arXiv:hep-ph/0311054 v3 19 Dec 2003

hep-ph/0311054

Θ^+ baryon production in KN and NN reactions

Yongseok Oh,^{1, 2, ∗} Hungchong Kim,^{1, †} and Su Houng Lee^{1, ‡} 1Institute of Physics and Applied Physics, Yonsei University, Seoul 120-749, Korea 2Thomas Jefferson National Accelerator Facility, 12000 Jefferson Avenue, Newport News, VA 23606 (Dated: December 19, 2003)

Abstract

We study Θ^+(1540) productions in kaon-nucleon (KN) and nucleon-nucleon (NN) interactions by assuming that the Θ^+ is an isosinglet with J^P =^1_2^+. Possible t-channel diagrams with K^∗ exchange are considered in both reactions as well as K exchange in NN reaction. The cross section for np → Λ^0Θ^+, which has not been considered in previous calculations, is found to be about a factor of 5 larger than that for np → Σ^0Θ^+ due to the large coupling of KNΛ interaction. The cross sections are obtained by setting g_{KN Θ} = 1 and varying the ratio of g_K∗_{N Θ}/g_{KN Θ} so that future experimental data can be used to estimate these couplings. We also find that the isospin relations hold for these reactions.

PACS numbers: 13.75.-n, 12.39.Mk, 13.75.Cs, 13.75.Jz

∗Electronic address: yoh@phya.yonsei.ac.kr
†Electronic address: hung@phya.yonsei.ac.kr
‡Electronic address: suhoung@phya.yonsei.ac.kr

Typeset by REVTEX 1

I. INTRODUCTION

The first experimental observation of a pentaquark baryon, the Θ^+(1540), was made in photon-nucleus reaction [1]. Later, the existence of the Θ^+ was confirmed by the analyses on kaon-nucleus [2], photon-deuteron [3], photon-proton [4, 5], and neutrino-nucleon reactions [6]. Till now, only the upper bound of the Θ^+(1540) decay width is known, it is around 9-25 MeV. Because of its positive strangeness, the minimal quark content of the Θ^+(1540) is uudds̄ and thus has hypercharge Y = 2. This means that the Θ^+ cannot be a three-quark state, and hence should be an exotic [7]. Such a narrow pentaquark state was predicted by chiral soliton model [8, 9]. There, the Θ^+ is an isosinglet and forms a baryon anti-decuplet with other pentaquark states, which is also anticipated in the Skyrme model [10–12]. If we consider baryons consisting of four quarks and one anti-quark, the flavor SU(3) group structure says that such systems can form the multiplets of 35, 27, 10, 10, 8, and 1. If the Θ^+(1540) is an isosinglet, then it would be a member of the baryon anti-decuplet.^1 The recently observed Ξ^{∗−−}(1862), which carries S = −2 and Q = −2e [13], could be a member of the anti-decuplet as its minimal quark content is ddūss. Such a state was also predicted by quark models and soliton models as an I = 3/2 member of the baryon antidecuplet. Therefore, if confirmed by other experiments, the observation of the Ξ^∗(1862) strongly supports the existence of baryon anti-decuplet with the isoscalar Θ^+. However the I = 1/2 and I = 1 members of the baryon anti-decuplet are under debate, since these are crypto-exotic states and cannot be distinguished from three-quark baryons by the quantum numbers. Therefore, identifying those members is strongly dependent on the structure of the low-lying pentaquark states. In Ref. [14], Jaffe and Wilczek suggested a diquark-diquark-antiquark picture for the pentaquark anti-decuplet. For physical states of the I = 1/2 and I = 1 baryons, they considered mixing with pentaquark octet and identified N(1440) and N(1710) as pentaquark states.^2 Further extensions of this picture for pentaquark baryons can be found e.g., in Refs. [16–19]. Other theoretical investigations on the Θ^+ and/or baryon anti-decuplet can be found, e.g., in Refs. [20–40].

