Collaboration], arXiv:hep-ex/0310018.

[25] S. A. Dytman et al. [CLEO Collaboration], Phys. Rev. D 66, 091101(R) (2002) [arXiv:hep-ex/0208006].

[26] N. Gabyshev et al. [Belle Collaboration], Phys. Rev. D 66, 091102 (2002) [arXiv:hep-ex/0208041]; Phys. Rev. Lett. 90, 121802 (2003) [arXiv:hepex/0212052].

[27] I. Dunietz, Phys. Rev. D 58, 094010 (1998) [arXiv:hep-ph/9805287].

[28] W. S. Hou and A. Soni, Phys. Rev. Lett. 86, 4247 (2001) [arXiv:hep-ph/0008079];

C. K. Chua, W. S. Hou and S. Y. Tsai, Phys. Rev. D 65, 034003 (2002) [arXiv:hepph/0107110]; Phys. Lett. B 528, 233 (2002) [arXiv:hep-ph/0108068]; Phys. Rev. D 66, 054004 (2002) [arXiv:hep-ph/0204185]; C. K. Chua and W. S. Hou, Eur. Phys. J. C 29, 27 (2003) [arXiv:hep-ph/0211240].

[29] H. Y. Cheng and K. C. Yang, Phys. Rev. D 65, 054028 (2002) [Erratum-ibid. D 65, 099901 (2002)] [arXiv:hep-ph/0110263]; Phys. Rev. D 66, 014020 (2002) [arXiv:hepph/0112245]; Phys. Rev. D 66, 094009 (2002) [arXiv:hep-ph/0208185]; Phys. Rev. D 67, 034008 (2003) [arXiv:hep-ph/0210275]; H. Y. Cheng, arXiv:hep-ph/0311035.

[30] Z. Luo and J. L. Rosner, Phys. Rev. D 67, 094017 (2003) [arXiv:hep-ph/0302110].

[31] M. Karliner and H. J. Lipkin, arXiv:hep-ph/0307343.

[32] H. J. Lipkin, Nucl. Phys. A 625, 207 (1997) [arXiv:hep-ph/9804218].

[33] T. Nakano et al. [LEPS Collaboration], Phys. Rev. Lett. 91, 012002 (2003) [arXiv:hep-ex/0301020].

[34] S. Stepanyan et al. [CLAS Collaboration], Phys. Rev. Lett. 91, 252001 (2003) [arXiv:hep-ex/0307018]; A. Airapetian et al. [HERMES Collaboration], arXiv:hepex/0312044.

[35] V. Kubarovsky et al. [CLAS Collaboration], Phys. Rev. Lett. 92, 032001 (2004) [Erratum-ibid. 92, 049902 (2004)] [arXiv:hep-ex/0311046]; J. Barth et al. [SAPHIR Collaboration], Phys. Lett. B 572, 127 (2003).

[36] V. V. Barmin et al. [DIANA Collaboration], Phys. Atom. Nucl. 66, 1715 (2003) [Yad. Fiz. 66, 1763 (2003)] [arXiv:hep-ex/0304040].

[37] A. E. Asratyan, A. G. Dolgolenko and M. A. Kubantsev, arXiv:hep-ex/0309042.

[38] W. Eyrich et al. [COSY–TOF Collaboration], Univ. Erlangen–Nürnberg Report, 2003 (unpublished).

[39] C. Hanhart et al., arXiv:hep-ph/0312236.

[40] Workshop on “Multiquark hadrons: Four, Five, and More?”, Yukawa Institute for Theoretical Physics, Kyoto University, 2004. See the web page

http://www2.yukawa.kyoto-u.ac.jp/~mquark04/index.html for details.

[41] M. Karliner and H. J. Lipkin, arXiv:hep-ph/0307243; Phys. Lett. B 575, 249 (2003) [arXiv:hep-ph/0402260].

[42] R. L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003) [arXiv:hepph/0307341].

[43] A. W. Thomas, K. Hicks and A. Hosaka, Prog. Theor. Phys. 111, 291 (2004) [arXiv:hep-ph/0312083].

[44] S. Sasaki, arXiv:hep-lat/0310014. This same calculation predicts that the lowest uuddc̄ state lies much higher than the DN threshold, in contrast to Refs. [31] and [32].

[45] F. Csikor, Z. Fodor, S. D. Katz and T. G. Kovacs, JHEP 0311, 070 (2003) [arXiv:hep-lat/0309090].

[46] R. N. Cahn and G. H. Trilling, Phys. Rev. D 69, 011501 (2004) [arXiv:hepph/0311245].

[47] M. Praszałowicz, Phys. Lett. B 583, 96 (2004) [arXiv:hep-ph/0311230]. [48] R. A. Arndt, I. I. Strakovsky and R. L. Workman, Phys. Rev. C 68, 042201 (2003) [arXiv:nucl-th/0308012].

[49] S. Nussinov, arXiv:hep-ph/0307357; J. Haidenbauer and G. Krein, Phys. Rev. C 68, 052201 (2003) [arXiv:hep-ph/0309243].

[50] A. R. Dzierba, D. Krop, M. Swat, S. Teige and A. P. Szczepaniak, arXiv:hepph/0311125.

[51] Particle Data Group, K. Hagiwara et al., Phys. Rev. D 66, 010001 (2002). [52] A. Casher and S. Nussinov, Phys. Lett. B 578, 124 (2004) [arXiv:hep-ph/0309208]. [53] H. Scheck, Phys. Lett. B 224, 343 (1989).

[54] H. Albrecht et al. [ARGUS Collaboration], Phys. Lett. B 236, 102 (1990). [55] S. A. Dytman [for the CLEO Collaboration], arXiv:hep-ex/0307035. [56] M. K. Gaillard, B. W. Lee and J. L. Rosner, Rev. Mod. Phys. 47, 277 (1975). [57] J. Z. Bai et al. [BES Collaboration], arXiv:hep-ex/0402012. [58] S. Armstrong, B. Mellado and S. L. Wu, arXiv:hep-ph/0312344. [59] T. E. Browder, I. R. Klebanov and D. R. Marlow, arXiv:hep-ph/0401115. [60] M. Karliner and H. J. Lipkin, work in progress, private communication from H. J.

Lipkin.