arXiv:hep-ph/0401074 v2 19 Jan 2004

PNU-NTG-01/2004

Threshold production of the Θ^+ in a polarized proton reaction

S. I. Nam^∗

Research Center for Nuclear Physics (RCNP), Ibaraki, Osaka 567-0047, Japan and

Department of Physics, Pusan National University, Pusan 609-735, Korea

A. Hosaka^†

Research Center for Nuclear Physics (RCNP), Ibaraki, Osaka 567-0047, Japan

H. -Ch. Kim^‡

Department of Physics, Pusan National University, Pusan 609-735, Korea (Dated: Januray, 2004)

Abstract

We compute cross sections of Θ^+ production near threshold for a polarized proton reaction, ⃗p⃗p → Σ^+Θ^+ which was recently proposed to determine unambiguously the parity of Θ^+. Within theoretical uncertainties cross sections for the allowed spin configuration are estimated; it is of order of one microbarn for the positive parity Θ^+ and about 1/10 microbarn for the negative parity Θ^+ in the threshold energy region where the s-wave component dominates.

PACS numbers: 13.75.Cs, 14.20.-c

∗Electronic address: sinam@rcnp.osaka-u.ac.jp †Electronic address: hosaka@rcnp.osaka-u.ac.jp ‡Electronic address: hchkim@pusan.ac.kr

FIG. 1: Born diagrams for ⃗p⃗p → Θ^+Σ+. 0

The discovery of the Θ^+ [1, 2, 3, 4] has triggered a tremendous amount of research activities both from theories and experiments [5]. Hadron physics has now experienced a new stage of development with unexpected richness. The surprise came not only with its relatively low mass but also with a very narrow width, though for the latter only the upper limit is known so far. This feature is also shared by the recently observed Ξ states [6]. Quantum numbers such as spin and parity are not yet known neither. Since the parity reflects the internal dynamics of hadrons, it is crucially important to determine it by experiment and to understand by theory. The present theoretical situation, however, is not settled; chiral theories including the pioneering chiral soliton models [7, 8, 9], and the diquark model [10] predict positive parity, while recent lattice [11, 12] and sum rule calculations [13, 14] are on the other side.

Very recently, an unambiguous method was proposed in order to determine the parity of the Θ^+ using the reaction [15]

⃗p + ⃗p → Θ^+ + Σ^+ near threshold. (1)

This reaction has been previously considered for the production of Θ^+ [16], but it has turned out that it does more for the determination of the parity, in contrast with a number of recent attempts using other reactions which needed particular production mechanism [17]. In order to extract information of parity from (1), the only requirement is that the final state is dominated by the s-wave component. The s-wave dominance in the final state is then combined with the Fermi statistics of the initial two protons and conservations of the strong interaction, establishing the selection rule: If the parity of Θ^+ is positive, the reaction (1) is allowed at the threshold region only when the spin of the two protons is S = 0, while, if it is negative the reaction is allowed only when S = 1. This situation is similar to what was used in determining the parity of the pion. Experimentally, the pure S = 0 state may not be easy to set up. However, an appropriate combination of spin polarized quantities allows to extract information of S = 0 state.

In this letter, we perform calculations for production cross sections of (1). Our purposes are:

1. To check that the production reaction is indeed dominated by the s-wave (in other word, there is no accidental vanishing of s-wave contributions to invalidate the above selection rule).

2. To estimate production cross sections within the present knowledge of theoretical models.

In order to estimate the production rate, we calculate the Born diagrams of pseudoscalar kaon (K(498)) and vector K^∗ (K^∗(892)) exchanges, which are minimally needed for the present reaction (Fig. 1). Assuming that the parity of Θ^+ is positive, we can take effective interaction lagrangians as follows:

L_{KN Θ} = ig_{KN Θ}Θ̄γ_5KN + (h.c.) , (2) L_{KN Σ} = ig_{KN Σ}Σ̄γ_5KN + (h.c.) , (3)

L_K∗_{N Θ} = −g_K∗_{N Θ}Θ̄γ^μK^∗_μN + g^T_K∗_{N Θ} M_Θ + M_N

Θ̄σ^{μν} ∂_μK^∗_ν N + (h.c.) , (4)