The production of the Θ^+ can also be investigated in heavy-ion collisions as discussed in Refs. [41–43]. In Ref. [41], a statistical model is used to predict that the Θ^+ yield is about 12-14% of the Λ yield in heavy-ion collisions. The dependence of the yield on the collision energy was discussed in Ref. [43]. Moreover, in Ref. [42], it was claimed that Θ^+ production can be a useful probe of the initially produced quark-gluon plasma state, because the number of the Θ^+ formed in the quark-gluon plasma can be non-trivial and the final state interaction through the hadronic phase is not large. However, as emphasized in Ref. [42], such claims depend crucially on understanding the strength of the hadronic interactions of the Θ^+. Thus investigating the hadronic interaction of the Θ^+ is important not only in understanding its structure but also in probing heavy-ion collisions.

The elementary production processes of the Θ^+ baryon have been investigated by several groups. In Refs. [44, 45], Lin and Ko estimated the total cross sections of Θ^+ production in photon-nucleon, meson-nucleon, and nucleon-nucleon reactions. It is further improved by including the anomalous magnetic moment interaction terms for γn reaction in Ref. [46]. In Ref. [47], we have reported the total and the differential cross sections for γp, γn, and πN

1 The 35-plet contains isotensor Θ which has I = 2, while the I = 1 isovector Θ is a member of the 27-plet. 2 Recently, in a coupled channel model for πN scattering, the Jülich group claimed that the Roper N (1440) might be a quasi-bound σN state instead of a genuine three-quark state [15].

reactions, which was an improvement over previous studies in that we consistently included K^∗ exchanges. Recently, Liu et al. considered the reaction of γp → π^+K^−Θ^+ [48]. Some polarization observables in Θ^+ photoproduction are also estimated in Ref. [49]. In this paper, as a continuation of our efforts to understand the Θ^+ production processes, we investigate its production in KN and NN reactions. These reactions were previously investigated in Ref. [44] for KN → πΘ^+ and pp → Σ^+Θ^+ reactions, and then the cross sections were isospinaveraged. We improve this calculation by considering the K^∗ exchanges and we also consider np → ΛΘ reaction, which will be shown to have larger cross section than np → ΣΘ. In addition, we derive isospin relations for different isospin channels in KN and NN reactions.

As shown in Refs. [46–50], the production cross sections are strongly dependent on the quantum numbers of the Θ^+, which is an important issue to be resolved.^3 First, the spin of the Θ^+ is believed to be^1_2 [14]. But the parity of the Θ^+ is still under debate. If we assume that every quark is in the S-wave ground state as in the usual three-quark baryons, the parity of the pentaquark ground state would be odd because of the existence of one antiquark. Some quark models [21, 39], QCD sum rules [31, 33], and lattice QCD [36, 37] support J^P =^1_2^−. However it is also claimed that the state with antisymmetric spatial wavefunction should be the ground state [14], which is consistent with the soliton model predictions [8]. Furthermore, recent quark model studies show that the ground state is in a P-wave if one includes the orbital motion of the quarks, which makes the ground state have even parity [22, 51]. This is also consistent with the heavy pentaquark (Θ_c and Θ_b) study in the Skyrme model, which predicts that the ground state has J^P =^1_2^+ while the state with^1_2^− is the first excited state [52]. Thus, in this paper, we assume that the Θ^+(1540) has I = 0 and J^P =^1_2^+.

This paper is organized as follows. In Sect. II, we compute the total and differential cross sections for KN → πΘ reaction. The cross sections for NN → Y Θ is then obtained in Sec. III, with Y = Λ^0 and Σ. We shall find that the ΛΘ channel has larger cross sections than the ΣΘ channel by about a factor of 5. Section IV contains a summary and discussion.

II. KN → πΘ^+ REACTION

As we have discussed before, we assume that the Θ^+ is a J^P =^1_2^+ isoscalar particle belonging to baryon anti-decuplet. Then in the case of KN reaction, we have four possible isospin channels in Θ^+ production,

K^+p → Θ^+π^+, K^0p → Θ^+π^0, K^+n → Θ^+π^0, K^0n → Θ^+π^−. (1)

The possible tree diagrams for K^+p → π^+Θ^+ are shown in Fig. 1. Here we denote the momenta of the incoming kaon, outgoing pion, initial nucleon, and the final Θ^+ as k, q, p, and p^′, respectively. The Feynman diagrams for the other isospin channels can be obtained in the same way.

