arXiv:hep-ph/0305294 v1 27 May 2003

Modern Physics Letters A, Vol. 14, No. 33 (1999) 2313-2319 © World Scientific Publishing Company

EXOTIC HADRONS OF MINIMAL PENTAQUARK (qqqqq̄) STATES

HAIYAN GAO^∗ Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

BO-QIANG MA^† CCAST (World Laboratory), P.O. Box 8730, Beijing 100080, China and Institute of High Energy Physics, Academia Sinica, Beijing 100039, China

Received 18 October 1999 Originally published in Mod. Phys. Lett. A, Vol. 14, No. 33 (1999) 2313-2319

It is shown that the exotic non-qqq hadrons of pentaquark qqqqq̄ states can be clearly distinguished from the conventional qqq-baryon resonances or their hybrids if the flavor of q̄ is different from any of the other four quarks. We suggest the physical process p(e, e^′ K^−)Z(uuuds̄), which can be investigated at the Thomas Jefferson National Accelerator Facility (JLab), as an ideal process to search for the existence or non-existence of the exotic hadron of minimal pentaquark state Z(uuuds̄).

The search for the existence of Z(uudds̄) is also discussed in the paper.^a

The quark model1 has been proved to be remarkably successful in classifying the mesons and baryons as composite systems of quark-antiquark (qq̄) states for mesons and three quark (qqq) states for baryons.2 Also, it has been well known that the structure of hadrons should be more complicated than the simple lowest valence quark states, and there are additional sea quark-antiquark pairs and gluons inside the hadrons probed by various deep inelastic processes. The situation can be well illustrated by the structure of the nucleon in terms of quark-gluon components as supported by a large number of phenomenological evidence. The existence of the higher quark-gluon components in the nucleon structure can be described by perturbative quantum chromodynamics (pQCD) for the perturbative aspect and perhaps by the baryon-meson fluctuation configuration3 for some of the non-perturbative aspects. Therefore a conventional baryon should be composed of various quark-gluon configurations in which the lowest is the three quark (qqq) state. From another point of view, there have been various theoretical and experimental investigations on the

∗Now at Department of Physics, Duke University, Durham, NC 27708, USA. gao@tunl.duke.edu †Now at Department of Physics, Peking University, Beijing 100871, China. mabq@phy.pku.edu.cn aWe added this sentence after the original published form of this paper.

2313

2314 H. Gao & B.-Q. Ma

possibility of the existence of exotic hadrons beyond the conventional quark model spectroscopy, such as multiquark mesons (qqq̄q̄) and baryons (qqqqq̄), dibaryons (qqqqqq), hybrid states (qq̄g), and glueballs.2 The present situation seems to be very promising for the existence of the hybrid states and glueballs. Though much progress has been made and many candidates for the other exotic hadrons have been reported, the existence of the exotic hadrons of multiquark states is still far from being clear, due to the difficulty to clearly distinguish candidates from a large number of various possible meson and baryon resonances.

In this letter we will focus our attention on the exotic hadrons composed of five quarks, i.e., a new class of particles of minimal pentaquark (qqqqq̄) states. There have been several candidates for the pentaquark states, such as Λ(1405),2^,4 the possible existence of the pentaquark baryons of hidden strangeness X(2050) and X(2000),5 and several possible narrow states which might be pentaquark states.6 The Λ(1405) has been confirmed to exist,2 but it is still not clear whether it is a three quark uds state resonance or a baryon-meson state.4 The existence of several other possible pentaquark states still needs to be confirmed. Although these possible particles may have properties different from conventional qqq-baryon, it is difficult to identify them unambiguously from possible baryon resonances or their hybrids. In the following we will show that the pentaquark (qqqqq̄) states with the antiquark q̄ having different flavor from any of the other four quarks have the unique property of no place in the spectroscopy of the qqq-baryon quark model, and can not be misidentified with any of the baryon resonances or hybrids. Thus, they might be helpful to clarify the present situation concerning Λ(1405) and to confirm the existence of the pentaquark states if any evidence for such a hadron can be observed.

For simplicity, we will consider the pentaquark (qqqqq̄) states as composite systems of baryon-meson states, inspired by our understanding of the non-perturbative sea quark-antiquark pairs of the nucleon in terms of baryon-meson fluctuations.3 Although the baryon-meson states can not fully accommodate all possible pentaquark states, it will be sufficient as a first approximation to see whether it provides the hint for a new class of particles. It has been pointed out3 that the lowest baryonmeson fluctuations of the nucleon can provide a comprehensive understanding of a number of empirical anomalies, such as the violation of the Gottfried sum rule9, the large excess of charm quarks at large Bjorken x,7^,8 the strange quark-antiquark distribution asymmetry,3 and the violation of the Ellis-Jaffe sum rule.10 Thus any of the conventional baryons in the quark model should have an important part of baryon-meson components beyond the three valence quark qqq-states. Such baryonmeson fluctuations are of non-perturbative nature and can be handled by models at the moment, but their existence can be verified and studied from various experiments. There are also theoretical studies which show that the Λ(1405) may be dominated by baryon-meson terms in the wavefunctions.4 Also it has been found that there is increasing empirical support for an η-baryon octet of J^p =^1_2^− states associated with the S-wave η + N [N (1535)], η + Λ [Λ(1670)], η + Σ [Σ(1750)] threshold interactions.11 These results naturally inspire us to consider the possible