L_K∗_{N Σ} = −g_K∗_{N Σ}Σ̄γ^μK^∗_μN + g^T_K∗_{N Σ} M_Σ + M_N

Σ̄σ^{μν} ∂_μK^∗_ν N + (h.c.) . (5)

with standard notations. If the parity of Θ^+ is negative, γ_5 matrix in (2) should be removed and in (4) γ_5 should be inserted. For the coupling terms of Σ^+, we employ the values estimated from the previous analysis; g_{KN Σ} = 3.54, g_K∗_{N Σ} = −2.46 and g^T_K∗_{N Σ} = 1.15 [18]. Since the couplings to the Θ^+ is not known, we investigate several cases with different parameter values. For g_{KN Θ} we mostly employ g_{KN Θ} = 3.78, which is fixed by Γ_Θ+_{→KN} = 15 MeV. For each case, we employ for the unknown vector K^∗ couplings, |g_K∗_{N Θ}| = |g_{KN Θ}|/2, as suggested by Ref. [19]. The tensor couplings are then varied within |g^T_K∗_{N Θ}| ≤ 2|g_K∗_{N Θ}| = |g_{KN Θ}| in order to see model dependence of this process. As for the form factor, we employ the following form of the monopole type:

F (q^2) =

Λ^2 − m^2 Λ^2 − q^2

, (6)

where q^2 is the four momentum square and m the mass of the exchanged particle (either K or K^∗). The cut off parameter Λ is chosen to be Λ = 1 GeV. In Ref. [20] the authors employed a different type of form factor. However, the monopole type is more often used for meson-baryon vertices. In any events, the main points in the following discussions will not be changed by the use of different form factors.

The calculation for the scattering amplitude is straightforward once having the interaction, Eqs. (2) ∼ (5). In Fig 2, total cross sections near threshold region are shown as functions of the energy in the center of mass system √ s ( √ s_{th} = 2729.4 MeV). The left (right) panel is for the positive (negative) parity Θ^+ where the allowed initial spin is S = 0 (S = 1). For the allowed channels, five curves are shown using different coupling constants of g_K∗_{N Θ} and g^T_K∗_{N Θ}; zero and four different combinations of signs with the absolute values |g^T_K∗_{N Θ}| = 2|g_K∗_{N Θ}| = |g_{KN Θ}|, as indicated by the pair of labels in the figures, (sgn(g_K∗_{N Θ}), sgn(g^T_K∗_{N Θ})). As shown in the figure, cross sections vary with about 50 % from the mean value for the vanishing K^∗ exchanges. For the forbidden channels only the case of vanishing K^∗NΘ coupling constants is shown; cross sections using finite coupling constants vary within about 50 % just as for the allowed channels. In both figures, the s-wave threshold behavior is seen for the allowed channels as proportional to (s − s_{th})^{1/2}, while the forbidden channels exhibit the p-wave dependence of (s − s_{th})^{3/2} and with much smaller values than the allowed channel. The suppression factor is given roughly by [(wave number)·(interaction range)]^2 ∼ k/m_K ∼ 0.1 (k = √ 2m_K E), as consistent with the results shown in the figures.

From these results, we conclude that the absolute value of the total cross section is of the order 1 [μb] for the positive parity Θ^+ and of the order 0.1 [μb] for the negative parity Θ^+. The fact that the positive parity case has larger cross section is similar to what was observed in the photoproduction and hadron induced reaction also [17]. This is due to the p-wave nature of the KNΘ coupling with a relatively large momentum transfer for the

Θ^+ production. When the smaller decay width of Θ^+ is used, the result simply scales as proportional to the width, if the K^∗NΘ couplings are scaled similarly.

FIG. 2: Total cross sections near the threshold: (a) for positive parity Θ^+ where the allowed channel is S = 0 and (b) for negative parity Θ^+ where the allowed channel is S = 1. The labels (+,+) etc denote the signs of g_K∗_{N Θ} and g^T_K∗_{N Θ} relative to g_{KN Θ}. The solid lines in the bottom is the cross sections for the forbidden channels.

In Fig. 3, we show the angular dependence in the center of mass system for several different energies above the threshold, √ s = 2730, 2740, 2750 and 2760 MeV. Here only K exchange is included but without K^∗ exchanges. The angular dependence with the K^∗ exchanges included is similar but with absolute values scaled as in the total cross sections. Once again, we can verify that the s-wave dominates the production reaction up to √ s <_∼ 2750.