3 In Refs. [46, 47], it is claimed that the magnitudes of the cross sections for γN → KΘ are strongly dependent on the parity of the Θ^+. The cross sections for odd-parity Θ^+ were shown to be much smaller than those for even-parity Θ^+ by an order of magnitude. It is also shown that the differential cross section would have different angular distribution for different parity of the Θ^+ depending on the coupling g_K∗_{NΘ}.

FIG. 1: Tree diagrams for K^+p → π^+Θ^+ reaction.

There are a few comments regarding the production mechanisms. First, in Ref. [44], the authors considered the diagram of Fig. 1(b). In this work, however, we extend the model of Ref. [44] by including t-channel K^∗ exchange, which allows the diagram of Fig. 1(a). As we shall see later, the contribution from the K^∗ exchange is non-trivial although its magnitude depends on the unknown coupling g_K∗_{N Θ}. A recent estimate on this coupling gives g_K∗_{N Θ}/g_{KN Θ} ∼ 0.6 [48]. If this is true, then the contribution from the K^∗ exchange should be important. Second, one may consider other nucleon or Δ excitations as an intermediate baryon state in Fig. 1(b). To begin with, the Δ excitation is excluded because of its isospin if the Θ^+ is an isosinglet. Furthermore, SU(3) symmetry does not allow the coupling of the anti-decuplet baryon with baryon decuplet and meson octet [16].^4 Other nucleon resonances such as the nucleon analog of the Θ^+ in the anti-decuplet can contribute through the diagram of Fig. 1(b). However, this brings in additional unknown coupling constant for antidecupletantidecuplet-octet interaction. Thus it will not be considered in this exploratory study. In Fig. 1(c), we have s-channel diagram which contains Θ^{++} as an intermediate state. If the Θ^{++} is an isovector particle, it can contribute to the production process. But if it is an isotensor particle, it cannot. Since the nature, mass, and couplings of the Θ^{++} are very unclear, we do not consider Fig. 1(c) in this paper.

We start with the SU(3) symmetric Lagrangian for the interactions of baryon antidecuplet with meson octet and baryon octet [16],

L_{DP B} = −igT̄^{jkl}γ_5P^j_mB^k_nϵ^{lmn} + H.c., (2)

where T^{ijk} is the baryon anti-decuplet, P^j_m the pseudoscalar meson octet, and B^k_n the baryon octet. This leads to

L_{KN Θ} = −ig_{KN Θ}Θ̄γ_5K̄^cN + H.c. = −ig_{KN Θ} (¯ Θγ_5K^+n − Θ̄γ_5K^0p ) + H.c., (3)

where N = ( p n ) , K^c = ( −K̄^0 K^− ) . (4)

The coupling g_{KN Θ} is related to the universal coupling constant g by g_{KN Θ} = √ 6g. The effective Lagrangian for K^∗NΘ interaction can be obtained in the same way,

L_K∗_{N Θ} = −g_K∗_{N Θ} (¯ Θγ_μK^{∗+μ}n − Θ̄γ_μK^{∗0μ}p ) + H.c., (5)

4 If the observed Θ^+(1540) is an isotensor particle [53], it should be a member of the 35 multiplet [54].

Then it has very different selection rules [55] and only the diagram of Fig. 1(b) with the Δ excitation as an intermediate state is allowed for its production from KN reactions with two-body final state. Diagrams like Figs. 1(a,c) are forbidden by isospin in this case.

where we have dropped tensor coupling terms as in Ref. [47].

The other effective Lagrangians necessary for KN → πN reaction are L_{πN N} = g_{πN N} 2M_N N̄γ^μγ_5∂_μπN, L_K∗_{Kπ} = −ig_K∗_{Kπ} (¯ K∂^μπK^∗_μ − ∂^μK̄πK^∗_μ ) + H.c.. (6)

Here, we follow the prescription, e.g., of Ref. [56], namely, we use pseudovector coupling for pion interactions and pseudoscalar coupling for the interactions involving strangeness. The production amplitude for Fig. 1 is given by

M_K+_{p→π}+_Θ+ = ū_Θ(p^′) M u_p(p), (7)

where

M^{(1a)}_{K+p} = √ 2g_K∗_{Kπ}g_K∗_{N Θ} (k − q)^2 − M^2_K∗ { k/ + q/ − 1 M^2_K∗

(M^2_K − M^2_π )(k/ − q/) } ,

M^{(1b)}_{K+p} = − √ 2g_{KN Θ}g_{πN N} 2M_N {(p − q)^2 − M^2_N } {q/ − p/ + M_N } q/. (8) Each vertex has a form factor in the form of

F (r, M_{ex}) =

Λ^4 Λ^4 + (r − M^2_{ex})^2

, (9)

where M_{ex} and r are the mass and the momentum squared of the exchanged particle, respectively. The value of the cutoff parameter Λ will be discussed later.