Exotic Hadrons of Minimal Pentaquark (qqqqq̄) States 2315

existence of a new class of particles in terms of baryon-meson states. Some of these baryon-meson states can be served as the intrinsic quark-antiquark sea components in the ordinary qqq-baryons and they mix with the ordinary baryons, but we will show that some pentaquark (qqqqq̄) states in terms of meson-baryon states can not find their place in the conventional three quark (qqq) baryon spectroscopy.

We notice that in case the antiquark has the same flavor (e.g., q_4) with any of the other four quarks in the pentaquark q_1q_2q_3q_4q̄_4 state, such pentaquark state may be easily identified with the three quark state of q_1q_2q_3-baryon resonance, from the above knowledge that any baryon of q_1q_2q_3 valence states may have higher quark components of q_1q_2q_3q_4q̄_4 states. We also notice that all of the previous reported candidates of pentaquark states belong to such q_1q_2q_3q_4q̄_4 states with hidden flavor q_4, thus they are difficult to be distinguished from possible q_1q_2q_3-baryon resonances with exotic properties. A completely unambiguous way of identifying a pentaquark qqqqq̄ state is that the antiquark q̄ having flavor different from any of the other four quarks. We find that such pentaquark states can not exist in the quark model qqqbaryon spectroscopy. Thus, they have the unique property of minimal configuration qqqqq̄ to be distinguished from the conventional baryons.

Such minimal pentaquark states composed of the light flavor up (u) and down (d) quarks can only exist in two possible states: uuuud̄ and ddddū, which can be considered as composite systems of Δ^{++}(uuu)π^+(ud̄) and Δ^−(ddd)π^−(dū). We find that it is not easy to find good processes which can produce such particles conveniently. There are more such minimal pentaquark states composed of three flavor u, d, and s (strange) quarks (but with only one s̄ or s quark): uuuus̄, uuuds̄, uudds̄, uddds̄, dddds̄, dddsū, and uuusd̄. When consider them in terms of baryon-meson states, those in which the baryon is the nucleon should be: uuuds̄ = p(uud)K^+(us̄), uddds̄ = n(udd)K^0(ds̄), and uudds̄ = n(udd)K^+(us̄) = p(uud)K^0(ds̄). From which we notice that the minimal pentaquark states which can be easily measured might be uuuds̄ = p(uud)K^+(us̄) and uudds̄ = n(udd)K^+(us̄), which might be produced from physical processes p(e, e^′K^−)Z(uuuds̄) and n(e, e^′K^−)Z(uudds̄)^b which can be measured at the Thomas Jefferson National Accelerator Facility(JLab). As far as we know, there have been theoretical studies on the properties of the pentaquark states in the MIT bag model12 and in other frameworks.13 The pentaquark states we suggest to measure are the ones with strangeness number S = 1 (i.e., with an anti-strange quark inside the hadron), a distinct quantum number that can not be possessed by ordinary baryons in the conventional quark model spectroscopy. There have been also suggestions for the possible existence of other exotic multiquark states, such as c̄sqq̄ and c̄sqqq with both strangeness and charm.14 However, there is still no convincing experimental evidence for the existence of the above mentioned minimal pentaquark states such as Z(uuuds̄).

There should be a number of physical processes that could in principle produce the minimal pentaquark state Z(uuuds̄), such as p(γ, K^−)Z(uuuds̄),

bSince there is no free neutron target, deuterium targets should be used in this case.

2316 H. Gao & B.-Q. Ma p(p, p^′K^−)Z(uuuds̄), and p(π^+, K^0)Z(uuuds̄) et al.. The p(e, e^′K^−)Z(uuuds̄) pro- cess at JLab is ideal for this physics because of the large luminosity that can be obtained and the fine resolutions of the spectrometers. Furthermore, the continuouswave electron beam significantly enhances the signal to background ratio for coincidence measurement. The advantage at JLab is that there is no need to build new detector to search for the new particle Z(uuuds̄), since the existence or nonexistence of Z(uuuds̄) can be re-constructed using the missing mass technique by detecting the scattered electron and the final state K^− in coincidence. We do not need to know the explicit properties, such as the life time, width, mass, spin, parity, and decay modes et al. for detecting such particle.