Recently, in Ref. [21], the authors discussed the experimental methods and obervables to determine the parity of the Θ^+ baryon with the polarized proton beam and target. They discussed the spin correlation parameter A_{xx} as well as cross sections. It is computed by A_{xx} = (^3σ_0 +^3 σ_1)

2σ_0

− 1, (7)

where σ_0 is the unpolarized total cross sections and the polarized cross section are denoted as^{2S+1}σ_{Sz} . In Fig. 4 we present A_{xx} where we do not include K^∗ exchange, but the results do not change very much by including K^∗. As shown in the figures A_{xx} reflects very clearly the differences of the parity of Θ^+. The cases with and without the form factor are similar and well fall into the region as indicated in Ref. [21].

In actual experiment, it is necessary to detect Σ also at the threshold region. Due to small energy (or velocity) of the final state particles in the center of system, produced Σ must be detected inside a very narrow cone forward peaked in the laboratory frame. Because of this fact, measurement at the existing facility of fixed target, such as COSY, would require an experimental challenge.

Acknowledgments

We thank Tony Thomas, Ken Hicks, Hiroshi Toki, Kichiji Hatanaka and Takashi Nakano for discussions and comments. The work of H.-Ch.Kim is supported by the Korean Research

FIG. 3: Angular dependence of the production cross sections near the threshold in the center of mass frame: (a) for positive parity Θ^+ and (b) for negative parity Θ^+. The labels denote the total incident energy √ s.

FIG. 4: A_{xx} for the negative and positive parity of the Θ baryon. Here we do not consider K^∗ exchange. (a) is without the form factor while (b) with.

Foundation (KRF–2003–070–C00015). The work of S.I.Nam has been supported by the scholarship endowed from the Ministry of Education, Science, Sports and Culture of Japan.

[1] T. Nakano et al. [LEPS Collaboration], Phys. Rev. Lett. 91 (2003) 012002. [2] V. V. Barmin et al. [DIANA Collaboration], Phys. Atom. Nucl. 66 (2003) 1715 [Yad. Fiz. 66 (2003) 1763].

[3] S. Stepanyan et al. [CLAS Collaboration], Phys. Rev. Lett. 91, 252001 (2003). [4] V. Kubarovsky et al. [CLAS Collaboration], hep-ex/0311046, to appear in Phys. Rev. Let. [5] Recent activities are found on the web page of the Pentaquark workshop at JLab, November (2003); http://www.jlab.org/intralab/calendar/archive03/pentaquark/.

[6] NA49 Collaboration ”Observation of an Exotic S = -2, Q = -2 Baryon Resonance in Proton- Proton Collisions at the CERN SPS” hep-ex/0310014.

[7] D. Diakonov, V. Petrov and M. Polyakov, Z. Phys. A359, 305-314 (1997).

[8] F. Stancu and D. O. Riska, Phys. Lett. B 575 (2003) 242. [9] A. Hosaka, Phys. Lett. B 571 (2003) 55.

[10] R. L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91 (2003) 232003. [11] F. Csikor, Z. Fodor, S.D. Katz, T.G. Kovacs, hep-lat/0309090. [12] S. Sasaki, hep-lat/0310014.

[13] S. L. Zhu, Phys. Rev. Lett. 91 (2003) 232002.

[14] J. Sugiyama, T. Doi, M. Oka, hep-ph/030927, to be published in Phys. Lett. B. [15] A. W. Thomas, K. Hicks and A. Hosaka, hep-ph/0312083.

[16] M. V. Polyakov, A. Sibirtsev, K. Tsushima, W. Cassing and K. Goeke, Eur. Phys. J. A 9, 115 (2000).

[17] T. Hyodo, A. Hosaka and E. Oset, Phys. Lett. B 579, 290 (2004) ; S.I. Nam, A. Hosaka and H.-Ch. Kim, Phys. Lett. B 579, 43 (2004); Y. Oh, H. Kim and S.H. Lee, hep-ph/0310019; Q. Zhao, hep-ph/0310350; K. Nakayama and K. Tsushima, hep-ph/0311112.

[18] V. G. J. Stokes and Th. A. Rijken, Phys. Rev. C 59, 3009 (1999). [19] W. Liu, C. M. Ko and V. Kubarovsky, nucl-th/0310087. [20] Y. Oh, H. Kim and S. H. Lee, hep-ph/0311054. [21] C. Hanhart et al., hep-ph/0312236.