For the coupling constants, we use the well-known value for g_{πN N} as g^2_{πN N} /(4π) = 14.0. The K^∗ decaying into Kπ then yields g_K∗_{Kπ} = 3.28, which is close to the SU(3) symmetry value, 3.02. The coupling g_{KN Θ} can be, in principle, determined from the decay width of Θ → KN. However, at this moment, only its upper bound is known from experiments, 9–25 MeV. Theoretically, the chiral soliton model predicted 15 MeV in Ref. [8], which was later improved to be about 5 MeV [9]. If we assume that the Θ^+ decay width is 5 MeV, then we have g_{KN Θ} = 2.2 [47]. Recent analyses on KN elastic scattering data favor such a small decay width of the Θ^+ [57, 58] or a smaller decay width, namely 1 MeV or even less [59].^5 There is only one experimental information about the total cross section of Θ^+ production in γp reaction near threshold [4], which, however, should be confirmed by further analyses [60]. Therefore in this paper, we do not try to fix g_{KN Θ}. Instead, we give the results with g_{KN Θ} = 1 so that future experimental data can be used to estimate the coupling constants with our predictions. We also note that g_{KN Θ} = 1 corresponds to Γ(Θ) ≈ 1.03 MeV. We also point out that the Θ couplings to K^+n and K^0p have different phase, which differs from Ref. [8]. Our convention is consistent with the SU(3) symmetry for the anti-decuplet [16] and is crucial to obtain the isospin relations (10). Finally for g_K∗_{N Θ}, there is no information for this coupling. In Ref. [47], we have mentioned that precise measurements on the differential cross sections for γN and πN reactions can be used to estimate this coupling. Recently it was estimated to be g_K∗_{N Θ}/g_{KN Θ} ∼ 0.6 based on some theoretical assumptions [48]. Because

5 No evidence for Θ^{++} in the existing data for K^+p channel was also reported in Ref. [59].

FIG. 2: Total cross sections for K^+p → π^+Θ^+ (a) without form factor, (b) with form factor (9) and Λ = 1.8 GeV, (c) with Λ = 1.2 GeV. The solid lines are obtained with g_K∗_{N Θ} = +g_{KN Θ}, the dotted lines are with g_K∗_{N Θ} = 0, and the dashed lines are with g_K∗_{N Θ} = −g_{KN Θ}.

of the lack of precise information, however, we treat g_K∗_{N Θ} as a free parameter and give the results by varying its value as we did in Ref. [47]. It should be also noted that the K^∗NΘ interaction contains tensor coupling. The contribution from this term should be examined but will not be discussed in this qualitative study.

The other isospin channels can also be calculated using the effective Lagrangians above, and it is straightforward to find the following isospin relation,^6

M_K+_p = −M_K0_n = − √ 2M_K0_p = − √ 2M_K+_n. (10)

Note that the different phase between the Θ̄K^+n and Θ̄K^0p interactions is essential to have the above relation. In this paper, we give the results for the K^+p reaction only. Cross sections for the other isospin channels can then be read from our result by using the isospin relation above.

The total cross section for K^+p → π^+Θ^+ is plotted in Fig. 2. Since we do not have any experimental information, we first present the result without form factor in Fig. 2(a). The results with the form factor (9) are then given in Figs. 2(b,c) with Λ = 1.8 GeV and 1.2 GeV, respectively. The cutoff parameter Λ = 1.8 GeV is from kaon photoproduction analyses [61], while Λ = 1.2 GeV is from πN scattering analyses [56]. Here, the solid lines are obtained with g_K∗_{N Θ} = +g_{KN Θ}, the dotted lines are with g_K∗_{N Θ} = 0, and the dashed lines are with g_K∗_{N Θ} = −g_{KN Θ}.