We now estimate the probability of producing Z(uuuds̄) from the proton target by employing the baryon-meson fluctuation model of the nucleon sea.3 We check the probability of finding the quark configuration of uuuds̄ and sū inside the proton. From the discussion of the strangeness content of the nucleon sea,3 we know that the lowest baryon-meson fluctuation of the strange quark-antiquark pairs is p(uudss̄) = Λ(uds)K^+(us̄) and the probability of finding such fluctuation should be on the order 3%. We also know from the Gottfried sum rule violation9 that the dominant baryon-meson fluctuation of the proton is p(uuddd̄) = n(udd)π^+(ud̄) and the probability of finding such fluctuation should be on the order 15%.3 From the SU(3) symmetry of octet baryons, we can estimate the probability of finding the baryon-meson fluctuation Λ(udsuū) = p(uud)K^−(sū) inside Λ as around 10%. Thus the probability of finding the baryon-meson-meson fluctuation p(uuduūss̄) = Λ(udsuū)K^+(us̄) = p(uud)K^−(sū)K^+(us̄) of the proton should be around 3% · 10% = 0.3% from a convolution picture, as shown in Fig. 1. When the K^−(sū) is knocked out by the incident electron beam, the left spectator should be of the quark configuration p(uud)K^+(us̄) = uuuds̄, which is the same as that of the pentaquark state Z(uuuds̄). From above discussion, we can estimate the cross section for the process p(e, e^′K^−)Z(uuuds̄) by largest as around 0.1 times that of the process p(e, e^′K^+)Λ by removing the kinematical factors, provided with the assumption that the left spectator keeps as a single state particle Z(uuuds̄). In fact, the real situation might be not so optimistic as the best case estimated above.

Since the five quarks of Z(uuuds̄) might be grouped into clusters rather than confined inside a bag, we still have difficulty predicting the mass of the minimal pentaquark state Z(uuuds̄), and it is likely below or slightly above the threshold of two free particle state of p and K^+, i.e., M = 1432 MeV, if such particle can exist in the laboratory. If the mass of Z(uuuds̄) is above M = 1432 MeV, such particle should have a short life time and a broad width. Also there should be large background contribution above the threshold of p(e, e^′K^−)K^+p to the p(e, e^′K^−)Z(uuuds̄) process. Therefore the resolutions required for the experiment on Z(uuuds̄) are high. In this situation, the new particle Z(uuuds̄) might also be possible to be produced and measured in the resonance channel K^+ + p → Z(uuuds̄) → K^+ + p by reconstructing the Z(uuuds̄) from the detected final state K^+ and p, provided with

Exotic Hadrons of Minimal Pentaquark (qqqqq̄) States 2317

Fig. 1. The possible mechanism to produce the exotic minimal pentaquark state Z(uuuds̄) by the electroproduction of K^− from the proton target, i.e., the physical process p(e, e^′ K^−)Z(uuuds̄).

good resolutions. In case Λ(1405) is a minimal pentaquark state with configuration Λ(1405) = X(uudsū) = p(uud)K^−(sū) or Λ(1405) = X(uddsd̄) = n(udd)K̄^0(sd̄),4 we may even consider the possibility that Z(uuuds̄) = p(uud)K^+(us̄) is one of the partner particles of Λ(1405) and make a clear prediction of its mass M ≈ 1405 MeV. It would be relatively easy to be measured from p(e, e^′K^−)Z(uuuds̄) process if the mass of Z(uuuds̄) is below 1432 MeV. The possible channels for the background contribution should be p(e, e^′K^−)Δ^{++} and p(e, e^′K^−)π^+p which involve the Cabibbo suppressed weak interaction below the threshold of the process p(e, e^′K^−)K^+p, and such contributions are small. The re-construction of Z(uuuds̄) would be clean without significant background contribution. Thus any evidence for or against the existence of Z(uuuds̄) might be also helpful in clarifying the situation concerning Λ(1405).

We can not exclude the possibility that only certain specific pentaquark states, not all of them, can exist in nature. For example, the existence of Z(uudds̄) is more possible than that of Z(uuuds̄) considering the fact that the stable pentaquark states may carry less net charge.^c We can extend the study in this direction by systematic exploration of various minimal pentaquark states with configurations pointed out above, such as to search for Z(uudds̄) from the physical process D(e, e^′K^−p)Z(uudds̄) or D(e, e^′Λ)Z(uudds̄) at JLab. It is interesting to note a recent suggestion15 on the search for such a Z(uudds̄) particle from the pp → nΣ^+K^+ reaction by analyzing the nK^+ invariant mass spectrum. We also point out here that the search of the existence of the exotic new particle Z(uuuds̄) can be combined with the planned program of the physical process of p(e, e^′K^−K^+)p at JLab. Thus the search of new particles Z(uuuds̄) and Z(uudds̄) at JLab is not necessarily in conflict with conventional studies, even though the chance of finding such particles might be small. From another point of view, even the confirmation of the non-existence of Z(uuuds̄) and Z(uudds̄) can enrich our understanding of the hadronic structure and the strong interaction.

cHowever, the proton with charge 1 is more stable than the neutron with charge 0.