Differential cross section for K^+p → π^+Θ^+ is shown in Fig. 3 at √ s = 2.4 GeV as a function of the scattering angle θ in the CM frame, where θ is defined by the directions of k and q. Here again, we give the results with different cutoff Λ. Figure 3 shows the role of the K^∗ exchanges in a transparent way. Without K^∗ exchange, we have the u-channel diagram only [Fig. 1(b)] whose results are given by the dotted lines in Fig. 3. They are

6 In the reactions of K^+n and K^0p, one may consider diagrams like Fig. 1(c) with the Θ^+ as the intermediate state. However, these diagrams are not allowed since the ΘΘπ interaction is prohibited by isospin.

FIG. 3: Differential cross sections for K^+p → π^+Θ^+ at √ s = 2.4 GeV (a) without form factor, (b) with form factor (9) and Λ = 1.8 GeV, (c) with Λ = 1.2 GeV. The dotted line in (c) is almost overlapped with other lines (so it is not distinguishable) at θ ≥ 90^∘. It is also suppressed in the other region and is not seen in (c). The notations are the same as in Fig. 2.

FIG. 4: Tree diagrams for np → Σ^0(Λ^0)Θ^+ reaction.

peaked at backward scatting angles. With K^∗ exchanges, the differential cross sections (the dashed and solid lines) have additional peaks at forward angles. Thus, the forward peaks in Fig. 3 are purely developed from the K^∗ exchange and can be larger than the backward peak depending on g_K∗_{N Θ}/g_{KN Θ}. So Measurements of differential cross section can give informations on the magnitude of the coupling g_K∗_{N Θ}, which cannot be estimated from the Θ^+ decay width. But we find that the phase of g_K∗_{N Θ}/g_{KN Θ} cannot be distinguished in these results.

III. NN → Y Θ^+ REACTION

In this Section, we investigate NN → Y Θ reactions where Y stands for Σ or Λ baryons. The pp → Σ^+Θ^+ process was considered within K exchange model in Ref. [44]. Here we give more extensive calculation by including K^∗ exchanges. We also study np → Λ^0Θ^+ reaction which was not considered in Ref. [44]. To calculate the cross sections, we need additional Lagrangians besides L_{KN Θ} and L_K∗_{N Θ} given in Eqs. (3) and (5), which are L_{KN Y} = −ig_{KN Y} N̄γ_5Y K + H.c.,

L_K∗_{N Y} = −g_K∗_{N Y} Ȳ γ_μK̄^{∗μ}N − g^T_K∗_{N Y} M_Y + M_N

∂^νK̄^{∗μ}Ȳ σ_{μν} N + H.c., (11)

where Y = Λ, Σ · τ . For g_{KN Y} , we use the SU(3) symmetry values,

g_{KN Λ} = − 1 √ 3 g_{πN N} (1 + 2f), g_{KN Σ} = g_{πN N} (1 − 2f), (12)

which leads to g_{KN Λ}/ √ 4π = −3.74, g_{KN Σ}/ √ 4π = 1.00, (13) with d + f = 1 and f/d = 0.575. These values are within the range of phenomenological values [62], g_{KN Λ}/ √ 4π = −4.49 ∼ −3.46, g_{KN Σ}/ √ 4π = 1.32 ∼ 1.02. (14)

The K^∗NY couplings are estimated in Refs. [62, 63]. For example, the new Nijmegen potential gives [62]

g_K∗_{N Λ} = −6.11 ∼ −4.26, g^T_K∗_{N Λ} = −14.9 ∼ −11.3, g_K∗_{N Σ} = −3.52 ∼ −2.46, g^T_K∗_{N Σ} = 4.03 ∼ 1.15. (15)

In our numerical calculation, we use

g_K∗_{N Λ} = −4.26, g^T_K∗_{N Λ} = −11.3, g_K∗_{N Σ} = −2.46, g^T_K∗_{N Σ} = 1.15. (16)

The transition amplitudes for np → Σ^0Θ^+ obtained from Fig. 4 read M^K_{np} = − g_{KN Σ}g_{KN Θ} (p_2 − p_4)^2 − M^2_K ū(p_4)γ_5u(p_2) ū(p_3)γ_5u(p_1) + (p_1 ↔ p_2), (17)

for K exchange and M^{K∗}_{np} = − g_K∗_{N Θ} (p_2 − p_4)^2 − M^2_K∗ { g^{μν} − 1 M^2_K∗

(p_4 − p_2)^μ(p_4 − p_2)^ν }

× ū(p_4)Γ^{K∗N Σ}_ν (p_4 − p_2)u(p_2) ū(p_3)γ_μu(p_1) + (p_1 ↔ p_2), (18)

for K^∗ exchange with Γ^{K∗ N Σ} ν (p_4 − p_2) = g_K∗_{N Σ}γ_ν − i g^T_K∗_{N Σ} M_Σ + M_N σ_{να}(p_4 − p_2)^α. (19)

The momenta of the particles are defined in Fig. 4.

The other isospin reactions, pp → Σ^+Θ^+ and nn → Σ^−Θ^+, have the following relation, M_{pp} = −M_{nn} = − √ 2M_{np}. (20)

Since the cross sections for pp → Σ^+Θ^+ and nn → Σ^−Θ^+ reactions can be read off from that for np → Σ^0Θ^+ by the above relation, we give the results for np reactions only.

FIG. 5: Total cross sections for (a) np → Λ^0Θ^+ and (b) np → Σ^0Θ^+ without form factors. The notations are the same as in Fig. 2.

In np reaction, we have an additional channel in the final state, i.e., np → Λ^0Θ^+. The production amplitudes of this reaction read

M^K_{np→Λ}0_Θ+ = g_{KN Λ}g_{KN Θ} (p_2 − p_4)^2 − M^2_K ū(p_4)γ_5u(p_2) ū(p_3)γ_5u(p_1) + (p_1 ↔ p_2),

M^{K∗}_{np→Λ}0_Θ+ = g_K∗_{N Θ} (p_2 − p_4)^2 − M^2_K∗ { g^{μν} − 1 M^2_K∗

(p_4 − p_2)^μ(p_4 − p_2)^ν }

× ū(p_4)Γ^{K∗ N Λ}_ν (p_4 − p_2)u(p_2) ū(p_3)γ_μu(p_1) + (p_1 ↔ p_2), (21)

for K and K^∗ exchanges, where Γ^{K∗N Λ} ν (p_4 − p_2) = g_K∗_{N Λ}γ_ν − i g^T_K∗_{N Λ} M_Λ + M_N σ_{να}(p_4 − p_2)^α. (22)

The form factor (9) is assumed to be multiplied to each vertex.

In Fig. 5, the total cross sections for np → Λ^0Θ^+ and np → Σ^0Θ^+ are given, which do not include the form factors. Shown in Fig. 6 are the results with the form factor (9) and Λ = 1.2 GeV. These results show that the K^∗ exchange dominates the process if g_K∗_{N Θ}/g_{KN Θ} is not so small. They also show that K and K^∗ exchanges have different energy dependence in the total cross sections.

The role of K^∗ exchange can also be identified in differential cross sections. Figures 7 and 8 show the differential cross sections at √ s = 3 GeV without and with the form factors (with Λ = 1.2 GeV). The scattering angle θ is defined by the directions of p_1 and p_3 in CM frame. It is clearly seen from these figures that the differential cross sections have symmetric shape about θ = 90^∘ in both reactions, which can be expected from the structure of the production amplitudes, e.g., in Eq. (21) regardless of the exchanged meson. Since the ratio of the minimum and maximum values of the differential cross sections depends on the ratio of coupling constants, measurement of the ratio would shed light on the determination of the magnitude of g_K∗_{N Θ}/g_{KN Θ}. But the results are nearly independent on the phase of g_{KN Θ}/g_K∗_{N Θ} (Fig. 8).

FIG. 6: Total cross sections for (a) np → Λ^0Θ^+ and (b) np → Σ^0Θ^+ with the form factor (9) and Λ = 1.2 GeV. The notations are the same as in Fig. 2.

FIG. 7: Differential cross sections for (a) np → Λ^0Θ^+ and (b) np → Σ^0Θ^+ at √ s = 3 GeV without form factors. The notations are the same as in Fig. 2.

IV. SUMMARY

We have estimated the cross sections for Θ^+ baryon production from KN and NN reactions focusing on the role of the K^∗ exchanges. We found that isospin relations hold in KN → πΘ and NN → ΣΘ reactions. We have also estimated the cross section for np → Λ^0Θ^+, which is found to be much larger than that for np → Σ^0Θ^+.