2318 H. Gao & B.-Q. Ma

In summary, we proposed in this letter the idea of the possible existence of exotic hadrons of minimal pentaquark qqqqq̄ states such as Z(uuuds̄). We found that the exotic hadrons of pentaquark qqqqq̄ states can not find place in the conventional quark model spectroscopy of qqq-baryons if the flavor of q̄ is different from any of the other four quarks, thus such minimal pentaquark states can be clearly identified as a new class of particles if there is any evidence for the existence. We also discussed the possible configurations for such minimal pentaquark states and pointed out that Z(uuuds̄) might be identified. We suggested the physical process p(e, e^′K^−)Z(uuuds̄), which can be studied at JLab, as an ideal process to search for the existence or non-existence of the exotic pentaquark hadron Z(uuuds̄). The possibility of a search for the Z(uudds̄) state from the physical process D(e, e^′K^−p)Z(uudds̄) or D(e, e^′Λ)Z(uudds̄) at JLab is also pointed out. Further theoretical and experimental explorations are required to support or rule out the existence of such exotic minimal pentaquark states which have no place in the conventional qqq-baryon spectroscopy.

Acknowledgments

This work is supported by National Natural Science Foundation of China under Grant No. 19605006 and the U.S. Department of Energy under contract number DE-FC02-94ER40818.

References 1. M. Gell-Mann, Phys. Lett. 8 (1964) 214; G. Zweig, Preprint CERN-8182/Th.401 (Jan.

1964), unpublished; and Preprint CERN-8419/Th.412 (Feb. 1964), unpublished. 2. Particle Data Group, C. Caso et al., Eur. Phys. J. C 3 (1998) 1, see notes on pages 609, 627, and 676.

3. See, e.g., S.J. Brodsky and B.-Q. Ma, Phys. Lett. B 381 (1996) 317, and references therein.

4. See, e.g., E.A. Veit et al., Phys. Rev. D 31 (1985) 1033; N.Kaiser, T. Wass, and W.

Weiss, Nucl. Phys. A 612 (1997) 297.

5. For a recent review, see, e.g., L.G. Landsberg, hep-ex/9907025. 6. B. Tatischeff et al., Phys. Rev. Lett. 79 (1997) 601. 7. EM Collab., J. J. Aubert et al, Phys. Lett. B 110 (1982) 73.

8. S. J. Brodsky, P. Hoyer, C. Peterson, and N. Sakai, Phys. Lett. B 93 (1980) 451;

S. J. Brodsky, C. Peterson, and N. Sakai, Phys. Rev. D 23 (1981) 2745. 9. For a recent review, see, e.g., S. Kumano, Phys. Rep. 303 (1998) 183. 10. For reviews, see, e.g., H.-Y. Cheng, Int. J. Mod. Phys. A 11 (1996) 5109; G.P. Ramsey, Prog. Part. Nucl. Phys. 39 (1997) 599. For a recent discussion, see, B.-Q. Ma, I. Schmidt, and J. Soffer, Phys. Lett. B 441 (1998) 461.

11. I.P. Gyuk and S.F. Tuan, Phys. Rev. Lett. 14 (1965) 121; S. Pakvasa and S.F. Tuan, Nucl. Phys. B 8 (1968) 95; S.F. Tuan, Phys. Rev. D 46 (1992) 4095.

12. R.L. Jaffe, Phys. Rev. D 15 (1977) 267 and 281; D. Strottman, Phys. Rev. D 20 (1979) 748.

13. See, e.g., H. Walliser, Nucl. Phys. A 548 (1992) 649; Y. Oh, B.-Y. Park, and D.-P.

Min, Phys. Lett. B 331 (1994) 362; D. Diakonov, V. Petrov, and M. Polyakov, Z. Phys. A 359 (1997) 305; H. Weigel, Eur. Phys. J. A 2 (1998) 391.

Exotic Hadrons of Minimal Pentaquark (qqqqq̄) States 2319

14. See, e.g., H.J. Lipkin, Phys. Lett. B 70 (1977) 113 and B 195 (1987) 484; N. Isgur and H.J. Lipkin, Phys. Lett. B 99 (1981) 151; C. Gignoux et al., Phys. Lett. B 193 (1987) 323; M.A. Moinester et al., Z. Phys. A 356 (1996) 207. For most recent experimental progress, see, e.g., A.J. Schwartz, hep-ex/9908054.

15. M.V. Polyakov et al., nucl-th/9909048.