Without K^∗ exchange, we found that there is only a backward peak in the differential cross sections for KN reactions. The forward peak in Fig. 3 is completely ascribed to the K^∗ exchange. Thus precise measurements on the differential cross sections will give a chance to determine the magnitude of the g_K∗_{N Θ} coupling. In NN reactions, we found that both K

FIG. 8: Differential cross sections for (a) np → Λ^0Θ^+ and (b) np → Σ^0Θ^+ at √ s = 3 GeV with the form factor (9) and Λ = 1.2 GeV. The notations are the same as in Fig. 2.

exchange and K^∗ exchange give double peaks, forward and backward peaks, and symmetric differential cross sections. Therefore, measuring the ratio of the maximum and minimum values of the differential cross sections can also give an information on the couplings.

As we have discussed, investigation of Θ^+ production processes in meson-nucleon and nucleon-nucleon reactions are useful in understanding the interactions and the production mechanisms of the Θ^+, as well as in providing an important information for the Θ^+ yield in heavy-ion collisions, where hadronic final state effects should be taken into account. Experimental studies on these reactions are, therefore, highly required and might be available at current experimental facilities.

Acknowledgments

Fruitful discussions with V. Burkert and V. Kubarovsky are gratefully acknowledged. Y.O. is grateful to Thomas Jefferson National Accelerator Facility for its warm hospitality. This work was supported by Korea Research Foundation Grant (KRF-2002-015-CP0074). The work of Y.O. was supported in part by DOE contract DE-AC05-84ER40150 under which the Southeastern Universities Research Association (SURA) operates the Thomas Jefferson National Accelerator Facility.

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

[3] CLAS Collaboration, S. Stepanyan et al., hep-ex/0307018. [4] SAPHIR Collaboration, J. Barth et al., Phys. Lett. B 572, 127 (2003).

[5] V. Kubarovsky and S. Stepanyan for CLAS Collaboration, talk at 8th Conference on Intersections of Particle and Nuclear Physics, 2003, New York, hep-ex/0307088.

[6] A. E. Asratyan, A. G. Dolgolenko, and M. A. Kubantsev, hep-ex/0309042. [7] E. Golowich, Phys. Rev. D 4, 262 (1971).

[8] D. Diakonov, V. Petrov, and M. Polyakov, Z. Phys. A 359, 305 (1997). [9] M. V. Polyakov, A. Sibirtsev, K. Tsushima, W. Cassing, and K. Goeke, Eur. Phys. J. A 9, 115 (2000).

[10] A. V. Manohar, Nucl. Phys. B248, 19 (1984); M. Chemtob, ibid.. B256, 600 (1985). [11] M. Praszałowicz, in Skyrmions and Anomalies, edited by M. Jezabeck and M. Praszałowicz, (World Scientific, Singapore, 1987), p. 112.

[12] H. Weigel, Eur. Phys. J. A 2, 391 (1998). [13] NA49 Collaboration, C. Alt et al., hep-ex/0310014. [14] R. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003 (2003).

[15] C. Schütz, J. Haidenbauer, J. Speth, and J. W. Durso, Phys. Rev. C 57, 1464 (1998); O. Krehl, C. Hanhart, S. Krewald, and J. Speth, ibid. 62, 025207 (2000); A. M. Gasparyan, J. Haidenbauer, C. Hanhart, and J. Speth, ibid. 68, 045207 (2003).

[16] Y. Oh, H. Kim, and S. H. Lee, hep-ph/0310117. [17] D. Diakonov and V. Petrov, hep-ph/0310212. [18] E. Shuryak and I. Zahed, hep-ph/0310270.

[19] R. Bijker, M. M. Giannini, and E. Santopinto, hep-ph/0310281. [20] Fl. Stancu and D. O. Riska, hep-ph/0307010.

[21] C. E. Carlson, C. D. Carone, H. J. Kwee, and V. Nazaryan, Phys. Lett. B 573, 101 (2003). [22] C. E. Carlson, C. D. Carone, H. J. Kwee, and V. Nazaryan, hep-ph/0310038. [23] K. Cheung, hep-ph/0308176.

[24] L. Ya. Glozman, Phys. Lett. B 575, 18 (2003). [25] M. Karliner and H. J. Lipkin, hep-ph/0307243. [26] H. Walliser and V. B. Kopeliovich, hep-ph/0304058. [27] M. Praszałowicz, Phys. Lett. B 575, 234 (2003). [28] B. K. Jennings and K. Maltman, hep-ph/0308286. [29] D. Borisyuk, M. Faber, and A. Kobushkin, hep-ph/0307370. [30] N. Itzhaki, I. R. Klebanov, P. Ouyang, and L. Rastelli, hep-ph/0309305. [31] S.-L. Zhu, Phys. Rev. Lett. 91, 232002 (2003).

[32] R. D. Matheus, F. S. Navarra, M. Nielsen, R. da Silva, and S. H. Lee, hep-ph/0309001, Phys.

Lett. B (to be published).

[33] J. Sugiyama, T. Doi, and M. Oka, hep-ph/0309271. [34] A. Hosaka, Phys. Lett. B 571, 55 (2003).

[35] T. D. Cohen, hep-ph/0309111; T. D. Cohen and R. F. Lebed, hep-ph/0309150. [36] F. Csikor, Z. Fodor, S. D. Katz, and T. G. Kovács, hap-lat/0309090. [37] S. Sasaki, hep-lat/0310014.

[38] D. E. Kahana and S. H. Kahana, hep-ph/0310026. [39] F. Huang, Z. Y. Zhang, Y. W. Yu, and B. S. Zou, hep-ph/0310040. [40] O. M. Narodetskii, Yu. A. Simonov, M. A. Trusov, and A. I. Veselov, hep-ph/0310118. [41] J. Randrup, Phys. Rev. C 68, 031903 (2003).

[42] L. W. Chen, V. Greco, C. M. Ko, S. H. Lee, and W. Liu, nucl-th/0308006. [43] J. Letessier, G. Torrieri, S. Steinke, and J. Rafelski, hep-ph/0310188. [44] W. Liu and C. M. Ko, Phys. Rev. C 68, 045203 (2003).

[45] W. Liu and C. M. Ko, nucl-th/0309023.

[46] S. I. Nam, A. Hosaka, and H.-C. Kim, hep-ph/0308313.

[47] Y. Oh, H. Kim, and S. H. Lee, hep-ph/0310019, Phys. Rev. D (to be published). [48] W. Liu, C. M. Ko, and V. Kubarovsky, nucl-th/0310087, Phys. Rev. C (to be published). [49] Q. Zhao and J. S. Al-Khalili, hep-ph/0310350. [50] T. Hyodo, A. Hosaka, and E. Oset, nucl-th/0307105. [51] S. M. Gerasyuta and V. I. Kochkin, hep-ph/0310225; hep-ph/0310227. [52] Y. Oh, B.-Y. Park, and D.-P. Min, Phys. Lett. B 331, 362 (1994); Phys. Rev. D 50, 3350 (1994); Y. Oh and B.-Y. Park, ibid. 51, 5016 (1995).

[53] S. Capstick, P. R. Page, and W. Roberts, Phys. Lett. B 570, 185 (2003). [54] P. R. Page, Talk at the Xth International Conference on Hadron Spectroscopy, 2003, Aschaffenburg, Germany, hep-ph/0310200.

[55] H. Harari and H. J. Lipkin, Phys. Rev. Lett. 13, 345 (1964). [56] G. Penner and U. Mosel, Phys. Rev. C 66, 055211 (2002). [57] S. Nussinov, hep-ph/0307357; A. Casher and S. Nussinov, hep-ph/0309208. [58] J. Haidenbauer and G. Krein, Phys. Rev. C 68, 052201 (2003). [59] R. A. Arndt, I. I. Strakovsky, and R. L. Workman, Phys. Rev. C 68, 042201 (2003). [60] J. Barth, private communication.

[61] S. Janssen, J. Ryckebusch, W. Van Nespen, D. Debruyne, and T. Van Cauteren, Eur. Phys.

J. A 11, 105 (2001); S. Janssen, J. Ryckebusch, D. Debruyne, and T. Van Cauteren, Phys. Rev. C 65, 015201 (2002).

[62] V. G. J. Stoks and Th. A. Rijken, Phys. Rev. C 59, 3009 (1999). [63] R. L. Workman and H. W. Fearing, Phys. Rev. D 37, 3117 (1988).